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ABSTRACT

Minuartia verna (L.) Hiern and Thiaspi alpestre L. are
recognized as relict elements of a preglacial montane flora in the
British Isles and, as such, display a markedly disjunct distribution
pattern. Their present-day distribution shows a close association with
metalliferous mine workings, particularly in the Pennines, where both
species have become prominent components of the flora of calcareous
lead mine wastes. By comparison with M. verna, T. alpestre is more
restricted in its distribution and is a rarer species.

The work reported in this thesis attempted to provide an
explanation for this pattern of distribution in the southern Pennines
on the basis of comparative studies of the autecology and genecology of
the species, their population biology and dynamics in the field and
their responses to competition from other species.

Both field and laboratory studies confirmed that the two
species were highly tolerant of the heavy metals lead, zinc and
cadmium. Short- and long-term solution culture experiments on toler-
ance and uptake of these heavy metals by a range of populations of both
species are reported. Tolerance to other toxic metals was also
investigated. T. alpestre showed superior tolerance to M. verna in
these experiments, and emerged as a metal-accumulating species. M.
verria by conLrast, operated some degree of metal exclusion, but metal
uptake and distribution differed for the various metals in both species
and seasonally. Differences in metal tolerance and uptake characteris-
tics alone could not explain the different local distribution patterns
in the field, as sites of similar metal status are colonized by both
the two species together and by M. verna alone.

A study of inter-population variation in morphological
characters showed considerable genetically-based variation in both
species. M. verna was however more variable. Some of the variation
detected was interpreted as being ecotypic in origin. The contrasting
breeding of the two species and their seed biology are considered to be
major factors in explaining the present-day distributions of the two
species. The tendency for inbreeding in T. alpestre has severely
limited its genetic variability within populations and potential for
spread. Seedling mortality of both species in their natural habitats
is very high, and survival can be related to early shelter effects of
neighbouring plants. Both species, however, emerge as weak competitors
as predicted from their preference for open habitats with much more
bare ground.

The relevance of these studies to the interpretation of the
present-day global distribution of the two species and their evolution-
ary biology is discussed.
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Soils may become enriched or polluted with potentially

phytotoxic concentrations of heavy metals in the vicinity of ore bodies

and other geochemical anomalies as a result of natural weathering proc

esses and dispersion of the particulate and soluble products in soil

water. The extent of such affected soils in the British Isles has been

greatly increased as a result of metalliferous mining activities dating

back as early as Roman times which have created large areas of contami-

nated spoils frequently containing several percent of metals such as

lead, zinc and copper. Such substrates represent a poor medium for

plant growth. In addition to heavy metal toxicities, a range of other

physical and chemical conditions inimical to plant growth often prevail

in mine spoils (Antonovics, Bradshaw & Turner, 1971; Clark & Clark,

1981; Thompson & Proctor, 1983). Surface instability, poor particle

size distribution and low organic status often result in drought

conditions during summer months. Severe deficiency of macronutrients,

particularly N & P. compound the problems of plant colonization of

metalliferous mine wastes and tailings. It is not surprising, there-

fore, that many metalliferous wastes remain almost devoid of any

vegetation cover for decades, even centuries.

The process of colonization is innately slow and is effected,

at least initially, by those species which have evolved heavy-metal-

tolerant mutants which can give rise to specialized races or ecotypes

capable of successful growth and reproduction on otherwise phytotoxic

substrates. However, with time, the sparse cover may progress to a

more continuous vegetation and some spoils can support relatively rich
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and diverse plant communities which may or may not be distinct

phytogeographically from surrounding vegetation on uncontaminated soil.

A satisfactory classification of taxa found on metal-contaminated soils

in the British Isles and elsewhere in northern Europe is that of

Lambinon & Auquier (1963) and is based on the degree of restriction to

such sites. Metallophytes (absolute and local) are found only on

metal-contaminated soils; pseudometallophytes occur on both contami-

nated and normal soils in the same region. Within this group can be

recognized two classes, electives and indifferents, in order of

decreasing abundance and vigour on contaminated soils. Accidental

metallophytes usually include ruderals and annuals which appear only

sporadically and show reduced vigour.

Metalliferous mine spoils and more naturally metal-enriched

soils may thus come to support highly specialized plant communities,

frequently including a number of 'indicator' species for the particular

type of mineralization concerned. Such species have proved useful in

the context of geobotanical prospecting for mineral deposits (see: e.g.

Brooks, 1983) or for locating areas of old mining activities. Some

metallophyte taxa are now recognized as national rarities of

conservational importance in view of the limited range of habitats

which has been exacerbated by the episodic reworking of these areas or

more active reclamation procedures. Their continued survival in situ

or further spread may be limited geographically by proximity and

availability of suitable sites or ecologically by changing conditions

of stress, disturbance and competition.

The metallophyte flora of lead, zinc and copper

mineralization in the British Isles has been classified by Ernst (1976)

within the class Violetea calaminariae Tx, 1961. An important associa-

tion described for the lead/zinc mineralization of the Pennines (north
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and south), the Mendips and N.Wales is the Minuartio-Thlaspietuxn

alpestris (Koch, 1932; Shimwell, 1968) for which the herbs Minuartia

verna (L.) Hiern, (Caryophyl].aceae and Thiaspi alpestre L. (Cruciferae)

( T. caerulescens J & C Presi, (Ingrouille & Smirnoff, 1986) are the

character species. This association is further classified within the

alliance Thiaspion calaininaris (Ernst, 1964) and order Violetalia

calaminariae Br.-Bl. et Tx. 1943. It has been described from Britain

By Ernst (1968), Shimwell (1968), Shimwell & Laurie (1972), Clark &

Clark (1981) and from Ire land by Doyle (1982).

Both M.verna and T.alpestre are considered to represent an

alpine element in the flora (Matthews, 1937) but in the British Isles

they seem to be more strongly associated with soils contaminated with

the heavy metals lead, zinc and copper, than with altitude. The

presence of M.verna on metalliferous soils has been noted as early as

1588 by Thalius (Ernst, 1965, cited by Antonovics et al., 1971) and the

occurrence of T. alpestre on mine wastes in the Pennines was noted by

Windsor in 1865. Both species are considered to be absolute

metallophytes (Lainbinon & Auquier, 1963) and have been included in

lists of potentially useful geobotanical indicators for zinc

(Antonovics et al., 1971; Martin & Coughtrey, 1982; Brooks, 1983).

In the Pennine region, as elsewhere in the British Isles,

both M. verna. and T. alpestre exhibit a markedly disjunct distribution

pattern, possibly as a result of the pre- and postglacial history of

the two species (Pigott & Walters, 1964. However, P. alpestre appears

to be 'rarer' relative to M. verna even in areas where suitable

habitats might exist (Clapham, Tutin & Warburg, 1981; Ingrouille &

Smirnoff, 1986). The reasons for this 'under-distribution' of T.

alpestre have not been investigated but may be of some relevance in

defining the conservational status and ecological requirements of this
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nationally-rare species. This thesis presents the results of descrip-

tive and experimental studies of the comparative ecology of the two

species and attempts to explain, at least in part, the differing

present-day distributions of M. verna and P. alpestre in the southern

Pennines. The rationale for this research was based on various

hypotheses summarized in Figure 1.1.

The first hypothesis was that the two species, although

strongly associated, may differ in their geographical range and

ecological amplitudes as a result of different climatic and micro-

climatic tolerances and habitat preferences. This aspect was not

examined experimentally but inferences were made on the basis of gross

and local patterns of distribution (Chapter 2). Corranunity analysis in

the S. Pennines was used to define the phytosociological preferences of

the two species and to describe their respective niches, both

floristically and in terms of some simple environmental variables.

Other hypotheses related more to differing intrinsic biological and

physiological properties of the two species. Geographical isolation

may facilitate population divergence through population differentiation

of locally-adapted races or ecotypes possessing distinctive morphologi-

cal and/or physiological characteristics. Chapter 3 describes an

investigation of morphological variation between a small range of

populations of the two species from mine sites in the southern Perinines

selected to include populations of varying degrees of isolation from

each other, in order to test to what extent population divergence has

occurred.

Both M. verna and T. alpestre have evolved heavy metal

tolerance which must account, at least in part, for their success at

the mineralized sites where they are now found. A large proportion of

the experimental studies reported in this thesis relates to this
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aspect. Chapter 4 provides a field-based analytical background to

place in context subsequent experimental work (Chapter 5) in which

various comparative ecophysiological aspects of metal tolerance have

been investigated.

The ability of a species to maintain its presence and

distributional range may depend greatly upon its ability to produce

sufficient numbers of successful new recruits to the population.

Chapter 6 reports the results of an investigation of the population

dynamics of M. verna and T. alpestre, 	 with a major emphasis on

seedling recruitment and survival within bare and turfed areas of mine

spoil.

The competitive interactions of associated plant species upon

establishment and survival is of great importance, and may be responsi-

ble for the extinction of a species from areas which could otherwise be

suitable for survival. Chapter 7 presents an investigation of the

interaction between seedlings of both M. verna and P. alpestre and

established plants of one of the main plant species associated with

these two, the grass Festuca rubra.
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dHAPI'ER 2

A PRELDmIARY S'IVDY OF THE GRAPEIL NID BIT?T RA* OF

)WlIIA VEJJA NJD THLASPI AIPric

2.1

M. verna and T. alpestre both occur in metalliferous habitats

throughout much of their geographical range (Halliday, 1960; Tutin et

al 1964; Smith, 1979). This unusual but shared feature tends to

overshadow other aspects of the ecological distribution of the two

species and it is not clear to what extent the species overlap with

respect to other ecological variables. This chapter attempts to

identify the similarities and differences between the habitat require-

ments of the two species.

2.2	 THE GGRAPHIL RAME IN ZUWE

Species with a similar distribution according to habitat may

differ considerably in their climatic tolerance and geographical range.

Accordingly, the European distribution of M.verna and T.alpestre has

been compared.

There is some disagreement in the assessment of the

distributional limits of each species (see Table 2.1). However the maps

presented for M.verna (Jalas & Suominen, 1983) and for T.alpestre

(Tutiri et al., 1964) may be used to compare the distribution of both

species (Figure 2.1). They indicate that T. alpestre is much more

geographically restricted than M. verna.



TABLE 2.1 THE GEOGRAPHICAL DISTRIBUTION OF MINtJARTIA VERNA AND

THLASPI ALPESTRE IN EUROPE, AS REPORTED BY DIFFERENT AUTHORS

Source	 M. Verna	 T. alpestre

Tutin et al.	 S., W. arid C. Europe	 Austria, Belgium &

(1964)	 (Albania, Austria, Belgium	 Luxembourg, British

& Luxembourg, British Isles, Isles, Czechoslavakia

Bulgaria, Corsica, Crete,	 France, Germany,

Czecl-ioslavakia, France,	 Greece, Hungary,

Germany, Greece, Hungary,	 Switzerland, Spain,

Ireland, Switzerland, Spain, Italy, Yugoslavia,

Italy, Yugoslavia, Poland, 	 Poland, Russia. Also

Romania, Northern arid South- found in Denmark,

Western Russia, Sicily and 	 Holland, Iceland,

Turkey)	 Norway and Sweden.

Jalas and	 As Tutin et al. (1964)	 No information

Suorninen (1983)	 except not recorded from 	 available for

Crete, Hungary, South-	 T. alpestre.

Western Russia and Turkey.

Hegi (1954) Additional records in

Iceland, Finland and

Portugal..

The species has not

been reported in

localities differing

from those reported

by other authors.

Ingrouille &

Smirnoff (1986)

Restricted to the

area from Central

Czechoslovakia west-

wards to the Rhine

arid South to Lyons in

France.



Figure 2.1 Disiribution of Minuar-€ia verna ssp. verna and Thiaspi

alpestre in Europe. Data abstracted from Jalas & Suominen (1983) and

Tutin et al. (1964).

H. verna

T. alpestre
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Although the general distribution of M. verna and T. alpestre

(Figure 2.1) indicates a montane distribution for both species (up to

over 3000 m; Hegi 1958, 1963) both species are also found in lower

altitude metalliferous habitats (Hegi 1958, 1963; Halliday, 1960;

Shiinwell, 1968; Ernst, 1976; Smith, 1979).	 This makes a simple

climatic interpretation of the data in Figure 2.1 impossible. However

the distributional range of M. verna spans regions characterized by

extreme dry cold in the north to those with relatively hot summers in

the south of Europe (Figure 2.1). This suggests that M. verna has a

greater tolerance of extremes of climate. 	 The reasons for this

tolerance may perhaps have two components, one relating to an initial

ability to colonize different sites and another enabling the rapid

formation of ecotypes adapted to the new conditions.

2.3	 ThE GEOGRAPHICL RANGE IN THE BRITISH ISLES

The distribution of M. verna and T. alpestre in the British

Isles is shown in Figure 2.2a. Both species have a disjunct distribu-

tion, and are strongly associated with metalliferous sites (Figures

2.2a, b) but as in Europe, M. verna is more widely distributed than T.

alpestre. It is scattered through the W and N of the country (19% of

British Vice-counties) (Claphaxn, Tutin & Warburg, 1981). By contrast

P. alpestre is restricted to the Mendips, parts of mid - and North

Wales, scattered localities along the Pennines and a few sites in

Scotland (11.9% of British Vice-counties) (Ingrouille & Smirnoff,

1986).

The distribution of both species within Derbyshire, presented

in Figure 2.3a, also shows that even within a. local area T. alpestre is

more geographically restricted. The number of recorded sites for T.
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Distribution of lead mines in The British Isles (from

Halliday, 1960).
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alpestre is about half of the number recorded for M. verna (Smith,

1979). Both species are confined to metalliferous sites (Figures 2.3a,

b) and M. verna was found on most of the spoil heaps in the area.

a in the previous section an attempt has been made to

correlate the geographical distribution of the two species with

climatic variables using climate maps presented by Perring & Walters

(1976) for the British Isles and the climate data from Clapham (1969)

for Derbyshire. However the results are unsatisfactory and there is no

convincing evidence that the differences in distribution between the

two species may be simply accounted for by reference to crude climate

estimates. The identification of climatic effects on plant distribu-

tion by experimental means or by means of measurement is not easy

(Grace, 1987) and even on-site measurements of climate were unfortu-

nately too time-consuming to be included in this study. Consequently,

the remainder of the chapter will consider the nature of any differ-

ences in the habitat requirements of M. verna and T. alpestre.

2.4	 A 1PARISON OF ThE HABITAT RPNGE OF M. VERNA AND P. AIPESTRE

2.4.].	 Rationale

T. alpestre has a more restricted geographical range than

M.verna, but has it also a narrower ecological range ?. In an attempt

to answer this question, some habitat characteristics of the two

species have been compared within a local flora (Derbyshire).

2.4.2	 Material and Methods

Field data were abstracted from two general vegetation

surveys carried out by the Unit of Comparative Plant Ecology (NERC) and

described by Hodgson (1986a) and Grime, Hodgson & Hunt (1987). Subse-

quently, additional data have been collected with the assistance of Dr.
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J. G. Hodgson in areas not sampled during these studies. In all, 42

sites were samples (Table 2.2). A 1 m 2 metre quadrat was used to

sample the vegetation. This size of quadrat has already been used

successfully in the limestone grasslands of Derbyshire (Grime & Lloyd,

1973) and was also adopted during the subsequent surveys mentioned

above. Such a quadrat size has disadvantages when surveying mine

spoil, since the size of the quadrat is large relative to the scale of

vegetation pattern found on mine spoil heaps. Differences in vegeta-

tion associated with changes in the size of rock fragments or with

variation in distribution of heavy metals (see Shaw, 1984) may be

obscured by the large size of the quadrat. However the potential

advantages of having access to a large quantity of field data

counterbalances these limitations.

Rooted-frequency within the 100, 10 cm2 sub-units of the

quadrat was used to assess the distribution and abundance of species.

This measurement has the advantage of being more stable than shoot

frequency or cover during the fieldwork season. Bare soil, pH at 0-3

cm, slope and aspect, the extent of the exposed soil, rock fragments

and bryophyte cover were also scored. These criteria were used because

they are both of ecological significance and easy to measure • Notes on

grazing and other site features were also taken.

2.4.3	 Results arid Conclusions

The distributions of M. verna and T. alpestre, according to

the % of bare soil and pH are illustrated in Figures 2.4a and b

respectively. Slope-aspect polarographs for M. verna. and P. alpestre

are presented in Figure 2.5. The results are similar for both species.

Each has a peak in pH about 7 and is more frequent on north-facing

slopes. These similarities result in part from the fact that M. verna



Altitude

(metres)

168

244

229

335

137

259

137

244

244

320

244

274

152

259

229

335

137

183

335

305

320

320

152

290

213

351

183

244

290

274

305

244

335

229

305

244

335

290

244

381

305

274

TABLE 2.2 A LIST OF THE DERBYSHIRE LEAD MINE SPOIL HEAPS

SAMPLED DURING THE VEGETATIoN SUR.VEY

Site	 Grid Ref.

Alport	 SK224644

Black Rocks	 51(293558

Blue John	 SK134834

Bonsal]. Moor	 SK237600

Bradford Dale	 SK218643

Burfoot, Millers Dale 	 51(162729

dough Wood(Mill Close Mine) SK258618

Cockington	 SK344616

Combsdale	 SK223743

Dirtlow Rake	 51(15582].

Dovegang Mine	 SK287556

Eyam	 51(216768

Fallgate Quarry	 51(354621

Grattondale	 51(207607

Nassop	 51(236735

High Rake, Windmill 	 S1U62778

High Tor	 51(299588

Lathkill Dale	 51(134658

Longcliffe	 51(234552

Longstone Edge	 51(200731

Magpie Mine, Sheldon	 51(173682

Moss Rake	 51(163.806

Near Alport	 51(228645

Near Ible	 51(265573

Near Overton Hall	 51(348623

Nether Wheal	 SK156694

Northern Dale	 SK269605

Odin Mine, Castleton	 S1CL38833

Old Mines (Youlgreave)	 sX191642

Pikehall	 51(193595

Rainster Rocks	 81(221553

Rough Side	 51(220744

Sir William Hill	 51(228782

Steeplehouse Quarry	 sK287554

Stone Edge	 51(334668

Tarisleydale	 81(173744

Tideslow Rake	 51(159778

Water Grove	 51(189757

Wensleydale	 81(265603

White Rake	 51(146782

Winnats Pass	 SK136827

Winster	 51(245603

* Disused Limestone Quarry
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Figure 2.4a	 Distribution of Minuartia verna and Thiaspi alpestre

relative to bare soil. Data abstracted from vegetation surveys 2 & 3

and the additional records (see 2.4.2).
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Figure 2.4b	 Soil pH histograms for Minuartia verna and Thiaspi

alpestre.
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The pattern of occurrence of M.verna (a1) and T.alpestre (a2) is shown

in relation to slope and aspect. (Increased distance from the centre of

the polarograph indicates an increased angle of slope.] A summary of

the distribution of the two species with respect to north-and south-

facing slopes is included by means of smaller diagrams (b1, b2 & c1,

c2). As in Grime & Lloyd (1973), in these latter diagrams records are

excluded if the slope angle is less than 5°.
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was recorded from all the quadrats containing T. alpestre. There are

however also some differences between the two species. P. alpestre

tends to be more commonly associated with bare soil and M. verna is

found over a wider range of soil pH than T. alpestre. The data in

Figure 2.5 also suggest that M. verna is more restricted to north-

facing slopes than P. alpestre but additional sampling is required to

verify this relationship.

In conclusion, this study has revealed only slight differ-

ences with respect to habitat characteristics between the two species

and it is not clear whether these minor differences are of ecological

significance.

2.5	 PUTIVSOCIOWGY

2.5.1	 Rationale

In the previous section an unsuccessful attempt was made to

identify differences in the habitat requirements of M. verna and P.

alpestre. An alternative approach using the quadrat data already

collected, will therefore be adopted which takes into account the

ecological attributes of the species with which M. verna and T.

alpestre are associated. These species are not restricted to

metalliferous sites and their ecological distribution is better known

than that of M. verna and T. alpestre. They may therefore be used as

ecological marker species and an analysis which relates the distribu-

tion of M. verna and T. alpestre to that of other species may be used

to detect more clearly any differences between the two in habitat

requirements. Therefore the rooted frequency data collected for M.

verna, T. alpestre and their associated species were subjected to

multivariate analysis using detrended correspondence analysis

(DECORANA); (Hill, 1979), and subsequently to the seriation method for
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summarizing vegetation-environment relationships devised by Dargie

(1986). I was advised that these programs were the most efficient

methods for analysing the present data (personal corn., Dr. T.C.D.

Dargie).

2.5.2	 DRA1 (D)

In the process of the analysis of the rooted frequency data,

an ordination program DCA was used to group together species with

similarities. The ecological attributes of species (Tables 2.3 a & b)

were examined in relation to this analysis to determine the similarity

and differences between species.

DECORANA was originally written by Hill (1979a) as a Fortran

program for detrended correspondence analysis and reciprocal averaging

(RA). The program is an improvement of the widely-used RA method

produced by Hill (1973). Such a method is non-centred, i.e. it is

efficient in handling a heterogeneous	 data set.	 The double

standardization of RA gives emphasis upon rarer species and poorer

sites, especially where the two coincide representing a distinctive

nodum (Noy-Meir, 1974). Nevertheless, RA has two main problems.

Firstly, the 'arch-effect' (Gauch, Whittaker & Wentworth, 1977) or the

'horseshoe effect' (Kendall, 1971). Such effects distort the linear

gradient of composition into an arch in two dimensions of the

ordination. Secondly, sites of similar differences in composition are

not expressed as the same differences on the first axis, resulting in a

bunching effect of co-ordinates at the ends of axes. Hill & Gauch

(1980) and Gauch (1982) have examined these problems and proposed an

alternative analysis, DCA, which eliminates the 'arch-effect' by ad-

justing loadings on the second axis to zero mean value within

predefined segments of axis one. This method has been shown to give
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TABLE 2.3 A Summary of Environmental Characteristics of Species Associated with M. verna and
T. alpestre in the vegetation survey.
Species are listed according to their rank order on the seriation arrays of the first two
ordination axex.

Nomenclature follows Claphain, Tutin & Warburg (1962).

Environmental indices

a. axis one

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 1].	 12	 13	 14
Dig	Str S.W	 Calc	 N.Calc	 pH	 Sc	 L.M.	 5.5.	 As. LH	 Species	 GRC St.

1	 -	 -
3	 30.5	 0

2	 39.5	 0.3
3	 11.0	 0

2	 35.0	 0

2	 8.0	 06.3

4	 -	 -

4	 7.5	 0

3	 -	 -

4	 25.5	 0.7

4	 19.0	 0

2	 20.5	 0

4	 27.0	 0.3

4	 12.0	 0.3

4	 24.0	 0

4	 36.0	 0

3	 35.0	 0

3	 4.5	 0

4	 26.0	 0

1	 8.5	 0

2	 48.5	 62.3

1	 15.0	 0

2	 22.5	 0

2	 35.5	 0

2	 38.5	 0

2	 32.5	 7.7

3	 26.0	 18.7

2	 10.0	 0

1	 52.5	 3.7

1	 -	 -

3	 21.5	 6.0

2	 -	 -

3	 76.0	 9.0

2	 -	 -

1	 -	 -

3	 21.5	 1.7

3	 -	 -

2	 -	 -

2	 -	 -
2 38(41.5)	 10.3

2	 -	 -

4	 -	 -

4	 -	 -

2	 -	 -

3	 -	 -

1	 5.5	 0

-	 -	 -	 -	 - b	 Gentiana amarella	 1
7.5-7.9	 25	 6.0	 1-10	 (N) P	 fielictotrichon pratense 	 1
7.5-7.9	 37	 5.0 11-25	 (N) p	 Carex flacca	 1	 St

5.5-5.9	 5.6	 0.0	 51-75	 S	 P	 Primula veris	 I	 *

5.5-5.9	 8.3	 2.0	 11-25	 (N) P	 Briza media	 1
3.5	 0.0 16.0	 Nil	 (N) P	 Deschampgia flexuosa	 1
-	 -	 -	 -	 - P	 Knautia arvensig	1

5.5-5.9	 0.0	 2.0	 11-25	 (N) P	 Succiga pratensis	 1.	 St

5.5-5.9	 2.8	 4.0 51-75	 (5) P	 Prunella vulgaris	 1	 *

5.5-5.9	 38.9	 10,0	 1-10	 (N) P	 Viola riviniana	 1
7.5-7.9	 11.].	 2.0	 1-10	 (N) p	 Scabiosa columbaria	 1	 at

7.5-7.9 22.2	 6.0	 Nil	 (N) sh Helianthemum chamaeci gtus	 1	 a

5.5-5.9	 11.1	 2.0 11-25	 (N) P	 Carex caryophyllea	 1	 It

5.5-5.9	 8.3	 4.0 51-75	 S P	 Folygala Vulgaris	 1	 **

5.5-5.9 11.1 10.0	 1-10	 (N) P	 Poterium sanguigorba	 1	 as

7.5-7.9	 0.0	 2.0	 1-10	 (S) P	 Centaurea nigra	 1
7.5-7.9 25.0	 20.0	 1-10	 (N) P	 Leontodon hispidus 	 1	 **

7.0-7.4	 8.3	 6.0	 26-50	 (N) P	 Brachypodiuin sylvaticurn 	 1	 It

7.5-7.9	 2.8	 2.0	 11-25	 (5) P	 Piznpinella saxifraga	 1
7.5-7.9 13.9	 0.0	 1-10	 (N) m	 Arabis hirsuta	 1
3.5-3.9	 52.0	 48.0	 1-10	 (5) P	 Festuca ovina	 1	 *

7.5-7.9 25	 26.0	 1-10	 (N) sh Thymus drucei 	 1	 It

7.5-7.9	 38.9 24.0	 1-10	 (N) P	 Galium sterneri	 1	 at

7.5-7.9	 19.4 14.0	 1-10	 (N) P	 Koeleria cristata	 I	 5*

7.5-7.9 19.4 30.0 26-50	 (N) b	 Linum catharticum	 1

5.5-5.9 22.2 18.0	 1-10	 (N) P	 Anthoxanthum odoratum	 1
5.0-5.4	 8.3	 16.0	 1-10	 (N) P	 Luzula cainpestris	 1

7.5-7.9	 5.6	 34.0	 51-75	 (5) P	 Euphrasja officinalis	 3	 *

7.5-7.9	 0.0	 0.0	 Nil	 (N) P	 Canipanula rotundifolia 	 3	 IS

6.5-6.9	 0.0	 50.0	 51-75	 (5) P	 Minuartia verna	 3	 at

5.0-5.4	 5.6	 64.0	 1-10	 (N) P	 Rumex acetosella	 3
	 a.

5.5-7.5	 -	 -	 -	 (5) P	 Thlagpi alpestre	 3	 at

7.5-7.9 66.7	 56.0	 1-10	 (N) P	 Festuca rubra	 4	 at

5.5-5.9	 2.8	 46.0 51-75	 (N) P	 Cerastium fontanum	 5	 at

-	 -	 -	 -	 - P	 Dianthus deltoides	 3	 *

5.5-5.9	 5.6	 24.0	 11-25	 (N) P	 Trifolium repens	 5	 at

6.5-6.9	 0.0 20.0 26-50	 (N) P	 Leontodon &u€umnaljs	 5	 a

6.0-6.4 16.7	 6.0	 1-10	 (N) P	 Veronica chamaedrys 	 5	 5*

7.5-7.9	 0.0	 4.0 26-50	 S	 a	 Crepis capillaris	 S
7.5-7.9	 11.1	 10.0	 11-25	 (S) P	 Poa pratensis	 5	 St

7.S-7.9	 0.0	 8.0	 76-100	 (N) a	 Poa annua	 5	 a

6.0-6.4	 0.0	 6.0	 26-50	 (5) P	 Rumex crispus	 5	 *

5.5-5.9	 0.0	 4.0	 76-100	 (5) P	 Ranunculus repens	 5

7.0-7.4	 8.3	 4.0 76-100 (N) P	 Urtica dioica	 5	 *

7.0-7.4	 0.0	 2.0 76-100 (S) P	 Glechoma hederacea 	 5	 *

6.5-6.9	 5.6	 10.0	 51-75	 (N) P	 Poa trivialig	5	 at
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(N) m
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(N) b

S P

(S) P

(5) P

(N) P

(S) P

(N) sh

S P

(5) P

Nb

(S) P

(N) P

(N) P

(N) P

(S) m

(N) P

(S) P

(N) P

(N) P

(N) P

S P

(S) a

(S) P

(N) P

Briza media

Carex flacca

Plantago media

Scabiosa coluznbaria

Succisa pratensis

Carex caryophyllea

Poterium sanguisorba

Senecio jacobaea

Leontodon hispidus

Galium verum

Linum catharticum

Nieracium pilosella

Hieracium app

Lotus corriiculatus

Galium sterneri

Euphrasia of ficinalis

Thymus drucei

Plantago lanceolata

Thiaspi alpestre

Festuca rubra

Minuartia verna

Veronica chamaedrys

Cerastium fontanum

Campanula rotundifolia

Heracleum sphondylium

Rumex acetosa

Festuca ovina

Poa trivialis

Agropyron repens

Rumex obtusifolius

Agrostis tenuis

Galium aparine

Teucrium scorodonia

Descharpsja flexuosa

Key and significance of characters

a] - Index of disturbance (Dis) 1-5, where (1) the loweøt and (5) the highest degree of disturbance.

- Index of stress (Str) 1-5 scale; 1 is the lowest and 5 the highest degree of stress.

Characters 1 £ 2 relate to theory of plant strategies (Grime, 1979).

'Disturbance' factors (such as grazing and soil erosion) cause a loss of plant biomass.

'Stress' restricts plant growth, e.g. nutrient deficiency.

53 - Seed weight (S. W) 1-5 scale.
1 - (0.2 mg

2 - 0.2-0.5 nag

3	 0.6-1.0 tag

4	 1.1-5.0 eq
5-S.0	 tag

[There is a basic conflict in resource allocation between seed size and seed number (Salisbury, 1942; Harper et al.,

1970; Kawano, 1981). For species exploiting disturbed sites the production of large numbers of small seeds may be

advantageous allowing a wide dispersal of seeds in space or time (through the formation of buried seed bank -Thompson

and Grime, 1979; Grime et al., 1981). In sites very unfavourable for seedling establishment (including toxic mine

waste) the production of a smaller number of large seeds, with large seed reserves, may reduce the risk of seedling

mortality. Thus seed weight may be used to give an indirect assessment of 'disturbance' and 'stress' aensu Grime

(1979)].



4 - Degree of association with substrate calcareous soil (Calc), the average of the percentage constancy of the

gpecies in semi-natural grasslands on the Carboniferous and Magnesian Limestones.

S - Degree of association with substrate Non-Calcareous Soil (N.Calc) the average of the percentage constancy of the

species in semi-natural grasslands on the Bunter Sandstone, Coal Measures and Millstone Grit.

4 & S were calculated from Grime C Lloyd (1973).

- Soil pH at 0-3 cm depth. Values refer to pu class with which species most frequently associated.

Characters 4 to 6 relate to edaphic factors, which affect plant growth (see Jefferies C Willis 1964 Grime C

Hodgson, l969i Rorison 1973.)

*7 - Scree (Sc) the percentage constancy on limestone scree. This substrate shares many of the physical characters

of lead-mine spoil but is non-toxic.

- Lead mine spoil (L.M.): the percentage constancy on lead mine spoil.

*9 - Bare soil classes (percentage)

1-10, 11-25, 26-50. 51-75, 76-100.

These values refer to the bare ground class with which species most frequently associated.

10 - Aspect (As)

a - North-facing - N

b - South-facing - S

a and b refer to species with statistically significant bias to north or south. If distrthuting bias is not statisti-

cally significant the result is included in parentheses.

Temperature and humidity vary according to aspect (Rorison et al., 1996). In consequence, species which exploit dry

warm habitats tend to show a south-facing bias and those from moist or shaded habitats are more frequently on

north- facing slopes.

*1], - Life history (L. H.)

a - Annual

b - Biennial

P - Polycarpic perennial

m - Monocarpic to polycarpic perennial

sh - Shrub

Short-lived species are typically associated with disturbed habitats.

12 - The species associated with N. verna and T. alpestre. These were filtered out by the DCA (Hill, 1979) and then

by a seriation method (Dargie 1986). The latter technique grouped species according to gradient restriction

code (G.R.C.) see 13.

13 - Gradient restriction code (G.R.C.) (from Dargie, 1986).

0 - Species not significant for either tests (these were excluded).

1 - Species with an average or lower score and only significant for the first test.

2	 Species with average or lower score and significant for both tests.

3 - Species significant only for the second test and largely restricted to the central section of the gradient.

4 - Species with higher than average scores and significant for both tests.

5 - Species with higher than average scores and significant for the first test only.

14	 Significance level (S.L.)! refers to the significance level for a species (1% or 5%) according to X 2 (Dargie,

1986).

* Data abstracted from Grime et al. (1987)
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good quality site co-ordinate sets (Hill & Gauch 1980. & Gauch, 1982)

and to be a powerful method to ordinate the data plots on separate axes

(Kershaw & Looney, 1985).

Both RA and DCA are part of a program package DECORANA and

they produce ordinations of both sites and species for four axes.

2.5.2.1 Results

On the DCA species ordination for axes one and two, presented

in Figure 2.6, M. verna and P. alpestre occupy a similar position on

the diagram. An attempt was made to identify the ecological signifi-

cance of the two axes using environmental indices which relate to the

autecology of the species being studied and which are presented in

Table 2.3. No simple patterns could be visually detected and no

ecological separation of M. verna. and P. alpestre has been achieved.

2 • 5.3	 Seriation )4ethod

The rooted-frequency data analyzed by DCA were also subjected

to a more rigorous method of analysis. This method presents results as

one or more two-way site-species tables, termed seriation arrays, which

order species according to the main environmental trends in sample

sites (Dargie, 1986).

SERIATE is a Fortran program written by Dargie (1984, 1986),

devised to "senate" and summarize site-species patterns derived from

ordination analysis including DCA. The method is principally a way of

re-ordering data into a more understandable form, but also involves a

x2 procedure for sorting flonistic data and isolating species signifi-

cantly restricted to segments of a site sequence. Dargie (1986)

outlines the seniation technique which can be applied to three types of

site sequencing, termed summarization modes. First: single habitat
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variables are used as a form of direct gradient analysis. Second:

trends on the original axes of indirect site ordinations can be

examined. Third: trends oblique to axes of indirect site ordinations

are examined. For each seriation two x2 tests are applied to each

species. Test 1. dichotomizes the axis into upper and lower halves to

see if the species is restricted to the lower or upper part of the axis

at 5% and 1% significance levels of x2 . Test 2 divides the axis into

three parts, a central and two outer zones to see if the species is

restricted to the central zone at 5% and 1% significance levels. A

location code (0, 1, 2, 3, 4 and 5) is then attached as appropriate to

each species. According to x 2 results at X2 <3.84, p = 0.05, these

codes can be listed as follows:

Code	 0 Species not significant for either tests.

