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A b s t r a c t 

High concentrations of heavy metals are a cause of 

s t r e s s i n p l a n t s , many of which respond by accumulating 

high l e v e l s of the amino a c i d p r o l i n e . T o l e r a n t and 

i n t o l e r a n t p l a n t s may vary i n t h e i r response, and t h i s 

may be r e f l e c t e d i n the p a l a t a b i l i t y of t h e i r l e a v e s to 

h e r b i v o r e s . Plantago lanceolata p l a n t s were c o l l e c t e d 

from four s i t e s showing a range of lead p o l l u t i o n , and 

were t e s t e d for t o l e r a n c e to lead. P l a n t s from one 

p o l l u t e d and one unpolluted s i t e were grown i n s o i l s 

with and without lead for four weeks, and t h e i r l e a v e s 

were o f f e r e d to Helix aspersa i n p a l a t a b i l i t y t e s t s . 

The p r o l i n e concentration i n these p l a n t s l e a v e s was 

determined, and some morphological f e a t u r e s were 

examined. 

P l a n t s from each s i t e v a r i e d i n lead t o l e r a n c e , and 

t h i s c h a r a c t e r i s t i c showed no c l e a r r e l a t i o n s h i p to the 

lead concentration of t h e i r s i t e of o r i g i n . T h i s was 

considered_to_be_the r e s u l t of gene flow between p l a n t s 

on s m a l l areas of p o l l u t e d and unpolluted ground. 

A p o s s i b l e l i n k between in c r e a s e d p a l a t a b i l i t y and high 

p r o l i n e concentration was e s t a b l i s h e d . High p r o l i n e 

c o n c e n t r a t i o n was r e l a t e d to r e c e n t t r a n s p l a n t a t i o n 

more s t r o n g l y than to lead concentration i n the s o i l 

used. 
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I n t r o d u c t i o n 

Lead has been mined i n the Northern Dales s i n c e Roman 

times. Mining ceased a t the end of the ni n t e e n t h century 

but i t has l e f t a legacy of patchy heavy metal 

contamination, ranging from the b a r e l y d e t e c t a b l e bale 

h i l l s of the e a r l i e s t smelters (Barker 1978) to 

unvegetated s p o i l heaps r e c e n t l y reworked f o r b a r y t e s . 

Lead i s the main contaminant, although z i n c i s sometimes 

a s s o c i a t e d with i t , and i n p l a c e s barytes (J.L.Barker, 

p e r s . comm.). 

There are many undisturbed s p o i l heaps, and the s e are 

u s u a l l y s p a r s e l y vegetated, with a s u b s t r a t e of f i n e 

g r a v e l s , loose broken rocks and stones, and a t h i n l a y e r 

of t o p s o i l i n p l a c e s (Drewitt 1991). They remain 

r e l a t i v e l y unvegetated f o r a number of reasons, the most 

important being a high concentration of le a d i n the s o i l , 

and a s c a r c i t y of e s s e n t i a l n u t r i e n t s . They support a 

c h a r a c t e r i s t i c p l a n t community, c o n s i s t i n g of s p e c i e s " 

which can t o l e r a t e the high concentrations of heavy 

metals. Some s p e c i e s such as Minuartia verna, Thlaspi 

alpestre and Botrychium lunaria are, i n the d a l e s , found 

only on contaminated ground. Others such as Bellis 

perennis, Plantago lanceolata, Rumex acetosella and 

s e v e r a l g r a s s e s occur i n p l a n t communities on both 

contaminated and uncontaminated s o i l ( Drewitt 1991). 

Baker (1987) c l a s s i f i e s p l a n t s with the former 

d i s t r i b u t i o n as metallophytes, and those w i t h the l a t t e r 

as pseudometal lophytes. He suggests t h a t some of the 
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l a t t e r may be a c c i d e n t a l s , t h a t i s , r u d e r a l s which appear 

s p o r a d i c a l l y on s p o i l heaps, where they grow with reduced 

vigour. P l a n t s on s p o i l heaps must t o l e r a t e not only high 

lead concentrations, but a l s o s o i l with a low n u t r i e n t 

content, poor water holding c a p a c i t y , and a tendency to 

erode (Drewitt 1991) . The lead c o n c e n t r a t i o n may vary 

c o n s i d e r a b l y over quite short d i s t a n c e s (Cooke and Morrey 

1981). 

Lead i s present i n s o i l i n s e v e r a l forms, of which water 

s o l u b l e c a t i o n s i n the s o i l s o l u t i o n a r e the immediate 

source of lead f o r p l a n t r o o t s . I t may a l s o be e i t h e r 

bound to or adsorbed onto the s u r f a c e of c o l l o i d s i n the 

humus or c l a y components of the s o i l , and these forms 

are p a r t l y i n e q u i l i b r i u m with the c a t i o n s i n the s o i l 

s o l u t i o n . I t i s a l s o found as p r e c i p i t a t e d forms such as 

lead sulphide or carbonate, which are not a v a i l a b l e to 

p l a n t s (Davies 1990, Alloway 1990). 

P l a n t s are more a f f e c t e d by the c o n c e n t r a t i o n of 

a v a i l a b l e lead than by t h a t of t o t a l l e a d . T o t a l lead 

concentration may be measured by e x t r a c t i o n with powerful 

s o l v e n t s such as concentrated n i t r i c a c i d . The 

concentration a v a i l a b l e to p l a n t s i s l e s s e a s i l y 

measured. Various s o l v e n t s such as ammonium n i t r a t e , 

a c e t i c a c i d and EDTA w i l l e x t r a c t v a r y i n g f r a c t i o n s (Ure 

1990). These s o l v e n t s have been developed i n a g r i c u l t u r a l 

a d v i s o r y work, and there i s l i t t l e b a s i s f o r supposing 

t h a t any of them a c c u r a t e l y e x t r a c t a v a i l a b l e l e a d , or 

w i l l provide data a p p l i c a b l e to a l l p l a n t s (Davies e t al 
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1987). I f the concentration e x t r a c t e d from d i f f e r e n t 

s o i l s i s p o s i t i v e l y c o r r e l a t e d with the c o n c e n t r a t i o n 

found i n p l a n t s growing on those s o i l s , then the s o l v e n t 

used i s probably e x t r a c t i n g the a v a i l a b l e lead (Hughes e t 

al 1980). I n v e s t i g a t i o n with d i f f e r e n t s o l v e n t s has shown 

t h a t f o r lead, most strong e x t r a c t a n t s such as n i t r i c 

a c i d , EDTA and a c e t i c a c i d can be used to p r e d i c t l e a f 

concentration, and thus probably the c o n c e n t r a t i o n 

a v a i l a b l e to the p l a n t (Davies e t al 1987). 

Some taxa are found on lead contaminated s o i l , and some 

are not. The c l a s s i c a l view has been t h a t t o l e r a n c e of 

lead i s g e n e t i c a l l y determined, and t h a t i n some s p e c i e s 

non-tolerant populations contain a few t o l e r a n t 

i n d i v i d u a l s , which are capable of c o l o n i s i n g s p o i l heaps, 

thus b u i l d i n g up a t o l e r a n t population (Baker 1987). 

There appear to be some examples of phenotypic t o l e r a n c e . 

McNaughton e t al (1974) found t h a t Typha latifolia from 

a s i t e near a z i n c ~smelter, and from an uncontaminated 

c o n t r o l s i t e , showed a s i m i l a r degree of t o l e r a n c e . 

Growth was i n h i b i t e d i n both on the contaminated s o i l , 

but l e s s than would be expected. I t seems t h a t s p e c i e s 

can d i f f e r widely i n t h e i r threshhold t o l e r a n c e . Baker 

et al (1986) observed l o s s of t o l e r a n c e i n Holcus lanatus 

when t o l e r a n t clones were grown i n unpolluted s o i l . They 

suggested t h a t phenotypic adjustments may allow p l a n t s to 

s u r v i v e i n h a b i t a t s to which they are not w e l l adapted, 

and t h a t , given time i n t h i s way, random mutation may 

produce genotypes which are w e l l adapted.Thus phenotypic 
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adaptation enables the p l a n t to be i n the r i g h t p l a c e 

f o r n a t u r a l s e l e c t i o n to work on the genotypes i f they 

appear. T h i s i s known as the Baldwin e f f e c t (Simpson 

1953) . 

However, most t o l e r a n c e appears to be g e n e t i c a l l y 

determined. Crosses between t o l e r a n t and i n t o l e r a n t 

p l a n t s i n a range of grass s p e c i e s produced a range of 

phenotypes i n the F2 generation, suggesting t h a t s e v e r a l 

genes are involved ( G a r t s i d e and McNeilly 1974). There i s 

u s u a l l y a p o s i t i v e c o r r e l a t i o n between the amount of lead 

i n the s o i l and the degree of t o l e r a n c e t o the metal 

shown by p l a n t s growing on the s o i l (Baker 1987) . 

I n order to measure t o l e r a n c e , p l a n t s a r e grown i n 

n u t r i e n t s o l u t i o n or i n s o i l , and some parameter of 

growth i s measured with and without lead i n the growth 

medium. I n c r e a s e i n e i t h e r biomass or root length are 

often used. Root growth i n p a r t i c u l a r i s very s e n s i t i v e 

to the presence of lead. The measurements may be done 

s e q u e n t i a l l y , measuring the same "plants" with and without: 

lead, or simultaneously, using two s e t s of p l a n t s 

(W i l k i n s 1978, P o l l a r d 1980). 

The s p e c i e s which do not evolve heavy metal t o l e r a n t 

populations appear to be those with l e s s o v e r a l l 

g e n e t i c v a r i a b i l i t y . The s p e c i e s chosen f o r t h i s study, 

Plantago lanceolata, has been shown to be of high g e n e t i c 

v a r i a b i l i t y i n such c h a r a c t e r i s t i c s as r e p r o d u c t i v e 

e f f o r t (Primark and Antonovics 1982), response to 

d i f f e r e n t regimes of carbon dioxide c o n c e n t r a t i o n and 

temperature (Wulf and Alexander 1985), and gene flow 
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d i s t a n c e (Tonsor 1990). Given t h i s v a r i a b i l i t y , i t i s not 

s u r p r i s i n g t h a t P .lanceolata has evolved l e a d t o l e r a n t 

ecotypes i n both the S.E of U.S. A ( P o l l a r d 1980) and i n 

England (Wu and Antonovics 1976). P. lanceolata i s s e l f -

incompatible, and the r e s u l t i n g out-breeding produces 

p h e n o t y p i c a l l y d i v e r s e populations (Ross 1973). Gene flow 

per generation (pollen and seed mediated) has been 

measured by Tonsor (1989) a t between 0.8m and 1.5m. He 

suggests t h a t these small d i s t a n c e s mean t h a t i n d i v i d u a l s 

separated by more than a few metres are not l i k e l y to be 

p a r t of the same "genetic neighbourhood 1". T h i s suggests 

t h a t t o l e r a n c e could evolve on q u i t e s m a l l a r e a s of 

p o l l u t e d s o i l , but i t must be remembered t h a t many of the 

p o l l u t e d areas i n the d a l e s are s m a l l enough to be 

s i m i l a r i n s i z e to P.lanceolata*s "gen e t i c 

neighbourhood", so t h a t gene flow a c r o s s boundaries w i l l 

i n f l u e n c e t h i s process. 

The p h y s i o l o g i c a l basis" f o r metal t o l e r a n c e TrT p l a n t s 

appears to be a s u i t e of adaptations f o r d e a l i n g with the 

metal when i t has been absorbed. Avoidance of the metal, 

by excluding i t from the p l a n t , seems to p l a y only a 

minor r o l e , as the high metal content of t o l e r a n t p l a n t s 

from p o l l u t e d areas shows ( E r n s t 1975). Lead e n t e r s the 

apoplast of the root system p a s s i v e l y i n the s o i l 

s o l u t i o n , and must enter the symplast i f i t i s to c r o s s 

the endodermis. I n some p l a n t s the endodermis forms a 

p a r t i a l b a r r i e r , and lead accumulates i n the root cortex 

(Hughes e t al 1980), but i n many p l a n t s lead a l s o ascends 
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to the a e r i a l p a r t s of the p l a n t i n the xylem sap. On a 

c e l l u l a r l e v e l , lead may be accumulated i n some c e l l 

compartments, p r i n c i p a l l y the vacuoles, thus maintaining 

others such as mitochondria a t a low c o n c e n t r a t i o n . 

Changes i n membrane permeab i l i t y and the production of 

lead c h e l a t i n g compounds enable t h i s (Baker 1987). There 

may a l s o be changes i n the s t r u c t u r e of some enzymes 

which enable them to function i n higher c o n c e n t r a t i o n s of 

lead, as these changes are found i n t o l e r a n c e to other 

metals ( E r n s t 1975). 

T o l e r a n t Agrostis capillaris p l a n t s grow l e s s w e l l i n 

unpolluted s o i l than i n t o l e r a n t p l a n t s of the same 

s p e c i e s (Wilson 1988), providing evidence t h a t t h e r e i s a 

" c o s t " of t o l e r a n c e , and t h a t high lead c o n c e n t r a t i o n s 

may s t r e s s even t o l e r a n t p l a n t s . 

