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I. INTRODUCTION

The heavy metals, defined by Passow ef 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 cause death of most 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 purpose of this
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 means
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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The contamination results either from the presence of undisturbed
metal ore near the soil surface causing “anomalies’ as they are termed
by the geochemist (e.g. Warren and Delavault, 1948; Duvigneaud and
Denaeyer-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 ore 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,
1960a; Warren and Delavault, 1960, 1962; Suchodoller, 1967; Cholak
et al., 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 (McAllister, 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 it may produce toxic levels
of metals in the environment (Drouineau and Mazoyer, 1956; Gibson,
1958; Taschenberg et al., 1961; Delas, 1963; Aomine ¢t al., 1967) and so
affect the background vegetation and wild-life over which the spray
is applied, but also in that the pathogen or pest over which control is
being exercised may itself become resistant.

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

It is impossible to define precisely what is implied by the description
“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 it 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. In 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 the first case
it will not be clear what is happening unless further investigations are
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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 the 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 an 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 resist-
ance which completely destroys the efficiency of the sprays. A knowledge
of metal tolerance is necessary to minimize the chances 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.

II. EcorLoagy oF 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 strains
will be dealt with in Section V (A2 and A3).
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A. SPECIES PRESENT ON CONTAMINATED 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 VI1Ia). A comprehensive list would thereforc be of dubious
value. This section summarizes the systems of classifying such plants,
the main references to the various groups, and the most obvious features
and species to emerge from the literature.

1. Vascular plants

Ferns are rarely mentionhed in the literature relating to toxic areas
but Vogt (1942b) mentions Asplenium adulteriwm as an indicator of
nickel. Ferns are also known on serpentine soils which may be bigh in
nickel and chromium (e.g. Kruckeberg, 1964). Wild (1968) records the
ferns Pellaea calomelanos and Chelianthes 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 over soil containing increased, but not
toxic, levels of metal (e.g. Warren and Delavault, 1948).

Higher plants characteristic of metal-contaminated soils have been
recognized for several centuries. Thalius, in 1588, noted Mrinuartia
verna as a metal indicator (quoted by KErnst, 1965a) and even before
1900 there was considerable interest in these plants: for example,
Williams (1830), Henwood (1857), Baumann (1885) and Jensch (1894)
all quote species found consistently on metal-contaminated soils.

Plants that arc largely restricted to or particularly abundant on
metal-contaminated soils have been used as indicators of heavy metal
ores and have 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 Ia and Ib.

Recently it has been realized by both the ecologists and bio-
geochemical prospectors that it is necessary to quantify the relative
abundance of different species in relation to metal content (and other
ecological factors) of the environment. The concept of indicator species
is perhaps an ecologically unrealistic, although at times useful, qu‘a]ita-
tive assessment.
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TasLr Ia
Plants that have been used as indicators in prospecting for heavy metals
Universal
(U) or
Local (L)
Indicator Species Family Metal Locality Reference
U  Qypsophila patrini  Caryophyllaceae Cu U.8.8.R. Nestvetaylova,
1955
L Polycarpaea spiro- Caryophyllaceae  Cu Australia Bailey, 1889
stylis
U  Acrocephalus robertii Labiatae Cu Katanga Duvigneaud, 195
L Elshotzia haichowen- Labiatao Cu China Tsung-Shan, 1957
sis
U  Becium (= Oci- Labiatao Cu Rhodesia Anon., 1959
mum) hombles
U  Merceya latifolia Moss Cu Sweden and Persson, 1948
Montana
L Eschscholtzia meri- Papaveraceao Cu ‘Arizona Lovering et al.,
cana 1950
L Armeria maritima  Plumbaginaccae Cu Scotland Henwood, 1857
U Tephrosia sp. nov. Leguminosae Cu Australia Cole, 1965
L Dolycarpaca glabra  Caryophyllaceac  Cu Australia Cole, 1965
U  Bulbostylis barbata  Cyperaceao Cu Australia Cole, 1965
U  Fimbristylis sp. nov. Cyperaceao Cu Australia Cole, 1965
L Loudetia simplex Gramineae Cu Rhodesia Jacobsen, 1968
L Olax obtusifolia Olacaceae Cu Rhodesia Jacobsen, 1968
L Erianthus giganteus Gramineae Pb Tennessee  Cannon, unpubl.
U Tephrosia sp. nov. Leguminosae Pn, Zn Australia Cole, 1965
U Polycarpaca syn- Caryophyllaceae Pb, Zn Australia Cole, 1965
andra var. gracilis
L Tephrosia affin. Leguminosao Pb, Zn Australia Cole, 1965
polyzyga
L Gomphrena Amaranthaceae  Pb, Zn Australia Cole, 1965
canescens
L Eriogonum ovali- Polygonaceae Ag Montana Henwood, 1857
Jolium
U Viola calaminaria  Violaceae Zn Belgium and Vinogradov, 1955
Germany
L Philadelphus sp. Philadelphaceac  Zn Washington Yates, in

Cannon, 1960s

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 II with some examples.
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TasrLE Ib

Plants that have been cited as indicators of metal containing soils but for which

there 8 no clear cut evidence that they have been wused for prospecting

Species Family Metal  Locality Reference
Crotalaria cobalticola Leguminosae Co Katanga Duvigneaud, 1959
Silene cobalticola Caryophyllaceae Co Katanga Duvigneaud, 1959
Silene otites Caryophyllaceae Cu Germany Linstow, 1929
Viscaria alpina -  Caryophyllaceae Cu Norway  Vogt, 1942a
Euphorbia matabelensis Euphorbiaceae  Cu Rhodesia Jacobsen, 1967
Tapiphyllum

velutinum Rubiaceae Cu Rhodesia Jacobsen, 1967
Combretum zeyher: Combretaceae Cu Rhodesia Jacobsen, 1967
Kyllinga alba Cyperaccae Cu Rhodesia Wild, 1968
Fimbristylis exilis Cyperaccao Cu Rhodesia Wild, 1968
Bulbostylis spp. Cyperaceas Cu Rhodesia Wild, 1968
Tephrosia longipes Leguminosae Cu Rhodesia Wild, 1968
Celosia trigyna Amaranthaceae Cu Rhodesia Wild, 1968
Vellozia equisetotdes  Velloziaceae Cu Rhodesia Wild, 1968
Hemizygia petrensis  Labiatae Cu Rhodesia Wild, 1968
Andropogon amplectens Gramineae Cu Rhodesia Wild, 1968
Andropogon gayanus Gramineae Cu Rhodesia Wild, 1968
Astragalus declinatus Leguminosae Cu, Mo Armenia, Malyuga et al.,

U.S.8.R. 1959
Alsine (= Minuartia) Caryophyllaceae Cu, Pb Europe  Linstow, 1929
verna Ag, Zn
Armeria vulgaris (of. Plumbaginaceae Cu, Zn Europe  Linstow, 1929
halleri, elongata, ' .

maritima, ete.).
Amorpha canescens  Papilionaceae Pb

Rhus spp. Anacardiaceae  Pb
Sassafras spp. Lauraceae Pb
Alsine setaceae Caryophyllaceac Hg
Alyssum bertolonis Cruciferae Ni
Alyssum murale Cruciferae Ni
Albizia amara Leguminosae Ni
Dicoma macrocephala Compositae Ni
Barleria aromatica Acanthaceae Ni
Combretum molle Combretaceae Ni
Dalbergia melanoxylon Leguminosae Ni
Eminia antennulifera Leguminosae Ni
Turraea nilotica Meliaceae Ni

Plerocarpus rotundi- Leguminosae Ni
folius

Lonicera confusa Caprifoliaceae Ag

Trientalis europeae Primulaceae Sn

Michigan, Linstow, 1929
Wisconsin
Missouri  Linstow, 1929
Missouri Linstow, 1929
Spain Linstow, 1929
Italy Minguzzi et al.,
1948
Goorgia, Doksopulo, 1961
U.S.S.R.
Rhodesia Wild, 1970
Rhodesia Wild, 1970
Rhodesia Wild, 1970
Rhodesia Wild, 1970
Rhodesia Wild, 1970
Rhodesia Wild, 1970
Rhodesia Wild, 1970
Rhodesia Wild, 1970

Australia Bailey, 1898
Bonemia Linstow, 1929
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TasLE Ib. contd.

Species Family Metal  Locality Reference
Sempervivum soboli-  Crassulaceac Sn Saxony  Linstow, 1929
Jerum
Gnaphalium suaveoleus Compositae Sn Brazil Dorn, 1937
Thlaspi calaminare  Cruciferae Zn Europe Linstow, 1929
cf. (alpestre)
Silene vulgaris (= in- Caryophyllaceao Zn Europe Linstow, 1929
Sata = cucubalus)
Arabis haller: Cruciferae Zn Germany Linstow, 1929
Thlaspi cepeaefolium Cruciforao Zn Austria, Linstow, 1929
Italy
Anagallis collina Primulaccae 7n Italy Linstow, 1929
Cistus monspeliensis  Leguminosao Zn Sardinia  Linstow, 1929
Ruta graveoleus Rutaceao Zn Brazil, Dorn, 1937
U.S.A.
Ruta latifolia Rutaceaeo Zn Brazil Dorn, 1937
Senecio brasiliensis Compositae Zn Brazil Dorn, 1937
Matricaria americana Compositae Zn Brazil Dorn, 1937
Populus deltoides Salicaceae Zn U.S.A. Buck, 1949
Ambrosia spp. Compositae Zn U.8.A. 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 species more
precisely. He has determined the highest and lowest levels of soil
copper at which individual species are found and from this calculated
the specific indicator value for each species 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 contexta and Eragrosiis 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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TasLry I1

Classification of plants on metal contaminated soils (after Lambinon and Auguier,
1964) with examples from metal contaminated soils of Europe

1. Metallophytes—taxa found only on metal
contaminated soils.

(a) Absolute metallophytes— e.g. Viola calaminaria, Thlaspi
found only on metal contaminated soil alpestre ssp. calaminare,
ovor all their distribution. Minuartia verna ssp. hercy-

nica.

(b) Local metallophytes— e.g. Armeria maritima.

found only on metal contaminated soil
within a given region but occurring also
in a phyto-geographically distinct non-
contaminated area.

2. Pseudometallophytes—taxa occurring both
on contaminated soils and on normal soils
in the same region.’

(a) Elective pseudometallophytes— e.g. Agrostis tenuis, Campanula
abundant and often more vigorous on rotundifolia, Polygala wvul-
contaminated soil. garis, Thymus pulegioides,

' Rumex acetosa.

(b) Indifferent pseudometallophytes— o.gg. Plantago lanceolata, Avena
live on contaminatod soil regularly but pubescens, Qenista tinctoria,
show neither abundance nor particular Linum catharticum.
vitality.

(c) Accidental metallophytes—

usually weeds and ruderals appearing
sporadically and showing reduced
vigour on metal contaminated soils

In 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 to 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 Lambinon and Auquier (1964) has
been used by Auquier (1964) and by Demoulin 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, 1955a, b, ¢, 1956) have provided what is probably the best
semi-quantitative system of classifying plant communities, and the
techniques have been applied to communities on contaminated soils
(sec Section 11B). The method of classification is based on vegetation
composition of the communities and hence provides an indirect means
of classifying species characteristic of metal-contaminated soils.

1t is appropriate here to give a brief outline of the phytosociological
technique of classifying communities, since this has been an important
technique both in providing lists of species characteristic of metal-
contaminated 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 sorted
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 81-1009, 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 almost
completely to one community; (IV) selective species found most
frequently in certain communities but also rarely in others; (III) pre-
ferential species present in several communities more or less abundantly
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but predominantly in one and there with greater vigour; (II) indifferent
species without any particular affinity 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 the 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 and differential species).