1 Species significant only for the first test, largely

confined to lower half of site gradient.

2 Species significant for both tests, mainly on lower

half of gradient in the first test.

3 Species significant only for the second test, largely

restricted to the central section of the gradient.

4 Species significant for both tests, come on upper half

of the gradient in the first test.

5 Species significant for the first test only, largely

confined to the upper half of the gradient.

Non-significant species (coded 0) are eliminated from seriation output.

Hence the analysis acts as a filter to retain only those species

significantly restricted to parts of the site gradient on the axis.

However in the present study only mode 2 (original ordination axes) was
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used because of the nature of the investigation. For more details of

the method and the way of constructing the diagrams see Dargie (1984,

1986).

2.5.3.1	 su1tS

Seriation arrays of species and site groups for axes one and

two are presented in Figures 2.7 a & b. As in the previous analysis,

M. verna and T. alpestre occur in a similar position on each axis.

However the two axes are much more readily interpreted in ecological

terms than those of the DCA ordination. The first portion of axis one

comprises mainly species of north-facing slopes with infertile

calcareous soils, and the latter portion of the axis consists of

species of more fertile, often disturbed sites. The middle area

contains species of relatively infertile but disturbed sites. This

part of the axis includes both M. verria and T. alpestre. Axis two

seems to be similar to axis one except that there is a mixture of

species from disturbed and from acidic soils along its latter part.

The data from both axes suggest that M. verna and P. alpestre

have a. similar ecological niche (infertile but somewhat disturbed sites

with broken vegetation on metalliferous mine spoil) but do not identify

any clear-cut ecological differences between the two species.

2.6	 DISCUSSICN

In this chapter the geographical and aspects of ecological

distribution of M. verna and P. alpestre have been studied by a variety

of methods.	 Both species appear to be similar in their habitat

requirements. However a few differences could be detected between the

two species. These are (1) P. alpestre is much more restricted than

M.verna in Europe, Britain and Derbyshire. (2) in Derbyshire M. verna



I___
St group OStOfl

9	 j3	 12	
9-.-	 I

1.0 iCO 200 3(X) 1.00 5(X) 	 40 tO 200 3CC) 1.00 5CC)
Sle ordiratofl value

One

groip G.RC. S.L.
1	 N

1
	

NW

1

	

1
	

N

	

1
	

MN

	

1
	

MN

	

1
	

N

	

1	 NM

	

1	 4

	

1
	

MN

	

1
	

NW

	

1
	

44

	

1
	

94,4-

	

1
	

4494.

	

1
	

MN

	

1
	

N

	

1
	

MM.

	

1
	

NW

	

1
	

3

	

1
	

N 44

	

1
	

N

	

1
	

N,'

	

1
	

MM

1

	

1
	

NW

	

1
	

'4.

	

1
	

MM

	

3
	

N

	

3
	

NM

	

3
	

MM

	

3
	

N,'

	

3
	

NM

	

4
	

MM

	

5
	

NM

	

3
	

N

5

	

5
	

N

5
5

	

5
	

Mg

	

5
	

N

	

5
	

N

	

5
	

N

	

5
	

N

	

5
	

N

	

5
	

"N

Figure 2.7 a & b Seriation arrays of species and site groups for axes

one and two.

Data have been summarized according to:

(a) percentage frequency in site group (0 - 100%), and

(b) Octave cover score of site group.

(Index of the octave cover score 0 - 9).

Gentiana amarella

lielictotrichon pratene.

Cater flacca
Ptinula van.

8rize media

De.chanpeia flexuoea

Xnautia arveneic
Succica prateniu

Prune Jia vulganli
Viola riviniana

Scabio.a coltnnbaria
Helianthemurn chamaeci.tu.

Cater caryophyllea

Polygala vulgarti
Potenium .angui.erba
Centaurea nigra

Leontodon hiepidue

Drachypod turn .ylvat icum

Pimpinella eaxifraga

Arabia hirsute
Feituca ovina

Thymus drucet

Galium iternerj

Xoeleria crietata

Linus. Catharticum
?.r.thoxanthum odoratum

LuZula campestris

Euptirasia officinalii

Cainpanula rotundifolia

Hinuartia verne
Rumex aceto.ella

Thiaspi alpeitre

Feetuca rubra

Ceraatium fontanum
Dianthus deltoides

Trifoliurn repens

Leontodon autumnaltu
Veronica chamaedrys

Crepis capillaria

Pea pratensta

Pea annua

Rflnex crispus

Ranunculu. repens

Urtica dioica

Glechotna )iederacea

Poe triviali.



Site group positon

0	 3 6 g 12	 15	 0	 3	 912	 15
I	 I

27 1(XJ 260	 3b0 7O	 27 100	 200 3 370
Site ordinolon vatue

Octave cover score of site_group
9L	 I

twc

Reracleum aphondylium

Rumex acetosa

Festuca ovina

Poa trivialis

Agropyron repens

Rumex obtusifolius

A grostis tenuis

Galium aparine

Teucrium scorodonia

Deschampsia flexuosa

Briza media

Carex flacca

P1anago media

Scabiosa columbaria

Succisa pratensie
Carex caryophyl.lea

Poterium sanguisorba

Senecio jacobaea

Leontodon hispidus

Galium verum

Linun catharticum

Bieracium pi].osella

Hieracium spp

Lotus corniculatus

Calium sterneri

Euphraaia officinalis

Thymus drucei

Plantago lanceolata

Thiaspi aipestre

Fest:uca rubra

!4inuartia verna

Veronica chamaedrys
Cerastiuin fontanum

Canpanu1a rotundifolia

G.RC. S.L.

	

1	 ww

1

1

	

1	 NI

1

1

1

1

	

1	 '.'.

1

1

1
1

1

2

	

2	 1414

2

	

3	 14

3
1

	

5	 *

	

3	 1414

	

5	 Nw

	

4	 4'.

	

5	 $

	

5	 *

	

5	 Nw

	

5	 14$

	

5	 14,.

	

5	 )#1

Xe":

0- 0

1 - )O.01

2 - 0.5-1

3 - 1-2

4 - 2-4

5 - 4-8

6 - 6-16

7 = 16-32

o - 32-64

9 - 64+



- 15 -

is found over a wider range of soil pH. (3) T. alpestre is particularly

associated with high exposure of bare soil. (4) T. alpestre may be

less restricted to north-facing slopes.

These small differences do not provide a satisfactory basis

for ecologically separating the two species. Therefore the following

questions will be posed in later chapters.

(A) Relating to the contrasted geographical range of the two species:

(1) Do the two species differ in their capacity to form populations

adapted to new environments?

(2) Do the two species differ in their ability to colonize new sites?

(B) Relating to the ecological "niche" each species occupies on

metalliferous spoil:

(1) Do the two species differ in their tolerance of heavy metals and

consequently occupy microsites differing in toxicity?

(2) Do the two species occupy sites differing in other respects, e.g.

in the degree of disturbance or vegetation cover?



- 16 -

PR 3

*MwWGIcAL VARI2ICt4 BE'liEF1 POPULA2'ICNS OF NINIIA VERNA ANt)

Tm1ASI ALPESTRE F1( '1 SO(7J AND t&fl PENNIN

3.1	 IWPOflCN

In the previous chapter it became apparent from both the

broad geographical and local distributions of M. verna and T. alpestre,

that the latter species is considerably 'rarer' relative to the former,

even in areas where suitable habitats might exist. In the Pennine

region, as elsewhere in the British Isles, both species exhibit a

markedly disjunct distribution pattern. The consequences of this

geographical isolation of local populations, presumably at least at

some relict sites since glacial times, have a major bearing on popula-

tion divergence and further evolution within the species (Pigott &

Walters, 1964).

Geographical isolation may facilitate population divergence

through the differentiation of locally-adapted races or ecotypes

possessing distinctive morphological and physiological characteristics.

However, such genecological divergence requires the necessary genetic

variability within the gene pools of populations to allow the operation

of the processes of natural selection. Small, reproductively-isolated

populations of predominantly inbreeding species like T. alpestre may

possess restricted gene pools largely as a result of their origins from

a very limited number of establishing individuals (the founder princi-

ple). Divergence may result from the effects of subsequent random

genetic drift, Species showing more tendency to outbreeding, such as

M. verna, may accordingly show more genetic variability within popula-
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tions. Some degree of crossing between• geographically-separated

populations may even occur depending on the range of pollen vectors.

Contrasting breeding systems may then be another factor implicated in

the interpretation of the present-day distributions of both species.

Regrettably, it is impossible to trace the course of recent

evolutionary change in plant populations. All that is possible is to

observe the results of such processes a posteriori, by comparing and

contrasting morphological and physiological traits of individuals

within population samples. Features of adaptive significance may thus

be revealed. The extent of inter - and intra-population variation in

such characteristics may throw some light on plasticity of the species

as a whole and the ease with which adaptive variants are selected.

This chapter describes an investigation of morphological

variation between a small range of populations from metalliferous mine

sites within the study area, selected to include populations of varying

degrees of geographical isolation from each other. Chapters 4 and 5

discuss similar studies on physiological properties (heavy metal

tolerance).

3.2	 )TERI.ALS AND METHODS

3 • 2.1	 Experinntal Rationale

Field observations and the reports of other workers suggest

that populations of both H. verna (Halliday, 1960) and P. alpestre

(Riley, 1955; Ingrouille & Smirnoff, 1986) exhibit some degree of

variation in morphological characteristics between sites. The more

obvious include plant height, leaf size, floral and fruit dimensions.

Comparisons of population samples collected in the field may be

confounded by the effects of different habitat conditions resulting in

some degree of phenotypic modification. This is frequently the case
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for vegetative characters which may prove highly responsive to climatic

factors. In order to detect genotypic differences, plants must be

raised from seed under standardized environmental conditions • A

protocol for this type of genecological study was established by the

classic work of Turesson in the 1920's (Jones & Wilkins, 1971). By

contrast to vegetative characters, floral and fruit characters are

generally implastic and remain unaffected by environmental conditions.

Comparison of material collected in the field is therefore justified.

In the present study a combination of approaches was employed, dictated

largely by problems of the flower initiation in T. alpestre. Plants of

both species were grown from large seed samples collected at the field

sites listed in Table 3.1. They were raised in trays of John Innes

Potting Compost No. 2 (JIPC) in a glasshouse at Tapton Experimental

Gardens. Supplementary day-light was supplied for 16 hours per day

from 100W Phillips mercury lamps. Daytime temperatures did not

generally exceed 25°C or the night temperature fall below 18°C. Thirty

plants of any one species/population (10 per tray) were grown on from

seedling stage to maturity under these conditions. For M. verna,

vegetative and floral characters were recorded when each population

sample reached the flowering stage. For T. alpestre, however,

vegetative characters were recorded when it was felt that they were

most fully expressed, i.e. when leaf rosettes had reached maximum

dimensions; this was at approximately 36 weeks after sowing. In view

of the problems mentioned above, these plants were not grown on to

flowering but fruiting inflorescence axes were collected from 30

individuals from the field for all populations in this study.
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3.2.2	 Populations San1ed

Sites of origin of populations used in the morphological

study is given in Table 3.1.

Table 3.1

Site

Locality
Grid. Ref.
Altitude
Slope
Aspect
Soil pH
Species
Grazing
Common associates
Substrate
Principal metals
Disturbance

Sites of origin of populations sa1ed

Bradford Dale

S. Pennines
5K 202637
152 m
120
3400
6.7
M. verna & P. alpestre
Not grazed by sheep
Festuca ovina; Festuca rubra Rumex acetosa
Lead mine spoil
Pb; Zn; Cd & Fe
Low

Site	 Black Rocks
Locality	 S. Pennines
Grid. Ref.	 SK 293557
Altitude	 244 m
Slope	 14°
Aspect	 320°
Soil pH	 7.1
Species	 M. verna & T. alpestre
Grazing	 Not grazed by sheep
Common associates	 Festuca rubra & Ruinex acetosa
Substrate	 Lead mine spoil
Principal metals	 Pb & Zn
Disturbance	 Very high

Site	 C].ough '*od
Locality	 S. Pennines
Grid. Ref.	 SK258618
Altitude	 168 m
Slope	 9
Aspect	 160°
Soil pH	 7.3
Species	 T. alpestre
Grazing	 Not grazed by sheep
Common associates	 M. verna, F. rubra & Rumex acetosa
Substrate	 Lead mine spoil
Principal metals	 Pb & Zn
Disturbance	 High
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Site
Locality
Grid. Ref.
Altitude
Slope
Aspect
Soil pH
Species
Grazing
Common associates

Substrate
Principal metals
Disturbance

Site
Locality
Grid. Ref.
Altitude
Slope
Aspect
Soil pH
Species
Grazing
Common associates
Substrate
Principal metals
Disturbance

Whitesike Mine (Garrigifl)
N. Pennines
NY 751425
131 m
00 *
-*
6.9*
M. verna & T. alpestre
Grazed by sheep
Armeria maritima, F. ovina & Rumex acetosa
Cochleavia pyrenaica, Viola lutea
Lead mine spoil
Pb & Zn
High

Grattondale
S. Pennines
SK207607
259 m
200
3150
7.3
M. verna
Not grazed by sheep
F. rubra, Rumex ocetosa
Lead mine spoil
Pb & Zn
Low

Site	 Tides1 Rake
Locality	 S. Pennines
Grid. Ref.	 SK 159778
Altitude	 335 m
Slope	 13°
Aspect	 450
Soil pH	 7.7
Species	 M. verrta
Grazing	 Not grazed by sheep
Common associates	 F. ovina, Koeleria macrantha, Plantazo

lanceolata, Thymus praecoc ssp. arcticus
Substrate	 Lead mine spoil
Principal metals	 Pb, Zn, & Cd
Disturbance	 High

Site	 Eller Beck
Locality	 N. Pennines
Grid. Ref.	 SD 984900
Altitude	 6]. m
Slope	 00*
Aspect
Soil pH	 6.7*
Species	 T. alpestre
Grazing	 Grazed by sheep
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Common associates	 M. verna; A. maritima & Cochlearia pyrenaica
Festuca rubra

Substrate	 Lead mine spoil
Principal metals	 Pb & Zn
Disturbance	 Low

* Dale (1974)

3.2.3	 choice of )rpho1ogica]. characters

The characters selected for scoring all individuals were

chosen on the following criteria:

(a) previous observations suggested some degree of inter-popula-

tion variation.

(b) they were expressed in all individuals of a population sample

at the same time.

(C)	 they could be simply and accurately recorded.

(d)	 a range of vegetative and reproductive characters were

included for each species.

The characters chosen are listed below, together with the

abbreviations used elsewhere in the chapter.

Ninuartia verna

1.	 vegetative characters

(a) Plant height (P .Ht.), measured from the ground to the apex of

the highest inflorescence axis.

(b) Plant breadth (P.Br.), an estimate of maximum plant width

measured across the widest dimension.

(c) Leaf length (Lea. L.), recorded as the length of the longest

leaf pair, measured to the nearest millimetre.
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2..	 Floral characters

(a) The structure of the inflorescence was noted according to the

complexity of branching (simple or compound dichasium).

All observations on floral characters were made on one

fully-opened flower, taken from the centre of one inflorescence on each

individual. Preliminary observations suggested that this flower

generally showed the fullest expression of all the characters scored

and that there was little variation from one inflorescence to another.

Thus, although it was realized that a single flower per individual was

a very limited sample, it was deemed to be a representative sample, at

least for comparative purposes. The following were scored on each

flower in situ

(b) Flower diameter (Flo.Br.) was measured using a calliper gauge

(C)	 Stamen number (number of filaments)

(d) Anther position

(e) Anther colour

(f) Number of style branches

(g) Number of stigma lobes

(h) Presence of nectaries

The sample flower on each plant was then dissected and one

petal and one sepal were mounted in a drop of water on a microscope

slide. The following dimensions were then recorded under low power

magnification, using a micrometer eye-piece and graticule.

(i) Petal length (Pet.L.)

(j) Sepal length (sep . L.), both recorded as the maximum length

from the base to the most distal point.

The ovary was sectioned using a razor blade and then the

additional characters below scoreth
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(k)	 Number of carpels

(2)	 Number of septa.

3.	 Fruit characters

One fully-developed capsule was selected from near to the

centre of the largest inflorescence on each individual plant. This was

used to provide measures of the following characters:

(a) Capsule length (Cap.L.), measured using a calliper

(b) Number of capsule valves.

(C) Using a bulk sample of mature seed from each population, mean

seed weight (Seed W) was determined from the average of six weight

determinations on sub-samples (approx. 0.1 g) of counted numbers of

seed.

4.	 erlogy

The time for germination after initially sowing the seed

samples was recorded as was the time taken for flowering to commence in

each population.

T. alpestre

1.	 Scape and plant size at the fruiting stage.

(a)	 Plant height (P.Ht.) was measured from the ground to the apex

of the highest racenie.

(b)	 Raceme length (Rac . L.) was measured from the apex to the

lowest pedicel.
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(C)	 Stem length (Ste.L.) was measured as the distance from the

insertion of the pedice]. of the lowest capsule to the base of the stem.

(d) Rosette breadth (Ros .Br.) was measured across the widest

point.

(e) Leaf length (Lea.L.,) from the apex to the point at which the

petiole joins the base and leaf breadth (Lea.Br.) across the widest

point were measured for the largest leaf.

2.	 Fruit (see Figure 3.1).

One fully-developed capsule, from the middle of the largest

raceme of each individual in the sample was measured for the following

parts, using a binocular microscope with micrometer eye-piece:

(a)	 Capsule length (Cap. L.): measured from the line level with

the junction of the capsule and the receptacle to the apex of the lobe

of one of the 'wings'.

(b) Capsule breadth (Cap.Br.): measured at the widest point.

(c) Breadth index (Bd.I.): the distance from the junction of the

capsule and the receptacle to an iiaginary line joining the widest

points across the capsule.

(d) Notch breadth (Not.Br.): measured as the distance between the

apices of the 'wings'.

(e) Notch depth (Not.D.): measured from the base of the notch to

the point level with the apex.

(f) Style length (St .L.): measured from the base to the apex

including the stigmatic surface.

(g) Fruit (s flower) number (Fru.N.) was taken as the total

number of fully-developed + non-developed or sterile capsules.
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(Ii)	 'Fertility' was estimated from the mean seed set of five

fully developed capsules taken from the centre of the largest raceme.

(i)	 Seed weight was determined in an identical manner to that for

M. verna.

3.	 Ratios were derived from the above measurements, as these may

serve to exaggerate the differences between populations. These were:

raceme L/stem L, raceme density (Rac.D, estimated from the ratio of

fully-developed capsule nuinber/raceme length), Cap.L/Cap. Br, Ed.

I/Cap.L, Bd.I/Cap.Br, Cap.L/Not.D, Not.D/Not.Br, St.L/Not.D. and

Cap.Br/Not.Br.

3.3	 REJLTS

Seeds from all population samples of both M. verna and T.

alpestre were germinated at the same time in the glasshouse as already

described. Differences in growth habit between individuals were noted

as they became apparent.

Mirivartia ver

The following characters did not vary either within or

between populations of M. verna, and will not be discussed further:

(characters coded as above)

2(a)	 The branching pattern of the inflorescences.

2(d) Anther position (dorsifixed).

2(e) Anther colour (light purple).

2( f)	 Number of style branches (3).

2(g) Number of stigma lobes (2).

2(h) Nectaries (present in all flowers).

2(k)	 Number of ca.rpels (3).
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2(2)	 Number of ovary septa (one locule for all).

3(n)	 Number of capsule valves (3).

Although germination occurred in all population samples up to

9 days from sowing, populations showed considerable variation in the

time at which flowering commenced. This was 15 weeks from germination

for Bradford Dale and Black Rocks and 20, 25 and 30 weeks for the

Tideslow Rake, Grattondale and Whitesike populations respectively. A

difference of 15 weeks thus separated the first and last populations to

commence flowering.

The summarized data for the morphological characters scored

for the five population samples are shown in Figure 3.2. All data were

subjected to a full analysis of variance for each character; LSD (5%)

values for comparison of population means, derived from these ANOVA

tables, are shown beside each set of bar-charts. Standard error bars

are also attached to the population means to provide a measure of

within-population variation.

For some characters scored, such as plant height, plant

breadth, flower breadth and seed weight, there was considerable and

significant, inter-population variation detected. Others, such as leaf

length, petal, sepal and capsule lengths showed less variability both

within and between populations. To allow easy visual comparison of the

inter-population variation in the characters scored, the number of

significant (5%) differences between population means for each charac-

ter is shown above each population bar on all bar-charts presented in

Fig. 3.2. The overall degree of inter-population variation has also

been summarized for each character as a percentage score out of a

maximum of 20 possible significant differences. Plants from the

Tideslow Rake population showed slow growth (reflected both in terms of

plant height and breadth) and maintained a compact growth habit



Legend to Figures

Figures 3.2 - 3.5

Inter-population variation in a range of morphological

characters between five populations of M. verna and five of T.

alpestre.

Each bar represents the mean for the population sample (ri =

30) for either glasshouse-grown (G) or field-collected (F) plants.

Standard errors are attached to each mean, and the LSD (5%) values from

the ANOVA tables are shown for each population comparison.

The numbers shown above each bar (score/4) are the number of

significantly-different population comparisons between the respective

population mean and those of the other four populations in each data

set.

The percentage value in parentheses above each bar-graph is

an index of overall variability for each character; it has been

calculated by summing the total number of significant population

comparisons and expressing this total as a percentage of the sum of the

maximum number possible (20).
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Figure 3.2
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throughout the period of study; these plants also possessed the

smallest floral dimensions. Plants from the Bradford Dale population

were, on average, significantly larger than all other population

samples, as is apparent from the plant breadth data. In general,

however, differences in growth habit between populations were not as

marked as might have been predicted from observations in the field.

Maximum leaf length showed very little overall variation

which is surprising as vegetative characters are generally the most

plastic phenotypically and variable genotypically. The converse was

also true for flower breadth.

The mean seed weight for most populations is about 0.08 mg,

but seed from the only population from the N. Pennines included in this

study (Whitesike) proved to be significantly heavier than from all the

S. Pennine populations.

Thiaspi a..lpestre

Seed of all population samples of T. alpestre readily and

rapidly germinated under the glasshouse conditions. The Eller Beck

sample was however slightly delayed in its germination. Subsequent

seedling growth resulted in the formation of a basal rosette of leaves.

In no case was flowering initiated, probably as a result of the

combination of daylength and temperature conditions prevailing in the

glasshouse. The data assembled for the five T. alpestre populations

(summarized in Figures 3.3, 3.4 and 3.5) are thus a composite derived

from the glasshouse and field-collected plants. The data have been

summarized in the same way as for M. verna, Figures 3.3 and 3.4

presenting the primary information for whole plant and capsule charac-

ters respectively and Figure 3.5 some derived ratios.
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Figure 3.3

T. alpestre - Varia€iQn in vegetative characters and raceme dimensions
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The analyses of variance for all the characters scored

suggested considerable inter-population variation in morphology,

particularly in the vegetative characters such as plant height, stem

height and also in raceme length, as measured on plants collected from

the field. Rosette and leaf dimensions for glasshouse-grown plants

were less variable. The Whitesike population was characterized by

plants of small dimension which contrasted markedly with typical plants

from Bradford Dale and Black Rocks. Capsule characters, in general,

showed little variation between populations, but some dimensional

ratios (e.g. notch depth/notch breadth) accentuated small-scale

interpopulation variations. The Whitesike population again emerged as

extreme in several ratios (notably capsule length/notch depth arid style

length/notch depth). Mean seed weight also proved to be variable, the

highest mean weight (o.44 mg) being for the Bradford Dale population,

which also had the largest number of capsules/inflorescence and the

largest plant height and raceme dimensions.

Overall comparison of population variability in the two species

It is difficult to assess the overall degree of similarity

(or difference) between the population samples of the two species used

in this comparative study, in view of the range of morphological

characters employed. However, an attempt to provide such a single

measure is presented in Table 3.2. Here, an index of variability for

each population has been calculated by summing the number of signifi-

cant differences between any one population and the remaining four for

all characters scored, and expressing this number as a percentage of

the maximum total number of significant comparisons possible. This

calculation has been performed for each population of each species in



TABLE 3.2	 INDICES OF VARIABILITY (%) FOR THE POPULATIONS OF

M. VERNA AND T. ALPESTRE USED IN THE MORPHOLOGICAL STUDY

Species/Popula€ion 	 Index of variabili€y*

H. verna

1. Tides low Rake
	

74.9

2. Black Rocks	 62.6

3. Whitesike (Garrigill)
	

62.6

4. Grat tondale	 53.).

5. Bradford Dale	 53.].

T. alpestre

1. Whitesike (Garrigill)
	

42.8

2. Bradford Dale	 39.6

3. Eller Beck (Woodhall)
	

36.5

4. Black Rocks	 23.0

5. dough Wood
	

17.8

*Index values have been calculated by summing the number of significant

differences between any one population and the remaining four for all

characters scored, and expressing this value as a percentage of the

maximum total number of significant comparisons theoretically possible.
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turn, and the populations ranked in decreasing numerical value of

indices. A high index value thus suggests much (significant) in-

ter-population variation in morphological traits.

It is noteworthy that indices are on average nearly 30%

higher for M. verna than for T. alpestre suggesting that, at least for

the range of populations examined in this study, N. verna shows greater

overall inter-population variability. Whilst direct comparison with M.

verna is not strictly possible in view of the different range of

populations employed, it is clear that P. alpestre, at least from the

sites common to both species, is markedly less variable at the popula-

tion level than M. verna at these sites. The Tideslow Rake population

of M. verna emerges as the most extreme in terms of morphological

variation but, on average, each population proves to be significantly

different from at least two others for every character scored numeri-

cally. The most distinct population of T. alpestre morphologically is

Whitesike, the most geographically-isolated.

Population variability in relation to site characteristics

The morphological study reported in this chapter does reveal

differing degrees of population divergence in both species which can be

considered further in the light of some site features which could be

important in contributing to reproductive isolation and opportunities

for population differentiation. 	 In this context, it is probably

meaningful to consider only the S. Pennine populations as so few N.

Pennine population samples were included in the study.

Table 3 • 3 summarizes some of the most important site charac-

teristics for these populations, tabulated alongside recalculated

indices of population variability, having omitted the N. Pennine

material. Site size (which may be considerably larger than population
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size) has been estimated from direct measurements from the relevant

1:25,000 scale maps. The nearest lead mine spoil heaps have also been

located and distances read off from these maps. Historical aspects of

mining activities have been abstracted from Ford & Rieuwerts (1983) and

presented together with additional information kindly provided by Mr.

S. R. Band (UCPE, Sheffield). Information available often relates

purely to the major periods of mining activity, particularly the

opening and closing of the most economical mines. Subsequent small-

scale mining activities and sporadic reworking have not generally been

documented in the literature. Such historical notes can therefore only

be used as a broad indicator of the age of the site and the period over

which colonization and spread of metallophyte species can have taken

place. An index of floristic similarity between sites has also been

tabulated. This has been obtained directly from the appropriate

quadrat records for the sites as used in Chapter 2 (see also Appendix

2 for the primary floristic data) by calculating similarity coeffi-

cients for these vegetation stands based on the number of shared and

different species they include. For any stand comparison, the coeffi-

cient was obtained from the formula (2w/a + b), where w is the number

of 'shared' species, a the total number in stand 1 and b the total

number in stand 2. These values were then averaged for each site and

indices expressed as a percentage value.

For M. verna, it emerges that the population from the oldest

site (Tideslow Rake) is also the most inorphologically distinct (as

evidenced by the highest index of variability). There is also a

possible relationship with the size of site; Grattondale is the

smallest site (and population) and shows the lowest index of variabil-

ity. Although Tideslow Rake ranks only number two in the order of size

of site, it is probably the largest in terms of a continuous population
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and numbers of individuals. Black Rock5 is nominally the largest site

as a result of the apparent fusion of a number of small workings, the

spoil from which collectively presents a large number of potential H.

verna sites. However, not all are presently colonized by M. verna (or

T. alpestre), and the sub-population from which seed was collected for

this study was certainly smaller than Tideslow Rake. The size of the

Bradford Dale population relates closely to the small size of this

site.

The same trend in index of variability and age of site is

also apparent for the three T. alpestre populations; Bradford Dale, the

oldest having a convincingly higher index value. There is no clear

relationship with size of site here. All the M. verna sites are within

1 km of other mine spoil areas, supporting similar populations; there

is no apparent trend in these distances (extent of geographical

isolation) with indices of variability. For the three T. alpestre

populations however, there is a trend of increasing morphological

distinctness with increasing isolation. Little variation is apparent

between the indices of floristic similarity derived for all sites

confirming that, in spite of age and size differences, the communities

supporting both species are very similar, a conclusion reached in

Chapter 2.	 Community characteristics cannot therefore be related

directly to morphological traits in these populations of M. verna and

P. alpestre.

3.4	 Discussion

It must be stressed at the outset of any discussion of the

ecological and evolutionary significance of the results of this

morphological study that caution must be exercised in comparing the two

species as:
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(a) It was not possible to grow both species to maturity

(flowering and fruiting) under the glasshouse conditions available,

(b) Only five populations of each species were studied; these

were not selected to be the most geographically-isolated or ectreme,

but to be representative of the range of populations within the study

area,

(C) A limited range of morphological characters was employed to

assess inter - and intra-population variation. Some of these had

potential ecological significance (e.g. plant height) others were mere

markers, which could easily be scored,

(d) Some characters, particularly those associated with flower or

fruit dimensions and geometry, would be expected to show some degree of

correlation.

With the constraints mentioned above, it is therefore

surprising to find the significant, albeit small in many cases,

morphological variation between populations of both species reported in

this chapter. It is also apparent that intra-population variation in

the characters scored is generally small relative to inter-population

differences, as evidenced by the generally small values for standard

errors for population means.

Some characters scored for both species showed little, if

any, inter-population variation; others on the other hand, showed

considerable genetically-based variation. The growth conditions

employed in the glasshouse used for the study were generally considered

to be 'productive' and to enable the fullest expression of genotypes in

terms of characters related to growth potential. In this context, the

limited variation in maximum leaf dimensions of both species can be

mentioned. The significance of variation in seed weight, both between

species and at the population level, will be discussed elsewhere.
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Other workers have commented upon morphological variation

between isolated populations of M. verna and T. alpestre. According to

Halliday (1960), in its natural habitats, the insect-pollinated and

potentially outbreeding M. verna shows considerable polymorphism. This

situation in the field can arise as a result of an interaction between

genetic diversity and extreme phenotypic plasticity (Briggs & Walters,

1969; Jones & Wilkins, 1971). The expression of such polymorphism may

thus depend on the environment in which individuals are cultivated and

individuals of the same biotype may be phenotypically different when

grown in contrasting environments (Halliday, 1960). Local variations

between British and European populations of M. verna have been observed

and reported in the literature and Halliday (1960) has shown the

existence of significant genetically-based differences, even between

populations which are geographically close. This is in agreement with

the findings of the present study. Here it is concluded that there is

significant variation between both geographically-close (S. Pennine)

and isolated (N. Pennine) populations of M. verna. 	 Some of the

characters which vary (e.g. growth habit, time of flowering) are of

clear ecological significance and suggest the existence of ecotypic

differentiation between at least some of the populations. Variation in

floral dimensions (flower diameter, petal length, etc.) may have

implications in terms of attraction of pollinating insects, which could

have similar genecological repercussions. The most markedly different

population described from the British Isles is that growing on the

serpentine soils of the Lizard Peninsula, Cornwall. Plants from this

geographically-isolated and ecologically-extreme habitat show a

characteristic cushion growth form and are more glaucous and ciliate,

the lower leaves being closely appressed to the stems (Halliday, 1960).

The Lizard population has been given sub-specific status, ssp, gerardii.
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(Wilid.) Graebn, (Claphain, Tutin & Warburg, 1962), although the

expression of these distinctive characters can be modified in cultiva-

tion (Steel, 1955; Clapham, Tutin & Warburg, 1962). No local popula-

tions in the present study showed comparable morphological divergence.

Populations of T. alpestre in the study area, and indeed in

the British Isles generally, are considerably more isolated geographi-

cally (and hence reproductively) than those of M. verna (Chapter 2):

they may also consist of a very small number of individuals. T.

alpestre is a predominantly inbreeding species - Riley (1956) quotes an

overall figure of about 5% outbreeding - and consequently populations

may possess restricted gene pools, largely as a result of their origins

(a limited number of establishing individuals) and their reproductive

isolation. In these circumstances, one might expect to find extensive

morphological divergence between isolated populations of T. alpestre

and the fixation of certain morphological traits due to genetic drift.

One could argue that such morphological, variation would thus be

unlikely to be linked to ecotypic differentiation in view of the

limited variation present within population gene pools on which natural

selection might operate. The present study suggested significant

inter-population variation in a range of characters relating to both

plant habit and the reproductive parts of the plant (inflorescence and

fruit dimensions). Some variation can be linked to prevailing ecologi-

cal conditions in the field. For example, the reduced plant height,

stem height and raceme length of plants from the two N. Pennine

populations (Whitesike and Eller Beck) can be related to the grazing

regimes at these sites. Both are entirely open to grazing (as is

apparent in the field from the closely-cropped turf) whereas the S.

Pennine sites are not grazed by sheep and the vegetation is markedly

taller. This suggests that ecotypic differentiation can occur in T.
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a3.pestre. These findings are consistent with the reports of other

workers (Riley, 1956; Ingrouille & Smirnoff, 1986) who have examined

populations of T. alpestre in the field. The diversity of capsule form

and its distinctness in relation to geographical locality in the

British Isles has been stressed (Riley, 1955; 1956) arid illustrated in

the Flora of the British Isles (Clapham, Tutin & Warburg, 1962). Both

Riley (1956) and Ingrouille & Smirnoff (1986) have shown wide-scale

population variation in the length of the style and the depth and

breadth of the fruit notch (and the relevant ratios). Although there

is apparently some geographical pattern in this variation within the

British Isles, there exists a complex series of variants with few

discontinuities (Ingrouille & Smirnoff, 1986). Riley (1956) concluded

that in spite of the existence of these considerable differences

between populations, no clear morphological separation could be made on

the basis of fruit types. Such continuous variation does not allow the

recognition of segregate taxa, although there have been a number of

attempts to provide a classification of seemingly distinct inbred lines

of the T. alpestre complex (see e.g. Jordan, 1846). The problem of

population variation and isolation has also confounded the taxonomy of

the species - T. alpestre L, has recently (Ingrouille & Smirnoff, 1986)

been shown to be an illegitimate name and, according to these authors,

should be replaced by T. caerulescens J and C. Presi.

