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Abstract:

Copper smelter operations have been in existence in Anaconda, Montana since the late 1800’s. The
tailings material, deposited just east of the city, is essentially devoid of vegetation. However,
Deschampsia cespitosa and Aarostis tenuis grasses were found colonizing areas of the tailings. Tailings
from a vegetated area were analyzed and upon examination it was determined that copper and zinc
were possibly toxic to the plants. The purpose of this study was therefore to determine the tolerance of
Deschampsia cespitosa and Aarostis tenuis to copper and zinc. .

A greenhouse study using a sand, drip culture apparatus was used to determine metal tolerance.
Commercial seed populations of the same genus and species were used as controls. An "in parallel"
technique utilizing 4 concentrations of each metal allowed regression analysis of root growth on test
concentration. Statistical analysis was used to identify differences in metal tolerance between the
tailings and the control populations.

Results indicated that the mill tailings population of Deschampsia cespitosa was significantly more
tolerant of copper and zinc than the commercial population. Agrostis tenuis from the mill tailings was
found to possess significant copper tolerance only. Commercial and mill tailings populations of
Agrostis tenuis were statistically similar in their response to zinc. A stimulating effect on root growth
was observed at moderately low levels of zinc in the tailings plant species. This often observed
stimulus may itself be related to tolerance.

An economic and viable method for stabilizing metalliferous sites is vegetative stabilization involving
naturally occurring metal tolerant species. The confirmed tolerance to zinc and copper of the grass
species colonizing the copper mill tailings at Anaconda, Montana indicates these species may be
suitable for use in revegetating copper and zinc contaminated sites.
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ABSTRACT

Copper smelter operations have been in existance in Anaconda,
Montana since the late 1800's., The tailings material, deposited just
east of the city, is essentially devoid of vegetation. However,
Deschampsia cespitosa and Agrostis tenuis grasses were found
colonizing areas of the tailings. Tailings from a vegetated area were
analyzed and upon examination it was determined that copper and zinec
vere possibly toxic to the plants. The purpose of this study was
therefore to determine the tolerance of Deschampsia cespitosa and
Agrostis tenuis to copper and zinc. .

A greenhouse study using a sand, drip culture apparatus was used
to determine metal tolerance. Commercial seed populations of the same
genus and species were used as controls, An "in parallel" technique
utilizing 4 concentrations of each metal allowed regression analysis
of root growth on test concentration, Statistical analysis was used
to identify differences in metal tolerance between the tailings and
the control populations. . )

Results indicated that the mill tailings population of Deschamp-
8ia cespitosa was significantly more tolerant of copper and zinc than
the commercial population. Agrostis tenuis from the mill tailings was
found to possess significant copper tolerance only. Commercial and
mill tailings populations of Agrostis tenuis were statistically
similar in their response to zinc. A stimulating effect on root
growth was observed at moderately low levels of zinc in the tailings
plant species. This often observed stimulus may itself be related to
tolerance.

An economic and viable method for stabilizing metalliferous sites
is vegetative stabilization involving naturally occurring metal
tolerant species. The confirmed tolerance to zinc and copper of the
grass species colonizing the copper mill tailings at Anaconda, Montana
indicates these species may be suitable for use in revegetating copper
and zinc contaminated sites.




INTRODUCTION

Anaconda, Montana has been the site of copper smelter operations
since the late eighteen hundreds (Figure 1). Nearly 75 years of waste
material from the §melting process has bgen deposited just east of the
city of Anaconda in a tailings dump (Anacondé Copper Company 1979).
The extraction process removes much of the mineral from the ore, but
may ieave behind as much as one'percent of the primary mineral. This
may be accompanied by other metals in the ore which were not worth
extracting (Bradshaw 1971).

Typical reclamation technidues for tailings dumps have included
regrading, veneering the surface'with crushed‘limestoﬁe,'covering the -
tailings with topsoil and seeding (Anaconda Copper Company 1979).‘This
tr;ditional }evegetation effort may be adequate under some spoil
physical and chemical conditions but)has potential to faii under the
adverse conditions of tailings dumps. Tailings characteristically
have high acid-generating potential and, without continuous
applications of lime, vegetation.may not survive.

The European method of mine reclamation may be quite different
than the moderh Americanhapproach. For almost 30 years; investigators
in the United Kingdoﬁ have been successfully establishing metal
tolerant vegetation on metalliferous mine sites. They have found that
populations of certain specie; growing in soils bontaining large

amounts of heavy metals may be tolerant of the metal, and will grow
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Figure 1. Location of Anaconda, Montana

better on such soils than transplants from uncontaminated soils
(Bradshaw 1952).

Techniques for identifying tolerant vegetation have been
developed. These techniques measure the degree to which plants will
tolerate concentrations of heavy metals in solution culture (Wilkins
1957; Jowett 1958). These measurements along with field trials have
produced commercial varieties of grass with specific tolerances to
certain metals.

There is a great need to stabilize tailings dumps and other
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metalliferous sites in the United States with vegetation. Plants can
act tominimize erosion by wind and water and improve the asthetic
appearance of mining areas. The establishment of metal tolerant
vegetation is considered advantageous in terms of cost and permanence
over other methods of stabilizing mine sites (Bradshaw et al. 1978).

Naturally occurring grasses were found colonizing areas of the
Anaconda tailings dump (Figure 2). This plant material may be suited
for specific use in revegetating metalliferous sites in this area.
Soil from the vegetated areas was analyzed and found to contain high

levels of copper and zinc.

Figure 2. Naturally occurring grasses colonizing Anaconda
tailings dump.
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The purpose of this study was to measure the tolerance of grasses
_Agnos&is tenuis and Deschampsia cespitosa from the Anaconda tailings
dump to high eoneen@#atiens of coppe} and zinec.
Specific'objectives of this research included:
Te betermine £he tolerance of Agrostis tenuis and~Desghaggsig
£ELJELLQ_Q found growing on coppér talllngs to high concentrations
of. eopper and zinc,
‘2. Determine,the tolerance_of Agrostis tenuis and'Desgngmgei;
ggggi&gga_greﬁﬁ ffom comhefcial eeee to high concentrations.of

copper and zine.

3 Compare the metal toleranee of the copper talllngs populatlons_

to the eommer01al seed populations.