P r o l i n e i s an amino a c i d which i s f r e q u e n t l y found i n 

high concentrations i n s t r e s s e d p l a n t s . Water s t r e s s 

almost i n v a r i a b l y r e s u l t s i n an i n c r e a s e i n p r o l i n e 

c o n c e n t r a t i o n . I t ' i s p o s s i b l e t h a t i t i s acting" "as ah 

osmoprotectant, but there i s evidence t h a t i t i s not 

e f f e c t i v e i n t h i s r o l e (Bhaskaran e t al 1985) . P r o l i n e 

accumulation has a l s o been observed as an e f f e c t of low 

temperature s t r e s s (Chu e t al 1974) , and of osmotic 

s t r e s s due to high s a l i n i t y i n the r o o t i n g medium 

(Stewart and Lee 1974). Some ions a f f e c t p r o l i n e 

accumulation more than others. I n osmotic s t r e s s v a r y i n g 

the s o l u t e used to lower the water p o t e n t i a l may a f f e c t 

the extent to which p r o l i n e accumulates (Chu e t al 1976) . 

An i n c r e a s e i n p r o l i n e concentration has been found i n 
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s e e d l i n g s grown i n media containing lead, compared with 

s e e d l i n g s grown i n media c o n t a i n i n g equimolecular 

concentrations of potassium, and even compared with 

s e e d l i n g s grown i n media with a lower osmotic p o t e n t i a l 

but without lead. Thus p r o l i n e accumulation may be p a r t 

of the s t r e s s response to lead i n p l a n t s (Saradhi e t al, 

1991). Hanley (1990) using P.lanceolata has shown t h a t 

watering p l a n t s with a s o l u t i o n of lead n i t r a t e does i n 

some i n s t a n c e s produce a r i s e i n p r o l i n e c o n c e n t r a t i o n , 

although t h i s v a r i e s with time. The r o l e of p r o l i n e i n 

p l a n t s t r e s s i s not f u l l y understood. I t may be p a r t of 

the p l a n t ' s response, or i t may be a secondary e f f e c t , 

w ith no b e n e f i t to the plant, and f o r t h i s reason i t 

could be argued t h a t e i t h e r t o l e r a n t or i n t o l e r a n t p l a n t s 

w i l l have higher l e v e l s of p r o l i n e when grown i n lead 

p o l l u t e d s o i l . 

Stewart and Lee (1974), using halophytes, found t h a t low 

nitrogen a v a i l a b i l i t y i n the s o i l prevented p r o l i n e 

accumulation. Stewart (1972) a l s o showed using" e x c i s e d 

l e a v e s t h a t p r o l i n e accumulated by l e a v e s i n the absence 

of a supply of carbohydrate i s r a p i d l y o x i d i s e d , and he 

suggests t h a t a high concentration cannot be b u i l t up i n 

l e a v e s without a supply of carbohydrate. These f i n d i n g s 

may be r e l e v a n t to p l a n t s grown i n the impoverished s p o i l 

heap s o i l . 

An accumulation of p r o l i n e i n c r e a s e s the n i t r o g e n content 

of l e a v e s , and may make them more a t t r a c t i v e to 

h e r b i v o r e s as food. Some i n v e r t e b r a t e h e r b i v o r e s have 
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evolved the a b i l i t y to d i s c r i m i n a t e between food sources, 

and t h i s can be detected by o f f e r i n g a choice of food, 

and observing the animal's response. Many molluscs are 

general feeders, t a k i n g a wide range of m a t e r i a l , but 

showing preferences when d i f f e r e n t foods are a v a i l a b l e . 

There i s evidence t h a t s l u g s and s n a i l s can d i s c r i m i n a t e 

between s p e c i e s of higher p l a n t s . Choices made by 

Agriolimax caruanae between t h i r t y d i f f e r e n t p l a n t 

s p e c i e s and l e t t u c e as a r e f e r e n c e m a t e r i a l showed t h a t 

the p l a n t s p e c i e s v a r i e d from high a c c e p t a b i l i t y to 

complete r e j e c t i o n . I n another experiment, Cepea 

nemoralis r e j e c t e d almost 60% of the f i f t y two s p e c i e s 

o f f e r e d (Dirzo 1980, Grime e t al 1968). These molluscs 

a l s o d i s t i n g u i s h between morphs i n some polymorphic 

s p e c i e s (Cates 1975, Crawford-Sidebotham 1972). 

Angseesing (1973) observed the response of t h r e e s l u g 

s p e c i e s to a choice of acyanogenic or cyanogenic 

Trifolium repens, and concluded t h a t two of the s p e c i e s 

d i s c r i m i n a t e d i n favour of the acyahogehic morph, and one 

did not. I t i s p o s s i b l e t h a t some s p e c i e s may 

d i s c r i m i n a t e i n favour of le a v e s with high p r o l i n e 

c o n c e n t r a t i o n s , thus obtaining an i n c r e a s e d supply of 

nitrogenous compounds. Lead s t r e s s e d l e a v e s with a high 

p r o l i n e content may contain high l e v e l s of lead, and t h i s 

may too a f f e c t the p a l a t a b i l i t y of the l e a v e s . 

The aim of t h i s study i s to i n v e s t i g a t e the r e l a t i o n s h i p 

between lead t o l e r a n c e i n Plantago lanceolata, and i t s 

p a l a t a b i l i t y to Helix aspersa. As a p o s s i b l e l i n k between 
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these two v a r i a b l e s , p r o l i n e concentrations i n Plantago 

lanceolata leaves i n va r i o u s c o n d i t i o n s w i l l be measured. 

Plantago lanceolata was chosen as the study s p e c i e s f o r 

t h i s i n v e s t i g a t i o n because i t i s reported to be t o l e r a n t 

of lead (Wu and Antonovics 1974) and i s abundant i n the 

area, both on and o f f lead mine s p o i l heaps. Helix 

aspersa was chosen because i t i s abundant i n the area 

(though not notably on s p o i l heaps) and i s reported as 

d i s c r i m i n a t i n g between p l a n t morphs i n i t s choice of food 

m a t e r i a l (Bishop and Korn 1969). 
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2. Methods 
I n t r o d u c t i o n ; s i t e s and c o l l e c t i o n of m a t e r i a l . 
Several s i t e s i n Swaledale, Arkengarthdale and 
Teesdale which had p l a n t communities t y p i c a l of lead 
mining s p o i l ( D r e w i t t 1991) were examined i n A p r i l 
and May 1992. 

Table 1. Si t e s examined 
S i t e OS Reference A l t i t u d e ( m ) 
Hurst s p o i l heaps NZ052025 340 
Mould s p o i l heaps NY996024 360 
Hushes above Grinton m i l l SE036963 430 
S l e i g i l l s p o i l heaps NZ016025 300 
Surrender m i l l SD991991 350 
Bolli h o p e s p o i l heaps NZ007349 260 
Sp o i l heap near Newbiggin NY926273 3 50 

S o i l samples were c o l l e c t e d from a l l s i t e s and were 
analysed f o r t o t a l lead content. Plantago lanceolata 

was chosen f o r f u r t h e r study because i t i s w e l l 
d i s t r i b u t e d and q u i t e abundant i n s o i l s w i t h high 
concentrations of lead. Plants from S l e i g i l l s p o i l 
heaps were selected f o r p a l a t a b i l i t y t e s t s . A c o n t r o l 
s i t e was selected a t the same a l t i t u d e , o u t s i d e the 
lead mining area, on Barningham moor lane (OS r e f 
NZ085085). A s o i l sample from t h i s s i t e was analysed. 
Plants from S l e i g i l l , Newbiggin, B o l l i h o p e and 
Barningham moor were selected f o r lead t o l e r a n c e 
t e s t s . These s i t e s provided a range of lead 
concentrations. 



11 

On May 19th t h i r t y p l a n t s of Plantago lanceolata were 
c o l l e c t e d from Barningham moor lane, and t h i r t y from 
S l e i g i l l s p o i l heaps. Most of these p l a n t s appeared 
t o be seedlings, but some p a i r s were l i n k e d by t h e i r 
r o o t system, and were considered t o be clones. They 
were a l l t r e a t e d as separate p l a n t s . S u f f i c i e n t s o i l 
f o r 25 76mm pots was c o l l e c t e d from the s p o i l heap. 

I t was not f e a s i b l e t o c o l l e c t s o i l i n t h i s q u a n t i t y 
from the Barningham s i t e . Garden s o i l (analysed f o r 
lead) was s u b s t i t u t e d f o r t h i s . A l l the s o i l used f o r 
p o t t i n g was sieved through a 3mm mesh t o remove large 
pebbles and vegetation. 

F i f t e e n p l a n t s from the s p o i l heap were e s t a b l i s h e d 
i n s o i l from the s p o i l heap, and f i f t e e n i n garden 
s o i l . S i m i l a r l y f i f t e e n of the p l a n t s from Barningham 
moor lane were established i n s p o i l heap s o i l , and 
f i f t e e n i l l garden s o i l . 

Ten Plantago lanceolata p l a n t s were al s o c o l l e c t e d 
from Bollihope s p o i l heaps, t e n from Moulds s p o i l 
heaps, and ten from Newbiggin. These were e s t a b l i s h e d 
i n garden s o i l . 

The p l a n t s were kept i n a shaded unheated greenhouse, 
standing i n waterproof t r a y s . They were watered when 
necessary w i t h tap water. These p l a n t s were used i n 
subsequent experiments. 
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S o i l samples were taken from the r o o t i n g zone of a l l 
the p l a n t s c o l l e c t e d . 

Table 2. Summary of pl a n t s c o l l e c t e d , and s o i l s used. 

p l a n t s 
S l e i g i l l s o i l 
Garden s o i l 
Garden s o i l 

S l e i g i l l p l a n t s 
15 (Group A) 
15 (Group C) 
Bollihope p l a n t s 
10 (Group E) 

Barninqham 
15 (Group B) 
15 (Group D) 
Newbigqin p l a n t s 
10 (Group F) 

S i t e d e s c r i p t i o n s 
S l e i g i l l s i t e i s p a r t of an extensive area of o l d 
lead mine s p o i l i n Arkengarthdale. The v e g e t a t i o n i s 
approximately 2-4cm high, and i s grazed by sheep and 
r a b b i t s . About 3 0% of the area i s bare ground, but 
ther e are small pockets of t o p s o i l which are 
completely vegetated. The p l a n t community includes 
both metallophytes and pseudometallophytes, and there 
i s a s c a t t e r e d population of Plantago lanceolata. 

The s i t e a t Bollihope i s also p a r t of an extensive 
area of o l d s p o i l heap. The v e g e t a t i o n i s 
approximately 2-4cm i n height, and i s grazed by 
r a b b i t s and sheep. About 50% of the s i t e i s bare 
ground, and there i s less t o p s o i l than a t S l e i g i l l 
s i t e . There i s a p l a n t community of 
pseudometallophytes, and a la r g e p o p u l a t i o n of 
Plantago lanceolata. 
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The s i t e near Newbiggin i n Teesdale i s a small area 
5m x 5m on a lane verge. I t i s notable f o r i t s 
po p u l a t i o n of Thlaspi arvense, an i n d i c a t o r species 
f o r lead p o l l u t i o n . The s i t e i s now l e v e l , but i t i s 
assumed t h a t there was a s p o i l heap t h e r e i n the 
past. I t supports a v a r i e d p l a n t community i n c l u d i n g 
Plantago lanceolata, w i t h a ve g e t a t i o n h e i g h t of 10-
3 0cm. There was no evidence of grazing. 

The s i t e near Barningham i s also on a roadside, and 
i s l i g h t l y grazed by r a b b i t s . There i s a small 
p o p u l a t i o n of Plantago lanceolata i n a t y p i c a l 
grassland community. The ve g e t a t i o n h e i g h t i s 3-10cm. 
Both roadside s i t e s are subjected t o very l i g h t 
t r a f f i c , but i t was not considered t h a t t h i s would 
have r a i s e d the lead l e v e l s i n the s o i l . 



PLATE 1 BARNINGHAM MOOR SITE 

PLATE 2 BOLLINGHOPE SPOIL HEAPS SITE 

I 

1 J * 



PLATE 3 NEWBIGGIN SITE 



PLATE 4 EXAMPLES OF PLANTS FROM FOUR GROUPS 

S l e i G i l l p l a n t s Barningham p l a n t s KEY 
i n i n 

garden s o i l garden s o i l 

S l e i G i l l p l a n t s 
i n 

S l e i G i l l s o i l 
Barningham p l a n t s 

i n 
S l e i G i l l s o i l 
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2.1 Analysis of s o i l and l e a f samples f o r lead 

2.1.1. C o l l e c t i o n of samples 
I n i t i a l l y s o i l samples were c o l l e c t e d from s p o i l 
heaps a t Hurst, Moulds, S l e i g i l l , B o l l i h o p e , and 
Newbiggin, and from Grinton m i l l , Surrender m i l l , 
Barningham moor and the garden s o i l used f o r 
p o t t i n g . One sub-sample from each was analysed f o r 
t o t a l lead. 
Further samples were c o l l e c t e d from B o l l i h o p e , S l e i 
g i l l and Newbiggin s p o i l heaps, Barningham moor, and 
the garden s o i l used f o r p o t t i n g . These samples were 
taken from the r o o t i n g area of the p l a n t s c o l l e c t e d . 
Two sub-samples from each were analysed f o r t o t a l 
lead, and two f o r a v a i l a b l e lead. 