These techniques have been used by several workers in Germany to
classify the communities on contaminated soils (see Scction I for full
references). In so doing these workers have provided extensive species
lists of plants on contaminated soils. It is not possible here to list all
the species given by these workers, since they are too numerous and
often it is not clear to what extent the soils on which some species
are growing arc actually toxic. However, Ernst (1965a, 1968a) has
summarized the species on these soils in Europe which are characteristic
of or differential to the communities (sce Table 11I). 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 metal-contamin-
ated soils are compared in Table IV.

2. Mosses and Liverworts

Several species of mosses (often belonging to the genera Merceya and
Mieliochhoferia) have been given the name of “copper mosses” (Persson,
1948, 1956; Noguchi, 1956; Noguchi and Furuta, 1956): they have been
used in prospecting (Persson, 1948) and it has been postulated, though
with no evidence, that they are restricted to copper soils by virtue of
their being able to use hydrogen from hydrogen sulphide into photo-
synthesis (Schatz, 1955).

Warncke (1968) observed that Marchantia alpestris was generally
restricted to mineral-, especially copper-rich arcas in Scandinavia: in
Denmark it was confined to an area contaminated with copper and zing
from effluent of a sulphuric acid plant. He suggested that it too should
be included under the category of “copper mosses”. Further studies of
mosses on mineral-rich soils have been made by Schacklette (1965),
who showed that they may sometimes accumulate heavy metal jons.

Numerous species of mosses are recorded as members of communities
on metal-contaminated soils (Schwickerath, 1931; Schubert, 1954a, b;



12 J. ANTONOVICS el al.

TasLe 11

Differential and characteristic species of West and Central European plant com-
munaties of heavy metal soils, showing their constancy in various associations (after

Ernst, 1966)
Galio-
Family: Armerion Thlaspeion  Minuartion
$z
. o
53353 5£ 833 3
£ s2g 88 g 38 5.8
SPE S8 858 T2 8§32
EFLEEEPREE |l
$32 58558558 $¢¥ §%¢
- w N =8
- SEREERIRERI RS
Association: T2 <M R 98 AR KNIAR
Number of stands: 29 78 41 14 15 10
Armeria maritima ssp. bottendorfensis A\
Thymus chamaedrys v
Poa badensis v
Festuca glauca v
Festuca sulcata v
Armeria maritima ssp. halleri v
Cladonia alcicornis A% 111
Asperula cynanchica A 111
Silene otites v 1I
Scabiosa canescens I III
Potentilla heptaphylla IiI 11
Viola calaminaria A%
Armeria maritima ssp. calaminaria I L.
Armeria maritima ssp. muelleri v
Thlaspi alpestre ssp. calaminare v v
Festuca ovina ssp. ovina 1 v v v
Agrostis tenuis 111 v 111 v
Viola dubyana v
Evuphrasia salisburgensis v
Thymus alpigenus v
Thlaspt cepeaefolium v
GQalium anisophyllum v 1v
Poa alpina v Vv
Dianthus silvester I 111
Silene cucubalus var. humilis I v Iv v v v
Minuartia verna ssp. hercynica v Iv 11X v v Iv

Constancy classes 0-20% = I, 21-40%, = II, etc., refer to number of stands showing

that species in the association.

Characteristic species (underlined) = species restricted to that association.
Differential species (not underlined) = species generally common to the stands in an

association.



TasLE IV

Comparison of various classifications of plants on metal-contaminated soils

Duvigneaud and Braun-Blanquet
General Denaeyer-de
Malyuga ecological Lambinon and Smet (1963) and
(1964) terms Auquier (1964) Wild (1968) Fidelity “Type'’ species Constaney
Indicator Endemic or Metallophyte Metallophyte Exclusive Characteristic Refers to the consist-
Bodenstet ency with which any
of the previous cate-
Universal Absolute Eumetallophyte Selective Differential gories occur in 8
community. Charac-
teristic and  dif-
ferential species have
Local Local Local generally a high con-
metallophyte stancy.
Bodenwaag Pseudometallophyte
Eleetive . Preferential
Indifferent } Metallophile Indifferent
Accidental Accidental
Metalloresistant®

* A separate category of ubiquitous species defined by the fact that they do not take up metal.

81
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Lambinon and Auquier, 1964; Krnst, 1965a, 1968b), and Url (1956)
studied the copper resistance of several species from a copper-con-
taminated region in Austria. Among the more commonly mentioned
‘types are Bryum caespiticum, Pohilia nutans and spp., and Weisia spp.

Liverworts are far rarer on contaminated soils. Cephaloziella spp. are
recorded 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 bischoffis (Schubert,
1954D).

3. Lichens

Lichens are found both as colonizers of bare rock and as general
components of the established vegetation on contaminated soils. Poelt
(1955), Lampe and Klement (1958) 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
Lecanora are frequently mentioned; Lange and Ziegler (1963) show these
and other species to contain large quantities of iron and copper mainly
in the cell walls. Wild (1968) notes that a species of Lceanora is found on
natural rocky outcrops in Rhodesia with its thallus actually growing
over exposed malachite without any apparent harmful effects. This
is remarkable if we consider that the 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 ef al. (1961) show
that Stereocaulon manodes 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 fung:

The general occurrence of micro-organisms in metal-contaminated
soils is poorly documented although some of the best examples of
bacteria which resist extreme conditions (for review see Brock, 1964)
are those found in acid mine drainage. The most common species which
are able to resist extremes of pH and copper and iron concentration are
Thiobacillus ferro-oxidans, Th. thio-oxidans and Ferrobucillus ferro-
oxidans (Bryner ef al., 1954). These bacteria, especially T'h. ferro-oxidans,
have been subsequently shown to be commercially 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 gflitre and iron concentration 1-06
g/litre), 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
(1963b) 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
autotrophy”.

Subsequent. work has shown fungi to be consistent if not abundant
components of mine soils. The ability of fungi to withstand extreme
conditions was illustrated by Starkey and Waksman (1943), who
showed that Acontium velatum and another unidentified species could
grow in pH 0 and 49, 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 (1968) isolated mercury-resistant bacteria
from soils contaminated with mercury-containing fungicides. Williams
(1970) has isolated at least six different Actinomycetes from very acid
copper-mine waste, and noted the occurrence of fungi and bacteria.
And Demoulin et al. (1967) record the occurrence of three (asteromycetes
Scleroderma bovista Fr., Lycoperdon spadiceum Pers. and Bovista
plumbea Pers. on calamine soils often containing well over 5000 ppm
zine.

Records of algae on heavy metals are rare but Hassall (1962) notes
that Chlorella vulgaris, a green alga, is tolerant to barium, manganese,
lead and copper. Duvigneaud (19568) records an algal substratum of
blue-green algae dominated by Cirosiphon geniculatus in cupriferous
soils in Katanga (Congo). Such colonics have also been noted hy Wild
(1968) in Rhodesia where some acute and experienced prospectors
have actually used them as 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 observable on copper and zine mine soils, and pools
heavily contaminated with metalscan have vigorousgrowth of filamentous
green algae. In marine algae Ectocarpus (Russell and Morris, 1970) and
Enteromorpha (Hodgson, 1969) can be found growing on ships treated
with antifouling paints (see Section Va2).

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 because 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 magnesium /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 nickel flora
under these circumstances difficult to distinguish from that of the
surrounding serpentine soils without high nickel values, but this can
nevertheless be done by observing rather subtle differences in the
proportions and relative dominance of certain species and the presence
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of a few indicator species either absent or rare on normal serpentine
soils, Examples are Albizia amara, Barleria aromatica, Combretum
molle, and an undescribed species of Dicoma (see Section [V) which
is almost exclusively endemic on Rhodesian nickel soils.

Most of the higher plants found on toxic soils are perennial herbs.
The perennial habit probably makes colonization casier since it ensures
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 delimit precisely the contaminated area, to determine
the degree of effective toxicity, or to assess the other ecological factors
involved. Studies of species on metal-contaminated 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-
contaminated soils but on distinctive, poor soils adjoining contaminated
areas. From the available information it 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 clear that the plants growing on metal-contaminated
soils are often characteristic of such soils. Toxic areas are usually
colonized by some plants, and although the colonization of many areas
is sporadic, other areas carry regular communities.

B. COMMUNITY STUDIES ON CONTAMINATED SOILS

Several workers have examined the plant communities found on
metal-contaminated soil using the techniques of phytosociology pion-
eered by Braun-Blanquet (see Section I1a1 for full explanation). These
techniques enable plant communities to be classified in a 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 (1931), Koch (1932), Schubert (1953, 1954a), Ernst
{(1965a, 1968a) and Baumeister (1967) have examined the communities
growing on contaminated soils (zinc and copper) in Germany. This work
has been extended to Holland by Heimans (1936), to France by Ernst
(1966), and to Great Britain by Shimwell (1967) and Ernst (1968bh, c).
These workers have shown that plants on contaminated soils form
definite and distinet associations, which can be casily identified and
named. Keys identifying communitics of a particular country or area
frequently include mention of associations on metal-contaminated soils
(e.g. Tuxen, 1937; Lebrun ef al., 1949). A full bibliography is given by
Ernst (1967).
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Schwickerath (1931) was the first to study in detail communities on
toxic soils (lead/zinc mines near Aachen, 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 Osnabruck, Germany, considered these to
belong to another association, the Minuartia verna—Thlaspi alpestre
association. Schubert (1953, 1954a, b), studying communities on lead,
zinc and copper soil, recognized further associations, Armerietum
bottendorfensis and Armerietum halleri, 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 (= tenuis)
a dominant member.

Ernst (1965a) reconsidered the classification of mine-plant com-
munities by previous workers. All these associations had several species
in common, namely Viola calaminaria, Thlaspi alpestre, Minuartia
“wverna, 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 calaminariae. 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 halleri, of drier habitats in central Germany.
2. The Thlaspeion 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 Thlaspeion calaminariae group. The
mine vegetation of Britain (Ernst, 1968b, ¢) could be placed within the
same family, although the communities in certain areas in particular
were generally species poor. A summary of the characteristic species of
these associations and families is given in Table ITI.

The work of Ernst demonstrates clearly the power of the phyto-
sociological methods in summarizing the variation among communities
on a wide range of contaminated soil types. Certain consistent patterns
emerge, related in part to habitat and geography but the reasons for
the existence of such regular but different communities remain
unexplained.
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C. FACTORS DETERMINING PLANT DISTRIBUTION
ON CONTAMINATED SOILS

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
to 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: it 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 at 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 concentrations 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 (1931) recognized several vegetation types representing
increasing colonization, and these could be correlated with both lead
and zinc concentration of the soil. Duvigneaud and Denaeyer-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
Katanga and Rhodesia respectively. They were the ‘“‘polycuprophytes”
which grew in arcas of 500010 000 ppm copper or above, the ““oligocu-
prophytes” 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 (1965b)
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 ef al. (1965) 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 amounts of lead, copper and zinc were also
important. Of the various species considered, Eriachne mucronata
seemed to tolerate high concentrations of all three metals, Bulbostylis
barbata and Polycarpea 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 zinec. ‘ -

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 metal 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 are also better able to grow in culture solutions con-
taining low phosphate than are populations from pasture soils. Recent
studies on reclamation of contaminated tips (Hilton, 1967; Smith and
Bradshaw, 1970) (see also Section VIIIc) have shown that addition of
complete fertilizer at normal agricultural rates enormously improves
the growth of plants both native and foreign 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. Horne (1967) found that
greatest vegetation cover on a small area of a copper mine could best be
correlated with high potassium content. Nicolls et al. (1965) state
that phosphorus may determine the distribution of plants on a natural



HEAVY METAL TOLERANCE IN PLANTS 21

metal (copper and zinc) outcrop in Australia: in contrast to mine tips,
the soil there had a higher phosphorus content than that of surrounding
areas, and comparable nutrient content in potassium and nitrogen.

Mine-tip habitats are rich in sulphur since the metals usually occur
as sulphur ores. It has been shown (Antonovics et al., 1967; Turner,
1967) that Agrostis tenuis from a copper mine requires more sulphur
for normal growth than the same species from pasture, and that sulphur
oxidizing bacteria can be found in such soils (see Section I1a4).