LITERATURE REVIEW

€ CS i : ce
Plant speeies’that occupy environpents where there is evidence of
'toxicity due to heavy metals do so because they have evolved metal
tolérant populétigns (Bradshay,19%7). Areas contaminated by ﬁeaQy
metals have provided an exeéilent‘example for the study of evolution.
Examination of_metal*toleranée on both sides of mine boundaries ﬁave
shdwn'sharp differences in metal tolerance at these locations (Jain
and Bradshaw 1966; McNeilly and Antonovics 1968; Antonovics 1968;
Antonovics and Bradshaw 1970). The characteristicslof the tolerant
population are maintained by very severe selection which allows only
tolerant individuals to -survive, while similar severe selection may be
operating against tolerance on normal soils (Bradshaw et al. 1965).
Tolerance is specific'for individual metals. Jowett (1958)
showed that a popqlation tolerant of gne metal was not tolerant of
another un;ess the second was also present in its original habitat.
‘Metal tolerance may not be found in‘populations growing on soils in
which ﬁigh ievels of heavy metéls ‘are n§t available because of high pH,
or high organic hatter content, and thereforé not toxic (Bradshaw
197T7)« When high levels of metals are available and toxic to plants,
they cause a virtual cessation of root growth and the formation_of
short stumpy laterals and ultimately, although not'imhediately, the‘

death of the plants (Bradshaw et al. 1965).
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Mgny investigations have ‘concentrated on‘defining the genetic
basis of metal tolérance in plants. Bradshaw et al. (1965) defined
tolerance as geneticaily controlled since it is constant iﬁ vegetative
material and is passéd on fo seed material. Species that evolve
tolerance appear to be those that cdﬁtain genes for tolerdnce in their
normai populations- (Bradshaw 1977). Génetic control of zinc'toleraﬁce
in Aégos&;s tenuis aﬁﬁéars to involfe a numbefiof-genes\with additive
' 'aﬁd doxﬁinant effécts (Gaiztside and McNeilly 197ka).

Many plant Species ﬁay be found around heavily cohtaminated sites
but not on contaminated soils. These are species that presumably haye
failed to.e;olve tolerance. The failure ﬁay be c#used by a lagk ofk
+ the appropriate genetic variability in those species (B;adshéw.1977x
ﬁormal‘populations of many plant species have been screengd for metal
tolerance and a‘significant number of toieranf individuals were‘fouqd
only in those species which do evolve to;erance (Khan 1969). . The
occurrence of spec;es in contaminated areas is therefore determined by
genetic diversity rather than innate{phygiologieal tolerance (Bradsﬂaw
1977).

Where did metai tolerance originate? Many mine sites are quite
recent so it would,be'tempting to believe that mine populations are
alsq‘quite young. ‘However, many m;nes were preceded by ore,ﬁod;es
exposed af,fhe soil surface. These may have exisféd since the 1;st

glacial period (Bradshaw 1971). Seéd material from areas surroﬁnding
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the mine may contain genes for tolerance. When non-tolerant seed is

sown on metalliferous soil, although nearly all die, one or two plants’

per thousand may survive and grow well and a few more may grow rather
weakly (Khan 1969). Metal tolérant individuals in Agrostis are found
in normal hoh-tolerant populations although a; very low_frequeney
(Bradshaw i971L Wiéh‘very severe selection, a tolerant population
can therefore be produced from a nqﬁ—tolerant one in only one or ;ﬁo

generations (Bradshaw 1971).

Plants accumulate heavy metals either from foliar deposits or by

uptake through their roots (Ernst 1976). " Berial lead pollution frbm
automotive engines has operated on plant populations to produce leaq
tolerant individuals (Briggs 1972). Industrial emission of zinc,
cadmium, nickel and copﬁer can also cause evolﬁtion of heavy metal
tolerance (Bradshaw et al. 1965; Wu and Bradshaw 1972). The ability
‘to evolve tolerance is species specific and independent of the source
of contamination (Gartside and McNeilly 1974b). ‘

There are two basic mechaniSms whereby plants can combat toxic
leve;s of heavy metals., .Avoidance, as defined by Levitt (1958, as

referenced in Ernst 1976), is an exclusion mechanism by which metal

uptake is prevented. Tolerance, also defined by Levitt (1958, aé‘

referenced -in Ernst'1976), results when uptake occurs but resistance

 delk g o
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is due tp exclusion of metals from metal-sensitive sites by formation
. of specific metal-resistant enzymes’or alteration of metabélic
pathways;_

Heay& metal é&oidance has never been ideﬂtified as the mechanism
for metal tolerance by plants (Bradshaw et al. 1965; Ernst 1976).
External and'edaphic conditions such as presence of organic compounds,
(Turner and Gregory 1967; Ernst 1976) high amounts of calcium (Jowett
1964) and phosphorus (Ernst 1976) and low cation exchange capacity of -
the roots (Ernest 1976) can significantly reduce the absorption rate
of coppep:ahd zine, The selection for cation exchange capacity is
genetically ;ndependent of heavy metal tolerance (Ernst 1976). No
mechanism is kpown.to.exist which can prevept heavy metals from
entering resistaht.plants (Ernst 1976).

| Plants growing on metalliferous soil must be absorbing metals.

Copper and zinc tolerant strains of Agrostis tenuis take up more
copper and zinc respectively into the roots than do non-tolerant
plants (Wainwright and wOolhouse‘1975). Metal tolerant plants resist
this toxic effect by removing these ions-fﬁom the physiologiéal
process, by rendering them innocuous or by chapging eniyme structures
(Ernst'T976).

‘Metais may be disposed of by cells by storage in cell walls as
revealed by fracfionation and analysié of r&ot homogenates; the

greater the degree of mgtal tolerance, the greater the metal binding




9
capacity of the cell-wall fraction (Turner and Marshall 1971; 1972).
In addition to this protective role of the cell wall, ﬁhe brganelles
of'zinc tolerant cells in Agrostis tenuis are adapted to higher levels
- of zine nutrition (Turner and Marshall 1971). Eveﬁ though cell walls
of me£al tolerant stra.ins of many species bind appreciable quantities
of metal, thié binding&does not significantly prevent the metgl from
being taken up by the roots, translocated and accumulated in the
aerial parts (ngnwﬁighf and Woolhouse 1975). The mechanism of

tolerahce in any individual may involve a variety of physiological

processes each of which contribute to the total metal tolerance

(Wainwright and Woolhouse 1975; Foy et al. 1978).