Leaves were c o l l e c t e d from p l a n t s i n groups A, B, C 
and D, and analysed f o r t o t a l lead. 3 0ml 3M HC1 was 
used w i t h group A p l a n t s , and 20ml w i t h groups B, C 
and D. "This allowed thorough mixing of the l e a f 
m a t e r i a l . One sub-sample of each group was analysed, 
as shortage of l e a f m a t e r i a l prevented r e p l i c a t i o n . 

2.1.2. Lead e x t r a c t i o n 
A l l samples were d r i e d t o constant weight a t 850C. 
Sub-samples of approximately 5g each were a c c u r a t e l y 
weighed out from each sample. To e x t r a c t 2/3 t o t a l 
lead, a sub-sample was thoroughly mixed w i t h 15ml 3M 
HC1, and allowed t o stand f o r 30 minutes (P.R.Evans, 
pers.comm.). 
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To e x t r a c t " a v a i l a b l e " lead, a subsample was 
thoroughly mixed w i t h 15ml 0.5M EDTA, and allowed t o 
stand f o r 30 minutes (Ure, A.M. 1990) . A l l the 
suspensions were f i l t e r e d through Whatmans no. 1 
f i l t e r paper. 

2.1.3. Lead determination 
The f i l t r a t e s ' absorbance a t the wave le n g t h of lead 
was measured using a Pye unicam SP9 atomic 
absorbtion spectrophotometer, a f t e r s u i t a b l e 
d i l u t i o n . A c a l i b r a t i o n curve was p l o t t e d using 
r e s u l t s obtained from the f o l l o w i n g concentrations 
of lead n i t r a t e : lppm, 2ppm, 3ppm, 4ppm, and 5ppm. 
The lead concentrations of the f i l t r a t e s were read 
from the c a l i b r a t i o n curve. T o t a l lead 

concentrations were c a l c u l a t e d from the r e s u l t s f o r 
samples ex t r a c t e d w i t h 3M HC1. A v a i l a b l e lead 
concentrations were c a l c u l a t e d from the r e s u l t s f o r 
samples"extracted w i t h EDTA. 
Means were c a l c u l a t e d f o r t o t a l lead and a v a i l a b l e 
lead a t each s i t e , and the p r o p o r t i o n of the t o t a l 
lead which was a v a i l a b l e was c a l c u l a t e d . 
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2.2. Measurement of lead tolerance 
Lead tolerance indices were measured f o r Plantago 
lanceolata taken from four s i t e s ; S l e i g i l l , 
Newbiggin, Bollihope and Barningham moor. These were 
chosen t o provide a range of values f o r s o i l lead 
c oncentration. Plants from Moulds s p o i l heaps were 
also used i n a p i l o t experiment, as the s o i l lead 
concentration was s i m i l a r t o t h a t a t S l e i g i l l . The 
p l a n t s were c o l l e c t e d and t r a n s f e r r e d t o garden s o i l 
f o r use four weeks l a t e r . 

The lead tolerance index was c a l c u l a t e d as 
Root increase during three days w i t h lead 

Root increase during three days w i t h o u t lead 

This index i s s p e c i f i c t o the c o n c e n t r a t i o n of lead 
used t o o b t a i n i t (Wilkins,D.A.1978). The p l a n t s 
were kept a t a temperature of 25°C and a regime of 
16 hours l i g h t and 8 hours of darkness w h i l e the 
index was measured. 

2.2.1. P i l o t experiment 
A p i l o t experiment was c a r r i e d out t o improve 
d e t a i l s of the method, and t o a s c e r t a i n the 
concentration of lead needed t o d i s t i n g u i s h t o l e r a n t 
Plantago lanceolata p l a n t s from i n t o l e r a n t ones. 
Five p l a n t s from Moulds s p o i l heap were t r a n s f e r r e d 
from s o i l i n pots t o water c u l t u r e . Plantago 

lanceolata r o o t s c o n s i s t of a black t ap r o o t (which 
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had been cut short) w i t h many white or brown 
branching roots.These r o o t s were trimmed so t h a t 
they could be placed i n open ended b o i l i n g tubes, 
and dead l e a f bases a t the base of the r o s e t t e were 
removed, so t h a t a sharp j u n c t i o n between the dark 
tap r o o t and the pale l e a f bases could be seen. The 
p l a n t s were supported i n b o i l i n g tubes w i t h pieces 
of p l a s t i c foam, and the tubes were suspended i n 3.5 
1 of a s o l u t i o n of calcium n i t r a t e ( l g 1 = 1 ) 
(Wilkins,D.A.1978). The length of the longest r o o t 
on each p l a n t was recorded every day. These lengths 
were measured from the j u n c t i o n between the l e a f 
bases and the r o o t t o the r o o t t i p , a f t e r g e n t l y 
s t r a i g h t e n i n g the r o o t . When growth was w e l l 
e s t a b l i s h e d ( a f t e r 9 days) lead n i t r a t e s o l u t i o n was 
added t o give a concentration of 25 ppm of lead 
(Wilkins 1977). Root measurements were continued f o r 
a f u r t h e r 5 days. The s o l u t i o n s were renewed every 7 
days-. A graph -of r o o t length against time was drawn, 
and as a r e s u l t of these observations i t was decided 
t h a t the three longest r o o t s would be measured, and 
t h a t f u r t h e r experiment was needed w i t h d i f f e r e n t 
concentrations of lead before a t o l e r a n c e index 
could be c a l c u l a t e d . 
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2.2.2. Experiment t o determine the optimum c o n c e n t r a t i o n 
of lead f o r use i n e s t i m a t i n g t o l e r a n c e i n d i c e s . 

Five Plantago lanceolata p l a n t s from each of the 
f o u r s i t e s were t r a n s f e r r e d t o water c u l t u r e , using 
the same technique as above. Each group was i n a 
separate container. A f u r t h e r f i v e p l a n t s from 
Barningham moor were t r a n s f e r r e d t o two c o n t a i n e r s . 
One of these (containing t h r e e p l a n t s ) was aerated 
d a i l y f o r 15 minutes. The other ( c o n t a i n i n g two 
p l a n t s ) was not. These two containers were used t o 
observe any e f f e c t s on growth of changes i n the 
concentration of dissolved oxygen i n the s o l u t i o n s . 
No lead was added t o them, and t h e r e f o r e the two 
p l a n t s which were not aerated also served as a 
p a r a l l e l c o n t r o l . 

The t h r e e longest roots of each p l a n t were measured 
d a i l y . I n most cases, several days elapsed before 
growth resumed. At least" four days a f t e r growth had 
r e s t a r t e d i n a l l the p l a n t s i n a container, 2.5ppm 
of lead was added as lead n i t r a t e . Not less than 
f o u r days l a t e r , the lead c o n c e n t r a t i o n was 
increased t o 5ppm and f i n a l l y , a f t e r a t l e a s t 
another f o u r days, t o lOppm f o r p l a n t s from some of 
the s i t e s . Root measurements were continued on a 
d a i l y basis, but some days were missed, and these 
r e s u l t s were i n t e r p o l a t e d where necessary f o r the 
T . I . c a l c u l a t i o n s . . Two groups of B o l l i h o p e p l a n t s 
were used i n order t o o b t a i n r e s u l t s more q u i c k l y . 
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Table 3. Days on which lead concentrations were 
changed, (measurements s t a r t e d on day 1 ) . 

Lead cone. Barn B o l l l 
12 

Bol l 2 S l e i Newb 
2.5ppm 
5.Oppm 
10.Oppm 

8 
12 
18 

7 8 
17 

7 
10 
14 

Roots which grew out of the end of the b o i l i n g tube 
were trimmed. I n some cases r o o t s broke o f f but 
u s u a l l y others could be s u b s t i t u t e d , and the 
sequence of increases maintained. 
Mean r o o t lengths f o r each p l a n t f o r each day were 
c a l c u l a t e d . P r o v i s i o n a l lead t o l e r a n c e i n d i c e s were 
c a l c u l a t e d f o r each lead c o n c e n t r a t i o n , using the 
growth r a t e before any lead a d d i t i o n , and the growth 
r a t e s a f t e r each concentration had been reached. 
This was not completely s a t i s f a c t o r y , as the two 
measurements were separated i n time by va r y i n g 
amounts, but i t enabled the s e l e c t i o n of a 
concen t r a t i o n of 2.5ppm f o r a d e f i n i t i v e 
d etermination. 

2.2.3. Determination of tolerance i n d i c e s . 

Plants from the four s i t e s were r e - e s t a b l i s h e d i n 
calcium n i t r a t e s o l u t i o n . Some of these p l a n t s were 
those used i n previous experiments, others were new 
ones, t r a n s f e r r e d from pots. Three p l a n t s from 
B o l l i h o p e and f i v e from each of the other s i t e s were 
used. Two f u r t h e r p l a n t s from Barningham were 
es t a b l i s h e d i n a separate container of calcium 
n i t r a t e s o l u t i o n . No lead n i t r a t e was added t o t h i s 
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container, so t h a t these p l a n t s were a p a r a l l e l 
c o n t r o l . 
When r o o t growth was w e l l e s t a b l i s h e d , and had been 
measured f o r four days, 2. 5ppm of lead (as lead 
n i t r a t e ) was added t o the other c o n t a i n e r s , and r o o t 
measurements continued f o r a f u r t h e r f o u r days. The 
s o l u t i o n was changed every f o u r days. Tolerance 
in d i c e s were c a l c u l a t e d from these r e s u l t s , and 
v i s i b l e changes i n the r o o t s were recorded. A 
c o n t r o l tolerance index, using measurements on the 
same days, was c a l c u l a t e d f o r the c o n t r o l p l a n t s . 

Composition of the c o n t r o l s o l u t i o n . 
I n measuring T.I.s i n t h i s way several choices must 
be made. The c o n t r o l s o l u t i o n may be a complete 
c u l t u r e s o l u t i o n such as Hoagland's s o l u t i o n (Hewitt 
1952) . This gives r i s e t o a problem w i t h the 
treatment s o l u t i o n because of the i n s o l u b i l i t y of 
many lead s a l t s , p a r t i c u l a r l y lead phosphate 
(Wi l k i n s 1977). D i s t i l l e d water may be used, as the 
p l a n t s w i l l only be grown i n i t f o r a sh o r t time. 
However t h i s i s u n r e a l i s t i c i n e c o l o g i c a l terms. 
Furthermore there i s evidence f o r i n t e r a c t i o n s 
between lead and other ions i n t h e i r e f f e c t s on the 
p l a n t s , notably a redu c t i o n i n the t o x i c i t y of lead 
when calcium i s added. Using a c o n t r o l s o l u t i o n 
c o n t a i n i n g calcium n i t r a t e allows higher 
concentrations of lead t o be used, and the exact 
adjustment of the lead c o n c e n t r a t i o n i s then less 
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c r i t i c a l (Wilkins 1957). I n these experiments l g 1 = 1 

calcium n i t r a t e was used as the c o n t r o l s o l u t i o n . 

Timing of changes of s o l u t i o n 
I t i s possible t o measure T.I.s using e i t h e r 
s e q u e n t i a l or p a r a l l e l c o n t r o l s . I f using the 
former, r o o t elongation i s measured over 3 days i n 
the c o n t r o l s o l u t i o n , and the p l a n t s are then 
t r a n s f e r r e d t o the treatment s o l u t i o n , and r o o t 
e l o n g a t i o n i s measured f o r a f u r t h e r 3 days. A T . I . 
can then be c a l c u l a t e d f o r each p l a n t . This assumes 
t h a t the growth r a t e would have remained constant i f 
the p l a n t s had remained i n the c o n t r o l s o l u t i o n . 
However, i f a l l the c o n d i t i o n s which a f f e c t the 
growth r a t e are constant f o r a l l the p l a n t s being 
measured, comparative studies are p o s s i b l e even i f 
the growth r a t e changes w i t h time. An i n v e s t i g a t i o n 
w i t h p a r a l l e l c o n t r o l s uses two sets of p l a n t s , one 
i n the control" s o l u t i o n , and one i n the treatment 
s o l u t i o n . This assumes t h a t the c o n t r o l and 
treatment p l a n t s have s i m i l a r growth r a t e s , which 
can be compared (Wilkins 77) . I n the present 
experiment the p l a n t s were not clones, and as P. 
lanceolata i s a very v a r i a b l e species i t seemed 
l i k e l y t h a t p l a n t s from the same s i t e would vary. 
For t h i s reason the sequential method was chosen, 
and a p a r a l l e l c o n t r o l f o r Barningham p l a n t s was set 
up, i n order t o observe changes i n the growth r a t e 
w i t h time. 
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2.3. P r o l i n e Determination 

The f r e e p r o l i n e content of leaves from f o u r p l a n t s i n 
each of groups A, B, C and f i v e p l a n t s i n group D was 
determined using a method based on those described by 
Bates e t a l (1973), Chinard (1952) and T r o l l and 
Lindsey (1954). 

