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I. INTRODUCTION 
The heavy metals, defined by Passow et al. (1961) as those metals 

having a density greater than five, include about thirty-eight elements. 
Their common feature in relation to biological life is that in excessive 
quantities they are poisonous and can came death of moHt living 
organisms. However, certain organisms are remarkable in that they 
possess an ability to survive under conditions of metal contamination 
which would prove toxic to other living things. It is the ~ U ~ K J H ~  of thiH 
review to bring together the literature on the plants and micro-organ- 
isms which can combat excessive quantities of heavy metal ions. 

Much of the literature on the subject is scattered, but in recent years 
a co-ordinated picture has started to emerge. The picture is by no meam 
complete, and this review is as much an attempt to point to directions 
of investigation in the future as an attempt to collate the past work on 
this subject. 

Toxic levels of heavy metals can occur under several circumstances. 
Firstly, soil may itself contain large quantities of metal and it is with 

this type of contamination that the review will be mainly concerned. 
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Tho contamination results either from the presence of undisturbed 
mctal ore near the soil wGface causing “anomalies” as they are termed 
hy the geochemist (e.g. Warren and Delavault, 1948; Duvigneaud and 
Dcnaeyer-de Smet, 1963; Tooms and Jay, 1964) or from the actual 
mining of ore bodies. Many waste products from mining activities are 
contaminated with metal at toxic levels and can produce large-scale 
pollution. Unproductive ore, tailings (see Bateman and Wells, 1917, 
and Griffith, 1919, for vivid descriptions) and seepage (e.g. Lackey, 
1938) regularly contaminate mining areas. Smelting of or0 produces 
contaminated slag and smoke fumes which may carry the contamination 
large distances (e.g. Ramaut, 1964; Hilton, 1967; Kerin, 1968). Other 
sources of soil contamination are less obvious and not so severe because 
they occur on a much smaller scale. For example, soil along main 
arterial roads frequently contains a high level of lead since this is an 
important component of “anti-knock” additive for petrol (e.g. Cannon, 
1060a; Warren and Delavault, 1960, 1962; Suchodoller, 1967; Cholak 
et ul., 1968). The area below galvanized (zinc coated) fences and pylons 
may even have toxic zinc concentrations (Harris, 1946; Snaydon, 
quoted in Bradshaw et al., 1965) and there may be accumulation of 
toxic amounts of lead on rifle ranges (MeAllister, 1965). There is also 
evidence of increasing general environmental pollution resulting from 
widespread use of compounds of lead (Ruhling and Tyler, 1968, 1969) 
and mercury (Swedish Royal Commission, 1967). 

Secondly, heavy metals are frequently used because of their toxicity 
as components of fungicides, pesticides or disinfectants. This source of 
contamination is important not only in that i t  may produce toxic levels 
of metals in the environment (Drouineau snd Mazoyer, 1956; Gibson, 
1958; Taschenberg et al., 1961; 1)e1a9, 1963; Aomine et al., 1967) and SO 
affect the background vegetation and wild-life over which tho spray 
is applied, but also in that the pathogen or po& ovcr which control is 
being exercised may itself become resistant. 

Thirdly, tolerant races can be produced in organism8 growing in 
laboratory culture on artificial media containing heavy metals. 

It is impossible to define precisely what is implied hy the t1r:acription 
“metal tolerant” because the phrase is generally used in two main 
senses. In one sense it refers generally to any species found occurring in 
an area of toxicity from which other species appear to be excluded. 
But i t  may be used more precisely to refer to specific individuals of a 
species which are able to withstand greater amounts of toxicity than 
their immediate relatives on normal soil. I n  the second case we are 
dealing with a precisely determined situation, a species normally non- 
tolerant but with an ability to  evolve tolerant races. In thn first case 
it will not bt: clrar what is happening iirilrss fiirther invcstlig,r,ztionx arc 
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made: either the species is already tolerant throughout its range (in- 
cluding uncontaminated sites) or it is an example of the second case 
and has evolved tolerant races. In  those cases which have been exam- 
ined it is always the latter that is found. 

The theoretical problems raised by metal tolerant organisms fall into 
three main categories, which are separable only for tho basis of argu- 
ment. 

1. What is the effect of heavy metal contamination on the flora (and 
fauna) in a given area? What organisms survive and what factors 
determine their distribution? 

2. How has metal tolerance evolved? Is it an inherent property of 
some species, can it arise rapidly, and what processes are involved? 

3. What is the mechanism of tolerance? How is it determined physio- 
logically and biochemically? 

The practical problems and implications of metal tolerance are 
several. 

1. Prospecting for metal ore deposits can benefit from vegetation 
studies. Individual species or vegetation types may act as indicators of 
ore deposits. Some plants accumulate metals and deep rooted ones may 
bring up into their aerial parts metals which are not evident on the 
surface. 

2. Micro-organisms play some part in the commercial extraction of 
metals from low-grade ores. Their role in contaminated substrates is 
therefore relevant. 

3. Mining and smelting activities have created large areas of un- 
sightly, and sometimes dangerous dereliction. The recolonization of 
these areas with vegetation is nn important problem. 

4. As a result of the wide use of heavy metals in sprays and other 
toxicants, the organisms that are being controlled may develop reHiRt- 
ance which completely destroys the efficiency of the sprays. A knowledge 
of metal tolerance is necessary to minimize the chanceA of this happen- 
ing. 

The problem of heavy metal tolerance may appear to he a highly 
specialized topic, but it is hoped to show in this review that its study 
is not only of great interest and practical consequence, but also that it 
is a paradigm for many biological problems. 

11. ECOLOGY O F  METAL TOLERANCE 
This section deals almost entirely with the plants found growing 

in the toxic soils that result from mining activity and natural “anomal- 
ies”. The problem of races resistant to toxicants and laboratory strainn 
will be dealt with in Section V (a2 and ~ 3 ) .  
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A. S P E C I E S  P R E S E N T  O N  C O N T A M I N A T E D  SOILS 

No attempt will be made to  produce comprehensive lists of species 
present on contaminated soils. The number of species mentioned in 
relation to such soils is immense and frequently there is little indication 
of whether they are actually growing on areas that are effectively toxic 
(see Section VITA). A comprehensive list would thereforo be of dubious 
value. This section summarizes the systems of classifying such plants, 
the main references to  the various groups, and tho most obvious features 
and species to emerge from the literature. 

1. Vmcular plants 
Ferns are rarcly mentiohcd in the literature relating to toxic areas 

but Vogt (194%) mentions Asphiurn adulterium as an indicator of 
nickel. Ferns are also known on serpentine soils which may be high in 
nickel and chromium (e.g. Kruckeberg, 1064). Wild (1968) records the 
ferns Pellaea calomelanos and Cheliantkes hirta on copper and occasion- 
ally nickel soils in Rhodesia. 

Similarly, there is no known record of Gymnosperms as consistent 
members of communities on contaminated soils, although they are used 
in biogeochemical prospecting; their leaves and twigs show enhanced 
metal content when growing ovcr soil containing increased, but not 
toxic, levels of metal (e.g. Warren and D~litvault, 1948). 

Higher plants characteristic of metal-contaminated soils have been 
recognized for several centuries. Thalius, in 1588, noted Minwcrtia 
vcrna as a metal indicator (quoted by Ernet, 1!365a) and even before 
1900 there was considerable interccjt in these plants: for example, 
Williams (1830)) Henwood (1857), Baiimann (1886) and .Jenuch ( I  894) 
all quote species found consistently on metal-contaminated uoilH. 

Plants t h a t  arc largely restricted to or particularly abundant on 
metal-contaminitted soils have been used as indicators of heavy metal 
ores and hitve therefore attracted special interest: their role in prospect- 
ing is more fully reviewed in Section VIIIA. Frequently the definition 
of a plant as an “indicator” is extremely vague, and often subjective. 
It is, generally speaking, a plant that in a given area or geographic 
region has been recognized as associated with a particular metal. Such 
plants are listed in Tables I a  and Ib. 

Recently it has been realized by both the ecologists and bio- 
geochemical prospectors that it iu necessary to quantify tho relative 
abundance of different species in relation to mr:t;ll content (and othor 
ecological factors) of the environment. The concept of indicator speC:ies 
is perhaps an ecologically unrealistic, although a t  times uuefd, qualita- 
tive assessment. 
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TABLE 18 
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U 
L 
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U 
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L 

L 
U 
U 
L 
L 
L 
U 
U 

L 

L 

L 

U 

L 

U’ 

Polycarpaea spiro- 

Acrocephahts robertii 
Elshotzia haichowen- 

stylis 

sis 

mum) homblei 
IClerctyn latifolia 

Eschscholtzia mexi- 

Armerin maritima 
Tep?irosia sp. nov. 
I’ol?ycurpaea glabra 
Bulbostylis barbata 
li’imhisfylis RP. nov. 
Lowiktia aimplex 
Olax obtuaifolia 
Erianthw, giganleua 
Tephrosia sp. nov. 
Polycarpaea syn- 

Tephrosia &in. 

aomphrena 
caneacens 

Eriogonum ovali- 
folium 

Viola. calaminaria 

B ~ i u m  (=  Oci- 

cann 

andra var. gracilie 

POlY Z Y  ga 

Philrrdelphua ~ p .  

Caryophyllaceao 

Labiat 80 

Labiatao 

Labiatno 

Mom 

Prrpavuraceao 

Plumbaginacorto 
Leguminomo 

C yporaceao 
Cyporsceao 
Graminem 
Olacscoae 
Graniineee 
Leguminosae 
Caryophy llaceae 

Legurninom 

Amaranthaceae 

C8ryOphyl I8Cruc t  

Pol ygonsccao 

Violaceae 

Philadolphaceao 

Cu Australia Bailey, 1889 

Cu Katanga Duvigneaud, 1968 
Cia Chine Tsung-Shan, 1967 

CII Rhodesia Anon., 1959 

Cu Swodonand 

Cu ‘Arizona 
Montana 

Cu Scotland 

c u  Australia 

c u  Australia 
Cu Rhodesia 
Cu Rhodesia 
Pb Tennessee 
Pn, Zn Australia 
Pb, Zn Australia 

CU AUstr8li8 

CU Au~tralia 

Persson, 1948 

Lovering et al., 
1950 

Honwood, 1857 
Cole, 1965 
Cole, 1965 
Cole, 1965 
Cole, 1965 
Jacobaen, 1968 
Jacobsen, 1968 
Cannon, unpubl. 
Cole, 1965 
Cole, 1965 

Pb, Zn Australia Cole, 1965 

Pb, Zn Australia Cole, 1965 

Ag Montana Henwood, 1857 

Zn Belgium and Vinopdov, 1966 
Gcrmariy 

Zn WeJlhington YatoH, in 
Cmnon, 19808 

An attempt to go beyond the simple indicator concept has been made 
directly in Belgium by Lambinon and Auquier (1964) who produced a 
semi-quantitative classification which was a considerable improvement 
on the crude concept of indicators. Their classification is summarized 
in Table I1 with some examples. 
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TABLE Ib 

Plants that have been cited a.9 indimtore of metal containing soils but f o r  which 
there ia no clear cut evidenoe that they have been used for proapecting 

Species Family Metal Locality Reference 

Crokzhriu cobalticola Legurninowe Co Katenga Duvigneeud, 1969 
Silene cobalticola Caryophyllsoeae Co Katanga Duvigneaud, lQG9 
8 i h S  Oti@ Caryophyllaceae Cu Germany Linstow, 1929 
Viacaria a lpha  Caryophyllaceae Cu Norway Vogt, 1942a 
Eqhorbia matabelen& Jhphorbiaceae Cu Rhodesia Jacohsen, 1967 
Tapiphyllum 

velutinum Rubiack  c u  Rhodesia Jacobsen, 1967 
Combreturn zeyheri Combretaceae Cu Rhodesia Jacobsen, 1967 
Kyllinga alba CWWCeO CU Rhodesia Wild, 1968 
E’imbriatylb exilia Cyperacoao c u  Rhodesia Wild, 1968 
Bulboatylb spp. Cyperacoae cu Rhodesia Wild, 1968 
Tephrosia w i p e 8  Leguminosae Cu Rhodesia Wild, 1968 
Celoaia trigyna Amaranthaceae Cu Rhodesia Wild, 1968 
VeUozia equbetoidea Vclloziaceae c u  Rhodesia Wild, 1968 
Hemizygia petreneb Labiatae c u  Rhodesia Wild, 1968 
Andropgm amplectene Gramineae c u  Rhodesia Wild, 1968 
Andropogon gayanua Gramineae cu  Rhodesia Wild, 1968 
A a t r q a l s  L c l i n a t s  Leguminosae Cu, Mo Armenia, Malyuga et al., 

Alaine (= Minuartia) Caryophyllaceae Cu, Pb Europe Linatow, 1929 

Armeria vulgark (of. Plumbaginaceae Cu, Zn Europe Linstow, 1929 

U.S.S.R. 1959 

vema Ag, Zn 

ha;usri, elongata, 
maritima, etc.). 

A m q h a  C a w e n a  Papilionaceae Pb Michigan, Lirwtow, 1929 

R h s  spp. Anacardiaceae I’b Miseouri Lirmtow, 1029 
SaaSafra.9 spp. Lauraceae Ph Miseouri Lirwtow, 1929 
Abine Betaceae Caryophyllaccat? H g  Spain Linxtow, 1929 
Alyaaum bertolonii Cruciferae Ni Italy Minguzxi el al., 

Alyaaum murale Cruciferae Ni Goorgia, Dokq-mlo, 1061 

Albizia amara Leguminosem Ni Rhodesia Wild, 1‘370 
Dicoma macrocephala Compositae Ni RhodoRia Wild, 1970 
Barkria aromatics Actlnthaceae Ni Rhodesia Wild, 1970 
Combreturn molk Combretaceae Ni Rhodesia Wild, 1970 
Dalbergia melaiwxybn Lepminoeae Ni Rhodesia Wild, 1970 
Eminia antenndqera Leguminosae Ni Rhodesia Wild, 1970 
Turraea nilotica Meliaceaa Ni Rhodesia Wild, 1970 
Ptwocurpuarotundi- Leguminosae Ni Rhodesia Wild, 1970 

LoniOera conficecz Caprifoliaceae Ag Austrelie Bailey, 1898 
Trientdiaeuropeae Primulaceae Sn Bohemia Linatow, 1929 

Winoomin 

i94n 

U.S.S.R. 

foliua 
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TABLE Ib. contd. 

Species Family Metal Locality Reference 

Semperviuum soboli- Crasvulacem 

Wphaliurn auaveoleua Cornpositae 
TMuapi calaminare Cruciferae 

Silene vulgaria ( =  in- Curyophyllaceao 

Arabia Im1ler.i Cruciform 
Th-i cepnaefolium Cruciform 

jemm 

cf. (a2peah-e) 

Jata = cucubdue) 

AnagalliS collina 1’rimulacc:ae 
Cktus monapeliensis Lqpninosso 
R u h  graveoleus Rutaccao 

Ruta lutifolia Rutaceae 
Senecio brasi~ienais Cornposi tm 
Matricaria americana Compositm 
Populzle deltoides Salicacom 
Ambrosia spp. Cornpositae 

Sn 

Sn 
Zn 

Zn 

%n 
zn 

%I1 

%I1 

Zn 

Zn 
Zn 
%n 
zn 
Zn 

Saxo11y 

Brazil 
Europe 

Europe 

Germany 
Austria, 

Italy 
Sardinia 
Brazil, 

U.S.A. 
Brazil 
Brazil 
Brazil 
U.S.A. 
U.S.A. 

1taiy 

Linstow, 1929 

Dorn, 1937 
Linstow, 1929 

Linntow, 1929 

Linstow, 1929 
LinRtow, 1929 

Linstow, 1929 
Linstow, 1929 
Dorn, 1937 

Dorn, 1937 
Dorn, 1937 
Dorn, 1937 
Buck, 1949 
Buck, 1949 

Plants regarded as indicators would either be metallophytes or 
extreme examples of elective pseudometallophytes. Malyuga (1964) has 
distinguished two types of indicator, namely “universal” which corres- 
ponds to the category absolute metallophyte, and “local” which 
corresponds to the category local metallophyte. 

Recently Jacobsen (1968) from experience with a wide range of 
species in Rhodesia, as a result of a need to follow the extent of a 
copper-bearing reef, has attempted to define indicator fipecia more 
precisely. He has determined the highest and lowefit levcis of mil 
copper at which individual species are found and from thin calculated 
the specific indicator value for each Rpecieg from 

highest Cu level - lowest Cu level 
average Cu level 

From this he considers good indicators to be species with an indicator 
value of 4 or less arising either from occurrence over a small range of 
copper levels or from occurrence at  high average copper levels. Typical 
species include Bulbostylis contextu and Eragrostis racemosa. Although 
somewhat imprecise as used at present it is a technique that indicates 
very clearly how different species may be distributed in relation to 
different levels of metal in the soil. 
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TABLE I1 

Claasificatiora of plants on metal contamitanted soila (after Lambinon and Auquier, 
1964) with examples from metal contaminated soils of Europe 

1. Metallophytes-tasa found only on rnctal 
contaminatod soils. 
(a) A bsolute metallophytes- 0.g. 

found only on motal t:ontamincitcd soil 
ovor all thcir distribution. 

(b) Local metallophytes- ‘.R. 
foiind only on metal contarnirwhd soil 
within a givrn region but occurring also 
in a phyto-geographically distinct non- 
contuniinatod area. 

2. Pscudometallo)piiytc,q-t,axa occirrring botli 
on contaminated soils and on normtrl soils 
in the sanio region. ’ 
(a) Elective psrudometallophylte.9- c.g. 

abundant and often more vigorous on 
contaminatod soil. 

(b) 1ndt‘~errnt ys~udometal lo~~k~~tes  - 0.g. 
livo on coiitamincitod soil regularly but 
show rioithrr ubundanrn nor particuIar 
vitality. 

usually woods and rudornln appearing 
sporadically and showing roclucod 
vigour on metal contarninatod ~oilrr 

(c) Accidental metallopl~~tes- 

Violar calaminmriu, TIdaspi 
alpeatre sup. calnminure, 
Minuartia verna SRP. hercy- 
nica. 

Armeria maritima. 

Agrostis tenuis, Campanula 
rotundifolia, Polygala vut- 
gnria, Thymua pulegioides, 
Rumex acetoaa. 

Plantago laraeolata, Avena 
pubewens, G‘eniatcl tinctorin, 
Linum wtharticum. 

I n  the classification of Lambinon and Auquier (1964) the category 
in which any particular species is placed depends on the locality or 
group of localities being investigated, since the relative abundance of 
species on and off contaminated soils depends on other factors in 
addition to metal concentration (see Section IIc). This is elegantly 
illustrated by recent work on Becium homblei (Howard-Williams, 1970). 
This is an excellent indicator of copper in Southern Rhodesia, and has 
been considered an absolute metallophyte. But Howard-Williams (1970) 
shows it  tg be a local metallophyte, widely distributed on non-copper 
soils in Northern Rhodesia and not always restricted to copper soils in 
Southern Rhodesia. 

The classification described by Lambiilon and Auquiw ( 1 !N4) 1 1 m  
been used by Auquier (1964) and by Domoulin et al. (1967). A related 
classification is used by Duvigneaud and Denaeyer-de Smet (1963), 
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who describe in detail the vegetation on naturally occurring copper 
outcrops in Katanga. 

Phytosociological studies in Germany (Braun-Blanquet, 1951 ; see 
also Poore, 1055a, b, c, 1966) have provided what is probably the best 
scmi-quantitative system of classifying plant communities, and the 
tcchniqiies haw been appliod to communities on contaminated soils 
(sec Section I IH). The method of cluRsificntion is based on vogotation 
compoeition of tho communities and hence provides an indirect means 
of classifying species characteristic of metal-contaminated soils. 

It is appropriate here to give a brief outline of the phytosociological 
technique of classifying communities, since this has been an important 
tcchnique both in providing lists of species characteristic of metal- 
contaniinated soils and in classifying communities carried on such soils 
(Section IIB). 

In these techniques the basic unit of classification is the “association”. 
The associations can either be further subdivided (into e.g. sub-associa- 
tions and varieties) or they can be grouped into families, orders, and 
classes according to their affinities. The process whereby associations 
are recognized initially involves describing by means of “releves” 
(species lists and notes on environmental factors) a series of “stands” 
(areas of vegetation to be classified). These “releves” are then aorted 
into groupings by means of the presence of sets of species which one 
group has in common (“differential” species or “Trennart”). If a group 
of releves is considered sufficiently distinct from other associations or 
other groups of releves, then the particular group is given association 
rank. 

The differential species may be found in other unrelated associations, 
or they may be entirely restricted to that association. The latter group 
of species are known as “characteristic” species or “Kennart” and are 
used to recognize the communities: they are the indicators of particular 
associations. 

Confounded with the concepts of differential and characteristic 
species are the concepts of “constancy” and “fidelity”. A species has a 
high constancy if it occurs in most of the releves of an association (e.g. 
constancy is V if it occurs in Sl-lOO% of the releves). “Constancy” 
therefore refers to the frequency of occurrence of species within an 
association. A differential species is one with a high constancy in a 
particular association, but low constancy in others. “Fidelity” refers 
on the other hand to the distribution of species among associations. 
There are five classes of fidelity: (V) exclusive species confined almoHt 
completely to one community; (IV) selective species found most 
frequently in ceEtain communities but also rarely in others; (111) pre- 
ferential species present in several communities more or less abundantly 
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but predomiriantly in one and there with greater vigour; (11) indifferent 
species without any particular afinity for any particular community; 
(I) accidental species which are rare intruders or relics from another 
community. This latter classification is clearly related to that of 
Lambinon and Auquier (1964). 

The Braun-Blanquet method therefore provides us with a means of 
indicating tho relative abundance of different species in communities 
on metal contaminated soil (constancy and differential species) and 
their relative restriction or otherwise to  such soils (fidelity, characteris- 
tic species arid differential species). 

These techniques have been used by several workers in Germany to 
classify the communities on Contaminated soils (see Scction I1 I< for full 
references). In  so doing these workers have provided ex tensivc spccies 
lists of plants on contaminated soils. It is not possible here to list all 
the species given by them workers, since they are too numerou~ arid 
often it is riot cletrr to what extent the soils on which some specicas 
are growing are actually toxic. However, Ernst (l!K!ja, 106Ha) has 
summarized the species on thesc soils in Europe which are characteristic 
of or differential to  the communities (scc Table 111). Certain species are 
clearly unique components of most metal-contaminated soils, others 
are restricted to particular metal-contaminated communities, whereas a 
third group are consistently present in some communities but by no 
means confined to metal-contaminated soils. 