The correlations reported between indices of population

variability and some important site characteristics, although only

tentative, can be interpreted as potentially causal. It is clear that

both age and size of site can affect population development and

variability and that proximity to other sites will determine the degree

of reproductive isolation, particularly in M. verna. For both species,

the populations at the oldest mine sites show the highest degree of
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morphological distinctness; for H. verna, the two largest sites also

support populations with high indices of variability. The time factor

is clearly crucial when populations may be established from a limited

number of founder individuals on a newly-created or newly-exposed

habitat. Founder effects may thus determine morphological

distinctness in small inbred populations such as those of T. alpestre.

A large site can allow the possibilities for population spread and some

degree of ecotypic differentiation as a result of local divergence

between sub-populations separated spatially within the site. Such

could be the case for M. verna at Black Rocks. Al]. the populations

scored in this study occur within a maximum of 1 km from other suitable

(and generally colonized) mine spoil sites. It is then perhaps an

important conclusion that population differentiation is apparent even

with the restricted geographical area studied in the S. Pennine

orefield.

In any consideration of population biology, a crucial

difference between M. verna and T. alpestre is the nature of the

breeding systems alluded to above. This is probably of major impor-

tance in understanding the present-day distribution of the two species

and the extent of population variability which is detectable. H. verna

is predominantly outhreeding, although not self-incompatible. Addi-

tiorially, there is an extended flowering season (June - September in

most northern situations) when suitable pollen vectors are abundant.

The flowers are slightly protandrous, a feature favouring out-crossing.

According to Riley (1956) however, T. alpestre has a protogynous floral

mechanism and artificial pollinations have shown that it is both

self-compatible and freely cross-compatible within populations,

although there is some incompatibility in inter-population crosses. T.

alpestre, by contrast then, is predominantly inbreeding, flowering very
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early in the season (April - May) when pollen vectors are scarcer.

Riley (1956) believes that visits of insects to the flowers of T.

alpestre are nevertheless adequate to ensure some cross-pollination.

However, it is estimated that pollen is transported only short dis-

tances, so that gene migration by pollen is slight. Thus whilst the

breeding system of T. alpestre can maintain genetic stability within

populations and ensure high seed production and thus be regarded as of

selective advantage, it limits the potential genetic variation upon

which selection may operate. The limitations caused by gene migration

(by out-crossing) can be exacerbated further by limited seed dispersal.

Seed weight of T. alpestre is on average about five times heavier than

for M. verna. Longer range dispersal of seed of the latter species is

likely and easier, allowing the possibility for movement from one to

another and the establishment of populations de novo from a small

number of founder individuals. This aspect, and its potential affects

on population dynamics, is discussed further in Chapter 6.

A further difference between the two species relates to

vegetative regeneration. M. verna is a patch-forming polycarpic

perennial while T. alpestre, which is occasionally monocarpic (Clapham,

Tutin & Warburg, 1962), lacks the capacity for the same degree of

vegetative spread. In consequence, T. alpestre, because of its greater

dependence upon regeneration from seed, is perhaps less invasive when a.

colonist and less resilient when facing extinction than M. verna. This

aspect, together with cytological factors, will be amplified in the

Final Discussion (Chapter 8).

What emerges from the exploratory morphological study

presented in this chapter is that both M. verna and P. alpestre do show

some degree of inter-population variation in morphological characteris-

tics. It remains to be determined to what extent similar variations in
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physiological properties can be detected and related to prevailing

environmental conditions. This aspect is considered in Chapters 4 and

5.

3.5

1. This chapter presents the results of a study of variation in

morphological characteristics between a range of five populations of M.

verna and T. alpestre from the South and North Pennines.

2. Individuals of each population were raised from seed under

glasshouse conditions. Flowering specimens of P. alpestre were also

collected from the field as, under the glasshouse conditions, flowering

did not occur in this species.

3. Plants of both species were scored for a range of vegetative

and floral characters.

4. For M. verna, the greatest inter-population variation

occurred in plant height, plant breadth and seed weight; for P.

alpestre most variation was in plant (and stem) height, raceme length,

in certain capsule dimensions (notch depth/notch breadth ratio) and

mean seed weight.

5. Considerable variation in the time to flowering for the M.

verna populations was noted.

6. The findings of this study are considered in the light of

some important site characteristics (age, size and geographical

isolation) and the ecological and evolutionary implications discussed.
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PTER 4

HV! NEPAL	 JJLWPIcI4 BY NINtTARI'IA VERNA AND TULASPI ALPTI

IN REt!fION TO SOIL NEPAL S

4.1	 Dr1'1lxxTION

It is well established that both M. verna and T.alpestre are

frequently, if not exclusively, associated with heavy metal

mineralization (Chapter 2). For both species, there is ample evidence

of this association in the extensive geobotanical literature. As early

as 1588, Thalius noted M. verna as a metal indicator (Ernst, 1965 cited

in Antonovics et_al, 1971). Similarly, Windsor (1865) comments on the

occurrence of T. alpestre on lead and calamine mine workings in the

Pennines where it grows in association with M. verna. Both species

have been designated absolute metallophytes (Larnbinon & Auquier, 1963)

in view of this strong association and have been included in lists of

potentially useful geobotanical indicators by several authors (e.g.

Antonovics et al. 1971; Martin & Coughtrey, 1982; Brooks, 1983). The

detailed distributions of the two species and their ecological and

evolutionary consequences have been considered in Chapter 2. It is

apparent that at least in the British Isles, the majority of sites at

which the two species were recorded are heavily contaminated with lead

and zinc which may also be accompanied by cadmium or copper. The

implication is that both plants have evolved heavy metal tolerance

which accounts, at least in part, for their success at the mineralized

sites where they are now found. A large proportion of the experimental

studies reported in this thesis relates to this aspect.
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The present chapter provided a field-based analytical

background to place in context: subsequent experimental work in which

various ecophysiological aspects of the metal tolerance mechanisms have

been investigated.

It is possible to gain some insight into gross aspects of

metal tolerance mechanisms by employing a biogeochemical approach and

analyzing plant and soil samples collected from sites of a range of

metal status. Such paired analyses can be used to quantify plant-soil

relationships and hence reveal differing patterns of metal uptake and

accumulation (Baker, 1981). Metal concentrations in the above-ground

plant dry matter can thus suggest where accumulation or exclusion

phenomena are involved. 	 Biogeochemical investigations of plants

colonizing metalliferous mine wastes in the U.K. and elsewhere in

Europe (e.g. Ernst, 1965b; 1968; 1974; Shimwell & Laurie, 1972;

Johnston & Proctor, 1977; Barry & Clark, 1978; Smith, 1979) provide

some information on the heavy metal status of mine soils. However

there are rather fewer reports of metal concentrations in the plant dry

matter of M. verna and T. alpestre. Table 4.1 presents a summary of

this information available in the literature.

Metal concentrations within plant parts may show substantial

seasonal variation as a result of changes in the availability of metals

within the soil system and the subsequent effects on uptake. Few

studies on metalliferous soils have considered this aspect (see e.g.

Shaw, 1984). The magnitude of these seasonal variations was studied in

detail at one site with a view to gaining information about possible

differences in behaviour between M. verna and P. alpestre.



Table 4.1 Heavy metal concentrations (g.g l ) in soils, H. verna and P. alpestre dry matter from

various metalliferous sites

a - Soil

LOCALIT'f

British Isles

S .Pennines

Tideslow Rake

Bonsall

Mat lock High Tor

Slaley

Grass ington Moor

Killhope Wheel

Moorhouse

Flinty Fell

Wylam

Grizedale

Langthwarte

Mendips

Yarnbury mine

Charterhouse

Prelogan

Pb	 Zn	 Cd

(75-1500)	 (1900-35000) -

	

50000-80000	 1550-1600	 -

	

56200-95000	 7100-14900 -

	

13000-67500	 74000-181000 -

	

39970-53300	 4220-4560	 75-92

	

(278)	 (278)

	

(1766)	 (700)

310	 36000	 -

	

120-31250	 320-1660	 -

	

8200-78100	 4600-8900	 -

(311-21800)	 (65-128)

	

2471-7583	 282-493	 3-5

	

434-1143	 134-193	 2-3

	

373-407	 74-120	 1.7-2

	

(301)	 (541)

	

(382)	 (1389)

	

(420)	 (910)

	

(185)	 (181)

	

62-1300	 460-14700 -

250	 4420	 -

	

2400-8500	 10000-40000 -

	

(1475)	 (414)

	

(1860)	 (285)

	

460	 2150

REFERENcE

Shimwell & Laurie, 1972

Shaw, 1984

Ingrouille & Smirnoff, 1986

Ingrouille & Smirnoff, 1986

Ernst, 1968

Barry & Clark, 1978

Clark & Clark, 1981

Rather,

Milibank &

Thornton, 1982

Ingrouille & Smirnoff, 1986

Ingrouille & Smirnoff, 1986

Ingrouille & Smirnoff, 1986

Ingrouille & Smirnoff, 1986

Ernst, 1968

Ernst, 1968

Smith, 1979

Ingrouille & Smirnoff, 1986

Ingrouille & Smirnoff. 1986

Johnston & Proctor, 1977

Europe

Greece

Leodiic.tno-kato. 	 <100	 <100

Polykastro,	 ,1500	 >1500

Italy

Alps	 776	 107700

' Exchangeable values are in parenthesis

Eelopertsis 8 Andrulakis, 1983

Kelepertsis & Andrulakis, 1983

Ernst, 1965



b - It. verna

British Isles

S. Pennines

Tidns low Rake

Slaley

Crinlon

Gri7.eda La

Copperthwaite

t.angthwa tIe

Grass inglon Moor

Grass inglon

Mendip Hills

Tre logan

Dolfrvynog

Europe

Greece

Leod ik i no-Kato,

Polykastro,

Italy

Alps

60-500

3734

5000

1.7

162-363

41.

100-20000

174

700-1580

7600

226

1100-7500	 -

1.303	 18

700

2150	 -

1695	 -

286-1600	 -

1320	 -

870	 -

160-2130	 -

3170	 -

820	 -

2200-3200	 -

41	 -

3007	 -

380	 -

3300	 -

3497	 -

Shimwell C t,aurie, 1972

Martin C Coughtrey, 1992

Shaw, 1904

ErnSt, 1968

Ernst. 1969

Ernst, 1968

Ernst:, 1969

Ernst. 1969

Barry & Clark. 1979

Ernst:, 1968

Ernst, 1969

Johnston & Proctor, 1977

Ernat, 1969

Ernst, 1965 b

Kelepertsis & Andrulakis, 1983

Kelepertsis & Andrulakis, 1993

Ernst, 1965

C - T. alpestre

British Isles

Pennines

S is Icy

Grassinglon

Grinton

Copperthwait:e

Gri7.eda le

t.angt:hwait:e

Mendip Hills

Eu rope

Germany

1167

100-2740

86

77

3 3 5-6 40

44

1600

11758	 37

1200-25000 -

19050	 -

23240	 -

11330	 -

11.280	 -

5500-9400	 -

8070	 -

5760	 -

1400	 -

5220-39600 -

7757	 -

10000	 550

Martin & Coughtrey, 1982

Shimwe1.1 & Laurie, 1972

Ernst, 1968

Ernst:, 1968

Ernst, 1968

Ernst, 1968

Ernst, 1969

Ernst, 1969

Ernst, 1968

Reeves & Brooks, 1983

Ernst, 1965 b

Ernst, 1975
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4.2	 )ThRIALS AND ))DS

4.2.1	 Analysis of plants & soils fro. different sites

Eight plants of either or both species were collected at

random, together with replicate, 3 cm soil cores from the rooting zone

from a range of eight calcareous lead mine spoil sites in the north and

south Pennines. These sites were selected to provide soil with a wide

range of heavy metal status (Table 4.2).

Prior to analysis, samples were stored overnight at 50C then

for each, the aerial plant parts were carefully washed in a dilute

detergent solution (0.1% Decon 90) and thoroughly rinsed in distilled

water, then oven-dried at 80-85°C overnight and left to cool in a

desiccator. Up to 100 mg crushed plant material was weighed into

porcelain crucibles and transferred into a cold muffle furnace set at

475°C and ashed overnight. After the samples were cooled, the ash was

carefully moistened with a drop or two of distilled water directed down

the side of the crucible, dissolved in 1 ml N/10 'Analar HNO3 and

washed into 15 ml capacity auto-sampler tubes and finally made up to

10 ml with distilled water. Samples were analyzed for Pb, Zn, Cd, and

Ca by flame Atomic Absorption spectrophotometry (Perkin-Elmer 3030).

For Ca, 9 ml 5% lanthanum chloride were added to one ml of each sample

to minimize phosphate interference.

It did not prove possible to carry out similar analyses on

root samples as these could not be cleaned free of all surface contami-

nation with any degree of confidence.

The soil samples were freed of any root fragments and

thoroughly mixed before being passed through a 2 mm stainless steel

sieve. All samples were then air-dried in the laboratory. For estima-

tion of exchangeable metals 5 g sub-samples of soil were placed into

100 ml centrifuge tubes with 25 ml lM ainmonium acetate pH 7, shaken for



Table 4.2 Sampling sites

Si€e	 0.5. Grid reference Altitude pH	 Species

7.2

6.6

7.5

7.3

6.8

7.3

7.7

7.3

Black Rocks

Bonsall Moor

Bradford Dale

Djrtlow Rake

Whitesike

Grattondale

Tides low Rake

We ns leydale

SK 296559

SK 249593

SK 218643

SK 155821

NY 751425

SK 205604

SK 159778

5K 265603

800'

1100'

450'

1050'

1450'

850'

1100'

800

M. verna, T. alpestre

M. verna, T. alpes€re

M. verna, T. alpestre

M. verria

H. verna, T. alpestre

M. verna

M. verna

H. verna, T. alpestre
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4 hours on an end-over-end shaker and centrifuged for 10 minutes at

4000 rpm at 20 0C. After filtration through Whatman No.1 papers into

appropriately labelled polythene bottles, the filtrates were analyzed

for Pb, Zn, Cd and Ca. For 'total' metal estimation 0.5 g air-dried

soil samples, which had been ground down by pestle and mortar to pass

through 80 mesh sieve, were weighed into glass boiling tubes and 25 ml

4M 'Analar' HNO3 added. The digests were allowed to stand for a few

minutes in order to allow any effervescence to subside and then the

samples were digested further in a water bath at 60°C for two hours,

allowed to cool and then filtered into labelled polythene bottles. The

digests were analyzed for total Pb, Zn, Cd, and Ca, as above.

4.2.2	 Seasonal variation in the accuimilation of lead, zinc

and Ciimium

A plot of 10 x 10 m was chosen on mine spoil at the Dovegang

lead mine, Derbyshire, (Grid ref. SK 287556). The site is described in

more detail in Chapter 6. The area chosen was observed to have rather

uniform topography, with both bare areas and patches of continuous

vegetational cover and presence of the two species at high enough

frequency to enable repeated sampling. The corners were marked out to

allow relocation on successive sampling occasions. On each visit, not

less than 12 points within the sampling grid were located using

random-number tables, and for each species the nearest plant to the

point was collected together with a soil core from the plant

rhizosphere. Soil and plants were stored overnight at 5°C prior to

analysis.

The samples were prepared for analysis by using the procedure

described above with the exception that when possible the above-ground

plant parts were divided into upper (young) and lower (older) shoot
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parts for M. verna, and for P. alpestre leaf rosette, stem and

inflorescence or fruit. Total soil metal concentrations were estimated

on the first occasion only. Exchangeable metals however were measured

at every sampling. Sampling was carried out on 6 occasions between

31.5.1983 and 17.5.1984. Climatic information (Figure 4.1) was

abstracted from weather data produced by the Meteorological Office

(Bracknell, Berks) for Ashover (SK 539128, 178 m a.s.l.) about 5 miles

north of the sampling site.

4.3	 RESULTS

4.3.1	 Analysis of soils & plants fran different sites

Soils

t-tests of differences between means showed no significant

differences between metal concentrations of soil samples collected for

each species suggesting that the soil data for each site could be

pooled. Therefore the data presented in Table 4.3 represent the means

of 16 samples for each site. 	 For each site, mean total and

exchangeable soil concentrations of Pb, Zn, Cd and Ca are presented.

The analyses suggest widescale variation in total content

between the soils from the eight sites. The exchangeable metal

concentrations however, show rather less variation and the rank order

of sites on this basis does not always coincide with rank order on

total metal contents. Ca status is high for all sites other than

Whitesike and there is little variation between most sites in

extractable Ca.
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Figure 4.1 Climatic data for sampling period June 1983 to May 1984.
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Table 4.3 Total and exchangeable soil metal concentrations pg.g1

at the eight lead mine sites sampled. (means ± S.E. , n = 16).

LOCALITY	 Pb	 Zn	 Cd	 Ca

Black Rocks	 84920 ± 7020	 16240 ± 1610	 91 ± 7	 88350 ± 4090

	

(2820 ± 340)	 (2650 ± 290)	 (30 ± 5)	 (420 ± 40)

Bonsall Moor	 17400 ± 4440	 20160 ± 4590	 292 ± 70)	 149370 ± 9250

	

(970 ± 260)	 (390 ± 50)	 (16 ± 3)	 (800 ± 50)

	

Bradford Dale 59150 ± 5290 	 10730 ± 1111	 86 ± 7	 28120 ± 1890

	

(3870 ± 440)	 (450 ± 60)	 (20 ± 3)	 (750 ± 110)

Dirtlow Rake	 55560 ± 3480	 3640 ± 552	 36 ± 6	 112490 ± 6950

	

(1510 ± 140)	 (110 ± 15)	 (5 ± 1)	 (660 ± 60)

Whitesike	 28030 ± 6890	 5890 ± 960	 12 ± 1	 4890 ± 790

	

(3040 ± 480)	 (650 ± 130)	 (4 ± 1)	 (580 ± 60)

Grattondale	 7730 ± 1110	 25700 ± 3610	 280 ± 42	 63670 ± 3000

(340 ± 70)	 (730 ± 110)	 (70 ± 10)	 (880 ± 90)

	

Tideslow Rake 21330 ± 1870 	 6420 ± 340	 124 ± 5	 198980 ± 9130

	

(850 ± 180)	 (270 ± 20)	 (12 ± 1)	 (630 ± 20)

Wensleydale	 8300 ± 950	 14720 ± 1310	 162 ± 16	 52530 ± 6690

(630 ± 90)	 (810 ± 110)	 (50 ± 4)	 (1270 ± 120)

* Figures in parenthesis represent the exchangeable metals
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Plants (Table 4.4)

For all five sites at which both species occur Pb concentra-

tions in M. verna shoots were greater than for T. alpestre. The

opposite was true for Zn, Cd, and Ca. In order to compensate for the

effect of changes in soil metal availability in making site compari-

sons, the (shoot](soil] concentration ratios, termed relative concen-

tration ratios (RCR) were calculated. These are presented in Figure

4.2. The highest Pb RCR was recorded in M. verna from Tideslow Rake,

with three other populations showing higher RCR than any of the five

T. alpestre populations sampled. The lowest RCR was found in T.

alpestre from Bradford Dale, whilst the lowest ratio for M. verna was

recorded from the Whitesike population. The Zn RCR for M. verna from

the different populations showed remarkably little variation by

comparison with those for T. alpestre, which were xrre variable and

consistently larger.

In spite of the fact that the lowest metal concentrations of

all were found in the soils and plants at Whitesike, the highest Cd RCR

was found in M. verna from this site and the second highest for T.

alpestre. Results also showed that Cd RCR for the latter species were

generally greater than for M. verna, suggesting some similarity in

behaviour for Cd and Zn. Figures 4.3a, b, c, al, a2 & clshow the rela-

tionships between shoot metal concentrations and exchangeable and total

soil metals for all sites. For M. verna, in all sites considered sepa-

rately, the relationships were significantly positive between soil

exchangeable Pb levels and Pb concentrations in the shoot. Conse-

quently the relationships were highly significant (positive) (pcO.00l)

for all samples pooled together. In spite of the fact that in half of

the populations no significant correlations were apparent, the overall

relationship between total and shoot Pb concentrations of M. verna was
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Figure 4.2 Relative concentration ratios ((shoot]:(soil], for Pb. Zn

& Cd in H. verna and T. alpestre from different sites in the Pennines.
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Figure 4.3a, b, c, a1 , b1 & c1 The relationships between Shoot (M.

verria and T. alpestre) metal (Pb, Zn & Cd) concentrations and

exchangeable and total soil metals from eight sites in the Pennines.

Linear regressions have been fitted and the equations are shown

together with the product-moment correlation coefficients (r) and their

p-values.
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significant. In five of the M. verna populations considered separately

the relationships between soil exchangeable and Zn concentrations of

the shoot were significantly positive and the overall correlation

highly significant (pcO.00l). In contrast, no overall significant

results were obtained for total soil Zn and shoot concentrations. In

two M. verna populations, negative relationships were found between

soil exchangeable and Cd concentrations of the shoot, with four

correlations significant at (pcO.00l) and two non-significant relation-

ships. Consequently, an overall positive correlation was detected.

Although for half of the populations the results for total Cd were not

significant, the overall relationship was again positive and signifi-

cant.

In two T. alpestre populations the relationships between soil

exchangeable and plant Pb concentrations were significantly positive at

(pcO.00l), but the overall correlation was not significant. Mowever

for total Pb the result was positive and significant for all the

saniples pooled together, although in three populations the individual

correlations were not. For exchangeable Zn, only two T. alpestre

populations showed positive results and none were detected for total Zn

in any of the populations; the overall relationships were not signifi-

cant in both cases. For Cd, three T. alpestre populations showed

positive relationships at pcO.00l, but the overall result was positive

at only pcO.02.

For total Cd the overall relationship was positive and

significant, at pcO.Ol, although two of the populations showed no clear

relationships.
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4.3 • 2	 Seasonal variation in the lead, zinc and Cdi I-

concentrations in soils and plants

A comparison of soil samples collected from the rooting zones

of M. verna and T. alpestre and from bare (uncolonized) soil at the

Dovegang lead mine site at which this study was performed, suggested

that there were no significant differences (t-tests) in total and

exchangeable metals in these three situations, on any one scoring date.

The summarized data are presented in Table 4.5a.

As far as the three metals Pb, Zn and Cd are concerned the

data demonstrate the relatively homogeneous nature of the ground within

the chosen 100 m 2 sampling area. For each metal there was some change

in extractable concentration with time. Exchangeable Pb concentration

was at its highest in July and August 1983 and at its lowest level in

December. Zn and Cd concentrations were less variable; the highest

values for both were in July and October.

Data presented in Table 4.5b show concentration changes in M.

verna and T. alpestre shoots over the sampling period for Pb, Zn and

Cd. The relative concentration ratios (RCR) were also calculated and

presented in Figure 4.4. For Pb in both species there was a rise in

RCR in December with lowest values in July for M. verna and in August

for T. alpestre. RCR's were in general low throughout the summer for

both species. Both species showed the same trend for Pb, and in

December M. verna had a higher RCR than T. alpestre. In both plants

the changes in Zn-RCR were generally similar to those for Pb, with T.

alpestre showing the second highest value in June and M. verna peaking

in May. Following low values of RCR in August, the two plants showed a

rise during the winter (December sampling). T. alpestre had the higher

Zn RCR on every scoring date and also showed the largest changes in Zn

RCR. Although the Cd RCR showed no large peak it did show differences



Table 4.5 Metal concentrations in soil and plants from

Dovegang lead mine spoil

4.5a	 Mean, S. E. & range of background total soil heavy metal

concentrations in Dovegang lead mine spoil; (ig.gl).

Pb	 Zn	 Cd	 Ca	 No. of samples

35690 ± 1330	 45350 ± 2000	 600 ± 30	 73550 ± 4900	 48

16700 - 56000	 10500 - 76900	 170 - 1110 25400 - 169800

Seasonal variation in the exchangeable heavy metal concentrations

(Mg.g1 ) of soil (Mean, S. E. & range)

Sampling time	 Pb	 Zn	 Cd	 No. of samples

June	 1395 ± 74	 963 ± 24	 37 ± 2	 48

	

465 - 3340	 595 - 1415	 20 - 76

July	 2149 * 88	 1347 ± 30	 55 ± 2	 60

	

817 - 4010	 749 - 2108 34 - 94

August	 2222 * 83	 1218 * 23	 39 * 1	 40

	

1100 - 4040	 850 - 1470 29 - 64

October	 874 ± 43	 1292 ± 96	 52 ± 4	 12

	

665 - 1100	 921 - 2040 34 - 74

December	 139 ± 15	 879 ± 45	 46 ± 4	 12

	

67 - 247	 659 - 1196 23 - 73

May	 1292 ± 92	 934 ± 41	 40 ± 2	 12

	

924 - 2067	 664 - 1132	 28 - 52



4.5b	 Seasonal variation in the heavy metal concentrations in

plant dry matter (jLg.g 1 , means * S.E.)

M. verna	 T. alpestre

Sampling Metal	 Young	 Old	 Rosette	 Stem

time	 parts	 parts

Fruit	 No.of

samples

June	 Pb	 205 * 47 1463 * 324 771 * 133	 442 ± 120 211 * 62	 12

	

Zn	 735 ± 97 2013 ± 284 8494 ± 919 3990 ± 417 3864 ± 329

	

Cd	 12 ± 2	 34 ± 4	 122 ± 24	 104 ± 14 144 ± 28

July	 Pb	 214 ± 35	 796 ± 151 598 ± 61	 336 * 33	 32 ± 4	 20

	

Zn	 625 ± 62 1078 ± 95 	 18 ± 76]. 3162 ± 433 716 ± 101

	

Cd	 22±3	 32*3	 133*13	 80±7	 42±3

August	 Pb	 324 ± 123 894 ± 51	 484 * 53	 580 ± 95	 -	 20

	

Zn	 552 ± 297 138 * 22 	 1311 ± 478	 355 * 35	 -

	

Cd	 51±6	 27*4	 131*15	 139±11	 -

	

October Pb	 5336 ± 155	 -	 717 * 233	 -	 -	 12

	

Zn	 1365 ± 102	 -	 8358 ± 904	 -	 -

	

Cd	 29±3	 -	 146*20	 -	 -

	

December Pb	 887 ± 167	 -	 658 ± 109	 -	 -	 12

	

Zn	 1470 ± 157	 -	 8518 ± 631	 -	 -

	

Cd	 28±3	 -	 100±18	 -	 -

May	 Pb	 330 * 121	 -	 417 ± 73	 509 ± 222	 -	 12

	

Zn	 1169 ± 213	 -	 3939 * 462	 5113 ± 794	 -

	

Cd	 33 ± 5	 -	 128 ± 23	 96 ± 14	 -

- = No plant material was analyzed.
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between the two plants, being higher in T. alpestre than M. verrta on

all scoring dates. For M. verna the lowest ratios were recorded in

June and July followed by slight increases in December and May. in T.

alpestre the peaks were recorded during summer with the second lowest

Cd RCR in July. The lowest value for this plant was in December,

contrary to the trend for Pb and Zn.

Figure 4.5 shows	 's for the lower and upper shoot parts of

M. verna, the rosette, stem and fruit (when present) of T. alpestre for

three successive summer months. For Pb there was a general decrease in

RCR from June to August, with the highest values in N. verna old shoots

and the lowest values in T. alpestre fruit. For Zn the trend was

similar to Pb, with highest relative concentration in T. alpestre

rosettes, and some variations shown between different parts. As in the

case of Pb, lower parts of M. verna were shown to have higher relative

concentration than the upper parts. For Cd there was a different trend

as the lowest RCR was in July. With higher values in June and August.

in the three parts of T. alpestre there were no significant differences

during June, as was the case in August for the rosettes and the stems.

In general, T. alpestre showed a considerable power of accumulating Zn

and Cd in the shoot parts, indicating a significant translocation of

metals from root to shoot. This finding was consistent with the

analyses presented earlier for plants collected for a range of

metalliferous sites.
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4.4	 DISCUSSION

4.4.1	 Analysis of soils & plants from different sites

It is clear from the results presented that the relationships

between total and exchangeable concentrations vary for the three metals

in the soils studied. The figures for total and exchangeable concen-

trat ions presented are in general very high but in agreement with some

of the concentrations quoted in Table 4.1. Differences between various

investigations carried out on even the same mine complex are to be

expected due to problems of sampling, since abandoned heavy metal mine

sites are in most cases extremely variable in distribution and composi-

tion of spoil materials (Johnston & Proctor, 1977; Barry & Clark, 1978;

Thompson & Proctor, 1983; Shaw, 1984).

Considering the relationships between exchangeable and total

concentrations for the three metals, the Cd exchangeable/total ratio

was about 3.6 times greater than the Pb or Zn ratio, being about 0.22

(range 0.1-U. 33) with mean exchangeable concentrations ranging from

4-68 jg.g 1 dry soil at the sites sampled. The high exchangeable

concentrations of Pb and Zn at most sites suggest extreme toxicity of

the soils.

No distinct differences in metal concentration in the soils

from the sites supporting M. verna only and those with populations of

both species were demonstrated, suggesting that differences in heavy

metal status between sites may not be the reason for apparent T.

alpestre underdistribution. However, Garcia-Gonzalez & Clark (1985)

have suggested that while M. verna occurs on soils with widely-differ-

ing concentrations of metals, T. alpestre is restricted to soils having

relatively high concentrations. Field evidence does suggest that these

two species do occur on naturally metalliferous soils and in the

British Isles they seem to be present mostly on abandoned Pb and Zn or
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Cu mine workings (Chapter 2). Also, M. verna is more widely distrib-

uted than T. alpestre on many of these habitats (Chapter 2) . Both

species grow on, and also seem to be almost confined to, these

habitats in which one or more toxic metal can be found at abnormally

high concentrations, which are toxic to a great number of other species

(e.g. Tables 4.1, 4.3). The concentrations of these metals in mine

spoil clearly vary from site to site.

At the sites studied, the exchangeable concentrations of Cd

were approximately an order of magnitude lower than those for Pb and

Zn. Both Zn and Cd are more mobile elements than Pb in soil, particu-

larly at high pH; they are also potentially more toxic (order of

toxicity Cd , Zn > Pb). Plants which grow on such soils must therefore

be tolerant to the high concentrations of metal in these soils

(Bradshaw, McNeilly & Gregory, 1965; Macnair, 1981 and Thurman, 1981);

they have evolved physiological mechanisms which enable them to

tolerate metal toxicity (see e.g. Wainwright & Woolhouse, 1973; Farago,

1981 and Woolhouse, 1983). Such mechanisms do not generally suppress

metal uptake but result in internal detoxification (Baker, 1981). The

strategies of survival are thus tolerance and not avoidance of metal

toxicity. Plant species differ considerably in their metal uptake

characteristics. Further, for any species these could vary for differ-

ent metals and even between different concentrations of the same metal.

The reputation of both species to accumulate metals to high levels in

the root and shoot is well documented in the literature. Thus Baumann

(1865) reported a Zn concentration of 17.1% in the ash of T. calaminare

(T. alpestre) corresponding to a concentration of more than 1% of the

dry plant material (Reeves & Brooks, 1983). The observations summarized

by Linstow (1924, 1929) and later investigations listed by Ernst

(1976), together with those of Denaeyer-De Smet (1970) and Denaeyer-De
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Smet & Duvigneaud (1974) are all consistent in reporting accumulation

of Zn by T. alpestre to concentrations above 1% on a dry-mass basis.

This behaviour has also been referred to more recently by Reeves &

Brooks (1983).

The ability of M. verna to accumulate metals to high levels

is also well known. Shimwell and Laurie (1972) have shown that this

species is an indicator and accumulator of Pb and Zn in the north of

England. Ernst (1975) has reported that amongst twelve species

investigated, M. verna was the second highest accumulator after T.

alpestre (more than 8000 Lg.g 1 Zn in the leaf dry matter). Ernst

also found that amongst these species the highest Cu concentration

(more than 100 Mg.g1 ) was in M. verna followed by P. alpestre (about

80 g.g l ). Both T. alpestre and M. verria were the highest in Pb

concentration after A. maritima. Kelepertsis & Andrulakis (1983) have

reported up to 8.9% Zn in ashed plant shoot material collected from

various localities in Macedonia, N. Greece. In the 8 populations of

M. verria arid the 5 populations of T. alpestre sampled in the present

study, although each of the different sites was characterized by its

own different concentrations of Pb, Zn and Cd in the shoots of both

species, it was possible to define three arbitrary groups with 'higher'

'medium' and 'lower' metal concentrations. The data also suggested

differences between the species in their control of metal uptake. For

example, in 5 sites in which both plants occurred together, evidently

on soil of similar metal status, the concentrations of Pb, Zn or Cd

found in the shoot of one species were different in the other, with

higher Pb concentrations in M. verna and higher concentrations of Zn

and Cd in P. alpestre. This aspect was investigated further under

controlled-environment conditions and is reported in the following

chapter.
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By comparing the present data with the figures in Table 4.1,

Pb and Zn concentrations measured in the shoot of each plant were

consistent with some earlier reports from the literature. Cd concen-

trations in the shoot of both species were an order of magnitude lower

than those for Zn and Pb, with the concentrations of both Pb and Cd

being noticeably lower than those for Zn in the shoot of T. alpestre.

Because of the effect of variation in metal availability on the shoot

metal concentrations, the RCR's were considered more suitable indices

of performance for comparative purposes, in characterizing the rela-

tionships between the plant and soil. Variation in metal availability

cannot wholly account for the observed differences between shoot metal

concentrations of plants from various populations. Similarity between

all populations of M. verna has been reflected by the very close RCR's

for Zn; this was shown by the RCR's for Pb and Cd between some but not

all populations of both species studied. The data presented in Figure

4.3 showed that there is a tendency for the concentrations of Pb, Zn

and Cd in the shoot of M. verna to increase with increases in the

exchangeable concentrations of soil Pb, Zn and Cd. All these relation-

ships were significant at the pcO.00l level. However similar tests for

T. alpestre resulted in non-significant relationships between Pb and Zn

in the shoot and in the soil, but for Cd the relationship was signifi-

cant at the p = 0.02 level.