Another element which appears to be important is calcium, either by
virtue of its direct effect, or by its influence on soil pH. In 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 Festuca 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 better with the calcium: zine ratio. Since calcium may alleviate
the uptake and toxic effects of zine, this ratio is possibly a measure of
zinc availability.

The importance of calcium has since been observed by other workers.
Warren and Delavault (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 water in determining the amount of zinc and copper which may
be toxic™. Nicolls et al. (1965) note that over calcareous rocks of a
naturally occurring outcrop of mineralization of zinc and copper, there
are different and more numerous herb species. Plants such as Suaevola
densevestita and Ptilotus obovatus are listed as possible indicators of
copper anomalies in calcareous areas.

The organic matter content of the soil is also of extreme importance
since it forms stable complexes with metal ions, so making them un-
available (Hodgson et al., 1966). Dykeman and de Sousa (1966) record
concentrations of 79, 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 at alleviating 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
(1965b). 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 Minuartia verna ssp. hercynicium
stage and the Euphrasia spp. stage. Stlene 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 surface temperature. The habits of these plants, namely the
deep rooting Silene with narrower leaves than the normal forms, and the
shallow-rooting but tufted habit and needle-like leaves of Minuartia,
adapt them to their respective habitats. The Euphrasia phase was
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). Broker (1963), and Antonovics and Bradshaw (1970)
have shown that these morphological differences are not pleiotropic
effects of the tolerance mechanism but that they must have arisen by
independent selection. This may well be selection for adaptation to
climatic factors but-it is possible in some instances that the small size
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
(1964) 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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aerial parts offer some shelter to subsequent colonizers, but above all
they contribute 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 the soil, it forms complexes with heavy metals and makes
metal ions unavailable to plants, and it improves soil texture. The ability
of organic matter to complex with heavy metals frequently results in
an accumulation of heavy metals at the surface of the soil and in
humus layers of the soil (Dykeman and De Sousa, 1966; Le Riche, 1968).
The eyclic process of mineral absorption, death, and mineral release
into upper layers of the soil has been called the Goldschmidt or Vernad-
skii principle (sece 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 are unavailable to plants, so that the effective metal concentra-
tion of the soil is reduced.

Schwickerath (1931) 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 Festuca ovina sward. Similarly Schubert (1954b) showed
that colonization by Silene vulgaris var. humilts was concentrated on
or near the Minuartia verna swards. It cannot be deduced whether such
associations are due to a genuine alleviation of available metal level,
or whether both species colonize patches 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 static
situation in which a varied set of environments, and not successional
processes, are the cause of the different communities. If a truly succes-
sional situation is assumed it is still not clear whether it is autogenic, in
that the plants themselves are alleviating the toxicity, or allogenic, in
that soil toxicity is being lowered by weathering. Schwickerath (1931)
and Ernst (1965b) both show that the level of zinc is lower in the areas
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 metal-contaminated areas are created by mining activity. Since
the history of mining in any given area is often well documented it
might seem possible to look at the colonization of mine 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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studied four main periods of mining between 1200 and the present day,
but no clear-cut succession could be seen from one period to another.
Differences between the periods could be explained by the various
shapes of the tips determining exposure, aspect, and weathering. In
the fourth period, more efficient cxtraction has lowered the copper
content and therefore made comparison even more difticult. Antonovies
(1966) briefly investigated the relationship between the age of lead
mines in Wales and their colonization by Agrostis tenuis, but again no
significant relationship was found. The classification 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 evidence. The period involved is nevertheless
sufficiently long to have eluded direct observation.

Ernst (1969b) has documented by pollen analysis Armeria and
Minuartia on a copper-contaminated moor in Wales. By broad correla-
tive analysis of the vegetation he considers the species to date back at
least to the twelfth century ap, 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. But
some must be much older than this, perhaps dating back to the post
glacial, since ore bodies could well have been exposed by glaciation and
caused areas of contamination from that period onwards. In the Congo
(Duvigneaud and Denaeyer-de Smet, 1963), Rhodesia (Wild, 1968,
1970) and Australia (Nicolls ef al., 1965) it is clear that ore bodies can
have outstanding effects on vegetation without the occurrence of any
mining activity (see Section VII1a).

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 by Schubert
(1954b), who showed that Minuartia verna was found on tips down-
wind from an area where it was in great abundance. Although the
evidence is again rather circumstantial, it does show 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 mine soils is lacking.
Even though many ecologists have attempted to gauge the factors in
some detail, many of their methcds and assumptions will not hold up to
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eritical examination. The situation is not peculiar to the study of metal-
tolerunt. plants since too often factors affecting plant distribution are
obtained on the basis of broad 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 distribution. The way out of the vicious circle is not only
to define the environmental conditions more and more precisely, but to
combine such studies with experimental work both in the field and in
the greenhouse.

The most 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, 1964) outlined earlier, may reflect not simply an ability to
tolerate high contamination but also an ability to evolve such tolerance.

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

The problems of adaptation to this distinctive environment serve to
highlight problems of methodology. An enlightened examination of the
vegetation on metal-contaminated areas could be very instructive.

T1IT. GEOGRAPHICAL INVESTIGATIONS

Metal-contaminated areas, either naturally occurring or man-made,
are 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 these species is therefore highly disjunct, and this has attracted the
attention of several workers. '

Schultz (1912) argued that since both Viola lutea and Minuartia verna,
two plants commonly found on contaminated soil, have their main
distribution in the alpine regions of Europe (and Minuartia also in the
Arctic regions and Asiatic mountains) and show elsewhere in Europe a
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highly disjunct distribution (being largely limited to metal-contamin-
ated arcas), they must have been widely distributed throughout Europe
at one time when conditions were favourable, in the fourth glacial
period. Since 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 Walters, 1954; Godwin, 1956). He
also considered some other heavy metal plants; he suggested Thlasps
alpestre and Arabis 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 taxa. 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 Heimans are therefore that
the species found on metal-contaminated soils are usually palaeoende-
mics. But the situation is difficult to interpret: a simple palaeoendernic
interpretation of the geographical distribution of all the species 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 on different mines
from relatives in the neighbouring pastures. This process, 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 indicate the efficiency of dispersal by human agencies. This
phenomenon could be called “‘transport endemism’. Many of the mines
are in mountainous regions and dispersal of alpine members such as
Viola lutea, Minuartia verna and Thlaspi alpestre from upland to low-
land mining areas, could give the erroneous impression that these upland
plants on lowland areas are remnants from a formerly colder climate.

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

All these arguments favour strongly the suggestion that most mine
species are neo-endemics. Kvidence that this has been the case comes
from the work of Duvigneaud and Denaeyer-de Smet (1963) on the
flora of mainly natural copper outcrops in Katanga. With regard to this
flora they suggest. that the majority of the cuprophyte species are close
relatives of non-cuprophyte species which have an extended distribution
and which are all found in the Zambesian region. In other respects the
cuprophyte flora consists mainly of sub-species or vicarious varieties
with the status of ecotypes and probably a large number of other
ecotypes not morphologically differentiated. Its character is that of a
young neo-endemic Hlora having its origin in the same area in which it
is found. Some taxa have the character of relics of regional movements
corresponding to the displacements which have affected the flora of the
Zambesian region.

In this area, therefore, neo-cndemism appears to be the rule. In those
cases where a neo-endemie hypothesis cannot be applied because the
possible source of the neo-endemic is far away, transport by human
agency 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 metals
throughout its distribution (see Section VB). In other words the plants
on mines cannot be regarded as simple “left-overs” from a widespread
distribution. The problem of the evolution of tolerance is still there.

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

IV. TaxoNoMIc INVESTIGATIONS

The difference in morphology of plants growing on metal-contamin-
ated areas from plants in normal areas was noted by Bawmann (1885)
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and Jensch (1894). Numerous workers have since then remarked on this
feature of tolerant populations (see Section Vr). It is therefore not
surprising that taxonomists have attempted to classify these plants as
separate taxa. Floras and the literature are strewn with subspecific and
varietal epithets referring to mine taxa (c.g. Ernst, 1965a).

The literature on the taxonomy of plants growing on metal-con-
taminated soils is by far the hardest to review and it is almost impossible
to come to any conclusions regarding the 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 as
cursory as it is unreliable.

Firstly, there have been very few attempts to grow mine-and non-mine
plants under uniform conditions to see if the differences between them
(and batween 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 (Papaver spp.), and
changes in morphology over areas of enhanced toxicity to be the sole
result of environmental cffects, although there seems 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 ecologically 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 aspects of
this approach have been attempted A few examples will serve 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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varieties 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 and
form; these could easily be environmental modifications. Secondly, even
if the differences between the taxa ave inherited they could casily have
been achieved by parallel evolution on differont mines sinee the char-
acters that were measured (length of floral parts, anatomy 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 Silene,
Minuartia, Armeria, and Viola have been reviewed by Schubert (1954a)
and Heimans (1960, 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 zine violet (Viola calaminaria), quotes
eight names of different ranks which are probably synonyms. With
regard to the genus Armeria, Heimans 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
Armeria from zinc soils in Belgium are intermediate in form between
4. alpina and A. maritima; the ranges of variation of the populations
overlap with both these species, and populations on neighbouring
contaminated sites can be very different. Nor do the populations have all
the characters of another taxon with species status, A. elongata in
which they had previously been included.

Duvigneaud (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 macrocephala is a new and distinct species. Again, it
is difficult to assess the validity of many of the categories 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 mine plants, and two
examples quoted by Heimans (1960) are of interest. Firstly, his own
work on the zinc violet showed that the chromosome number was 2n =
52 (even though he and other workers had previously recorded it as
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2n = 48) which differed from that of its supposedly nearest relative,
Viola lutea. Heimans therefore, and on other evidence, concluded
greater affinity between Viola calaminaria and Viola alpestris (2n = 36).
He also mentions the work of Duyvendak (no reference or actual chromo-
some numbers given) which showed that Festuca ovina in the zinc area
differs from all other strains found in the Netherlands, but the chromo-
some number agrees with those of strains found in the mountainous
regions outside the Nctherlands. However, Wilkins (1960) could not
relate the ploidy level of Festuca 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-tolerant Agrostis tenuts were found by Jowett (1959a).

This work on chromosome numbers is interesting in that it suggests
that perhaps some of the mine races have been formed by a process
similar to catastrophic selection (involving drastic chromosomal
adjustments of a specially adapted type, leading to reproductive isola-
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. EvoLuTrioN oF 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 has
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 TOLERANT TO METALS

This section considers the evidence that the ability to colonize con-
taminated areas depends on the ability to evolve races tolerant to heavy |
metals.
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1. Naturally occurring races on conlaminated soils

The first comparative study of mine and non-mine populations is that
of Prat (1934). Sced of Melandrium silvestre from a copper mine tip
grew far better in soils with the higher concentrations of added copper
carbonate than seed of plants from uncontaminated soil; at the highest
concentrations the plants from uncontaminated areas died in the seed-
ling stage. Prat considered the incrcased resistance of plants growing
on copper mines to be the result of natural selection.