All the methods of classifying species occurring on nietal-contamin- 
ated soils are compared in Table IV. 

2 .  31 osses upid Liverworts 
Several species of mosses (often belonging to thc genera Jlerceya arid 

NieZiochhof’eria) have been given thc ~ i i i i i i ( ’  of “copper mossw” (l’crsson, 
1948, 1056; Noguchi, 1!)56; Noguc~hi a n d  I+’itriita, 1956): thcay tlirve h w r i  
used in prospecting (Persson, 1!)4H) ant! it hiis hocn 1)OSttIIiltta(I, 1 hJUf$I  

with no evidence, that  they are restricted to voppcr soils hy virtue of 
their being able to  use hydrogen from hydrogen sulplride into photo- 
synthesis (Schatz, 1955). 

Warncke (1  968) observcd that Marchnnliu d p v . 9 L r i . y  W ; L ~  pvic:r;ilJy 
restricted to mineral-, eqecially cqq)(:r-ric.ti iLre;rs i r l  S(*;~t~Iiti;~via: i n  
Denmark it was confined to an arc8 contaminated with c w p j ) w  ;Lntl zinc: 
from effluent of a sulphuric acid plant. Hc suggestotl that it to0 should 
be included under the category of “copper rnosscs”. Further studies of 
mosses on niineral-rich soils have been madc by Schacklette (1‘365), 
who showed that they may sonietimes accumulate heavy metal ions. 

Numerous species of mosses are recorded as members of conlrnunities 
on metal-contaminated soils (Schwickerath, 1931 ; Schubert, 1954a, b; 
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T A B L E  111 

Differentid 
munities of 

nrd clmructeristic species of West and Central European plant corn- 
heavy metal soils, showing their conetancy is various associat;ions (after 

Emst, 1966) 

Galio- 
Family: Arrncrion Thlaspeion Minuartion 
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Festuco ovina ssp. ovina 
Agroatia tenuia 
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Thymwr alpigenw 
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Constancy classes 6 2 0 %  = I, 21-40% = 11, etc., refer to number of standfl showing 

Characteristic species. (underlined) = species restricted to that wsociation. 
Differsntial species (not underlined) = species generally common to the stsnds in an 

that species ih the association. 

aesociation. 



TABLE IV  

Comparison of varioucr chs i j icn t ions  of planta on metal-mntuminated soil.¶ 

Dux-igneaud and Braun- Blancpet 
General Denaeyer-de 

Malyuga ecological Lrunbinon and Smet (1963) and 
(1964) terlXlS Auquier (1964) Wild (1968) Fidelity "Type' species Const ancy 

Indicator Endemic or Metallophyte 
Bodenstet 

Absolute 

Local 

Universal 

Local 

Metallophyte Exclusive CharLtcteristic Refers to the consist- 
ency with which any 
of the previous cate- 

Eumetallophyte Selective Differential gories occur In a 
community. Cbarac- 
teristic and dif- 
ferential species h a w  

Local generally R high con- 
met allophyte stancy. 

Preferential 1 Metallophile Indifferent 
Elective 
Indifferent 

-1widCntaI Accidental 

Metalloresistant* 
-~ ~~ ~ 

* -4 separate oategory of ubiquitous species defined by the fact  that they do not take up metal. 
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Lambinon arid Auquier, 1904; Ernst, 1965a, 1968b), and Url (1956) 
studied the copper resistance of scveral species from a copper-con- 
taminated region in Austria. Among the more commonly mentioned 
‘fypes are Bryum caespiticum, Pohilia nutans and spp., and Weisia spp. 

Livcrwosts are far rarer on contaminated soils. Cephaloziella spp. are 
recordcd by Koch (1932), Lambinon and Auquier (1964) and Ernst 
(1965a). The only other records are sporadic: there is mention of 
Plectocoela crenulata (McAllister, 1965) and Riccia bwchofli (Schubert, 
1954b). 

3. Lichens 
Lichcris are found both as colonizers of bare rock and as general 

components of the established vcgctation on contaminated soils. Poelt 
(1955), Larnpe and IUemcnt (1!)58) and Lange and Ziegler (1963) 
consider the various encrusting lichens found as initial colonizers on 
bare rock associated with mining debris. The genera Acarospora and 
Lecanoru are frequently mentioned; Imige and Ziegler (1963) show these 
and other species to contain large (limntitics of iron and copper mainly 
in the cell walls. Wild (1 968) notcv that it species of Ltcarrora is found on 
natural rocky outcrops in lthodcsia with its thallus actually growing 
over exposed malachit!e without, any apparent harmful effects. This 
is remarkable if we consider thttt tlic algal component at least might 
be expected to be particularly sensitive to copper toxicity. 

Other lichens are listed in work on community studies on contamin- 
ated soils. Ernst ( 1965a) quotes three Cladonia species and Cornicularia 
aculeata as characteristic species of sub-associations. Cladonia spp. and 
Stereocaulon spp. (Schwickerath, 1931; Lambinon, 1964; Lambinon and 
Auquier, 1964; McAllister, 1965; Ernst, 1965a, 1968a) appear as con- 
sistent components of mine communities. Maquinay el al. (1961) show 
that Stereocaulon. nanodes Tuck f. tyroliense (Nyl) M. Lamb may 
accumulate high levels of zinc (3300 ppm dry weight on soils with only 
700 ppm). 

4.  Micro-organisms, algae and fungi 
The generid occurrence of micro-organisms in metal-contnmin:rtcd 

soils is poorly documented although xomc of thc: he& examplcs of 
bacteria which resist extreme c ~ ~ n d i t i o n ~  (fbr review HC(: J<roc:k, 1 ! 1 6 ! j )  
arc thouc found in acid mine dmintbgo. The morct corrirneJri HI)c:(: icvi  whic*h 
are able to  resist extremes of pfi ant1 copjwr and iron coricontrution ar(: 
Thiobacillus fmo-oxidans, T’h. t?bio-oxidans and I”errohmil1u.u ferro- 
oxidans (Bryner et al., 1954). TheRe hacterict, especially (I’h.ferro-o,zidwrhu, 
have been subsequently shown to be commarcially important in leach- 
ing copper from low-grade sulphide ores (see Section VIIIB). The ability 
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of these bacteria to resist extreme conditions is illustrated by the work 
of Booth and Mercer (1963) who showed that Thiobacillus thio-oxidans 
and Ferrobacillus ferro-oxidans could withstand 20 000 and 10 000 ppm 
of copper ions respectively. Ehrlich (1963b) reported the presence of 
not only bacteria of the Thiobacillus-Ferrobacillus group in mine water 
(pH 2.5, copper concentration 0.8 gllitre and iron concentration 1.06 
gllitre), but also other organisms including yeasts (resembling Rhodo- 
torula and Trichosporon) and Protozoa (an amoeba species and a 
flagellate resembling Eutrepia). It is clear that  a wide variety of organ- 
isms inhabit mine water, and that a dominant role is played by chemo- 
trophic bacteria in providing an initial carbohydrate source. As Ehrlich 
(196313) states, “The microbial population in the mine water sample 
suggests the existence of a balanced ecological system in which carbon 
fixation is dependent on chemosynthetic and not photosynthetic 
autotroph y”. 

Subsequent work has shown fungi to be consistent if not abundant 
component,s of mine soils. Thc ability of fungi to Withstand extreme 
conditions was illustrated by Starkcy and Waksman (1943), who 
showed that Acontium velatum and another unidentified species could 
grow in pH 0 and 4% CuSO, solution. Several workers have isolated 
micro-organisms tolerant to high metal levels from contaminated soils. 
Seal (1970) showed that fungi (Aspergillus spp.) from copper-mine soil 
have a greater copper tolerance than related fungi from normal soil. 
The work reported in Hilton (1967, p. 92) demonstrated that the 
microbial population of contaminated slag tips was very sparse, but 
increased greatly with the addition of organic matter. Tonomura, 
Nakagami, Futai and Maeda (1 968) isolated mercury-resistant bacteria 
from soils contaminated with mercury-containing fungicides. Williams 
(1970) has isolated a t  least six different Actinomycetes from very acid 
copper-mine waste, and noted the occurrence of fungi and bacteria. 
And Demoulin et al. (1 967) record the occurrence of three Gasteromycetes 
Sckroderina bovista Fr., Lywperdon spadiceum Pers. and Bovista 
plumbea Pers. on calamine soils often containing well over 5000 ppm 
zinc. 

Records of algae on heavy metah are rare but HasHall (1962) notas 
that Chtorella vulgaris, a green alga, tolorant to barium, man#anenct, 
lead and copper. Duvigneaud (1968) rc?cords an alp1 ~ u t ~ t r ~ t i i r n  of 
blue-green algae dominated by Ciro.s.iphon geniculah in aupriferoufl 
soils in Katanga (Congo). Such colonics llave also been noted t)y Wild 
(1968) in Rhodesia where some acute and experienced prospectors 
have actually used them ns copper indicators since they form character- 
istic black crusts at the soil surface. In  this case, species of blue-greens 
belonging to the genera Scytonema and Microcoleus seem to be dominant 
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but other blue-greens such as Nostoc, Phormidium, Anabaena and 
Oscillatoria also occur, as well as a diatom (Hanzscha sp.), and a green 
alga belonging to the genus Bracteacoccus. In  Britain similar algal 
crusts are readily observablc on copper arid zinc mine soils, and pools 
heavily contamiiiated with m t h h  C R I ~  httveviaorousarowt,h offilamentous 
green algae. In marine algao h’clorurpw. (Russell and Morri,u, 1970) and 
Enteromorpha (Hodgson, 1969) can be found growing on ships treated 
with antifouling paints (see Section V A ~ ) .  

High concentrations of heavy metals do not, therefore, prevent the 
growth of micro-organisms in contaminated soils: indeed some micro- 
organisms appear to be able to withstand metal concentrations which 
are toxic to even the most tolerant higher plants. However, the general 
nature of the microbial communities in metal-contaminated soils is 
poorly understood. Such communities are of interest becape they appear 
often to rely on chemotrophic bacteria for their energy source and 
because their presence appears to promote release of metal ions. This 
is clearly important to the ecology of organisms growing on such 
soils. 

5. Conclusion 
The species found on toxic soils are very varied and differ according 

to the local ecological conditions and geographical area. No clear-cut 
taxonomic pattern emerges (see Section VB). 

There appears to be a close affinity between the flora of toxic soils 
and serpentine soils (Rune, 1953; Spence, 1970). Serpentine soils are 
often high in nickel and chromium, and these metals appear in part at 
least to determine the serpentine flora (Birrell and Wright, 1945). 

However, Walker (1954) working on serpentine soils in California 
considered that there was insufficient evidence that nickel or chromium 
toxicity was of importance as compared with high magnesiurn/calcium 
levels. Soane and Saunder (1959) on the contrary produce evidence 
that the Great Dyke serpentine soils of Rhodesia, induce intense 
symptoms of nickel toxicity in oats. Furthermore, the importance of 
the effect of nickel, in some serpentine soils, on natural vegetation, is 
brought out by Wild (1970). After showing that the serpentine soils 
of the Great Dyke produce a depauperated and stunted flora he points 
out that if nickel anomalies occur in serpentine mother rocks, they are 
characterized by an even more depauperated flora derived from the 
already anomalous serpentine vegetation. This makes the riickol flora 
under these circumstances difficult to distinguish from thrtt of the 
surrounding serpentine soils without, high nickel valuen, but thh can 
nevertheless be done by observing rather mbtle difforenccta in the 
proportions and relative dominance of certain rJpecies and the presence 
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of a fcw indicator spcwies either absent or rare on normal serpentine 
soils. Examples are Alhizia amarn, Barleria aromatica, Combreturn 
molle, and an undcscribed species of I)iro?nct (see Section 1 V )  which 
is nlmost, exclusively endemic on Rhodesian nickel soils. 

Most of the higher plants fouiid on tosic soils are pcwnnial hcrbs. 
The perennial habit probably makes cdonization easier sincc it cnsiires 
persistence and a low growing habit is an adaptation to exposure. 

The study of species found on contaminated soils is difficult : often it 
is not, possible to deliniit prec4sely the contaminated area, to determine 
the degree of effcctive toxicity, or to assess the other ecological factors 
involved. Studies of spccies on metal-contaniinated soils have rarely 
been rigorous and are usually little more than incomplete species lists. 
It is often possible that the species listed are not growing on metal- 
contaminattd soils but on distinctive, poor soils adjoining contaminated 
areas. From the svailablc information i t  is difficult to deduce generali- 
ties about taxonomic, morphological or physiological characteristics of 
the species involved since they obviously occupy a wide and diverse 
spectrum of ecological conditions. 

It is none the less rlenr that the plants growing on metal-contaminated 
soils are often chnra ristic of such soils. Toxic arcas are usually 
colonized by son~c plants, and although the colonization of many areas 
is sporadic, othcr areas carry rrgulrrr c*ommunities. 

B. C O M B I I J N I T Y  STIJDIJPS O N  C O N T A M I N A T E D  S O I L S  

Several workers have cxaniincd the plant communities found on 
metal-contaminated soil using the techniques of phytoxociology pion- 
eered by Brarin-Blnnquet (sec Section J l l i  1 for full explanation). These 
techniques enable plant communities to be classified in ;L way analogous 
to the classification of species. The species of phytosociology is the 
association, and associations can be grouped into families, orders and 
classes. 

Schwickerath (In31), Koch (1O32), Schuhert (1953, lYMa), Ernst 
(l%5a, 196th) and Baumeister ( 1  967) have examined the communities 
growing on contaminated soils (zinc and copper) in Germany. This work 
has been extended to Holland by Heinians (1936), to France by Ernst 
(1966), and to Great Britain by Shiniwell (1967) and Ernst (1968h, c). 
These workers havc shown that plants on cwntaminated soih form 
definite and distinct associations, which van tw (wily icbntifietl anti 
named. Keys identifying communit~cs of ;L 1’:trticIjIitl. country or arctL 
frequently include mention of associations o t i  rnctal (:oritamiri;itvd f i ~ ~ l ~  

(e.g. Tuxen, 1937; Lehrun et al., 1949). A ful l  bibhgraithy is giv(;ri IJy 
Ernst (1967). 
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Schwickerath (1931) was the first to study in detail communities on 
toxic Roils (lead/zinc mines near Aachoii, Germany). He named these as 
belonging to the association Violetum calaminariae (order Mesobrome- 
tum, class Festuco-Brometa). He further subdivided these into vegeta- 
tion types or “facies”, which he regarded as representing different 
ecological conditions. Koch (1932) in a brief study of communities on 
zinc-contaminated soil near Osnabriick, Germany, considered these to 
belong to another association, tho Minuartia verna-Thlaspi alpestre 
association. Schubert (1953, 1954a, b), studying communities on lead, 
zinc and copper soil, recognized further associations, Armerietum 
bottendorfensis and Armerietum hulleri, characterized by species of the 
genus Armeria. 

Heimans (1936) noted the similarity of the vegetation in Holland 
with the Violetum calaminariae of Schwickerath (1931) with the excep- 
tion that Minuartia verna was absent, and Agrostis vulgaris ( = tenuk) 
a dominant member. 

Ernst ( 1965a) reconsidered the clamification of mine-plant com- 
munities by previous workers. All these associations had several species 
in common, namely Viola calaminaria, Thlmpi alpestre, Minuartia 
verna, Silene vulgaris, Armeria spp. and Festuca ovina, but occasionally 
one or other was absent. He came to the  conclusion that the similarities 
between these communities was so great and they were so unlike any 
other communities, that they should all belong to one separate class 
(containing only one order), the Violetea calarninariae. This class and 
order could be identified by the consistent members Silene vulgaris and 
Minuartia verna. Ernst (1965a), as a result of additional observations, 
further divided this class into three families. 

1. The Armerion hulleri, of drier habitats in central Germany. 
2. The Thlmpeion calaminariae, of western central Europe. 
3. The Galio-Minuartion vernae, of the alpine regions. 
Ernst (1966) recognized another association in southern France, but 

this could be included into the Thlmpeion calaminariae group. The 
mine vegetation of Britain (Ernst, 1968b, c) could be placed within the 
same family, although the communities in certain areas in particular 
were generally species poor. A summary of the characteristic Rpecies of 
these associations and families is given in Table 111. 

The work of Ernst demonhates clearly the power of the: phyto- 
sociological methods in summarizing the variation among communities 
on a wide range of contaminated soil types. Certain conHiRtent patterm 
emerge, related in part to habitat arid geography but the rewom for 
the existence of such regular but different communities remain 
unexplained. 
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c .  F A C T O R S  D E T E R M I N I N G  P L A N T  D I S T R I B U T I O N  

O N  C O N T A M I N A T E D  S O I L S  

1. Metal concentration and type 
The overriding characteristic of contaminated soils is the high 

concentration of metals in the soil. However, although the area of con- 
tamination is frequently recognizable by a flora different from that in 
surrounding areas, very few workers have studied precisely to what 
extent metal concentration and type are important in determining the 
distribution of mine plants. 

Part of the difficulty arises from the problem of deciding on what 
measure to use for the amount of metal in the soil, since the metal may 
be in several forms. It may be water soluble, exchangeable and bound 
t o  inorganic or organic soil components, or unavailable in stable com- 
plexes with organic substrates, or unavailable as insoluble compounds 
or minerals (e.g. Nicolls et al., 1965). 

Most workers have resorted to measuring total metal concentration 
since broadly speaking this has been found to reflect in a relative way 
on the Concentration affecting the plants, and because it is easy to 
measure (Duvigneaud and Denaeyer-de Smet, 1963; Gregory and 
Bradshaw, 1965; Nicolls et al., 1965). 

There is no evidence that other methods (e.g. water soluble, acid 
soluble) reflect more accurately the amount available to plants, and at 
present total metal content appears the simplest and most realistic 
measure. The use of bioassay to solve this difficult problem has not been 
explored: i t  may be possible to  use growth of genotypes of, say, Agrostis 
tenuis of differing degrees of tolerance on soils to estimate the effective 
concentration at  particular sites in a region. 

Another complicating factor is the vertical distribution of metals in 
the soil. This is frequently non-uniform because of leaching, accumula- 
tion of metals in humus layers, localization of ore bodies a t  certain 
depths, or spread of toxic debris on normal soils (see Malyuga, 1964, 
for full discussion). Clearly plants with differing root systems may 
encounter effectively different concentrations of toxic metals. 

Soils with very high concentrations are usually barren whereas those 
with only slightly enhanced concentration8 may not visibly affect the 
vegetation but may lead to increased metal content of the plants grow- 
ing there (see Section VIIIA). Different plants can withstand (in the 
sense of tolerate or evolve tolerance of) different amounts of metal. 
Schwickerath (1 93 1)  recognized several vegetation types representing 
increasing colonization, and these could be correlated with both lead 
and zinc concentration of the soil. Duvigneaud and Denrteyer-de Smet 
(1963) and Wild (1968) recognized three types of “cuprophyte” (plants 
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restricted to copper soils) on natural and man-made copper soils of 
Katnngn and lthodrsin respectively. They were the “polycuprophytes” 
which grew in  artm of 5000-10 000 ppm copper or above, the “oligocu- 
grophytes” which were restricted to soils with 800-2000 ppm copper, 
and the “eurycuprophytes” which could colonize a whole range of 
copper concentrations. The latter were relatively rare. Ernst (1966b) 
recognized three initial phases in the colonization of zinc-contaminated 
areas: and the last of these phases which contained a considerable 
number of species on soils with a generally lower concentration than the 
first two. 

The study of Nicolls et al. (1966) emphasizes, in a subtle way, the 
controlling effect of metals on vegetation. As expected, sharp changes 
in the vegetation coincided with changes in total contamination. How- 
ever, changes in the relative amount8 of lead, copper and zinc were also 
important. Of the various species considerod, Eriuchne mucronata 
sccincd to tolerate high concentrations of all three metals, Buibostylie 
barbata and f’olycnrpea glabra were found in areas of high copper, while 
Tephrosia sp. nov. was found where the copper concentration was 
lower. In general, changes in lead and copper were more determinant 
than changes in zinc. 

2. Other soil factors 
Soils contaminated with heavy metals differ from each other and 

from normal soils in many ways other than in metal content. The nutrient 
status of the soil, the organic matter content and the texture may all 
affect the number and types of plant growing on the soil. Their effect 
may be direct or they-may act indirectly by influencing the toxicity of 
the mctal in the soil. 

In  general, mine-tip soils are extremely low in the essential nutrients 
nitrogen, phosphorus and potassium. Bradshaw et al. (1960), and 
McNeilly ( 1965) have shown that lead- and copper-tolerant populations 
of Agrostis tenuis arc also better able to grow in oulturc solutions con- 
taining low phosphate than are populations from pasture soils. Rocont 
studies on reclamation of contrtmiriatucl tipH (Hilton, 1967; Hmith and 
Bradshaw, 1970) (see also Section Vlllc) have shown that addition of 
complete fertilizer at normal agricultural ratcs enormously improves 
the growth of plants both native and foreip to mine soils: in many 
cases, native tolerant plants can be made to grow on previously bare 
mine soils only with the addition of complete fertilizer. Further indirect 
evidence comes from distribution studies. Home (1967) found that 
greatest vegetation cover on a small area of a copper mine could best be 
correlated with high potassium content. Nicolls et ul. (1965) state 
that phosphorus may determine the distribution of plants on a naturd 
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metal (copper and zinc) outcrop in Australia: in contrast to mine tips, 
thc soil there had a higher phosphorus content than that of surrounding 
areas, and comparable nutrient content in potassium and nitrogen. 

Mine-tip habitats arc rich in sulphur since the metals usually occur 
as sulphur ores. It has been shown (Antonovics et al., 1967; Turner, 
19G7) that Agrostis tenuis from R copper mine requires more sulphur 
for normal growth than the same species from pasture, and that sulphur 
oxidizing bacteria can be fonnti in such soils (see Section 1 1 ~ 4 ) .  