There was no strong evidence to suggest that a threshold

concentration of Pb, Zn or Cd in the soil had to be exceeded before

concentrations in the shoot of both species increased. This could

indicate the strong ability of both species to accumulate metals from

low or high metal concentrations in the soil, although no truly 'low'

metal soils were employed in the present study. Similar results for Zn

in M. verna shoots were found by Barry & Clark (1978).
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Problems of interpreting the relationship between the

concentrations of metals in plant tissue and soil, involving more than

one population are well known (see e.g. Ernst, 1965, 1968; Ailoway &

Davies, 1971; Shimwel]. & Laurie, 1972; Baker, 1974; Johnston & Proctor,

1977).	 Problems can also arise even within the same population

(Jowett, 1964; Gregory & Bradshaw, 1965; McNeilly & Bradshaw, 1968;

Simon & Lefebvre, 1977 and Barry & Clark, 1978). Such problems could

be due to variations in plant response and in the amounts of available

metals, along with the different physiological and phenological states

of the plant (seasonal effects). These obstacles make it difficult to

assess satisfactorily the overall relationship between the concentra-

tions in the plant tissue and soil.

4.4.2	 Seasonal variation of tal corentrations

The results presented in Table 4.5a, show that there

were some variations in soil exchangeable metals during the

year. These can probably be related to the climatic influences such as

rainfall and temperature with some limited emphasis on the former

(Figure 4.1) . The extraction by 1M-ainmoriium acetate gave a measure of

the water-soluble metals as well as those held on the exchange complex

of the soils. The major effect of rainfall will be in altering the

equilibria between metals in the soil solution and those held on the

exchange complex. The volume of soil solution may rise after episodes

of rainfall and there may be some solubilization of mineral materials

resulting in an increase in the total number of ions in solution, while

the concentration of any ion may actually decrease as a result of

dilution effects. Conversely, the drying out of the soil during periods

of drought frequently experienced in loose and porous mine spoil,

results in a reduction in the volume of soil solution and hence the
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concentrating of soluble salts. As the insoluble nature of many heavy

metal salts is well known (Shaw, Rorison & Baker, 1984), rainfall may

not have a significant effect on the concentrations if the soil

solution and solid phase are in equilibrium. However the month which

has the highest rainfall has also the lowest temperature (December).

Rainfall can also have a leaching effect, particularly in free-draining

mine spoil, which could explain the lowest level of extractable Pb

being in December in the present study although the effect was not

shown to the same degree by Zn or Cd. The main effects of low tempera-

tures will be on the weathering of minerals. Snow and frost action in

the winter months fragment the soil mineral particles into smaller

ones, which makes the metals more susceptible to being solubilized

when the temperature rises. Exchangeable Pb concentration showed an

increase from December to May, with Zn showing the same trend but not

to the same extent. Cd concentrations were generally similar most of

the year, with a peak in July, following a slight increase in rainfall

coinciding with an increase in temperature. Similar results were found

by Shaw (1984). However, Bauer & Lindsay (1965) and Giordano & Mortvedt

(1978, cited by Giordano & Mortvedt, 1980) showed no differences in

extractable Zn at different soil temperatures.

The data on seasonal changes of metal concentrations in the

plants which are presented in Table 4.5b and Figure 4.4 show some

changes in the shoot concentrations of both species. For a plant like

H. verna growing on metalliferous soil, contamination by soil metals

will be likely on and between the lower parts of the plant. Varying

degrees of sample contamination at different stages of the year may

affect the interpretation of seasonal data. Shaw (1984) indicated the

difficulty in ensuring that no soil particles are trapped between fine

leaves and between them and the stem. Thus the upper parts with more
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green shoot and leaves are likely to be less contaminated. Further,

evidence in the literature suggests that in some species the metal

concentrations in the dead and green leaves together are higher than in

the green leaves alone. In order to minimize these problems, the green

parts (the upper and younger shoots) were used to investigate the

seasonal changes of metal concentrations in the plant shoot. For P.

alpestre, as the rosette of basal leaves persists throughout the year,

it is appropriate to use these leaves for seasonal sampling. With

regard to dead leaves on T. alpestre rosettes, no separate record was

made of their metal concentrations. Plants of the Dovegang population

are very small and the fine dead leaves which are on the base of the

rosettes are more exposed to the soil surface and could easily be

contaminated by soil particles. Stem and fruit parts of T. alpestre

were also analyzed for Pb, Zn and Cd in three successive summer months.

As demonstrated in the first part of this chapter the two

species, although both metallophytes, showed some differences in their

uptake characteristics with generally higher concentrations of metals

accumulating in the shoot of T. alpestre indicating more translocation

from root to shoot. Both species, as presented in Figure 4.4, have the

same trend in the changes of Pb and Zn RR, with the peak values in

December when plants are essentially dormant. Such relative increases

in metal concentration during winter can best be related to some or all

of the following effects; (1) the dilution due to the increased dry

matter production in spring and summer (Rains, 1971; Crump & Barlow,

l982),(2) since metals are accumulated in the leaves during the growing

season, mature leaves have higher metal concentrations than young

leaves which are still expanding (Guha & Mitchell, 1966; Mitchell &

Reith, 1966), (3) loss of dry matter by respiration, leaching and

translocation may result in an apparent increase in metal concentra-
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tions of the shoot. Mitchell & Reith (1966) found a 100-fold increase

in Pb levels in pasture species, from a minimum value in the spring to

a winter maximum, (4) the effects of aerial deposition. Martin &

Coughtrey (1982) suggested that seasonal variations in Cd at a contami-

nated site may be a result of aerial deposition rather than plant

physiological effects. Conversely, Mitchell & Reith (1966) discounted

aerial Pb contamination in accounting for the rise of Pb concentration

in Lolium perertne plants during winter at supposedly uncontaminated

sites, and speculated that the increase was due to continued

trans location from root to shoot while the plants were dormant. The

balance of evidence seems to be pointed to the effects of increased

biomass dilution as the more likely factor responsible for the observed

seasonal trends of plant metal content in the case of Cd concentration

in T. alpestre.

It is most probable that the metal content of the root is at

a minimum during winter when the plant is dormant and temperatures are

low (Shaw, 1984). Although this is a point of dispute (Jones & Jarvis,

1981; Tinker, 1981) results obtained in the present study seem to agree

with results of Shaw (1984). Matthews & Thornton (1982) found that

root Pb and Cd concentrations were decreased in winter relative to

those in shoot and attributed this to remobilization rather than

increased uptake. The effect of reduction in temperature may also

count for reduced ability of growing roots to restrict uptake and hence

movement of metals into the shoot, particularly when the supply of

essential elements is limited (Jones, Jarvis & Cowling, 1973). In the

present study it was observed that the increase in the concentration of

Zn in the plant shoot of M. verna or T. alpestre or both, followed the
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pattern of rainfall. However the interaction between the different

factors made it difficult to simplify the explanation for seasonal

changes in metal concentration.

The changes of metal concentrations in other parts of M.

verna (the old shoot) and T. alpestre (stem and fruit) were also

investigated.	 Metal concentrations in these parts were determined

during the summer and compared with those of the young shoots and the

rosettes (Figure 4.5). Such comparison has revealed some other aspects

of the relationship between the different parts of the plant and metal

concentrations and transport. Immobile or less mobile ions have a

tendency to accumulate in the older parts (leaves) (Guha & Mitchell,

1966; Mitchell & Reith, 1966; Tinker, 1981; Crump & Barlow, 1982; Shaw,

1984). The findings of all the studies cited agree with the data

reported in the present study for the upper and lower parts of M.

verna. A similar situation emerged for Zn in T. alpestre. Here,

although the concentrations of Zn were higher in the rosette than those

in the stem or fruit, the latter parts contributed a high percentage of

the total content in the plant. These parts also have high concentra-

tions of Pb and Cd and soon senesce and are shed. This could be an

effective strategy for detoxifing the plant, i.e. an 'external' metal

tolerance mechanism (Reilly & Stone, 1971; Howard-Williams, 1972,

Rascio, 1977).

It can be recognized from the a:bove discussion that although

there are some differences between the two species, they also seem to

be identical in some of their properties, such as the similarity in the

trend of seasonal variation of their metal concentrations and the high

concentrations of these metals accumulated in the tissues of both

plants.
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4.5	 STJPa.RT

The work presented in thj g chapter can be summarized as

follows:

1 • The above-ground biomass of Minuartia verria and Thlaspi

alpestre together with soil. samples taken from the rooting zone were

sampled as follows: (a) From eight heavy-metal-contaminated sites in

the Pennines, UK at the end of the growing season in 1982. (b) Over a

one year period from a plot of 100 m2 at Dovegang lead mine,

Derbyshire. Measurements of Pb, Zn and Cd concentrations in plants and

soil were made at suitable intervals throughout the year.

2.	 There were some differences in the plant and soil metal

concentrations between the different sites with some soils reflecting

ectreme concentrations of one or more metal.

3. The concentrations of Pb in M. verna shoots were greater than

in T. alpestre at most sites. Conversely, Zn & Cd concentrations were

always higher in T. alpestre.

4. The relationships between the ectractable metal concentra-

tions in soil and M. verna shoots were significantly positive at the

pcO.00l level for Pb, Zn and Cd, but for T. alpestre there was no

significant correlation for either Pb or Zn, the correlation for Cd was

significant at the p = 0.02 level. Correlations between total metal

concentrations in soil and those in plant dry matter rarely proved

significant.

5. There were no clear differences in metal concentrations at

those sites lacking T. alpestre, when compared with those at which both

species grow in association.
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6. From the seasonal study it emerged that the exchangeable

concentrations of Pb and Zn were at their lowest level in December. Zn

and Cd were less variable than Pb but there was a trend for highest

concentration in summer for all metals.

7. In both species there was a peak in the shoot Pb and Zn

concentration in the winter, with similar trends in both plants. In

contrast, the trend for Cd was for the highest concentration at the

beginning and at the end of summer in the shoot of T. alpestre, but Cd

concentration was almost constant in M. verna shoots.,

8. From both studies, the variation in the amounts of the

soil-available metals could not account for the plant metal contents,

in different sites and/or at different stages of the season.

9. Although the two species are absolute metallophytes they

differ in metal-uptake characteristics and the amounts of metal

concentrated in the shoot.

10. The older parts of M. verna show higher Pb, Zn and Cd

concentrations than younger parts. Similar results were seen for Zn in

T. alpestre.
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CHAPTER 5

RESPONSES OF NINUARTIA VERNA AND TULASPI ALPESTRE TO UVT NETALS

SUPPLIED UNDER COrP1)LUD IVI)NMENT CONDITIONS

5.].	 INTRODUCTION

me analyses of plants of M. verna and T. alpestre collected

from field sites in the South arid North Pennines reported in Chapter 4

suggested some differences in metal uptake characteristics both at the

species and population level. Differences in heavy metal tolerance

between the two species could, at least in part, account for the

observed field distribution patterns. Such a theory might go some way

to explain the restricted distribution of T. alpestre relative to that

of M. verna if it could be demonstrated that T. alpestre is confined to

sites of very high metal status and it is consistently more metal-

tolerant than M. verna. Inter-population differences in tolerance

would also indicate whether or not tolerance is a constitutional

property of the species (at least within the range of sites investi-

gated in this study), or to what extent isolated populations could be

recognized as locally-adapted races, selected in response to differing

selection pressures resulting from variations in heavy metal toxicity

prevailing at the sites colonized. Simple biogeochemical investiga-

tions can do little more than reveal large-scale differences in metal

uptake and accumulation between species. Consequently, a series of

experiments were devised to explore the response of M. verna and T.

alpestre to the main heavy metal contaminants present at the field

sites investigated (lead, zinc and cadmium), supplied under controlled

experimental conditions. Such an approach allows both inter-specific
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and inter-population variations in response to be assessed and can also

reveal aspects of the physiological mechanisms of metal tolerance

involved. Responses to a range of other potentially toxic metals were

also examined in order to gain some information about the specificity

of metal tolerances in both species.

The comparative experiments reported in this chapter employed

both soil and solution culture techniques to assess the responses of

the two species in a range of growth characteristics, including seed

germination, root growth, biomass yield and heavy metal uptake and

distribution. The standard experimental design thus included metal

treatments which could be compared with controls which had no metal

addition. In this way both inhibitory and stimulatory effects of added

metals could be detected. The series of experiments were devised to

investigate both short - and long-term responses to heavy metals under

controlled environment conditions, supplied both singly and in appro-

priate factorial combinations.

5.2	 METhODS OF )SUR4IT OF HEAVY METAL TOLERANCE

The most frequently used method for assessing tolerance to

heavy metals is that originally developed by Wilkins (1957), subse-

quently modified by other workers (e.g. Jowett, 1958; Craig, 1977;

Nicholls & McNeilly, 1979). This method, commonly referred to as the

'root elongation technique', employs measurements of relative inhibi-

tion of root elongation of seedlings or mature plants when grown in

solutions with and without heavy metal ions to calculate an index of

metal tolerance. It was developed almost entirely using rooted tillers
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of various grass species to allow a rapid short-term screening of large

numbers of individuals, so that information can readily be gained both

at the population and genotype level.

Wilkins (1978) and Brown (1983) have fully reviewed the

various forms of the test employed and their relative merits and

problems in the assessment of adaptation of plants to edaphic factors.

In essence, there are two basic types of method widely used by other

workers.	 The first, the so-called 'sequential method', requires

consecutive measurements of root growth, initially in the absence, and

then in the presence of the added metal ion. This method, which can

readily be applied to individual plants, was that originally proposed

by Wilkins (1957) and is clearly useful in determining indices at the

level of the genotype and providing estimates of intra-population

variability. The second, the 'parallel method', employs batches of

replicated (often cloned) plant material grown simultaneously in

control and treatment solutions for the same period of time. A mean

index of tolerance can then be derived from a simple root fraction

which is frequently expressed as percentage value. Whilst this method

does not yield so much definite information about variation at the

level of the individual, it is one which appears to have been more

widely used by other workers in view of its rapidity and simplicity,

only one set of root measurements being required if starting material

is similar. Within-treatment variability can also be assessed from

derived standard errors using a form of the 'delta method' (Kendall &

Stuart, 1977) on numerator and denominator variances. A 'parallel-

type' method was thus employed in the tolerance tests reported in this

chapter. Indices of metal tolerance (IT) are in all cases expressed as

percentage values.
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The rationale and validity of such simple short-term assess-

ments of metal tolerance based purely on root growth have been ques-

tioned by some workers (e.g. Baker, 1978; 1981). Similarly, there have

been criticisms of the use of only one metal concentration for screen-

ing tolerance. Accordingly, Craig (1977) used probit analysis and

Nicholls & McNeilly (1979) a regression approach on root growth

responses over a range of metal concentration. Similar doubts have

been raised about the use of single-salt background solutions in metal

tolerance studies. 	 Wilkins' original work (1957) and many of the

earlier studies reported by Bradshaw & McNeilly (1981), used a back-

ground solution of calcium nitrate, as it was found that tolerance to

most heavy metal ions was generally enhanced in the presence of

calcium. This simple system clearly avoided potential problems of

precipitation of metal ions by anions such as phosphate and sulphate

which would normally be supplied in a full nutrient culture. The

argument for this approach was that it was highly unlikely that plants

would become nutrient-deficient during the short duration of most

experiments. This may well be true for vegetative material such as

grass tillers where internal reserves may be relatively large, but

could still represent a problem for small seedlings (such as those of

M. verna where seed reserves are minimal. For this reason, some

workers have elected to use a full or modified (low or zero phosphate

and sulphate) basal solution in metal tolerance studies (Davies &

Snaydon, 1973; Coughtrey & Martin, 1977; Brown, 1983; Shaw, 1984 and

Baker et al., 1986). A further refinement has been employed by

Johnston & Proctor (1981) who devised a background solution which

mirrored the composition of the soil solution. For the present work,

it was felt desirable to use a full nutrient solution but at low

concentration so that both measurements of tolerance and more long-term



- 63 -

measures of plant performance and metal uptake could be assessed in the

same solution. 0.1-strength Rorison solution (Hewitt, 1966) appeared

convenient in this respect (Appendix 3).

Whilst there is a vast background of literature relating to

the use of the root elongation method to assess metal tolerance in

populations of grasses growing in metal-contaminated sites, there have

been few reports of its use with dicotyledonous plants. However,

Halliday (1960); Baker (1970) and Shaw (1984) were able to make

measurements of tolerance with rooted cuttings and seedlings of

M.verna..
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5.3	 GENERAL )TERIALS AND METhODS

5.3.1	 Seed collections

Seed collections were made each year since 1980 mainly from

populations at the metalliferous mine sites listed in Table 5.1. Seeds

of all these populations were used in one or more experiments through-

out this study.

Table 5 • 1 Sites of seed collections

Site	 Species	 Grid. ref.

1. Black Rocks (Cromford, Derbyshire)	 M.verna	 SIC 293558

T. alpestre

2. Borisall Moor (near Matlock, Derbyshire) 	 T. alpestre SK 237600

3. Bradford Dale (near Youlgreave, Derbyshire) M. verna 	 5K 202637

T. alpestre

4. dough Wood (Darley Dale, Derbyshire)	 T. alpestre 5K 258618

5. Dirt].ow Rake (near Castleton, Derbyshire) M. verna 	 5K 155821

6. Grattondale (near Elton, Derbyshire)	 N. verna	 5K 207607

7. Tideslow Rake (near Tideswell, Derbyshire M. verna	 SIC 159778

8. Wensleydale (near Winster, Derbyshire) 	 T. alpestre SK 265603

9. Whitesike (near Garrigill, Cujnbria) 	 T. alpestre NY 751425

10.Eller Beck (near Woodhall, N. Yorkshire) 	 T. alpestre SD 984900

5.3.2	 Grth ro enviroint and general techniques of culture

All the experiments reported in this chapter but one, were

carried out in a controlled-erwironxnent room with the following growth

conditions: Day length of 16 hours at a light intensity of 10,000 lux

with 20-2l OC day and 15-17°C night; relative humidity of 60-70%. Such

growth rooms have been described by Rorison (1964).	 The second

experiment reported was conducted in the glasshouse at Tapton Experi-

mental Gardens. Supplementary light was supplied for 16 hours per day
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by 100 watt Phillips mercury lamps; the daytime temperature was 25°C

approximately and the night-time was 18°C. In all but two experiments,

solution culture was used; in these (Experiments II and VIII) soil

culture was used.

In the experiments designed to measure the tolerance of

seedlings to heavy metals such as Pb, Zn, Cd, etc, these metals were

usually supplied at concentrations which in conventional nutrient

solutions would be expected to result in their partial or complete

precipitation (Shaw, 1984). Because of some possible problems, such as

metal leaching or accumulation in sand culture, this medium seemed

inappropriate, and so solution culture was considered the most suitable

medium for both short - and long-term tests. Root growth is often

abnormal in solution culture but it was considered unlikely that this

would invalidate the results since the effect is apparently general

among species grown in this way (Hodgson, 1972).

A wide range of nutrient solutions has been used by other

workers for culturing plants hydroponically (e.g. Hewitt, 1966).

Solutions have generally been devised for crop plants which are

fast-growing arid have greater nutrient requirements than the majority

of native species, in particular plants growing on lead mine spoils

where nutrient status may be very low. Rorison nutrient solution

(Hewitt, 1966) was chosen for all the present work as it is a dilute

but balanced solution, and appropriate for such species.	 It was

considered that a ten-fold dilution of this solution could still be of

sufficient strength to grow plants satisfactorily with metal interac-

tion reduced to a minimum particularly Pb with PO4 Shaw (1984). It was

also considered that using a circuin-neutral pH would be appropriate in

view of the prevailing field conditions. The composition of this

solution is given in Appendix 3.
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"Analar" chemicals were used wherever possible in the

preparation of the stock nutrient solutions. Heavy metal treatments

were prepared by addition of appropriate volumes of stock solutions of

metal salts to the basal nutrient solution. Pb was added as Pb(NO3)2,

Zn as Zn SO4.7H20 arid Cd as CdC22.2.5 H20.

5.3.3	 Culture vessels

Two sizes of polystyrene containers were used for solution

culture work, 500 ml and 3000 ml capacity. All containers were painted

on the outside with black bitumastic paint to limit algal growth. The

smaller size was used for most of the short-term experiments with young

seedlings and the larger was used in the solution culture experiment

involving older seedlings. In Expt. III wider containers were used in

order to provide enough space for simultaneous screening of 5 popula-

tions of each species. The different types of vessels employed are

illustrated in Figure 5.1. For soil experiments 3.5" diameter plastic

plant pots were used.

5.3 • 4	 )thods of seed germination az subsequent plant growth in

tolerance testing arid metal. uptake experiments

In the germination experiments seeds were germinated directly

on the metal treatments. In all metal tolerance experiments seeds were

germinated on floating nylon-mesh rafts on 0.1-strength Rorison

solution and then transferred to metal treatments as soon as radicles

emerged.

Most experiments were carried out using seedlings in their

first days after germination. At such a stage, seedlings were reasona-

bly uniform and sufficient in number for a large-scale experiment.



Figure 5.1 Vessels employed in the solution culture experiments.

5OO

0

3ocom[



- 67 -

In solution culture experiments, two main methods of support

for the seedlings were used. In the first method, used for very young

seedlings, rafts were constructed from "Styrofoam" and plastic mesh,

covered with a layer of black alkathene beads, approximately 1.5 cm in

depth. This system held the plants in an erect position, with the root

at an appropriate level in relation to the position of the solution

surface. It avoided problems of both water-logging and desiccation

(Hodgson, 1972) and allowed seedlings to be withdrawn without damage

(McGrath, 1979). For larger seedlings, holes of appropriate dimensions

were made in the painted plastic lid of the culture vessel, at a

suitable distance from each other.	 Each vessel was divided into

compartments in order to prevent the root system of different plants

becoming entangled. The first system was used mainly for the measure-

ment of indices of metal tolerance and the second in metal uptake

experiments.

Solutions were aerated continuously and the pH was adjusted

to 6.5 by using N/5 H2SO4 or NaOH. All solutions were changed every

two days in order to maintain low levels of metal addition and avoid

problems of pH change. After a suitable period of treatment applica-

tion (generally 2 weeks), plants were harvested and the length of the

longest root (tolerance expts.) and dry weight and metal concentrations

of root and shoot (uptake expts.) were recorded. Chemical analysis of

plant material employed the methods described previously in Chapter 4.

All harvest data were subjected to full statistical analysis by

analysis of variance (GENSTAT statistical program, 1980 version was

used).

Two types of soil culture were used according to the nature

of the experiment. In the first type, naturally-contaminated soil was

employed, collected from the field (Expt. II). 	 In the other Soil
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experiment (Expt. VIII), an artificially-contaminated soil was made

from JIPC + added metal salts. This experiment was maintained in the

growth room under the environmental conditions described earlier in

section 5.3.2.

5.4	 EWEtMENTAL OBJIVES, DESI(1 AND P(.JRE

In this section the experimental objectives, design and

procedure are reported for all the experiments in this chapter, accord-

ing to the sequence in Table 5.2.

Table 5.2 Experiments performed on the responses of

M. verna and T. alpestre to heavy metal treatments

5.4.1	 Germination exper2ment2

I	 Germination responses of seeds to zinc treatment.

II	 Germination responses of seeds to metalliferous soil from

different sites.

5.4.2

II'

Iv

V & VI

vii

Metal tolerance experiments

Response of young seedlings to lead, zinc and cadmium treatments.

Response of seedlings to lead, zinc and cadiniuni supplied in

factorial combination.

Response of seedlings to a range of heavy metals (12 metals).

Response of five different populations of T. alpestre to treatment

with twelve heavy metals.

5.4 • 3	 Metal uptake experiments

VIII	 Heavy metal (lead, zinc and cadmium) uptake by 14. verna and

T.alpestre from soil culture.
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IX	 Heavy metal (Pb, Zn, Cd, Al, Ag, Co, Cr, Cu, Fe, Mn, Mo & Ni) uptake

by five different populations of T. alpestre (The uptake part of

Expt. VII).

5 • 4.].	 Germination experints

Expt. I The germination responses of M. verna and P. alpestre to Zn

treatment.

Objectives

Heavy metal tolerance or toxicity can be expressed at all

stages of plant growth, but as selection operates as early as seed

germination when the radicle comes into contact with soil solution

containing toxic metal ions, germination is clearly a critical stage

for investigation. If a seed can germinate in the presence of high

concentrations of metal ions then it must be regarded as being tolerant

and able to establish on a metalliferous substrate. Experiment I was

designed to investigate the effects of a range of Zn concentrations on

the germination of seed samples of M. verna and T. alpestre. This

metal was selected in view of its widespread occurrence and abundance

at the majority of sites colonized by these two species (Table 4.3),

its universal phytotoxicity, and its likely mobility even in circuin-

neutral soils.

Design

The design of the experiment was:

One population of T. alpestre (Bradford Dale) + two popula-

tions of M. verna (Bradford Dale & Tideslow Rake) x 5 concentrations of

Zn x 5 replicates = 75 units (petri dishes), 50 seeds in each unit.
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Procedure

1250 seeds of each population were counted and randomly

divided into 25 samples (50 seeds each). Each sample was then placed

in regular spacing on Whatman no. 1 filter papers in 9 cm plastic petri

dishes. To each of the 5 petri dishes for each population, 3 ml of

ZnSO4.7H20 solution of known concentrations (0, 1, 5, 10 and 50 )Lg.nhl1

of Zn) were added. The petri dishes were placed under a. continuously-

illuminated light bank, in a fully-randomized design. 1 ml of dis-

tilled water was added to each dish every day to minimize the effect of

evaporation on Zn concentrations. After 5 days, the first germination

score was made and subsequently a daily record was kept. Germination

was recognized as the emergence of the radicle from the seed coat.

Expt. II The germination responses of N. verna and T. alpestre seed to

metalliferous soil from two different sites.

Objectives

The aim of this experiment was to study the effect of

naturally-contaminated metalliferous soils from two different mine

localities on the germination rate of both species. 	 Seeds were

germinated on both their natural substrate and reciprocally.

The experiment included one soil from a site where both

species grow together, the other being from a site where only M. verna

is recorded. The responses were compared with those observed on an

uncontaminated soil (JIPC).
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Design

The design of the experiment was:

3 populations (one population of T. alpestre (Bradford Dale)

and two populations of H. verna (Bradford Dale & Tideslow Rake) x 3

soils x 5 replicates = 45 units with 25 seeds in each unit.

Procedure

Bulk soil samples were collected from Bradford Dale and

Tideslow Rake. The soils were sieved in the field with a 1 cm sieve to

remove coarse stone and root fragments. After sieving, each soil was

mixed thoroughly and then stored in polythene bags at 5°C. Next

morning the soil was mixed again and equally divided into 3.5" pots

(382 g/pot). The third soil (JIPC), used as a control, was divided in

the same manner. All pots were placed in the glasshouse at Tapton

Experimental Garden under the conditions described earlier (see 5.3.2).

The soil in all pots was then sub-irrigated with water until field

capacity was reached.

Seeds of H. verna and T. alpestre were sown onto the moist

soil surface at known positions. Each pot was then covered with a

plastic petri dish to keep the surface soil moist during the first

experimental stages. After approximately 9 days the first seeds had

germinated and a record was made over the next 21 days. The experiment

was monitored for a further three weeks to ensure that every germinated

seed was recorded. However, no more seeds germinated after the first

21 days scoring.
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5.4.2	 Metal tolerance experinnts

Exp. III The response of young seedlings to Pb, Zn and Cd treatment.

Objectives

The aim of this experiment was to study the response of

different populations of each species to Pb, Zn and Cd treatments. In

Chapter 4, plant and soil material was sampled from 8 different sites

(Table 4.2) and analyzed for these three metals, so it was considered

to be appropriate to use seeds collected from these sites in a labora-

tory experiment in order to ascertain whether or not species and

populations showed differences in their response to metal treatments.

Design

Experimental design was as follows:

2 species x 5 populations x 3 metals x 4 concentrations +

control x 2 replicates = 260 units (15 plants in each unit).

Procedure

Seeds from 5 different populations of each species (sites

number 1, 2, 3, 5, 6, 7, 8 and 9; Table 5.1) were scattered on one

layer of capillary-mat on rafts constructed to facilitate simultaneous

screening of 5 populations of both species. The vessels used were 3

litre capacity plastic containers. The experiment was set up in the

growth room under the conditions described in section 5.3.2. The

culture solution used was 0.1-strength Rorison solution with 0.6, 2, 6,

and 10 pg.mr l Pb added or 8, 16, 33 and 50 Lg.ml 1 Zn or 0.5, 1.5, 4

and 6 g.ml-1 Cd.
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At first, the seeds were left to germinate, then seedlings

thinned down to 15 uniform individuals and then the treatments applied.

After 18 days growth, a destructive harvest was made and the length of

the longest root was recorded for each individual.

Expt. IV Response to Pb, Zn and Cd supplied in factorial combination.

Objectives

This experiment was a logical extension of the previous one

which examined species and population responses to metals supplied

individually. This experimental situation is rarely reflected in the

natural environment as the three principal metals frequently occur

together, albeit at varying concentrations, in the soils colonized by

the two species (see Table 4.3). The experiment aimed to examine the

possible significance of additive and synergistic effects by investi-

gating tolerance to Pb, Zn and Cd supplied in factorial combination.

In order to confine such a potentially large experiment to what was

practically feasible, only one metal level for each element was used

and only one population for each species.

Design

The experimental design was:

2 species x 3 metals in factorial combination x 2 replicates

= 32 units (20 plants in each unit).

Procedure

Seeds of T. alpestre (Bonsall Moor) and M. verna (Grattondale)

were sown on rafts floating on 0.1-strength Rorison solution in 500 ml

containers (Figure 5. la). After the seeds had germinated, 20 uniform
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individuals were selected. Treatments were then applied using one

concentration of Pb or Zn or Cd in the following factorial arrangement

(Pb, Zn, Cd, PbZn, PbCd, ZnCd, PbZnCd and control. The concentrations

used were 10 Lg.ml-1 Pb, 8 g.m1 l Zn and 1 g.ml l Cd. These concen-

trations were selected as the previous experiment suggested that they

brought about an approximately similar and intermediate degree of root

growth inhibition. After 18 days growth, the plants were harvested and

the root lengths recorded.

Expt. V Response of N. verna and T. alpestre to a range of heavy

metals.

Objectives

Although Pb, Zn arid Cd are considered to be the prime heavy

metal contaminants of the mine soils supporting populations of M. verna

and T. alpestre used in earlier experiments, they are not the only

metals which may be present at elevated concentrations. Other more

comon but nevertheless potentially toxic elements such as Al, Fe and

Mn may also be present in abundance together with other transition

metals often associated with Pb/Zn mineralization, such as Cu, Co, Cr,

Mo and Ni. Species and populations may thus show tolerances to some or

even all of these other metals depending on the extent to which

multiple tolerances have evolved or co-tolerances exist. A constitu-

tional tolerance within a species resulting from a non-specific

detoxification system could confer tolerance to a whole range of

metallic elements to which it may be exposed in mineralized soils. This

and the following experiment examined the response of both species to a

range of 12 heavy metals in order to ascertain to what extent other

metal tolerances could be demonstrated. A major difficulty in this
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type of experiment is the concentration ranges of metals used. As

little information is available from the literature, particularly in

relation to the background solution employed in the tolerance tests,

ranges were decided somewhat arbitrarily, based largely on the known

order of phytotoxicity of these elements.

Design

A randomized block design was arranged as follows:

2 species, M. verna (Tideslow Rake) and P. alpestre (Bradford

Dale) x 12 metals x 3 concentrations + control x 2 replicates = 148

units (5 plants per unit).

Procedure

The same procedure used in Expt. III was followed using a

range of 9 other metals in addition to Pb, Zn and Cd, as follows: 10,

15 & 20 g.ml 1 for Pb as Pb(No3)2; 50, 100 & 250 g.m.1 1 for Zn as

ZnSO4.7H20; 2.5, 5 & 10 jtg.ml 1 for Cd as CdCQ2.2.5H20; 5, 20 & 40

Mg.lnl l for AQ as A22 (SO4)3. l6H20; 2, 5 & 10 g.ml 1 for Ag as AgNO3;

2, 5 & 9 p.g.m1 1 for Co as Co(NO3)2.6H20; 1, 3 & 5 p.g.mr l for Cr as

K2Cr2O7; 10, 20 & 50 zg.ml 1 for Cu as Cu SO4. 5H20; 10, 20, 35 .tg.nUl

for Fe as FeSO4. 7H20; 10, 20 & 35 g.ml 1 for Mn as MriSO4. 4H20; 15,

30 & 60 g.ml 1 for Mo as Na2MoO4. 2H20 and 3, 8 & 15 Mg.m1 1 for Ni as

NiSO4. Seedlings were thinned down to 5 uniform individuals before the

treatments were started with the pM being adjusted to 6.5. After about

10 days of growth in the treatments, the plants were harvested and the

root lengths recorded and the indices of tolerance (IT) calculated.
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Expt. VI Response of M. verna (Tideslow Rake) and T. alpestre

(Bradford Dale) seedlings to a single concentration of a range of heavy

metals.

Objectives

The aim of this experiment was discussed in the previous

section. The experiment was essentially a repeat of the previous one,

using the same range of metals, supplied only at one concentration but

at a lower pH of 5.5. This was deemed necessary in view of the likely

precipitation of some of the range of added metals at high pH, they

being generally mobile in more acid soils.

Design

2 species x 12 metals x one concentration + control x two

replicates = 52 units (6 plants per unit).

Procedure

The single concentrations of metals used were 20 Lg.ml-1 Pb,

50 g.m1 l Zn, 10 Lg.ml l Cd, 20 JLg.ml 1 Al, 2 g.ml l Ag, 9 Lg.ml1

Cr, 5 g.ml 1 Cu, 10 g.m1 1 Fe, 20 Lg.m1 1 Mn, 15 pg.ml 1 Mo and 3

JLg.m1 1 Ni. pH was adjusted to 5.5 in all cultures. Plants were

harvested after 14 days growth in the treatment solutions and root

lengths recorded.

Expt. VII Response of 5 different populations of T. alpestre to

treatment with 12 heavy metals.
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Objectives

The previous two experiments were designed to provide some

information on possible differences in species response to a broad

range of heavy metals. The final experiment in this series examined

the extent of inter-population variations in these responses, using

five population samples of T. alpestre in a comparative experiment.