Acid n i n h y d r i n was prepared by adding 1.25g of 
n i n h y d r i n t o 30ml g l a c i a l a c e t i c a c i d and 20ml 6M 
phosphoric aci d and warming the mixture t o 800c i n a 
water bath u n t i l the n i n h y d r i n was completely 
d i s s o l v e d . Fresh n i n h y d r i n s o l u t i o n was prepared f o r 
each determination, although i t i s s t a b l e f o r 24 hours 
( T r o l l and Lindsley 1954). 

Approximately 0.5g of p l a n t m a t e r i a l was ground up i n 
a p e s t l e and mortar w i t h a very small q u a n t i t y of 
p u r i f i e d ~ "add-washed sand u n t i l the mixture was 
homogenous. 25ml of 3% s u l p h o s a l i c y l i c a c i d was added, 
and the mixture ground f o r one minute. 
Where i n s u f f i c i e n t p l a n t m a t e r i a l was a v a i l a b l e , the 
weight used, and the volume of s u l p h o s a l i c y l i c a c i d 
used, were reduced p r o p o r t i o n a t e l y . S u l p h o s a l i c y l i c 
a c i d i s an e f f e c t i v e p r o t e i n p r e c i p i t a n t i n aqueous 
s o l u t i o n , thus removing p r o t e i n s which might be 
hydrolysed, l i b e r a t i n g p r o l i n e , a t a l a t e r stage of 
the procedure. I t i s c o l o u r l e s s , and i t does not 
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i n t e r f e r e w i t h the acid n i n h y d r i n r e a c t i o n (Bates e t 
a l 1972). 
The mixture was f i l t e r e d through Whatman No.l f i l t e r 
paper. Three r e p l i c a t e volumes of 2ml of f i l t r a t e were 
measured out, and each was shaken v i g o r o u s l y w i t h 
approximately one-tenth i t s weight of Amberlite 
(Permutit r e s i n ) . This removes l y s i n e and o r n i t h i n e 
q u a n t i t a t i v e l y from the s o l u t i o n , but does not remove 
p r o l i n e ( T r o l l and Lindsey 1954). 

2ml of g l a c i a l a c e t i c a c i d , and 2ml of a c i d n i n h y d r i n 
were added t o each 2ml of f i l t r a t e , and the mixture 
was shaken. The t e s t tubes were covered, and placed i n 
a water bath a t 800c f o r one hour. At the end of t h i s 
time, they were removed and allowed t o cool t o room 
temperature. 

At a pH of approximately 1.0, a pink w a t e r - i n s o l u b l e 
r e a c t i o n product i s formed by p r o l i n e "with n i r i h y d r i n . 
The greater the p r o l i n e c o n c e n t r a t i o n , the more 
intense i s the pink colour. Lysine forms a black 
product, and o r n i t h i n e a red one, hence the need t o 
use Amberlite t o remove these amino acids. No 
s i g n i f i c a n t amounts of colour are formed w i t h most 
other amino acids a t a pH near 1.0 (Chinard 1952). 

4ml of the r e a c t i o n mixture was added t o 4ml of 
h i s t o c l e a r . H i s t o c l e a r acts i n the same way as benzene 
or toluene (used by Chinard 1952) (J.A.Pearson 
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personal communication). The mixture was shaken 
v i g o r o u s l y w i t h a t e s t tube s t i r r e r f o r 2 0s, and 
allowed t o s e t t l e . The pink p r o l i n e - n i n h y d r i n product 
i s e x t r a c t e d by the h i s t o c l e a r , which forms the upper 
l a y e r . This was aspirate d from the aqueous l a y e r , and 
i t s absorbance read a t 560nm, using the Pye unicam 
spectrophotometer, and using h i s t o c l e a r as a blank. 
The p r o l i n e concentration of the r e a c t i o n mixture was 
then read o f f from a c a l i b r a t i o n curve. 

The c a l i b r a t i o n curve was p l o t t e d using r e s u l t s 
obtained from the f o l l o w i n g s o l u t i o n s of 
hydroxyproline f r e e L - p r o l i n e : 5/ig cm-3, lOjug cm-3, 
25jug cm-3, 50jug cm-3, 100/ig cm-3, and 200jug cm=3. 

The p r o l i n e concentrations of the leaves were then 
c a l c u l a t e d using the f o l l o w i n g formula (Chinard 1952): 

(uq p r o l i n e / m l x ml h i s t o c l e a r ) / 1 1 5 . 5 
g sample/A 

= /moles p r o l i n e / g of p l a n t m a t e r i a l . 

A = v o l . of s u l p h o s a l i c y l i c a c i d used 
v o l . of f i l t r a t e used 

The f a c t o r 115.5 i n the equation i s the A.W of lead, 
and an e x t r a c t i o n c o e f f i c i e n t , which i s the same f o r 
toluene, benzene and h i s t o c l e a r . 

Mean p r o l i n e concentration f o r leaves from each group 
was c a l c u l a t e d , and the r e s u l t s were analysed using t -
t e s t s . 
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2.4. Morphological studies 
Ten p l a n t s were selected randomly from each of groups 
A, B, C and D four weeks a f t e r they had been p o t t e d 
i n the s o i l s described. 

2.4.1. Leaf s i z e and p r o p o r t i o n 
The g r e a t e s t w i d t h and the length from base t o t i p 
was measured f o r the longest l e a f on each p l a n t . The 
r a t i o of length t o width was c a l c u l a t e d . 

2.4.2. Number of leaves w i t h and w i t h o u t p e t i o l e s 
Older Plantago lanceolata leaves have p e t i o l e s , which 
merge w i t h the l e a f without a sharp j u n c t i o n . Younger 
leaves do not have a p e t i o l e . The number of leaves 
w i t h and w i t h o u t p e t i o l e s was recorded f o r each p l a n t 
except, by an o v e r s i g h t , those i n group A. 

2.4.3. S p e c i f i c l e a f weight (SLW) 
Weight mBP̂  was c a l c u l a t e d f o r the leaves used i n 
p a l a t a b i l i t y t e s t s , and t h i s data was used t o 
c a l c u l a t e the mean weight mm-2 f o r each of the f o u r 
groups. This measurement i s the s p e c i f i c l e a f weight 
of the l e a f (Teramura 1983). 
Analysis of variance was c a r r i e d out on a l l these 
r e s u l t s , and t - t e s t s were done where a p p r o p r i a t e . 
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2.5. P a l a t a b i l i t v studies 
Twenty f u l l y grown Helix aspersa were c o l l e c t e d and 
kept i n p l a s t i c containers. They were fed on 
l e t t u c e , and enamel p a i n t was used t o number them on 
t h e i r s h e l l s from one t o twenty. 

2.5.1. P i l o t experiments 
I n order t o determine the best c o n d i t i o n s f o r 
p a l a t a b i l i t y t e s t s , a p i l o t experiment was 
undertaken t o answer the f o l l o w i n g questions: 
1. How long should the s n a i l s be starved before 

each t e s t ? 
2. How long should they be l e f t w i t h the t e s t 
m a terial? 
3. At what temperature should they be kept? 
4. How can the t e s t m a t e r i a l be maintained i n a 
s u i t a b l e condition? 

Plants from the Science s i t e a t Durham were used f o r 
the p i l o t study, as the experimental p l a n t s were 
s t i l l small. Snails were starved f o r one, two or 
three days before being used. They were placed 
s i n g l y i n l i d d e d sandwich boxes, w i t h a piece of 
damp co t t o n wool. Pieces of Plantago lanceolata l e a f 
w i t h an area of 300mm2 were weighed, and one was 
added t o each box. Paper c l i p s were attached t o some 
of the leaves, t o see whether t h i s was a s u i t a b l e 
method f o r d i s t i n g u i s h i n g the leaves i n p a l a t a b i l i t y 
t r i a l s . 
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Two boxes each co n t a i n i n g a s n a i l , a piece of l e a f 
and damp cot t o n wool, and one c o n t a i n i n g only a 
piece of l e a f and damp c o t t o n wool were placed i n 
each of three temperatures 150c, 2 00c and 2 50 c. The 
weight and area of a l l the l e a f pieces was recorded 
each day f o r three days. Further pieces of l e a f were 
o f f e r e d i f the f i r s t was completely eaten. 

I t was apparent t h a t the t u r g i d i t y of the l e a f 
m a t e r i a l v a r i e d considerably. As a r e s u l t s of t h i s 
observation, an i n v e s t i g a t i o n i n t o the c o n d i t i o n s 
needed t o keep i t constant was undertaken. Ten boxes 
were set up at 150c. Each contained 1.7g of c o t t o n 
wool i n a shallow open d i s h . Volumes of water 
between 20cm3 and 40cm3 were added t o t h e c o t t o n 
wool, and 300mm2 pieces of l e a f were weighed and 
placed i n each box. A f t e r one day, the leaves were 
reweighed, and the changes i n weight c a l c u l a t e d as a 
% of the o r i g i n a l weight. F u l l " d e t a i l s of these 
experiments are given i n the r e s u l t s s e c t i o n , but as 
a r e s u l t of these i n v e s t i g a t i o n s , the p a l a t a b i l i t y 
t e s t s were c a r r i e d out a t 150c, and the s n a i l s were 
starved f o r one day and l e f t w i t h the leaves f o r one 
day. 30cm3 of water was added t o 1.7g of c o t t o n wool 
i n an open container i n each box. 
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2.5.2. P a l a t a b i l i t v t e s t s 
Ten p l a n t s from each of groups A,B,C and D were 
selected, and the pots were numbered 1 - 10. Ten 
s n a i l s were used i n each t e s t . These were e i t h e r nos 
1-10 or nos 11-20. Before a t e s t they were starved 
f o r 24 hours. 
Eight p a l a t a b i l i t y t e s t s were c a r r i e d out. I n t e s t s 
1 t o 6, two leaves from d i f f e r e n t p l a n t groups were 
o f f e r e d t o each s n a i l . A l l pos s i b l e p a i r s of p l a n t 
groups were t e s t e d i n t h i s way. As a c o n t r o l , i n 
t e s t s 7 and 8 each s n a i l was o f f e r e d two 
l o n g i t u d i n a l l y separated halves of the same l e a f 
w i t h the mi d r i b removed. Only group D p l a n t s were 
used i n these t e s t s . 

Table 4. Summary of P a l a t a b i l i t v t e s t s 

group 
Test 
1 
2 
3 
4 
5 
6 
7 
8 

Plant groups s n a i l 
A: B 11-20 
A;C 1-10 
A: D 11-20 
B:C 11-20 
B: D 1-10 
C:D 1-10 
D:D 1-10 
D:D 11-20 

Ten sandwich boxes (no. 1-10) were set up, w i t h 1.7g 
of c o t t o n wool and 30cm3 of water i n an open 
container i n each. Each box contained a l e a f or p a r t 
of a l e a f from a p l a n t from each of the two groups 
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being t e s t e d . The p l a n t s were a l l o c a t e d t o the boxes 
randomly i n each t e s t . 

The leaves were weighed, and t h e i r areas were 
recorded by drawing round them on graph paper w i t h 
mm d i v i s i o n s . The weight mm-2 was c a l c u l a t e d f o r 
each l e a f . Leaf pieces of approximately equal area 
were used, but cut edges were kept s i m i l a r i n p a i r s 
of leaves as f a r as po s s i b l e , as i t had been 
observed t h a t the s n a i l s more f r e q u e n t l y ate from a 
cut edge. Coloured paper c l i p s were attached t o the 
leaves, so t h a t the d i f f e r e n t groups could be 
i d e n t i f i e d . One s n a i l was placed i n each box, w i t h 
two pieces of l e a f , and the boxes were kept a t 150c 
f o r one day. The area of each l e a f was again 
recorded by drawing round i t , and the area eaten was 
measured from t h i s and the previous drawing. The 
s n a i l s were fed on l e t t u c e f o r two days before being 
used again. 

2.5.3. Treatment of r e s u l t s 
The i n i t i a l measurements of f r e s h weight and area 
were used t o c a l c u l a t e the weight mm-2 f o r each 
l e a f . This and the area eaten by each s n a i l were 
used t o c a l c u l a t e the f r e s h weight of each l e a f 
eaten by each s n a i l i n each t e s t . 
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The amount eaten could be measured as weight or 
area, but changes i n water content of the leaves 
a f f e c t the weight, and area measurements ignore 
v a r i a t i o n s i n l e a f thickness. I n the present 
experiment, the weight mm-2 of the f r e s h l y picked 
leaves was c a l c u l a t e d , the area eaten was measured, 
and the weight of f r e s h m a t e r i a l eaten c a l c u l a t e d 
from these measurements. Records of weights where a 
s n a i l had eaten nothing from e i t h e r l e a f , and where 
a s n a i l had eaten a l l of both leaves, were not 
included i n the r e s u l t s . The weights were used t o 
c a l c u l a t e p a l a t a b i l i t y indices f o r each group of 
p l a n t s . 

P a l a t a b i l i t y index (P.I) = Wt of l e a f eaten 
Weight of both leaves eaten 

Each p l a n t group i n t u r n was considered as the 
reference m a t e r i a l , and the P.I.s of the other three 
groups when t e s t e d against, i t were compared using 
a n a l y s i s of variance and t - t e s t s where a p p r o p r i a t e , 
e.g, the P.I.s of leaves from p l a n t groups A, B, and 
C when t e s t e d against leaves from group D were 
compared. The P.I.s of p a i r s of l e a f s t r i p s from 
group D were also compared. 
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3.1. Results of analysis of s o i l and l e a f samples f o r 
lead 

Table 3.1.i. i n the appendix holds the f u l l r e s u l t s . 