Another element which appears to bc important is calcium, either by 
virtue of its direct effect, or by its influence on soil pH. I n  Great Britain 
and Europe mines on acid soils differ markedly from those with a 
higher pH. They have generally fewer species and are usually covered 
with Agrostis tenuis and E’estuca ovina; calcareous mines in contrast 
have Agrostis stolonifera and Festuca rubra. Liming of waste tips im- 
proves the performance of plants sown on mines, if fertilizer or organic 
matter are also added (Hilton, 1967). Schwickerath (1931) observed 
that his vegetation types representing different degrees of colonization, 
although they correlated with total lead and zinc in the soil seemed to 
correlate bctter with the calcium: zinc ratio. Since calcium may alleviate 
the uptake and toxic effects of zinc, this ratio is possibly a measure of 
zinc availability. 

The importance of calcium has since been observed by other workers. 
Warren and Delavnult (1949) found the zinc and copper content of 
trees growing over limestone areas was much lower than in more acid 
soils and concluded that, “it is reasonable to assume that pH of soil is a 
more important factor than either the zinc or copper content of the 
ground watcr in detcrmining the amount of zinc and copper which may 
be toxic”. Nicolls et id. (1965) note that ovcr calcareous rocks of a 
naturally occurring outcrop of mineralization of’ zinc and copper, there 
are different and more numerous herb specieg. Plants such &H S w v o l a  
densevestita and Ptilotus obovatus are listed us possible indicators of 
copper anomalies in calcareous areas. 

The organic mutter content of the soil is also of extreme importance 
since i t  forms stable complexes with metal ions, so making them un- 
available (Hodgson et al., 1966). Dykeman and de Soma (1966) record 
concentrations of 7 %  copper in peat of a copper swamp yet it appears 
to have no toxic effects, the overlying vegetation being typical for the 
area. Organic matter (sewage sludge or domestic refuse) is extremely 
effective a t  deviating the toxicity of metals in slag heaps, permitting 
healthy growth of various non-tolerant species for several years (Hilton, 
1967). 

The importance of yet other soil factors was pointed out by Ernst 
(196Fib). He studied the ecological conditions on mines characterized 
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by three initial stages of colonization, namely the Silene cucubalus 
( = vulgaria) var. humilis stage, the Minuurtia verna ssp. hereynicium 
stage and the Euphrusia spp. stage. Silene grew on soils with a coarse 
texture, low water capacity, and low surface temperature. Minuartia 
on the other hand grew on soils with finer texture, high water capacity, 
but high surfacs temperature. The habits of these plants, namely the 
deep rooting Silene with narrower leaves than tho normal forms, and the 
shallow-rooting but tufted habit and needle-like leaves of Minuartia, 
adapt them to their respcctive habitats. The Euphrasia phase wau 
considered to be a succession from the above two phases, but also 
characteristic of soils of even higher water capacity and, as mentioned 
already, lower metal content. Ernst therefore provides very clear-cut 
evidence for the importance of factors other than metal content to 
plants growing on metal-contaminated soils, although the specific 
factor, water or nutrients, is not identifiable. 

3. Climatic factors 
Contaminated areas are frequently only sparsely colonized. The 

plants on such areas are therefore growing exposed in open com- 
munities. Several workers (see Section VF) have noticed morphological 
differences between plants growing on mine soils and those in their 
normal habitat. Usually these morphological differences are in the 
direction of plants on the mine being smaller, prostrate and apparently 
adapted to exposed conditions. Occasionally spreading forms are found, 
adapted to the sand-dune-like conditions of some tips made of tailings 
(Bradshaw, 1959). Braker (1963), and Antonovics and Bradshaw (1970) 
have shown that these morphological differences are not plciotropic 
effects of the tolerance mechanism but that they must have arixcn by 
independent selection. This may well be selection for adaptation to 
climatic factors'butdit is possible in some instances that the small Him 
is an adaptation not so much to exposure but to the nutrient shortage in 
the habitat. 

As would be expected, climatic factors exert considerable control on 
the species to be found in different contaminated areas. Wild (1968) 
shows that the species found on copper soils in the neighbouring areas 
of Katanga and Rhodesia are different because of the greater aridity of 
Rhodesia: for instance, Combretum spp. are common in copper soils in 
Rhodesia and almost absent in Katanga. For this reason, Malyuga 
(1  964) divides Russia into nineteen biogeochemical zones. 

4.  Biotic factors 
Plants probably play an important part in changing the nature 

of the toxic habitat. Their root systems stabilize the soil and their 
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,ierial parts ofTrr some sheher to  subsequent colonizers, but above all 
they contributc: organic matter and humus to the surface layers of 
the soil. The addition of humus has three results: it increases the nutri- 
ent status of thc soil, i t  forms complexes with heavy metals and makes 
mctal ions unavailable to plants, and it improves soil texture. The ability 
of organic matter to complex with heavy metals frequently results in 
t in  nccumn1;ttion of hrttvy mrtals at the surface of thc soil and in 
humus lnycrs of tlw soil (Dyktman and De Soustt, 1966; Lc Etiche, 1968). 
The cyclic ~)rocc'ss of mincral absorption, death, and mineral release 
into uppcr laycw of the soil has bcen called the Goldschmidt or Vernad- 
skii principle (see Malyuga, 1964, for full discussion) and it is the reason 
why humus layers of the soil are often useful in biogeochemical prospect- 
ing (see Section VIIIA). Generally metal ions complexed to organic 
matter nre unavailable to  plants, so that the effective metal concentra- 
tion of the soil is reduced. 

Schwickerath ( 1  931) produced evidence that colonization of the mine 
habitat by some species appeared to depend on the prior presence of 
others : with increasing colonization new species were distinctly associ- 
ated with the Festucn ovina sward. Similarly Schubert (195413) showed 
that colonization by Sikne  vuZqaris var. humitis was concentrated on 
or near the Minuartia verna swards. It, cannot be deduced whether such 
associations are due to  a genuine nllcviation of available metal level, 
or whether both spccies colonize pstches of slightly lower toxicity or 
patches which are ecologically less adverse in some other way. 

Schwickerath (1931), Schubert (1954b) and Ernst (1965b) recognize 
areas of differing colonization and assume that they represent stages of 
a succession. But the data can equally well be interpreted as a Rtatic 
situation in which a varied set of environments, and not Huccessional 
processes, are the cause of the different comniunitics. Jf a truly Hueces- 
sional situation is assumed it is still not clcnr whether i t  is autrqsnic, in 
that the plants theniselves are alleviating the toxicity, or allogenic, in 
that soil toxicity is being lowered by weathcring. Schwickerath (1931) 
and Ernst (1965b) both show that the level of zinc is lower in the arew 
of increasing colonization. This suggests that  either there has been 
allogenic succession, or more likely that the extent of colonization is 
related to the initial zinc content of the soil. 

5. Other factors 
Many metR1-c.onttimiriated areas itre created by mining activity. Since 

the history of mining in m y  given area is often woll documerited i t  
might scem possible to look at the colonization of rnine areas in relation 
to the age of the mine. The most extensive investigation has been by 
Schubert (1954b), who looked at copper-mine tips in Germany. He 
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s t u d i d  four main periods of mining between 1200 and the present day, 
but no clear-cut succession coiild be seen from one period to  another. 
Differences betwecn the periods could be explained by the various 
shapes of the tips clcterniining exposure, aspect, and weathering. In  
the fourth period, more cflkicwt cxtraction has lowered the copper 
content and thcrcforc made (*oll1l)i\t*isoll wtw morc diflic*illt. A11tolwvica 
(1!)U(i) brit-fly inveritigntcd tho i * c l a i l i o n n l i i l ~  I)etwcwi t , l l c t  ag(* ol’ I(wl 
mines in Wiiles and thcir c.oloiiiz;ition by Agrostis Icnuis ,  hut ngiiii IIO 

significant, relationship was found. The classifiratioii of mine tips by age 
not only disregards other ecological factors, but colonization is probably 
quite rapid and in the order of twenty to  thirty ycars so that historical 
data provide little useful evidcnce. The period involved is nevertheless: 
sufficiently long to have eluded direct observation. 

Ernst (1969b) has docuniciited by pollen analysis Armeria and 
dlinuartin on a coI’pcr-contai77inated moor in Wales. By broad correla- 
tive analysis of the vegetation he considers the species to date back at 
least to  the twelfth century AD, when both were at their peak. They 
were drastically reduced as a result of removing the copper turf around 
AD 1800. Such studies show the potential age of some populations. Rut 
some must be much older than this, perhaps dating back to  the post 
glacial, since ore bodies could well hnvta been exposed by glaciation and 
caused areas of contamination from that period onwards. In  the Congo 
(Duvigneaud and Denaeycr-de Smet, 1963), Rhodesia (Wild, 1968, 
1970) and Australia (Nicolls el al., 1965) i t  is clear that ore bodies can 
have outstanding effects on vegetation without the occurrcnce of any 
mining activity (see Section VIJIA). 

Another important factor in colonization is the proximity of avail- 
able species. Antonovics (1966) showed that the density of populations 
of Agrostis tenuis on lead mines was greater when the populations were 
nearer the edge of the mine, nearer the original seed and pollen source. 
Although this study was inadequate in that metal concentrations in the 
soil were not investigated, a similar relationship was found hy Schubert 
(1954b), who showed that lllinuartia verna was found on tips down- 
wind from an area where i t  was in great abundance. Although the 
evidence is again rather circumstantial, it  does Rhow the possibility that 
a source of suitable colonists might determine the composition of mine 
communities. 

6. Conclusion 
It is clear that  critical evidence on the relative importance of heavy 

metals and other factors on the colonization of rninc soils is lacking. 
Even though many ecologists have attempted to gaugc the factors in 
some detail, many of their methcds and assumptione will not hold up to 



HEAVY METAL TOLERANCE IN PLANTS 25 

critic-nl c . .u : i in in , t t  ion. 'I'hc situation is not peculiar to the study of metal- 
tdcnuit, Iht ills si I i(-c too often factors affceting plant distribution are 
obtained on tlic h s i s  of brad correlation principles. The main fault in 
the methodology used is that local distribution and habitat preference 
are used to define the physiological amplitude of the species involved, 
the successional changes that have occurred, the competitive influence 
of other species and so on. The arguments are then taken full circle and 
the factors that have been defined by distribution are then used to 
explain the distri1)utioii. The way out of the vicious circle is not only 
to definc the cvivironmcntal conditions more and more precisely, but to 
combine siirh studios with experimental work both in the field and in 
the greenhouse. 

The niost critical factor of all which has been rarely considered by 
ecologists is metal tolerance itself. Evidence will be presented in Section 
V that the ability to colonize mine areas requires the ability to possess 
or evolve tolerance: plant distribution on metal-contaminated areas 
has an evolutionary component. For example, the classification of 
plants into metallophytes, pseudometallophytes, etc. (Lambinon and 
Auquier, 1!)64) outlined earlier, may reflect not simply an ability to 
tolerak high contamination but also an ability to evolve such tolerance. 

The crucial ecological problem is therefore whether the presence of 
species on mctal-contaminated areas is always dependent on the evolu- 
tion of tolerance or whether in some cases there are species which possess 
metal tolerancc throughout their range; and per contra whether the 
absence of species from metal-contaminated areas is due to their in- 
ability to cvolvc tolerance. The evidence on this will be discussed in 
Section VB. 

The pro1)lcrns of adaptation t o  this distinctivc cnvironmcnt servc to 
highlight probl(~nns of' inethodology. An onlightcnod examination of the 
vegetation on metAl-rontaminatcd areas coiild be very infitructive. 

1 1 1. (: E 0 C4 R A P  H I C A L I N V E S TIC4 A TI 0 N S 

~letal-coiitaminittcd areas, eithcr naturally occurring o r  man-made, 
arc very widely distributed. They also, as has been previously shown, 
carry a very distinct type of vegetation which often contains species 
largely or wholly restricted to such areas. The geographical distribution 
of tliese species is therefore highly disjunct, and this has attracted the 
attention of several workers. 

Schnltz (1912) argued that since both Viola lutea and Minuartiaverna, 
two plants commonly found on contaminated soil, have their main 
distribution in the alpine regions of Europe (and Minuartia also in the 
Arctic regions arid Asiatic mountains) and show elsewhere in Europe a 
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highly disjunct distribution (being largely limited to  metal-contamin- 
stet1 arms), they must have h e n  widely distributed throughout Europe 
at ono timc! whon conditions were fnvourable, in the Sourth glacial 
period. Sincc then, their distribution has been limited to mine tips where 
they do not suffer from the effects of competition. This finds support 
from the evidence of post-glacial distribution for other species with 
disjunct distributions (Pigott and Welters, 1954; Godwin, 1956). He 
also considered some other heavy metal plants; he suggested Thlaspi 
alpestre and Arabia halleri were also of a formerly wide distribution, 
but there was no clear pattern for Armeria halleri and Silene vulgaris. 

Similar arguments to those developed by Schultz have been used in 
connection with a study of Festuca spp. growing on contaminated areas 
in and around Belgium (Auquier, 1964). These fescues are considered 
to belong to several tam. None of these taxa is completely restricted to 
contaminated soils, their relatives being often found in upland areas. 
However, in Belgium itself these plants are strictly confined to calamine 
(zinc-contaminated) soils. Auquier infers from this that these taxa 
represent remains of plants which once had a wide distribution during 
the arctic-alpine climate of the last ice age. A similar interpretation has 
been arrived at  by Heimans (1960) studying the distribution of the zinc 
violet, Viola calaminaria, but he gives it only his tentative support. 

Stebbins (1942), in discussing the interpretation of disjunct distribu- 
tions, distinguished two types. The “paleo-endemic”, which is a species 
of formerly wide distribution that is now confined to particular areas; 
and “neo-endemic”, which is a species that has originated recently in 
given areas in response often to peculiar environmental conditions. 

The suggestions of Schultz, Auquier, and Heimanv arc therefore that 
the species found on metal-contaminated soils are usually palaeocnde- 
niics. But the situation is difficult to iriterpret: a sirnple palaeoendcmic 
interpretation of the geographical distribution of all the specie8 may 
often be inaccurate. 

Firstly, many of the so-called mine taxa are not distinct and there 
is no evidence that they are reproductively isolated from their relatives. 
These taxa could be the products of parallel evolution 011 different mines 
from relatives in the neighbouring pastures. This procem, which has 
been shown in grasses (see Section VE), can occur rapidly; and the 
evolution of tolerance can occur in parallel with evolution of morpho- 
logical differences. The mine taxa in this case would be neo-endemics. 
The interpretations of Auquier (1964) are probably erroneous since his 
taxa of Festuca are not highly distinct and could easily have arisen by 
recent evolution. 

Secondly, contaminated soils are commonly associated with man’s 
activities, and the widespread disjunct distribution of many mine plants 
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may simply indic:nt,e the efficiency of dispersal by human agencies. This 
phenomenon could be called “transport endemism”. Many of the mines 
are in mountainoils regions and dispersal of alpine members such as 
Viola lutea, Minicartia verna and Thlaspi alpeslre from upland to low- 
land mining areas, could give the erroneous impression that these upland 
plants on lowland areas are remnants from a fortnerly colder climate. 

Thirdly, many inctal mines are recent and in no way correlated with 
natural metal outcrops. Moreover, where outcrops occurred they have 
almost invariably been destroyed by mining activities. Arguments about 
plant distribution on contaminated arcas which are the result of mining 
may not involvo factors present more than a few hundred years ago. 

All t,hrso nrgitments favour strongly the suggestion that most tnine 
species arc nco-endcmics. Evidence that this has been the case comes 
from ths  work of Ihvigneaud niitl I)cnaeyer-de Smet (1963) on the 
flora of mainly iiatmal copper outcrops in  Katanga. With regard to this 
flora they suggest, that  the majority of the cuprophyte species are close 
ralrtt,ives of non-cuprophyte species which linve an cxtended distribution 
and which are all found in the Zambesian region. In  other respects the 
cuprophyte flora consists mainly of sub-spccies or vicarious varieties 
with t h e  status of ecotypes and probably a large number of other 
ecotypes not morphologically differentiated. I ts  character is that of a 
young nco-endeniic flora having its origin in the same area in which it 
is found. Some tlrxa have the character of relics of regional movements 
corresponding to the displacements which have affected the flora of the 
Zantbesinn region. 

In this area, t.lierefore, neo-cndemism appears to be the rule. In  those 
cases whrre a neo-andcmic hypothesis cannot be applied because the 
possible source of the neo-endemic is far away, transport by human 
Rgency may well be an explanation. 

The last and very crucial point is that even if in some instances the 
evidence does favour the palaeoendemic hypothesis, no plant is known 
that has an inherent or constitutional resistance to heavy metah 
throughout its distribution (see Section VB). In  other wordg the plantfl 
on mines cannot be regarded a8 simplc “left-overs” from a widespread 
distribution. The problem of the evolution of tol(!rance is still there. 

The interpretation of the disjunct distribution of motnl-tolerant 
plants therefore poses general questions on the nature of endemism, 
questions which by no means have yet been fully answered. 

I V .  T A X O N O M I C  INVESTIGATIONS 
The c l i f f c w n c * r  in morphology of plants growing on metal-contamin- 

atrtl areas froin plants in nortnsl arcas \ Y ~ H  noted 1)y Ruumunn ( 1885) 
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and Jetiscli (1894). Niimcroux workers hnvo sinco thcir roinurkcd o i l  this 
feature of tolerant populations (see Sctction VF). 1 t is thcreforo riot 
surprising that taxonomists liavc attempted to classify them plants &B 

separate taxa. Floras and the literature are strewn with subspecific and 
varietal epithets referring t,o minc taxa (e.g. Ernst, 1965a). 

The literature on the taxonomy of plants growing on inctal-con- 
taminated soils is by far thc hmdcst, to review and it is dinost irnpossiblo 
to come to any conclusions regarding tho validity of the systems pro- 
posed for groups that have been studied. The reason for this is partly 
that the material concerned is in itself difficult to include in any classi- 
fication system, but mostly because the taxonomy of plants is often aa 
cursory as it is unreliable. 

Firstly, there have been very few attempts to grow mine-andnon-mine 
plants under nniform conditions to see if the differences between them 
(and between different tolerant populations) are inherited: conditions 
in metal-contaminated areas are so extreme that gross, environmentally 
induced effects are to be expected and examination of field material 
may be completely misleading taxonomically. It is interesting in this 
connection that Malyuga (1964) assumes changes in flower form 
(Papaver spp., Pulsatilla patens), flower colour (Papuver spp.), and 
changes in morphology over areas of enhanced toxicity to be the sole 
result of environmental cffects, although there seem8 no good reason 
for this conclusion: they may well be genetic. 

Secondly, there have only been a few attempts to cross mine and non- 
mine plants to try and assess the distinctiveness of the “taxa” (see 
Section VI). 

Thirdly, very few taxonomists have considered the possibility that 
morphological differences (even if inherited) may be the result of direct 
adaptation to mine habitats and of quite recent origin. 

The crux of the matter is that mine habitats are ecologicaUy very 
distinct and often clearly demarcated from normal habitats. This makes 
the taxonomic recognition of forms very easy even if they are not very 
different from other taxa in terms of taxonomic and evolutionary 
distance. This is particularly so of characters such as dwarfness and 
hairiness. These forms are therefore given high taxonomic or even 
specific rank when often they are probably no more than ecotypes. 

The methods of experimental taxonomy must be used if any reliable 
picture is to emerge. So far, not even the most elementary mpects of 
this approach have been attempted. A few examplc, ’9 will wvC: to 
illustrate the state of research in this field. 

Auquier (1964) investigated the genus Festuca, growing on metal- 
contaminated soils in and around Belgium and classificd the genus into 
two main species, one of which he divided further into subspecies, 
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varietie8 and forms. This work can however be criticized from several 
standpoints. Firstly, material used in this study was collected directly 
from the field: no attempt was made to grow it under standard condi- 
tions. The taxa include the fine delimitations of variety, sub-variety arid 
form; these could easily be environniental modifications. Secondly, even 
if the differences betwcen the taxa are inherited they could easily have 
been achieved by pariillel cvotiitioii on ciifforcrit rnirwn siiiw tho char- 
actcrs t h a t  were measured (length of floral parts, mattomy of tillers, 
hairiness, vein number, leaf diameter) could easily have been affected 
by selection for local adaptation. 

The complexities of the situation in the European genera L 3’1 a m e ,  
Minuartia, Armeria, and Viola have been reviewed by Schubert (1954a) 
and Heinians (1060, 1966), but their views on classification of some of 
the genera do not escape from the controversies and problems of syno- 
nyms. Schubert quotes seven names for Minuartia verna; these are 
either synonyms or refer most probably to  different ecotypes. Heimans, 
in his detailed review on the zinc violet (Viola calaminaria), quotes 
eight names of different ranks which are probably synonyms. With 
regard to the genus Armeria, Heimsns states “Some taxonomists refer 
the European representatives of the genus Armeria to ten different 
species, whereas other taxonomists recognize but two”. Lefebvre (1967) 
shows clearly some of the reasons for this confusion: populations of 
Arrneria from zinc soils in Belgiuni me intermediate in form between 
A .  alpina and A. maritima; the ranges of variation of the populations 
overlap with both these species, and populations on neighbouririg 
contaminated sites can be very differeiit. Nor do the populations have all 
the characters of another taxon with species status, A .  c4mgula in 
which they had previously been included. 

Duvignenud (1958, 1959), Duvigncaud and Timperman (1959), and 
Duvigneaud and Denaeyer-de Smet (1960. 1963) recognize many new 
species, and new subspecies on metalliferous soils in Katanga. Wild 
(1968) reports several apparently distinct subspecific taxa although 
none at the specific level in the Rhodesia copper flora, and recently 
(1970, pers. comm.) has shown that one taxon previously considered 
to be Dicoma vnucrocephala is a new and diRtinct species. Again, it 
is difficult to assess the validity of many of the categorim since the 
observations are made on material taken directly from the  field. How- 
ever, they are often well aware of the arbitrary nature of their taxono- 
mic units. 