The scope of this experiment extended beyond simple tolerance tests by

allowing plants to grow on in culture to a stage at which sufficient

dry matter had been produced to enable chemical analysis of plant

parts, to provide additional information on metal uptaJe and accumula-

tion (reported in the final section of this chapter).

Design

One species x 5 populations x 12 metals x one concentration +

control x 2 replicates = 130 units (12 plants per unit).

Procedure

In this experiment, T. alpestre seeds from 5 different

populations (1, 3, 4, 9 and 10 Table 5.1) were sown on rafts (Figure

5.ld) constructed to allow simultaneous screening of 5 populations and

floated on 0.1-strength Rorison solution in 3000 ml capacity vessels.

After seeds had germinated, appropriate treatments were

applied with 12 seedlings representing each population in each

replicate. The same metals listed in Expts. V & VI were used at the

following concentrations: 20 p.g.ml 1 Pb, 25 4.g.ml 1 Zn, 5 g.ml 1 Cd,

20 g.ml l Al, 0.5 g.m1 l Ag, 5 g.m1 l Co, 1 pg.m1 1 Cr, 1 g.ml1

Cu, 6 Lg.ml 1 Fe, 10 pg.m1 1 Mn, 10 p.g.inl 1 Mc and 2 pg.m1 l Ni. The

pH was adjusted to 5.5 in order to make the metals more freely availa-

ble in solution but with no adverse effects to the plants.
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After 21 days of growth in the treatments, the plants were

harvested and a record was made of the root length and also root and

shoot oven-dry weight yields. Plants were bulked in random pairs in

order to have sufficient dry matter for chemical analysis since

seedlings were very small in some of the treatments. Due to the small

dry weight and time resource limitations, the metal analyses of

seedlings were carried out on bulked material (2 replicates each

consisting of 6 whole 'duplicate' plants for each population except for

Whitesike, where the root systems were analyzed separately from the

shoot). Agreement between these 'replicate' samples was generally very

good. The analyses were kindly carried out by Dr. R. D. Reeves,Depar€-

ment of Chemistry & Biochemistry, Massey University, Pa].merston North,

New Zealand, using Inductively Coupled Plasma emission spectrometry,

(IcP).

5.4.3	 )ta1 uptake experints

Expt. VIII Heavy metal (Pb, Zn & Cd) uptake by M. verna and T.

alpestre (Bradford Dale) from soil culture.

Objectives

Metal uptake by the species in the field was considered in

Chapter 4. In order to evaluate further these results it was consid-

ered appropriate to perform metal uptake experiments under controlled

conditions. It was also thought that using an uncontaminated soil with

added heavy metals would simulate field conditions under a constant

climatic regime. More than one metal concentration was produced in

order to allow a study of the relationships between plant and soil

metal concentrations.
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Design

2 species x 3 metals x 5 metal concentrations + control x 3

replicates = 96 units (25 seeds per unit).

Procedure

300 g JIPC sieved to <4.0 mm was placed in 3.5" plant pots.

Stock solutions were made for Pb (Pb(NO3)2), Zn (Zn504.7H20) and Cd

(CdCl2.2.5H20). Three replicates were prepared for each final metal

concentration: 50, 500, 1500, 2500 & 3500 JLg.gl Pb and 10, 50, 200,

500 & 1500 jLg.gl Zn and 2, 5, 10, 12 & 15 ug.gl Cd. The soil in each

pot was mixed thoroughly with the appropriate volume of stock metal

solution to homogenize the mixture inside the pots. Subsequently pots

were stood in plastic saucers and sub-irrigated with distilled water

until field capacity was reached. 25 seeds of each species, M. verna

arid T. alpestre (Bradford Dale) were placed on the surface of the soil

in each pot.

All pots were randomized within the experimental area after

each pot had been covered with a plastic lid to prevent the surface

soil drying out during the early stages of germination. The pots were

moved around within the experimental area approximately every 4 days

to minimize the centre and edge effects. Germination was monitored and

seedling mortality recorded. One destructive harvest of shoot and root

dry matter was made after 11 weeks growth. Plant material was washed

thoroughly and rinsed in several changes of distilled water. Although

the root system was handled with great care, it proved impossible to

remove the entire system from the soil matrix. Plant material was

oven-dried at 80°C for 24 hours and, as it proved very difficult to
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separate the roots of one plant from another, the shoots and roots

within each pot were bulked separately, weighed and analyzed for Pb or

Zn or Cd using the same techniques described in Chapter 4.

Expt. IX Metal (Pb, Zn, Cd, Al, Ag, Co, Cr, Cu, Fe, Mo, Mn, Ni) uptake

by five different populations of T. alpestre.

The objectives, design and procedure of this Experiment are

all reported in Expt. VII.

5,5	 RESULTS AND DISCISION

5.5.1	 Germination responses

Results of the two germination response tests (Expts. I & II)

are summarized in Figure 5.2 a,b,c and Figure 5.3 a,b,c respectively.

For both populations of M. verna and also the single population of T.

alpestre, there were no significant differences in final percentage

germination between all five concentrations of Zn used in Expt.I, with

the latter species showing a considerably higher final percentage

germination (98-100%), compared to 50-60% for the former species.

High seed viability and rapid germination of T. alpestre is

typical of this species (Grime et al., 1981). Riley (1956) reported 94%

germination in his seed samples. Ernst (1965) found a greater percent-

age and rate of germination with M. verna, T. alpestre and three other

plant species from zinc-contaminated sites when germinated in 50

Mg.m]. l Zn as compared to the control solution (1 g.ml l Zn). When

the present data were subjected to two-way ANOVA, no Significant effect

of Zn concentration was found on either the rate or the final percent-

age germination achieved by either species. The results largely agree

with those obtained by Ernst (1965) but in Ernsts experiment an effect

of increasing Zn concentration above 50 p.g.ml l was demonstrated. Ernst
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(1965) also reported that in relation to the control, the percentage

germination of M. verna was decreased to less than 50% at 500 jig.ml1

Zn and to 7.5% at 10,000 Lg.ml l Zn, whereas the percentage for P..

alpestre was 88.1% at the former concentration and 21.1% at the latter.

Such high Zn concentrations however do seem physiologically unrealis-

tic. The effect of increasing toxicity on seed germination percentage

was also reported by Walley, Khan & Bradshaw (1974) for 'Cu soil' and

'Zn soil' in commercial seed samples of the grass Agrostis tenuis; for

'Cu soil' in the grasses Arrhenatherum elatius and Festuca rubra

(Karataglis, 1980) and for Cr, Al, Cu and Zn in Cynodon dactylon (Wu,

Huff & Johnson, 1981). Baker et al. (1983) reported that 50 g.m1 Cu

delayed and reduced germination of two species of Silene, while Co had

less effect. However Baker (1974) found no significant Zn treatment or

population effects with reference to germination of Silene maritima

seeds from tolerant and non-tolerant populations. He concluded that

the initial stages of seed germination were basically physical proc-

esses unaffected by zinc treatment; radicle elongation and subsequent

seedling development and survival were however a function of zinc

treatment.

Observations by Wu, Huff & Johnson (1981) also showed that

seed germination responded to metal toxicity with less sensitivity than

root growth. Furthermore, Wong & Bradshaw (1982), using solution

culture, measured the effects of Al, Cd, Cr, Cu, Fe, Hg, Na, Ni, Pb and

Zn on the germination and growth of Lolium perenne, and no clear

relationships were found between seed germination and primary effects

of metals on root extension. They concluded that to manifest the

effect of heavy metals on germination, a much higher concentration than

that needed to inhibit root elongation is required. Finally, Shaw

(1984) found that the conditions on contaminated soil had no signifi-
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cant effect either on the rate of germination or on the final percent-

age achieved by the majority of the species she screened. Nevertheless

the same author reported that two of the species, Dactylis glomerata

and Trisetum flavescens, did respond to the toxic soil with a decrease

in germination percentage.

The second experijnent in this series (Expt. El) was designed

to Investigate possible germination responses of the two species on

contaminated and uncontaminated soils, similar to Shaw's soil experi-

ments. The results of this screening are shown in Fig. 5.3 a,b, & c.

Both species germinated faster and produced a higher final percentage

germination on Bradford Dale soil when compared to the responses on

Tideslow Rake and control (JIPC) soils. For the Bradford Dale popula-

tion of M. verna these differences were highly significant at most

scoring dates. Anomalously, both populations of M. verna germinated

poorly on Tideslow soil, suggesting that factors other than metal

toxicity could be responsible. However, T. alpestre behaved rather

more predictably, producing significantly greater germination on the

two metalliferous soils by comparison with the JIPC, although the final

percentage germination on all soils was low and did not differ signifi-

cantly. The experiment thus produced some unexpected results in that

stimulatory effects of Bradford Dale soil were suggested in both

species and both populations (native and non-native) of M. verna. The

poor germination of T. alpestre on soils contrasts markedly with its

germination behaviour in Expt. I, suggesting that factors other than

the chemical nature of substrate may be important.

Evidence in the literature that contaminated soils affect

seed germination is inconclusive. Allen & Sheppard (1971) found no

difference in the germination of Cu-tolerant races of Mimulus guttatus

on normal soil and there are other similar reports for other species,



- 83 -

e.g. Agrostis tenuis (Walley et al., 1974; Karataglis, 1980), Betula

papyrifera (Cox, 1979) and Achillea millefolium, Agrostis capillaris,

Arithoxanthum odoratum and Briza media (Shaw, 1984).

These reports and observations recorded in the literature in

addition to what has been found in the present work, lead to the

general conclusion that of the effect of heavy metals on seed

germination may depend on all or some of the following factors: the

species, the metal used, metal concentration, substrate conditions and

the method of testing. However, metallophyte species such as M. verna

and T. alpestre may require very high metal concentrations before

showing any response as suggested by the work of Ernst (1965).

Comparisons between the two species shows that T. alpestre can have the

higher rate and final percentage germination. The 'normal' pattern of

seed germination (as observed in Expt. I) appears to differ markedly

between the two species. In T. alpestre germination was rapid and

virtually complete (95%+) in 3-4 days; in M. verna germination was

slower and incomplete (50-60%) even after 21 days. Some periodicity of

germination in this species was thus suggested. Both species grow in

stressed environments where substrate problems, notably superficial

drought, may affect and control seed germination in the field (as

suggested in Expt. II). The differing germination characteristics of

the two species can be viewed in the light of these problems. Rapid

responses to favourable conditions for seed germination and high

germination capacity could be viewed as one strategy for successful

seedling establishment on mine spoils and similar substrates subjected

to periodic drought. Periodicity in germination affected through the

maintenance of a seed bank in the soil, could also be viewed as a

successful insurance policy against drought and other environmental
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stresses. The significance of these observations are considered in

greater detail in Chapter 6, where seedling establishment of both

species was monitored under field conditions.

5.5.2	 ?ta1 toleran

5.5.2.1 Seedling responses

The results of Expts. hI-Vu are presented in Figures 5.4,

5.5 & 5.6 to illustrate for each species the effects of Pb, Zn, Cd, Al,

Ag, Co, Cr, Cu, Fe, Mn, Mo and Ni on root elongation. Additionally,

Figure 5.8 summarizes the effects of these metals on the root length of

5 populations of T. alpestre. The significance levels related to the

effects of metal concentrations, differences in populations or species

response derived from the ANOVA tables are given in Appendix 4.1. In

all results of IT tests, ANOVA showed a. significant difference in the

response of M. verna and T. alpestre. In those experiments involving

more than one population, the differences between these were signifi-

cant at pcO.05. In general terms, the results seem to suggest some

significant inter - and intra-specific differences in heavy metal

responses.

5.5.2.2 Effects of single ta1s

The elevated concentrations of Pb, Zn & Cd in the lead-mine

spoils which have been studied are evident from Chapter 4. However

both total and extractable concentrations did vary substantially from

site to site (Table 4.3). It thus remained to ascertain to what extent

such variations were reflected in plant response. Experiment III was

designed to screen for Pb, Zn and Cd tolerance in 5 populations of M.

verna and T. alpestre (Table 5.1).
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In tolerance experiments one of the principal objectives

should be to use a range of metal concentrations in solution, which

could be related to those levels the plants are likely to experience in

the soils from which they were sampled. This raises the problems of

interpreting the relationship between 'available' metals in the soil

arid in the solution culture. The concentrations employed were thus

determined empirically. The results of tolerance tests summarized in

Figure 5.4 showed the effects of Pb, Zn & Cd and their different

concentrations on the root elongation of both species studied. In

general the order of toxicity was Cd > Zn > Pb. These findings are in

agreement with results reported by Shaw (1984) but for Loliuni perenne,

Wang & Bradahaw (1982) quote the order of toxicity for these three

metals as Pb > Cd Zn.

Within the lead treatments, all populations of M. verna and

most of T. alpestre populations responded positively when low concen-

trations were added, thus a stimulatory effect of Pb on the root

elongation was demonstrated in the 0.6, 2 and 6 g.mr l treatments.

The same effect was observed in two populations of each species at 10

pg.ml l Pb. Although there was a positive effect of Pb on both

species particularly at the three lower concentrations, the root growth

of M. verna was stimulated to a greater extent than that of T.

alpestre. At the highest lead concentration the decrease in the root

growth of M. verna from two populations (Black Rocks & Bradford Dale)

was almost 50% whereas in T. alpestre from the same sites IT's of about

80% were recorded. However at the 10 Lg.mr 1 Pb level, two populations

of M. verna (Dirtlow and Tideslow Rake) and two of T. alpestre (Bonsall

Moor and Wensleydale) still showed stimulatory responses and IT'S in

excess of 120%. One could postulate that when root growth of M. verna

can be stimulated by low concentrations of Pb more than T. alpestre,
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the latter species is more tolerant of the higher Pb concentrations.

Thus the concentrations of Pb added caused stimulations and reductions

in the root growth despite the likely problem of precipitation.

Within zinc treatments, root growth of M. verna from four

different populations was stimulated by the addition of 8 ig.ml- 1 Zn

whereas this was stimulated in T. alpestre in three populations. By

contrasting both the stimulatory and inhibitory effects of Zn with

those of Pb, the results seem to suggest that Zn has less of the former

and more of the latter effects at the ranges of metal concentration

employed. The consistent decrease in root growth of M. verna from all.

populations with increasing Zn concentration is not apparent to the

same degree in the T. alpestre populations. Although there was a

noticeable decrease in IT at 16 g.ml 1 Zn, no differences have been

detected in the response of three populations of T. alpestre grown at

this and the 33 Lg.ml 1 Zn, concentration. At the highest concentra-

tion (50 g.ml 1 ), the decrease in the IT's of M. verna was more in

most populations than any population of T. alpestre. Thus the results

seem to support the idea of the special relationship between the latter

species and Zn. In M. verna from Black Rocks, the high IT to Zn

(Figure 5.4) corresponded with the high Zn concentration in the soil

from the same site (Table 4.3).

In the lowest Cd treatment (0.5 g.ml 1 ), root growth was

stimulated in all M. verna populations and in two populations of T.

alpestre. In higher Cd treatments, varying degrees of root growth

inhibition were reflected in the IT values of almost all populations of

both species. Overall significant differences between species,

populations, Cd treatments and the interaction terms, were revealed in

the full ANOVA tables (Appendix 4 . 1 ). In most populations of both

plants IT was higher than 50% even in the highest Cd concentrations
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which might suggest that both species are highly tolerant to Cd, a

metal known to produce inhibitory growth responses at concentrations

less than 1 g.m1l even in Cd-tolerant Holcus lanatus (Coughtrey &

Martin, 1977).

The relationships between IT and the exchangeable and total

soil metal (Pb, Zn & Cd) concentrations at the sites from which the

studied populations originated were tested and the results presented in

Table 5.3. No significant positive correlations were found for Pb in

both N. verna and T. alpestre. However there was one significant

negative correlation (r -0.93, p <0.01) between the IT of T. alpestre

plants (10 g.m1 1 Pb treatment) and the exchangeable Pb concentrations

in the soil. For Zn, there was only one significant positive correla-

tion (r = 0.87, p <0.05); this was between IT of M. verna populations

(33 pg.ml 1 Zn treatment) and the exchangeable Zn in the soil. There

were no significant positive correlations found between IT of T.

alpestre and the exchangeable or total Zn concentrations in the soil.

However there were positive trends in the relationships; these were

clearer between IT and the exchangeable Zn concentrations in the soil.

In all Cd treatments, no significant positive correlation was

found. A significant negative correlation (r = - 0.82, p cO.05) was

found between IT of M. verna (1.5 g.ml 1 Cd treatment) and the

exchangeable Cd concentrations in the soil. For T. alpestre two

significant positive correlations (r = 0.83, p <o.os: 4 Lg.ml 1 Cd

treatment) and r 0.97, p <0.01: 1.5 Lg.ml 1 Cd) between the IT and

the exchangeable and total Cd concentration in the soil respectively,

were denxnstrated.

Relationships between index of tolerance and metal concentra-

tions in the soil have been suggested before by other workers Gregory &

Bradshaw, 1965; Antonovics, Bradshaw & Turner, 1971; Wilkins, 1978;
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Atkins, Trueman, Clark & Bradshaw, 1982 and Ingrouille & Smirnoff,

(1986). The last-mentioned authors reported a significant positive

correlation (r	 0.97, p <0.01) between IT (derived from dry weight

measurements) of four populations of T. alpestre and the exchangeable

Zn concentrations in the soil. In the present study, although no

similar relationship for this plant was demonstrated unequivocally the

trend was in agreement with the correlation reported by Ingrouille &

Sm.irnoff (1986). However it must be stressed that the IT's in the

present work and those of these authors cannot be compared directly

because of the differing experimental conditions employed.

The present results show that metal tolerance differs between

populations and treatments, especially for M. verna which shows more

variability at the highest metal treatments. That significant positive

correlations can be demonstrated between IT of both species and Cd

concentrations in the soil, and the positive trends for Zn suggest that

the degree of metal tolerance in the populations of H. verna and T.

alpestre studied can be related to the concentration in their soil of

origin. However the facts that such correlations are far from perfect

and that no clear relationships could be shown for Pb, suggest that

metal tolerances in M.verna and T. alpestre (as suggested by the root

elongation technique) are complex physiological traits not necessarily

developed in direct response to local conditions of metal concentration

and availability.

5.5.2 • 3 Effect of tals supplied in factorial ccinbination (Expt. IV)

The results of this experiment are presented in Figure 5.7.

Factorial ANOVA for root-length data showed very highly significant

effects (0.1%) for species, Zn, Cd and the interaction between species
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and Zn, Cd, Pb-Zn, Pb-Cd, Zn-Cd and Pb-Zn-Cd treatments. No signifi-

cant differences were shown for the following: Pb, Pb-Zn, Pb-Cd and

Pb-Zn-Cd, or the interaction between species and Pb.

In the discussion of the previous experiment it was suggested

that the toxic effect was in the order Cd > Zn > Pb. in the present

experiment the order seems to be almost the same. Thus the data for IT

values in both experiments correspond with each other in the main with

only one anomalous result, in which the 8 ig.mr l Zn treatment de-

creased root growth of M. verna to almost 25%, whereas in the previous

experiment, the same concentration produced a stimulatory response. For

T. alpestre there was a significant stimulation of root growth by

singly added metals, the highest being in Pb treatment. This result

also seems to confirm the results of the previous experiment.

Single metal treatments were used to compare their effect

with the effect of the combined treatments to reveal additive or

synergistic effects. In the factorial treatments, the combinations of

PbZn, ZnCd and PbZnCd have the most drastic effect of all on root

growth of M. verna, with a trend of a decreasing effect on root growth

of T. alpestre by the last two combinations, indicating a positive

interaction between metals in these treatments. Root growth of M.

verna was almost equal in Pb and PbCd treatments, which suggests some

amelioration of Cd toxicity by Pb. However for all other combined

treatments in M. verna and for T. alpestre, IT values are less than in

any of the single metal treatments, suggesting additive effects on the

root growth. The effects of both individual and combination treatments

were more pronounced for M. verna root growth than for T. alpestre, so

that IT's for 14. verna were in most treatments less than 40%, whereas

the lowest IT for T. alpestre was more than 80%.
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There have been numerous studies of the effects of Pb, Zn and

Cd on the growth of different plant species, but very few of these

studies have concentrated on the effects of these metals in combina-

tion. Most of these investigations however have been on crop plants,

and few have employed a factorial design in tolerance experiments. Such

a design has been employed by Coughtrey & Martin (1978; 1979) in their

investigations of the interactions of Pb, Zn and Cd on tolerance and

uptake in two populations of Holcus lanatus L. Other experimental

studies suggesting possible synergistic effects of Pb, Zn & Cd have

been described by A.11oway (1969), Carison & Bazzaz (1977), Dijkshoorn,

Lampe & Kowsoleea (1975), Hassett, Miller & Koeppe (1976). Miller,

Hassett & Koeppe (1977) found a positive interaction of Pb and Cd in

their effect on growth and metal uptake in Zea mays L. The results

presented here together with most of the previous observations reported

suggest that T. alpestre is more tolerant to Pb, Zn and Cd both singly

and when supplied in combination. The results also suggested that the

effects of metal interactions were clearer in M. verna.

5.5.2.4 Th1erare to other heavy metals

As the three metals Pb, Zn and Cd are the major contaminants

of lead-mine habitats, most experimental work was concentrated on these

three. The occurrence of other heavy metals (e.g. Co, Cu, Fe, Mn & Ni)

in mineralized substrates colonized by M. verna and T. alpestre has

recently been reported by Garcia-Gonzalez & Clark (1985). These metals

and Pb, Zn, Cd Al, Ag, Cr, & Mo were used in Expts. V, VI & VII.

Kelepertsis & Andrulakis 1983 and Kelepertsis, Andrulakis & Reeves,

1985 have reported Zn, Pb, Cu, Mn, Fe, As, Co, Cr, Mn & Ni in M. verna

and the soil in which this plant grows in N. Greece.
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Analysis of soil samples from lead mine sites at which seeds

have been collected (Table 5.3) indicated the presence of most of these

metals, some of them at elevated concentrations.

In the first experiment of these trials (Expt. V) AN0VP

(Appendix 4.1) showed that there were highly significant differences at

0.1% for species response and the interaction between species and Mn,

Pb, Cu, Ag, Mo, Cd & Zn, and at 1% for Co and at 5% for Ni, Cr, Fe &

Al. Results presented in Figure 5.5 show that for all metals except Cu

and Mo, T. alpestre seems to be more tolerant than H. verna. In

general, IT'S of both species decreased with the increase in the

concentrations of metals, the increasing inhibitory responses of some

elements (e.g. Cd, Co & Ni) being more pronounced than others (e.g. Fe

& Al). The metal concentrations used are within the range for most

metals considered to be toxic to the majority of plant species. The

root growth achieved by both species, particularly T. alpestre, could

be an indication of their high degree of tolerance to a wide range of

metals. The effect of the metal treatments on root growth of the two

species ranged from a considerable decrease (87%) in T. alpestre root

growth at 50 g.m1 l Cu treatment to an increase of almost 150% for the

same species in 10 g.ml 1 Mn.

Expt. VI, used one low concentration of each metal, a lower

pH in the basal nutrient solution (5.5) and an increased number of days

in the metal treatments. In general, the effects of treatments on both

species corresponded with those observed in the previous experiment.

Some differences in the effect of some of the metals were however

observed, possibly due to the lower pH used in this experiment. The

root growth of both species in the control treatment was two times

greater in this experiment than it was in Expt. V.
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The ANOVA Tables (Appendix 4.1) for the root length showed

that there was a significant difference at 0.1% between species, metals

and their interaction. Results of this experiment are presented in

Figure 5.6. Greater inhibition of root growth has been demonstrated by

most metals used, when compared with earlier experiments, probably due

to enhanced metal toxicities at a lower pH. Nevertheless, 20 Lg.mr1

Pb stimulated root growth of both species. Following the same trend,

the inhibition of root growth in the 20 jig .m1 1 Al treatment has been

decreased by about 45% when compared to the effect of same concentra-

tion in the previous experiment. The decrease in pH appears not to

have any effect on the relationship between the root growth of M. verna

and Ag or Mo. The results for Cu and Mo confirm the observations from

the earlier experiment. Although 5 p.g.ml 1 Cu was used instead of 10

jig.m1 1 Cu, due to the drastic effect of this metal on both species

(specifically on T. alpestre), the effect of Cu remained very strong.

Although all these metals regarded as toxic at the concentrations used,

results suggested that some are more toxic than others at least where

root extension of M. verna and T. alpestre is concerned.

The final experiment in this series (Expt. VII) extended the

previous two in a study of inter-population response to the 12 metals,

using five populations of T. alpestre. IT's derived from root elonga-

tion are presented in Figure 5.8. Data for root elongation were

analyzed by ANOVA. Treatment means and ANOVA tables are presented in

Appendices 4 and 4.1 respectively. There were significant differ-

ences between populations at 0.1% level for all metals but Co. In

general, the effect of all metals on T. alpestre from different

populations in the present experiment followed the same trend as in the

previous one.
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Soil samples from all the sites used in this experiment were

analyzed for all the metals excepting Ag (see Table 5.4). The concen-

trations of most metals were shown to be higher than their background

presence in the earth's crust. Garcia-Gonzalez & Clark (1985) have

reported that Pb, Zn, Cd, Co, Cu, Fe, Mn & Ni are in abnormally high

concentrations in the soil of six different habitats of M. verna and

T. alpestre, with a tendency for the latter species to be present where

the higher metal concentrations are found. They also suggested that

consequently there is less variation in concentrations of metals

between habitats of T. alpestre, whereas M. verna occurs on soils with

widely differing levels of metals. However such a suggestion is not

necessarily a valid generalization as the evidence	 could be

circumstantial.	 In the present study the analysis of soils from

different lead mines where both or only one species occur (Table 4.3)

does not support this generalization.

An attempt to detect relationships between IT (Figure 5.8)

and total metal concentration in the soil (Table 5.4), did not reveal

any significant positive correlations for any of the 12 metals. One

significant negative correlation was however found between IT and Mo

concentrations in the soil, (r = -0.94, p ( 0.01).

5.5.3	 )tal uptake experiments

5.5.3.1 Heavy metal (Pb, Zn & Cd) uptake by M. verna and T.

alpestre frc*n soil culture. Expt. VIII.

The trends in uptake of Pb, Zn & Cd by plants of both species

grown for 11 weeks in metal-amended soil culture are shown in Figure

5.9. All yield and metal concentration data were analyzed by one - or

two-way ANOVA as appropriate for the design of this experiment.
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ANOVA tables are presented in Appendices 4.1 . For plant

weight, ANOVA revealed no significant differences in plant dry weight

for either species in any of the Zn treatments. However root weight of

M. verna was significantly reduced by the higher Zn amendments. In the

Pb treatments, shoot and total dry weight of both species were signifi-

cantly different (in the controls) at the 5% level but there were no

significant differences in root weight. The effects of Cd treatments

on root, shoot and total dry weight of M. verna were all significant at

the 5% level; for T. alpestre these effects were significant only for

root weight (p (0.001).

In both species, the effects on metal uptake by an increase

in substrate metal concentrations were more significant than on plant

dry weight yield. The relationships between plant and soil metal

concentrations are presented in Table 5.5. All relationships but two

(N. verna. root x soil Zn & Cd concentrations) were significantly

positive. For Zn in the root of M. verna, the results suggest a

constant relationship between root and soil concentrations. A similar

result has been reported for Ni in Nothofagus fusca (Timperley, Brooks

& Peterson, 1970). For Cd, although the general trend of the data

indicated Cd concentration increase in the root of this plant, r was

not significant, possibly because of transport to the shoot increased

with the increase in the added metal, effectively decreasing the

root-metal concentrations.

For metal uptake by shoots, the two-way ANOVA tables

(Appendix 4.1) suggested significant treatment main effects for species

and metals and their interaction, but for root metal uptake, treatment

effects were significant for species only.



TJ\BLJE 5.5 THE REL1TIONSHIP BETWEEN METPJi (Pb, Zn & Cd) CONCENTRATIONS

IN THE PL1NT TISSUE AND IN THE SOIL
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Concentrations of heavy metals in plants from non-

metalliferous sites are, in general, considerably lower than those in

most plants, such as M. verna and T. alpestre, growing on metal-rich

soils. It is clear that such metallophyte species have a greater

ability to accumulate heavy metals than many other species; this

characteristic has been reported in the literature. The metal concen-

trations reported in the present results are of a similar magnitude to

those for field-collected plants (Chapter 4).

In all cases, metal concentrations in the roots and shoots of

T. alpestre were significantly greater than in those of M. verna from

the equivalent treatments. The magnitude of these differences gener-

ally increased with increasing metal amendment. Responses of the two

species to Zn and Cd were broadly similar and differed from those to

Pb. Thus for Pb, shoot concentrations of this metal were low and of

similar magnitude in both species. The ability of the root of T.

alpestre to accumulate Pb was however outstanding, when compared to

root concentrations in M. verna, which were similar to shoot values. By

contrast, for Zn and Cd, metal concentrations in the shoot of T.

alpestre always exceeded those of the root; the same was true for Zn in

M. verna in the higher soil treatments, but significant differences for

Cd could not be demonstrated. The differences in species response were

also shown by the values for Pb, Zn & Cd [shoot):(root] ratios (Table

5.6). These were generally higher for Zn and Cd than Pb. The generally

higher tissue concentrations of both Zn & Cd could reflect the greater

mobility of both metals and for Zn, it could also possibly be connected

with its essentiality, (Shaw, 1984). Low shoot concentrations of Pb

suggest immobilization in the root or a general low uptake. The higher

Pb concentrations in roots than shoot for both species is in agreement

with the general observation that metals accumulate far more in the
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roots than in the shoots, possibly due to the restriction of metal

transport from root to shoot, particularly in tolerant plants (Baker,

1981).

Frequently, shoots of tolerant plants are shown to contain

lower concentrations of metals than non-tolerant counterparts (Wu &

Antonovics, 1975; Maschmeyer & Quinn, 1976; Baker 1978a.,b; Coughtrey &

Martin, 1978 and Shaw, 1984). There are also many reports in the

literature of similar or higher metal concentrations in the roots of

tolerant plants (e.g. Turner & Marshall, 1972; Peterson, 1975;

Maschmeyer & Quinn, 1976; Wu et al., l975a; Baker, l978a,b; Coughtrey &

Martin, 1978; Hoiland & Oftedal, 1980; McGrath et al., 1980; Brookes,

Collins & Thurman, 1981; Macnair, 198la). Higher concentrations of Zn &

Cd in the shoot than the root as encountered in the present study have

also been demonstrated in other tolerant species and ecotypes (Garland

& Wilkins, 1981; Shaw, 1984). However there is much evidence in the

literature to suggest that plants of toxic metalliferous soils cannot

prevent metal uptake but only restrict it and thus accumulate metals in

their tissues to varying degrees (Peterson, 1971; 1975; Baker, 1981).

The last author has thus concluded that, the strategies of survival

are in general tolerance and not avoidance of metal toxicity. The same

author has shown that among twelve species, M. verna and P. alpestre

together with Armeria maritima emerge as species with considerable

powers of metal concentrations in their shoot (see also Table 4.].).

In order to find differences between species in metal uptake

and distribution (and thus implicate possible different tolerance

mechanisms), plants should be grown under the same standardized

conditions, as in the present work. However it should be emphasized

that comparisons between reports in the literature using various

methods should be made with caution. Any results obtained on metal
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uptake and distribution are affected by the interaction of various soil

factors e.g. pi, the form and concentration of the metal present, and

duration of the treatments. Organic matter content and the cation

exchange capacity can also influence metal uptake.

Some information on species response to soil metal concentra-

tion has been discussed in Chapter 4 for aerial plant parts collected

from the field. Positive relationships between the increase in soil

metal concentrations for Pb, Zn & Cd and shoot concentrations of M.

verna were suggested, and also for Cd in T. alpestre. In the present

more rigorous work, some positive soil-plant relationships were

suggested (Table 5.5). Similar linear relationships between plant and

soil metal concentrations were shown at high threshold levels of soil

Zn by Barry & Clark (1978) who showed that for Festuca ovina, Agrostis

tenuis and M. verna. growing on mine spoil, the relation between shoot

Zn and that in the soil was generally a linear one. Also, Kelepertsis,

Andrulakis & Reeves (1985) have reported a very highly significant

correlation (p < 0.001) between shoot and soil Pb, Zn & Cu concentra-

tions in field samples of M. verna from N. Greece.

Baker (1981) has suggested three basic strategies of plant

response to toxic soils, accumulators, exciuders and indicators, based

on the relationship between metal concentrations in shoot, root and

soil. ie classified T. alpestre and M. verna as accumula±ors, as Zn

[shoot]:(root] ratios were generally >1. 	 In the present work

(shoot]:[root] ratios (Table 5.6) have reflected differences between

metals and species. In the Pb treatments, ratios for both species in

all concentrations were ci with a tendency for values for T. alpestre

to be less than those for M. verria, thus indicating a higher degree of

restriction of metal transport from root to shoot by M. verna, and

therefore suggesting an exclusion strategy. By contrast, ratios of
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[shoot]:(root] in T. alpestre for Zn and Cd indicated an accumulation

strategy. In M. verna the plant showed an exclusion behaviour when

grown in added Zn up to 200 Mg.g1 and in Cd up to 5 JLg.g 1 , then

behaved as an accumulator at the higher concentrations. Ratios for Zn

in T. alpestre also changed at the higher treatments, thus indicating

the possibility of change in the response-type with the increase in the

substrate concentrations. Although the data considered by Baker (1981)

were for plant material collected from the field, the results obtained

in the present work seem to be partly in agreement with what the author

has proposed. Baker (1981) also suggested that a species may act as an

accumulator, an indicator arid an excluder over different ranges of

metal concentrations in the soil. Shaw (1984) reported that, of the 21

species she studied, M. verna was amongst the lowest in [shoot]:[rootJ

ratios for Pb and Zn when the plant was grown in a soil containing

40-50,000 j.i.g.g l total Pb and about 3700 Lg.g 1 total Zn. The same

author postulated that it is also possible that a plant might show

different uptake strategies during different stages of its life-

history. Slow-growing perennials such as M. verna might exclude metals

in the establishment phase whilst mature plants accumulate. Although

this might be the case, the present observations have indicated that

plants of the same species and age can have different strategies for

different metals and concentration ranges.

5 • 5 • 3 • 2 Beavy wtal uptake by five populations of T. alpestre fr

solution culture. Expt. IX. (The uptake part of Expt. VII).