This investigation 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 (1952) reported 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 range 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-tolerant if taken from normal soil.
Repp (1963) and Gries (1966) measuring the cellular resistance to metal
ions, by finding the concentration that produced death 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
(1954), Baumeister and Burghardt (1956) and Wachsmann (1961)
recording rate of photosynthesis and general growth, and Broker (1963)
recording dry weight in water culture, have all confirmed that Silene
inflata forms races tolerant to zine 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 was 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, 1965). Generally speaking, the tolerance
is metal specific: tolerance to one metal does not automatically confer
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TABLE V

Specics showing races tolerant to heavy metals

Species Metal Author
Melandrium silvestre Cu Prat, 1934
Taraxacum officinale Cu Repp, 1963
Tussilago farfara Cu Repp, 1963
Mimulus guttatus Cu Allen and Sheppard, 1971

Agrostis tenuis

Rumex acetosa

Festuca ovina

Agrostis stolonifera

Agrostis canina
Viola lutea
Alsine (= Minuartia)

verna

Stilene vulgaris (=in-
Sata = cucubalus)

Plantago lanceolata

Linum catharticum

Campanula rotundifolia
Agrostis tenuis X stolong-

Jera
Festuca rubra
Holeus lanatus

Anthoxanthum odoratum

Thlaspi alpestre
Armeria maritima

Cu, Pb, Ni, Zn, Cu+Ni,
Pb+Cu, Zn+Pb
Cu

Pb

Pb, Zn
Cu
Zn

Pb
Zn
Pb
Zn

Pb
Zn
7n
Zn

Cu, Zn
Zn

Zn
7n
Zn

Zn
Zn

Zn

Zn
Zn

Gregory and Bradshaw, 1965

McNeilly, 1968; McNeilly and
Bradshaw, 1968

Jowett, 1958, 1964; Jain and
Bradshaw, 1966

Bradshaw, 1952

Coackley and Dawson, 1966

Spilling and Thomas, 1964;
Schwanitz and Hahn, 1954b

Wilkins, 1957, 1960

Gregory and Bradshaw, 1965

Jowett, 1958

Gregory and Bradshaw, 1965;
Archer, 1964

Craig, 1970

Gregory and Bradshaw, 1965

Schwahitz and Hahn, 1954a

Schwanitz and Hahn, 1954a;
Humphreys and Farn-
worth, 1964

Schwanitz and Hahn, 1954a;
Baumeister, 1954; Bau-
meister and Burghardt,
1956; Broker, 1963; Gries,
1966; Ernst, 1968d

Wachsmann, 1961

Schwanitz and Hahn, 1954b;
Williams and Morgan, 1964

Schwanitz and Hahn, 1954b

Schwanitz and Hahn, 1954b

Gregory and Bradshaw, 1965;
Archer, 1964

Gregory and Bradshaw, 1985;

Jenkins and Winfield, 1964;
Antonovics, 1966

Gregory and Bradshaw, 1965;
Putwain, 1963; Antonovics,
1966

Ernst, 1968d

Lefebvre, 1968
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tolerance to another (see Section VILc). Moreover, the level of tolerance
developed is related to the amount of metal in the soil. Thus Wilkins
(1960) demonstrated a correlation between the degree of lead tolerance
of Festuca ovina and amount of extractable lead in the soil. Similar
relationships between degree of tolerance and amount of metal in the
soils have been demonstrated in Agrostis tenuis on lead mines by Jowett
(1964), on copper mines by Gregory and Bradshaw (1965) and McNeilly
and Bradshaw (1968), and on zinc mines by Gregory and Bradshaw
(1965) and Turner (1967, 1969).

2. Metal tolerance to sprays and toxicunts

In higher plants, there is no evidence of the evolution of tolerance
to.fungicide and pesticide residues, almost certainly because metallic
compounds have not been employed directly on plants in toxic
quantities. However, in certain habitats toxic levels of metal are being
approached: roadsides are frequently contaminated with lead, and
the soil of fruit orchards and vineyards contain large amounts of lead,
copper and mercury (see Section I for references). Metal tolerance may
well be evolving in such situations.

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 compounds on ships. In those cases
where algal growth has occurred due to the presence of Ectocarpus spp.,
the populations have been shown to possess tolerance to copper many
times greater than in normal populations (Russell and Morris, 1970).
A similar tolerance to mercury has been demonstrated in Enteromorpha
spp. {Hodgson, 1969).

In fungi, there is surprisingly little evidence of tolerant races. Ashida
(1965), reviewing the adaptation of fungi to metal-containing toxicants,
mentions only two instances, both cases of adaptation to Bordeaux
mixtures. Taylor (1953) reports that spores of Physalophora obtuse from
orchards sprayed with Bordeaux mixture are more resistant to copper
than spores of the same spem(s from unsprayed orchards. Horsfall (1956)
suggests that the reduction in effectiveness of Bordeaux mixture in
controlling potato blight might be due to the evolution of resistance to
it by Phytophthora infestans.

More recently there have been several reports of resistance of Pyreno-
phora avenae to mercury-containing fungicides (Noble et al., 1966;
Malone, 1968; Old, 1968; Sheridan et al., 1968; Bainbridge, 1969;
Greenaway and Cowan, 1970). There is considerable 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 ef al., 1962). Young (1961) found
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copper-tolerant races of several brown rot fungi regularly associated
with copper fungicide failures on fence posts. This was confirmed by
Da Costa and Kerruish (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 89, 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 Va3). 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 was com-
mon in strains responsible for hospital cross-infections and frequently
also had resistance to several antibiotics.

Asimilarassociation between mercury resistance and drugresistance (to
tetracyclines) was found in Staphylococcusaureus (Williams, 1967). Novick
and Roth (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 fungicides by Tonomura,
Nakagami, Futai, and Maeda (1968) (Pseudomonas sp.), and by Spanis,
Munnecke and Solberg (1962) (Bacillus spp).

3. Metal tolerance in laboratory strains

Under laboratory conditions the evolution of metal-tolerant races
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 11a4, Va2, and VIIIs).
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Several recent papers (or papers not mentioned by Ashida, 1965)
have been concerned with selection for metal tolerance in fungi.
D’Yakov (1963a, b) showed slow adaptation to copper in Phytophthora
infestans by successive transfer between tuber dises sprayed with copper
arsenate solution. The resulting strains were (after seventeen transfers)
three times more resistant than the controls, but the spores germinated
poorly on transfer to normal medium and the tolerance was lost after
two such transfers.

Antoine (1965) paralleled the 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. Seed of Agrostis tenuis from normal populations can be
screened to produce in one generation genotypes tolerant to copper and
to zine, whereas other species of grass not normally found on con-
taminated 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. THE OCCURRENCE OF TOLERANCE IN DIFFERENT
FAMILIES AND SPECIES

The evolution of tolerant races appears to be such a common pheno-
menon that it is pertinent first of all to ask if there is any evidence that
some species are inherently tolerant to metals (even when not growing
on metal-contaminated soil) and are thereby able to colonize con-
taminated areas. The only work which suggests that inherent {(or con-
stitutional) tolerance may be important in colonizing metal mines is
that of Repp (1963). She showed that the cellular resistance of Silene
vulgaris (= cucubalus, inflata) from normal soil was just as high as the
resistance of 8. vulgaris from mine soils. This finding is however in
contrast to the whole plant investigations of Broker (1963) and
Schwanitz and Hahn (1954a), and was quite clearly contradicted by the
work of Gries (1966) where normal Silene 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 the work of particular people, it is easy to get the impres-
sion that tolerance is restricted to certain families and genera, such as
the Caryophyllaceae, or the genera Agrostis and Festuca. But Tahle V
shows that the more. work that is done the less this seems to hold.
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Good examples of tolerance newly found in separate families are
Mimulus guttatus, Thlaspi alpestre and Armeria maritima.

If we assume, as seems reasonable, that all species occurring on high
concentrations of metals have evolved tolerant populations, then there
is much evidence, particularly that of Wild (1968, 1970), which shows
that tolerance is very widely distributed indeed, and is to be found in
families as widely separated as Cyperaceae, Compositae, Orchidaceae
and Ranunculaceae. The greatest number of tolerant species is found
in the Leguminosae and the Gramineae. But these of course happen also
to be among the largest families in the world’s angiosperm flora
with correspondingly greater possibilities of evolution of tolerant
species.

The special characteristics of species 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, oceurring in species as un-
related as Silene vulgaris and Agrostis 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 should 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, 1950) or metal uptake (e.g. Gorsline et al., 1964),
but no one has critically compared these aspects of plants that can and
those that cannot evolve tolerance. However, Khan (1969) has prelim-
inary evidence from a comparison of five species which are known to
evolve tolerance and five species 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 these
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 selection for one (Khan, 1969; see also 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 advantageous to a cohalt
medium,
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C. THE “NEED’ FOR METALS BY TOLERANT PLANTS

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 (1956) grew
Silene vulgaris at different levels of zine in soil, sand-culture, and water-
culture. At intermediate levels of zinc the tolerant type had a greater
fresh weight, rate of photosynthesis, and chlorophyll content than at
low levels of zinc. The effect was not so marked in the non-tolerant type.

Lefebvre (1969) showed that plants of Armeria 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 1009, (more root growth in metal than without
metal). These are listed in Table VI.

TasLe VI

Species showing an index of tolerance indicative of root growth being stimulated by
presence of metal ions in the testing solution

Spocies Metal Author
Agrostis tenuis Cu McNeilly, 1968
Pb Jowett, 1064
Pb, Cu, Zn Barker, 1967
Mimulus guttatus Cu Allen and Sheppard, 1971
Anthoxanthum odoratum Zn Putwain, 1963; Antonovics,
1966; Gadgil, 1969
Holcus lanatus Zn Jenkins and Winfield, 1964
Armeria maritima Zn Lefebvre, 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 tolerant plants arc
stimulated in their growth by small amounts of metal. This could he
interpreted as a definite need for metal in these plants, but a fairer
interpretation is probably that, because of the efficiency of the tolerance
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mechanism in inactivating the metals, the external trace element
requirement is rather higher than the norm.

D. THE COMPETITIVE PERFORMANCE OF TOLERANT PLANTS

The apparent restriction of metal-tolerant genotypes on contamin-
ated areas, despite their normal growth on non-contaminated soil, has
led to the speculation that these plants are largely restricted 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 zine-tolerant
Anthoxanthum odoratum is competitively inferior to non-tolerant when
grown on non-contaminated soil. Putwain (see Jain and Bradshaw,
1966) estimates that the selection pressure against the tolerant type on
normal soils is 0-3. Antonovics (1966) showed that yield of tolerant
type was progressively reduced in competition, whereas that of non-
tolerant increased: after nine months the selection pressure was at 0-35
against the tolerant type.

The situation in Agrostis tenuis is rather different. McNeilly (1965)
not only 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 Jain and Bradshaw, 1966) suggested
that selection against lead tolerance could be as high as 0-4, but it is
possible that other characters besides metal tolerance were involved.

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

Lefebvre (1970a) studying the competition of tolerant and non-
tolerant ecotypes of Agrostis tenuis, Anthoxanthum odoratum and
Plantago lanceolata, each grown with a normal herbage grass, Lolium
perenne, showed that the tolerant ecotypes were competitively inferior
to the non-tolerant,.

E. THE PROCESS OF EVOLUTION

The first discovery by Prat (1934) of plant populations on metal
mines tolerant to heavy metals in the soil led to his postulating that
metal tolerance had arisen by natural sclection.
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The existence of a character that was clearly adaptive to the environ-
ment in which it was found, and the discovery by Wilkins (1857) of a
rooting technique of measuring metal 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 Agrostis tenuis.

As has already been mentioned, waste-heaps from mining activities
carry tolerant populations of Agrostis tenuis, with specific tolerances
corresponding to the type of metal in the soil (Gregory and Bradshaw,
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 sclection acting to preserve the high tolerance of the
adult populations. Selection 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 a sharp boundary between the two populations at the edge
of the mine (McNeilly, 1968). Even on large diffuse mines the background
rain of pollen can reduce the level of tolerance of the seed on the mine
(McNeilly and Bradshaw, 1968). The existence of gene exchange has
been demonstrated by a comparison of seed populations collected in the
wild and seed populations produced by adults brought back to the
experimental greenhouse and grown away from non-tolerant material.
The seed from natural populations has normally a lower tolerance than
seed grown in isolation, showing that there is dilution of tolerance by
the pollen from the surrounding non-tolerant population (MeNeilly,
1968).