There have been a few cytological studies of mint. l ) l i l r i ( v ,  and t w o  
exaniples quoted by Heimans (1960) are of intc~cst  Flr\tly, his ow11 
work on the zinc violet showed that the chrornoriome nutnl)c.r W I L H  2n == 

53 (wen though lie and othw workers l i n t l  Im’vloldy r(vor&tl i t  ~ L H  
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2n = 48) which tliffercd from that of its supposedly nwrcst relative, 
Viola luten. Hcimans thercforo, and on other evidence, concluded 
greater affinity bctween Viola calnminaria and Viola alpestris (2n = 36). 
He also mentions the work of Duyvendak (no reference or actual chromo- 
some numbers given) which showed that Feetuca ovina in the zinc area 
differs from all other strains found in tho Netherlands, but the chromo- 
some nuniher agrees with thow of strain8 found in thc mountuinous 
regions outside the Ncthcrlands. However, Wilkins (1 960) could not 
relate the ploidy level of Festucu ovina to the metal tolerance or to the 
relative occurrence of the two ploidy types on contaminated and uncon- 
taminated soils. No differences in chromosome number of tolerant and 
non-tolcrant Agrostis tcnuis were found by Jowett (1959a). 

This work on chromosome numbers is interesting in that it suggests 
that perhaps some of the mino races have been formed by a process 
similar to catastrophic selection (involving drastic chromosomal 
adjustments of a specially adapt,ed type, leading to reproductive isole- 
tion) described by Lewis (1962). Further studies of chromosome num- 
bers of tolerant and non-tolerant plants could prove rewarding from 
both the taxonomic and evolutionary viewpoints. 

The taxonomy of plants on contaminated areas needs a thorough 
experimental review. Speculation on the basis of present literature is 
probably not rewarding unless done in conjunction with experimental 
work. As a field of research it could again have great relevance to tax- 
onomic methodology, especially with regard to endemic and specialized 
forms. 

V. EVOLUTION O F  METAL TOLERANCE 
In the absence of any prior knowledge the existence of plants on 

metal-contaminated soils would immediately raise the question of 
whether these plants belonged to species that were for some reason in- 
herently tolerant to metals, or whether they were races that had evolved 
a special tolerance not possessed by the remainder of the species. 

As will be shown there is much literature demonstrating the existence 
of such races and this has not only exposed a new facet that must be 
taken into account when explaining plant distribution, but also haa 
produced the best available example of natural selection in plants. 
Heavy metal tolerance in plants is probably an example of more power- 
ful evolution in action than industrial melanism in moths. 

A. EVIDENCE FOR RACES T O L E R A N T  T O  METALS 

This section considers the evidence that the ability to colonize con- 
taminated areas depend8 on the ability to cvolve race8 tolerant to heavy 1 
metals. 
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1. Naturallg occwrinfg races om contaminated soils 
The first coniptvative stircly of mine and non-minc popiilations is that 

of Frat (1934). Bred of Melandriuna silveslrs from a copper mine tip 
grew far better in soils with the higher concentrations of ndclctl coppcr 
carbonate than seed of plants from uncontaminated soil; at  the highest 
concentrations the plants from uncontaminated areas died in the seed- 
ling stage. Prat considercd the incrcascd resistance of plants growing 
on copper mines to be the result of natural selection. 

This invcstigation was the only one of its kind until the 1950’s, when 
studies of mine and non-mine populations were resumed independently 
in Great Britain and Germany. 

In Great Britain, Bradshaw (1962) rcported populations of Agrostis 
tenuis tolerant to lead and zinc soils; plants from pasture soils did not 
survive on mine soil. Following this, Wilkins (1957, 1960) developed a 
rooting technique which showed Festuca ovina to have races tolerant to 
lead. The technique involved comparison of root growth in solutions 
with and without added metal salts, and this technique or its modifica- 
tions (Gregory and Bradshaw, 1965; Holmes, 1965; Jowett, 1958; 
McNeilly, 1965; Gadgil, 1969) has been used to establish and quantify 
the tolerance of races of a wide rangc of species found on metal mine 
soils by a wide variety of authors (Table V). Work in Germany has also 
produced an impressive list of plants showing tolerant races. Schwanitz 
and Hahn (1954a, b) recording survival in water culture with different 
amounts of zinc showed several species to be tolerant if taken from 
zinc-contaminated soil, but non-tolnrant if taken from normal soil. 
Repp (1963) and Gries (1966) measuring the ccllular resistance to metal 
ions, by finding the concentration tha t  produced dcath of epidermal 
cells, established tolerant races in yet other species. The results of work 
on races tolerant to various metals is summarized in Table V. Baumeister 
(1964), Baumeister and Burghardt (1966) and Wachsmann (1961) 
recording rate of photosynthesis and general growth, and BrSkcr (1963) 
recording dry weight in water culture, have all confirmed that Silenc 
inflata forms races tolerant to zinc and to copper. Url(1956) showed that 
species of mosses from copper-contaminated regions had a far higher 
resistance to copper than species from normal soils. This work waa not, 
however, extended to the intraspecific level. 

From these results it is clear that the existence of metal-tolerant 
races is a common phenomenon. Many of the species can develop resist- 
ance to more than one metal; either in separate races or simultaneously 
in the same race if the soil is contaminated with two metals (Jowett, 
1958; Gregory and Bradshaw, 1966). Generally speaking, the tolerance 
is metal specific: tolerance to one metal does not automatically confer 
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TABLE V 

Specicx ahowing races tolerant to 1Leazy me& 

Species Author 

Rumcx acetom 

Pe~duca ovinu 

A groat ia stolmijeru 

A p s t i s  curtina 

Viola lutea 
A&,ne (= Mimartiu) 

verna 

SiEene vulgaria (=in-  
&ta = cucubalus) 

Plontago la?lCeOEata 

Linum cxtharticum 
Campnula rotudifolia 

Cu Prat, 1934 
c u  Repp, 1963 
C U  Repp, 1963 
cu Allen and Sheppard, 1971 
Cu, Pb, Ni, Zn, Cu +Ni, Gregory and Bradshaw, 1965 
1% +Cu, %n +Pb 
CII 

Pb 

Pb, Zn 
C!1 
z 11 

Pb 
%n 
Pb 
%n 

l'b 
%n 
%I1 

Zn 

%n 

Cu, Zn 
Zn 

Zn 
%I1 

A p s t i a  tmuis x shloni- %n 

Festuea rubra %n 
Holcua lonatus Zn 

fern 

AntJwxuntlium odoratum Zn 

Thhspi alpstre Zn 
Amneria maritima Zn 

McNeilly, 1968; McNeilly and 

Jowctt, 1958, 1964; Jain and 

Bradshaw, 1952 
Coackley and Dewson, 1966 
Spilling and Thomas, 1964; 

Schwanitz and Hahn, 1954b 
Wilkins, 1957, 1960 
Gregory and Bradshaw, 1965 
Jowctt, 1958 
Gregory and Bradshaw, 1965; 

Craig, 1970 
Gregory and Bradshaw, 1965 
Schwanitz and Hahn, 19548 
Schwanitz and Hahn, 19548; 

Humphrey8 and Farn- 
worth, 1964 

Schwanitz and Hahn, 1954a; 
Baumei~tor, 1954; Bau- 
mcister and Rurghardt, 
1956; Brijkw, 1963; Gricn, 
1966; Ernst, 1968d 

Bradshaw, 1968 

BradRhaw, 1966 

Archer, 1964 

Wachsmann, 1961 
Schwanitz and Hahn, 1954b; 

Williams and Morgan, 1964 
Scliwanitz and Hahn, 1954b 
Schwanitz and Hahn, 1954b 
Gregory and Bradshaw, 1965; 

Gregory and Bradshaw, 1965; 
Jenkins and Winfield, 1964; 

Antonovics, 1966 
Gregory and Bradshaw, 1965; 

Putwain, 1963; Antonovics, 
1966 

Archer, 1964 

E m t ,  1968d 
Lefebvre, 1968 
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tolerance to aiiotlicr (sce Swtion V11cs). Moreover, the level of tolerance 
developed is related to the itmount of metal in the soil. Thus Wilkins 
(1 060) tiemonstrated i L  corrclation between the degree of lead tolerance 
of Fevtucu ovina and amoiint of extrnctable lcad in the soil. Similar 
relationships between degree of tolt>r:mce and amount of metal in the 
soils have been demonstratted in Agroslis tenuis on lcad mines by Jowett 
(1964), on copper mines by Gregory and Bradshaw (1965) and McNeilly 
and Bradshaw (1068), and on zinc rniries by Gregory and Bradshaw 
(1966) and Turner (1967, 1969). 

2. Metal tolerance to sprays and toxicctnts 
In  higher plants, there is no evidcbnco of the evolution of tolerance 

to,fungicide and pesticide residues, iLlrnOSt cert,ainly because metallic 
compounds have not, been employed directly on plant,s in toxic 
quantities. However, in certain habititts toxic levels of metal are being 
approached: roadsides are frequent'ly contaminated with lead, and 
the soil of fruit orchards and vineyards contain large amounts of lead, 
copper and mercury (see Sedion I for references). Metal tolerance may 
well be evolving in such situ it  t' ions. 

In lower organisms there is some evidence that races tolerant to metal 
toxicants have evolved. Toxic paints involving compounds of copper 
and mercury are used as antifouling cotxipoiinds on ships. In those cases 
where algal growth has occurred due to the presence of h'ctocarps spp., 
the populations have been shown to possess tolerance to copper many 
times greater than in normal populatioris (Russell and Morris, 1970). 
A similar tolerance to mercury has bet:n demonstrated in Enteromorpha 
spp. (Kodgson, 1969). 

In  fungi, there is surprisitigly little cviclence of tolcrant r:ms. Ashida 
(1965), reviewing the adaptiitio11 of f i i  ngi to nietd-contain~ng toxicants, 
mentions on1.y two instanc-cs, both (mes of nd;~pt,ation to ~k~rdcaux 
mixtures. Taylor ( 1953) reports that SlKJrl:s of Physnlophora flhtum from 
orchards s1)rayed with 13ordrnux niixtiire iirc more resistant to c:opper 
than spores of the same species from uiisprayed orchartls. I.lorsf;lll ( 1  !I%!) 
suggests that thc reduction in effectiveness of Rorr l~aux rtiixtiire in 
controlling potato blight might be diic: to the evolution of rcsistnncc to 
it by Phytophthora infestans. 

More recently there have been several reports of reflistance of Pyreno- 
p h r a  avenue to mercury-containing fungicides (Noble et al., 1966; 
Malone, 1968; Old, 1968; Sheridan et al., 1968; Bainbridge, 1969; 
Greenaway and Cowan, 1970). There is conuiderable evidence that such 
resistance is spreading (Malone, 1968; Old, 1968). Soil fungi of the genera 
Penicillium and Aspergillus may also develop resistance to mercury 
fungicide residues in the soil (Spanis el al., 1962). Young (1961) found 
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ropper-tolerant races of several brown rot fungi regularly associated 
with copper fungicido failures on fcnce posts, This was confirmed by 
Da Costa ant1 Kcrruish (1964) who showed that most brown rot fungi 
were highly tolerant to copper sulphate and chromate. The most 
tolerant species, Poria villantii, grew on agar containing 8 yo copper 
sulphate. 

There is therefore evidence that the evolution of fungi resistant to 
metal containing toxicants is possible, but such that examples are 
relatively rare. This may in part be because the resistant strains are less 
able to compete with virulent strains in the absence of the fungicide 
(e.g. poor vitality of copper-resistant Phytophthora infestans (D'Yakov, 
1963a, b), or simply that the evolution of tolerance to metal toxicants 
is not a very common phenomenon. The former explanation seems more 
likely since there is considerable evidence for tolerance to metals in 
laboratory strains (see Section V A ~ ) .  However, there is clearly insuffi- 
cient evidence to come to any firm conclusions. 

Bacteria resistant to metals have been isolated from various sources. 
Chatterjee et al. (1968) record mercury-resistant strains of Staphy- 
lococcus pyogenes and note that their occurrence is more common in 
hospitals than in the general community. Mercury resistance wm com- 
mon in strains responsible for hospital cross-infections and frequently 
also had resistance to several antibiotics. 

A similar association between mercury resistance and drug resistance (to 
tetracyclines) was found inStaphylococcusaureus (Williams, 1967). Novick 
and 130th (1968) show that separate factors giving up to a hundred- 
fold resistance to As, Pb, Cd, Hg, Bi, Sb and Zn are associated on a non- 
nuclear plasmid carrying a separate factor for Penicillin resistance. 

Mercury-resistant strains of bacteria have been isolated from soils 
contaminated with mercury-containing fungicide8 by Tonomura, 
Nakagami, Futai, and Maeda (1968) ( P s e u d o m m  sp.), and by Spank, 
Munnecke and Solberg (1962) (Bacillus spp). 

3. Metal tolerance in laboratory strains 
Under laboratory conditions the evolution of metal-tolerant race8 

appears to take place fairly frequently and apparently more readily 
than in nature. Much of the work on laboratory strains of filamentous 
fungi and yeasts has been reviewed by Ashida (1965) and this section 
will deal with other groups and subsequent papers on fungi. Both 
Ashida (1965) and Turner (1969) contain tables showing the tolerances 
recorded for fungi and a few other micro-organisms. 

Relatively few studies have attempted to select for resistance to metal 
ions in bacteria, although this should be possible since such races often 
occur naturally (see Sections IIa4, V A ~ ,  and VIIIB). 
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Several recent IbiLpers (or papers not mentioned by Ashida, 1965) 
h a w  been concernctl with selection for mctal tolcrance in fungi. 
D’Pakov (1963a, 1 ) )  showed slow adaptation to copper in Phytophthoru 
infestnns by successive transfer between tuber discs sprayed with copper 
arsenate solution. The resulting strains were (after seventeen transfers) 
three times more resistant than thc controls, but the spores germinated 
poorly on transfer to normal medium and the tolerance was lost after 
two such transfers. 

Antoine (1905) paralleled t h o  earlier studies of Ashida and co-workers, 
and showed the existence of copper-tolerant races of yeast. 

The work on natural selection for metal tolerance on mine tips has 
recently been paralleled by attempts to select artificially for tolerance 
to toxic soils. Scrd of Agrostis tenuis from normal populations can be 
screened to produce in one generation genotypes tolerant to copper and 
to zinc, whereas othcr species of grass not normally found on con- 
taniinatetl soils do not produce tolerant races when screened in the same 
way (see Section VE for full references). However, varietal differences 
in the tolerance of soybeans to excess quantities of zinc (Earley, 1943) 
suggest that  gradual selection for tolerance may be successful in species 
not normally colonizing mine soils. 

B. T H E  O C C U R R E N C E  O F  T O L E R A N C E  I N  D I F F E R E N T  

F A M I L I E S  A N D  S P E C I E S  

The evolution of tolerant races appears to be such a common pheno- 
menon that it is pcrtirient first of all to ask if there is any evidence that 
some species are inhrrrntly tolerant to metals (even when not growing 
on metal-contaminated soil) and are thereby ablc to colonize con- 
taminated arcas. The only work which suggests that inherent (or con- 
stitutional) tolerance may be important in colonizing mctal mines is 
that of Repp (1963). She showed that the cellular resistance of Silene 
vulgaris ( = czicubnlzis, injiatn) from normal soil mas just as high as the 
resistance of S. vulgaris from mine soils. This finding is however in 
contrast to the wholc plant investigations of Broker (1963) and 
Schwanitz and Hahn ( 1  954a), and was quite clearly contradicted by the 
work of Gries (1966) where normal Sikne cucubalus was shown to benon- 
resistant by a similar technique. So far, therefore, there is no evidence 
that a species has constitutional tolerance to heavy metals: evolution 
has always occurred when mine habitats are colonized. 

Because of thc work of particular people, it is easy to gct thc! imjms- 
sion that tolerance is restricted to  ccrtain families and gencra, Huch as 
the Cnryophylluceaa, or the genera A!yro.utis and Feduca. 13ut ‘ratJlo V 
shows that the  more, work that  is done t h e  lcss this swmq to hold. 
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Good examples of tolerance newly found in separate families are 
Mirnulus guttatus, Thlnspi alpestre and Armem'n maritimcc. 

If we assume, as seems reasonable, that all species occurring on high 
concent4rations of mctals have evolved tolerant populations, then there 
is much evidence, particularly that of Wild (1968, l070), which shows 
that tolerance is very widcly distrilnited indeed, and i.9 to be found in 
families as widely separatcd as Cypcraceae, Compositac, Orahidaceae 
and Ranunculaceae. The greatest number of tolerant species is found 
in the Lcguminosae and the Gramineae. But these of course happen also 
to be among the largest families in the world's angiosperm flora 
with correspondingly greater possibilitia of evolution of tolerant 
species. 

The special characteristics of Rpecies that are able to evolve tolerance 
to more than a single metal appears from the restricted evidence in 
Table V to be equally widely distributed, occurring in species as un- 
related as Silene vulgarie and Agroatis tenuis. The evidence of species 
occurrence on toxic soil supports this. Many of the species in Rhodesia 
that occur on copper soils occur also on nickel (Wild, 1970). 

However, it is interesting that while some species are able to evolve 
tolerance, others seem unable to do so even though they are abundant 
in the vicinity of metal-contaminated soils. Why this Rhoulcl be so is 
not clear. Species (not normally associated with metal-contaminated 
soils) have been shown to differ in their tolerance to metals (e.g. Earley, 
1943; Biebl, 1947a, b, 1960) or nietal uptake (e.g. Gorsline et al., 1964), 
but no one has critically compared thew aspocts of plants that can and 
those that cannot evolve tolerance. However, Khan ( I  969) has prelim- 
inary evidence from a comparison of five specie8 which are known to 
evolve tolerance and five ~ p c i c s  which seem not to, that the former 
possess genes for tolerance in normal populations while the latter do 
not. Another possibility is that a certain characteristic may pre-adapt 
certain species to colonize toxic areas: mine habitats require adaptations 
other than metal tolerance (see Section IIc2) and the possession of them 
characters (e.g. tolerance to low nutrients) would assist the develop- 
ment of tolerant races. Otherwise, the requirement of multiple adapta- 
tion to new features of the environment is considerably more difficult. 
Simultaneous selection for tolerance to two metals is considerably less 
successful than  election for one (Khan, 1069; see ale0 Section VE). A 
paradigm for the idea that certain characters may pre-adapt popula- 
tions to metals comes from the work of Horn and Wilkie (1966) who 
show that a respiratory mutant of yeast is advantageoua to a cobalt 
medium. 
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c. T H E  “ N E E D ”  F O R  M E T A L S  B Y  T O L E R A N T  P L A N T S  

Several workers (e.g. Schatz, 1955) have suggested that tolerant 
plants may have a positive need for metals and for this reason are 
restricted to  contaminated areas. Work on tolerant races shows that 
this is not the case: tolerant plants grow well in normal soil. However, 
there is some evidence that tolerant plants are stimulated in their 
growth by levels of metal considerably above the normal micro-nutrient 
levels, and more so than non-tolerant plants. 

Baumeister (1954) and Baumeister and Burghardt (1  956) grew 
Silene vulgaris a t  different levels of zinc in soil, sand-culture, and water- 
cultnre. At intermediate levels of zinc the tolerant type had a greater 
fresh weight, rate of photosynthesis, and chlorophyll content tha.n a t  
low levels of zinc. The effect was not so marked in the non-tolerant type. 

Lefebvre (1969) showed that plants of Armria from zinc-contamin- 
ated soil were much stimulated in their growth on normal soil by the 
addition of zinc salts. 

Further evidence comes from authors who have found indices of 
tolerance greater than 100% (more root growth in metal than without 
metal). These are listed in Table VI. 

TABLE VI 

Species showing an index of tolerance indicative of root growth being .dimulated by 
presence of metal ions in  the testing Bolution 

Spocios Metal Author 
- 

Agrostis tenuis cu McNeilly, 1968 
Pb Jowett, 1964 
Pb, Cu, Zn Barker, 1967 

Mimulua gultatua c u  Allen and Sheppard, 1971 
Anthoxanthum odoraturn Zn Putwain, 1963; Antonovicx, 

Holcua lanatw Zn JenkinH and Winfield, 1964 
Anneria marit ima Zn Lofobvre, 1969 

1966; Gadgil, 1969 

Although Ernst (1965b) did not use control non-tolerant populations, 
five out of six species from zinc soils produced a greater percentage 
germination and rate of germination in 50 ppm zinc than in 1 ppm. 
Epilobium angustifolium, a species from a normal area, did not show this 
effect. 

There is therefore considerable evidence that tolwant plank are 
stimulated in their growth by small  amount,^ of metal. ThiH could he 
interpreted as a definite need for metal in these plants, but a fairer 
interpretation is probably t h d ,  because of the efficiency of the tolerance 
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mechanism in inactivating the nwtels, the external trace element 
requirement is rather higher than the norm. 

D. T H E  COMPETITIVE PERFORMANCE OF TOLERANT P L A N T S  

Thc apparent restriction of metal-tolerant genotypes on contamin- 
ated arcas, despitc thcir normal growth on non-contaminated soil, has 
led to the spwulation that these plants are largcly rcstricted to  mine 
soils because they are competitively inferior to  normal plants. This 
idea is supported by Kruckeberg (1954), who showed that serpentine 
species did not survive when grown in competition with their non- 
serpentine counterparts. 

Putwain (1963) and Antonovics (1966) have shown that zinc-tolerant 
Anthoranthum odoratum is competitivcly inferior to  non-tolerant when 
grown on non-contaminated soil. Piitwain (see Jain and Bradshaw, 
1906) cst3imates that the selection pressure against the tolerant type on 
normal soils is 0.3. Antonovics (1960) showed that yield of tolerant 
type was progressivcly reduced in competition, whereas that of non- 
tolerant increased: after nine months the selection pressure was at 0.35 
agai ns t the tolerant type. 

The sitiiation in Agrostis tenuis is rather different. McNeilly (1965) 
not oiily failed to find any differences in fitness between copper-tolerant 
and ordinary when grown as spaced plants, but also found only just 
significant differences when these were grown in competition. From the 
latter experiment the selection pressure against the tolerant type is only 
0.05. Earlier work of Bradshaw (see Jtlin and Bradahaw, 1966) suggested 
that sclection against lead tolerance could be as high as 04, but i t  is 
possible that other characters hesitics metal tolerenoe were involved. 

Further competition experiments hetwecn plants in sand culture 
(McNeilly, 1970) have shown that the outcome of competition hetween 
tolerant and non-tolerant plants depends on phosphate level : a t  high 
phosphate levels the non-tolerant plants are competitively superior, 
whereas the converse is true a t  low phosphate levels. 

Lefclm-c (1  970n) studying the competition of tolorant arid non- 
tolerant ccotypes of Agrostis tenuis, Anthoxanthum doraturn and 
Plantngo ZancPolata, each grown with a normal herbage grass, Lolium 
perennp, showed that the tolerant ecotypes were cornpctitively inferior 
to the non-tolerant. 