The most rapid and convenient method of testing for metal
tolerance in plants is the comparison of root growth in culture
solutions with and without metal additions (Gregory and Bradshaw
1965). An ihdex of tolerance can be derived from the length of root
growth in toxic solutions expressed as percentage of growth in the
control solution (Jowett 1958;.1964)., The technique for measuriﬁg
tolerance (Wilkins 1957) was’originally described for the measurement
of one plant species to one metal. It is now generally accepted as a
tool for mgasuring tolergnce of a wide rahge of other species and

‘other toxic ions, Most of the plant species studied have been
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grasses, which are both morpﬁologically convenient to work with, énd
‘widespread on toxic soils, but many other plants‘have alsé beén~
investigated sucéesqfully (Wilkens 1978). |

\ The first technique for measuriné heavy metal toleranée was
developed for‘measuring lead tolerancg in Festuca ovina (Wilkens
1957)..He used a series of lead concentrations as lead nitrate in
culture solutions containing oﬁe gram per liter of calcium nitrate.
Preliminary experimeqts'indicated the palciuﬁ ion was clearly reducing
the toxicity of lead. It was decided to use c;;ciuﬁ nitrate so that
higher concentrations of lead could be uged without stopping all
growth (Wilkehs 1957); For routine testing of large numbers of plants
one concentration of lead was chosen, as this allowed sbme‘growéﬁ in
the least tolerant plants, but still prodﬁced a slight check in that

of the most tolerant (Wilkens 1957). |
Jowett's method, (1958) of teéting was derived from that of
Wilkens (1957). Jowett's method was employedvfor measuring Agrostis
spp, tolerance to copper, nickel, lead and zinc. Multiple
concentrations ofleach metal ﬁere\used in the analysis, Tolerance was
expressed as root growthkin toiic solutiohs as a percentage of normal
growth (Jowetf 1558); .Thege détavobtained from a range of
concentrationé cén be analyzed by calculating a regression sf root
growth on test‘concentrafion. This method Ean be a valuable research

tool, however it may be limited in its usefulness for mass screening
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by large material requirements (Wilkens 1978).

Many modifications of the original technique have‘emeréed.
Perhaps the most noted glteration is the use of separate sets of roots
in the treafments.and control solutions. The original technique
entailed making a first growth measurement in the control solution,
transferring the roots to the treatment sélution, and making.
additional measurements on the same roots (Wilkens 1957). In furthe;
experiments, it was shown that there was a high degree 'of parallelism
in the behavior of plants tested for metal tolerance (Wilkens 1978).
The alternative of using parallel controls, versus sequential
contfols, better allows combarisons between populations. This is due
to each individual plant having a tolerance ratio instead of a ratio
for each root. Also, environmental and independent variables have
less infiuence on the measurements‘because tolerance indices are
internally comparabie (Wilkens 1978). ‘

Another variation of assessing heavy metal tolerance was
descrised by Gadgil (1969). 'Shé enclosed each tiller‘inva glass tube
and'ﬁrickled the culfure solgtion down the suspended root. This drip
culture techqique was aevised to overcome two problems.which arise if
roots are grown in tubes immersed in solution. The first problem was
lack of aeration and the .second was inadequate mixing (Gadgil 1969).
The drip culture methqd ;lso facilitated the use of large volumes of

solution which helped maintain the concentration of solutes as the
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tillers grew. Gadgil's method is discussed in detail in the Maferial
and Methods section of this thesis.

Other laboratory methods for measuring metal tolerance have been
described. One simpié screening method that easily identifieg
tolerant plant species involved sowing seed samples in toxic substrate
prepared by mixing metalliferous waste with a certain amoun£ of
ordinary potting soil. After a period of growth, the tolerant
individuals were stiil’growing wﬁereas non-tolerant individuals:had
died (Weston et al. 1965; Walley et al. 1974; Humphreys and Bradshaw
1977). Another variation of this same technique utilized normal soii
with various heavy metal additions (Miles and Parker 1979). These
studies incorporated germination, emergence and seedling survival data
with metal tolergnce to obtain a chemical and physical tolerance

index..

{
A more sophisticated method investigated metal tolerance in

tissue cultures (Wu and Antonovies 1978). The results of two
investigations (Wu and Antonovics 1975, 1978), indicated tissue
culture experiments were comparable with results of growth and uptake
experiments of the same clones grown in water cultﬁres. Specific
features of metal tolerant plants were maintained in tissue culture
(Wu and Antonovies 19785 which confirmed metal tolerance as an

inherited trait. \




It is desirable that rational procedures be developed for the
economic and permanent revegetation of all types of toxic mining
wastes (Jeffrey et al. 1974). Derelict land produced by mining for
heavy metals and processing of crude mineral ores are both visually
unattractive and possible sources of environmental contamination.
These areas need to be stabilized.and the.es£ablishmeﬁt of vegetatiop
is considered advantageous in terms of cost and permanence (ﬁradSHaw
1978). Investigations on mine wastes in England and Wales have shown
that naturally occurring metal tolerant plant populations will grow
and reproduce provi&ed that fertilizer is 'supplied (Smith and'Bradébaﬁ
1972). .

The aim of most planf metal tolerance tests is to explainlthe
results of experiments in'test cultﬁ?e in terms of adaptation to some
identifiable soii factor (Wilkens 1978). Greenhouse experiments may
indicate that heavy metal toxicity is one of the facfors inhibiting
- growth on a toxic site, however,)ﬁutrient shorﬁage or unfavorable
temperaturé and water regimes may: also be involved. .Field.trials
using greenhouse populations of known metal tolerance can assess plant
toleranée of physical and chemical conditions of the ﬁetélliferqus
site. B

A number of.environmental faetprs, other than metal toxibity;

limit plant growth on meta;iferous wastes (Bradshaw et al. 1978L
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Mine populations of metal tolerant plants genérally appear to have a
slower growth rate than non-mine plants (Hﬁmphreys and Bradshaw 1977).
There is evidence to suggest thét low growth rate is an adaptation to
nutrient limitations and other stress factors (Parsons 1968; Grime and
Hunt 1975). Other observations indicate that metal tolerant plants
are more drought resistant tﬁan non-tolerant plants on non-toxic
soils. Possible morphological characteristics such aslcuticle
thickness, leaf size and pupescenée may be of importance (Bradshaw et
al. 1978).

Three methods of vegetative stabilization of metal contaminated
areas are being used, These include procedures based on agricultural
practice‘ahd methods dependent on plants especially selected for
tolerance to toxic materials., A third approach, based on the
amelioration of edaphic ponditions and interpretatiqn of many

ecological parameters at a site, has proven successful (Jeffrey et al.

1974). Both old and modern metal mines produce wastes ‘of principally

two physical types: 6oarse waste rock and‘fine-grained ﬁailings. Each
presents important restrictions to plant growth. The coarse spoils
retain very little water whereas the fine-grained sppils are devoid of
clay sized minerals and organic matter which con;ribute to the water-
retaining properties and cation exchange capacity of normal soils
(Bradshaw et al. 1978). Metalliferous spoils are invariably deficient

in nitrogen and phosphorus (Johhson and Bradshaw 1978). Acidic mine
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spoils are more toxic than calcareous spoil heaps; especially if the
spoils contain high levels of pyrite (Gemmel; 1973)s The success of
the revegetation technique depends on correct appraisal and treatment
of the site factors that 1limit plant growth (Johnson and Bradsha@
1978).