However, investigations of tolerance across mine boundaries show
that tolerance changes abruptly at the boundary over a distance of a
few feet (Jain and Bradshaw, 1966; McNeilly, 1968; Antonovics and
Bradshaw, 1970). 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 pressures involved are sufficiently
strong to maintain the populations in the face of gene flow. This process
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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. The absence of tolerant individuals in pasture
populations could be explained on the basis of their poorer competitive
ability (see Section Vbp). 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 against 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 addition to tolerance changed across an abrupt zinc/lead
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 consequence 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 heterogeneous and this led
to further differentiation within the populations. There was therefore
evidence of disruptive selection maintaining differences 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 examined in a computer
model by Antonovies (1968b), who showed that it was greater if the
sclection pressure and the gene flow were greater. In addition, the
gene flow load was greater the lower the frequency of the favoured gene;
it also depended on the degree of dominance of the favoured gene, being
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 incompati-
bility between tolerant and non-tolerant populations: crosses between
populations were just as successful as crosses within populations.
Differences in flowering time were ohserved between tolerant and non-
tolerant populations in the direction of earlier flowering in mine popula-
tions (giving approximately 259, isolation) and evidence was presented
that sometimes this is an adaptation to gene flow. The self-fertility of
mine populations was shown to be 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 it was confirtned 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 discussion).

Further indirect evidence for changes in characters that may
effect changes in thé breeding system (or isolation from non-tolerant
populations) comes from the work of Malyuga (1964). The reports
are that Papaver macrostomium has notched petals when growing
over zinc-contaminated areas, that Papaver commutatum has black
bands on the petals when they are growing over copper and molyb-
denum areas, and that Pulsatilla patens lacks petals on nickel silicates
in the Kimpersaikii ore region. Malyuga (1950, 1964) suggests that
these are direct environmental effects; but the effects are quite 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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The changes in petal shape and markings may be isolating mechanisms
(cf. Levin and Kerster, 1967) and the loss of petals suggests a change to
inbreeding. It is interesting in this connection that Duvigneaud (1958)
reports that Protea goetzeana has a creeping sterile form on toxic soils.

Differences between the corolla markings and colours in different
(ladiolus species of the Gladiolus robiliartianus group have been re-
corded by 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 maritima: they are much more self-fertile than their
maritime counterparts (Lefebvre, 1970b). The tolerant Armeria popu-
lations are not immediately surrounded by non-tolerant forms and
therefore self-fertility cannot be an adaptation to reduce the harmful
effects of gene flow. 1t appears that the self-fertility originated and is
maintained as a result of the difficulties of establishment of self-sterile
Armeria on new mines and on the continually changing terrain of
calamine arcas. This is another example of the far-reaching evolutionary
changes in metal-tolerant plants.

The evolution of metal tolerance is of additional interest since it
appears to have been extremely rapid. Most mine tips are of relatively
recent origin, between 50 and 100 years old (Jones, 1922), yet often
carry well-established populations. However, it could be argued that
in mining areas there exist long-established pockets of tolerance with
these perhaps originally deriving from plants growing in metal out-
crops: this is well illustrated by Duvigneaud and Denacyer-de Smet
(1963) and Nicolls et al. (1965).

However, tolerant populations exist on contaminated slag heaps
which are the result of smelting ore: in the Swansea area 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 ovina and Agrostis canine growing
under galvanized zinc fences several hundred miles from a 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 Antonovics, 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 grew well on the contaminated soil, were
planted to normal soil and tested for tolerance. They were found to have
a significantly greater tolerance than the original population (Antono-
vics, 1966). Moreover, the size of the plants on copper soil was signifi-
cantly related to their tolerance. These studies showed that the evolu-
tion of tolerance can take place within one generation by the simple
process of screening non-tolerant populations. Walley (1967) 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 transport of genes by pollen flow.

Khan (1969) not only confirmed these results of Walley but showed
that the number of tolerant individuals found in pastures up-wind of
the mine was much lower than down-wind. He also made a general study
of the problem of evolution of tolerance de novo (Bradshaw ef al., 1969).
He showed that tolerant genotypes occurred in normal populations
with a frequency of about 29, 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 the survivors possessed
the appropriate tolerances and that the most successful survivors had
tolerances approaching that of established tolerant populations. When
he selected for zine tolerance in populations already tolerant to copper,
and vice versa, he found the frequency of occurrence was the same as
in normal populations lacking tolerance to either metal. Selection for
zine tolerance in a population already tolerant to copper gave survivors
that were tolerant to both copper and zinec.

The results on artificial selection for tolerance, and the fact that the
species are perennial, 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. However, Antonovics (1966,
and subsequent unpublished data) studied by mapping techniques the
longevity of Anthoxanthum odoratum on a lead/zinc mine, and demon-
strated a high rate of population turnover. Only a minute fraction of
individuals (3-09;,) survived for more than four years. Clearly the evolu-
tion of tolerance, and of the other differences between tolerant and
pasture populations (see Section VF) is a continuous dynamic process,
the characteristics of the mine plants being continually selected for in
the face of the diluting effect of gene flow from pasture populations.

The study of the evolution of metal tolerance has added force to the
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idea that disruptive selection plays an important part in differentiating
and possibly eventually completely isolating natural plant populations.
Much of the current interest in metal tolerance stems from the light its
study can throw on evolution in nature as opposed to the laboratory.

F. EVOLUTION IN ASSOCIATED CHARACTERS

Metal-tolerant plants may differ from normal plants in features other
than tolerance. Schwanitz and Hahn (1954a, b) grew tolerant and non-
tolerant populations of a range of species under standard conditions
and showed that, in gencral, tolerant plants had smaller flowers,
smaller leaves and thinner stems. These differences were reflected in the
size of the epidermal cells of the leaves, but using other non-tolerant
variants they showed that small cell size did not go hand in hand with
tolerance. They concluded that there must be independent selection
for morphology as well as tolerance. This conclusion was confirmed in
Silene vulgaris by Broker (1663): in F2 progeny of tolerant X non-tolerant
crosses, tolerance was not associated with morphology. The first mine
population of Agrostis tenuis to be examined morphologically (Bradshaw,
1959) showed startling morphological differences from the adjacent
pasture population. However, subsequent investigations by Jowett
(1964) showed that the mean differences of mine populations from
pasture populations was not great.

The data suggest a complex adaptation of each population to local
ceological factors independent of tolerance rather than an effect of
tolerance on overall size and yield. Only slight differences in morphology
between copper-tolerant and non-tolerant plants were detected by
MeNeilly (1965).

The situation with regard to morphological characters was re-investi-
gated using Anthoxanthum by Antonovics and Bradshaw (1970). Tt was
shown that tolerant and non-tolerant individuals from adjacent popu-
lations differed in a wide range of characters. Tolerant plants were
generally shorter, had a smaller number of flowering tillers, shorter flag
leaves, and a lower ratio of flowering/vegetative tillers. The characters,
all measured on the same set of plants, formed different clinal patterns
across the mine boundary. Gene flow must have been the same
for all characters and the results suggested that there are different
selection pressures acting on the morphological characters. Within the
mine there was no correlation between tolerance and any of these
morphological characters, again confirming that selection for them is
independent of selection for tolerance.

Observations on other species brought back and grown under uni-
form conditions (Rumex acetosa and Plantago lanceolata, unpublished
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data) confirm that ‘bolerant plants are generally dwarf or prostrate
compared with their pasture counterparts.

The differences between tolerant and 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 caleium and low phosphate,
and McNeilly (1965) 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 mine 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 ef al., 1967).
Non-tolerant plants performed relatively better at low sulphur levels
than did copper-tolerant plants. This could again be related to the
normally high sulphur content of the mine soil from which the plants
were taken.

It is therefore scen that the evolution of tolerance to metals is but one
facet to the evolution of plants on abandoned mine workings. There is
also natural selection for morphological and physiological characters
which adapt the 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 investigate some of the processes (e.g.
gene flow, selection) found in mine populations using these characters
as 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 attenipt 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 suggest that
the taxa that have been recognized by the above workers may cither
have the status of different ecotypes or imperfectly differentiated local
populations.

VI. Tue GENETICS OF HEAVY METAL TOLERANCE

There has been very little work done on the genetics of heavy metal
tolerance. Wilkins (1960) working on lead tolerance in Festuca ovina
states that “in spite of the amount of effort devoted to refining the
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measurement of tolerance, the nature of the genetic mechanisim con-
trolling it has not been established with certainty”. He nevertheless
found that tolerance (whether high or medium range) was dominant
and that a major gene with just two alleles was an inadequate model to
explain the results. Whether these several alleles were at one locus or
at more than one was not established.

Broker (1963) again found dominant inheritance of zinc tolerance
in Silene vulgaris. However, the F2 data (from selfing F1’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 material as a measure of tolerance.

That many genes are involved in the determination of tolerance is
supported by Jowett (1959a), McNeilly (1965), and Antonovics (1966),
who showed tolerance to be not an all or nothing effect but a continuous
variable in natural populations.

Walley (1967) and Khan (1969), discussed in Bradshaw et al. (1969),
carriecd out experiments in which they screened normal populations
for the occurrence of tolerant individuals. 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 markedly, 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.

Antonovies (1966) obtained some evidence that the genetics of copper
tolerance in Agrostis tenuis might differ on different mines, behaving as
a 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 studics by Jowett (1959a) on the genetics of tolerance
showed indications that the dominance of lead tolerance in Agrostis 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 guttatus
have recently been initiated by Allen and Sheppard (1971). 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. There was some indication that copper-tolerant
populations were also tolerant to zine, lead and nickel, although these
metals were not present in the soils. Tests on F1 progeny of crosses
between tolerant and non-tolerant parents showed that there was no
maternal effect and that copper tolerance was dominant at low copper
concentrations, intermediate at intermediate concentrations, and
recessive at high copper concentrations. This can be explained by the
assumption of a threshold effect dependent on copper concentration,
which would agree with the general conclusions about the expression
of tolerance. There was some indication of a copper requirement by
tolerant, populations at low copper concentration. It was not possible to
conclude whether one or several genes were involved.

Similar general evidence that the metal tolerance is inherited comes
from the work of Lefebvre (1970a), whose data suggest that the
character of zinc tolerance in Armeria maritima tends to be
dominant.

McNeilly and Bradshaw (1968) compared the copper tolerance of
seed and adults of different populations, and found a high correlation
(r = 0-983) between the two. This suggests that the character of toler-
ance has a high heritability. Further studies of seed obtained from a
polycross of tolerant material (MceNcilly and Bradshaw, 1968) gave a
heritability of 0-7.

Recently Urquhart (1971) has carried out a diallel analysis of lead
tolerance in Festuca ovina. This has shown that there is additive genetic
variation and little maternal effect and that the character must be
determined by scveral genes. Tolerance usually showed complete
dominance, but this was not always the case, for in some crosses no
dominance was found. This confirms the results of Jowett (1959a), who
found that dominance varied between crosses but was inclined at that
time to dismiss it as being due to error.

Further evidence of the genetic control of metal tolerance comes
from a study of the phenomenon in yeasts. Seno (1962) found that when
yeast strains were grown in high copper concentrations they produced
two levels of resistance. Both levels were controlled by dominant genes
which were very closely linked. Similar results have been obtained hy
Antoine (1965): here four alleles at one locus were considered 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 evidence was also presented for a remarkable cffectiveness of
copper ions in mutating the gene for copper resistance to alleles of
higher resistance: in this instance mutation appears to be directed.
General mutagenic activity of copper ions has been demonstrated by
several workers (e.g. Von Rosen, 1964; Bhatia and Narayanan, 1965)

\
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and may therefore be important in the evolution of metal tolerance
itself. However, there is no evidence for this in higher plants.

So far most of the studies on the genetics of metal tolerance have
been cursory and rather inconclusive. Antonovics (1968b) in a computer
study of the evolution of metal tolerance on a small mine predieted that
the plants would be highly heterozygous and that the evolution of
dominance may oceur readily. This would explain some of the incon-
sistencies in the results of Jowett (1959a), Wilkins (1960) and Antonovices
(1966), as well as the consistently large amounts of segregation observed
in sced from tolerant plants (McNeilly, 1968).

Clearly a full reinvestigation of the genetics of metal tolerance is
needed to complement the study of the evolution of tolerance, particu-
larly in grasses 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 (Antonovies, 1968b). Such a study should aim to answer the
following questions. What is the dominance of the character? Is it
determined by one or many genes? Is it determined differently on
different mines? What is the relationship between tolerances to
different metals? What is the degree of heterozygosity of the genes for
tolerance in the populations?