15. T H E  PROCESS O F  EVOLUTION 

The first discovery by Prat (1939) of plant pop~tlations on metal 
mines tolerant to heavy metals in the soil led to his postulating t h a t  
metal tolerance had arisen by natural selection. 
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Thc existence of a character that, was clearly adaptive to the> environ- 
ment in which i t  was found, and the discovcry by Wilkins (1957) of a 
rooting t,echniquc of measuring nictnl tolerance, has been exploited by 
various workers to provide one of the best documented cases of evolution 
in action. The account which follows is a brief summary of this work 
mainly on Aqrostis tenuis. 

As has ihlrendy been mentioned, wnxtc-heaps from mining activities 
carry tolerant populations of Ayrostis tenuis, with ispccific tolerances 
corresponding to the type of metal in the soil (Gregory and Hradshaw, 
1965). When these populations are sampled as seed it is found that they 
normally have a lower mean tolerance and greater variance than popu- 
lations sampled as adults (Antonovics, 1966; McNeilly and Bradshaw, 
1968; McNeilly, 1968). This is the most direct evidence that in natural 
conditions there is selection acting to  preserve the high tolerance of the 
adult populations. Selcction pressures acting to maintain the popula- 
tions have been calculated (Antonovics, 1966) and are in the order of 
0-3-0.7. Experimental studies have shown that most of the selection 
occurs at the seedling stage: if non-tolerant seed is sown on contamin- 
ated soil, most of the seed germinates (there is a slight inhibition) but 
the seedlings fail to root, and die before they can produce many leaves 
(McNeilly, 1968) : this suggests that  selection pressures can be up to 1.0. 

Tolerant populations are normally surrounded by normal non-toler- 
ant populations on ordinary pasture. Gene flow between the two popu- 
lations is possible since the areas of contamination are usually small 
or there is sharp boundary bctwcen the two populations at the edge 
of the mine (McNeilly, 196%). Kven on large diffuse mines the background 
rain of pollen can reduce the love1 of tolerance of the seed on the mine 
(McNeilly and Hradshaw, 1968). l'hc existence of gene exchange has 
been demonstrated by a comparison of seed populations col1ectr.d in the 
wild and seed populations produced by adults brought back to the 
experimental greenhouse and grown away from non-tolerant rnatwial. 
The seed from natural populations has normally a lower toleraricu than 
seed grown in isolation, showing that there is dilution of tolerance by 
the pollen from the surrounding non-tolerant population (.~IcNcilly, 
1968). 

However, investigations of tolerance across mine boundaries show 
that tolerance changes abruptly a t  the boundary over a distance of a 
few feet (Jain and Bradshaw, 1966; McNeilly, 1968; Antonovics and 
Bmdshaw, 1 !)70).  It seems puzzling that firstly, population differentia- 
tion could occur over such short distances, and secondly that there are 
very few tolerant individuals in adjacent pastures. The former is explic- 
able on the basis that the selection prcssurcs involved are suficiently 
strong to maintain the populations in the face of gcne fow. This procesis 
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was examined theoretically using a computer simulation by Jain and 
Bradshaw ( 1966), who showed such differentiation to be not only possible 
but very probable. Thc abscncc of tolerant individuals in pasture 
populations could be explained on the basis of their poorer competitive 
ability (see Section VD). But as has been shown, the fitness of mine 
plants on ordinary soil, while less than that of pasture plants, is still 
relatively high; in which case the selection pressures (even if they were 
cumulative in perennial grasses) against tolerance in pasture would be 
much smaller than selection for tolerance on the mine. From this it had 
to be argued that to fit the findings of the computer model, gene flow 
on the transects that had been examined must be quite low, or selection 
high. 

The situation was illuminated considerably by the discovery of a 
copper mine in a U-shaped valley with the prevailing winds in one 
direction, where a study was made of transects across the mine bound- 
aries in a cross-wind and down-wind direction (McNeilly, 1968). The 
cross-wind transect showed a sharp cline at  the mine boundary whereas 
in the down-wind transect the tolerance decreased gradually over a 
long distance (100 m )  into the pasture. Moreover, whereas on the mine 
the seed had a lower tolerance than the parents, in the pasture down- 
wind from the mine the seed had a greater tolerance than the parents: 
clearly there is selection agaiiitlt tolerance in the pasture. This is excel- 
lent evidence for the occurrence of natural selection and shows clearly 
the interaction between selection and different amounts of gene flow 
in determining the pattern of differentiation. 

Antonovics and Bradshaw (1970) studied the way in which several 
characters in additioo to tolerance changed across an abrupt zincllead 
mine and pasture boundary. Different clinal patterns were observed for 
the various characters even though the characters were all measured 
on the same set of plants. This was interpreted to be a comequence of 
different selection pressures for the different characters interacting with 
gene flow which must have been identical for all characters. 
In addition to showing differences between the populations in a wide 

range of characters, this work showed that even within mine and within 
pasture populations there were differences between the various sites. 
Mine and pasture habitats were themselves heterogeneouu and this led 
to further differentiation within the populations. There waR therefore 
evidence of disruptive selection maintaining differencw within and 
between the mine and pasture populations. 

All this work has shown that there can be differentiation in the face 
of gene flow, yet that gene flow is not without effect and interacts with 
selection to produce various clinal patterns. It is also clear that this 
gene flow must be.having a deleterious effect in that it is hindering 
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adaptation to the two environments diluting tolerance on the mine and 
leading to the production of ill-adapted tolerant seed in the pasture. 
The magnitude of such a gene-flow load was examincd in a computer 
inode1 by Antonovics (1968b), who showed that it was greater if the 
selection pressure and the gene flow were greate.r. I n  addition, the 
gene flow load was greater the lower the frequency of the favoured gene; 
it also depended on the dcgree of dominance of the favoured gene, heing 
greater if the favoured gene was recessive. 

It might be expected that mine and pasture populations had developed 
mechanisms to reduce the harmful effects of gene flow and a study was 
therefore made of possible breeding barriers (Antonovics, 1968a; 
McNeilly and Antonovics, 1968). There was no clear-cut inrompati- 
bility between tolerant and non-tolcrant populations: crosscs between 
populations were just as succemfiil as crosses within populations. 
Differences in flowering tirnc wero 01)srrved between tolerant and non- 
tolerant populations in the direction of  earlier flowering in mine popula- 
tions (giving approximately 25% isolation) and evidence was presented 
that sometimes this is an adaptation to gene flow. The self-fertility of 
mine populations was shown to bc considerably greater than the self- 
fertility of pasture populations. This change in the breeding system 
could not be clearly attributed to any one factor but a brief survey 
suggested that this too might be an adaptation to prevent the dilution 
of tolerance by flow of non-tolerant genes from neighbouring popula- 
tions. The process of evolution in areas subjected to gene flow was 
studied by a parallel investigation using computer simulation (Antono- 
vics, 1968b), where i t  was confirmed that the changes outlined above 
were quite possible and other changes, such as evolution of dominance 
in the face of gene flow, were predicted. 

The evolution of metal tolerance therefore also sheds light on the 
mechanism of speciation. Geographical isolation is clearly not a pre- 
requisite for divergence: but lack of isolation can encourage the produc- 
tion of breeding barriers (see Smith, 1966, for theoretical diseusuion). 

Further indirect evidence for changes in characters that may 
effect changes in thd breeding system (or isolation from ncm-tolerant 
populations) conies from the work of Malyuga (1964). The rcports 
are that Papaver macrostomiurn has notched petals when growing 
over zinc-contaminated areas, that  Papaver commutatum hau black 
bands on the petals when they are growing over copper and molyb- 
denum areas, and that Pulsatilla patens lacks petals on nickel HilicateH 
in the Kimpersaikii ore region. Malyuga (1950, 1964) suggests that  
these are direct environmental effects; but the effects are qiritc specific 
and unlike the generalized effects of metal toxicity. This suggests 
that they are, in fact, the result of evolutionary changes of some kind. 
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7 ’ 1 ~  dlnnges in petal shape and markings may be isolating mechanisms 
(cf. Lcvin and Kerster, 1907) and the loss of petals suggests a change to  
iii1,reediiig. It is interesting in this connection that Duvigneaud (1958) 
rcports that Protea gooetzecrnn has a creeping sterile form on toxic soils. 

Diffcrcnces bctwccn the corolla markings and colours in different 
Oladiolus species of the Gladiolus robiliartianus group have been re- 
corded hy Duvigneaud and Denaeyer-de Smet (1963). Each Gladiolus 
species appears on a single or group of adjacent copper hills (outcrops), 
and is characterized by its own corolla type. They differ in other respects 
such as the position of the inflorescence and leaf length. Such markings 
may clearly keep the.populations isolated from each other and from 
related non-tolerant types, but their evolutionary origin is difficult to 
deduce. 

A change towards inbreeding has been reported in calamine popula- 
tions of Armeria wardtima: they are much more self-fertile than their 
maritime counterparts (Lefebvre, 1970b). The tolerant Armeria popu- 
lations are not irnmediately siirrounded by non-tolerant forms and 
therefore self-fertility cannot he an adaptation to reduce the harmful 
effects of gene flow. It appears that the self-fertility originated and is 
maintained as n result of the difficulties of establishment of self-sterile 
Armerin on new mines and on the continually changing terrain of 
calamine areas. This is another example of the far-reaching evolutionary 
changrs in metal-tolerant plants. 

The evoliition of metal tolerance is of additional interest since it 
appears to have been extremely rapid. Most mine tips are of relatively 
recent origin, betwccn 50 and 100 years old (Jones, 1922), yet often 
carry wcll-established populations. However, i t  could be argued that 
in mining tireas therc exist long-cstablished pockets of tolerance with 
these perhaps originally deriving from plants growing in metal out- 
crops: this is well illustrated by Diivigneaiid and l)ena.ftc:ycr-de Smet 
(1963) and Nicolls et al. (1965). 

Howevcr, tolerant populations exist on contaminated dag heaps 
which are the result of smelting ore: in the Swensea arca of South Wales 
these are more than fifty miles from the nearest mine (Gregory and Brad- 
shaw, 1965). More convincingly Snaydon (quoted in Bradshaw et al., 
1965) showed that plants of Festuca oiiina und Ayro.di.9 cuninri growing 
under galvanized zinc fences several hundred miles from t i  mining area 
were tolerant even though the fences were only erected in 1936. 

A new dimension was opened on this problem by the work of Abbot 
and Misir (quoted in Antonovios, 1966), who showed that it is possible 
to select for tolerance in Agrostis tenuis in one generation. Commercial 
seed was sown on copper-mine soil alleviated with a small amount of 
loam and this resulted in the survival of a few plants (1 in 7000). 
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These few plants, which grcw well on the contaminated. soil, were 
planted to normal soil and tested for tolerance. They were found to have 
a significaiitly greater tolerance than the original population (Antono- 
vics, 1966). Moreover, the size of t h e  plants on coppcr soil was signifi- 
cantly related to their tolerance. 'l'hcse studies s l i o ~ w l  thii t  the cvolu- 
tion of to1cranc.e can tuke place within on(' gencrution by the siniplc 
process of screening non-tolerant populations. Wdley ( 1 O6?) confirmed 
these results; using this technique to pick out tolerant individuals, 
he showed that seed collected from pasture populations one and a half 
miles down-wind from a large copper mine produced a significantly 
greater proportion of tolerant individuals than seed collected from 
pastures not in the vicinity of the mine. This work illustrated very 
clearly the long-distance trmsport of genes by pollen flow. 

Khan (1969) not only confirmed thcse results of Walley but showed 
that the number of tolerant individuals found in pastures upwind of 
the mine was much lower than down-wind. He also made a gencral study 
of the problem of evolution of tolerance de novo (Bradshaw et al., 1969). 
He showed that tolerant genotypes occurred in nornial populations 
with a frequency of about 2% for Zn soil and a similar frequency for Cu 
soil, yet that selection for simultaneous tolerance to two metals was far 
less successful, suggesting that  the occurrence of the tolerances is 
independent. He was able to demonstrate that thc survivors possessed 
the appropriate tolerances and that the most successful survivors had 
tolerances approaching that of established tolerant populations. When 
he selected for zinc tolerance in populations already tolerant to copper, 
and vice versa, he found the frequency of occurrence was the same as 
in normal populations lucking tolerance to  either metal. Selection for 
zinc tolerance in a population already tolerant to copper gave survivors 
that were tolerant to both copper and zinc. 

The results on artificial selection for tolerance, and the fact that the 
species are percnnial, might suggest that  the process of evolution of 
tolerance in grasses on metal mines is not a continuing process: tolerant 
individuals are screened from normal populations in one generation and 
being perennial persist in subsequent years. Howevchr, Antonovics ( I  Mfj, 
and subsequent unpublished data) studied hy ma1)ping techniques the 
longevity of Anthozanthum odoraturn on il Irad/zinr: mine, srd cIc?mon- 
strated a high rate of population turnover. Only a minutc fraction of 
individuals (3.0%) survived for more than four years. Clearly the evolu- 
tion of tolerance, and of the other differences bctwecn tolerant and  
pasture populations (see Section VF) is a continuous dynamic proccss, 
the characteristics of the mine plants being continually selcctcrl for in 
the face of the diluting effect of gene flow from pasturc: p(Jp1II' '1 t' I O I l H .  

The study of the evolution of metal tolerance has added forw t C J  the 
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iciea that disluptivc selection plays an important purt 111 differentiating 
arid possibly cvcntiially cwnpletcly isolating natural plant populations, 
Mucli of the curront interest in nietal tolerance stems from the light its 
study can throw on evolution in nature as opposed to  the laboratory. 

F. E V O L T I T I O N  I N  A S S O C I A T E D  C H A R A C T E R S  

nlet al-tolerant plants may differ from normal plants in features other 
than tolerance. Schwanitz and Hahn (1%4a, b) grew tolerant and non- 
tolerant populations of a range of species under standard conditions 
and sliowcd t,hat, i n  gcwral, toleimit plants had smaller flowers, 
sniaI1t.r Icavc~s i i i d  thinner stc.mH. l‘hcsc. differences were reflected in the 
size of the q~itlcrrnal cclls of t he I ~ U V W ,  but using other rion-tolerant 
vnriants thcy sliowcd that small  c d l  size did not go hitrid in hand with 
tolcrnricc.. l’hc>y c.oncludet1 that thcre must be independent selection 
for morphology as well ~ L S  toicranco. This conclusion was confirmed in 
Silcne idgctris by Broker (l!N3): in F2 progeny of tolerant x non-tolerant 
crosses, tolerancc was not associated with morphology. The first mine 
population of Ag~ostis fen  uis to he cxaminctl rnorpliologic~ally (Bradshaw, 
1!)59) showctl startling morphological differences from the adjacent 
past lire popiilation. However, suhsequent investigations by Jowett 
(1964) showed that the mean differences of mine populations from 
pasture populations was not great. 

~ h ~ >  ciatn suggestr a coniplex adaptation of each population to  local 
ccologicnl factors indepcntlent of tolerance rather than an effect of 
tolerance on overall size and yield. Only slight differences in morphology 
between coppcr-tolerant and non-tolerant plants were detected by 
1IcNeilly (1965). 

The situation with rcgnrd to morphological chararterr was re-invwti- 
gated using Ant?iox.cinthum 1)y l\ritonovics arid U&adshaw (1970). I t  waH 
shoun that tolerant and noii-tolcrant iduals from atfjarent popu- 
lations differed in a wide rangcl of char;wters. Tolerant plants were 
generdly shorter, had a smaller riurnhcr of flowering tillers, shorter flag 
leaves, and a lower ratio of floweringlvegetative tillers. The characters, 
all nmsured on the same set of plants, formed different clinal patterns 
across thr. mine boundary. Gene flow must have beon the m m e  
for a11 characters and the results suggcsttcd that thcre are different 
selection pressures acting on the rnorphologic*al charactcr8. Within the 
niiiic there was no correlation between tolerance and any  of these 
rnorphological characters, again confirming that selection for them is 
independelit of selection for tolerance. 

Observations on other species brought back and grown under uni- 
form conditions (Rumex acetosa and Plantago lanceoluta, unpublished 
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data) confirm t i l i l t  tOlcrii.lit~ I)liil\t*x I I N ~  g ( ~ t ~ c ~ d l y  d w d  01’ prodrcttc 
compared with t,lirir pti.sttui.i? countcbrparts. 

The diffcrcrices between tolermt niid non-tolerant plants are not 
confined to  morphology. Physiological differences have also been found. 
Jowett (1959b) and Bradshaw et al. (1960) showed that lead-tolerant 
Agrostis tenuis was more tolerant of low calcium and low phosphate, 
and McNeilly (1!)65) confirmed the differential phosphate response in 
copper-tolerant and non-tolerant ecotypes. These differences could be 
related to the characteristics of the mine soils: they are generally low in 
phosphate and those studied by Jowett (1959b) were acidic mines 
deficient in calcium. Barker (1967) showed that Agrostis tenuis from a 
calcareous lead/zinc minc showed good calcium response. Differences 
between copper-tolerant and non-tolerant plants in response to varying 
sulphur levels have been shown by Turner (see Antonovics et al., 1967). 
Non-tolerant plants performed relatively better a t  low sulphur levels 
than did copper-tolerant plant<s. This could again be related to the 
normally high sulphur coiitcmt of thc mine soil from which the plants 
werc taken. 

It is thereforc seen that thc evolution of tolerance to metals is but one 
facet to the evolution of plants on almidoned mine workings. There is 
also natural selection for morphologicd and physiological characters 
which adapt thc plants to  the harsher mine environment. The existence 
of such changes in associated characters is important in several ways. 
Firstly, it would be interesting to  invcstigste some of the processcs (e.g. 
gene flow, selection) found in mine populations using thesc characters 
8s well as tolerance: the course of evolution should be similar. Secondly, 
morphological differences between tolerant and non-tolerant plants 
have been the basis of taxonomic distinctions between the two types 
(Schubert 1954a; Duvigneaud and Denaeyer-de Smet, 1963; Lam- 
binon and Auquier, 1964). It must be noted, however, that in all these 
studies no attempt was made to grow the plants under standard con- 
ditions: the differences recorded could have been purely environmental. 
Nor was any attenl’pt made to see if there was an absolute correlation 
between metal tolerance and morphology. Those studies showing differ- 
ences between plants grown under standard conditions sriggcst that 
the taxa that have been recognizrd by the above workers may (:ither 
have the status of different ecotypes or imperfectly differentiated local 
populations. 

VI.  THE GENETICS OF HEAVY METAL T O L E R A N C E  
There has been very little work done on the genetics of heavy metal 

tolerance. Wilkins (1960) working on lcad tolerance in E’estuca ovinu 
states that  “in spite of the amount of effort cievotod to refining the 
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measurenicnt of  tolvratit*e, t l i c  n:Lt iiri: of the genetic I I W ~ ~ L I ~ ~ S I I I  con- 
trolling it, has not b t w i  estt~blished with certainty". Hc nevertheless 
found that to1er;uice (whether high or medium range) was dominant 
and that a major gene with just two i d l ~ l e ~  was an inadequate model to 
explain the results. Whether these several alleles were at  one locus or 
at  more than one was riot established. 

Br6ker (1963) again found dominant inheritance of zinc tolerance 
in Silene vulgaris. However, the F2 data (from selfing Fl's) allowed one 
to conclude very little since only a few plants per family were tested: 
it was, therefore, again not decided whether segregation was continuous 
or discontinuous. These results were confirmed by Gries (1966) using 
cytoplasmic resistance in the same inaterial as a measure of tolerance. 

That many genes are involved in the determination of tolerance is 
supported by Jowett (1950a), McNcilly (1965), and Antonovies (1966), 
who showed tolerance to be not nn all or nothing effect but a continuous 
v;~riable in natural populations. 

Wiilley (1967) and Khan ( 1  %i!f), clisciissect in lhdshaw et d. (106,9), 
carried out experiments in which tlwy screened normal populations 
for tho occurrence of tolerant intliviciuals. They both found a low 
frequency of survivors when seed of normal non-tolerant populations 
was sown on toxic soil (see Section VE). When normal populations were 
screened for tolerant individuals on soils in which the toxicity was 
ameliorated to different degrees by the addition of normal soil, the 
number of survivors varied mnrkedly, increasing with decreased 
toxicity. At  any one level of toxicity survivors and non-survivors could 
be readily distinguished. This strongly suggests a threshold character 
determined by several genes. 

Antonovics (1966) obtained some evidence that the genetics of copper 
tolerance in Agrostis tenuis might differ on different mines, behaving as 
R dominant character in crosses from one mine, but as non-dominant 
in crosses from another mine. However, the number of crosses was too 
low to allow a firm conclusion on this. 

More specific studies by Jowett (195Da) on the genetics of tolerance 
showed indications that the dominance of lead tolerance in Agro,yth was 
variable, but that in general it was partly recessive. Jowett suggested 
that this could be an artefact of pre-culture conditions which were 
different in parents and progeny. Nevertheless, his data provide evi- 
dence for continuous variation in the character and also considerable 
segregation, suggesting quite marked heterozygosity of the parents. 

Investigations of the genetics of copper tolerance of Mimulus guttutm 
have recently been initiated by Allen and Sheppard (1071). Copper 
tolerance is readily demonstrable in populations from copper-con- 
taminated situations: populations from normal soils were non -tolerant, 
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except in one case. Therc was sonic indication that colipcr-tolerant 
populations were also tolerant to zinc, load and nickel, although these 
met&, wcqy' not prcsc:iit in  the soils. Teats on F1 progeny of crosses 
bctwccll tolcraiit aiitf rion-t.olwant p:m:nts showctl that thore was 'no 
mntcrnal cficbc:t ;~ii(I th i i t  noppcr tolcr;uwo was dominant a t  low copprr 
conccntnttions, intcrnicdiatc i L t  iritcrniccliatc c:oncentribtions, and 
reccssive at high copper coticcntrations. This cat1 be cxpliti ncd by the 
assumption of a threshold effect dcpcndent on copper concentration, 
which would agree with the gcneritl conclusions about the expression 
of tolerancc. There was sonic indication of a copper requirement by 
tolerant poplatioris at low copper concentmtion. It was not possible to 
conclude whether one or scveral gencs wcre involved. 

Similar general evidence th:Lt the tnetzd tolerance is inherited comes 
from the work of 1,cfcbvrc (1!)70%), whose ditta sugpst that  the 
character of zinc tolerancc in Armcria maritimn: tends to be 
doniinan t. 