The conditions which restrict plant growth on mining wastes are
evidently complex buf there .are indications that heavy metal toxicity,
soil nuérient status and soil physical factors are all involved
(Gadgil 1969). Revégetation of older4£ailings which contain high
levels of metallic minerals have shown the superiority of using
tolerant plant varieties in the reclamation plan. Modern mine
tailings have lower levels of heavy metals than tailings from earlier
extraction processes. In some cases metal tolerant varieties have no
growth advantage compared to non-tolerant varieties even in the long
term (Bradshaw et al. 1978). However, metal tolerant populations tend
fo translocate fewer amounts of heavy metals into their aeria; parts
than non-tolerant populations. This would be advantageous if thg
reclaimed area was used for grazing (Smith and Bradshaw i972L

The establishmentland maintenance of a vegetative cover on
metalliferous sites is difficult and requires management. Ideally,
maintenance and aftercare costs should quickly reduce to zero, but in
many situations it is unrealistic to expect this to occur (Down 197L4),

Steps must be taken to maintain a high level of organic matter such as
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by periodic additions of domestic refuse or sewage sludge ‘or by
allowing grass cuttings to rot in situ (Gegmell and Goodman 1978).
Maintenance fertilizer treatments are essential to counteract leaching
of nitrogen, complexing of phosphate and the accumulation of nutrients
in undecomposed organic residues (Johnson et al. 1977). Retarded
decomposition of metal tolerant vegetation as compared with that on
uncontaminated sites has been indicated (Williams et al. 1977). 4n
essential characteristic of permanent revegetation of a metalliferous
site is a low levgl of productivity (Johnson et al. 1977).

A logical- and ecologically sound revegetation program using metal
tolerant plant material should be incorporated into the scheme for
reclaiming metalliferous mine sites (Jeffrey et al. 1974). Metal
tolerant vegetation has been extensively studied for use in
revegetating metal contaminated sites in various countries around the
world._ It has great potential for revegetating suchAsites in the

United States.




MATERTALS AND METHODS

Collect] t epri

Plants of Agprostis tenujis and Deschampsia cesgi;osa were
collected from a natural;y revegetated site on a copber tailings dump
near Anaconda, Montana. Three distinct grass bunches, ppesumably
genotypes, for each two plant species wére collected from this sité;
as it has been.found that different genotypes from the same habitat
ﬁay differ in metal tolerance (Gregory and Bradshaw 1965). The grass
genotypes were collected at an interval spacing of approximately 30 m
during the month of February. February was chosen as it was believed
that transportation some 180 km to the greenhouse would be less
detrimental to the plants during their dormant phase, and also because
of convenience. The 6 clones were immediately transplanted to 20 cm
diameter plastic‘pots using a potting mixture of 50% Bozeman Silt.
Loam, (fine, loamy, mixed, Argic Pachic Cryoboroll), and 50% river=~
washed sand. Plants were allowed tq multiply in the greenhouse, to
provide -enough matefial for thé experiment. A period of growth in
normal, non-toxic soil does not diminish heavy metal tolerance if it
is gene controlled (Bradshaw 1952). Othér experimental work has shown
that prolonged cultivation (up to 13 years) on non~toxic soils ledd to
no decline in tolegance of vegetatively propagated material.(Urguhart
1971). During the entire multiplication phase, plants were watereq

with eity tap water to further reduce the chance of spmatic alteration
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of the plants metal tolerance during the greenhbuse phase.

Plant material, uéed as éontrol populations for the experiment,

" was grown from seed obtained from commercial segd suppliers. Agggg&;g
tenuis seed was obtained from the Oregon State Seed Laboratory,

Corvallis Oregon while Deschampsia cespitosa seed came from a

commercial seed source in Montana. Both commercial varieties were

assumed to survive and reproduce successfully under climatic

conditions similar to those of Anaconda, Montapa. The seed was

planted in aluminum greenhouse flaps’using the same potting mixture

lused for the tailings populations. After stands were established,
plants were transplanted to 20 cm diameter plastic pots for the

duration of thé mul;iplication phase; This séed‘material was also

-watered as needed with tap water.

Collectio d sis of Soil Materi

A samplé of the rooting medium was collected from the tailings
dump near the site of plant collection. The method of analysis was
water saturated paste extract (Unitea States Soils Salinity Staff
1969). Rgsults of the tailings analysis are found in Table 1.

Analysis of'the root medium was undertaken to pfbvide'an
indication of metél leﬁels affecting plant g;owth on this‘site‘and to
help select the most probable metals for tolerance testing. Low pH

can affect the availability of micronutrients and may have some
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1

Table 1. Soil analysis' from Anaconda copper mill tailings.

Test Tailings Material
(0-5 cm)

pH | , 3.3

Fe 3.3

Al . 155

Zn 340?

Cu | 3642

Mn 10002

1Metal values in mg/l of water saturated extract.
2Exceeds established suspect levels by DTPA extraction, Montana State
Regulations (Harrington 1977).
influence on extract values (Viets 1962). Levels of'zinc? copper and
manganese in water saturated extracts were high when compared to DIPA
extractable levels established by Montana State Regulations
(Harrington 1977). DTPA extracts the water soluble ions plus some
additional ions thug relative comparisons between the two techniques
is applicablg when water saturated extract values are higher.,

'From the soil analysis, copper and zinc were chosen as‘the metals
which were probably limiting plant establishment most severely. Due
to time constraints and available funds, it w;s not possible to

determine the tolerance'of the plant materiél to aluminum and
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manganese. Aluminum and manganese have some influence on plant growth
in the tailings material. However, witbout further testing, theif

toxiecity is unknown in this study.
er _Testil

1. Experimental fechnique

The.method used for this experiment was an "in parallel®
technique similar torthe‘méthoa described by Jowett .in 1958. and later
revised in 1964: This technique used separate sets of roots to
compare root growth of grass tilleré grown simulataneously in a
control nutrient solution aqd three higher concentrations of the
particﬁlar metél being tes£ed» The control solution was standard
Hoagland and Arnonh;(5938) éoiution wﬁich contained small amounts of
both copper- and .zinc. Jowett's method, utilizing a series of
concéntrapions, allgwed statistical analysis of root growth in varying
levelé of.fhe metal beiqé investigated} Other facets of Jowett's
method were médified to contrbl sohe of thé pbsgible shortcomings of
his techniqué'specifically, lack of édequate root aeratioh and changes
in tesﬁ concentrations,

Tillers from each clonal plant were assumed to be of the same
genotype. Uniform sizéd tillers were separated from the clonal plant
and rinsed with water to remove any foreign material. Roots were

gently removed from the meristematic base of each tiller and the plant
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base immediately submerged in standard Hoagland and Arnon's solution
buffered to pH 5.5 with NaOH. Air was bubbled through the solution to
promote adequate aeration and root initiation. Tillers remained in
this solution for Y4 days and most had produced roots approximately
1 cm in length by this time.