Results of this part of the experiment are presented as

follows:
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Figures 5.10 & 5.11 give a graphical representation of the

whole plant metal concentration for all populations, and the root and

shoot of plants of the Whitesike population.	 Table 5.7,	 shows

( shoot ] : [ root ] metal concentration ratios for the Whitesike popula-

tion.

Figure 5.10 illustrates the general similarity in behaviour

of the five populations, where only with two metals a clear difference

was shown (for concentration of Zn in plant of Black Rocks population

and those of Fe in plants of Bradford Dale). These high concentrations

of Zn and Fe correspond with the high concentrations in the soil (Table

5.4). The considerable enrichment of most metals in the plant dry

matter is also apparent.

Metal concentrations presented in Figure 5.11 show that for

all metals but four (Ni, Co, Mn and Zn), the concentrations in the root

system were higher than in the shoot parts. The accumulation behaviour

of the species is indicated by the high ratios (.l) found for these

four metals, (Table 5.7). However, there are wide variations in the

extent to which the absorbed metals are transported from the root

system into the remainder of the plant. It was possible to categorize

the metals according to the partition ratios into three groups: (1)

metals with the highest ratios Ni, Co, Mn and Zn, (ii) metals with

intermediate ratios (low ratios) Cd, Mo and Ag, (iii) and a group with

very restricted transport Cr, Cu, Al, Fe and Pb. The very small ratios

found for metals of the last group suggest that the species could also

be an efficient excluder.
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Figure 5.10 Metal concentrations (pg.g 1 plant dry matter) in r. alpestre

from five different populations, grown in solution culture
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The relationships between IT (from root length, root -, shoot

- and total plant-weight) and the metal concentrations in plant tissue

may reflect the possible enhancement to uptake by metal tolerance

(Gregory, 1965), since the mechanisms of tolerance often involve

complexing of metals by cell constituents than their exclusion from the

plant (Baker, 1981). Two significant positive correlations (r = 0.91,

p c 0.02 and r	 0.93, p c 0.01) were found between IT (from root

weight) and Cu and Fe concentrations in the plant tissue respectively,

and positive but not significant trends for IT (root length) and Zn,

Ag, Co and Fe. There were two significant negative correlations (r =

-0.89 and -0.86. Pc 0.05) between IT (from shoot -and total plant-

weight) and the concentration of Ni in the plant tissue. These

differing results suggest that a positive relationship between

'tolerance and uptake is not obligatory, and the mechanism of toler-

ance can thus be different to that of uptake, accordingly to the metal

and possibly the concentration employed.

The final table (Table 5 • 8) summarizes on a more comparative

basis the IT (from root length and total plant weight) and metal

content, for all populations and metals. The mean IT (from root

weight) over the five populations shows that for all metals but three

(Pb, Mn and Ni) the IT was about 50%. This could be taken as a

reasonable justification to the concentrations employed in the experi-

ment. The mean IT (from total plant weight) also taken over the five

populations, indicates that exposure to 20 g.ml 1 Pb or 25 ig.m1 1 Zn

has relatively little effect on growth, whereas the chosen low concen-

trations of Cu, Cr and Ag strongly inhibited the growth. The metal

content figures have been divided by the metal concentration used in

the treatment solutions, in an attempt to standardize the data and

facilitate comparisons between metals. The results summarized in this



TASLE 5.9 METAL UPTAKE AND 	 J)VLAi'IC* BY SENDLING 0? VARIOuS POPUITI0tq5
OP T. ALPTRE 1CR 12	 VY METALS 11!	 IOII 90 I .T 5. (Ea'T. XI)

Mete].	 Con.pg.m11	 Root	 Total weight	 Metal Content	 Metal content g1 per 1 g.ml1

in solution	 rr(%)	 IT (%)	 Shoot	 Root	 Total	 S/R	 Shoot	 Root	 Total

Pb	 20	 85 + 5	 98 ± 9	 28	 874	 902	 0.032	 1.4	 43.'?	 45.1

Zn	 25	 54 + 5	 98 ± 7	 2018	 437	 2455	 4.6	 80.7	 17.5	 98.2

Cd	 5	 43 ± 3	 39 ± 3	 217.5	 66.5	 284	 3.3	 43.5	 13.3	 56.8

Al	 20	 51 ± 4	 37 ± 4	 11	 227	 238	 0.048	 0.55	 11.35	 11.9

Ag	 0,5	 45 t 2	 22 ± 2	 2.16	 1.96	 4.1	 1.10	 4.3	 3.9	 8.2

Co	 5	 61±5	 31±2	 207.5	 11.5	 219	 18.0	 41.5	 2.3	 43.8

Cr	 1	 60±10	 23±1	 2.4	 10.4	 12.8	 0.23	 2.4	 10.4	 12.8

Cu	 1	 45 ±	 17 ± 0.5	 5.5	 26.0	 31.5	 0.21	 5.5	 26.0	 31.5

Fe	 6	 45 ± 3	 35 ± 3	 20	 377	 397	 0.053	 3.3	 62.8	 66.1.

Mn	 10	 88 ± 4	 57 ± 2	 496	 48	 544	 10.3	 49.6	 4.8	 54.4

Mo	 10	 48 ± 2	 57 ±4	 168	 91	 259	 1.85	 16.8	 9.1	 25.9

Ni	 2	 78 ± 4	 78 ± 7	 138	 8.9	 147	 15.6	 69.0	 4.5	 73.5

*	 a	 at	 at	 at	 at	 it	 at	 at

a	 b	 C	 d	 e	 f	 g	 h	 i	 j	 k

* - Data from the mean over S T. alpestre populations.

** - Data from Whitesike T. alpestre populations.

a - Metals employed in the experiment.

b - Meta). concentrations (Mg.m1') added to the solution culture.

c - Mean index of tolerance based on root elongation measurements.

d - Mean index of tolerance based on total plant dry weight yield.

e - Metal content in T. alpestre shoot (pg.

f - Metal content in T. alpestre root (zg.

g - Metal Content of whole plants (jig.plant l ) - e + f)

h - Shoot:root metal Content ratios.

t - Metal content in the shoot relative to the concentrations added in the solution culture. ( a measure of relative

efficiency ofalnoot accumulation).

- Metal content in the root relative to the concentrations added in the solution culture. ( a measure of relative

efficiency of root accumulation)

k - Metal content in the whole plant parts relative to the concentrations added in the solution culture. (a measure

of relative efficiency of nt accumulation.
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table also demonstrate the extensive uptake of all metals (rather less

for Ag, Al and Cr than the others). When standardized for differing

solution concentrations, uptake of these three metals are remarkably

all of the san%e order of magnitude, in spite of the very different

tolerance and the very different fates of the metals once absorbed into

the roots.

Species differ considerably in their metal uptake character-

istics and for any species these may also vary for different metals

(Baker, 1981). The notable feature of T. alpestre to tolerate and

accumulate high concentrations of Zn, Pb and Cd has been considered in

the previous experiment, and the relationships between this plant and

Zn is well reported in the literature (e.g. Baumann, 1885; Dvorakova,

1968). Ernst (1975) reported concentrations of 1800 j.tg.g 1 Pb, 10000

ig g 1 Zn,550 jg g 1 Cd and 80 jg.g 1 Cu in the leaf dry matter of T.

alpestre, grown on naturally metalliferous soil, Very high concentra-

tions of Ni in the leaf of specimens of T. alpestre have been reported

(1800-4100 p.g.g l , Reeves & Brooks, 1983), Concentrations of Ni found

in the present study seem to fall within the range reported by the

latter authors. Concentrations of other metals (e.g. Co, Cr, Fe, Mn &

Mo) together with Pb, Zn, Cd, Ni & Cu were higher than the concentra-

tions reported for shoot specimens of M. verna collected from five

different sites in N. Greece by Kelepertsis, Andrulakis & Reeves

(1985). The analyses indicated that even in treatments where metals

were supplied at low concentrations, the species shows a remarkable

ability to accumulate these metals. The general similarity between the

different populations in their metal concentrations of any metal tested

suggests constitutional mechanisms of tolerance within the species.

This and the marked accumulation ability even of those metals which

have not been investigated before in this species suggest the potential
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use of the species in biogeochemical prospecting for many different

metals.

The significance of the ability to accumulate metals by T.

alpestre must be interpreted with caution (Ingrouille & Smirnoff,

1986).	 As described above, there was no consistent relationship

between tolerance and metal uptake.	 Both characteristics may be

independently inherited (Smirnoff & Stewart, unpublished). Never-the-

less the results described in the present study for the index of

tolerance and the agreement between the IT of two populations and metal

concentrations in their soil of origin and the concentrations in the

plant tissue (Zn, Black Rocks and Fe, Bradford Dale) indicate that

there are variations within the species in these physiological traits

upon which selection can, and has acted. However, it seems likely that

factors unrelated to heavy metal tolerance are probably also affecting

the distributions of T. alpestre and M. verna but with stronger impact,

(e.g. the extremely localized dispersal of the seed, low survival rate

and low competitive ability). These will be considered in the follow-

ing two chapters.

5.6	 SU1I

1. Responses of M. verna and P. alpestre to metal treatments

have been investigated under controlled experimental condi-

tiona. Four parameters of plant performance were used (seed

germination, root elongation, biomass yield and metal

uptake).

Responses of the two species to metals were significantly

different in most of these parameters, as were the different

populations of each species.
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2. In the first germination experiment, seed of T. alpestre

showed higher percentage germinaticn and rate than M. verna.

No significant effect on the germination by Zn concentrations

up to 50 g.mr 1 were shown in either species. In the second

experiment reported, the germination of M. verna seeds from

both populations studied was higher on Bradford Dale soil

than on Tideslow Rake soil and JIPC, whereas germination of

T. alpestre was superior on metalliferous soils than on JIPC.

The percentage germination of this species was however lower

than that reported in Expt. I.

3. Differences between species in their responses to metals were

elucidated by tolerance tests using 3 metals (Pb, Zn & Cd)

singly . in factorially combined treatments. Tolerance to a

range of other metals was investigated. Differences in

tolerance between species and populations were significant.

M. verna was more tolerant than P. alpestre to Cu and Mo, but

the latter species was more tolerant than the former to all

other metals studied.

4. The uptake characteristics of the two species proved to be

different, reflecting different tolerance mechanisms, whereby

M. verna tends to restrict metal translocation from root to

shoot, T. alpestre tends to accumulate more metals in the

ghoot.
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5. Although significant differences were shown between the

indices of tolerance of the different populations of T.

alpestre, the metal concentrations in the plant tissues were

similar. This may suggest that tolerance and uptake mecha-

nisms are independently inherited.

6. Both species showed an ability to accumulate high metal.

concentrations, but T. alpestre showed a remarkable ability

to accumulate higher concentrations even from low background

concentrations, added to the soil or solution cultures. The

present investigation of the uptake by T. alpestre to a range

of heavy metals (some have not been employed before with this

species) indicated the constitutional hyperaccumulation

characteristic of this species.

7. For both species, some inter-population variation in physio-

logical characteristics was suggested by the experiments

reported in this chapter.
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PI'ER 6

POPULATION DThAiqI OF K[NtJARiTh VERNA AND	 SPI ALPESTRE

Al' DOVE(NG LEAD MINE (A ONE YEAR INVESTICfrION)

6 • 1	 DrIOTION

The reasons for the disjunct distribution of species like

M.verna and T.alpestre may well lie in their postglacial history and

the present discontinuity of their suitable habitats (Pigott & Walters,

1954). In the British Isles, although M.verna and T.alpestre are now

occupying similar habitats, M.verna is distributed more widely than

T.alpestre (see Chapter 2). The discontinuous distribution of the

latter species on a national or international scale could be explained

by historical factors stated above but on a local scale this explana-

tion is not acceptable. In Derbyshire, T.alpestre is fundamentally

under-distributed, and is restricted to a small area. around, and to the

west of, Matlock. Contrasted with this, is the ubiquitous distribution

of M.verna on the metalliferous spoil heaps of Derbyshire and elsewhere

in the Pennine orefield. Although M.verna invariably occurs wherever

T.alpestre occurs, the reverse case does not hold. There were no

differences detected in climate or soil heavy metal status between

sites in which T.alpestre occurs and those where the species is not

found, and both species showed high metal tolerance (see Chapters 2, 4

and 5 respectively), so the reason could lie in one or more of the

plant characteristics. Such biological factors which may affect the

distribution of T.alpestre include the breeding system, seed production
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the method of seed dispersal, seedling recruitment and survival, and

the past history of the distribution (see chapters 2, 3 and 8 for

discussion of some of these factors).

The major emphasis in the present work discussed in this

chapter focussed on seedling recruitment and survival within bare and

turfed areas. A site in which both species occur was chosen and a

permanent quadrat was the subject of a detailed study throughout a

year, in order to ascertain the number of new recruits and their

survival, as well as the number of established plants, in and out of

turfed areas.

The site is situated within the South Pennirie orefield;

within the county of Derbyshire close to the High Peak Trail at the

site of Dovegang lead mine (SK 287556) (Figure 6.1).

The area was described by Xirkhain (1953) as typical of

deserted lead mine ground; "hummocky, uneven, with grass-lined hollows

of run-in shafts, mostly rough grassland, with some stony hillocks, and

light grey limestone walls". The workings on the north, dipping into

Dean hollow, have scrub on them. Kirkhain continued the description of

the site as "uninteresting, desolate, compared with the beautiful and

popular dales". It was a wide vein, and as well as lead, bary€es has

been mined from it (same author).

Although the site as a whole is a. south-facing slope, the

heaps within the site have more than one aspect. The quadrat used in

this study was typical of the general slope of the site. The Dovegang

area inclines onto the Carboniferous Limestone, so the spoil has high

calcium carbonate content, with considerably elevated concentrations of

Cd, Pb and Zn (see chapter 4). It consists of a mixture of large

stones, coarse and fine sandy particles (Plate 6.1). The substrate is



FIgure 6.1	 Dovegang Lead Mines, the site of study, based on Kirkham (1953).
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PL7TE 6.1 The permanent quadrat at the site studied.
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loose and dusty, especially in bare areas, which makes it very suscep-

tible to erosion by wind and water. Since the area is south-facing, it

has very dry soil during summer.

6 • 2	 )TERIALS ND PIn:JA

At Dovegang lead mine, a study plot 1 x 2 m was selected and

carefully marked out in such a manner as to enable the exact position

of the corners to be located again on subsequent occasions. The area

chosen consisted of turf dominated by Festuca rubra with some F.ovina

and herbs such as Cainpanula rotundifolia, Cerastium fontanum, Galium

sterneri, Lotus corniculatus and Thymus praecox ssp.arcticus and areas

of bare ground.

M.verna and T.alpestre spread onto both parts. The area

chosen provided sufficient numbers of both species in turfed and bare

ground. From July 1983 until July 1984 the number of established

plants, seedlings from the previous year and new seedling recruits were

recorded in order to define the dynamics of seedling establishment and

survival for both species within the bare and turfed areas. It was

hoped that this might help to understand possible reasons for the

under-distribution of T.alpestre, by comparison with M.verna.

The area of the turf and bare ground in the permanent quadrat

was calculated as 15.4% and 84.6% respectively. A graduated quadrat

frame (1 in2 ) divided with string into 400 (25 cm 2 ) sub-units was used

to map the positions of individuals and enable a composite picture of

changes with time to be built up. The actual positions of individual

plants were mapped diagrammatically on graph paper and the turf/bare

ground boundaries marked to facilitate easy detection of temporal

changes (Figure 6.2). 	 This technique was a modification of the

horizontal distribution-mapping technique, quoted by Kershaw & Looney



Figure 6.2

A detailed mapping record of changes in the number of established

and seedling plants of M.verna and T.alpestre through one year

at Dovegang Lead Mine

Key:

M.verna established plants

M.verna seedlings from 1982 A

M.verna seedlings from 1983 A

M.verna seedlings from 1984 	 7

M.verna established plants 0
from 1982 seedlings	 _____

Purf

Bare ground

T.alpestre established plants

T.alpestre seedlings from 1982 X
T.alpestre seedlings from 1983

T.alpestre seedlings from 1984 *

T.alpestre established plants

from 1982 seedlings	 _____
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(1985) and used by Watt (1962). A density estimate was also made for

both species from a 100 m 2 plot on Dovegang lead mine spoil. By using

random number tables, 88 estimates were taken and the density (d) was

calculated from the formula d	 1(2 x a) 2 (Greig-Smith, 1964) where a

is the mean distance between each random point and the nearest plant.

The density was found to be 77 plant/sq. m. for M.verna and 4.2

plant/sq. m. for T.alpestre. The average number of the latter species

on Derbyshire sites was estimated to be 15 plants/sq. m. by Shimwell

(1968).

6.3	 RESULTS

Results are summarized in Table 6.1 • The abundance of

M.verna and T.alpestre and seasonal variation in the number of estab-

lished plants and seedlings are shown in Figures 6.2, 6.3 and 6.4

respectively. It was clear that the number of M.verna seedlings was

larger than that of T. alpestre seedlings on all occasions. The scores

also suggest a pronounced increase in the number of seedlings for both

species in autumn, indicated by a clear peak in October and a declining

trend of numbers in spring and summer. (Figure 6.4). The trend was

similar for both turf and bare areas. The number of established plants

was unaffected by increase in seedling numbers and remained constant

during the period from July to October 1983. However, the number of

these had decreased in the following spring, with considerable losses

of T.alpestre plants; those remaining represented only 23.3% of the

number observed at the start of the investigation. For M.verna this

figure was 70%. The number of 1982 seedlings was not severely reduced

suggesting that mortality can decrease as seedlings get closer to the

establishing stage.
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Generally the number of the individuals was greater on bare

ground but this could be the result of the bare ground contributing

about 84.6% of the total area of the permanent quadrat. To compensate

for this bias the number of plants/rn 2 of turfed or bare area was

calculated (Table 6.1) and used to present the seasonal variation data

(Figures 6.3, 6.4). It was noticed that the density of established

M.verna plants was higher within the turf than on the bare ground, but

the density of the seedlings of this species within the turf was equal

or less than that on bare ground. For T.alpestre the number was less

in the turf in summer and autumn 1983 but higher in spring and summer

1984. The spatial pattern of seedlings is shown in Figure 2.6, and the

configuration of this reflects a difference between M.verna and

T.alpestre. The figure shows that seedlings of M.verna are spreading

more away from the established plant than those of T.alpestre. Further,

the number of seedlings is greater in areas close to the established

vegetation (see Figure 6.2 March 1984 score).

6.4	 DISaJSSION

As stated in the Introduction, there are many factors which

singly or in combination, could affect the distribution of T.alpestre.

Some of these factors have been studied before by other workers. Riley

(1955;1956) investigated inbreeding in populations of T.alpestre and

the past history of the plant distribution was considered by Pigott &

Walters (1954) and Shimwell (1968) and also discussed by Antonovics et

al. (1971). In the present work, the dispersal and colonization

efficiency of both M.verna and T.alpestre was observed and elucidated

indirectly by the distribution of new seedlings around established

plants (Figure 6.2). An emphasis was placed on the plant regeneration

strategies through seedling recruitment and survival in two contrasting
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areas within the permanent quadrat. One was highly disturbed (bare

ground) and the other had a low incidence of disturbance because of the

continuity of the vegetation.

Results from the present study (Chapters 2 & 4) taken

together with Shimwell's (1968) observations suggest that there are no

great differences in environmental factors between the sites of

T.alpestre populations and similar metalliferous sites lacking the

species in Derbyshire. Edaphic variations cannot therefore be 1mph-

cated as causal factors in the present investigation.

In the present study although the severe drought which the

site experienced for two subsequent years (1983 and 1984) possibly

increased the rate of nrtality anng established plants and seedlings,

particularly within bare areas, it was possible to detect a seasonal

trend for seedling distribution, nrtality, and survival within the

turf and bare areas. The trend suggests that the total number of

seedlings for both plants was strongly affected seasonally, with high

rates of nrtality during the growing season (spring and summer), which

may relate to competitive exclusion by the other species within the

turf, and to the effects of severe drought within the highly disturbed

bare ground.

The effects of competition by other species eg. F.rubra,

cannot be ignored when considering seedling survival of both M.verna

and T.alpestre; this aspect is explored experimentally in Chapter 7.

These results can be interpreted in the light of what has

been suggested by Grime (1974; 1977), that threats to existence fall

into three categories, stress, disturbance, and competitive exclusion.
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Although the total number of seedlings was affected by these

factors for both species, the effect on the seedlings of T.alpestre was

more severe, thus the starting number of these was always smaller for

T.alpestre than for M.verna. This could be one of the most important

reasons for the advantage of M.verna over T.alpestre.

The survival rates were higher for M.verna than for

T.alpestre, hence the remaining number of the latter species was 33.3%

for established plants and 90.9% for seedlings, while the % for the

former was 93% for established plants and 486% for seedlings. Many of

this large number of M.verna seedlings are liable to mortality through-

out their different growing stages. However the high mortality here

appears not to be important in accounting for the different

distributional ranges of the two species. Also in the present context,

this high number of new recruits is clearly an advantage for species

growing in a hostile habitat, and is possibly a second advantage for

M.verna.

These properties of M.verna, coupled with the characteristics

listed below may be some of the important causes behind the differing

local distribution patterns between the two species:

(i) the low horizontal growing cushion with a large number of

branches contacting the soil. These branches develop a secondary root

system which may provide the plant with more water, nutrients and

stability on such unstable and poor substrates.

(ii) the larger area over which seeds are dispersed which may

proportionately increase the chances for seedling survival and recruit-

ment.
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(iii)	 the lighter, smaller, more abundant: and more mobile seeds.

M.verna is more likely to possess a larger seed bank as

Thompson & Grime (1979) have found that in genera]. the most abundant

seeds are also the smallest, and sites with a predominance of small-

seeded species tend to have larger seed banks. The spatial distribu-

tion and pattern of germination of buried seeds is of great importance

in that they affect the establishment and distribution of plants of any

species, but particularly so in short-lived species (Schenkeveld &

Verkaar, 1984 and Thompson, 1986). Distribution patterns of seedlings

shown in Figure 6.2 for both species have also indicated such impor-

tance. The lighter weight of these seeds makes them easier to carry

and be disseminated by the wind. Salisbury (1942) has discussed such

phenomena and stated that "the general trend for species to produce

either a large number of small seeds or a small number of large seeds

tends towards wider dissemination and more probable occupation of all

suitable habitats". The first part of the author's statement would

seem to be the case in M.verna. T.alpestre is much more restricted in

its distribution over potentially suitable habitats. One of the

reasons for this may be the weight of its seed. However although the

seed of this species is 5 times heavier than the seed of M.verna, the

author still puts them in his first category of plants of open

habitats. The larger and heavier seeds of T.alpestre with very high

germination rate (Riley, 1956; Ernst, 1965, Grime et.al., 1981) (see

Chapter 5), can be released from their brittle siliculas by any gentle

contact and germinate at the first opportunity, close to the parent:

plant unless otherwise moved by water or animal activity. This high

rate of germination which is likely to be of survival value to a

species producing less seeds and growing in a habitat where there is

heavy seedling mortality, could also be a point of weakness. At any
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incidence of stress and/or disturbance, such as severe frost, drought,

or water erosion, most seedlings will be lost. The importance of a

degree of shelter for both species was observed in the present study

(see Chapter 7) but such a requirement seems to be more apparent for

T.alpestre, arid in particular for the new recruits, especially during

periods of stress.

In some cases, T.alpestre can be found in rather more closed

communities than M.verna, as field observations may suggest. This

could possibly be regarded as anomalous as it is generally considered

to be a species of open habitats where competition from other plants is

minimal. However, there is no conflict of ideas, as although the plant

may require some shelter especially in the early stages, once it is

established, it may need a more open habitat to grow to the subsequent

established stage to continue colonization. A rather open vegetation

with gaps within it could be an ideal habitat for this plant. Further-

more, T.alpestre was observed in closed vegetation on some other

metalliferous wastes in Derbyshire, for example, at dough Wood ( 5K

258618) on a. spoil heap of the Old Mill Close Mine. Here most of the

site is very open with a steep unstable south-facing slope lacking

vegetation cover. The T.alpestre population here is distributed in

patches mainly on the edges of the main spoil heap where the vegetation

cover is more dense. The site seems to suffer from a severe drought

particularly during the summer. Seedlings of this plant were observed

to thrive in the sheltered areas, where the moisture regime and

protection are more favourable. Conversely, the M.verna population at

this site is distributed on the more open and less vegetated areas

which expose the plant to more extreme conditions.
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According to Shimwell (1968), T.alpestre spread from a number

of relict stations in Derbyshire as a result of the development of

heavy metal tolerance and was thus able to colonize nearby open sites

made available by lead-mining activities. Nevertheless, this spread

did not continue to all the potentially available habitats which were

observed by Ray (1688), cited by Linton (1903) as the habitats for

M.verna, and the reasons may be explained logically by the combination

of all or some of the studied and cited factors which possibly control

the distribution of the plant.

Antonovics et al. (1971) introduced the concept of 'transport

endemism' for the establishment of populations on mine sites, following

dispersal by human agencies associated with mining activities. This

could also be involved in the explanation of the disjunct population

distribution on newly-exposed spoil substrates, but cannot be recon-

ciled with the absence of T.alpestre from suitable spoil heaps in the

greater part of the mining region of Derbyshire. Hence the areas with

populations of this plant represent only about one eighth of the

theoretical possible distribution in Derbyshire. Finally, although the

observations and results suggest that shelter can be advantageous to

P.alpestre, it seems that once a dense sward has developed there is

notable decrease in the gregariousness of the plant and therefore a

gxadual decline in population density owing to its inability to compete

with grasses (Shimwell, 1968). 	 The declining distribution in

Derbyshire today can be attributed to this property coupled with human

threats such as the extensive exploitation of spoil heaps for fluorspar

and subsequent reclamation of these heaps and other activities which

are increasingly reducing the potential habitats of this species. Such

threats are urging the need for conservation work to allow this rather

rare species to maintain itself in its local habitats.
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6.5	 SIQ1

1. - A typical lead mine spoil heap with a population of M.verna

and T.alpestre was chosen to study the population dynamics of the two

species.

2. -	 A 2 x 1 m permanent quadrat was used to study population

dynamics for one year in Festuca turf and bare areas.

3. - Four scorings were made at about four-monthly intervals from

July 1983 to July 1984. The numbers of established plants and seed-

lings were recorded and a map of the quadrat sketched on each occasion.

4. - M.verna proved to have greater density of established plants

and seedlings, and a higher rate of survival of both, within the turf

and on the bare ground.

5. -	 The combination of the results from the scoring and field

observations suggested some difference in survival strategies between

the two species, which perhaps account for the greater success of

H. verna.

6. -	 There was a seasonal effect on numbers of the two species,

but the effect on T.alpestre was more dramatic, with M.verna performing

better in all cases.
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7. - The refugiuin theory coupled with the development of heavy

metal tolerance and differing population biology of the two species may

provide an explanation for the under-distribution of T.alpestre with

reference to M.verna.

8. -	 The distribution of T. alpestre populations in Derbyshire

could be in decline mostly because the human activities and competi-

tion from other species, as these progressively colonize the mine

spoils in the absence of further disturbance.
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PR 7

TUE 'FEC'I' OF INTERSPECIFIC (X4PETITICLI ( TUE ESTABLISIT

AND SURVIVAL OF J(D1UA1'IA VEIA AND TBLASPI ALPTRE

7.1	 DrrocTIo(1

In chapters 2 and 6 it was shown that the distribution of T,.

alpestre was far more restricted than that of M. verna. The former

species also shows greater tolerance of heavy metals (chapter 5).

However the results reported in chapter 4 suggest that there are rio

consistent differences in metal status between sites supporting both

species, and those with M. verna only.

Both M. verna and T. alpestre occur in gaps within the cover

of established vegetation (Chapter 6), and the struggle for existence

by these two species appears to be strongly affected by larger neigh-

bouring perennial species.

One of the main species associated with M. verna and T.

alpestre is the grass Festuca rubra, and in Derbyshire this plant has

been observed to be one of the most abundant species in these

metalliferous areas where it may be represented by metal-tolerant

populations (see Chapter 2 & Appendix 3.2). The observations reported

in chapter 6 indicate that both M. verna and P. alpestre appear to

benefit from a degree of shelter specifically at the seedling stage,

but seem to be eliminated from areas with a high degree of plant cover.

This phenomenon seems to be more strongly defined in P. alpestre.

In order to investigate these observations, a controlled

experiment was considered necessary. The experiment was in a form

which is intermediate between a field investigation and a growth room

study, and was designed to investigate the interacting effects of soil
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toxicity, interspecific competition between seedlings of M. verna and

T. alpestre and impacts of F. rubra upon establishment and survival of

the two species.

Arabis hirsuta was also included in the experiment. This

plant is characteristic of open turf on non-metalliferous calcareous

soils, and resembled T. alpestre in morphology, and dependence upon

vegetation gaps. It was therefore appropriate to include this species

as a control (i.e. metal-susceptible) species in the experiment.

In both ecology and agriculture the influence of competition

upon the distribution and survival of plants has been much studied.

Some investigations have involved natural vegetation, (e.g. Watt, 1955;

Hillier, 1984; Noble & Fra.nco, 1986). However, the majority (e.g.

DeWit, 1960 and Harper, 1961), were performed on short-lived crops, or

under largely artificial conditions, and focussed upon the processes

involved in short-term interactions. The experiment described here

was specifically designed to simulate the conditions under which

seedlings of M. verna and T. alpestre and vegetative shoots of F. rubra

interact on metal contaminated sites.

7.2	 1TERIALS NW METIDS

Turves of esta:blished F. rubra together with soil from the

rooting zone were removed from the field and brought into the Experi-

mental Garden at Tapton. These, together with the seeds of H. verna

and T. alpestre, were collected at random from Dovegang lead mine

(Chapter 6).

Non-toxic calcareous soil and the seeds of A. hirsuta were

obtained from Millersdale (Nat. Grid ref.SK 155732, altitude 213 m).

This site was chosen for the investigation as it is a south-facing site

bearing shallow limestone soil, surrounded by large areas of exposed
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bedrock. The soil was freely draining and resembled the Dovegang soil

in physical texture. A third soil treatment used in the experiment

consisted of a 1:1 mixture of Millersdale and Dovegang soils.

The soil was prepared for use in the experiment by removing

coarse rocks and roots with a 1.0 cm sieve and was then placed in a

22.5 cm diameter pots. In half of the containers of each treatment

six equal sized tillers of F. rubra were planted around the perimeter

of the pot. In each pot 30 newly-germinated seedlings of one species

were planted, each marked by an identification ring. In the mixture

pots, each of the three species was planted at the same density as in

the monocultures. A description of the planting arrangement is given

in the following section.

The pots were then placed inside a polythene tunnel to allow

the initial phase of seedling establishment to occur under humid,

sheltered conditions. The pots were then transferred to an open garden

site, arranged in a randomized block design (4 blocks, Table 7.1), at

the end of September, 1984.

The experiment was monitored and maintained for eighteen

months. Maintenance work included the removal of alien seedlings and

fallen tree leaves which covered pots in autumn.

All plants were harvested individually in April 1986. The

final number, position, size and dry weight of the shoot of the

surviving plants were recorded. These were then used to estimate the

effect of intra - and interspecific competition on M. verna, T.

alpestre and A. hirsuta and to examine the modifying influence of soil

toxicity and proximity of F. rubra upon survival and performance.
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7.3	 PLANTING PI4T1( AND CPERD4AL DI(

The design of the experiment is shown in Table 7.1. Coloured

rings (red, blue and yellow) were used as markers for the planting

position of the three species (Figure 7.la). An appropriate number of

seedlings of each species (10, 8, 6, 4 or 2) was planted at random in

each of five concentric zones (Figure 7. ld). In order to accurately

position the rings and the seedlings, a perforated disc of fibre-glass

(Figure 7.lb) was used as a template. Initially the seedlings were

very small and delicate, especially those of M. verna. In order to

plant the seedlings without damage, each was drawn with a small volume

of water into a pipette with a modified tip (Figure 7.lc). The

seedling was then released into a hole excavated inside its marker

ring. This method of planting proved very successful, in that a 100%

of the seedlings survived for more than two weeks, indicating that

little damage resulted from this procedure.

7.4	 RESULTS AND DISCUSSION

The results are presented in three main parts. First,

general observations during the course of the experiment are reported.

Secondly, the total number of surviving plants and their weight is

considered. Thirdly, the performance of each species in each zone is

examined to determine position effects on survival and dry weight.

The growth of F. rubra was similar on all three soils.

Survival of the tillers of this plant was 100% on each soil, and the

size of the plants was rather uniform. By the time of the harvest, the

shoots of F. rubra shaded most of the area of each pot. In some pots
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Figure 7.1	 The apparatus used in setting up and recording the

competition experiment.

a - The ring used to mark the position of seedling

b - The template used to locate the positions at which

seedlings were planted

C - The pipette used to plant seedlings

d - The zones used in calculation of % survival and mean yield at

different distances from original planting positions of

F. rubra (+)

e - The design of the frame used to measure plant size, 10, 20,

30, 40, 50 & 60 mm breadth.
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the central zone was not totally shaded, but an inhibition of seedling

growth within this area was observed; this was possibly due to root

interactions.

For each of the three remaining species, it was observed that

there were very clear reductions in the number of survivors, when F.

rubra was present. Moreover, in the presence of F. rubra, most of the

survivors were exceedingly stunted.	 However some individuals had

grown, arid had produced flowers and fruits, but these were very small

and infertile. In those treatments without F. rubra, the plants were

generally larger and successfully produced flowers.

The negative effect of metal contaminated soil on the

survival and growth of A. hirsuta was very clear. Thus, regardless of

treatment, there was no survival of this plant on Dovegang soil and the

number and size of surviving plants was markedly decreased on the mixed

soil. On Millersdale soil, individuals of this species were large and.

vigorous.