A l l these r e s u l t s are c a l c u l a t e d as ppm lead f o r dry 
weights of s o i l and leaves. 
Table 5 shows the t o t a l lead concentrations i n s o i l 
samples from the 8 s i t e s i n i t i a l l y examined, and 
from the garden s o i l used i n p o t t i n g . 

Table 5. T o t a l lead concentrations on e i g h t s i t e s 
S i t e T o t a l lead(ppm) 
Grinton m i l l 14089.60 
Surrender m i l l 9868.99 
Moulds s p o i l heap 10146.12 
S l e i g i l l s p o i l heap 9583.83 
Hurst s p o i l heaps 9737.98 
Newbiggin s p o i l heap 3698.86 
Bolli h o p e s p o i l heap 1034.55 
Barningham moor 199.12 
Garden 427.69 
The fo u r s i t e s selected t o provide a range of 
t o t a l lead concentrations f o r f u r t h e r study were 
S l e i g i l l , Newbiggin, Bol l i h o p e and Barningham. 

Table 6 shows the mean t o t a l c o n c e n t r a t i o n of lead, 
the mean a v a i l a b l e concentration of lead, and the 
f r a c t i o n of the t o t a l lead t h a t i s a v a i l a b l e f o r 
s o i l from these four s i t e s , and f o r the garden s o i l 
t h a t was used f o r p o t t i n g . 
Table 6. Mean lead concentrations on f i v e s i t e s 
S i t e T o t a l A v a i l a b l e F r a c t i o n 

lead (ppm) lead (ppm) a v a i l a b l e 
S l e i 8,486 4,165 0.49 
B o l l 760 292 0.38 
Newb 3,816 2,058 0.54 
Barn 163 63 0.39 
Gard 463 168 0.36 
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The mean concentration of t o t a l lead v a r i e d from 
8,486 ppm a t S l e i g i l l t o 163 ppm a t Barningham, and 
the mean concentration of a v a i l a b l e lead v a r i e d from 
4165 ppm a t S l e i g i l l t o 63 ppm a t Barningham. The 
f r a c t i o n of the t o t a l lead which i s a v a i l a b l e also 
v a r i e d from s i t e t o s i t e , although t h e r e was some 
tendency f o r higher t o t a l lead concentrations t o 
give a higher a v a i l a b l e f r a c t i o n . Table 7 shows the 
concentration of lead i n leaves from p l a n t s i n 
groups A, B, C and D. 

Table 7. Lead concentration i n leaves i n ppm. 

A S l e i p l a n t S l e i s o i l 46.10 
B Barn p l a n t S l e i s o i l 34.43 
C S l e i p l a n t g a r . s o i l 50.70 
D Barn p l a n t gar. s o i l 2 5.54 

There was only s u f f i c i e n t p l a n t m a t e r i a l t o provide 
one l e a f sample from each group f o r a n a l y s i s . 



34 

3.2. Results of lead tolerance s t u d i e s . 
3.2.1. P i l o t experiment 

Tolerance index (T.I.) = 
Increase i n r o o t length i n 3 days i n treatment s o l u t i o n 
Increase i n r o o t length i n 3 days i n c o n t r o l s o l u t i o n 

A T . I . of 1 would i n d i c a t e t h a t growth had remained the 
same when the p l a n t was t r a n s f e r r e d t o the treatment 
s o l u t i o n , and t h a t the p l a n t was t o l e r a n t of t h a t 
s o l u t i o n . A T . I . of 0 would i n d i c a t e t h a t growth 
stopped when the p l a n t was t r a n s f e r r e d , and t h a t the 
p l a n t was i n t o l e r a n t of the s o l u t i o n . Intermediate T . I . 
values i n d i c a t e degrees of t o l e r a n c e . 
The tolerance index f o r p l a n t s from Moulds s p o i l heap 
i s shown i n t a b l e 8. 

Table 8. Mean tolerance index f o r p l a n t s from Moulds 
Mean n SEM 
0.08 5 0.045 

Fig= 1 i s a l i n e graph showing the lengths of the 
longest r o o t s of these f i v e p l a n t s on 14 days. I t shows 
t h a t i n a l l the p l a n t s , r o o t e l o n g a t i o n slowed or 
stopped on day 9 when 25ppm lead was added. Root 
lengths, and T.I.s f o r each p l a n t are shown i n t a b l e 
3 o 2 o l o i in the appendix<> 

These p l a n t s come from a s p o i l heap where the t o t a l 
lead content of the s o i l i s 10,146ppm. I n water c u l t u r e 
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a concentration of 25ppm almost completely stopped r o o t 
growth. The p l a n t s are much more s e n s i t i v e t o lead i n 
water c u l t u r e than when growing i n s o i l , where 
i n t e r a c t i o n s w i t h other ions r e s u l t i n a decreased 
s e n s i t i v i t y t o lead. 

The T . I . i s s p e c i f i c t o the conc e n t r a t i o n of lead used 
i n the treatment s o l u t i o n . A c o n c e n t r a t i o n must be 
found which separates the T.I.s of t o l e r a n t and 
i n t o l e r a n t p l a n t s , a l l o w i n g the most t o l e r a n t t o grow 
w e l l , and preventing the l e a s t t o l e r a n t from growing 
(W i l k i n s 1978). I n t h i s i n v e s t g a t i o n , 25ppm lead (used 
by W i l k i n s (1978) studying Festuca ovina) almost 
stopped the growth of Plantago lanceolata p l a n t s which 
were expected t o be t o l e r a n t . Wu and Antonovics (1976) 
used 15.6ppm, and P o l l a r d (1980) used 2.5, 5.0, 7.5, 
and lO.Oppm i n d i s t i l l e d water (no calcium) when 
i n v e s t i g a t i n g lead tolerance i n P.lanceolata. As a 
r e s u l t of" "these observations i t was decided t o 
i n v e s t i g a t e the e f f e c t s of treatment s o l u t i o n s of 2.5, 
5.0 and lO.Oppm on p l a n t s from a range of s i t e s . 

Elongation of the longest r o o t may not be an accurate 
measure of r o o t growth. I f the longest r o o t i s not 
always the same one, growth w i l l be under estimated. I n 
a p l a n t w i t h many r o o t s , growth i n each might be slower 
than i n a p l a n t w i t h few. This i s not important when 
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using seguential c o n t r o l s . Growth may be concentrated 
i n the shorter r o o t s , thus leading t o an 
underestimation. For these reasons i t was decided t o 
measure the three longest r o o t s and c a l c u l a t e the mean 
as a measure of r o o t growth. 

3.2.2. Optimum concentration of lead f o r T . I , e s t i m a t i o n . 

1. Control p l a n t s 
The aerated r o o t s grew f a s t e r than the r o o t s which were 
not aerated. Mean r o o t elongation over 5 days i n the 
two groups i s shown i n t a b l e 9 

Table 9. Mean d a i l y r o o t elongation i n c o n t r o l p l a n t s 
Treatment Mean inc.(mm) n 
Aerat i o n 2.99 3 
No a e r a t i o n 0.93 2 

Table 3 o § o 2 o i o i a the appeafliss shows the mean r o o t 
elongation of i n d i v i d u a l p l a n t s . 

A e r a t i o n of the c u l t u r e medium increased r o o t 
elongation considerably. However owing t o the p r a c t i c a l 
d i f f i c u l t y of ae r a t i n g a number of s o l u t i o n s 
simultaneously i t was decided t o change the s o l u t i o n s 
i n the f i n a l experiment on the f i r s t day of both 3 day 
periods of measurement, t o ensure adequate oxygenation 
of the water dur i n g the growing p e r i o d . 
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2. Lead treatments 
Mean T.I.s f o r p l a n t s from four s i t e s , measured using 
three concentrations of lead, are shown i n t a b l e 10. 

Table 10. Mean T.I.s f o r p l a n t s i n t h r e e concentrations 
of lead 

S i t e Lead(ppm) Mean T . I . n SEM 
Barningham 2.5 0.86 4 0.145 

5.0 0.48 4 0.169 
10.0 0. 07 4 0. 039 

Bollih o p e 2.5 0.28 5 0.116 
5.0 0.14 4 0. 077 

Newbiggin 2.5 0.49 5 0.122 
5.0 0. 16 5 0. 054 

10.0 0. 03 5 0.020 
S l e i g i l l 5.0 0.19 5 0. 086 

10. 0 0. 06 5 0. 028 

Mean r o o t growth and T.I.s f o r each p l a n t from these 
s i t e s and i n these lead concentrations are shown i n 
t a b l e 3 o 2 o § o i i i n the appendix. 

I n some cases, r o o t s shrank i n the treatment s o l u t i o n . 
This gave r i s e t o a negative T . I . Lower negative values 
f o r T . I . cannot be i n t e r p r e t e d as i n d i c a t i n g a lower 
tol e r a n c e of lead. For t h i s reason mean T.I.s were 
c a l c u l a t e d from mean r o o t lengths. 
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The p l a n t s on any one s i t e vary considerably i n t h e i r 
t o l e r a n c e , r e f l e c t i n g the f a c t s t h a t they are 
g e n o t y p i c a l l y d i s t i n c t , and t h a t P.lanceolata i s a very 
v a r i a b l e species. 

At 5.0ppm, the p l a n t s from Barninghan moor have a 
higher mean T.I than those from S l e i g i l l . This i s 
unexpected, as S l e i g i l l i s h e a v i l y contaminated, and 
Barninghan moor has a low c o n c e n t r a t i o n of lead. This 
r e s u l t may w e l l be due t o the small s i z e of the 
samples, and the i n d i v i d u a l v a r i a t i o n . These r e s u l t s 
were not analysed, as the comparison w i l l be repeated 
i n the f i n a l determination. 

The concentration chosen f o r the f i n a l T . I . 
determinations should be one which produces s i g n i f i c a n t 
d i f f e r e n c e s between s i t e s . The r e s u l t s were analysed t o 
determine t h i s . The r e s u l t s are shown i n t a b l e 11. 
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Table 11. R e s u l t s of A n a l y s i s f o r e f f e c t s of v a r i o u s 
lead concentrations 

ANOVA and t - t e s t s f o r r e s u l t s w ith 2.5ppm l e a d . 
df M F 

T o t a l s 13 
S i t e s 2 0.36 4.79 P < 0.05 
Re s i d u a l s 11 0.08 

T - t e s t s 
Newb Barn 

B o l l P>0.1 P<0.05 
Newb - P>0.05 

ANOVA f o r r e s u l t s with 5.Oppm lead 
df M F 

T o t a l s 17 
S i t e s 3 0.09 2.24 P > 0.05 
Re s i d u a l s 14 0.04 

ANOVA f o r r e s u l t s with 10.Oppm lea d . 
df M F 

T o t a l s 13 
S i t e s 2 0.00 0.39 P > 0.6 
Re s i d u a l s 11 0.00 

At 2.5ppm, only p l a n t s from B o l l i h o p e and Barningham 

are s i g n i f i c a n t l y d i f f e r e n t i n T . I . Neither 5.Oppm nor 

10.Oppm d i s t i n g u i s h s i g n i f i c a n t l y between T . I . s f o r 

p l a n t s from any of the s i t e s . SofiTe s i t e s ' p l a n t s were 

not t r e a t e d with a l l concentrations. 

As a r e s u l t of these observations, a c o n c e n t r a t i o n of 

2.5ppm was s e l e c t e d f o r the f i n a l determinations of 

T . I . 
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3.2.3. F i n a l determination of Tolerance I n d i c e s 

A T . I . was c a l c u l a t e d f o r the c o n t r o l p l a n t s i n the 

same way as those c a l c u l a t e d f o r the t r e a t e d p l a n t s . 

D e t a i l s of a l l T . I . s are shown i n t a b l e 12. 

Table 12. T . I . s measured i n f i n a l determination 

S i t e Mean T . I . n SEM 

Barningham 0.26 5 0.093 
Bolli h o p e 0.06 3 0.035 
Newbiggin 0.34 5 0.156 
S l e i g i l l 0.23 5 0.130 
Control 0.46 2 

R e s u l t s of ANOVA f o r T . I . s from four s i t e s 
df M F 

T o t a l 17 
S i t e s 3 0.05 0.72 P > 0.5 
R e s i d u a l s 14 0.07 

No s i g n i f i c a n t d i f f e r e n c e was detected between the 

T . I . s f o r p l a n t s from the four s i t e s , p o s s i b l y due to 

the small sample s i z e . 

The T . I . c a l c u l a t e d f o r the c o n t r o l was l e s s than 1, 

showing t h a t a decrease i n growth r a t e of the c o n t r o l 

p l a n t s occurred during the determination. The T . I . s f o r 

the t r e a t e d p l a n t s were a l l l e s s than t h a t f o r the 

c o n t r o l p l a n t s , showing t h a t the treatment had f u r t h e r 

decreased growth. 
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Fig» 2 i s a graph showing mean root elongation, i n both 

t r e a t e d and c o n t r o l p l a n t s . I t shows t h a t i n the 

c o n t r o l p l a n t the decrease i n growth r a t e was uniform 

throughout the nine days, whereas the t r e a t e d p l a n t s ' 

growth r a t e decreased abruptly a f t e r the a d d i t i o n of 

le a d on day 5. 