Healthy tillers were selectively chosen from the previous phase
and their longest root measured and recorded. Tillers from each of
the 4 genotypes were transferred to the sand, drip culture apparatus
used to test for metal tolerance (Figure 3). This apparatus was

improvised from a drip culture apparatus described by Gadgil (1969).

Figure 3. Sand, drip culture apparatus used in metal
tolerance measurements,
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The apparatus will be discussed in more detail in the next section.

Tillers were allowed to grow for eleven days. The nutrient solution

" was monitored for changes in pH every two days and renewed on the

fifth day of the éést. Concenﬁrations of copper_and zinc were checked
at the beginning and end of each renewal.

Changes in‘pH varied less than 0.2 pH ﬁnits while copper and zinc
concentrations changga 1ess'than‘10% from their original
concentrations. Solutions could have begn changed mofe frequehbly‘to
maintain more exactilevelé of pH‘and.metals, however, the time, labor
and expense reduired‘to gain éuch accuracy seemed futile for the

precision needed to detect metal tolerance.,

2. Apparatus

As previously stated, the basic idea for the sand drip culture
apparatus was adapted from Gadgil (1969). Her éophisticatéd appara;ﬁé
enclosed each tiiler in a glass T=-piece and trickled the culture
solution down thé suspended roots. 'Thé‘much iess expensive apparatus
used in.this.research utilized polyethylene_tubes‘as the basic gréwth
units., These‘tubes had a diame'@:er 6f‘h 2.5 em and a length of 15.6 cim.
Volume of each tube was 65.6 em3. The apparatus supported 64 tubes,
or cells, which were separated equally into 4 treatments of 16 cells.

A specially designéd tray containing two treatménts is illustrated in

Figure 4., Each test concentration of metal, or treatment, had its own
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reservior from which the nutrient solution could flow by gravity to
each individual cell; The flow to each cell was controlled by a
screw-clamp and adjusted to a steady drip rate. Receiver bins, placed
under each treatment, collected the nutrient solution and allowed it

to be recycled.

Figure Y4, Apparatus tray containing two treatments and
individual cells.

3. Aeration
Root aeration has been a problem in past metal tolerance

techniques (Wilkens 1957; Jowett 1958). Wilkens, in 1957, felt that
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lack of aeratien die not seriously interfere with foot growth in
Festuca ovina (Wilkens 1978). Most versions of tolerance testing
techniques have placed the experimental plants in long glass tubes
which were submerged in their speeific test concentrations. Two
problems have resulted using this technlque. In eddition te poor
aeration, the test eoncentratlons of toxic metal 1n the 3 mls of
solution within the tube might be lowered because of plant root uptake
or absorption (Wilkens 1978). The drip culture techniques de51gned by
Gadgil were dev1sed to overcome these two problems. The roots in the

drip culture are ensured of adequate aeration and a fairly uniform

- concentration of toxic metal, since large volumes of solution can be

used (Gadgil 1969). Gadgil's technique was modified as it was found'
through trial investigations that plant roots suspended in air were
susceptible to desiccation in the larger growth tubes used for this
experiment. The modification, which proved successful, consisted of
placing the plant roots in acid-washed coarse sand. Course sand
allowed adequate root aeration by remaining unsaturated during the
testing phase. Hewitt (1966) found that cultures supplied with
continuously renewed solution might require coarser sand than those
given solutlon intermittently., Sand with a gradlng of 80-90% between
1.0 and 0.5 mm was satisfactory for a wide range of crop plants given
nutrienf solution intermitténtly (Hewitt 1966).1 The sand

fractionation .data found in Table 2 points out that the sand for these
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cultures was considerably more coarse than what Hewitt prescribed'for'
intermittent supplied cultures. Nutrient solution presumably flowed

throuéh this sand at a rate which precluded the establishment of

concentration gradients.

Table 2. Mechanical analysis of sand.

- Size (mm) Y4 Fract?on',
22,00 LA : 1
1.00-2.00 54
0.50-1.00 42
0.25-0.50 2
<0.25 1§

4, Sand Preparation

Root medium was 99.7% SiO2 river washed sahd° Preparation
entailed three basic processes. The sand was firsf soaked in 1.0
Normal nitric acid for twenty-four hours. The second step involved
rinsing the sand with distilied water until the percolating effluent
was similar in pH to the distilled water., Finally, the sand was
saturated iﬁ nutrient solution at pH 5.5 until the pH of the effluent
soiution remained at that lével. Séﬁd negdeq for’each‘test

concentration was treated separately by immersing the sand in nutrient




26
solution plus the concentration of metal involved. Thig procedure was

adopted from Hewitt (1966).

5. Nutrieﬁt Soluéion and Test Concentratiéns

Four concentrations of copper and zinc were used to derive the
metal tolerance for each plant species. The lowest conceﬁtration for
copper tolerahﬁe testing was ‘the concentfation‘used by Hoagland and
Arnon (1938) in their nutrient solution (Table é). The lowest
concentration for zinc measurements was 10 mg/l. Hoagland and Arnon's
nutrient solution, often known as just Hoagland's solution, is a
balanced solution incorborating four basic macronutrients, five
micronutrients and iron.

There was some evidence of interactions between the toxic ion and

other macro and micronutrients in the culture solution. Such

interactions do not inevitably interfere with tolerance measurements,
provided suitable concentrations are selected (Wilkins 1978).
Realizing that interactionsqwere occurring necessitated analysis with
the atomic absorppion-spectrophotometer fdr'actuallmetal

concentrations.

Concentrated stock solutions were prepared from reagent grade’

chemicals and used to mix large volumes of solution., Sixteen liters

of,eacﬁ metal concentra@ién'were prepared for each treatment of the

experiment. Copper and zinc concentrations for each treatment are -
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Table 3. Composition of Hoagland and Arnon nutrient solution (1938).