The genetics of metal tolerance would not only help to complete the
evolutionary story, but it could have considerable bearing on the
mechanism of tolerance, particularly since such tolerance appears to be
highly specific.

VII. MEcHANISMS OF METAL TOLERANCE

The mechanisms whereby the living organism can grow on apparently
contaminated soil may prevent the heavy metals 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 metal
tolerance may be achieved. These have been adopted and augmented
from the proposals of Davis (1958), Ashida (1965) and Ehrlich (1965).

A. EXTERNAL “TOLERANCE’ MECHANISMS

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 the tolerant organ-
ism, but are of considerable ecological importance (sce Scction Tlc).

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
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TasrLe VII

Posgsible mechanisms of metal tolerance

A. External B. Internal

(i) Form of metal is not directly sol- (v) Differential uptake of ions.
uble in water and/for if dissolved (vi) Removal of metal ions from
then rapidly diluted by surround- metabolism by deposition in
ing water. ‘ vacuole.

(i) Actual amount of freely diffusable (vii) Removal of metal ions from
metal ions is small compared to metabolism by pumping from
total amount prosent. cell.

{iii) Lack of permeability to heavy (viii) Removal of metal ions\ from
metals under specific conditions. metabolism by rendering into an

(iv) Metal ion antagonisms. innocuous form.

(ix) Excretorymechanisms-—re-

moval of “‘metal storago organ™.
(x) Greater requirement of enzyme
gystems for metal ions. |

(xi) Alternative metabolic pathway
by -passing inhibited site.

(xii) Incrcased concentration  of
metabolitc that antagonizos in-
hibitor.

(xiii) Incrcased concentration of en-
zyme that is inhibited.

(xiv) Docreased requirement for pro-
ducts of inhibited system.

(xv) Formation of altered enzyme
with decrcased affinity for in-
hibitor or increased relativo
affinity for substrate compared
to the competitive inhibitor.

(xvi) Decreased permeability of cell
or subcellular units to metal
ions.

(xvii) Alteration in protoplasm so that
enzymes may function even
when toxic metals roplace physi-
ological motals.

the effective concentration is low. Ehrlich (1963a), for example, demon-
strated that manganese can be released 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 metallic ores are usually found
as mixtures of the sulphides which are virtually insoluble: thus the
amounts of metal available to plant life are very small.
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Temple and Le Roux (1964) showed that colloidal material con-
taining large amounts of metals could be precipitated as the sulphides
by sulphate-reducing bacteria. A practical example of this mechanism
being used under field conditions has been reported by Lawrence and
McCarty (1965). The organisms responsible for digestion of sewage
sludge are extremely sensitive to heavy metals (zine, copper and nickel).
Heavy metal toxicity (concentrations may reach 800 ppm) may be
prevented by the addition of sulphate ions under anaerobic conditions
so that the metals are precipitated as sulphides. Dykeman and De
Sousa (1966) showed that in a peat swamp over bedrock material rich
in copper, deeply circulating waters dissolve the copper and it percolates
up to the surface. The peaty humus at the surface acts as an efficient
natural chelating system and toxic quantities of the metal are absorbed
and thus immobilized. It is interesting to speculate on the system that
originally produced the organic compounds which at present act as
chelators: the situation might originally need a tolerant organism to
produce organic waste products, thus producing a convenient habhitat
for succeeding non-tolerant species. Russell (1955) showed that this type
of situation can occur in micro-organisms. Penicillium roqueforti is
apparently tolerant to the phenyl mercuric acetate fungicides used in
paper production. P. roqueforti absorbs mercury into its mycelium,
reducing the amounts of toxic mercury remaining in the medium. This
allows growth of subsequent wood-rotting fungi.

A second external mechanism of heavy metal tolerance may be the
lack of permeability to heavy metals under specific conditions. Altera-
tions in the environment can produce changes in the permeability
properties of the cells or in their uptake characteristics in relation to
metals, Hofsten (1962) found Escherichia coli to be copper tolerant only
under aerobic conditions and Hassall (1962) found Chlorells vulyaris
tolerant to barium, manganese, nickel, lead and copper under anaerobic
conditions. Later work (McBrian and Hassall, 1965) showed that cells
under anaerobic conditions absorbed less copper than under acrobic
conditions, indicating a difference in uptake potential under varying
conditions of aeration. Murayama (1961) found that copper-tolerant
yeasts that were respiration deficient, because they lacked part of the
normal eytochrome component, were inhibited more strongly by copper
under anacrobic conditions. Investigations on a wide range of wood-
rotting fungi have demonstrated that copper-tolerant organisms in-
crease their tolerance under conditions of low pH (Young, 1961). A
similar situation has been recorded with Thiobacillus thio-oxiduns and
Azotobacter indicum {Starkey and Waksman, 1943). Starkey (1964),
considering his earlier work, suggested that the ability to develop
tolerance under low pH depends on the impermeability of the cells to
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copper. Lowering the pH to very acid levels would produce, in theory,
& net positive charge at the cell surface which would reduce uptake of
the metal cations.

Vernon ¢ al. (1960), studying a ferrous ion oxidizing bacterium
Ferrobacillus ferro-oxidans, showed that it had an unusual cytochrome
composition that differed from the species that did not oxidize iron.
Iron oxidation via the eytochrome oxidase system occurred at the cell
surface and the metal entered the cell in large amounts during the
microbial breakdown of iron sulphide ores. Ehrlich (1962) suggested
that the ability of the same organism to oxidize copper ores was depend-
ent on a similar system. Metal oxidation occurred at the cell surface
and the oxidation products were removed by hydrolysis or precipitation.
Metal sulphides could thus be regarded simply as external energy
sources.

A final external mechanism may be that the effect of toxic ions is
reduced by the presence of other ions. Additional ions may reduce
the net concentration of toxic ions (i.e. reduce availability simply by
competitive effects in solution or by complexing with the toxic ions)
or they may interfere in uptake mechanisms by competing for entry
sites. Gregory (1965) showed that non-tolerant plants of Agrostis 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 (1863) commented that copper
toxicity of mine water was reduced by the presence of other ions.
Calcium amcliorates lead toXicity in Festuca ovina (Wilkins, 1957) and
Agrostis tenuis (Jowett, 1964) and also zinc and nickel toxicity in
Agrostis tenuis (Barker, 1967). Chester (1965) concluded that calcium
exerted a protective action against copper poisoning in yeasts. Wilkins
(1957) showed the effects to be due to calcium ions independent of the
anions supplied. Schmidt et al. (1965) found that calcium reduced zinc
uptake in barley, and Somers (1963) reported that copper uptake in
fungal spores was reduced by calcium. From evidence such as this and
related work (e.g. Jefferies ef al., 1969) it may be concluded that caleium
is important in cell permeability and may exert its influence on metal
tolerance in this manner. Calcium may-also affect the expression and the
type of metal tolerance. Gregory (1965), using calcium nitrate added to
the testing solution, found a zinc-tolerant clone of Agrostis tenuis to be
co-tolerant (defined by Turner and Gregory, 1967) towards nickel and
cadmium. Using a modified testing procedure but with no caleium
present, Barker (1967) 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 may occur. For example,
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copper interferes with zinc uptake in barley (Schmidt et al., 1965).
Hoekstra (1964) proposed that certain physical chemical properties
that are similar between ions will explain these antagonisms. Vose
and Randall (1962), showed that manganese and aluminium-
resistant varieties of ryegrass (Lolium peremne) are characterized by
having a low root cation exchange capacity when compared to
susceptible varieties. The authors suggested that a low cation ex-
change capacity will permit entry of monovalent cations whilst
rejecting divalent metal cations; tolerance to heavy metals would
therefore be achieved.

B. UPTAKE STUDIES

Physiological investigations on plants growing on metal-contamin-
ated soils have in the past been largely limited to measuring the levels
of the various metals in the plants, and in the soil on which they grow.
These studies throw some light on the tolerance mechanism since they
indicate whether plants are able to tolerate metals by some exclusion
mechanism, or whether the mechanism is internal. Almost invariably
these studies deal with uptake into the shoot. Uptake by roots has
rarely been studied in nature since it is difficult to remove contaminated
soil particles from the root system.

1. Zinc

The occurrence of zine in plants on contaminated soils has been
established since the last century (Baumann, 1885; Jensch, 1894). In all
these studies, the exact quantities of zine found are probably not very
reliable because of the dangers of contamination from chemicals, glass-
ware and other apparatus. However, all these workers found extremely
high values of zinc¢ in plants on zinc soil (and low values on plants on
normal soil). Since then the high level of zine in plants on zine soils
has been consistently, if often briefly, confirmed (e.g. Linstow, 1929;
Bertrand and Andreitcheva, 1933; and Dorn, 1937).

There have, however, been more extensive studies which have thrown
considerable light on the characteristics of zine uptake on contaminated
soils. The following characteristics have been observed by Robinson
et al. (1947); Maquinay and Ramaut (1960); Maquinay et al. (1961);
Lambinon (1964); Lambinon et al. (1964); Ernst (1965a); Nicolls et al.
(1965), and Baumeister (1967).

1. Different species, even though they come from the same con-
taminated area, differ in the degree to which they take up zinc.
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Average values for the more common members of calamine soils are
as follows (Ernst, 1965b):

Zinc content in No. of sites

ppm dry wt investigated
Thlaspi alpestre ssp. calaminaria 7157 7
Armeria maritima ssp. hallers 3328 5
Minuartia verna ssp. hercynica 3007 17
Silene cucubalus (= vulgaris) var. humilis 1719 27
Armeria maritima ssp. calaminaria 1895 2
Viola calaminaria 686 4

2. Different plant organs accumulate different quantities of zinc.
Generally, roots and leaves take up most zine, and stems and inflor-
escences least, but 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. The 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 (e.g. T'hlaspt alpestre, Ernst, 1965a) or in total amount
(e.g. various lichens, Maquinay et al., 1961; Lambinon et al., 1964).

5. The cellular resistance of plants to solutions of different zinc concen-
trations is related to the amount of zinc they absorb (Baumeister, 1967).

These findings are confirmed by studies of zinc uptake by tolerant
plants in water culture. Baumeister (1967) found a fairly linear relation
between the amount of zinc in Thlaspi alpestre and Armeria maritima
and the amount in the culture solutions even though the ahsolute
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 (ppm in solution) in the solutions after only seven days
at all concentrations. The roots showed far greater accumulation than
the shoots, particularly at higher concentrations. This suggests that the
values found by workers for shoots of plants growing in the field may
underestimate the overall uptake of zinc by plants. Ernst (1968c)
looked briefly at the zinc content of roots as well as shoots of plants in
the field. Thlaspi alpestre showed greater sccumulation in shoots than
roots, whereas Minuartia verna showed similar root and shoot contents.
There therefore appears to be variation-between species. However he also
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showed (Ernst, 1968d) that under experimental conditions uptake was
affected by phosphate: at high phosphate 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-
ated soil, and nowhere in the literature is there any evidence of these
plants having an exclusion mechanism to enable them to survive on
contaminated soils. The tolerance mechanism of zinc must be internal.

2. Copper

Studies on copper uptake have been fewer and less extensive than
those on zinc uptake.

The earliest reference is probably that of Bateman 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 Komarek
(1934) found that plants of Agrostis alba (stolonifera) and Melandrium
sylvestre growing on soils rich in copper (1-399, 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 plants on metal outcrops
in Australia (Nicolls et al., 1965) and it has revealed a pattern common
to several species. Copper uptake in the above ground parts stayed low
and constant at low levels of soil copper, but at certain higher soil copper
levels this “resistance” to uptake seemed to hreak down. Above this
level the quantity in the plant tops increased abruptly and at 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
increase 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 a 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 ppm in the leaves) on soils containing 10 000 ppm. If the results
quoted by Ernst (1965a) are re-examined in the light of this work of
Nicolls et al. (1965), a remarkably similar pattern emerges, with hoth
Silene inflata and Minuartia verna showing constant low uptake at low
levels but a sudden increase to high uptake at high level. Although the
results are based on far fewer samples than those of Nicolls ef al., the
similarity is startling.
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There is therefore evidence that the mechanism of copper uptake is
different from the uptake of zine. These results are supported by other
less extensive studies. Vogt ef 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 zine content.