The r e l a t i o n s h i p between T . I . and a v a i l a b l e l e a d a t 

each s i t e i s shown i n the graph i n F i g . 3. The c o n t r o l 

T . I . i s a l s o shown, but cannot be compared d i r e c t l y 

with the others, as i t has no value f o r the x a x i s . The 

h i g h e s t T . I . s are found i n p l a n t s from Newbiggin, and 

the lowest i n p l a n t s from B o l l i h o p e . These two s i t e s 

have intermediate l e v e l s of a v a i l a b l e l e a d . S l e i g i l l 

and Barningham have s i m i l a r intermediate v a l u e s f o r 

T . I . However, S l e i g i l l has the h i g h e s t c o n c e n t r a t i o n 

of a v a i l a b l e lead and Barningham the lowest, so t h a t no 

r e l a t i o n s h i p has been e s t a b l i s h e d between the 

concentration of a v a i l a b l e lead a t a s i t e , arid the lead 

t o l e r a n c e of P.lanceolata p l a n t s growing th e r e . 

Consideration of a l l the r e s u l t s f o r T . I determinations 

shows t h a t on any one s i t e T . I . s f o r P.lanceolata may 

vary considerably. 

Root lengths, and T . I . s f o r i n d i v i d u a l p l a n t s i n the 

f i n a l determination are shown i n t a b l e 3o2»3i i n the 

appendix. 
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Appearance of roots 

S e v e r a l changes were seen i n the roots a f t e r treatment 

w i t h lead. Features a s s o c i a t e d with a low T . I . were an 

i n c r e a s e i n b r i t t l e n e s s and r i g i d i t y so t h a t l a t e r a l 

r o o t s stood out a t r i g h t angles from t h e i r o r i g i n , and 

a brown c o l o u r a t i o n on the root t i p s . A general 

browning of the roots was a l s o a s s o c i a t e d with a low 

T . I . , but a change from white to cream was not. 

White root t i p s were u s u a l l y a s s o c i a t e d w i t h a high 

T . I . and i n d i c a t e d t h a t the roots were s t i l l growing. 

I n some cases new roots emerging from the r o s e t t e base 

had white t i p s , whereas the longer ones were brown. 

These p l a n t s appeared to have a low T . I . as the new 

sh o r t roots were not measured. 

3.2.4. D i s c u s s i o n of r e s u l t s . 

Barningham and S l e i g i l l a r e both i n the Northern Dales 

l e a d mining area. Barningham moor was chosen as a study 

s i t e because i t w a s - a t the same " a l t i t u d e as S l e i g i l l , 

and because i t was r e l a t i v e l y d i s t a n t from s p o i l heaps 

and mine s i t e s . However the whole area has been a 

mosaic of lead contamination f o r c e n t u r i e s , ( R a i s t r i c k 

1972, Shayler et al 1978) and i t i s very probable t h a t 

gene flow from t o l e r a n t P.lanceolata on contaminated 

s i t e s has r e s u l t e d i n a higher than u s u a l proportion of 

t o l e r a n t p l a n t s i n unleaded s i t e s . Bos e t al (1986) 

measured gene flow i n P.lanceolata a t 0.2 - 1.4m per 
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generation. Over c e n t u r i e s , i n an out-breeding 

p e r e n n i a l which flowers i n i t s f i r s t year, such as 

P.lanceolata (Sagar and Harper 1958) t h i s could r e s u l t 

i n gene flow over considerable d i s t a n c e s and t h i s would 

account f o r the unexpectedly high T . I . s found f o r some 

p l a n t s from Barningham. 

The r e l a t i v e l y low t o l e r a n c e of some p l a n t s from the 

p o l l u t e d s o i l i n S l e i g i l l i s more d i f f i c u l t to 

e x p l a i n . P o s s i b l y there are small pockets of unpolluted 

s o i l on the s u r f a c e of contaminated heaps. S o i l samples 

were taken from the rooting zone of the p l a n t s 

c o l l e c t e d , but these were then mixed, and t h i s might 

have obscured v a r i a t i o n s i n lead content. 

The p l a n t s used i n t h i s i n v e s t i g a t i o n had been 

t r a n s f e r r e d to garden s o i l 4-6 weeks p r e v i o u s l y . I t i s 

p o s s i b l e t h a t P.lanceolata i s capable of developing 

phenotypic t o l e r a n c e (Baker et al 1986) and t h a t 4-6 

weeks i n unpolluted s o i l has reduced t h i s t o l e r a n c e i n 

some of the p l a n t s . 

Approximately 20m from the contaminated S l e i g i l l s i t e 

t h e r e i s a pasture with a p l a n t community t y p i c a l of 

uncontaminated s o i l which i n c l u d e s P.lanceolata. Baker 

(1987) suggests t h a t i n t o l e r a n t r u d e r a l and annual 

s p e c i e s may grow on p o l l u t e d s o i l s p o r a d i c a l l y , with 
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reduced vigour. Morphological evidence suggests t h a t 

P.lanceolata p l a n t s from S l e i g i l l grow more slowly 

than those from Barningham. I t i s p o s s i b l e t h a t the 

i n t o l e r a n t p l a n t s are the r e s u l t of gene flow from 

nearby pasture, and t h a t s e l e c t i o n p r e s s u r e i s exerted 

by the lead a t a l a t e r stage i n t h e i r development, by 

slowing growth to such an extent t h a t they reproduce 

l e s s often than t o l e r a n t p l a n t s . 

A f u r t h e r study of v a r i a t i o n i n the response of 

P.lanceolata to leaded s o i l could be undertaken by 

c o l l e c t i n g a l a r g e sample of p l a n t s from one s i t e , and 

propagating each p l a n t to produce c l o n e s . I n t h i s way 

r e s u l t s of T . I . determinations could be r e p l i c a t e d , and 

analysed f o r s i g n i f i c a n t v a r i a t i o n . I t i s p o s s i b l e to 

propagate P.lanceolata v e g e t a t i v e l y from l e a f c u t t i n g s 

(Wu and Antonovics 1975). 
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3.3.1. R e s u l t s of p r o l i n e estimations 

Key to groups 

Group A S l e i g i l l p l a n t s i n S l e i g i l l s o i l 
Group B Barningham p l a n t s i n S l e i g i l l s o i l 
Group C S l e i g i l l p l a n t s i n garden s o i l 
Group D Barningham p l a n t s i n garden s o i l 

Mean p r o l i n e concentrations (/Ltmoles g-1 f r e s h 

weight) i n leaves from four groups of p l a n t s are 

shown i n t a b l e 13. 

Table 13. Mean p r o l i n e c o n c e n t r a t i o n s . 

Group n Cone. SEM 

A 4 5.38 0.62 
B 4 11.90 1.39 
C 4 11.99 0.43 
D 5 13.19 1.40 

R e s u l t s of a n a l y s i s of v a r i a n c e 
df M F 

T o t a l s 16 
Groups 3 52.17 9.80 P= 0.001 
Re s i d u a l 38 5.32 

R e s u l t s of t - t e s t s 
_ B C D 
A P<0.05 P<0.0001 "P<0.01 
B - P>0.9 P>0.5 
C - P>0.4 

There i s a s i g n i f i c a n t d i f f e r e n c e between the 

p r o l i n e concentrations i n le a v e s from p l a n t s from 

S l e i g i l l growing i n S l e i g i l l s o i l (group A) and 

the other three groups. 

The c a l i b r a t i o n curve f o r p r o l i n e determination i s 

f i g . 11 i n the appendix, and data f o r the 

determination i s i n t a b l e 3.3.1.i. 
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3.3.2. D i s c u s s i o n of r e s u l t s 

Comparison of these r e s u l t s with those obtained by 

Hanley (1990) for P.lanceolata i n p o l l u t e d and 

unpolluted s i t e s suggests t h a t Groups B, C and D a l l 

have r a i s e d p r o l i n e l e v e l s . The c o n c e n t r a t i o n s found 

i n group A are s i m i l a r to those recorded by Hanley. 

As a planned pa r t of t h i s i n v e s t i g a t i o n , groups B 

and C were to be t r a n s p l a n t e d to the n a t i v e s o i l of 

the other group. Because of the d i f f i c u l t y of 

o b t a i n i n g s o i l from Barningham, garden s o i l was 

s u b s t i t u t e d . Although the d i f f e r e n c e i n lead 

c o n c e n t r a t i o n was minimal, t h e r e were undoubtedly 

other d i f f e r e n c e s i n these s o i l s , so t h a t group D 

(from Barningham) , which i t was intended to leave 

i n n a t i v e s o i l , was a l s o e f f e c t i v e l y t r a n s p l a n t e d to 

non-native s o i l . T r a n s p l a n t a t i o n took p l a c e e i g h t 

weeks "before the p r o l i n e determinations were c a r r i e d 

out. I f r a i s e d p r o l i n e l e v e l s are caused by s t r e s s , 

and i f such t r a n s p l a n t a t i o n i s a cause of s t r e s s , 

t h i s would e x p l a i n the d i f f e r e n c e between group A 

and groups B, C and D, as group A was the only one 

not so t r a n s p l a n t e d . 

Before the p r o l i n e e s t i m a t i o n s , a l l the p l a n t s were 

i n the greenhouse during a very hot weekend. E f f o r t s 

were made to keep them w e l l watered, but they may 

have been under s t r e s s . Stewart and Lee (1974) found 
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t h a t there were higher l e v e l s of p r o l i n e i n p l a n t s 

t r a n s p l a n t e d to the laboratory and provided with a 

n o n - l i m i t i n g nitrogen supply than i n p l a n t s i n the 

f i e l d i n s o i l with very l i t t l e n itrogen. P l a n t s i n 

group A have always grown i n s p o i l heap s o i l , which 

i s t y p i c a l l y n u t r i e n t poor, and p o s s i b l y t h i s i s the 

reason why t h e i r p r o l i n e l e v e l s were lower than the 

other three groups, although a l l may have 

experienced s t r e s s . 
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3.4. R e s u l t s of morphological s t u d i e s 

Plantago lanceolata p l a n t s from Barningham and S l e i 

g i l l showed s e v e r a l morphological d i f f e r e n c e s . S l e i 

g i l l p l a n t s were sma l l e r and the l e a v e s were 

h o r i z o n t a l , f l a t and shiny. Few l e a v e s had p e t i o l e s . 

Barningham p l a n t s had n e a r l y v e r t i c a l l e a v e s , many 

wit h p e t i o l e s . The leaves tended t o f o l d i n h a l f 

l o n g i t u d i n a l l y . 

Some of these f e a t u r e s a l t e r e d when the p l a n t s were 

t r a n s p l a n t e d i n t o d i f f e r e n t s o i l . The S l e i g i l l 

p l a n t s grew l a r g e r i n garden s o i l , and some of the 

Barningham p l a n t s ' leaves became h o r i z o n t a l when 

they grew i n s o i l from S l e i g i l l . 

Key to p l a n t groups 
A S l e i g i l l p l a n t s i n S l e i g i l l s o i l 
B Barningham p l a n t s i n S l e i g i l l s o i l 
C S l e i g i l l p l a n t s i n garden s o i l 
D Barningham p l a n t s i n garden s o i l 
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3.4.1. R e s u l t s of measurements of l e a f s i z e 
The mean length of the longest l e a v e s from p l a n t s i n 

groups A, B, C and D i s shown i n t a b l e 14. 

Table 14. Mean lengths of le a v e s 

Group Mean l e a f n SEM 
length (mm) 

A 37.0 10 1.58 
B 127.6 10 12.82 
C 54.5 10 2.48 
D 125.0 12 12.94 

R e s u l t s of a n a l y s i s of v a r i a n c e 
df M F 

T o t a l 41 
Groups 3 23138.60 23.34 P<0.001 
R e s i d u a l 38 991.26 

R e s u l t s of t - t e s t s 
B C D 

AP<0.001 P<0.001 P<0.001 
B - P<0.001 P>0.8 
C - P<0.001 

The only p a i r not s i g n i f i c a n t l y d i f f e r e n t were 

groups B and D. These were the two groups of p l a n t s 

from Barningham. B had grown i n S l e i g i l l s o i l f o r 

four weeks, while D grew i n garden s o i l , but t h e i r 

l e a f lengths were s t i l l s i m i l a r . T h i s may have been 

because the leaves measured were a l r e a d y f u l l y grown 

when the p l a n t s were t r a n s p l a n t e d , and could not 

change i n s i z e . 

Groups A and D ( p l a n t s from d i f f e r e n t s i t e s ) showed 

s i g n i f i c a n t d i f f e r e n c e s i n l e a f length, D (from S l e i 

g i l l ) having s h o r t e r l e a v e s . P l a n t s from S l e i g i l l 

i n garden s o i l (group C) had s i g n i f i c a n t l y longer 

l e a v e s than S l e i g i l l p l a n t s i n n a t i v e s o i l (group 



50 

A) a f t e r four weeks, i n d i c a t i n g t h a t t h e i r growth 

r a t e had inc r e a s e d . 

To sum up, p l a n t s from S l e i g i l l had s h o r t e r l e a v e s 

than p l a n t s from Barningham, but t h e i r growth r a t e 

i n c r e a s e d when they were t r a n s p l a n t e d i n t o garden 

s o i l . 