Nutrient g/l mg/1
KNO3 0.612

Ca(NO3)2 1.312

MgSO), 0.49

H3B03 2.86

MnC124H20 1.81

CuSOu5H20 0.08

ZnSOu7H20 0.22

FeSOu 0.5%

} 0.6 ml/1 3 x weekly
Tartaric acid 0.4%

shown in Table 4, It should be noted that actual metal concentrations
for copper tolerance determinations were usually considerably less
than the labelled level assigned to each treatment. This reduction
was attributed to precipitation of the metal when the pH of the
solution was raised to 5.5 (approximately 20 ml concentrated

NaOH/161). Nutrient solution was not buffered for zinc tolerance
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Table 4. Copper and zinc concentrations used for. tolerance

measurements.
Concentng&igg_imgﬁ;)
Metal . - 'Labelled . , Actual
' S  Agrostis - Deschampsia
0.02 0.0L4 0.02
. 0.5 0.28 0.38
Copper . 2.0 1.61 1.76
4.0 3.01 3.42
10.0 9.3 9.3
50-0 N 51‘00 51'0
Zinc 100.0 -+ 95.8 95.8
300.0 286.0 286.0

determinations.as it was found to drastically affect fhe higher zinc
levels. The pH of nutrient solutions used in the zinc measurements
was 4.3:; Q.i.

The choice of heavy metal coﬁcentrations used to'aséess metal
tolerance:in piants‘was ecritical (Wiikens 1978). . Ideally, a éingle
‘concentration may be sufflcient 1f it was properly detected. This
level should. sufficlently stunt root growth of the non-tolerant
species while only sllghtly‘restrlctlng grqwth of tolerant plant
roots, This conéentration may not exist for every metal and every
species (Wilkens“19"(8)° An alternate approach was to use a series of
concentrations from which metal tolerance could be extrapolated. Ihis

latter method was chosen because these data can be analyzed
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statisticall& in many ﬁays. In'order to obtain a good relationship

betweén root growth and metal coneentration,'the range of
concentrations must’be subjectively chosen (Wilkens 1978). This
involved trial experiments for each species with varying metal
coneentratiqné to find lgvels both above and‘below the iéeal level

that Wilkens described. If levels of metals are‘properly chosen, a

response curve can be graphed for each plant species and metal.

1

ical sis
The purpose of this research was to provide a test of metal
tolerance for each plant species for each metal tested. The method of
analysis chosen utilized relative rooq.growth, ratﬁer‘than petal
tolerance‘indiéés; éobrglgtion of plant metalitolgraﬁce with'soil
metal levels was not.a facet of this experiment because no other site
witﬁ vegetation was involved. Relative root_growth comparisohs
provide a sensitive test of tolerance (Wilkens 1978), thus satisfying
thé objectives of this experiment.
A vafiation of the split-plot design was usedhfor this experiment

because of difficulty in handling treatment combinations with the

experimental apparatus and because of its 'merit of increased precision

in estimating subplot effects and interactions (Little and Hills
1978)., The main effects for Metal or Grass were of little edncern,

but a significant Metal x Grass interaction was of interest.. This
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interaction, if significant, would'iﬁdicate that the grass genotypes
were reacting differently to the addition of the toxic metal, apd thus
that they differ in tolerance. |

Respohse cu%#es depicting‘thelrégpession of root growfh
associated.w;th inereased mefal éohcentra£ion were generated for each'
section of this experimént. Each plant/ﬁefal relationship was
composed of one curve for the‘tailingg population and one for the
commercial seed population. Thé response curve for the tailings
population'was forméd from the mean of the fhree tailings population
genotypes. Egch gehdtype was replicated four times at each méta}
concentration. The statistical rational was that even though the
tailings genotypes have varying deg;ees of tolerance, the iﬁforﬁation
wpﬁld be more represeqtative.of the entire population. This grouping
of the tailings population was chgcked in the analysis of variance,té
ensure accuracy apd_to verify differences in the data.

The fespénse curve for the commércial seed population waé formed
using data from only one seed source. . It was calcuiated\from the méan

~of" four clones for each. of the four: metal concentrations,




RESULTS AND DISCUSSION

oleranc e

Marked copper tolerance was found in Deschampsia cespitosa from
Anaconda copper mill tailings in confrast to the copper to}eranee of
the commercial population used as a control. The relationship betwgen
root growth and copper concentrations of the two populations is
plotted in‘FigureyS. Vertical lines refer to standard deviations
around each mean., A -statistical sﬁmmary'of relative root growth in
response to four 1eve1; of copéer is presented in Table 5,

Significant differences were found in the subplot interaction
Copper x Grass and the subplot comparison of Grass genotypes. To
pinpoint the source of variation within the Grass comparison, the sum
of squares for this cémparison was partitiéned into sum of squares due
to the tailings population and suh of squares due to the cbmmercial
population. The F-tests for this comparison indicates that most of
the variation between grass genotypes was due to the difference
between the mill population and the commercial population.

Significant differencés were also found for the Copper x Grass
interaction., This sourée of variation indicated that the grasses had
variablé_responses,at different levels of copper. 'The partitioning of
the sum of squares for the Copper x Grass interaction inte variation

due the mill population and commercial population, (Table 5), -

indicated that the dominant source of variation was due to differences
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Figure 5. Root growth of mill tailings and commercial seed populations
of Deschampsia cespitosa in response to 4 levels of copper.
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in tolerance of the two populations.' The three tailings genotypes
were statistically similar in their response to copper. Normally,

different,genotypesAfrom the same habitat differ in performaﬁce° This

difference did not occur for these genotypes when testing the effect»

of copper concentration on length of root growth. Figure 5

"illustrates that the copper tailings population sustained a higher

rate of root growth when compared to the commercial population over
the range of copper concentrations used for this assessment. The
copper tailings population was more tolerant to copper than the

commercial population.

Problems were encountered when standard regression techniques

were applied to the relationship between root growth in the tailings
population and copper. Calculations for the coefficient of
determination (r2) indicated a very §oor linear regression. Other
curves were applied to the data, resulting in either very poor fits or
S0 complex to be artificial ah& devoid of physical and biological
meaning. A second analysis of variance table was calculated to
facilitate the understanding of the graphical representation (Table
6). The propértion of the total treatment sum of squares accounted
for by linear regression was determined. Tests of sighificange
verified that a linear regression of root growth was not occurring for
the'tailings populaﬁioh in ips response to copper at the levels used

in th%s experiment. Because the outer region of the response curve
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was reasonably flat gnd that standard deviations could account for -
much of the fluctuations, a linear line was bélieved to best represent
the relationship. A horizontal line was plotted for the mean of all
points, howeier, it can be assumed that at some higher copper

concentration the tolerant populations would have reduced root growth.

r Toleranc
Agrostis tenuis from the tailings population was more tolerant to
elevated levels of copper than the commercial seed population of .the
same species, The linear and curvilinear respbnse curves for these
populations and their standard deviations are presented in Figufe 6.
The analyéis of variance may be found in Table 7.
Significant differences were found for all main separations of

this test, these being the Copper, Grass, and Copper x Grass

comparisons. Interest was focussed on the Grass and Copper x Grass

comparisons as these indicate different responses between genotypes
and genotypic relationships with copper. Both comparisons were
partitioned into the sum of squares due to differences associated with
the two populations.