McNcilly and I~radshaw ( I 968) c:ornptmd tho coppor tolcranco of 
seed and adults of different populations, arid foiind a high correlation 
(r  = 0.983) between .the two. This suggests that  the character of toler- 
ance has a high heritability. Furtlier studies of seed obtained from a 
polyaross of tjolerant matcrial (McNcilly arid Bradshaw, I!)AR) gave a 
heritability of 0.7. 

Recently Urquhart (1!)7 1) has carricd out a diallel analysis of lead 
tolerance in Festucn ovinn. This has shown that there is additive genetic 
variation and little maternal cffect and that the character must be 
determined by scweral grncs. l'olcrancc usually showed complete 
dominance, but this was not dwnys the case, for in some crosses no 
dominance was found. This coiifirnis the rcsults of Jowett (1959a), who 
found that dominance varicd between crosses but was inclined a t  that 
time to dismiss it as being due to  error. 

Further evidence of the genetic control of metal t'olerance comes 
from a study of t,he phenomenon in yeasts. Seno (1962) found that when 
yeast strains were grown in high copper conaentrationfi they prodllced 
two levels of resistance. Both levels were controlled by dominar~t p:r1es 
which were w r y  closely linked. Similar rcsults have beer1 obtainod I)y 
Antoine (1965): here four alleles at one locus wcre conxitlorctd to he 
responsible for copper resistance in yeast. Again the alleles for copper 
resistance were dominant to the non-resistance allele. It is interesting 
that cvidencc was also presented for a rcmarkahle effcctivcrlcsa of 
copper ions in mutating thc gene for ( ! o p p r  rcsixtancc to aiIcles of' 
higher resistance : in this instance mutation appears to k)e cliroctcd. 
General mutagenic activity of copper ions has been demonstrated tJy 
several workers (e.g. Von Etoscn, 1964; Bhatia and Narayanan, 1965) 
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and may thcrcfore bc iniportant in the evolutioii of metal tolcrance 
itself. However, there is no evidence for this in higher plants. 

So far most of tho studies on the genetics of metal tolerance have 
been cursory and rather inconclusive. Antonovics (19(iXb) in a computer 
sttidy of the cvolution of mc4d tolcr;ince on a smidl niinc: pr(dictcd that 
the plants wotiltl be highly hctrrozygous :~nd that tlir cvolution of 
dominance may orciir rcadily. This would cvq)laiii sonic of the iiicon- 
sistcncics in the results of Jowctt (1!)5!)a), Wilkiris ( 1  960) ixrltl Antonovics 
(19O(i), as wc4l as the consistently large amounts of segregation observed 
in sect1 from tolerant plants (McNeilly, 1‘388). 

Clearly a full reinvestigation of the gci1ctic.s of metal toler,znce is 
needcd to complement thc study of the evolution of tolerance, particu- 
larly in grasscs on metal mines. This reinvestigation should bear in mind 
that the level of gene flow into these populations will affect the level of 
heterozygosity of the plants: it, may also promote evolution of domin- 
ance (Antonovics, INitib). Such a study shonld aim to answer the 
following questions. What is the dominance of the character? 1s it 
determined by one or many gencs? Is i t  determined differently on 
different mines? What is the relationship between tolerances to  
different metals? What is the degree of hcterozygosity of the genes for 
tolerance in the popiilations? 

The genetics of mrtal tolcrancc would not only help to complete the 
evolutionary story, but i t  could have c.onsiderable hearing on the 
mechanism cjf tolerance, particularly since such tolerance appears to  be 
highly specific. 

VIJ. MEClIANISnlS  O F  M E T A L  T O L E R A N C E  

The mechanisrns whereby thc living organism (;:in grow on apjJar(?ritly 
contaminated soil may prevent thc heavy metah from reaching their 
sites of toxic action within the plant or they may simply be external 
factors that  prevent the metals from entering the organism. Table VII 
shows more fully the possible mechanisms whereby heavy rnetal 
tolerance may be achieved. These have been adopted and augmented 
from the proposals of Davis (l958), Ashida (1965) and Ehrlich (1965). 

A. E x TE R N A L “ T O L E  R A N c E ” M E c H A N I S M  s 

The external mechanism of tolerance represents those circumstances 
which prevent entry of the metal ions. These are not “mechanisms” in 
the strict sense as they are not under the control of thc tolerant organ- 
ism, hut are of considerable ecological importance ( s w  Section TIC). 

Firstly, the form of the metal may not be readily soluble in water or 
if dissolved is rapidly diluted by surrounding water; in both instances 



HEAVY METAL TOLERANCE IN PLANTS 49 

TABLE MI 
Posaible mechanims of metal tolerance 

A. External 
(i) Form of nictal is not directly ROI- 

ublo in water and/or if dissolved 
then rapidly dilnt,nd by surround- 
ing water. 

(ii) Actual amount of froely diffiisablo 
metal ions is small compared to 
total amount prosent. 

(iii) Lack of permeability to heavy 
metals undor specific conditions. 

(iv) Motd ion antagonisma. 

B. Intarnal 
(v) Diffrrcmtirtl uptakc of ions. 

(vi) Itc.movcd of nic:tai ions from 
mrtabolism by doposition in 
vncuolc. 

(vii) Rcmoval of metal ions from 
mc.tabolisni by pumping from 
ccll. 

(viii) Itemoval of metal ion&, from 
iiiotabolism by rcnclering into an 
innocuous form. 

(ix) Excrctorymuclianisms-re- 
rnoval of "metal storrqo organ”. 

(x) Urcator rcquircvncnt of onzymo 
systcm8 for mctal ions. 

(xi) Altornativo mctabolic pathway 
by-passing inhibitcd sito. 

(xii) Incroasnd concrntration of 
mctabolito that antagonizos in- 
hibitor. 

(xiii) Increasrd conccntration of 0n- 
xyme that is inhibited. 

(s iv)  Dccrctwod mquiremont for pro- 
ducts of inhibitod systctrn. 

(sv) Formation of altorod onzymo 
with decrcascd afinity for in- 
hibitor or incroasod relstivo 
afinity for substrate compared 
to tho compotitivo inhibitor. 

(xvi) Docreased pcrrnrability of ccll 
or subccllular units to metal 
ions. 

(xvii) .4ltoration in protoplasm so that 
onzymos may function ovm 
whon toxic mcttaln ropleoo physi- 
olopir:trl motnlrc. 

the effective concentration is low. Ehr1ic.h (I!tB3ri), for chxample, clcmon - 
strated that manganesc can be rcleasetl from root nodules by microbial 
action but that the effective manganese concentration is small due to 
high water content. It is noticeable that vegetation growth increases 
considerably in wet places on toxic soils. 

The majority of naturally occurring inctdlic* ores arc iisuidly fount1 
aa mixtures of the sulphidcs which arc virtllillly iwolrilh: thus thc 
amounts of metal available to plant lifc arc! very small. 
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Ternple and Le Roux (1964) showed that colloidal material con- 
tain ing lilrgc amounts of metals could be precipitated as the sulphides 
by siilphittc-r~.tlucing bnctcria. A practical example of this mechanism 
being used under field conditions has been reported by Lawrence and 
McCmty ( 1965). Thc organisms rcy)oiisil)lc for digestion of sawage 
sludge are extremely sensitive to hcnvy nietals (zinc, coppcr and nickel). 
Heavy nietal toxicity (concentrations may reach 800 ppm) may be 
prevented by the addition of sulphate ions under anaerobic conditions 
so that the metals are precipitatcd as sulphides. Dykeman and De 
Sousa (1066) showed that in a peat swamp over bedrock material rich 
in copper, deeply circulating waters dissolve the copper and it percolates 
up to thc surface. The peaty hnmiis at the surface acts as an efficient 
natural c~helating system and toxic quantities of the metal are absorbed 
and thus imniobilizcd. It is intcresting to speculatc on the system that 
originally produced the organic compounds which a t  present act as 
chclators: the situation niiglit originally need a tolerant organism to 
prodiice orgnnic waste products, t h u s  producing a convenient habitat 
for succeeding non-tolerant spccios. Itussell (1955) showed that this type 
of situation can occur in micro-organisms. Penicillium roqueforti is 
apparently t,olcrrant to  the phcnyl tncwuric acctatc fungicides used in 
paper production. 1’. roqupforti iLbsorbs mercury into its mycelium, 
reducing the amounts of toxic mcrciiry remaining in the medium. This 
allows growth of subsequent wood-rotting fungi. 

A second externrtl mechanism of heavy metal tolerance may be the 
lack of pcrnienbility to  heavy metals under specific conditions. Altera- 
tions in the environment can produce changes in the permeability 
propcrties of thc cells or in thcir uptake characteristics in relation to  
metals. Hofsteii (19ti2) found E’scherichia coli to be copper tolerant only 
under aerobic conditions and Hassnll ( 1962) found ChZoreZla vulgaris 
tolerant to  bariuni, manganese, niakt:l, lead antl copper under anacrohic 
conditions. Later work (McHrian antl Hasnall, l!Mi) showwl that cells 
under anaerobic conditions t~bsorl)c:tl lens copper thari irrt~lcr ;mrotic 
conditions, indicating a differoricc i t i  uptako potantiiil 11nt1r:r varyirig 
conditions of aeration. Mirrayiima (1961) found that oopl)cr-tolerant 
yeasts that were respiration d(:fic+icnt, 1)coausc they I : ~ c k ~ l  pitrt of tho 
normal cytovhromc componcrit, wcrc inhit)itctl niorc: stro1igIy Ijy cv,pp:r 
under anacrobic conditions. liivc4hr;ttions on D wick riLligf* of’ wood- 
rotting fungi have ciemonstmted that coppcr-toltwLnt orgnninrrrn in- 
crease their tolerance untlrr c*oriclitionn of low p H  (Young, I!ttiI ). A 
similar situation has beon rtwrtled with Thiobncilluo thi0-fJXid(LT1.Y allti 

Azotobacter indicum (Starkey and Waksman, 1‘348). St;wkpy ( 1 !m), 
considering his earlicr work, suggested that the ability to cIcveIorJ 
tolerance under low pH depends on the impermeability of the cclh to 
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copper. Low wing the pH to very ;kcid levels would producc, in  theory, 
a nct positive charge ;It the ccll surface which would reduce uptake of 
the tnetal cations. 

Vernon ct nl. (19(iO), studying a ferrous ion oxidizing bacterium 
Ferrobacillus ferro-oxidans, showed that i t  had an unusual cytochrome 
composition t h t  differed from the species that did not oxidize iron. 
Iron oxidation via the cytochrome oxidase system occurred at the cell 
surface and the metal entered the c ~ ~ l l  in large amounts during the 
microbial breakdown of iron ~ulphitle orrs. Ehrlich ( 1962) suggested 
that thc ;tbility of thc si~iiie organisni t o  oxidize copper ores was depend- 
ent on a siniilnr system. Metd oxidatiori o c ~ u r r c t l  a t  the c ~ l l  surface 
and the oxitlittion products N"V rc~tnovc~l I)y hydrolysis or 1)rcbcil)itation. 
Metal sulpliidc~s coiiltl thus bc regardtd sirn1)ly as extrrrid energy 
sources. 

A final cxtertial mechanism may be that the effect of toxic ions is 
reduced by the presoncc of other ions. Atlditional ions may reducc 
the net conccntration of toxic ions (i.e. rwluce av;iilability simply by 
competitive effocts in solution or by c-ornl)lvxing with the toxic ions) 
or they may interfere in uptake niechanisnis by cornpctirig for cntry 
sites. Gregory (11365) showed that non-tolerant plants of Ayrostis tenuis 
could grow on normally toxic mine soil if a full nutrient culture was 
provided daily, and toxicity could be markedly reduced if only potas- 
sium nitrate was added. Sudzuki-Hills (1963) commented that copper 
toxicity of mine water was rcduccd by the presence of other ions. 
Calciuni amclioratcs lead todic.ity in EIPstucn owina (Wilkins, 1957) and 
Agrostis tenuis (Jowett, 1!164) anti also zinc and nickel toxicity in 
Agrostis tenuis (Barker, 1967). Chestcr (113G5) concluded that calcium 
exerted a protective action against copper poisoning in yeasts. Wilkins 
(1957) showed the effects to be due to calcium ions iridrpmdent of the 
anions supplied. Schmidt et ul. (1965) found that calcium rca(lucwl zinc 
uptake in barley, and Somcrs ( 1963) rcported that copp'r IJI'tilkc in 
fungal spores was reduced 1)y calcium. Prom evidence siivh th i s  iind 
related work (e.g. Jefferies rt al., 1136!)) i t  may be concluded that calrium 
is important in cell permeability and may exert its influencc on metal 
tolerance in this manner. Calcium may-also affect the exprcssion and the 
type of metal toleranre. Gregory ( I  W S ) ,  ixiirlg calcium nitriitc added to 
the testing solution, found tl zinc-tolwant clonc of Ac/rostin t~nui.u to 1)o 
co-tolerant (defined by Turner and Grtyyry, 1!)87) towards nlckcl and 
cadmiurn. Using a modified testing Iprocedure hut with no calcium 
present, Barker (1')67) could find no nickel or cadmium co-tolerance in 
identical plant material. 

This action in reducing metal cation uptake is not restricted to cal- 
cium, and interference from other metals tnay occur. For example, 
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copper interfcreh with zinc uptake in barley (Schmidt et ul., 1965). 
Hoekstrs ( 1 W4) proposed that ccrtain physical chemical properties 
that  are simi1,ir bet,ween ions will explain these antagonisms. Vose 
and Raiidall ( L!)63), showed that manganese and aluminium- 
resistant varieties of ryegrass (Lolium perenne) are characterized by 
having a low root, cation exchange capacity when compared to  
susceptible varict,ies. The authors suggested that a low cation ex- 
change capacity will perinit entry of monovalent cations whilst 
rejecting divaleiit mctal cations; tolerance to heavy metals would 
therefore be achieved. 

13. IJI’TAKJC S T U I H E S  

I’liysiologicd investigations on plants growing on metal-contamin- 
ated soils have in tlic. past b t h e n  largely limited to rneasuring the levels 
of the various mct;ds i n  thc plants, and in thc soil on which they grow. 
Thew stutlivx throw sonic light on the tolerance mechanism since they 
indicate whctlicr 1)lilnts arc able to tolerate metals by some exclusion 
niephanisni, or whether the rnec1i;~nism is internal. Almost invariably 
these studiw den1 with uptake into the shoot. Uptake by roots has 
rarely heen studied in nature sincc it is difficult to remove contaminated 
soil particles from the root system. 

1. Ziiic 
The ~ ( ~ c u r r c i ~ c c ~  of zinc in plants on contaminated soils has been 

established sincac the last ceiitriry (Ihumann, 1885; Jensch, 1894). In all 
these studies, the exact quantities of zinc found are probably not very 
reliable becaiisc of the dangers of contamiriatiori from chemicals, glass- 
ware and other apparatus. However, all thesc workers found cxtremoly 
high values of zinc i n  plimts on zinc soil (arid low valuerJ on plants on 
normal soil). Since then tlic, high I(.vel of ziric in plants on zinc xoils 
has been consistently, if often hiefly, confirmed (e.g. Linstow, 1929; 
Bertrand and Andreitchcva, l!f33; arid Dorn, 1937). 

There have. however, 1)cen more extensive studies which have thrown 
coiisiderablc light on t h e  (.h,irac.tcrixti(:.q of zinc ulkake on c:ontamin;ited 
soils. The following chnr;ictcristic*s havo been ohservetl by Ttohirifjori 
ct ad. (1947); Maquinay and Kitnitiut ( 1  900); Maquinay et al. (1961); 
Lambinon (1964); Lanibinon et al. (1964); Ernst (19fj5a); Nicolls et al. 
(1965), and Bnumeister (1‘367). 

1. Different species, even though they come from the same con- 
taminated area, differ in the degree to which they take u p  zinc. 



HEAVY METAL TOLERANCE 1N PLANTS 63 

Average values €or the niore coininon niernbers of calamine sods are 
as follows (Ernst, 1965b): 

Zinc content in No. of sites 
pprn dry wt itivcbst igatd 

7157 7 Th 11 sp i trlped re ssp . cnlawb I )bar in 
Airneria marttima ssp. halleri 3328 5 
lllanuurtia vertia ssp. hercyraica 3007 17 
Sdene cucztbaltis (= vulgnrzs) vtlr. humilbs 1719 27 
drmena maratmu ssp. calavbmrirta 1895 2 
Vtozota calaminaiia 686 4 

2. Different plant organs accumulate different quantities of zinc. 
Generally, roots and  leaves take up most zinc, and stems and inflor- 
escences least, bu t  in some species the flower heads seem to accumulate 
more. The pattern of distribution depends both on the species and on 
the metal concentration (Ernst, 1965b; Nicolls et al.,  1965; Cole et al., 
1968; Howard-Williams, 1969). 

3. Thc quantity of zinc in plants changes with the growing season 
and often shows an increase throughout the season (Ernst, 1965b; 
Howard-Williams, 1969). 

4. The quantity of zinc in plants is related to  the amount of zinc in 
the soil often in a clearly linear pattern (Nicolls et al., 1965). Occasion- 
ally the plants seem to  take up more zinc than is present either in 
“available” form (c.g. [I’hluspi alpestre, Ernst, 1‘366a) or in total amount 
(e.g. various lichens, Mupinay  et ul., 1961, Ilambiuon e t  al., 1964). 

5. The ccllular resistance of plants t o  solutions of different zinc concen- 
trations is rclated to  the amount of zinc they absorb (Baumeister, 1967). 

These findings are confirmed by studies of zinc uptake by tolerant 
plants in water culture. Baumeistcr (1967) found a fairly linear relation 
between the amount of zinc in Thlaspi alpestre and Armeria mari t im 
and the ainount in the culture solutions even though the absolute 
amounts in the two species differed enormously. Turner and Gregory 
(1967) found increasing uptake with increasing concentration of zinc 
by Agrostis tenuis (tolerant and non-tolerant) in water culture. The 
concentrations (ppm dry weight) in the plants were in excess of the 
concentration ( p p n  in solution) in the solutions after only seven days 
at a11 concentrations. Thc roots showed far greator accumulation than 
the shoots, particularly at higher conrentrations. This suggests that  the 
values found by workers €or shoots of plants growing in the field may 
underestimate the overall uptake of zinc by plants. Ernst (1968~)  
looked briefly a t  the zinc content of roots as well as shoots of plants in 
the field. Thluspi alpestre showed greater accumulation in shoots thuri 
roots, whereas Minuurtia verna showed similar root and shoot contents. 
There therefore appears to  be variation betwcen species. However he also 
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showed (Ernst, 1968tl) that, under experimental conditions uptakc was 
affected by phosphate : at high pliosphate concentrations zinc was much 
higher in roots than in shoots. Zinc uptake clearly requires further study. 

Zinc therefore is readily taken in by plants growing on zinc-contamin- 
atetl soil, arid nowhere in the literature is there any evidence of these 
plants having an exclusion mechanism to  enable them to  suri.ive on 
contaminated soils. The tolerance mechanism of zinc must be internal. 

2. Copper 
Studies on copper uptake have been fewer arid less extensive than 

those on zinc uptake. 
The earliest reference is probably that of Batenian and Wells (1917), 

who found appreciable quantities of copper in plants (both living and 
dead) on copper-contaminated soils. Figures of 2000-6000 ppm were 
obtained for Plantago, Agropyron and Dasiophora, while lower values 
were found in Medicago, Equisetum and Trifolium. Dead vegetation on 
the whole contained more copper than living plants. Prat and KomzLrek 
(1934) found that plants of Ayrostis alba (stolonifera) and Melandrium 
sylvestre growing 011 soils rich in copper (1-39% Cu) contained 0*2-3*25% 
copper in the ash. Persson (1956) again found that “copper mosses” do 
in fact take up this element in appreciable quantities. 

The only detailed investigation has been on $ants on metal outcrops 
in Australin (Nicollu et al., 1965) and it has revealed a pattern common 
to several species. Copper uptake in the above ground parts stayed low 
and constant a t  low levels of soil copper, but a t  certain higher soil copper 
levels this “resistance” to  uptake seemed to  break down. Above this 
level the quantity in the plant tops increased abruptly and a t  only 
slightly higher levels in the soil no plants were found. Species differed 
both in the overall copper content and in the level at which the sudden 
insrense in copper uptake was seen. These differing reactions to copper 
in the soil suggest that  the copper did not just become available to the 
plant at n given total soil level, but that  a genuine exclusion mechanism 
was in action at low copper levels. This is supported by the finding that 
values of copper even a little above the level at which there is greatly 
increasing uptake are lethal. Moreover, the species found in the most 
toxic areas, Polycarpaea glabra, takes up very little copper (a maximum 
of 20 ppni in the leaves) on soils containing 10 O()O ppm. If the renultH 
quoted by Ernst (I965a) are reexamined in the light of t h k  work of 
Nicolls et al. (1965), a remarkably F;imilar pattern emerges, with both 
Silene in$nta and Minuartia verna showing conritarit low upt:ike a t  low 
levels but a sudden increase to high uptake a t  high lovcl. Although thc 
results are based on far fewer samples t h a n  thfJHe of Nicollri el aZ., t he  
similarity is startling. 
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There is therefore evidence that the mechanism of copper uptake is 
different from the uptake of zinc. These results are supported by other 
less extensive studies. Vogt et al. (1943) and Vogt and Bugge (1943) 
analysed plants growing over an exposure of copper and showed that 
they did not differ in copper content from those growing off the ore. 
However, there were marked differences in zinc content. 

Duvigneaud and Donaeyer-de Smet (1063), who fully review the 
literature on copper content of plants on normal soils, studied a wide 
range of species on different soils. They found that most species growing 
on soils containing often 1000 ppm copper, only showed slightly en- 
hanced coppvr cotitents (two to three times that of plants on normal 
soil in the same area). Only three out of twenty-four species accumulated 
more than 1000 pprn dry weight. Ernst (1968b) found appreciable quanti- 
ties of copper in Minmrtia verna, but low values in four other species. 
Roots consistently contained greater amounts of copper than shoots: 
shoot values may therefore underestimate the copper content of plants. 
As with zinc, the relative distribution of copper between root and shoot 
would repay further study. 

Lange and Ziegler (1063) again found variations between species of 
lichens in copper content, those on copper soils generally containing 
slightly more copper. 