Duvigneaud and Denaeyer-de Smet (1963), 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 copper contents (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 ppm dry weight. Ernst (1968b) found appreciable quanti-
ties of copper in Minuartia 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 zine, the relative distribution of copper between root and shoot
would repay further study.

Lange and Ziegler (1963) 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
zince 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 season, 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 dismissed. Jacobsen
(1967) provides perhaps the best evidence for the plants occurring on a
single natural contaminated area in Rhodesia. Following the method of
Thyssen (1942), he determines an “enrichment factor” which is effec-
tively the copper in twigs as a percentage of that in the soil. This gives
values of up to 5%, for some species such as Combretum zeyheri and only
0-5%, for other species such as Brachystegia spiciformis. 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
Agrostis 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 absorbed 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. tenuis. These results emphasize the importance
of studying both root and shoot in uptake studies.

In the absence of extensive and detailed studies of uptake from solu-
tions, it is difficult to interpret studies relating soil copper content to
plant copper content. The situation is further complicated since high
copper contents may go hand in hand with low copper availability (see
Sections 11c4 and VI1Ia). 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. Lead

Studies on the uptake of lead have been very few. Jensch (1894)
showed that whereas Tussilago farfara and Polygonum aviculare on
contaminated soils contained zine, no lead was detectable, even though
the soil contained 0-72—1-069, of this element. These results are similar
to those found by Nobbe, Bressler and Will (quoted in Schwickerath,
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) also dealt with lead uptake. The pattern hero
resembles that of copper rather than zinc, in that the uptake is constant
with increasing levels of soil lead, till a certain point is reached when
uptake becomes unrestricted, and rises abruptly. The species also are
rarely present when the soil lead value is above the level at 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 systematic work on nickel uptake. However,
preliminary work by Wild (1970) shows that for many species the
pattern of uptake appears to resemble that of copper: levels in the aerial
parts of the plant remain low (around 100 ppm) irrespective of external
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concentration. However, this was not true for two species, Vellozia
equisetoides and Dicoma macrocephala, where the uptake reached 1000
ppm. Such findings raise very interesting problems and suggest that
mechanisms of tolerance to nickel may differ in different species.

C. INTERNAL MECHANISMS

From the previous sections it is clear that higher plants on contamin-
ated soils frequently take up toxic levels of metal ions and that the
tolerance mechanism must at 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 achieved are diverse. But only two groups of organisms,
the yeasts (especially Saccharomyces cerevisiae) and higher plants
(especially Agrostis tenuis), 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 a 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 as
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 does not appear to be the only mechanism of copper
resistance in these strains: strains resistant to very high copper con-
centrations produce less hydrogen sulphide, respiration-deficient strains
produce no hydrogen sulphide and yet are still copper resistant, and
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. ellipsoideus.
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Tolerance to other metals (Cd, Co, Ni, Ag) do not appear to depend
on changes in sulphur metaholism. They do not show clear-cut cross-
tolerances with cach other or with copper, suggesting that different
mechanisms are almost certainly involved in the different strains.

2. Higher plants

The mechanism of metal tolerance in higher plants from mine soils
has been reviewed and studied with particular reference to zine tolerance
in Agrostis tenuis by Turner and Gregory (1967), Turner (1969, 1970)
and Peterson (1969). Turner (1967) showed that sulphur deficiency
appeared not to affect the tolerance of zinc- and copper-resistant
strains differentially from non-tolerant strains. suggesting that changes
in sulphur metabolism are not important in the tolerance mechanism
in higher plants. Subsequent studies involving cell fractionation and
differential centrifugation (Turner and Gregory, 1967; Turner, 1969,
1970; Turner and Marshall, 1971) showed that in tolerant strains zinc
and copper are concentrated in the cell walls, and thereby prevented
from entering more sensitive sites in cell metabolism. The level of zinc
absorbed by the cell wall was correlated with zinc tolerance of different
plants. Further attempts at localization showed that zinc was not
released by proteases, suggesting localization in a non-protein, possibly
carbohydrate, fraction although Woolhouse (1970) disagrees with this.

Alteration in the external level of one heavy metal did not influence
the distribution of the other metal, suggesting the mechanisms are
specific for each metal (cf. Gregory and Bradshaw (1965), who failed to
find cross-tolerance for copper and zinc). These results were confirmed
by Peterson (1969) using chemical fractionation of the cells of zinc-
tolerant Agrostis tenuis and A. stolonifera. He found that the pectate
fraction of cell walls of tolerant plants contained five to six times as
much zine as in non-tolerant plants. The distribution of zinc in copper-
tolerant plants was similar to its distribution in non-tolerant plants,
confirming that the tolerance mechanism for the two metals is different.
However, Agrostis stolonifera differed from A. tenuis by absorbing an
appreciable quantity of zinc on the soluble RNA fraction, suggesting
certain species differences as regards zine distribution.

Various points are still not clear. It is not clear to what extent the
cell wall is important in metal tolerance in organisms other than
Agrostis spp. Evidence supporting the genecral importance of the cell
wall in metal ion inactivation comes from the demonstration that planty
from normal soils often contain large quantitics of metals in the cell
walls, and from work on tolerant micro-organisms (sce Turner (1969)
for review and references). There is also evidence from less rigorous
work on metal-tolerant plants.
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Ernst (1968c) showed that the zine content of expressed sap from
Thlaspi alpestre and Minuartia verna increased only slightly with large
increases in total zinc concentration in the plant. There was more zinc
in the sap of Thlaspi alpestre than Minuartia verna, suggesting species
differences. Subsequently he showed (Ernst, 1969a) that the zinc con-
centration of cell sap from various organs of Silene vulgar:s 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 (e.g. 749, in Cardaminopsis haller:), and suggested that the
vacuole was an important site of metal ion storage. Throughout his
experiments Ernst did not, however, use non-tolerant material for
comparison.

Gambi (1967) showed histochemically that nickel was concentrated
in the epidermis and sclerenchymatous areas (cells with no living
contents) hetween vascular bundles in Alyssum bertoloni, a nickel
accumulator found on serpentine soils.

A cell wall complexing system suggests a mechanism with a finite
capacity for absorbing metal. It is interesting that an apparent thres-
hold nature 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 it is difficult to know whether
such differences are related to the tolerance mechanism or the result of
independent selection for physiological adaptation to other aspects of
the mine habitats (see Section Vr). And at high metal levels other meta-
bolic differences become apparent between tolerant and non-tolerant
Agrostis tenuis (Gregory, 1965; Turner, 1967) but again it is not clear
whether these arc the result of differential sensitivity to metal ions or
whether they are related to the mechanism of tolerance. Repp (1963)
and Gries (1966) have both reported increased general protoplasmic
resistance of tolerant strains and this is evidence that systems other
than those in the cell walls may contribute to tolerance to heavy metals.
However, the techdique for testing protoplasmic resistance does not
critically eliminate the possibility that the cell wall may be important.

Since differences in enzyme properties of tolerant strains of micro-
organisms have been reported, it is clearly worth while looking for
similar differences in higher plant enzymes. The effect of lead ion
concentration on the activity of certain root cell wall enzymes of
Agrostis tenuis has been investigated by Woolhouse (1970). The rate
of hydrolysis of p-nitrophenyl-phosphate by root tips of normal
non-tolerant material was affected by concentrations of lead as low as
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1 mMm, whereas that of lead tolerant material was not affected until the
concentration reached 10 mu. 1t is argued from this that there must be
different forms of the phosphatic enzymes concerned. While this is
possible, an alternative explanation is that the enzymes are the same
but that in the tolerant material the heavy metal complexing mechan-
ism in the cell wall is preventing the metal reaching the cell wall
enzymes in the same way that it appears to protect other sensitive
sites e.g. on mitochondria. Further investigation will be very rewarding.

A remarkable feature of metal tolerance is its specificity. Tolerance
to one metal does not generally confer tolerance to other metals (see
Gregory and Bradshaw, 1965; Turner, 1969, for discussion and review).
The only observed instances of observed cross-tolerances are between
zine and nickel in Agrostis fenuis (Gregory and Bradshaw, 1965), and
copper and chromium in desmids and higher plants from normal soils
and copper-tolerant mosses (Url, 1055, 1956). Although many explana-
tions of such specificity can be postulated, its precise nature remains
unexplained.

3. Other arganisms

The mechanism of tolerance in 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-complexing mechanism such as oxalate production
would be expected to do so. An elegant example of a metal-complexing
mechanism responsible for heavy metal tolerance has been shown for
Aspergillus niger (Ashworth and Amin, 1964). Mcreury tolerance in
A. niger is due to a pool of non-protein sulphydryl groups that protects
enzyme systems by forming complexes with the mercury as it enters
the thallus. Rhizoctinia solani and Pythium ullimum do not have this
pool of non-protein sulphydryl groups and are thus susceptible to
mercury poisoning. These non-protein sulphydryl groups can combat
zine, nickel, lead, copper and silver poisoning (Ashworth, 1965).

Tonomura, Maeda and Futai (1968), Tonomura, Maeda, Futai,
Nakagami and Yamada (1968) and Tonomura, Nakagami, Futai and
Maeda (1968) have shown that mercury-resistant bacteria bind the
components probably at the cell wall and convert them to a more
volatile, but as yet unidentified, 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 at times be important: Earley (1943)
found that zinc-tolerant soybeans did not take up as much zinc as did
susceptible varieties. However, it is possible for tolerant organisms to
have a low metal content when cultured at high metal levels which is not
due to an active exclusion mechanism: an apparent lack of permeability
may be the result of metal toxicity and injury which disrupts cell
membranes. Terui et al. (1960) 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 Silene vulgaris was generally highly “shock resistant’”
when exposed to heavy metals. She also found that metal-tolerant
races of Tusstlago and Taraxzacum 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 analogous 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 poisoning 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 possibility of ‘“‘excretory’’ mechanisms being
important in metal tolerance. However, there is no evidence for this in
tolerant plants. Co

D. coNcLUsION

The mechanisms whereby plants combat toxic levels of heavy metals
are very varied, and in yeasts in particular there is evidence that the
whole metabolism is altered in copper-tolerant strains. In higher plants
the tolerance mechanism appears to be designed to keep metal jong
away from the active sites of metabolism by chelation in the cell wall.
It is interesting that, in Agrostis at least, similar though indcpendent
complexing systems are present in the cell wall for both zinc and copper.
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 excess levels of toxic ions even in relatively normal 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 the mechanism has to be reconciled with the fact that toler-
ance appears to be determined not by a single gene but polygenically
(see Section VI). Genetic studies, particularly if combined with bio-
chemical investigations, could help throw light on the tolerance mechan-
ism and its specificity.

The various mechanisms of tolerance all suggest that special gystems
are developed by organisms to cope with excess metal ions: tolerance
appears not to 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 metals such as lead and mercury which are not normal components
of metabolism, but more surprising with trace elements such as copper
and zine. However, the requirement for a special tolerance apparatus
may explain why only a few organisms 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 since independent selection for other characters
will explain both phenomena. Investigating the tolerance mechanism
in artificially selected material and in segregating progenies should
help to clarify these problems.

The nature of the tolerance mechanism, as well as being of intrinsic
physiological and biochemical interest, clearly has considerable rele-
vance to the evolutionary and ecological aspects of metal-tolerant plants.
It is encouraging that an integrated, consistent picture is beginning to
emerge, and further work should prove extremely rewarding.