Significant differenges were found in both partitions of the
Grass comparigon, however, it was observed that the Tailings vs.
Commercial partitipn accounted for most of the vania‘tio’n° . This

indicated that the two populations did behave quite difﬂerently in the
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Figure 6. Root growth of mill tailings and commercial seed populations

of Agrostis tepuis in response to 4 levels of copper.
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experimen£, The significant residual partition for the Grass
comparison indicated there were genotypic differences between the
tailings plants, however, they were not on the same scale as the
differences between the two populations..
The Copper x. Grass ihteraction w;s also found to be significant,
thus indicatiﬁg a difference in copper tolerance between the four

Deschampsia cespitosa genotypes used in this assessment. Variation

due to differences between the two populations accounted for the

calculated significance of this comparison. The tailings population-

was found to tolerate higher concentrations of copper than  the

commercial population and, thus, was recognized as having conditional

copper tolerance. Its known occurrence on copper mill tailings can be

partially explained by this tolerance,
The non-~significant residual term for this Copper x Grass
interaction can be interpreted as meaning the three tailings genotypes

weéere responding similarly to additions of coppér, For this

experiment, using these copper concentrations, it may be assumed that

one response curve for each population would adequately depict root
growth on copper relationships.

The response curves in Figure 6 illustrate the relationships for
these two populations. The relationship for the tail;ngs population
was.best described by a straight line. Standard deviations were quite

large a8 is often encountere¢ when working with Biological data,
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however, the means of twelve tillers,; used for this response curve,
were found to be weil represented by linear regression with a
coefficient of determihétion (r2) vélue of 0.99. The commercial

pqpulation%sresbonSe to copper was best represented by an exponential

curve. This regression; had a coefficient of determination (r2) of

' 0.96.

(o) e s spito

The tailings population of Léggnamg§ig cespitesa was found to be
significantly mofe tolerant to zinc than the commercial population
used as the control. The regressional response'curves‘are presented

in Figure 7. The analysis of variance table may be found in Table 8.

Genotypic difference were found in this test and were found to be

associated with differences between the tailings and‘commercial
populatigns.‘ The major concern was focussed on the Zinc x Grass
interaction. This interaction was found to be non-éignificant,
however, upon pgrtitioning the sum of squares into sum of squares due
to differences between populations and the remainéer, it was found

there were significant differences. Root grbwths for the two

populations were reacting significantly different in their.response to.

zine. .The tailings population was significantly more tolerant to zinc
than the commercial population over the range of zinc concentrations

used in this test. The Residual term was not significant, thus the
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Figure 7. Root growth of mill tailings and commercial seed populations
of Deschampsia cespitosa in reponse to 4 levels of zinc.
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three’tailings genotypes could be assumed to be responding to zinc

similaply.

| The response curves in Figure 7 for the tailings and commercial
populations poésess coefficients of .determinations (ra) values of 0.94
and 0.97 respectivgly: Statistieally,_these curves gave a good
indication of how root growth was influenced by zinc. -However, upon
close examination, one or more points appear to deviate some distance
from the regression line. Realizing that one equation may be unable
to aeeurafely describe a comblex relaéibnshipllike metal ﬁolgrance,
complications will bé discussed. |

One complication to this relationship is the fact that low
concentrations of potentially toxic substances may cause an increase
rather than a decrease in root growth (Allen and Sheppard 1971). The
means and standard deviations for the 51 mg/l zinc concentrations in
Figuré; 7 and 8 show ¢this phenoménon.had occurred., Multiple
concentrations can be used to adjust for this stimulative effect; by
eoncentrafiquéttention on the other parts of the response curve.
These stimulgted regions of -root growth were not adjusted for in fhis
experimént; hokevef, because they did not appear‘to subStantial;y
alteruihe graphie‘mean;ng of the relationship. |

Another complication found in solﬁtiqn culture experiments is the
ocecurrance of less precise demarcations of the parameter being

measured. - For this experiment, the'cqmplete nutrient soiution,
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supplied continuously, allowed grass tillers to tolerate the toxic
effects of the ions. The cessation of root cellular elongation is the
uléimate consequence of heavy metal toxicit&, In natural situations?
the failure to produce adequatg root biomass would cause mortality by
drought. In solution cultures mortality is postponed, with graphicai

results of the toxicity represented as an exponential curve.

Zinc tolerance in the two populatibns of Agrostis tenuis was not
conclusive. The populations were statistically similar in their
response to zinc. Response curves for both populations are presehted
in Figure 8 while the analysis of Qarianee table may be found in
Table 9. '

The statistical summary presented in Table 9 contains some
interesting determinations. Significant differences were found for
the Zinc'x Grass interaction, which indicates there were differences
in.zinc tolerance within the four genotypes measuréd° When the
genotypes were grouped by populations, significant differences were
not encountered. The three tailings genotypes, when averaged, were
statistically similar to the commercial population.

Agrostis genotypes from the tailings population differed
significantly in their toleﬁance'to zinc. Each tai;ings-gendtype

could have .been compared separately to the commercial population and
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Figure 8. Root growth of mill tailings and commercial seed populations
of Agrostis tepuis in response to 4 levels of zinc.
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to thg other genotypes of the same populatibno Results of‘this
analysis would have merit if they were relevant to answering the
objectives of this éxperiment. They are not. Genotypes of the
tailing; population were used to gather information on a range of
metal tolerance possibly:encountered within the population. They were
treated as samples aﬁd their infrinsic value is bound to the
population, not to each sample. ‘

One response curve for each population is shown 16 Figure 8. - The
stimulative effect of low concentratigns of an essential element like
zine ;s again.prevalaﬁtAat the 51 mg/l level. This stimulus may
itself be related to tolerance. Tolerant plants which in some way
exclude toxic but essential elementé from the cytoplasm'at high
concentrations; may qonversely take up the element with difficulty at
low concentrations (wilkins 1978). At low concentrations the non-
tolerant plants may have a growth advantagg which could partially

explain how competitive forces may be excluding tolerant plants from

normal soil.

Metal tolerances may erlve as.a response to genetic selection
- caused by the inhibitory effect of elevated metal levels in the soil.

A theory states that (a).evolution of ‘tolerance to.one metal does not

confer tolerance to other metals and (b) multiple.metal toleranéeé”
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only evolve in response to the appropriate combinations of metals in
the soil (Jowett 1958; Antonoviés et al. 1971). This theory has been
questioned but generally is stiil reliable. Examples.of tolerance to

more than one metal has been reported for Agrostis sp. (Jowett 1958),

Festuca ovina (Wilkins 1960), Anhhgasizl_tamx_m odoratum (Antonovics 1966;

Bradshaw et al. 1965), and Deschampsia cespitosa (Cox and Hutchinson
19805. In most cases, multiple metal tolerance has Been well
correlated with high soil levels of the metals from which tolerance
was assessed. An exception was reported in an Agrostis tenuis
population which was zinc tolerant but also nickel tolerant, despite

the lack of nickel in its soil of origin (Gregory and Bradshaw 1965).