The mean width of the longest l e a v e s from p l a n t s i n 

groups A, B, C, and D i s shown i n t a b l e 15. 

Table 15. Mean width of leaves 

Group Mean l e a f n SEM 
width (mm) 

A 6.5 10 0.54 
B 12.0 10 0.37 
C 11.7 10 0.7 
D 14.0 12 0.90 

R e s u l t s of a n a l y s i s of v a r i a n c e 
df M F 

T o t a l 41 
Group 3 107.96 20.66 P<0.001 
Re s i d u a l 38 5.23 

R e s u l t s of t - t e s t s 
B~ C D 

A P<0.001 P<0.001 P<0.001 
B - P>0.5 P>0.05 
C - P>0.05 

Group A leaves (from S l e i g i l l p l a n t s i n S l e i g i l l 

s o i l ) were s i g n i f i c a n t l y narrower than any other 

group. That i s , p l a n t s from the two s i t e s d i f f e r e d , 

and when S l e i p l a n t s were t r a n s p l a n t e d to garden 

s o i l t h e i r l eaves became wider. S l e i p l a n t s grown 

i n garden s o i l f o r four weeks (C) i n c r e a s e d t h e i r 

l e a f width to a point where they were no longer 

s i g n i f i c a n t l y d i f f e r e n t from Barningham p l a n t s i n 
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garden s o i l (D) . T h i s contrasted with l e a f length 

which was s t i l l s i g n i f i c a n t l y d i f f e r e n t i n the s e two 

groups. T h i s was because S l e i g i l l p l a n t s had fewer 

l e a v e s with p e t i o l e s . P.lanceolata l e a v e s develop 

p e t i o l e s as they mature. There i s not a sharp 

boundary between the p e t i o l e and the r e s t of the 

l e a f , so t h a t i t was not p o s s i b l e to measure only 

the l e a f . I f a p e t i o l e was present i t was included 

i n the l e a f length. 

The mean r a t i o of l e a f length to l e a f width i n 

groups A,B,C and D i s shown i n t a b l e 16. 

Table 16. Mean r a t i o of l e a f length to width. 

Group Rati o n SEM 
A 5.929 10 0.383 
B 10.526 10 0.884 
C 4.805 10 0.313 
D 9.142 12 0.942 

R e s u l t s of a n a l y s i s of v a r i a n c e 
_ df M F 
T o t a l 41 
Group 3 73.31 13.30 P<0.001 
R e s i d u a l 38 5.51 

R e s u l t s of t - t e s t s 
B C D 

A P<0.001 P<0.05 P<0.01 
B - P<0.001 P>0.1 

Groups B and D were not s i g n i f i c a n t l y d i f f e r e n t i n 

any of these measurements. Leaf s i z e and shape of 

p l a n t s from Barningham had not been a f f e c t e d by the 

d i f f e r e n c e i n the s o i l s they had been t r a n s p l a n t e d 

i n t o . However four weeks i n garden s o i l had 

decreased the r a t i o of length to width i n l e a v e s 
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from p l a n t s from S l e i g i l l . (Groups A and C were 
s i g n i f i c a n t l y d i f f e r e n t ) . 

P l a n t s from S l e i g i l l and p l a n t s from Barningham had 

a s i g n i f i c a n t l y d i f f e r e n t length/width r a t i o . Leaves 

from Barningham p l a n t s were longer i n r e l a t i o n to 

t h e i r width, because more of them had developed 

p e t i o l e s . 

3.4.2. R e s u l t s of measurements of s p e c i f i c l e a f weight. 

The mean s p e c i f i c l e a f weight (SLW) of l e a v e s from 

p l a n t s i n groups A, B, C and D i s shown i n t a b l e 17. 

Table 17. Mean s p e c i f i c l e a f weights. 

Group SLW n SEM 
A 0.2979 30 0.0065 
B 0.2437 30 0.0063 
C 0.2781 30 0.0069 
D 0.2422 30 0.0076 

R e s u l t s of a n a l y s i s of v a r i a n c e 
df M F 

T o t a l 119 
Groups 3 0.02 15.92 P<0.001 
Re s i d u a l 116 0.00 

R e s u l t s of t - t e s t s 
B C D 

A P<0.001 P<0.05 P<0.001 
B - P=0.001 P>0.5 
C - P=0.001 

SLW i s a measure of l e a f t h i c k n e s s and/or d e n s i t y . 
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Groups A and C were s i g n i f i c a n t l y d i f f e r e n t , t h a t 

i s , t h e SLW of S l e i g i l l p l a n t s had d e c r e a s e d a f t e r 

f o u r weeks i n garden s o i l . T r a n s p l a n t a t i o n had had 

no e f f e c t on Barningham l e a v e s (B and D a r e n o t 

s i g n i f i c a n t l y d i f f e r e n t ) . Group A i s s i g n i f i c a n t l y 

d i f f e r e n t from t h e o t h e r groups, t h a t i s , S l e i g i l l 

p l a n t s i n n a t i v e s o i l have a h i g h e r SLW t h a n o t h e r 

g r o u p s . 

3.4.3. R e s u l t s o f measurements of l e a f number. 

The mean number of l e a v e s p e r p l a n t i n groups B, C 

and D i s shown i n t a b l e 18 . ( R e s u l t s were n o t 

o b t a i n e d f o r group A) 

T a b l e 18. Mean number o f l e a v e s on e a c h p l a n t 

Group Number of n SEM 
l e a v e s 

B 7.10 10 0.43 
C 8.30 10 0.62 
D 7.33 12 0.51 

R e s u l t s o f a n a l y s i s of v a r i a n c e 
df " M ~ F 

T o t a l 31 
Groups 3 4.10 1.39 P>0.2 
R e s i d u a l 29 2.95 

The number of l e a v e s on e a c h p l a n t d i d n o t v a r y 

s i g n i f i c a n t l y i n groups B C and D. 

The mean p r o p o r t i o n s of l e a v e s w i t h p e t i o l e s i n 

groups B, C and D a r e shown i n t a b l e 19 on t h e n e x t 

page. 
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T a b l e 19. Mean p r o p o r t i o n o f l e a v e s w i t h p e t i o l e s . 
Group P r o p o r t i o n n SEM 
B 0.6172 10 0.0496 
C 0.1121 10 0.0434 
D 0.6819 12 0.0275 

R e s u l t s of a n a l y s i s of v a r i a n c e 
d f M F 

T o t a l 31 
Groups 2 1.02 60.02 P<0.001 
R e s i d u a l 29 0.02 

R e s u l t s of t - t e s t s 
B C D 

B - P<0.001 P>0.1 
C - P<0.001 

Groups B and D were Barningham p l a n t s and were n o t 

s i g n i f i c a n t l y d i f f e r e n t . The p r o p o r t i o n o f l e a v e s 

w h i c h had p e t i o l e s was s i g n i f i c a n t l y l e s s i n group C 

( S l e i p l a n t s ) t h a n i n groups B o r D. 

D e t a i l s of a l l t h e s e measurements c a n be found i n 

t h e appendix, on t a b l e s 3 . 4 . i , i i , and i i i . 
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3.4.4. D i s c u s s i o n of r e s u l t s 

T h i s s t u d y was u n d e r t a k e n when i t was r e a l i s e d t h a t 

t h e m o r p h o l o g i c a l c h a r a c t e r i s t i c s o f some of t h e 

p l a n t s had changed f o u r weeks a f t e r t h e y were p l a c e d 

i n n o n - n a t i v e s o i l . F o r t h i s r e a s o n d a t a on t h e s e 

c h a r a c t e r i s t i c s was n o t r e c o r d e d when t h e p l a n t s 

were o b t a i n e d , and t h e r e c o r d o f changes i s 

i n c o m p l e t e a s l e a f number w i t h and w i t h o u t p e t i o l e s 

was not r e c o r d e d f o r group A. 

Comparisons between groups A and D showed t h a t 

p l a n t s from Barningham had l o n g e r and w i d e r l e a v e s 

t h a n p l a n t s from S l e i g i l l , and t h a t t h e i r SLW was 

l o w e r . Comparisons between groups A and C showed 

t h a t when S l e i g i l l p l a n t s were t r a n s p l a n t e d i n t o 

g a r d e n s o i l f o r f o u r weeks t h e i r l e a v e s became w i d e r 

but not l o n g e r . The d i f f e r e n c e s between t h e s o i l s 

u s e d t o t r a n s p l a n t Barningham p l a n t s had n o t 

a f f e c t e d t h e i r s i z e " and shape. 

The number of l e a v e s on t h e p l a n t s d i d n o t v a r y 

between t h e t h r e e groups f o r w h i c h i t was r e c o r d e d . 

When S l e i g i l l and Barningham p l a n t s i n g a r d e n s o i l 

were compared, S l e i g i l l p l a n t s were found t o have a 

low e r p r o p o r t i o n of l e a v e s w i t h p e t i o l e s . I n 

P.lanceolata o n l y t h e o l d e r , o u t e r l e a v e s o f t h e 

r o s e t t e s have p e t i o l e s . T h i s s u g g e s t s t h a t S l e i 

p l a n t s grow a t a s l o w e r r a t e t h a n Barningham p l a n t s . 

They produce a s i m i l a r number of l e a v e s , b u t t h e s e 
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l e a v e s t a k e much l o n g e r t o r e a c h m a t u r i t y . 

F l o w e r i n g i s i n i t i a t e d i n P.lanceolata by l o n g day 

l e n g t h ( S a g a r and Harper 19 6 4 ) , b ut a l s o depends on 

t h e s i z e of t h e p l a n t (Tonsor 1 9 8 9 ) . T h e s e r e s u l t s 

s u g g e s t t h a t p l a n t s whose growth i s s l o w f o r any 

r e a s o n w i l l have a lo w e r r e p r o d u c t i v e r a t e t h a n f a s t 

growing ones. They a l s o show t h a t t h e growth r a t e of 

p l a n t s from S l e i g i l l i s much l e s s t h a n t h a t of 

p l a n t s from Barningham. 

The h i g h e r SLW found i n S l e i g i l l p l a n t s i n n a t i v e 

s o i l h a s s e v e r a l p o s s i b l e c a u s e s . SLW v a r i e s w i t h 

t h e d e n s i t y and/or t h e t h i c k n e s s o f t h e l e a f , and 

changes i n w a t e r c o n t e n t a f f e c t b o t h o f t h e s e . 

D e n s i t y i s a l s o a f f e c t e d by t h e p r o p o r t i o n s o f 

m a t e r i a l s s u c h a s l i g n i n and c u t i n i n t h e l e a f . 

V a r i a t i o n i n t h e s e p r o p e r t i e s may a f f e c t t h e l e a f ' s 

p a l a t a b i l i t y . 
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3.5. R e s u l t s o f p a l a t a b i l i t y s t u d i e s 

3.5.1. P i l o t e x p e r i m e n t t o d e t e r m i n e optimum c o n d i t i o n s f o r 

p a l a t a b i l i t y t e s t s . 

T a b l e 20 shows how t h e w e i g h t s (Wmg) and a r e a s (Amm2) 

of p i e c e s of l e a f changed o v e r t h r e e d a y s a t d i f f e r e n t 

t e m p e r a t u r e s . A r e a s a r e shown i n b r a c k e t s . 

T a b l e 20 

1. Changes a t 15QC. 

S n a i l Days W o r A F i r s t Second T h i r d 
number s t a r v e d day day day 

1 1 W 58 21 -3 
A (26) (22) (0) 

2 1 W 112 4 4 
A (105) (32) (2) 

3 2 W 13 -7 1 
A (11) (1) (2) 

4 2 W 15 22 32 
A (69) (67) (136) 

5 3 W 74 66 -3 
A (300) (300) (0) 

6 3 w 68 68 69 
A (300) (300) (313) 

C o n t r o l l e a f W 23 36 -1 
A (0) (0) (0) 

The s n a i l s w h i c h were s t a r v e d f o r t h r e e d a y s e i t h e r a t e 

t h e whole l e a f (300mm2) , o r a t e n o t h i n g . The s n a i l s 

s t a r v e d f o r one o r two days a t e p a r t o f t h e l e a f . 



Changes a t 2QQC 

S n a i l Davs W o r A F i r s t Second T h i r d 
number s t a r v e d day. day day 

7 1 W 60 7 -9 
A (29) (17) (=8) 

8 1 W 131 10 62 
A (289) (300) (300) 

9 2 W 69 50 51 
A (212) (228) (0) 

10 2 W 60 15 0 
A (126) (174) (0) 

11 3 W 0 24 53 
A (0) (300) (222) 

12 3 W 68 69 142 
A (300) (300) (500) 

C o n t r o l l e a f W -67 14 -10 
A (0) (0) (0) 

S n a i l s w h i c h were s t a r v e d f o r two o r t h r e e d a y s a t e i 

o r n e a r l y a l l t h e l e a f o r n o t h i n g . One s n a i l s t a r 1 

f o r one day a t e p a r t o f t h e l e a f , t h e o t h e r a t e ' 

whole l e a f . 