The total number of surviving seedlings has been presented in

Figure 7.2 as a percentage of the starting number. For each of the

three species studied it is clear that the percentage survival was

higher in those treatments lacking F. rubra. In the same figure there

is also a clear negative effect of A. hirsuta on the survival of M.

verna and T. alpestre. An effect of metal-contaminated soil on A.

hirsuta was also apparent. The mean dry weight of survivors is

presented as natural log-transformed values (Ln) in Figures 7. 3a, b, c

and d. The negative effect of F. rubra on the dry weight of the other

three species parallels that on percentage survival. For the three

species the response of dry weight yield to the treatments follows a

similar pattern.
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In order to determine the effect of position on the fate of

seedlings, the percentage survival and mean dry weights of the plants

in each zone were calculated and presented in Figures 7.4.1, 2, 3, and

7.5.1, 2, and 3 respectively. Figures 7.4.1, 2 and 3 illustrates that

the species studied showed some differences in reaction to the three

soil treatments. Figure 7.4.la provides evidence of a strong effect of

metal toxicity on A. hirsuta and shows that this effect is exacerbated

by the presence of F. rubra. In the absence of F. rubra there was no

obvious effect of H. verna and T. alpestre upon A. hirsuta. However

Figure 7.4.lb shows that A. hirsuta was strongly affected by the

presence of these two species + F. rubra. In the nnoculture + F.

rubra, there is an indication of a shelter effect increasing seedling

survival at 2 cm from the edge of the pot: however the plants which

appeared to benefit from shelter, remained very small. As one might

expect, the suppressive effect of F. rubra was at its greatest near the

margin of the containers, where the F. rubra plants were originally

planted. Despite the lower density of the F. rubra canopy at the

centre of the pot, the number of survivors here was reduced. This was

possibly due to competition for mineral nutrients from the roots of F.

rubra or may have been the result of superficial desiccation of the

exposed soil.

Figures 7.4.2a, b and C show the effect of position on the

percentage survival of M. verna in metal-contaminated soil, the mixed

soil and the control soil respectively. Figure 7.4.2a reveals evidence

of suppression by F. rubra at the edges of the pot. The same figure

also shows a very low percentage survival at the edges and centre of

the pot in the absence of F. rubra; this was possibly due to inter -and
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intraspecific competition between seedlings. In this cushion-forming

species large individuals often spread at the expense of smaller

neighbours.

Figure 7.4.2b, which refers to mixed soil, again shows

general suppression of this species by F. rubra with greatest severity

at the edges of the pot. In the 2 cm and 4 cm zones there were clear

indications of benefit from shelter, at least as far as percentage

survival is concerned. Figures 7.4.2b and c also show some indications

of suppression of M. verna by neighbouring individuals of T. alpestre

and A. hirsuta, especially of A. hirsuta on the Millersdale soil.

Following the same order stated above, Figures 7.4.3a, b and

c illustrate position effects on the percentage survival of T.

alpestre. Figure 7.4.3a shows that F. rubra reduced the survival of

this species at the edges of the pot. The data also provide evidence

of a shelter effect in the 2 cm zone. The percentage survival de-

creased significantly in the centre of the pot in all treatments. This

suggests that in T. alpestre seedling establishment is promoted by a

moderate degree of shelter. It seems likely that in the present

experiment shelter was provided not only by the leaf canopy of F. rubra

but also to some extent by the rim of the pot. This interpretation

accords with the field observations reported in Chapter 6. The pattern

of survival of T. alpestre on the mixed soil is presented in Figure

7.4.3b. Strong suppression by F. rubra at the outer edge of the pot is

evident. In addition, a shelter effect in the 2 cm zone is apparent.

There is a general trend of decreasing survival towards the centre of

the pot. Because of the sensitivity of A. hirsuta to metal toxicity, no

effect of this species upon T. alpestre occurred on either of the

heavy-metal-contaminated soils. In Figure 7.4.3c, the percentage

survival of T. alpestre on the uncontaminated soil is presented. Strong



Figure 7.4.1	 The effect of position on the percentage survival of A.
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suppression by F. rubra and A. hirsuta was detected; this was probably

due to the dominant impact of these two relatively robust species. As

for M. verna, there was a general decrease in percentage survival of

P. alpestre towards the centre of the pot.

The effect of position on the yield of A. hirsuta is examined

in Figures 7.5.la and b. Figure 7.5.la shows clearly a strong suppres-

sion of the yield of this species by F. rubra, but there are no clear

indications of position effects. Toxicity of the soil is the dominant

effect on this species but Figure 7.5 .lb confirms, as one might expect,

that there is a strong negative effect of F. rubra on this species when

the two species interact on the uncontaminated soil. There were no

clear indications of position effects in all treatments, except in the

mixed culture without F. rubra: here the pattern of dry weights

indicated an increase towards the centre of the pot. This coincides

with a decrease in percentage survival and indicates intraspecific

competition. There was no clear evidence of effects of interspecific

competition from M. verna or T. alpestre.

Figures 7.5.2a, b and c examine the influence of planting

position on individuals of M. verna. On each soil there was a strong

suppression of the yield of this species by F. rubra. In Figure 7.5.2a

there is an indication of intraspecific competition. This is evident

also in Figure 7.5.2b, but in Figure 7.5.2c there is no clear effect of

position. In general, the effect of the mixed culture on the yield of

M. verna was not as pronounced as on the percentage survival of this

species.

Following the same order as above, Figures 7.5.3a, b and C

show the effect of position on the yield of T. alpestre. On all soils,

suppression of the dry weight by F. rubra was clear. Also, in general,

there were no clear indications of position effects on the dry weight
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of plants of this species. Effects of intraspecific competition within

this species were essenelaily similar to those already described for A.

hirsuta and M,. verna

The strong suppression of the size and dry weight of A.

hirsuta, M. verna and T. alpestre by F. rubra may be illustrated

photographically (Plate 7.1). In the presence of F. rubra these

seedlings remained exceedingly stunted on the two metal-contaminated

soils and on the non-toxic soil. However in the case of A. hirsuta,

the metal-contaminated soils brought about a significant decrease in

the number, size and dry weight of this species, both in the presence

and in the absence of F. rubra. This suggests that A. hirsuta is very

susceptible to heavy metals, and the observed occurrence of this

species on some metal-mine spoils is almost certainly related to the

heterogeneous nature of metal-mine substrates, where some less toxic

sites may provide a suitable place for the germination and growth of

this species. Support for this interpretation was obtained in the

present work in that some survival of this species was recorded on the

mixed, less toxic soil.

A. hirsuta affected the growth of M. verna and T. alpestre

when the species impinged on each other on the non-toxic soil. This

could be due to the adaptation of the two latter species (mine plants)

to conditions of low fertility (.ntonovics et al., 1971; Baker, 1978c).

A consequence of this adaptation is that such plants may be unable to

respond vigorously to extra supplies of nutrients to the extent

characteristic of 'normal' plants (Jowett, 1959). In fact some metal

mine plants have been shown to have lower growth rates under normal

conditions (Coughtrey & Martin, 1977; Cox & Hutchinson, 1981) and the

non-tolerant populations have achieved higher yields than the tolerant

populations on uncontaminated soil both in monoculture, and when grown



Plate 7.1	 The effect of the presence of established shoots of F.

rubra on the growth of M. verna, T. alpestre and A. hirsuta, on

non-toxic Millersdale soil. The framed specimens were grown with F.

rubra and the large plants were grown in the absence of P. rubra.

a - M. verna

b - T. alpestre

C - A. hirsuta
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in competition (Cook, Lefebvre McNeilly, 1972). These latter authors

concluded that there would be selection against mine plants of

(species) on normal soils by competition, if not as a result of their

lower growth rates. The competitive inferiority of mine plants on

normal soil has also been reported for some other species e.g. A.

elatius, R. acetosa, P. lanceolata and A. odoratum (Mickey & McNeilly,

1975) and for A. odoratuin (Putwain, 1963 and Antonovics, 1966, cited in

Antonovics et al., 1971). The lower biomass production and loss of

competitive ability under normal conditions may be due to the energy

expenditure needed to maintain the mechanisms which confer metal

tolerance (Ernst, 1976). A more likely explanation is that metal-

tolerant genotypes from infertile habitats do not exhibit the degree of

'active foraging' (i.e. rapid re-distribution of fine roots) character-

istic of strongly competitive plants of fertile soils (Grime, Crick &

Rincon, 1986). It is worth noting that many of the competition experi-

ments between metal-tolerant and 'normal' individuals cited above were

carried out either in normal agricultural pasture soil or in John Innes

Potting Compost, which could therefore exaggerate any differences

(Shaw, 1984). Under the conditions of the present experiment (where all

three soils used had low fertility) there was evidence of the competi-

tive inferiority of M. verna and T. alpestre on both the normal and

contaminated soils.

7.5	 SO'IRY

1 - In order to examine the role of competition in the ecology of

M. verna and T. alpestre, an experiment was designed to investigate the

interacting effects of metal toxicity and competition from established

perennial vegetation upon the two species.
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2 - Established vegetation was represented by transplants of F.

rubra, the main plant species associated with M. verna and T. alpestre

in Derbyshire. The soils used in the experiment were collected from

two field sites occupied by open calcareous vegetation of low produc-

tivity. One soil was contaminated by heavy metals whilst the other was

non-toxic. A third soil treatment consisted of a 1:1 micture of these

two soils.

3 - The experiment was planned to measure the effect of proximity

to established shoots of F. rubra on seedling establishment and yield

on toxic and non-toxic soils, in both monoculture and mixed culture.

4 - A. hirsuta (a species of rather similar ecology to T.

alpestre but confined to non-toxic soils) was included in the experi-

ment as a control species.

5 -	 Plants were grown for 18 months and the experiment was

monitored continuously and maintained.

6 - The experiment was then terminated and a final census of

plant number, position, size and dry weight of the shoot of the

surviving plants was recorded.

7 - A strong negative effect of F. rubra on all the other three

species was detected, and a drastic effect of the toxic soil on A.

hirsuta was also apparent.

8 -	 Effects of inter - and intraspecific competition were

observed in all three species. Yield of seedlings was inhibited in

close proximity to F. rubra but there was some evidence that survival

of seedlings was enhanced by the shelter effects of intermediate shoot

densities of F. rubra.

9 - M. verna and T. alpestre were weak competitors in comparison

with F. rubra and A. hirsuta, but both species showed some capacity to

persist as very small stunted plants.
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c.APThR 8

1ERAL DIScIJSSICII

In the introductory chapter of this thesis (Chapter 1) the

ecological problem investigated in this work was stated and the various

lines of observational and experimental study detailed. Each of these

has been reported and discussed independently in the chapters which

follow. It remains to assess the relative contribution each of these

lines of study has or has not made in providing an insight into the

factors which singly or together are responsible for the present-day

distribution of M. verna and T. alpestre.

In many ways the problem of interpretation of the field

distribution of plants is an intractable one, it is tempting to seek

simple answers to what may be complex problems. Hypotheses are easily

erected but frequently difficult to test experimentally. There is no

doubt that a comparative autecological approach can yield useful

information on the relative sensitivity of species (or populations of

the same species) to single environmental factors thought to be

important in controlling the field distribution of plants ott the basis

of field observations. Rorison (1969) has provided a protocol for the

establishment of ecological inferences from laboratory experiments.

Such attractive lines of study, however, can only go so far in provid-

ing solutions to complex ecological problems in that plants are

considered in isolation and their performance monitored under care-

fully-controlled and standardized environmental conditions. In recent

years, it has become increasingly apparent that demographic processes,

biotic interactions and competitive effects are equally important in
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contributing to an understanding of plant distribution and the success

of individual species in given environments. Similarly, historical

factors, both ancient and recent, may be equally important in providing

an understanding of the present-day distribution of plants, particu-

larly those such as M. verna and T. alpestre, which exhibit markedly

disjunct distributions. The experimental ecologist is thus faced with

a situation where he can describe the field distribution of plants very

precisely, but he can never provide a complete answer as to what

factors have accounted for that distribution. He can, however, make

reasoned judgements on the relative importance of the factors he

believes to be of major importance. A further complication is the

evolutionary aspect. In the field, we observe a posteriori the effect

of recent and historical evolutionary change. The adaptability of

individual species and the ease with which they evolve adapted variants

at the level of individuals within populations can again be potent

factors in determining the present-day success of species, particularly

in changing environments. The evidence for species extinction and

species expansion to new habitats on the basis of evolutionary re-

sponses (or lack of them) to environmental change is convincingly

reported in an extensive literature. An insight into the nature arid

scale of population differentiation in both currently widespread

species and those presently exhibiting more scattered distribution can

emerge from comparative observations and autecological experiments at

the population level. The present study has adopted all these ap-

proaches, with varying degrees of success.

Both M. verna and T. alpestre exhibit restricted and disjunct

present-day distributions globally, in Europe and Scandinavia, within

the British Isles, within the Pennine region and locally within

Derbyshire. At every level, T. alpestre, a plant which according to the
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literature to date has similar ecological requirements to M. verna, is

under-distributed or 'rarer' than the latter species. Why should this

be? In order to answer this profound question, observational and ex-

perimental studies have been performed on populations of both species

from the North and South Pennines where the contrasting local distribu-

tion is most noticeable. It could be argued that such an approach can

never provide a complete answer as the species have not been investi-

gated using material from the full geographical range. Conclusions

derived may then only have parochial relevance. As a counter-argument

however, it could be suggested that should any differences in species

properties emerge from a local study then it is highly likely that

these are of major relevance in understanding the wider distribution

patterns. This is the premise of the present work.

Both M. verna and P. alpestre have been designated absolute

metallophytes by Lambinon & Auquier (1963). The implication is that

these two species currently occupy a specialized ecological niche

(metalliferous soils) over the majority of their distributional range

and that this has been facilitated by the evolution of heavy metal

tolerance. The association of both species with metalliferous soils,

particularly those newly created by metalliferous mining and smelting

activities, has been recognized for many years. The two species occur

in characteristic plant assemblages on mineralized ground, frequently

occurring together with other associates which vary with geographical

locality. Ernst (1976) gives a full phytosociological account of these

communities in Europe.	 Field observations and survey work in

Derbyshire reported in Chapter 2 confirm that both species are indeed

restricted to lead mine spoil habitats in the area, the tightness of

this restriction being more pronounced in T. alpestre than M. verna.

Vicarious occurrences of contaminated soils are extremely uncommon and
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may be the result of chance dispersal to an otherwise suitable

uncontaminated habitat. There the species may persist for many years

but not thrive or spread further, their survival being instances of

biological inertia. The British and European distributions of the two

species do however show rather less convincing restriction to

metalliferous soils (Chapter 2). Both species display a montane

distribution in continental Europe and to a smaller extent in the

British Isles.	 It is primarily the lowland distribution which is

associated with mineralized soils. This habitat dichotomy raises

intriguing questions about the post-glacial history of the species and

the extent of evolutionary change.

There is still considerable debate about the origin of

endemism in metallophyte floras (see e.g. Antonovics et al., 1971).

Some believe that the so-called mine taxa are 'palaeo-endemics'. relict

species of formerly wide distribution now confined to particular areas,

while others suggest that they are 'neo-endemics', species that have

originated recently in given areas in response to peculiar environment-

al conditions. The weight of evidence in support of either theory is

not conclusive, but the palaeo-endemic theory would seem most applica-

ble for M. verna and T. alpestre in view of their present distribution

patterns. Such a theory would not preclude the possibility for further

local evolutionary divergence between populations leading to ecotypic

differentiation within the species. P major problem discussed by

Antonovics et al. (1971) is that metallophyte (mine) taxa cannot

frequently be distinguished morphologically from their relatives from

which they are not isolated reproductively. They suggest that such

taxa could be the result of parallel evolution on different mineralized

outcrops or soils from relatives in the surrounding vegetation and that
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evolution of both metal tolerance and morphological differences has

proceeded by 'mine ecotypes'. Such could be the case for H. verna and

T. alpestre in montane localities where mineralized soils are present.

The glacial history of H. verna and T. alpestre in the

British Isles (Pigott & Walters, 1954; Shimwell, 1968; Pennington, 1969

and Godwin, 1975) suggests that both species were components of the

Late Glacial vegetation (although no specific records of T. alpestre

pollen have been identified in Quaternary deposits but brassicaceous

pollen at that time was generally high), which had a high proportion of

species of low competitive ability such as species of open montane

habitats today. This element of the flora has survived only in those

areas where refuges from the spread of woodland or peatlands existed.

The pollen record thus suggests that the two species were probably more

abundant in Late Glacial times than at present. Survival in situ can

explain the existence of a number of montane populations of M. verna in

the British Isles, as for example at Twil Du, Cwm Idwal, N. Wales, and

on Widdybank Fell, Teesdale(for full list see: Halliday, 1960); and for

both species in continental Europe, Shimwell, (1968) also suggested a

refugium theory for the local survival of T. alpestre on remote

Carboniferous limestone cliffs at Matlock Bath and elsewhere in

Derbyshire. It may then be that the extended distribution of both

species has resulted from the spread on to naturally metalliferous

soils where an open vegetation is also maintained as a result of

prevailing heavy metal toxicity. Such a habitat, particularly in

upland Britain, has many similarities with the montane environment of

Late Glacial times. Halliday (1960) considers that M. verna has been

effectively dispersed by rivers in its montane localities, often

producing transient riverine populations.	 Although many montane

species descend in altitude with increasing latitude, M. verna occurs
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at sea level not only in Ireland and N. Wales but at its most southerly

British station on the Lizard, while its most northerly station in

Banffshire is at 530 m. Secondary dispersal of both species has been

more recent as a result of the creation of mine wastes and other

metal-contaminated spoils which have again provided ideal conditions

for establishment. The successful spread of both species in these new

habitats may well have been facilitated further by transport by man.

Baker & Dalby (1980) provided a similar interpretation of the pres-

ent-day inland distribution of Silene maritima in the British Isles.

The vegetation survey of M. verna and P. alpestre sites In

the S. Pennines reported in Chapter 2 did not reveal any clear commu-

nity preferences for the two species; both regularly occurred together

but approximately half the sites recorded supported only M. verna (the

same is true for the British distribution as a whole). In the DECORANA

species ordination presented it was of considerable importance that the

two species occupied neighbouring positions at the centre of the

ordination axes. This suggests that, at least in terms of species

associations, the two species are remarkably similar and that this

similarity will probably extend to habitat requirements. Although no

rigorous environmental records were made in conjunction with this

survey, it did prove possible to review the species ordination in the

light of some simple environmental indices derived from the field

records. This did not reveal any major differences in habitat prefer-

ence, at least in the context of the local Derbyshire survey. There

was an indication that M. verna had some preference for north-facing

slopes and that it occurred on soils of a slightly greater pH range

than did P. alpestre. This is in general agreement with the British

distribution patterns as a whole. Both species also showed a marked

preference for bare ground, or at least very open vegetation which is
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typical of toxic mine spoil habitats. Halliday (1960) considers that

the distribution of M. verna in the British Isles is intimately related

to the occurrence of suitable basic or ultraxnafic exposures. The

majority of its sites have a pH above 6.0 though the species is capable

of thriving on soils with a pH as low as 5.4 provided the supply of

bases is adequate. Similar comments can be applied to T. alpestre

soils (Ingrouille & Smirnoff, 1986). Both species are particularly

associated with the Carboniferous limestone formations of the Pennines;

this rock formation is also responsible for the isolated occurrences in

the Mendips and on the N. Wales coast, for both species and for P4.

verna in the Burren, W. Ireland; T. alpestre has also been reported

from more siliceous hard rocks in North and Central Wales where it is

not associated with M. verna (Smith, 1979).

Although chemical analyses were not performed on soils from

all the sites in the vegetation survey, elevated heavy metal concentra-

tions were likely as was indicated from the detailed analytical studies

presented in Chapter 4. It is further true that the majority of sites

in the British Isles at which H. verna and T. alpestre have been

recorded are associated with elevated concentrations of soil lead,

zinc, cadmium, copper or nickel and low nutrient (nitrogen and phospho-

rus) status. The implication is that both species have evolved heavy

metal tolerance which accounts, at least in part, for their success on

metal-contaminated sites. Both Halliday (1960) and Ingrouille &

Smirnoff (1986) note the association of M.verna and P. alpestre

respectively with metal-enriched soils; the latter authors go even

further in stating that in the British Isles the distribution of T.

alpestre is more strongly associated with soils contaminated with lead

and zinc than with altitude. Outside the S.Pennine area, H. verna has

also been recorded on copper-enriched soils (Dolfrwynog, near
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Dolgellau, Wales, and Grizedale, N. Pennines (Smith, 1979)) and on

nickel-rich soils (Lizard, Cornwall and various serpentine sites in

Scotland (Halliday, 1960)). The soil data presented in this thesis do

not suggest that, for the Derbyshire sites, there are any major

differences in metal status between sites which support both M. verna

and T. alpestre and those from which T. alpestre is absent. However,

in a small study of soil chemistry at some N. Perinine and Irish M.

verria and T. alpestre sites, Garcia-Gonzales & Clark (1985) suggested

that M. verna occurs on soils having widely differing concentrations of

eleven metals (Pb, Zn, Cd, Cu, Co, Ni, Mn, Fe, Ba, Ca & Mg). It

appeared that T. alpestre was restricted to soils having relatively

high metal status, implying that there was less variation in metal

concentration between T. alpestre sites. The data presented were not

convincing in view of the very limited number of sites sampled.

The biogeochemical data presented in Chap€er 4 suggested that

both species show a marked ability to tolerate and take up lead, zinc

and cadmium from metalliferous mine spoils. There was also considera-

ble seasonal variation in the pattern of metal uptake which could be

related to changes in metal availability. The study suggested that

metal tolerances in T. alpestre involved an accumulator strategy (sensu

Baker, 1981) whereas, at least relative to T. alpestre, M. verna showed

less accumulation and a restricted transport (exclusion strategy). This

work was extended with a detailed study of inter-specific and in-

ter-popula€ion variation in the effects of heavy metals (Pb, Zn and Cd)

on seedling responses and metal uptake, which forms a substantial

proportion of the experimental part of this project (Chapter 5). It

established at least two important differences between the two species.

Firstly, inter-population variations in metal tolerance and uptake

could be detected in both specie, but these could not always be
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directly related to the metal status of the native soils. These

variations were generally greatest in M. verna. Secondly, the unique

power of metal (notably Zn) hyperaccumulation in T. alpestre emerged.

Collectively the experimental results suggested that T. alpestre was

substantially more metal tolerant in almost every comparison with M.

verna. Furthermore, there were marked stimulatory effects of most

heavy metals on the growth of T. alpestre when supplied at concentra-

tions which are toxic to other species as metal tolerant, including M.

verna. The results of these experiments would suggest that T. alpestre

could grow in situations of extreme metal toxicity from which M. verna

would be excluded; the field evidence did not detect such a situation.

It may then be entirely fortuitous that the species differ in this way,

or more likely, it is a reflection of differing internal mechanisms of

metal tolerance which may be involved (see e.g. Ernst, 1976; Thurman,

1981). Mathys (1977) has linked both malate and mustard oil glucoside

production with zinc tolerance in T. alpestre; similar biochemical

studies have not been carried out using M. verna or for other metals.

Within the Cruciferae, metal hyperaccumulating taxa are not uncommon.

For example, some 50 Alyssum spp, and 20 Thlaspi spp, have been listed

by Reeves & Brooks (1983) as hyperaccumulators of nickel (>1000 .tg/g Ni

in shoot dry matter); a number of zinc hyperaccumulating species of

Thlaspi are also listed here and in Reeves (1987). Smirnoff & Stewart

(cited in Ingrouille & Smirnoff, 1986) believe that from their experi-

mental studies on T. alpestre a clear relationship between zinc

tolerance and accumulation is not apparent. They suggest that the two

properties may be independently inherited characters, as their 'zinc-

intolerant' population (Rhum) accumulated zinc to the same degree as

more tolerant mine populations.
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The possibility that some plants possess a constitutional

tolerance to heavy metals was originally dismissed by Antonovics et

al., (1971). However the results presented in Chapter 5 for screening

for metal tolerance to a wide range of metals in T. alpestre and M.

verna could be interpreted in the light of a constitutional tolerance

as, in all cases even where metal enrichment was not apparent in the

parent soil, P. alpestre showed superior tolerance and enhanced metal

uptake. There are convincing reports in the literature which suggest

that: species can differ widely in their thresholds of tolerance (e.g.

Wu & Antonovics, 1976). Populations of the same species from diverse

soil environments may show similar characteristics of metal uptake and

accumulation. Thus Reeves & Baker (1984) compared the metal-uptake

characteristics of a serpentine and a non-serpentine population of

Thlaspi goesingense when grown on a range of Zn- Ni- and Co-enriched

soils and found that the non-serpentine plants showed similar uptake

and accumulation of these metals to the serpentine plants. This

suggested the existence of a non-specific metal detoxification system

in the species. More recently, Fiedler (1985) concluded from a study

of heavy metal accumulation in the genus Calochortus (Liliaceae), that

the ability to tolerate excessively high levels of Ni, Co and Cu may he

a constitutional property of the whole genus. The existence of metal

co-tolerances in T. alpestre could also provide some explanation of the

broadly-based tolerance of this species. Reports of co-tolerance,

whereby tolerance to one metal confers some degree of tolerance to

another or others not present or enriched in the soil are not uncommon

(Allen & Sheppard, 1971; Cox & Hutchinson, 1979, 1981; Symeonidis,

McNeilly & Bradshaw, 1986). The work of the last authors with

cultivars of the grass Agrostis capillaris has confirmed the existence

of non-specific low-level tolerances which may be more widespread in
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other species than originally thought. The stimulatory growth re-

sponses of T. alpestre to metal supply perhaps suggest the operation of

such mechanisms or a constitutional tolerance as indicated above, where

there is an apparent requirement for an otherwise non-essential

element. It would be particularly rewarding to test these theories

using plants collected from truly alpine populations from elsewhere in

Europe.

For both M. verna and T. alpestre it emerges that inter-

population variations in metal tolerance and uptake characteristics can

be detected between populations which are geographically close and

growing on similar (although different in their metal concentrations)

habitats. This suggests local adaption in metallophyte species is

possible although the experimental data presented in Chapter 5 do not

suggest direct relationships between indices of tolerance and estimates

of metal activity in the native soils. Ingrouille & Smirnoff (1986)

did detect a convincing relationship between indices of zinc tolerance

and ammonium acetate-extractable soil zinc for four populations of T.

alpestre they tested, it also emerged from their study that the one

population that they included as a control from a suspected low zinc

site (Rhum) also came from a soil with comparably high exchangeable

soil zinc to the mine populations included. It may well be that it is

difficult to detect clear trends in small-scale differences in toler-

ance indices between populations collected from mine sites all of which

are of a high metal status. This may be particularly true of T.

alpestre if a constitutional tolerance is proposed. In this case all

populations may possess a certain 'blanket' tolerance which may be only

slightly further enhanced in response to increases in soil metal
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concentrations. It is perhaps important, however, to stress that there

is some variation in tolerance in both species upon which selection

could act.

The study of inter-population variation in morphological

characters reported in chapter 3 revealed considerable genetically--

based variation in both vegetative and reproductive characters for both

species. This was in agreement with more broadly-based studies of the

two species (Halliday, 1960; Riley, 1955, 1956). The two species are

renowned for their variability in the field, a fact which has caused

considerable taxonomic difficulties. The significance of this popula-

tion variability has been discussed at some length in Chapter 3. Some

of the variation can be interpreted as ecotypic in origin in the same

manner as heavy metal tolerance. There was no clear evidence to

suggest that morphological and physiological traits were linked in

either species. What is implied however, is that both species are

still in an active state of evolution as population divergence has

occurred at some stage after the initial establishment of the popula-

tions from a small number of founder individuals. Local populations of

T. alpestre may persist as a very small number of individuals. Subse-

quent evolutionary change may well be governed by the extent of

geographical and reproductive isolation between populations. In the

small number of populations selected for this aspect of study, it was

shown that for M. verna significant morphological variation could be

detected between both geographically-close (S. Pennine) and remote (N.

Pennine) populations. 	 Further, local variations in the Derbyshire

populations could be partially related to both the age and size of the

populations. T. alpestre populations showed rather less variability.

Differences in the breeding systems of the two species and regenerative

strategies are probably central to an understanding of the present-day
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distribution of the two species. The population biology of the

predominantly inbreeding T. alpestre contrasts diametrically with the

out-breeding yet self-compatible M. verna. While the self-pollination

mechanism of T. alpestre can be viewed as maintaining genetic stability

and high seed production (and thus be regarded as a feature of selec-

tive value in the survival of small populations), it limits the

opportunities for genetic variation upon which selection may further

operate. A small degree (5%) of outbreeding in T. alpestre was however

detected by Riley (1956) which may be crucial in this respect. The

wide-scale variation detected between populations of M. verna is to be

expected from its outbreeding behaviour. The protandrous pollination

mechanism in the species also favours out-crossing, or at least largely

precludes selfing. The species is not self-incompatible and crossing

between individual flowers on the same plant or inflorescence is

possible due to variation in flower maturity. This • insurance policy'

can also be considered to be of selective importance in the survival

and proliferation of populations when pollen vectors are scarce.

The distance over which pollen transfer can occur to effect

cross-pollination will also be of significance itt population isolation,

Riley (1956) showed that when self-pollination was artificially

prevented in T. alpestre, most pollen was deposited on receptive

stigmas within 23 m of the male parent and that virtually none was

found 90 m from this plant. Unfortunately, no estimate of the distance

of M. verna pollen transport has yet been made. However, it is likely

to be of greater magnitude to that of T. alpestre for at least two

reasons. Firstly, the sweetly-scented and more conspicuous flowers of

M. verna are likely to attract a greater range of potential pollen

vectors. Halliday, (1960) noted that in the shelter of a greenhouse

plants were visited by a variety of insects, particularly members of
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the Syrphidae, Apidae and, less frequently, the Muscidae. There are

also reports of visits by members of the Empidae and the Lepidoptera.

However, in spite of their attraction, Halliday noted very few insects

visiting plants in the wild. Casual field observations in the present

study do not agree with this observation, in that at many of the sites

visited during fieldwork in June-July insect visitors were abundant.

In contrast, few insects were noted on flowers or in the vicinity of

plants during the flowering season of T. alpestre. Secondly, M. verna

has a. prolonged flowering season; in Derbyshire flowering can commence

as early as May and continue until early autumn (September). Halliday,

(1960) reports the longest flowering season of any M. verria population

is that enjoyed by the Lizard population where flowering commences in

March and may continue until October. By contrast, T. alpestre has a

much more restricted flowering season (April-June in Derbyshire) at a

time when insect pollen vectors are scarcer and less active. Halliday

(1960) also draws attention to the high production of morphologically

'good' (viable) pollen in M. verna (generally >90%).

The role of the breeding system in determining the

distributional ranges of the species is clear. However, it may well be

equally important in the development and maintenance of metal tolerance

in populations. In a metal-tolerant population, self-fertility will

enable an establishing population of tolerant individuals to increase

thei.r number more rapidly from a few tolerant colonists, while main-

taming the tolerance levels (Antonovics, 1968). 	 This feature is

probably of greatest relevance in the case of T. alpestre where

population size is frequently very small, and gene flow virtually nil.

It will be of less consequence in M. verna where populations are

frequently large and gene flow between adjacent populations is a

possibility.
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The extent of gene flow may have been particularly important

for M. verna during interglacial periods when previously isolated

populations caine into contact within newly-formed habitats with large

uncolonized areas of rocky debris and detritus. In consequence, 14.

verna may have developed considerably greater genetical and ecological

diversity even before the onset of mining operations created a new

range of physically similar habitats. A mechanism for the rapid

production of rather greater ecological novelty than crossing between

populations, polyploid evolution, has also operated in M. verna.

Polyploid evolution results from the hybridization of related taxa

following the breakdown of ecological barriers due to major distur-

bances (Stebbins, 1971, 1980). It has presumably been responsible for

the formation of M. verna ssp. collina (Neilr.) Halliday, which is

tetraploid (2n = 48) and has a wide geographical distribution in S.E.

Europe, where it is the commonest subspecies (Tutin et al., 1964). In

contrast, polyploid evolution has not been reported in T. alpestre.

This is probably because of the strong tendency of T. alpestre to be

inbreeding and the fact that it is occasionally monocarpic, and hence

more vulnerable to the 'bottleneck of semi-sterility' associated with

the early stages of polyploid evolution (Stebbins, 1971). However

while polyploid evolution may be a factor contributing to the wider

geographical range of M. verna in Europe, it is not a factor of

relevance to the distribution of either species in Britain, where both

M. verna ssp, verna and T. alpestre are diploid (Tutin e'c al., 1964).

The importance of population processes and regenerative

strategies in the survival and development of populations of the two

species was investigated in Chapter 6. Here again, major differences

in behaviour between the two species may well provide a key to their

relative success in colonizing mine wastes in the S. Pennines. M.
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verna can be a relatively long-lived perennial capable of regeneration

from vegetative shoots, but producing large quantities of seed. T.

alpestre has been referred to as a biennial, but in all the sites

investigated in this study, it behaves as a short-lived perennial. It

is less prolific in both flower and seed production and can regenerate

effectively from small daughter rosettes which develop at the base of

the parent plant and remain attached for several years. Production and

dispersal of viable seed are crucial in the spread of species and the

speed with which colonizing populations develop. Seed germination

characteristics also determine the extent of new recruitment into

populations and potential seedling survival. Although seed production

and viability in T. alpestre are relatively high (Riley, 1956), the

extremely localized dispersal of the heavy seeds (mean weight c, 0.4

mg) may be a major hindrance in the spread of the species within a

site, and certainly to new localities. Seed of M. verna is smaller,

lighter (mean weight c. 0.09 mg) and consequently more mobile. It is

also produced in much larger quantities. The time at which seeds are

shed and the period over which they germinate can play an important

role in population dynamics (Thompson & Grime, 1979). The seeds of M.

verna may germinate soon after being shed from the capsules in late

summer/early autumn but some become buried during the after-ripening

period and persist in the soil. This behaviour has been found in a

number of small-seeded species which possess good seed banks (Grime,

1991). A persistent seed bank probably functions as a buffer against

population extinction in local and precarious habitats. 	 A more

efficient dispersal is thus likely. Both field and experimental

observations on T. alpestre suggested that seed release and subsequent

germination are rapid and almost synchronous. Seeds are shed during

late spring/early summer along with seeds of grass species such as
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Festuca rubra, F. ovina and Koeleria macrantha (seed weight c. 0.5 mg),

regarded by Thompson & Grime (1979) to be species having the ability to

germinate over a wide range of temperatures in both the light and in

darkness.