Comparison of results from metal tolerance experiments using poot‘

growth measurements are risky. Although a sfandardized technique was
used, other physiological and climatic variables were allowed to
fluctuate. By d;sign, this techni&ue required no contrSl over
bphotoperiod and only moderate control of temperature. It was noted

that greenhouse temperatures often fluctuated 20° C.

Parallel controls used in this experiment are less affected by

'changes in conditioﬁs than sequential controls. Values obtained in
this way should be reproducible in successive experiments and should
have value in comparisons between metal tolerances of the same'plant

species (Wilkins 1978). For comparisons of metal tolerances of

different species, tolerance indices or rétios must be calculated for
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each population. Ratios were not determined for this experiment,
since response curves would produce more valuable information for
évaluating me£a1 tolerance. Comparisons from the data were restricted
to tolerance of copber and zinc for the saﬁe plént species,

Results of tolerénce testing in Deschampsia cgespitosa appear to
indicate multiple“metal tolerance. In separate experiments using
these metals, the tailings populations produced significantly more
root growth than the commercial population used as the control,
Statistical analysis confirmed a significantly higher tolerance to
copper and zinc¢ for the tailings population of Deschampsia gg§gigmgy .

Resultsrfor_Agngg;;g_gggg;g tested for tolerance to copper anq'
zinc did nﬁt confirm mul;iélgfmetal tolerance; Tailings populgtions
were significantly more tolerant to cépper than the commercial
ecotype. Evidence of increased tolerance to zine was noé eénclusive.
Without significant analysis, some tolerance to zinc can be assumed
secause Agrostis tenuis is growing on a metalliferous site containing
appreciable levels of available zinec. Evidepce which helped to
support this assumption suggested that copper tolerance in a
population of Agmmm may confer some ability to survive on

high zinc soils.(Walley et al. 1974).




SUMMARY AND CONCLUSIONS

Many derelict metalliferous mine sites in the United States are
presently‘devoid of a protective vegetational cover and are potential
sources oé environmental pollution. Stabilization of mine wastes
which contain high levels of metals is needed ‘to control adverse
'effects on terrestrial and aquétic ecosystems and improve their visual
appearance. The obtimum solution to these problems~is vegetative
stabiiization involving naturally occurring metal toierant species.
Metal tolerant vegetation has been reported to be more adapted to
metal toxicities, macronutrient deficiencies and unfavorable soil

physical properties.

Greenhouse eiperiments have indicated that naturally occufringv

populations of Deschampsia c¢espitosa and Agngg&;g tenuis from ‘mill
tailings possess metal toierance. The Deschampsia cespitosa
population was found to be tolerant to copper and zinc while Agrostis
tenuis possessed only copper tolerance. Commercial populations of
each species were used in this assessment as controls.

An "in parallel" measurement technique utilizing separate tillers
in four metal concentrations was used for toleraﬁce testing. 'Muitiple
concentrations allowed the calculatioﬁ of regression of root growth on
test concentrations. Confirmation of metal tolerance w#s made by
statistical analys;s. The apparatus used for testing was adapted from

one described by Gadgil (1969); This drip culture apparatus was
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modified by placing tillers in coarse acid-washed sand to.provide a
more humid environment for root growth,

The need for metal tolerant piant material for use in reclaiming

metalliferous sites has been made known. The grass species found

growing on éopper mill tailings at Anaconda, Mont;na have shown
tolerance to elevateé levels of copper énd ziné. An analysis of
tailings revealed high plant available levels of copper and zinc thus
the mill tailings populations must be tolerating the meéals in tﬁe
tailings.’

This technique is an economical and applicable method for
measuring hea#y metal tolerance in plants. Confirmed tolerance is the
primary step in facilitating a comprehensive reclamation program for
metalliferous areas. Further investigations, preferably in the field,
are needed to substantiate the results from thé greenhouse and to
select the more promising species for seed bropagétion and large scale

trials.
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Table 5. Analysis of variance of Deschampsia cespjitosa root growth

at four levels of copper.

Source of Variation df SS MS
Copper (Cu) 3 106.57 35.52%
Grass 3 308.88 102.94%

Tailings vs. Commercial 1 295.57 295.57%
Residual 2 13.31 6.65
Copper x Grass 9 246 .86 27.43¢%

Cu x (Tailings vs. Commercial) 3 228.20 76.06%

Residual 6 18.66 3.11
Error 48 163.71 3.41
Total 63 825.96

Table 6. Analysis of variance for the tailings population of

Deschampsia cespitosa root growth at four levels of copper.

Source of Variation df SS MS
C Copper (Cu) 3 10.62 3.54
linear 1 2.11 2.11
residual 2 8.51 4,26
G Grass 2 13.31 6.65
CxG Copper x Grass 6 18.70 3.12
Within 12 samples
per mean 36 107.04 2.97
Total 47 149.67 3.18




49

Table 7. Analysis of variance of Agrostis tenuis root growth at four

levels of copper.

Source of Variation df SS MS
Copper (Cu) 3 181.68 60.56%
Grass 3 1131.27 377.09%

Tailings vs. Commercial 1 1002.84 1002.84%

Residual 2 128.43 64.22%
Copper x Grass 9 181.73 20.19%

Cu x (Tailings vs. Commercial) 3 130.23 43.41%

Residual 6 51.50 8.58
Error 48 422.83 8.81
Total 63 1726 .24

Table 8. Analysis of variance of Deschampsia cespitosg root growth

at four levels of zinc.

Source of Variation df SS MS
Zinc (Zn) 3 665.86 221.95%
Grass 3 59.20 19.73%

Tailings vs. Commercial 1 49.00 49.00%

Residual 2 10.20 5.10
Zinc x Grass 9 62.34 6.93

Zn x (Tailings vs. Commercial) 3 34.42 11.47%

Residual 6 27.92 4,65
Error 48 189.83 3.95
Total 63 977.23
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Table 9. Analysis of variance of Agrostis tenuis root growth at four

levels of zing.

Source of Variation df SS MS
Zinc (Zn) 3 861.43 287.14%
Grass 3 30.88 10.29%

Tailings vs. Commercial 1 19.50 19.50%

Residual 2 11.37 5.68%
Zinc x Grass 9 65.72 T.30%

Zn x (Tailings vs. Commercial) 3 4.90 1.63

Residual 6 60.82 10.14
Error 48 46.33 0.96
Total 63 1004,36
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