These results are further supported by investigations on copper and 
zinc in plants growing on normal soil. McHargue and Roy (1932) found 
that there was little variation in copper content of tree leaves over the 
growing senson, but that zinc showed considerable variations. Holmes 
(1964) noted that whereas copper in plants rarely varies more than 5-15 
ppm the zinc content can vary from 20 ppm to 10 200 ppm. 

Despite the general consistency of patterns of uptake of copper, the 
recurring evidence that species may differ cannot be diSmiHHcd. .Janohwn 
(1967) provides perhaps the best evidence for the plantH occurring on a 
single natural contaminated area in Rhodesia. Following the method of 
Thyssen (1942), he determines an “enrichment factor” which is efTec- 
tively the copper in twigs as a percentage of that in the soil. Thiu give8 
values of up to 5% for some species such as Combreturn zeyheri and only 
0.6% for other species such as Bruchystegia apiciforrnis. The species of 
the first group tend to be capable of growing on high copper soils. In  all 
species, however, the amount of metal in the plant again seems to 
remain remarkably constant over a wide range of soil copper values. 

There has only been one study of copper uptake from culture solution, 
namely that of Bradshaw et al. (1965). Copper-tolerant and non-tolerant 
Agroatis tenuis showed a slight marginally significant increase in copper 
content of the shoots (leaves) with increasing copper concentration in 
solution. However, the roots showed a large highly significant increase. 
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The roots almorbed far more copper (maximum 3253 ppm dry weight) 
than the shoots (maximum 41 ppm dry weight). The level of copper 
concentrations used was low (0-1 .5 ppm), showing a remarkable accumu- 
lation of copper by A .  t~nu i s .  These results emphasize the importance 
of studying both root and shoot in uptake studics. 

In the ahsencr of estensivc nncl drtrtilcd s tudic~ of i i p t d w  from solii- 

tions, i t  is difficiilt to  intcqmt studics rclating soil coplwr cont,c.nt to 
plant copper content. The situation is further cornplicatcd since high 
copper contents may go hand in hand with low copper availability (see 
Sections IIc4 and v 1 1 A ) .  Nevertheless, some tentative conclusions can 
be drawn. Firstly, there are large species differences in pattern of copper 
uptake. Secondly, copper uptake occurs and tolerance in some species 
must be due to an internal mechanism. Thirdly, in other species an 
exclusion mechanism is probably also involved, but its precise nature 
needs re-examination. The mechanism may well not be a true exclu- 
sion mechanism, but a complexing mechanism in the plant roots which 
prevents copper from reaching the upper parts of the plant until the 
root system is swamped. Fourthly, the pattern of copper uptake seems 
very different from that of zinc uptake. 

3. Lend 
Studies on the uptake of lead have been vcry few. Jensch (1894) 

showed that whereas T U M ~ ~ C Z ~ O  fnrfara and Polygonurn aviculare on 
contaminated soils contnincd ziiic, no lead was detcctrtble, even though 
the soil contained 0.72-1 46% of this calement. l’hcsc results are similar 
to those found by Nobbc, Hrrder  and Will (quoted in Xchwickcrath, 
1931, but no reference given): if equal quantities of lead and zinc are 
given to a plant, then a smaller quantity of lead than zinc is taken up. 

Nicolls et al. (1965) alRo dealt with lead uptake. The pattern hrm 
resembles that of copper rather than zinc, in that the uptake is corirjtant 
with increasing levels of soil lead, till a certain point i R  reached when 
uptake becomes unrestricted, and rises abruptly. The species alfio are 
rarely present when the soil lead value is above the level a t  which there 
is a sudden increase in lead uptake. 

The pattern of lead uptake by plants has, therefore, been rarely studied, 
and little can be concluded about the mechanism involved, except that 
it seems to be similar to copper. 

4. Nickel 
There has been little systcrnatic work on nickel uptake. Ifowover, 

preliminary work by Wild (1970) shows that for many hpecics the  
pattern of uptake appears to resemble that of copper: 1cvc.I~ i r k  the acrial 
parts of the plant remain low (itround 100 ppm) irrcspcctivc of cxtt.rnal 
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conrentration. Howcver, this was not true for two spwics, Vellozia 
equisrtoidrs a n t 1  I)icorna macroccpiiala, wherc the uptake reached 1000 
ppni. Such firidings raise very intm-esting problcms and suggest that  
mechanisins of tolerance to  nickel may differ in different species. 

c. I N T E R N A L  MECHANISMS 

From the previous sections it is clear that higher plants on contamin- 
ated soils frc:qucntly take up  toxic levels of metal ions and that the 
tolerance mechanism must a t  least in part be internal. This is almost 
certainly true for other organisms in toxic areas or laboratory races 
selected for tolerance. As might be expected, the mechanisms whereby 
such tolerance is arhieved arc diverse. But only two groups of organisms, 
the yeasts (especially Baccharomyces cerevisiae) and higher plants 
(especially Agrostis fenuis), have been studied in any detail in this 
respect and they will be considered first. 

1. Yeasts 
The mechanisms whereby laboratory-selected strains of yeast achieve 

tolerance to ,z wide variety of metals has been reviewed by Ashida (1965) 
and more briefly by Turner (1969). The following section will therefore 
summarize the work rather than attempt an exhaustive review. Copper- 
tolerant strains of yeast Saccharomyces cerevisiae appear to differ from 
non-tolerant strains most obviously in their sulphur metabolism. 
Tolerant strains appear brown in colour when cultured with copper aa 
a result of the production of a large amount of copper sulphide. Hydro- 
gen sulphide appears to be released as a by-product of an overactive 
cysteine pathway; it combines with copper and the sulphide is deposited 
in and around the cell wall. 

This however doev not appear to be the only mechanism of copper 
resistance in these Rtrains: strains reshtant to very high copper oon- 
centratioris produce less hydrogen sulphide, respiration-deficien t &aim 
produce no hydrogen sulphide and yet are still copper resistant, arid 
genetic recombinants can be obtained which have high copper resistance 
but low hydrogen sulphide production. Other mechanisms may include 
the presence in the cell of copper-binding substances such as cysteine 
or thiol-based compounds. There is also evidence of a cuproporphyrin 
complex in tolerant strains. Metabolic differences include a greater 
dependence on aerobic respiration in the resistant strain (since the 
fermentation pathway is more sensitive to  metal ions) and a greater 
dependence on NADP as opposed to NAD-linked reactions in the 
tricarboxylic acid cycle. There was evidence of changes in the RNA of 
copper-resistant strains of a related species, S. ellipsodeus. 
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Tolernnc~ to  of hvr metals ( C t l ,  ( 7 ) .  Ni, Ag) do not) alq’ear t o  depend 
on chnngr.s in slilljhlir mc~tnholisni. Thoy do not show clear-cut cross- 
tolcrancrs with each ot>hcr or with copper, suggesting tha t  different 
mechanisms are almost ct*rt;tirily involved in the different strains. 

2 .  I€ i yh,w y la, ri ts 

‘I’ht? nicc1i;~iiisni of nict:tI tjoIcriLn(v: in tiiglicr i)I:iiit,s from ininc soils 
has been rcviewed i tr id stu(Ii(d with pwticular reference to  zinc tolvrance 
in Agrostis t P n &  by Turner arid Gregory (1967), Turner (1969, 1970) 
slid Peterson (19G!)). Turner (1967) showed tha t  sulphur deficiency 
appeared not to  affect t.he tolerance of zinc- and copper-resistmt 
strains differentially from non-tolerant strains, suggesting tha t  changes 
in sulptiur met,al)olism are not important in the tolerance mechanism 
in higher plants. Subsequent studies involving cell fractionation and 
different,i;d centrifugat,ion (Turner and Gregory, 1967; Turner, 1969, 
1970: Turner and Marshall, 1971) showed tha t  in tolerant strains zinc 
and copper are concentrated in the cell walls, and thereby prevented 
from ci~t~ering more sensit,ive sites in cell metabolism. The level of zinc 
absorbed by t,he cell wall was corre1;itcd with zinc to~erance of different 
plant,s. Further attempt,s ; L t  localization showed tha t  zinc was not 
released by protenses, suggesting localizat,ion in a riori-protein, possibly 
carbohydrate, fraction although Woolhouse ( 1  970) disagrees with this. 

Altcratioii in the axtern:il level of one heavy metal did not influence 
the distrihut,ion of the other met;d, suggesting the mechanisms are 
specific for each metal (cf. Grcgory and Bradshaw ( 1  %A),  who failed to 
find cross-tolerance for c o p p  aid zinc). These results were confirmed 
by ~’eterson (1 969) using chcniicd fractionnttioii of t h e  cells of zinc- 
tolerant Agrostis tenuiR and A . dolo.n.ifera. He founci tha t  the jwctate 
fraction of ct.11 walls of tolc.r:i.nt ~ ) l an t s  contained fivr: to  six times aH 
much zinc ;is in non-tolcrant plants. The tfistrihution of zinc in copper- 
tolerant, plnnts was similar t o  its dist,ribution in non-tolerant plants, 
confirming that the t,olerancc: mechanism for the two metals is different. 
However, Aqrostis stolonifern differed from A . tenuis by absorhing an 
apprwiablc quantity of zinc on the soluble ItNA fraction, suggesting 
cert,:iin species differences as rcgards zinc distri hution. 

Various points are strill not clear. It, is not clear to  what extent t h e  
cell wall is important in metal tolerance in organimis other than 
L4gro.qtis spp. Evidcnce supporting t h o  gfkri(:ral imj)ortanc:e of the cell 
wall in metal ion inactiviition coincs frorn tho demonntr;tt,ion tha t  plaritn 
from normal soils often contain large qiinrititius of rrwt:i,ls in  the ctill 
walls, arid from work on tolerant rnic:ro-orggarlismH (sw: 1’lrrnc;r ( 1 YO!)) 
for review anti references). ‘I‘tieri? is also cvirf(.ric:c: from icHn rigorous 
work on metal-tolerant plants. 
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Nrnst, ( 1968~) sl~owcrf that  the zinc content of expressed sap from 
Thlnspi alps tre  and Minz~nrtia vucrna. increased only slightly with large 
increases in toti%] zinc concentration in the plant. There was more zinc 
in the sap of’ Thlnspi alpestrc! than Minuartia verna, suggesting species 
diffwcnces. Subsequently he showed (Ernst, 1069a) that  the zinc con- 
centration of cell sap from various organs of Silene vu,lga.ris increased 
during the growing period, suggesting increased saturation of a com- 
plexing system in the cell walls. However, he also noted that a large 
proportion of the zinc was water extractable and probably found in the 
vacuole (c.g. 74% in C%rrdctminopsis halleri), and suggested that the 
vacuole was ;in importnnt site of metal ion storage. Throughout his 
experimciits Hrnst did not, however, use non-tolerant material for 
rorn1)arison. 

(jambi ( l!)(i7) showed histochcmically t h a t  nickel was concentr:iterl 
in the epitlcrmis i ~ n d  sclercnoliymnto~~s itreas (cells with 110 living 
cont,ent,s) hetwern vascular bundles in Alyssum bertolon.i, a nickel 
accumulator found on serpentine soils. 

A cell wall complexing system suggests a mechanism with a finite 
capacitty for absorbing metal. It is interesting that an apparent thres- 
hold na,ture of tolerance to increasing metal levels is observed in 
artificial selection for tolerance (see Section VA3) suggesting a “mop-up” 
system capable of being saturated. 

There is evidence that tolerant, plants are metabolically different 
from normal plants at low metal levels but i t  is difficult to know whether 
such differences arc related to thc tolerance mechanism or the result of 
independent selection for physiological adaptation to other aspects of 
the rnino hnbit,at,s (sce Section VP). And at high metal levels other meta- 
bolic differences I)t:acime appsrcnt betwecn tolerant and non-tolerant 
Agrostis ten.u.is (Gregory, I!N5; Turner, 1067) hut again it is not clear 
whether these are the rcsult of differentid dcnsitivity to mt:td ion8 o r  
whether they arc related to t h o  mr:chanisrii of toIm~ri(x:. f k p p  ( 1  f K j )  

and Grieu ( 1!)86) have both reported incrt::wd yc:iic:ral ~irotopl~rrrni~: 
resistance of tolerant strains and this is evitlcricc that syHtamfi other 
than those in the cell walls niay oontri hutc to tolcrancr: to t-ic::ivy metalrr. 
However, the techrlique for testing protoplasmic: resistancr: doex not 
critically eliminate t)he possihility t h a t  the cell ~ 1 1 1  may hc irnportant. 

Since diffwences in enzyme properties of tolnrant striLins of micro- 
organisms have heen reported, i t  is clonrly worth while lr)oking for 
similar differences in higher plant enzymes. Tho effect of lead ion 
concentrat’ion on the activity of certain root cell wall enzymes of 
-4gro.Sti8 t C m i R  h s  hern investigated by WoolIiouse (1970). The rate 
of hydrolysis of y-nitrophenyl-phosphate by root tips of normal 
non-tolcrmt, material ~ i i s  affccted by conceIit,rations of lead low 
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1 i n M ,  M ~ ~ c ~ ~ ~ I s  that  of lead tolerant, material was not tLffected until the 
concentration reached 10 i i i ~ .  I t  is argued from this that there must be 
different forms of tAw phosphatic enzymes concerned. While this is 
possible, an alternatiw explanation is that the enzymes are the same 
but that  in the tolerant material the heavy metal complexing mecl-ian- 
ism in the cell wall is preventing the metal reaching the cell wall 
enzymes in the same way that, it appears to pro t other sensitive 
sites e.g. on mitochondria. F’urther investigation wtll be very rewarding. 

A remnrltnble feature of metal tolerance is its specificity. Tolerance 
to  one metal does not generally confer tolrrance to otlher metals (see 
Gregory and Bradshaw, I !HG; ‘ I ’ I I ~ I I ( T ,  1 Ofi!), for discussion a n d  revicw). 
The only observed instnncc.s o f  o h w r v c d  c~rowtdernnc~cs are hetwcen 
zinc aritl nickel i n  Ayrosl is  / P W U ~ ’ S  ((:r.cyq)ry :m(1 13ridsh:tw, 1965). and 
coppc~  i m l  clirorniutn in tlcsrnicls mi(1 1iiglic.r plmts froti, normal so~lx 
and c.oi)l7er-tolerni~t, IIIOSSCS (Url, 1!155, 1956). Altltoiigli Inarty c.xplana- 
tions of such specificity c i~n bc postulated, its precisc nsturc rcrnnins 
unexplnincd. 

3. Other organisms 
The mechanism of tolerancc i n  both yeasts and higher plants involves 

in part at least removal of toxic ions from general metabolism. Analo- 
gous mechanisms arc known in other organisms. Rabanus (1931) and 
Shimazono (1951) both suggested that the metal tolerance of brown-rot 
fungi was the result of the copper ions being combined to produce in- 
soluble oxalates. However, the earlier work of Richards (1925) demon- 
strated that copper tolerance did not confer zinc tolerance, yet a 
non-specific metal-complexinp mechanism mch as oxalate production 
would be expected to do so. An elegant example of a metal-complexing 
mechanism responsible for hcrtvy metal tolerancc ha8 been Rhown for 
Aspergillus niger (Ashworth and Amin, 1!M4). Morcury to1entnc.r: in  
A .  niger is duc: to a pool of non-protein Rulphydryl g r o u p  that protwts 
enzyme systems by forming complexes with the mt:rc*iiry aH it enters 
the thallus. Rhizoctinia ,soZuni and Pgthium ultimum do not hnvr: this 
pool of non-protein sulphydryl groups a n d  m x  thun Husceptihls t o  
mercury poisoning. These non-protein sulphydryl g r o u p  can com ttat 
zinc, nickel, lead, copper and silver poisoning (Ashworth, J ‘365). 

Tonomura, Maeda and Futai (1968), Tonomura, Rlaeda, Futai, 
Nakagami and Yamada (1968) and Tonomura, Nakagami, Futai and 
Maeda (1968) have shown that mercury-resistant bacteria bind the  
components probably a t  the cell wall and convert them to a more 
volatile, hut as yet nnidentified, form so that mercury is lost from the 
medium. Rapid growth resumes as the mercury concentration of the 
medium falls. 
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Differential uptake may also a t  times be important: Earley (1 943) 
found that zinc-tolerant soybeans did not take up as much zinc as did 
susceptible varieties. However, i t  is possible for tolerant organisms to 
have a low metal content when cultured a t  high metal levels which is not 
diie to an active exclusion mechanism : an apparent lack of permeability 
niay be the result of metal toxicity and injury which disrupts cell 
membranes. Terui et al. ( I  OGO) found less arsenic in tolerant hyphae of 
Aspergillus oryzae as the arsenite level was increased; however, in- 
creasing arsenite content of the medium was paralleled by increasing 
hyphal damage. Yamamoto (1963) found that in strontium-resistant 
yeast cells, the protein synthesis of the resistant cell is aided by the 
morphological stability of the ribosomal particles under conditions of 
hypertoxicity produced by excess strontium. Repp (1963) found that 
the protoplasm of Silen,e vulgaris was generally highly “shock resistant” 
when exposed to  heavy metals. She also found that metal-tolerant 
races of Tuss i lqo  and Taraxacum had protoplasmic changes that allowed 
them to overcome the “shock” of excess heavy metal ions. 

Increased concentrations of a metabolite may antagonize the effects 
of the metal. This mechanism is analogoils to increases in a metal- 
binding agent as with sulphur in resistant yeast cells (Ashida and 
Nakamura, 1959). Selenium and sulphur have been shown to have com- 
petitive effects in metabolism: increases in sulphur nutrition antagonize 
selenium poisoniag by competing for sites of reaction rather than by 
binding with the toxic metals (Rosenfeld and Beath, 1965). Lohrmann 
(1940) found magnesium interfered with boron and mercury poisoning 
in several species of fungi. 

Wood and Sibley (1950) showed that dead tissues of oat plants always 
had higher concentrations of zinc than did normal photosynthesizing 
tissue, suggesting the posyibility of “excretory” mechanisms being 
important in metal tolerance. However, there is no evidence for thiR in 
tolerant plants. 1 I 

D. C O N C L U S I O N  

The mechanisms whereby plants combat toxic: Icvcls of hertvy rnc t :h  
are very varied, and in yeasts in particiilar thsrc is cvicl~~ric~~ t h n t  tha 
whole metabolism is altered in copper-tolerant strains. Irr hig:tic:r plarits 
the tolerance mechanism appears to be designed to kf:eT) rrietal ions 
away from the active sites of metabolism by chelation i n  thc cr:II wall. 
It is interesting that, in Agrostis at  least, similar though in~lcpendont 
complexing systems are present in the cell wall for both zinc ;tnd coppcr. 
This and the circumstantial evidence from other organisms argues that 
the cell wall may have a general function, hitherto unrecognized, in 
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removing exress levels of toxic ions even in relatively norriial situations. 
A problem that remains to be solved is the reason for the high degree 

of specificity of metal tolerance. Even copper-tolerant yeasts which 
produce the relatively unspecific inactivating agent, hydrogen sulphide, 
do not show cross-tolerance to other metals. In  higher plants the specific 
nature of t he  mcclirmism has to be rcconc.iled with the fact that  toler- 
ance ttppears to be dcterniincti not I)y ;L single gene but ~iolygcnieally 
(see Section VT). Genetic: studies, particidarly i f  combined with bio- 
chemical investigations, could h t l p  throw light on the tolerance mechan- 
ism and its specificity. 

Thv various mechanisms of tolerance all suggest that  special systems 
are dcveloped by organisms to cope with excess metal ions: tolerance 
appears not t o  be achieved by producing excessive amounts of sub- 
strates (e g. enzymes) that have been previously known to complex 
with metals in biological systems. This is understandable in the case 
of mrtals such as lead and mercury which are not normal components 
of metabolism, but more surprising with trace elements such as copper 
and zinc. However, the requirement for a special tolerance apparatus 
may explain why only a few orgariisnis appear to be capable of evolving 
tolerance to any degree, and why none have been shown to possess an 
inherent metal tolerance (see Section VB). Nevertheless, the cell wall 
may have some general importance as regards metal binding. 

The gross metabolic alterations that occur in tolerant races may in 
part explain their poorer competitive ability and changes that have 
been noticed in characters other than tolerance. However, the situation 
here needs clarifying sinew intlcpcvdcnt wlection for other characters 
will explain both phenomena. Invcst igating thc tolerance mechanism 
in artificinlly xelectcti matcri:il t m l  in styyegating 1m)gc.nit.s ~hould 
help to clarify these problcmx. 

The nature of the tolerance incchanium, as well as bring of intrinwic 
physiological and biochemical interest, clearly has considerable rele- 
vance to the evolutioriary and ccologirsl aspects of rnetal-tolerant plants. 
It is encouraging that an integrated, consistent picture is hcginning to 
emerge, and further work should prove extremely rewarding. 

V I I I .  PRACTICAL A P P L I C A T I O N S  O F  S T U D I E S  O F  

R l  ETA L - T O  I, E R A N T 0 no A N  ISM s 

A. B I 0 G E 0 C H E M I C A IJ P R O S P E C T I h’ C, 

The role of plants as indicators of soils contaminated with heavy 
metals has already been discussed (Section HA). The use of these plant8 
to locate natural outcrops of metal ore is less well dociiniented. They 
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arc frequently inentioncd, but this is more oftell in terms of their 
curiosity valiitx. Ovrr t,lic past twenty-fivc years the use of plants in 
prospecting h i L R  dcvcloped in more sophisticatd ways. Valuable reviews 
are providcd by Cani~oil ( 19GOa), Malyuga (1964) and Cole (1965) so 
that only the gcneral perspective will be given. 

1. Vegetation changes 
Many of thc cnrlicr prospectors relied on the look of the land and the 

plants growing there to tell them whether there was a chance of a strike. 
Old textbooks on mining recommended that attention should be paid 
to plants (Foster, 1894). 

The value of plants as indicators can be either general or particular. 
General changes in species occurrence is an indication of some sort of 
soil anomaly, and providcs an initial sigri that there is a soil and under- 
lying rock ohangc (Malyug;~, 1!)84). ‘l’hcrc is no doubt that this tech- 
nique has twcn widely iisc(1 by prospectors who did not pay attention to 
individual species. 