VIII. PRACTICAL APPLICATIONS OF STUDIES OF
METAL-TOLERANT ORGANISMS

A. BIOGEOCHEMICAL PROSPECTING

The role of plants as indicators of soils contaminated with heavy
metals has already been discussed (Section I1a). The use of these plants
to locate natural outcrops of metal ore is less well documented. They
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are frequently mentioned, but this is more often in terms of their
curiosity value. Over the past twenty-five years the use of plants in
prospecting has developed in more sophisticated ways. Valuable reviews
are provided by Cannon (1960a), Malyuga (1964) and Cole (1965) so
that only the general perspective will be given.

1. Vegelation changes

Many of the earlier 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 provides an initial sign that there is a soil and under-
lying rock change (Malyuga, 1964). There is no doubt that this tech-
nique has been widely used by prospectors who did not pay attention to
individual species.

Changes in particular species can be more valuable, for these can
indicate the presence of a particular metal. But whether or not they
do is another matter as has already been seen in Section Ilal. The
problem is that many of the species supposed to be associated with a
particular metal are in fact associated with a particular rock or soil type.
This is very clear in the case of serpentine which has a very character-
istic depauperate 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 ehromium ores in serpentine were discovered in
Maryland in 1818 (Singewald, 1928). But there are many other serpen-
tine areas with an equally characteristic vegetation without metals.
Another example is Becium (= Ocimum) hombles which has heen re-
ported to grow only on soil containing more than 100 ppm copper in
Rhodesia (Anon., 1959). But it has recently been shown in an intensive
investigation to grow widely on non-copper soil, on granite sandveld,
being favoured by very poor soils and lack of competition from Becium
obovatum (Howard-Williams, 1970). Vellozia equisetoides is similar to
B. homblei; it is common on the skeletal soils of quartzite slopes yet s
widespread and characteristic on copper soils (Wild, 1968).

If a species has a reasonable association with a particular mineral-
bearing rock it can be a valuable indicator even if that association, ag
for Vellozia 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 haichowensis in
China (Tsung-Shan, 1957), Acrocephalus robertii in Katanga (Duvig-
neaud, 1958), and Becium homble: in Rhodesia (Anon., 1959), all
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belonging to the Labiatac. In Australia in the nineteenth century, the
pink Polycarpea spirostylis was recognized as a copper indicator by
prospectors in Queensiand (Cole, 1965). Areas of copper in Sweden have
been located merely by examining the localities from which herbarium
specimens of “copper mosses” had been collected (Persson, 1948).
Uranium ores in the Colorado Plateau and in Peru have been detected
by the occurrence of members of the genus Astragalus (Cannon, 1957,
1960b). But there are many other records in the literature: these are
listed in 'Table b, and are discussed by Cannon (1960a) and Malyuga
(1964). Indicator species pose very interesting problems: it is a pity no
critical ccological and genetical investigations have been made of any
except Beciunm homblei (Howard-Williams, 1970).

It is often better when reliance is not placed on the occurrence of a
single species but on a group of commonly associated species—a lode
assemblage. 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, 1964; Chikishev, 1965) and Rhodesia (Wild, 1968, 1970).
Polycarpeae glabra, Eriachne mucronate, Bulbostylis barbata, Fimbri-
stylis sp. nov. and Tephrosia sp. nov. are all associated with lodes in
the Dugald river arca of Australia containing zinc, copper and lead,
but they do not always all occur together. Their occurrence has revealed
new areas for intensive prospecting. These species (particularly Tephrosia
sp. nov.), and a few others, were found to be associated with similar
mineralization in other areas of North Australia (Cole, 1965). But they
may sometimes be found in areas where metals are not present but the
soil 1s anomalous in other respects, and they may be absent on soils
where the metal content is extremely high (Cole et al., 1968). They may
also be replaced by other species if the surrounding bedrock changes
markedly (Nicolls ef «l., 1965). As a result of the influence of climate and
soil factors on the occurrence of indicator species, Wild (1968) advocates
the need to become familiar with the assemblage of species on one
copper outcrop in order even to recognize further outcrops in the
immediate vicinity. This 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, be an important indicator of
metal occurrence. This technique has been used in prospecting for
copper in Armenia and Rhodesia. In the Congo high copper areas 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
zince causes chlorosis in many species. Copper gradients in Katanga



HEAVY METAL TOLERANCE IN PLANTS 65

are recognized by the stunting of Protea goetzeana (Duvigneaud,
1958).

2. The metal content of plant parts

The value of plant analysis in prospecting stems from two character-
istics of plants growing over contaminated 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-containing) soils as well as toxic soils. Secondly, the
roots of trees in particular penetrate to the lower depths of the soil,
often to the bedrock. Sampling aerial parts of a plant may therefore
supply information on metal content of the bedrock without recourse
to drilling operations. But the disadvantage of the method in com-
parison with more normal geochemical techniques is the need for
ashing the plant material, and lack of perfect correlation between plant
and soil metal contents.

The method of prospecting has been examined, initially independently,
in Canada, Scandinavia and Russia, and recently in Australia. It has
been reviewed by Hawkes (1948, 1957).

In Canada, Warren 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 conecluded that
newly grown twigs and leaves gave the most reliable results, and pro-
duced empirical data which, when exceeded, suggested abnormally high
soil metal concentration. Absolute values and Zn/Cu ratios were both
used. Even at this stage differences in uptake according to soil type were
noted: considerably less was taken up on calearcous soils (see Section
VIIB). Warren, Delavault and Irish (1949) extended these results and
modified the empirical values. In the process of this work they discovered
an unknown vein lying 15 ft below the surface. Warren and Delavault
(1949) quoted a Cu/Zn ratio of 0-10-0-15 as about the normal range, and
a value less or more than this ag being indicative of zine or copper
anomalies. Warren and Delavault (1950a) showed that the technique
could be applicable to the detection of gold. White (1950) made a more
systematic study of metal contents of plants over ore deposits using
mapping techniques. In this way he was able to detect the existence
of metal shadows around ore deposits. Shallow depaosits produced
a small abrupt shadow whereas deeper deposits led to a shadow as
much as fifty times as wide as the ore deposit itself. He concluded
that the metal shadow can be detected with an overburden in excess of
30 ft. This is contirmed by Clarke (1953). The sampling technique has
been further sophisticated by Warren, Delavault and Fortescue (1955).

In Norway Vogt (1939, 1942a, 1942b), Vogt and Braadlie (1942),

n
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Vogt and Bugge (1943), and Vogt et al. (1943) made a similar study in
the Réros area of Norway, but beyond showing the higher level of
metals, particularly copper and zinc, in plants from contaminated areas,
they did not champion the value of this technique in prospecting.
Rankama {1947) briefly reviewed some results of this typo of study in
Kurope and quotes examples where it had been successful. Sub-
sequently, he showed that nickel could only bo detected if inorganic
material covering nickel deposits was only a few metres thick (Rankama,
1954).

The Russian work on biogeochemical prospecting has been fully
reviewed by Malyuga (1947, 1964). He considers some of the factors that
affect the form of the metal shadow, (e.g. depth of ore body, aspect,
root depth) 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 Malyuga. But it 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 pointed out by Marmo
(1953), who showed that Cu levels in soil are reflected by Cu levels in
plants at low levels of soil copper but not when soil copper levels are
high.

Recently, extensive analyses have been carried out on a wide range
of Australian species (Nicolls ¢t al., 1965). The relationship, in all species
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 previcusly unknown ore
bodies in the Gaspé peninsula (Riddell, 1952) and in British Columbia
(Warren and Delavault, 1950b).

Cobalt, chromium, copper and nickel uptake by a New Zealand
serpentine flora has been critically examined by Lyon ef al. (1968). In
the six species examined there was a reasonable correlation between
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metal levels in soil and plant for all the metals except copper, in
Cassinia vauvilliersit, Leptospermum. scoparium and Hebe odora. For
the other species correlations for any metal were weak or absent.
From this Cassinia vauvilliersit was suggested as a good species for
biogeochemical prospecting, but it would not appear from the data to
be useful for copper.

An extensive list of those cases where prospecting by plant analysis
has been undertaken, and their success, is given by Cannon (1960a).
The absorption of metals by plants is a complex phenomenon and not
clearly understood (see Section VIIB). Part of the complexity is due to
complexitics of soil and climate, but part is due to the complexities of
species. We are 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 {1954) showed that rare elements are 4-200 times more
concentrated in coal than in the average rock. He concluded that humus
layers tended to accumulate 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 used. It appears to be of most value
for copper which forms stable complexes with organic material.

4. An integrated approach

Recent studies (Malyuga, 1964; Cole, 1965; Nicolls et al., 1965) have
pointed the way towards a large-scale exploitation of these techniques.
The first stage of such prospecting involves recognition of a suitable
area for further study: this will be decided by geological studics 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 are
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 and simple
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analyses. It certainly provides information of considerable interest to
the botanist: it is only a pity that parallel information is not being
obtained on the population structure and physiology of the important
species.

B. ORE EXTRACTION

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. Subsequent work confirmed these results and identified the
active bacteria as Thiobacillus ferro-oxidans, T. thio-oxidans and
Ferrobacillus ferro-oxidans (Beck and Elsden, 1958; Bryner and Jameson,
1958). Bryner and Anderson (1957) demonstrated that micro-organisms
were also involved in the solubilization of sulphide ores of mnickel,
cobalt and molybdenum.

Recently work in this field had been reviewed by Razzell and Trussell
(1963), Beck (1967) and Ehrlich and Fox (1967). The technique of
extracting copper from low-grade ores involves three stages: the leach-
ing process itself, precipitation of the copper by addition of iron, and
oxidation of the ferrous sulphate to ferric resulting in precipitation of
the iron with the recovery of water for the leaching process. Beck (1967)
studied the role of T'hiobacillus ferro-oxidans in each of these stages. He
showed there was a decrease 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 much a result of increased temperatures and
(possibly triggered off by bacterial activity) chemical oxidation as
biological oxidation. The role of bacteria in leaching operations has been
further examined by Ehrlich and Fox (1967), who showed that bucteria
did not just oxidize the sulphide ores, but helped extraction indirectly
by releasing the ferric ion which then oxidized copper sulphide non-
biologically (ferrous iron), and by depressing iron release from the ore in
some unknown fashion. Ehrlich and Fox (1967) demonstrate that a
wide variety of factors may affect ore 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 needs 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 optimizing conditions for leaching may permit commercial exploita-
tion and/or subsequent recolonization by higher plants of tips depleted
of their metal content.
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C. THE ESTABLISHMENT OF VEGETATION ON TOXIC
WASTE MATERIALS

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 at the ore bodies are 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 19, 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 the 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 be 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 technique that will be effective is to cover the toxic
material with a layer of normal soil and establish a herbage cover or
trees in the normal manner. This is, however, exceedingly expensive,
usually at least six times the normal for non-toxic areas.

As a result experiments have been carried out in several places to find
ways in which the toxicity, nutrient poverty and physical conditions
of the material can be ameliorated more simply by addition of less
expensive materials. Physical and chemical methods are possible (Dean
et al., 1968) but the most promising additives are organic wastes such
a8 sewage sludge and town refuse. With these, swards of normal herbage
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specics have been established over highly toxic smelter waste in the
lower Swansea Valley, so long as the ameliorating material is more than
about ten centimetres thick (Weston et al., 1965; Street and GGoodman,
1967). Sewage sludge is particularly successful since its high organic
matter content effectively 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 as
well as if on normal soil. Tho effect of fertilizer was very marked indeed,
slow release forms giving best growth.

In both these experiments it 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. CoNncLUSION

The plants growing in habitats contaminated with toxic levels of
heavy metals have attracted interest for over a century. Since metal-
contaminated areas are only a minor component of the environment,
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the subject of metal tolerance has on the whole been regarded 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 literature 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 metal concentration. Undoubtedly other factors are also
of importance but such factors and interactions are far more easily
defined when the major determinant is clearly apparent. Secondly, the
habitats are usually spatially distinct 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 ecological
problems particularly when they impinge on other areas such as evolu-
tion, taxonomy, plant distribution and physiological processes.

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

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