The result of this contrasting germination behaviour is that

the majority of new recruits to a T. alpestre population come from

successful germination of seed almost as soon as it is shed in early

summer, provided conditions are conducive.	 In M. verna, some new

recruits result from seed germination in the late summer/early autumn

but others come from seeds germinating from the bank of viable seed

maintained over the winter, in the following spring. Different cohorts

of seedlings may thus be detected in the population. 	 Colonizing

ability is not restricted to species in which all or most of the seeds

germinate soon after release (Grime, 1986). Some of the most success-

ful colonists of spoil habitats, e.g. Agrostis capillaris, Plantago

lanceolata, Chenopodium rubrium, have seeds capable of long-term

survival in the soil (Grime, 1986). Distribution of buried seed also

plays an important role in the distribution of mature plants in the

developing population (Schenkeveld & Verkaar, 1984). Smaller seeds are

also likely to be more abundant than large seeds in any seed bank

(Thompson, 1986). The ecological significance of seed size and weight

have long been recognized. Salisbury (1942) pointed out that the

general trend for species to produce either a large number of small

seeds or a small number of large seeds allow wider dissemination and

more probable occupation of all suitable habitats. Thompson & Grime

(1979) found that sites with an abundance of small-seeded species

tended to possess large seed banks. High overall viability of seed can

be a positive asset for survival or increase of population size of any

species in a hostile environment, such as mehalliferous mine spoil
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(Riley, 1956; Hodgson, l986c), but this may be outweighed by the

detrimental effect of rapid and synchronous seed germination. In this

circumstance, new recruits could be totally destroyed in the event of

drought or major site disturbance, as frequently occurs in T. alpestre

habitats. The germination strategy of M. verna affords some insurance

against the effects of such environmental catastrophes.

In the field study reported in Chapter 6 the effects of

drought (and seedling competition) were found to be more drastic on the

survival of newly-recruited seedlings of T. alpestre than for those of

M. verna and the numbers of the former were markedly lower than for the

latter species. For both species, however, successful establishment at

the seedling stage was also related to shelter effects of neighbouring

plants, the effect being particularly pronounced for T.alpestre

seedlings. These early beneficial effects of neighbouring plants may

however give way to strong competitive interactions and exclusion at

later stages of development of the communities in which M. verna and T.

alpestre occur. This aspect was investigated experimentally in work

reported in Chapter 7. This novel experiment was designed to assess

the effects of intraspecific competition on the survival of M. verria

and T. alpestre on both metalliferous and non-metalliferous soils.

Competition was created with a developing 'turf' of Festuca rubra

tillers, a situation not uncommon in the field. The performance of T.

alpestre in this situation was also compared with that of Arabis

hirsuta, a crucifer similar in morphology to P. alpestre but being

restricted to open situations on non-toxic calcareous soils. This pot

experiment confirmed the initial beneficial shelter effects suggested

from the field study but more importantly, revealed the weak competi-

tive ability of both M. verna and T. alpestre when growing close to

perennial turf-forming species. This aspect then, has a major bearing
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on the success of both species, but particularly T. alpestre, in the

field situation. A smaller-scale competition experiment by Rochow

(1970) in the USA demonstrated a similar competitive interaction of the

grass Agropyron bakeri on the performance of T. alpestre, where growth

was substantially reduced as the grass developed.

The author believes that the work reported in this thesis has

thrown new light on the ecology and evolutionary biology of two

metallophyte species which have attracted the interests of botanists

for many years. Additionally, some convincing reasons for the un-

der-distribution of T. alpestre relative to M. verna in the S. Pennines

have been suggested. It would appear that the contrasting population

biology of the two species is of over-riding importance in determining

the potential spread of populations on to nearby (and more distant)

mine sites. The same arguments presented in this discussion chapter

can be applied in the interpretation of the present-day British and

European distributions of the two species. In many ways, the evolution

of heavy metal tolerance in both species appears adventitious - this

has enabled them to exploit a habitat to which they are in all other

ways well-adapted and where they suffer minimal inter-specific competi-

tion from faster-growing species. It has allowed the two species to

extend to lowland areas from their primary montane localities after the

last glaciation and exploit a. new range of recently disturbed habitats.

M. verna emerges as a species still capable of further evolutionary

adaption which is apparent from its extended distributional range

within Europe; T. alpestre is restricted by its inbreeding behaviour.

Indeed, this relatively rare plant on a national scale may well be in

decline as a result of habitat loss from the reworking of old spoil

heaps in the S. Pennines for fluorspar. As has been shown, the species

is unlikely to re-establish on other suitable sites spontaneously. It
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appears enigmatic that two unrelated species have found a similar niche

and have evolved highly efficient mechanisms of heavy metal tolerance.

It remains to be determined to what extent metal tolerances are

constitutional within the species throughout their present-day distri-

butions. However, it is only possible to speculate as to whether the

original montane populations also possessed this property. Further

population studies on these and other metallophyte species may help to

resolve this conundrum.
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APPENDIX 1

ANOVA TABLES,

CHAPTER 3, FIGURE 3.2

PLANT HEIGHT

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN	 F • RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

406.3	 101.6	 121.1
	

0.78

WITHIN

POPULATIONS	 145
	

121.6	 0.8367

TOTAL	 149
	

527.9

PLANT BREADTH

SOURCE OF	 DEGREES OF	 SUM OF MEAN	 F • RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

1590	 397.4	 623.5
	

0.68

WITHIN

POPULATIONS	 145
	

92.43	 0.6374

TOTAL	 149
	

1682

LEAF LENGTH

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

19.62
	

4.906	 9.475
	

0.61

WITHIN

POPULATIONS	 145
	

75.07
	

0.5178

TOTAL	 149
	

94.7

* - P < 0.001 =

P	 0.01	 **

p o.nc =	 *
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FLOWER BREADTH

SOURCE OF

VARIATION

BETWEEN

POPULATIONS

WITHIN

POP ULAT I ONS

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. PATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 198	 49.51	 109.8	 0.57

	

145	 65.4	 0.451

	

149	 263.4

PETAL LENGTH

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN	 F • PATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

22.98	 5.746	 114.8
	

0.19

WITHIN

POPULATIONS	 145
	

7.255	 5.003E--2

TOTAL	 149
	

30.24

SEPAL LENGTH

SOURCE OF	 DEGREES OF

VARIATION	 FREEDOM

BETWEEN

POPULATIONS	 4

WITHIN

POPULATIONS	 145

TOTAL	 149

SUM OF	 MEAN

SQUARES SQUARE

	

19.46	 4.865

	

5.034	 3.472E-2

24.49

F. PATIO PROBABILITY LSD

140.1	 0.16
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CAPSULE LENGTH

SOURCE OF

VARIATION

BETWEEN

POPULATIONS

WITHIN

POPULATIONS

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 30.2	 9.549	 163.2	 0.21

	

245	 0.485	 5.852E-2

	

149	 46.68

SEED WEIGHT

SOURCE OF

VARIATION

BETWEEN

PopuuvrIONS

WITHIN

POPULATIONS

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 6.256E-2 1.564E-2 234.1	 0.12

	

25	 1.67E-3	 6.679E-5

	

29	 6.423E-2
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APPENDIX 1 (CONTINUED)
ANOVA TABLES

CHAPTER 3, FIGURE 3.3

PLANT HEIGHT

SOURCE OF

VTiRIAT ION

BETWEEN

POPULATIONS

WITHIN

POPULATIONS

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. PATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 2.251E5	 5.628E4	 50.63	 15.7

	

145	 1.392E5	 959.9

	

149	 3.643E5

RACEME I,ENGTH

SOURCE OF	 DEGREES OF	 SUM OF MEAN

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

6.504E4 1.626E4 36.96

WITHIN

POPULATIONS	 145
	

6.379E4	 439.9

TOTAL	 149
	

1. 288E5

17.82

F. PATIO PROBABILITY LSD

STEM LENGTH

SOURCE OF	 DEGREES OF

VARIATION	 FREEDOM

BETWEEN

POPULATIONS	 4

WITHIN

POPULATIONS	 145

TOTAL	 149

SUM OF	 MEAN	 F. PATIO PROBABILITY LSD

SQUARES SQUARE

8.329E4	 2.082E4	 47.79	 17.74

6.31854	 435.7

1.465E5
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ROSETPE BREADTH

SOURCE OF	 DEGREES OF

VARIATION	 FREEDOM

BETWEEN

POPULATIONS	 4

WITHIN

POPULATION	 145

TOTAL	 149

5154	 1289	 4.959

3.768E4	 259.8

4.283E4

SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

SQUARES SQUARE

13.70

LEAF LENGTH

SOURCE OF

VARIATION

BETWEEN

POPULATIONS

WITHIN

POPULATIONS

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 1365	 341.2	 4.887	 7.10

	

145	 1.012E4	 69.81

	

149	 1.149E4

LEAF BREADTH

SOURCE OF	 DEGREES OF	 SUM OF MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

97.33	 24.33	 8.817
	

1.41

WITHIN

POPULATIONS	 145
	

400.2	 2.76

TOTAL	 149
	

497.5
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APPENDIX 1 (CONTINUED)
ANOVA TABLES

CHAPTER 3, FIGURE 3.4

CAPSULE LENGTH

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

9.274	 2.318	 7.226
	

0.48

WITHIN

POPULATIONS	 145
	

46.52	 0.3208

TOTAL	 149
	

55.79

CAPSULE BREADTH

SOURCE OF	 DEGREES OF	 SUM OF MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 8.688	 2.172	 10.69
	

0.38

WITH IN

POPULATIONS	 145	 29.47	 0.2032

TOTAL	 149	 38.16

BREADTH INDEX

SOURCE OF	 DEGREES OF	 SUM OF MEAN
	

F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

5.579	 1.395	 7.468
	

0.64

WITHIN

POPULATIONS	 145
	

27.08	 0.1868

TOTAL	 149
	

32.66



- 168 -

NOTCH BREADTH

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4
	

1.115	 0.2787	 9.507
	

015

WITHIN

POPULATIONS	 145
	

4.251	 2.932E-2

TOTAL	 149
	

5 • 366

NOTCH DEPTH

SOURCE OF

VARIATION

BETWEEN

POPULATIONS

WITHIN

POPULATIONS

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 1.011	 0.2528	 35.98	 0.05

	

145	 1.019	 7.027E-3

	

149	 2.03

STYLE LENGTH

SOURCE OF

VARIATION

BETWEEN

POPULATIONS

WITH IN

POPULATION

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 0.2676	 6.691E-2 3.775	 0.08

	

145	 2.57	 1.772E-2

	

149	 2.837	 0.01772
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FRUIT NUMBER

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 5923	 1481

WITHIN

POPULATIONS	 145	 9079	 62.61

TOTP.L	 149	 ]..5E4

F. RATIO PROBABILITY LSD

23.65	 4.8

NUMBER OF SEEDS IN EACH CAPSULE

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 138.4	 34.61

WITHIN

POPULATIONS	 145	 199.6	 1.377

TOTAL	 149	 338.1

F. RATIO PROBABILITY LSD

25.14	 1.02

SEED WEIGHT

SOURCE OF

VARIATION

BETWEEN

POPULATIONS

WITHIN

POPULATIONS

TOTAL

DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

FREEDOM	 SQUARES SQUARE

	

4	 6.008E-3 1.502E-3 74.31	 0.0067

	

25	 5.053E-4 2.021E-5

	

29	 6.513E-3
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APPENDIX 1 (CONTINUED)

ANOVA TABLES

CHAPTER 3, FIGURE 3.5

RACEME LENGTH: STEM LENGTH RATIOS

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN
	

F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 17.77	 4.442
	

22.03	 0.38

WITH I N

POPULATIONS	 145	 29.23	 0.2016

TOTAL	 149	 47

NUMBER OF CAPSULES RACEME LENGTH RATIOS (RACEME DENSITY)

SOURCE OF	 DEGREES OF	 SUM OF MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 2.525	 0.6311	 18.84	 0.16

WITHIN

POPULATION5	 148	 4.958	 3.35E-2

TOTAL	 152	 7.483

CAP L CAP Br RATIOS

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN
	

F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 0.3115	 7.788E-2 2.951
	 *	 0.44

WITHIN

POPULATIONS	 145	 3.827	 2.639E-2

TOTAL	 149	 4.130
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Bd.I./CAP. L. RATIOS

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN
	

F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 3.278E-2 8.194E-3 1.636	 NS	 0.07

WITHIN

POPULATIONS	 145	 0.7261	 5.008E-3

TOTAL	 149	 0.7599

BD.I. CAP. Br. RATIOS

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 4.712E-2 1.178E-2 1.769 	 NS	 0.069

WITHIN

POPULATION	 145	 0.9656	 6.659E-3

TOTAL	 149	 1.013

CAP. L.: NOT.D. RATIOS

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 6724	 1681

WITHIN

POPULATIONS	 145	 4244	 29.27

TOTAL	 149	 1.097E4

F. RATIO PROBABILITY LSD

57.43	 4.60
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NOT.D/NOT Br. RATIOS

SOURCE OF	 DEGREES OF	 SUM OF	 MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 0.691	 0.1727	 34.64	 0.06

WITH IN

POPULATIONS	 145	 0.7231	 4.987E-3

TOTAL	 149	 1.414

ST.L.f NOT.D. RATIOS

SOURCE OF	 DEGREES OF	 SUM OF MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 144.5	 36.13	 42.8	 0.78

WITHIN

POPULATIONS	 145	 122.4	 0.844

TOTAL	 149	 266.9

CAP. Bri NOT. Br. RATIOS

SOURCE OF	 DEGREES OF	 SUM OF MEAN	 F. RATIO PROBABILITY LSD

VARIATION	 FREEDOM	 SQUARES SQUARE

BETWEEN

POPULATIONS	 4	 20.16	 5.04	 14.41	 0.50

WITHIN

POPULATIONS	 145	 50.71	 0.3497

TOTAL	 149	 70.87
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Appendix 2

Percentage occurrence of M. verna, T. alpestre and

associate species, recorded from five different sites

in South Perinines

Species

Agrostis tenuis

Arabis hirsuta

Campanula rotundifolia

Centaurea nigra

Cerastium fontanum

Euphrasia officinalis

Festuca ovina

Festuca rubra

Galium sterneri

Hieracium pilosella

Xoeleria cristata

Leontondon autumnalis

Linum catharticuin

Lotus corniculatus

Minuartia verna

Plantago lanceolata

Ranunculus acris

Rumex acetosa

Seneccio jacobaea

Thlanpi alpestre

Thymu s drucei

*1 - Bradford Dale

2 - Black Rocks

3 - dough Wood

4 - Grattondale

5 - Tideslow rake

S	 I	 T	 E	 S

1	 2	 3	 4	 5*

25

5

	

5	 5	 35	 5

5

	

5	 5	 5	 15	 5

	

5	 15	 45	 75	 5

	

35	 5	 45

	

75	 100	 75	 100

5

5

15	 5

5

5

5

35	 100 45	 100 35

	

5	 5

5

35	 75 45 100	 5

5

15	 15	 15

5	 15



8.0

5.6

2. H

3.2

Ca

N

Mg

S

)
Ca(NO3)2.111120

)
) MgS0.7lIo
)

117.211

211.65

17.110

)

7.8

3.1

0.3

0.05

0.05

0.01

0.01

0.01

K

p

Fe

Mn

B

Mo

Zn

Cu

1.80

0.203

0.286

0.0 18

0.01111

0.039

Fe-citrate.5112O

tlnSOH .H1120

113 BO 3

(N11i )6M0TO2H .111120

ZnSoH .71120

CuSOIj .51120
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APPENDIX 3

COMPOSITION OF NUTRIENT SOLUTIONS

The basal culture solution used was florison nutrient solution
(hewitt 1966) made up at one-tenth strength as follows using 'Analar'
grade reagents and deionised water:

Element	 Concentration	 Source	 Concentration
mg dm-3	 mg dm3

p11 was adjusted to 6.5 using I12SOIj or NaOH.
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Species

M. verna from
Bradford Dale

M. verna from

T. alpestre from
Bradford Dale
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APPENDIX 4.1 AM)VA ThELE FOR ThE GE1IINATI0N RES3*1SE
(EXPT. I, CHAPTER 5)

Source of	 DF Sum of	 Mean	 Variance P	 Species
Variance	 Squares	 Square	 Ratio

NS

NS

Zn conc. 4
Scoring dates 7
Interaction 28
Residual	 160
Total	 199

Zn conc. 4
Scoring dates 7
Interaction 28
Residual	 160
Total	 199

Zn conc. 4
Scoring dates 7
Interaction 28
Residual	 160
Total	 199

'0.969
0.178
0.247
0.192
0.210

0.250
0.143
0.427
0.159
0.166

0.420
0.963
0.737
0 • 127
0.121

	

0.242	 20.2

	

0.255	 212.4

	

0.881	 0.7
0.120

	

0.626	 6.3

	

0.205	 206.4

	

0.153	 1.5
0.991

	

0.105	 13.2

	

0.138	 173.1

	

0.263	 3.3
0.795

M. verna from
Bradford Dale

M. verna from
Tideslow Rake

T.alpestre from
Bradford Dale

ANOVA TABLE FOR THE GERMINATION RESPONSE
(EXPT • II, CHAPTER 5)

Source of DF
Variance

Soils 2
Scoring dates 7
Interaction 14
Residual	 96
Total	 119

Soils 2
Scoring dates 7
Interaction 14
Residual	 96
Total	 119

Soils 2
Scoring dates 7
Interaction 14
Residual	 96
Total	 119

* - P < 0.001
P C 0.01 = **
P C 0.05	 *

Sum of	 Mean	 Variance *
Squares Square	 Ratio

0.512	 0.256	 67.3
0.374	 0.534	 14.1
0.124	 0.882	 2.3	 **
0.365	 0.380
0.137

0.449	 0.224	 40.6
0.425	 0.608	 11.0
0.152	 0.109	 1.97	 *
0.530	 0.553
0.156

0.379	 0.189	 27.1
0.214	 0.306	 4.4
0.243	 0.174	 0.3	 NS
0.670	 0.698
0.129



112 • 311
1902.247
512.306
68.457
23 • 703
32.689
7.150

91.532
1550.301
187 • 752

	

55.791
	 * **

11.419
14.456

	

4.694
	 * **

80.774
1368 • 090
131. 150
49.234
8.166

10.649
B . 995
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APPENDIX 4.1 (CONTINUED)

ANOVA TABLE FOR ROOT LENGTH
EXPT • III, CHAPTER 5)

Source of	 DF
	

55
	

SS%
	

MS
	

VR
	

p
Variance

POPULATION	 4
SPECIES	 1
Pb	 4
POPUL.SPECIES 4
POPUL. Pb	 16
SPECIES Pb	 4
POPUL. SPEC.Pb 16
Residual	 3850
Total	 3899
Grand Total 3899

Popula€ion	 4
Species	 1
Zn	 4
POPtJL.SPECIES	 4
POPUL. Zn	 16
Species Zn	 4
POPtJL.SPEC.Zn 16
Residual	 3850

Popula€ion	 4
Species	 1
Cd	 4
POPtJL.Species	 4
POPUL. Cd	 16
Species Cd	 4
POPUL. SPEC.Cd 16
Residual	 3850

32209.43
'136385.13
146922.81
19632 • 53
27191.14
9374.91
8201 • 86

276032.94
655950.75
655950 • 75

32209 • 43
136385.13
101258.05
19632.53
16073.64
5086.92
6607.71

338697.31

32209 • 43
136385 • 13
52297.43
19632.53
13025 • 38
4246 • 42

14347.13
383801.25

4.91
20.79
22 • 40
2.99
4.15
1 • 43
1.25

42.08
100 • 00
100.00

4.91
20.79
15.44
2.99
2 • 45
0.78
1.01

51.63

4.91
20 • 79
7.97
2 .99
1.99
0.65
2.19

58.51

8052 • 36
136385 • 13
36730.70
4908 • 13
1699.45
2343.73
512 .62
71 • 70

168 .24

8052.36
136385 • 13
25314.51
4908 . 13
1004.60
1271.73
412 • 98
87.97

8052 • 36
136385 • 13
13074.36
4908 .13
814.09

1061 • 61
896.70
99.69

ANOVA TABLE FOR ROOT LENGTH
(EXPT. IV, CHAPTER 5)

Source of	 DF
	

SS
	

55%
	

MS
	

VR
	

p
Variation

SPECIES	 1
Pb	 1
Zn	 1
Cd	 1
Species Pb	 1
Species Zn	 1
Species Cd	 1
Pb. Zn	 1
Pb. Cd	 1
Zn.Cd 1
Species Pb.Zn 1
Species Pb.Cd 1

527506.00
16 • 26

19140.63
3.3894.26

136 • 90
2830 • 81
3071.26
319.23
360.00
154.06
4080.40
7195 .81

81.14
0.00
2.94
2.14
0.02
0.44
O • 47
0.05
0 • 06
0.02
0 • 63
1.11

527506.00
16 • 26

19140.63
13894.26

136.90
2830.81
3071.26
319.23
360.00
154.06
4080.40
7195 .81

5604. 668
0.173

19140.63
147.624

1 .455
30.077
32.632
3 • 392
3.825
1.637
43.354
76.454

NS

N5

NS

NS

NS



NS
4040.10
235.23

8395 • 51
94.12

1017 .38

42 • 925
2.499

89.201
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Species Zn.Cd 1
Pb.Zn.Cd 1
Species Pb.Zn.Cd. 1
Residual	 624
Total	 639
Grand Total 639

	

4040.10	 0.62

	

235.23	 0.04

	

8395.51	 1.29

	

58730.29	 9.03
650106.50 100.00

100 • 00

ANOVA TABLE FOR ROCYP LENGTH
(EXPT. V, CHAPTER 5)

DF

1
6

732
739

SOURCES OF
VARIATION

Species
Species Pb
Residual
To tal
Species

Species Zn
Residual
Species
Species Cd
Residual
Species
Species Al
Residual
Species
Species Ag
Residual
Species
Species Co
Residual
Species
Species Cr
Residual
Species
Species CU
Residual
Species
Species Fe
Residual
Species
Species Mn
Residual
Species
Species Mo
Residual
Species
Species Ni
Residual

ss

24042.60
9583 • 95

41795.05
75421 • 59

1183.22
50195.78

1270.17
50108.83

1126 • 28
50252.72

3805 • 40
47573.59

1333.65
50045 • 35

1081.12
50297 • 88

6125.61
45253 • 39

1069.77
50309.23

14175. 40
37203.60

1788 • 82
49590.19

1268 • 36
50110.64

SS%

31.88
12.71
55.42

100.00

1.57
66.55

1.68
66.44

1.49
66.63

5.05
63.08

1.77
66.35

1.43
66.69

8.12
60.00

1.42
66.70

18.79
49.33

2.37
65.75

1.68
66.44

MS

24042 .60
1597.32

57.10
102.06

197 .20
68.57

211.69
68.45

187.71
68 • 65

634.23
64.99

222 • 28
68.37

180.19
68.71

1020. 93
61.82

178.29
68.73

2362.57
50.82

298.14
67.75

211.39
68 • 46

VR

421.083
27.976

350 .611

2 • 876

351.219
3.092

350.214
2.734

369.936
9.759

351.665
3.251

349.899
2.622

388 • 903
16.514

349.820
2 .594

473.051
46.485

354. 893
4.401

351.207
3.088

p

*

**

***
*

**

*

***

*

**

**



VR

16 .676***
19.111'

15 .059***
2. 329*

15. 607***
8 .0].7***

15. 180***
3 .581

15. 684***
8. 813***
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ANOVA TABLE FOR ROOT LENGTH
(EXPT • VI, CHAPTER 5)

SOURCE OF
VARIATION	 DF	 SS	 SS%	 MS	 VR	 p

Species	 1	 2134.1539	 1.869	 2134.1539	 75.6295
Chme	 12	 93636.7503	 82.004	 7803.0625	 276.526
In€eraction	 12 ' 10344.4295	 9.059	 862.0358	 30.5486
Residual	 298	 18414.9293	 16.127	 61.7951
Total	 311	 114185.833	 100.00

ANALYSIS OF VARIANCE
(EXPT • VII, CHAPTER 5)

VARIATE ROOTL
SOURCE OF VARIATION

*jNIT5* STRATUM
POPUL
POPUL. Pb
RES IDUPLL
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS

POPUL
POPUL. Zn
RESIDUAL
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF

OBSERVATIONS
POPUL
POPUL. Cd
RESIDUAL
TOTAL
GRANT TOTAL
GRAND MEAN
TOTAL NUMBER OF

OBSERVATIONS
POP(Jr,
POPUL. Al
RESIDUAL
TOTAL
GRANT TOTAL
GRAND MEAN
TOTAL NUMBER OF

OBSERVATIONS
POPUL
POPUL Ag
RESIDUAL

DF	 SS

	4 	 28461.7

	

5	 40771.3

	

770	 328549.3

	

779	 397782.3

	

779	 397782.3
63.93

780

	

4	 28461.7

	

5	 5502.7

	

770	 363817.9

	

779	 397782.3

	

779	 397782.3
63.93

780

	

4	 28461.7

	

5	 18275.4

	

770	 351045.2

	

779	 397782.3

	

779	 397782.3
63 • 93

780

	

4	 28461.7

	

5	 8393.3

	

770	 360927.3

	

779	 397782.3

	

779	 397782.3
63.93

780

	

4	 28461.7

	

5	 19991.5

	

770	 349329.1

SS%

7 • 16
10.25
82.60

100.00
100.00

7.16
1.38
91.46

100.00
100.00

7.1.6
4.59
88.25

100.00
100.00

7.16
2.11

90.73
100.00
100.00

7 • 16
5.03
87.82

MS

7115.4
8154.3
426.7
510.6

7115.4
1100.5
472.5
510.6

7115.4
3655.1
455.9
510.6

7115.4
1678.7
468.7
510.6

7115.4
3998.3
453.7



7.16
0.47

92 • 37
100.00
100.00

7.16
2.58

90.26
100.00
100.00

7.16
5.21
87.63

100.00
100.00

7.16
4.54

88 • 30
100.00
100.00

7 .16
13.16
79.68
100.00
100.00

7.16
2.92

89.92
100.00
100.00

7.16
5.23
87.61

100.00
100.00

	7115.4	 14.911***

	

375.1	 0. 786*NS
477.2
510.6

	

7115.4	 15 . 260***

	

2055 .5	 4.408**
466.3
510.6

	

7115.4	 15. 717***

	

4146.4	 9. 159*
452.7
510.6

	

7115.4	 15 .598***

	

3612.4	 7.919***
456.2
510.6

	

7115.4	 17. 285***

	

10470.4	 25. 435***
411.6
510.6

	

7115.4	 15. 317**

	

2326.4	 5 .0O8*
464.5
510.6

	

7115 .4	 15. 721***

	

4162.3	 9. 196
452.6
510.6
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TOTAL
GRPND ¶IDTP.ti
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
POP
POPUL. Co
RESIDUAL
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
POP Ut
POPUL. Cr
RES IDUAL
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
POPUL
POPUTJ. Cu
RESIDUAL
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
POP Ut
POPUL. Fe
RESIDUAL
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
POPtJL
POPUL. Mn
residual
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
POP Ut
POPUL. Mo

RESIDUAL
TOTAL
GRAND TOTAL
GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
POP Ut
POPUL. Ni
RESIDUAL
TOTAL
GRAND TOTAL

APPENDIX 4.1 (CONTINUED)

779	 397782.3	 100.00
779	 397782.3	 100.00

63.93

780

	

4	 28461.7

	

5	 1875.3

	

770	 367445.3

	

779	 397782.3

	

779	 397782.3
63.93

780

	

4	 28461.7

	

5	 10277.3

	

770	 359043.3

	

779	 397782.3

	

779	 397782.3
63.93

780

	

4	 28461.7

	

5	 20732.0

	

770	 348588.6

	

779	 397782.3

	

779	 397782.3
63 • 93

780

	

4	 28461.7

	

5	 18061.9

	

770	 351258.8

	

779	 397782.3

	

779	 397782.3
63.93

780

	

4	 28461.7

	

5	 52351.9

	

770	 316968.7

	

779	 397782.3

	

779	 397782.3
63 • 93

780

	

4	 28461.7

	

5	 11631.9

	

770	 357688.7

	

779	 397782.3

	

779	 397782.3
63.93

780

	

4	 28461.7

	

5	 20811.6

	

770	 348509.1

	

779	 397782.3

	

779	 397782.3

510.6



GRAND MEAN
TOTAL NUMBER OF
OBSERVATIONS
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63.93

780

M4OVA TABLES FOR PLANT MATERIAL DRY WEIGHT
(EXPT.VIII, CHAPTER 5)

SOURCE OF
VARIATION

AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
residual
TOTAL

AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL

AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL

AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL

AMONG GROUPS
RES IDUAL
TOTAL
AMONG GROUPS
RESIDUAL
TOTAL

	

DF	 SS	 MS	 F RATIO % VARIATE METAL PLANT

	

5	 2.723	 0.5447 1.8	 NS ROOT W Pb	 M. Verna

	

10	 3.027	 0.3027

	

15	 5.75

	

5	 88.73	 17.75	 2.517	 *	 SHOOT W

	

10	 70.051	 7.051

	

15	 159.2

	

5	 108.8	 21.76	 2.259	 * TOTALW

	

10	 96.35	 9.635

	

15	 205.2

	

5	 277.6	 55.52
	

1.633	 NS ROOT W Pb	 T.alpestre

	

12	 408.0	 34

	

17	 685.6

	

5	 3276.0	 655.2
	

2905	 2 SHOOT W

	

12	 2707.0	 225.6

	

17	 5982.0

	

5 5365.0	 1073
	

2.534	 * TOTAL W

	

12	 5081.0	 423.4

	

17	 1.045E4

	

5	 13.57	 2.713
	

2.254	 * ROOT W	 Zn	 H. verna

	

9	 10.83	 1.204

	

14	 24.4
	5 	 232.2	 46.43
	 0.9722 MS SHOOT W

	

9	 429.8	 47.76

	

14	 662.0
5 334.6	 66.91
	

1.054	 MS TOTAL W

	

9	 571.2	 63.46

	

14	 905.7

	

5	 929.7	 185.9
	 0.7168 NS ROOT W Zn T.alpestre

	

10	 2594.0	 259.4

	

15	 3524.0

	

5	 2568.0	 513.6
	

1.436	 NS SHOOT W

	

10	 3576.0	 357.6

	

15	 6144.0

	

5 5422.0	 1084.0
	 0.9452 NS TOTAL W

	

10	 1.147E4 1147.0

	

15	 1.689E4

	

5	 5.767	 1.153	 2.708	 *	 ROOT W	 Cd H. verna

	

9	 3.833	 0.4259

	

14	 9.60

	

5	 205.90	 41.19	 2.592
	 *	 SHOOTW

	

9	 143.0	 15.89

	

14	 348.9
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AMONG GROUPS	 5	 278.9	 55.78	 2.716	 *	 TOTAL W
RESIDUAL	 9	 184.8	 20.54
TOTAL	 14	 463.7

AMONG GROUPS	 5	 418.4	 83.69	 6.46	 **	 ROOT W Cd T.alpestre
RESIDUAL	 11	 142.5	 12.95
TOTAL	 16	 560.9
AMONG GROUPS	 5	 942.9	 188.6	 0.8875 NS	 SHOOT W
RESIDUAL	 11	 2337.0	 212.5
TOTAL	 16 3280.0
AMONG GROUPS	 5 2259.0	 451.8	 1.281	 NS	 TOTAL W
RESIDUAL	 11	 3880.0	 352.7
TOTAL	 16 6139.0

ANOVA FOR METAL CONCENTRATIONS IN PLANT TISSUE GROWN AT
DIFFERENT METAL CONCENTRATIONS IN SOLUTION CULTURE

(EXPT. VIII, CHAPTER 5)

SOURCE OF
VARIATION	 DF	 SS	 MS	 F. RATIO	 p VARIAT METAL PLANT

AMONG GROUPS	 5 1.368E5	 2.736E4 22.36	 ***	 ROOT Pb	 M.verna.
RESIDUAL	 10 1.223E4	 1223
TOTAL	 15 1.49E5
AMONG GROUPS	 5 j.576E4	 3153	 47.02	 ***	 SHOOT
RESIDUAL	 10	 670.5	 67.05
TOTAL	 15 1.643E4

AMONG GROUPS	 5 1.953E7 3.906E6	 14.1	 ***	 ROOT Pb T.alpestre
RESIDUAL	 12	 3.324E6 2.77E5
TOTAL	 17 2.285E7
AMONG GROUPS	 5 3.554E5 7.108E4	 56.91	 ***	 SHOOT
RESIDUAL	 10 1.499E4	 1249
TOTAL	 15 3.7O4E5

AMONG GROUPS	 5 2.494E4	 4987	 2.948	 *	 ROOT Zn	 M. verna.
RESIDUAL	 9 1.523E4	 1692
TOTAL	 14 4.016E4
AMONG GROUPS	 5 9.306E6 1.861E6	 65.67	 ***	 SHOOT
RESIDUAL	 9 2.551E5 2.834E4
TOTAL	 14 9.561E6

AMONG GROUPS	 5 5.519E7 1.104E7	 25.01	 ***	 ROOT Zn T.alpes€re
RESIDUAL	 10 4.413E6 4.413E5
TOTAL	 15 5.961E7
AMONG GROUPS	 5 1.708E8 3.416E7	 8.239	 ***	 SHOOT

RESIDUAL	 10 4.146E7 4.146E6
TOTAL	 15 2.122E8

AMONG GROUPS	 5 1.994E5 3.987E4	 2.817	 *	 ROOT Cd M.verna
RESIDUAL	 9 1.274E5 1.416E4
TOTAL	 14 3.268E5
AMONG GROUPS	 5 5.238E5 1.048E5 106.9	 *	 SHOOT
RESIDUAL	 9	 8821	 980.1
TOTAL	 14 5.326E5



V?tR tAT

ROOT UPTAKE

F RATIO

11.63
0.8183
0.6072

p

MS
MS

DF

1
2
2

30
35

SOURCE OF
VARIATION

SPECIES
METAL
INTERACTION
RESIDUAL
TOTAL

SS	 MS

	

1.166E7	 1.166E7
1.641E6 8.204E5
1.3.008E7 6.087E5
3.008E7 ..1.003E6
4.459E7

1.044E8 25 .13
	

SBOOT UPTMZE
3.481E7
	

B • 379
2 . 61E7
	

6 • 283
	 **

4.154E6
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AMONG GROUPS	 5 1.16E7	 2.32E6	 14.97	 **	 ROOT	 Cd T.a1peste
RESIDUAL	 11	 1.705E6	 1.SSES
TOTAL	 16 1.331E7
AMONG GROUPS	 5	 1.539E8	 3.079E7	 9.802	 ***	 SHO(YI'
RESIDUAL	 11	 3.455E7	 3.141E6
TOTAL	 16 1.88E8

TWO'-WAY ?iNOVA TABLES FOR METAL CONCENTRATIONS
(EXPT • VIII, CHAPTER 5)

SPECIES	 1	 1.044E8
METAL	 2	 6.961E1
INTERACTION	 2	 5.219E7
RESIDUAL	 30	 1.246E8
TOTAL	 35	 3.508E8
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