Changes in particular specit:s can be more valuable, for thcsc can 
indicate the presencc of a particular metal. But whether or not they 
do is another matter as has already been seen in Section 1 1 ~ 1 .  The 
problem is that many of the species supposed to be associated with a 
particular metal arc in fact associated with a particular rock or soil type. 
This is very clcar in the case of serpentine which has a very character- 
istic depauperute appearance and flora associated with high magnesium 
level (Walker, 1954); it is a rock in which chromium and nickel is found. 
As a result of this chromiuni ores in serpentine were discovered in 
Maryland in I 8 1  x (SingcwaIP, 19%). But there arc many other serpon- 
tine areas wit.11 i ~ n  equally characteristic vegetation without mebals. 
Another examplo is Fecium ( =  Ocimum) homblei which has hcen re- 
ported to grow only on soil containing more than 100 ppm copper in 
Rhodesia (Anon., 1959). But it h‘as reccntly been shown in ail intensive 
investigatioii to grow widely on non-copper soil, on grariito ~ i ~ i d ~ ~ l d ,  
being favourcd by vcry poor  soil^ and lack of competition frorn flccium 
obotntum (Howard-Williams, 1!170). Vclbziu eyuisetoidw ix sjrn;hr to 
B. Aombbi; it is conimon on the skelcti~l mils of quartzite Hh>fJ(:% yet iii 

widespread and characteristic on copper soils (Wild, 1!)6X). 
If a species has a reasonable association with a particuliir rnineral- 

bearing rock it can be a valuable indicator even if that  association, as 
for Vellozin equisetoides, is not absolute and is due to other soil character- 
istics and absence of competition. The indicator plants that have, for 
instance, been most valuable for copper are Elshotzia haichowcnsis in 
China (Tsung-Shan, 1957), Acrocephalus robertii in Katanga (Duvig- 
neaud, 19BS), and Becium homblei in Rhodesia (Anon., 1959), all 
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hclongiiig t o  t h c .  I,al)iatxc. I n  Australia. in the ninetctnth century, the 
pink I’olyciirpw s p  rostyli-s was recognized as a copper iiidicator by 
prospectors in Quc~ciislnnd (Cole, 1965). Areas of copper in Sweden have 
been locatcd nicwly by exibmiriirlg thc localities from which herbarium 
specirneiis of “copper rnosscs” had been collected (Persson, 1948). 
Uranium orcs in the Colorado l’latcnii and in Peru hnvt~ 1)cen detected 
by the occiirrence of members of tlic genus Astragalus (Cannon, 1957, 
1960h). Hut there are rriaiiy othor rtmwds in the literature: these are 
listed iri ‘ I h b l ~  I b ,  mid arc diwunwd by Cannon (10fiOa) and Malyuga 
( i 9 N ) .  1ndic.ator species pose very iiiteresting problems: i t  is a pity no 
critical cwlogicd anti genoticd investigations have been made of any 
cxcept Ilet i u n ~  IiornOlPi (Howard-Williams, 1970). 

It is oftvn lwtter when reliance is not placed on the occurrence of a 
single species but on a group of commonly associated species-a lode 
asseni blnge. This is clearly indicated by the very extensive work recently 
carried out in Australia (Cole, 1965; Nicolls et al., 1965; Cole et al., 1968), 
and is supported by work in the U.S.A. (Cannon, 1960a), Russia 
(Malyuga, 1064; Chikishev, 1965) and Rhodesia (Wild, 1968, 1970). 
Polycurpetie ylnbra, Eriachqie mucronata, Bulbostylis barbata, Fimbri- 
stylis sp. nov. and !l’Pphrosin sp. nov. are all associated with lodes in 
the Dugdd river area of Australia containing zinc, copper and lead, 
but they do not always all occur together. Their occurrence has revealed 
new areas for intensive prospccting. These species (particularly Tephrosia 
sp. nov.), and a few others, were found to be associated with similar 
minernljzntiori in other area8 of North Australia (Cole, 1965). But they 
may sometirncs be found in areas where metals are not prcsent but the 
soil is nnoinaloux i i i  other ir:spects, itnd they may bc: absent on soih 
where thc nictal content is c~xtrcrnc1.y high (Cole el ol., I ! )OH).  They may 
also be replaccd hy other specics if the surrounding bctlrock changes 
markedly (Nicolls et d., 1965). As a result of the influence of climate and 
soil factors on the occwrrence of indicator species, Wild (1968) advocate8 
the need to bccorne familiar with the assemblage of species on one 
copper outcrop in order even to recognize further outcrops in the 
imtnediatc vicinity. ?‘his applies also to nickel (Wild, 1970). 

Areas where the concentration of metal is very high may be com- 
pletely bare of vegetation, or particular sensitive species may be absent. 
Bareness or lack of species can, therefore, he an important indicator of 
metal occurrence. This technique has been used in prospecting for 
copper in Armenia and Rhodesia. In  the Congo high copper area? are 
recognized by the absence of trees in a predominantly forested area 
(Cannon, 1960a). Sometimes an indication of actual levels of metal in 
the soil is obtained by the appearance of particular plants. High 
zinc causes ehlorosis in many species. Copper gradients in Katanga 
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are recognized by the stunting of Protea goetzeanu (Duvigneaud, 
1958). 

2. The metal content of pland parts 
‘I’hc value of plant nndysis in prospecting stems from two oharacter- 

istics of plants growing over coritaniinated soil. Firstly, as has been 
reviewed in Section VIIB, plants take up appreciable quantities of 
metal into their aerial parts. This is true of plants growing over non- 
toxic (but metal-cont~Liniri~) soils ns well as toxic soils. Secondly, the 
roots of trees in particular penetrate to the lower depths of the soil, 
often to tlic bedrock. Sampling tterial parts of a plant niay therefore 
supply informn,tion on metal content of the bedrock without recourse 
to drilling operations. Hut the disadvantage of the method in com- 
parison with inore normal gcochcniical techniques is the need for 
ashirig the plant ri1atoriid, and lack of perfect correlation bctween plant 
and soil nietial contents. 

The method of prospecting has h e n  examined, initially independently, 
in Canada, Scandinavia and Russia, arid recently in Australia. It has 
been reviewcd by Hawkes ( 1  948, 1!)57). 

In Canada, Wnrren and Howatson (1947) and Warren and Delavault 
(1948) made pioneer studies on copper and zinc contents of trees lying 
over known ore bodies and trees on normal soil. They concluded that 
newly grown twigs and leaves gave the most reliable results, and pro- 
duced ernpirid data wliich, when exceedcd, suggested abnormally high 
soil iiietal concentration. Absolute values and %n/Cu ratios were both 
used. Even a t  this stage differenccs in uptake according to soil type were 
noted: considt:rnbly less was talreti up on calcareous soils (sec Section 
VIIB). Warren, Delavaiilt and Irish ( 1949) extcrided thow r c d t s  anti 
modified the empirical v;ilues. I n  the 1)rooess of this work thcy discoverd 
an unknown vein lyiiig 15 f’t below thc surfiLce. Warren : ~ 1 1 ( 1  Dolavault 
(1940) quoted a Cri/Zn ratio of 0.10-0.15 as about the norniii.1 r;mge, and 
a value less or nmre t h n n  tJhis as hirig irdioative of zinc: or c o j p r  
anomalies, Warrou and Dcl;~vanlt ( 1050a) showctl that t h o  tc:c:hniquu 
could bc applic:al,le to the dotortion of g ~ ~ i t l .  Whitt: ( 1  950) niade a more 
systcinatic study of mctal contents of plant,u ovcr ore tlcposits lining 
mapping trchniqucs. In  this way he WILR ahic to detect thc c:xistr:nr:r; 
of metal shadows aroiind ore deposits. Shallow clcposits ~irotIuceri 
a &mall abrupt shadow whereas tlcepcr deposits led to 8 stiii&)w as 
much as fifty times as wide as the or(? deposit itself. He nonr:lu~led 
that the nietnl slintluw (:an be tlctectcti with a n  overburdcri i i i  cxces~i of 
30 ft. This is cwlrtirmccl by Clarke ( l ! W ) .  ‘l’tie sarnl)ling t(diniquc has 
been fiirthcr sophist.icated by Warwn, h.Iiivi~1llt tilid B’ortcscuc ( I!Js). 

111 Norway Vogt (103!4, 194%a, l M l b ) ,  Vogt and 13rsadlie (1912), 
1) 
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Vogt and Sugge (1043), and Vogt et al. (1943) made a similar study in 
thc Hglros area of Norway, but beyond showing the higher level of 
metals, particularly c.opper and zinc, in plants from contaminated areas, 
they did not champioil the value of this technique in prospecting. 
1trtukaIti;t ( 1!)47) Inidly m v i m w i  sonit! results of this tJypo of ~ t i i d y  in 
ICiirop(~ i i r i c l  qiiotm exnriipl(~.q wlirrc. i t ,  hcld h r n  .qn(v-cwful. Sub- 
sequcwtJy, hc ~ I i o w ~ v l  that niclit.1 c ~ ) r r I d  only bo detcv4ecl if inorganic 
material covcring nickel deposits was only (I, few mctres thick (Kunkama, 
1954). 

Tlw Russian work on hiogeochemical prospcctiiig has been fully 
rcviewcd by Malyuga (1047, l!N4). Ho considers some of the factors that 
affecbt the form of the metal shadow, (e.g. depth of ore body, aspect, 
root dcptli) and gives extensive details of examples where plant analyses 
have been of practical value, in outlining ore bodies and in making new 
discoveries. It is not possible to describe the wealth of information given 
by &lalyuga. Hut i t  is clear that analyses of a wide range of plant material 
have been valuable in the U.S.S.R. in the detection of ore bodies of a 
wide variety of metals and can only cost one-tenth as much as normal 
exploration techniques involving drilling, trenching, etc. But care is 
necessary in the sampling processes because of the variation between 
species, between different parts of the plants, between seasons, and 
between different climatic regions. 

The fact that the technique is not perfect and the correlation between 
soil and plant metal content, can go astray was pointcd out by Marmo 
(1953), who showed that Cu levels in Roil are reflected by Cu levels in 
plants a t  low lovels of soil copper but not when mil copper levals are 
high. 

Recently, extensive: analysos have becn (.;LITI(:(I out on u wide range 
of Australian species (Nicolls el ul., 196.5). The relationship, in all Hpecics 
analysed, for both copper and lead is one in which the plant metal 
content does not increase with increasing concentration of metal in the 
soil until a value of about 2000 ppm, above which there are only few 
records because the plants are eliminated. The same relationship for 
copper is described by Malyuga (1964). For zinc, however, the relation- 
ship is linear. These results suggest that the method may not be very 
useful for copper and lead although it is very satisfactory for zinc. But 
the evidence is confusing since copper levels in vegetation have been 
correlated with the presence of known and previously unknown ore 
bodies in the Gasp6 peninsula (Riddell, 1952) and in British Columbia 
(Warren and Delavault, 195Ob). 

Cobalt, chromium, copper and nickel uptake by a New Zealand 
serpentine flora has been critically examined by Lyon et al. (1968). In  
the six species examined there was a reasonable correlation between 
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met,al levels in  soil arid plant for all thc metals exoept copper, in 
Cassinia vauvilliersii, Lcptospermutrrp scoparium and Hebc odora. For 
the other spccies correlations for any metal were weak or absent. 
From this Cassiniu vuuvilliersii was suggested as a good species for 
biogeocheriiical prospecting, but it would not appear from the data to 
be useful for copper. 

An extensive list of tliosc cases where prospecting by plant analysis 
has been undertaken, and their success, is given by Cannon (l9GOa). 
The absorption of nietsls by plants is a complex phenomenon and not 
clearly undurstood (sec Section VIIB). Part of the complexity is due to 
complexitics of soil arid climate, but part is due to the complexities of 
species. We tire perhaps prepared to find that species differ in their 
patterns of uptake. But no one using plant analysis has considered the  
problem that the species being analysed may well consist of completely 
different populations with contrasting patterns of uptake. 

3. The metal content of the humus layer 
Goldschmidt (1 954) showed that rare eletnerits are 4-200 times more 

concentrated in coal than in the average rock. He concludcd that humus 
layers tended to accumiilate elements which were brought to the surface 
by deeply penetrating roots. This was independently rcalized by Ver- 
nadskii (see Malyuga, 1964 for full discussion) and has since been 
used in the Soviet Union in combination with plant analyses and 
detailed mapping techniques. It is an extension of the geochemical 
techniques which are very widely uscd. It appears to be of most value 
for copper which forms stable complexes with organic material. 

4. An integrated approach 
Recent studics (Malyugs, 1904; Cole, 1966; Nicolls el al., 1965) have 

pointed the way towards a large-scale exploitation of thcse t ( A ~ r i i q i i t ; ~ .  
The first stage of such prospecting involves recognition of ti mitable 
area for further study: this will be decided by geological studies and by 
associated general changes in vegetation. The next stage is a systematic 
study of the area: this may be by grid sampling or transect sampling, 
covering the whole or certain parts of the area. A survey is made of the 
vegetation and of individual species: and plants, humus and soil arc 
analysed. In  this way it is possible to  locate metal shadows and specify 
the position and composition of ore bodies. More generally it can 
indicate promising areas for drilling operations. 

This integrated method is almost certainly the most successful. Its 
value lies in the fact that  useful information can be obtained without 
drilling and using relatively simple sampling techniques arid Himple 
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analyses. It certainly provides inforination of considerable interest to 
the botanist: i t  is only a pity that, parallel information is not being 
obtained on the population structure and physiology of the important 
species. 

B. O R E  E X T R A C T I O N  

Bryner et al. (1954) showed that micro-organisms isolated from leach- 
ing effluent promoted the solubilization of iron and copper sulphide 
ores by a factor of 10 to 20 over the rate of solubilization in sterile 
culture, Suhequent work confirmed these results and identified the 
active bacttria aI.i Thiobncillus ferro-oxidans, T .  thio-oxiduns and 
Fprrobacillus frrro-oxidans (Beck and Elsden, 1958; Bryner and Jameson, 
1958). Bryner and Andersoii (1 057) demonstrated that micro-organisms 
were also involved in the solubilization of sulphide ores of nickel, 
cobalt and molybdenum. 

Recently work in this field had been reviewed by Razzell and Trussell 
(1963), lkck  (1967) ancl Ehrlich ancl Pox (1967). The technique of 
extracting copper from 1ow-gr:~de ores involves three stages: the leach- 
ing process itself, precipitation of tho c q y e r  by addition of iron, and 
oxidation of the ferrous sulphatc to ferric resuiting in precipitation of 
the iron with the rccovery of water for the leaching process. Beck (1967) 
studied the role of Thiobacillus ferro-oxiduus in each of these stages. He 
showed there was a derrease of bacteria in the precipitation plant, a 
large increase in the oxidation pond, and a slight decrease during 
passage through the ore dump. The latter surprising fact led Beck to 
speculate that  large numbers of bacteria were filtered out of solution and 
that the leaching was as niiwh a rcsult of increasctl temperatures and 
(pOS5”ibly triggered off by bacterial activity) chc~~nicd oxidation :LH 

biological oxidation. The rolc of 1)ac-tc.ria i t 1  I ~ ~ i ~ ( ~ h i t 1 f i  opr;it icm~ h:hY h c c b r i  

further examined by Khr1ic.h : ~ r i t l  Fox ( I !)67),  who tiI~ow(*d that h c t c ~ r i i ~  
did not just oxidize the sulphitic. ows, but  11clj)td cxtr;tctiori indirectly 
by releasing the ferric ion which t h c v t  oaidizcd caopl)w mlphide non- 
biologically (ferrous iron), and by depressing iron release from the ore in 
some unknown fashion. Ehrlich and Fox (1067) demonstrate that a 
wide variety of factors may afftkct are extraction, including the inter- 
action of bacteria with a wide range of micro-organisms (Ehrlich, 1963b). 

It is clear from these studies that the role of bacteria and other micro- 
organisms in leach operations nceds further definition particularly if any 
attempt is to be made to optimize the conditions for such leaching 
operations. The bacteria are likely to be present in most mine dumps 
and opthizing conditions for leaching may permit comniercial exploita- 
tion and/or subsequcnt recolonization by higher plants of tips depleted 
of their metal content. 
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c. T H E  E S T A B L I S H M E N T  OF VlCDETATION O N  T O X I C  

W A S T E  M A T E R I A L S  

The toxic materials left by mining operations are unattractive to the 
eye and can be a considerable source of pollution of surrounding areas. 
The piles of country rock produced to get a t  the ore bodies arc coarse, 
very low in major nutrients, and may contain small quantities of toxic 
metals. The tailings, produced by the dressing procedures which con- 
centrate the ore, because of the economics of extraction procedures 
often contain as much as 1% of metal, although modern techniques 
may reduce this five-fold. The tailings contain not only the remains of 
the metal that  has been extracted but also quantities of the other 
metals that were present in thc ore and not extracted. These metals 
are released slowly as soluble compounds as the ore weathers, and may 
continue to be released for centuries. 

As a result the waste heaps have very little plant growth upon them, 
owing to  the combined effects of toxicity, lack of nutrients and physical 
conditions. The particle size of the tailings is often sufficiently small for 
it to blow in dry weather on to surrounding areas. Particles are nearly 
always fine enough to be able to bc carried by run-off during storms into 
water courses, often for long distances, unless great care is taken in the 
establishment of dams and settling ponds. There will always be a 
certain amount of leaching of soluble salts from waste heaps, which 
will be enhanced if the heaps are unstable. Thus the pollution of 
streams by dissolved heavy metals in the neighbourhood of mine 
workings can be considerable: levels of 500 ppm can easily be found. 

The establishment of a vegetation cover on toxic waste heaps will 
do a great deal to minimize pollution, particularly where the pollution 
is due to  the movement of solid particles, and will also improve the 
appearance of the heaps. But the conditions of toxicity and poverty of 
nutrients, and the physical nature of the material make normal tech- 
niques of vegetation .establishment impossible (Hooper and Newton, 
1935). 

The most obvious tecliniqie that will be effective is to cover the toxic 
material with a 1ayer.of normal soil and establish a herbage cover or 
trees in the normal manner. This is, however, exceedingly expensive, 
usually a t  least six times the. normal for non-toxic areas. 

As a result experiments have been carried out in Heveral J~IAC(:H to find 
ways in which the toxicity, nutrient poverty and physical conclitionH 
of the material can be amclioratcd more  imply by addition of ICHH 
expensive materials. Physical and chemical methods are possible (Dean 
et d., 1968) but the most promising additives are organic wastes such 
t~ sewage sludge and town refuse. With these, swards of normal herbage 
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spccics havc been established over highly toxic smcltcr waste in the 
lower Swanscn Valley, so long as tho ameliorating material is more than 
about tcn cbcntjiiuctres t1iic.k (Wcxtoii et id., 1965; Street and Goodman, 
1067). Scwnge slutlgc is ptu.tiruIwly RuccesRfid sincv its high organic 
matter content efiectivcly ameliorates all three conditions. But the effect 
of these materials may be short term: when the organic matter decays 
the toxicity will return, and the vegetation will eventually suffer and 
die. 

An alternative approach is to  take advantage of the natural evolu- 
tionary processes that have already occurred and employ species and 
populations which are already tolerant to the toxicity present, together 
with fertilizer to ameliorate nutrient lack. Preliminary experiments 
with smelter waste in the lower Swansea Valley using vegetative 
material of various grass species showed that the performance of 
tolerant material was superior to that of non-tolerant (Gadgil, 1969). 
But, not unexpectedly, this superiority was not found when domestic 
refuse or sewage sludge was used, when all populations grew well. 

This method has now been investigated using seed on a variety of 
mine tailings in Wales and Northern England, with the addition of 
different amounts of fertilizer (Smith and Bradshaw, 1970). The superi- 
ority of tolerant material was remarkable: non-tolerant material was 
almost dead in nine months while tolerant material grew almost a8 
well RS if on normal soil. Thc effect of fertilizer was very marked indeed, 
slow release forms giving bcst growth. 

In  both these experiments i t  appears that  physical features of mine 
waste are not severe enough to  prevent growth. However, in drier 
climates they may be important, but perhaps can be overcome by sow- 
ing in the wet season or by using mulching techniques (reviewed by 
Peterson and Monk, 1967). 

The technique of using metal-tolerant populations has not been ex- 
plored in a wide enough variety of sites. But initial results are promising 
and fit, in with expectations. There is such a wide variety of species in all 
parts of the world in which tolerance is known or can be presumed to 
occur, that  it seems a method capable of widespread use. Many of the  
species are vegetatively vigorous and perennial, and some are legumin- 
ous and therefore will perhaps be self-sufficient for nitrogen unless N 
fixation is precluded by toxic soils. The method should be investigated 
further. 

IX.  CONCLUSION 
The plants growing in habitats contaminated with toxic 1t:vels of 

heavy metals havch attracted interest for ovcr a century. Sinco metal- 
contaminated areas are only minor component of the environment, 
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the subject of metal tolerance has on the whole been rcgarded as an 
area of marginal relevance to most other fields of investigation. The 
interest that  has arisen has come from ecologists, evolutionary geneti- 
cists, physiologists, and applied biologists particularly in relation to 
prospecting for metal ores. The literaturc on such plants is therefore 
widely dispersed. 

However, when this literature is collated it is seen that specialized 
habitats such as metal-contaminated areas are extremely valuable to 
evolutionary and ecological studies. Their value stems essentially 
from their simplicity and this is a consequence of three main 
features. 

Firstly, the vegetation of such areas is influenced by one overriding 
factor, namely nietiil concentration. Undoubtedly other factors are also 
of importance but such factors and interactions are far more easily 
defined whcn the major dctcrminant is clearly apparent. Secondly, the 
habitats are usually spatially dirjtinct and clear cut. This is particu- 
larly true of areas resulting from mining activities. Thirdly, since the 
major factor involved is an  edaphic one it is relatively constant and 
varies only slowly with time. 

It is perhaps not surprising, therefore, that such areas have already 
proved invaluable in studies of evolution. The sequence and pattern of 
genetic change responsible for colonization of metal-contaminated 
areas is a unique record of natural selection in action. It is clear that 
studies of metal tolerance may be of equal value in clarifying ccological 
problems particularly when they impinge on other areas such as evolu- 
tion, taxonomy, plant distribution and physiological processes. 

A pointer towards these interacations has been made in this paper, 
mainly by reference to  work which has been carried out without thc 
specific aim of achieving an integrated view. 

Certain problems of ecology can often be better analysed in environ- 
ments that are highly specialized or even man-made, than in natural, 
more complex habitats. 
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