Changes a t 25QC 

S n a i l Days W or A F i r s t Second T h i r d 
number s t a r v e d day day day 

13 1 W 50 71 1 
A (0) (85) (164) 

14 1 W 98 5 59 
A (0) (0) (0) 

15 2 W 27 3 -14 
A (75) (80) (75) 

16 2 W 58 7 24 
A (192) (203) (7) 

17 3 W 75 97 210 
A (300) (300) (600) 

18 3 W 11 -12 4 
A (26) (44) (47) 

C o n t r . l e a f W 101 70 1 
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The c o n t r o l l e a f a r e a c o u l d not be measured a s i t had 

s h r i v e l l e d . The l e a v e s s h r i v e l l e d r a p i d l y a t t h i s 

t e m p e r a t u r e , and t h e s n a i l s a t e e r r a t i c a l l y . T h i s 

t e m p e r a t u r e a p p e a r s t o be u n s u i t a b l e f o r t h i s t y p e of 

e x p e r i m e n t . 

S n a i l b e h a v i o u r 

The amounts e a t e n by s n a i l s v a r i e d w i d e l y under t h e 

same c o n d i t i o n s . However t h e y a p p e a r e d t o e a t a 

m e a s u r a b l e amount a t 150c i n one day i f s t a r v e d f o r one 

day p r e v i o u s l y . H i g h e r t e m p e r a t u r e s and l o n g e r 

s t a r v a t i o n t i m e s r e s u l t e d i n l a r g e r amounts b e i n g 

e a t e n , but t h i s would have made i t n e c e s s a r y t o o f f e r 

l a r g e r p i e c e s of l e a f i n p a l a t a b i l i t y t e s t s . However 

t h e r e was a s h o r t a g e of l e a f m a t e r i a l w h i c h p r e c l u d e d 

t h i s . I t would a l s o have i n c r e a s e d t h e p r o b a b i l i t y t h a t 

t h e l e a v e s o f f e r e d would be c o m p l e t e l y e a t e n , w h i c h 

would make i t i m p o s s i b l e t o c a l c u l a t e a p a l a t a b i l i t y 

i n d e x . 

L e a f w a t e r c o n t e n t 

T h e r e were two r e a s o n s f o r w e i g h t change i n l e a v e s 

p l a c e d w i t h s n a i l s : t h e l e a v e s were p a r t l y e a t e n , and 

t h e i r w a t e r c o n t e n t v a r i e d (shown by t h e c o n t r o l ) . 

T h e i r a r e a s changed when t h e y were p a r t l y e a t e n , but 

n o t when t h e i r w a t e r c o n t e n t changed. F o r t h i s r e a s o n , 



60 

t h e w e i g h t s and a r e a s i n t h e t a b l e a r e n o t c o n s i s t e n t 

w i t h e a c h o t h e r . 

As a r e s u l t of t h e s e o b s e r v a t i o n s , an i n v e s t i g a t i o n 

i n t o t h e c o n d i t i o n s needed t o keep t h e l e a v e s ' w a t e r 

c o n t e n t c o n s t a n t was u n d e r t a k e n . The r e s u l t s o f t h i s 

a r e shown i n t a b l e 21, w h i c h shows t h e volume o f w a t e r 

added, and t h e mean % change i n l e a f w e i g h t . F u l l 

d e t a i l s of t h i s e x p e r i m e n t a r e i n t h e ap p e n d i x . 

T a b l e 21. % changes i n l e a f w e i g h t . 

Box nos. V o l of w a t e r ( m l ) % change 
1 and 2 20 +15.44 
3 and 4 25 +8.23 
5 and 6 30 +1.25 
7 and 8 35 +8.25 
9 and 10 40 +11.78 

F i g 4 i s a graph showing t h e % change i n w e i g h t w i t h 

d i f f e r e n t volumes of w a t e r . A l t h o u g h i t was d i f f i c u l t 

e x p l a i n t h e s e r e s u l t s , t h e y showed t h a t 3 0ml o f w a t e r 

on t h e c o t t o n wool i n t h e boxes pr o d u c e d t h e l e a s t 

change i n l e a f w e i g h t o v e r 24 h o u r s . 

T h e s e o b s e r v a t i o n s showed t h a t i t was p o s s i b l e t o c a r r y 

o u t t h e p a l a t a b i l i t y t e s t s a t 150c, w i t h a s t a r v a t i o n 

t i m e of one day, and a t e s t d u r a t i o n o f one day. Thes e 

c o n d i t i o n s were t h e most p r a c t i c a b l e , and were adopted. 

3 0cm3 o f w a t e r was p l a c e d i n t h e c o n t a i n e r s i n e a c h 

box. 



Fig 4„ % ©hang© in float wt witlfo vol @f wat©r 
supplied] 

Vol. of water (ml) 
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The mean w e i g h t e a t e n by e a c h s n a i l i n t e s t s 1 

r e c o r d e d i n t a b l e 22. 

T a b l e 22. Mean w e i g h t s e a t e n by s n a i l s 

S n a i l Mean wt S n a i l Mean wt 
number eaten(mq) number eaten(ma) 
1 61.89 11 39.95 
2 139.25 12 47.71 
3 62.39 13 34.64 
4 73.81 14 32.40 
5 1.48 15 36.33 
6 30. 40 16 61. 29 
7 123.68 17 62 . 75 
8 35.70 18 6.85 
9 37.50 19 19.78 

10 17.76 20 68.04 

T h e r e were l a r g e v a r i a t i o n s between s n a i l s i n t h e mean 

w e i g h t of l e a f e a t e n . I n p a r t i c u l a r , no. 5 a t e v e r y 

l i t t l e , and may have been s e n e s c e n t . No s n a i l d i e d 

d u r i n g t h e t e s t s . 

C a l c u l a t i o n of a p a l a t a b i l i t y i n d e x removes v a r i a t i o n 

c a u s e d by t h e d i f f e r i n g w e i g h t s e a t e n , and e m p h a s i s e s 

t h e s n a i l ' s p r e f e r e n c e , and how marked i t was. 

P a l a t a b i l i t y i n d e x ( P . I . ) Wt of t e s t l e a f e a t e n 
T o t a l wt o f l e a f e a t e n 

A P . I . of 0.5 i n d i c a t e s t h a t no p r e f e r e n c e was shown 

between t h e t e s t m a t e r i a l and t h e r e f e r e n c e m a t e r i a l . A 

P . I . o f more t h a n 0.5 i n d i c a t e s t h a t t h e t e s t m a t e r i a l 

was p r e f e r r e d , t h e i n t e n s i t y of t h e p r e f e r e n c e 

i n c r e a s i n g w i t h P . I . A P . I . of l e s s t h a n 0.5 i n d i c a t e s 

t h a t t h e t e s t m a t e r i a l was r e j e c t e d , t h e i n t e n s i t y of 

t h i s r e j e c t i o n i n c r e a s i n g a s P . I . d e c r e a s e s . 
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D e t a i l e d r e s u l t s f o r 8 p a l a t a b i l i t y t e s t s ( w e i g h t s and 

a r e a s of l e a f m a t e r i a l o f f e r e d and e a t e n , and P . I . s f o r 

i n d i v i d u a l s n a i l s ) a r e i n tabl@s S o S i , i i aradl i i i i n 

t h e appendix. 

3.5.3. C o n t r o l t e s t s 

T a b l e 23. Mean P . I . s f o r two p a r t s of t h e same l e a f . D l 
and D2 

L e a f Ref n Mean P . I . SEM 
t e s t e d l e a f 

S n a i l s 1=10 D l D2 8 0.5288 0. 1469 
D2 D l 8 0.4713 0. 1469 

S n a i l s 11=20 D l D2 8 0.5275 0. 1446 
D2 D l 8 0.4725 0. 1446 

The r e s u l t s were a n a l y s e d u s i n g a p a i r e d t - t e s t . 

S n a i l s 1-10 P > 0.8 
S n a i l s 11-20 P > 0.8 

T h e r e was no s i g n i f i c a n t d i f f e r e n c e i n t h e P . I . s when 

s n a i l s were o f f e r e d two s i m i l a r p a r t s of t h e same l e a f . 

A f t e r a t e s t a s n a i l , and f a e c e s , might be found i n any 

p a r t o f t h e box, and l e a v e s had sometimes been moved, 

s u g g e s t i n g t h a t t h e s n a i l s moved about f r e e l y i n t h e 

box, and came i n t o c o n t a c t w i t h both l e a v e s , and 

s u p p o r t i n g t h e f i n d i n g o f a s i m i l a r P . I . f o r s i m i l a r 

l e a v e s . T h i s r e s u l t f o r t h e c o n t r o l t e s t t h u s v a l i d a t e d 

s i g n i f i c a n t c h o i c e s made i n l a t e r t e s t s . 
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3.5.4. P a l a t a b i l i t y t e s t s between l e a v e s from f o u r groups, 

Key t o groups: 
Group A S l e i g i l l p l a n t s i n s o i l from S l e i g i l l 
Group B Barningham p l a n t s i n S l e i g i l l s o i l 
Group C S l e i g i l l p l a n t s i n garden s o i l 
Group D Barningham p l a n t s i n g a r d e n s o i l 

T a b l e 2 4 o Mean P o X o S f o r a l l c a l a t a b i l i t y t e s t s . 

L e a f R e f . n Mean P . I . SEM 
t e s t e d l e a f 

T e s t 1 A C 7 0.2829 0.1258 
C A 7 0.7171 0.1258 

T e s t 2 D B 10 0.3010 0.1251 
B D 10 0.6990 0.1251 

T e s t 3 C D 8 0.2313 0.1299 
D C 8 0.7688 0.1299 

T e s t 4 A D 10 0.1690 0.0904 
D A 10 0.8310 0.0904 

T e s t 5 C B 8 0.4038 0.1352 
B C 8 0.5962 0.1352 

T e s t 6 A B 7 0.1971 0.0648 
B A 7 0.8029 0.0648 

A n a l y s i s of r e s u l t s 

The r e s u l t s i n t a b l e 24 were r e g r o u p e d by r e f e r e n c e 

l e a f , and o r d e r e d i n t h e s e groups w i t h t h e h i g h e s t 

t e s t l e a f P . I . f i r s t . T h i s i s shown i n t a b l e 25 
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T a b l e 25. R e s u l t s r e g r o u p e d by r e f e r e n c e l e a f 

l . R e f . l e a f A 

2 . R e f . l e a f B 

3 . R e f . l e a f C 

4 . R e f . l e a f D 

L e a f n Mean P . I . SEM 
t e s t e d 

D 10 0.8310 0.0904 
B 7 0.8029 0.0648 
C 7 0.7171 0.1258 

C 8 0.4038 0.1352 
D 10 0.3010 0.1251 
A 7 0.1971 0.0648 

D 8 0.7688 0.1299 
B 8 0.5962 0.1352 
A 7 0.2829 0.1258 

B 10 0.6990 0.1251 
D 8 0.4725 0.1446 
C 8 0.2313 0.1299 
A 10 0.1690 O.O904 

P a r t 1 o f t h i s t a b l e shows t h a t t h e t h r e e o t h e r groups 

a l l had h i g h P . I . s ( c o n s i d e r a b l y above 0.5) when t e s t e d 

a g a i n s t A. T h a t i s , a l l o t h e r groups were p r e f e r r e d t o 

S l e i p l a n t s i n S l e i s o i l . 

P a r t 2 shows t h a t t h e t h r e e o t h e r groups a l l had low 

P . I . s (under 0.5) when t e s t e d a g a i n s t B. T h a t i s , 

Barningham p l a n t s i n S l e i s o i l were p r e f e r r e d t o a l l 

o t h e r s . 

P a r t s 3 and 4 show t h a t when C o r D were r e f e r e n c e 

groups t h e s c o r e s were s p r e a d a c r o s s 0.5, i n d i c a t i n g 

t h a t some groups were p r e f e r r e d t o t h e r e f e r e n c e group, 

and some r e j e c t e d . 
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F i g . 5 shows r e s u l t s f o r a l l t e s t groups and r e f e r e n c e 

g roups p l o t t e d on a b a r c h a r t . F i g s 6-9 show t h e 

r e s u l t s f o r each r e f e r e n c e group s e p a r a t e l y , w i t h 95% 

c o n f i d e n c e l i m i t s . They a r e a l l p l o t t e d t o t h e same 

s c a l e , t o e n a b l e c o m p a r i s o n . 

R e s u l t s i n e a c h p a r t of t h i s t a b l e were a n a l y s e d , u s i n g 

ANOVA, and t - t e s t s where n e c e s s a r y . 

P . I . s f o r groups B, C, and D t e s t e d w i t h r e f e r e n c e t o A 
df M F 

T o t a l 2 3 
Groups 2 0.03 0.37 P > 0 . 5 
R e s i d u a l 21 0.08 

T h i s t e s t showed no s i g n i f i c a n t d i f f e r e n c e s between 

t h e s e 3 P . I . s , which were a l l more t h a n 0.5. P l a n t s i n 

t h e o t h e r t h r e e groups were a l l p r e f e r r e d t o S l e i 

p l a n t s i n S l e i s o i l w i t h a s i m i l a r i n t e n s i t y . 

P . I . s f o r groups A. C and D t e s t e d w i t h r e f e r e n c e t o B 
d f M F 

T o t a l 24 
Groups 3 0.08 0.67 P >0.5 
R e s i d u a l 22 0.12 

T h i s t e s t showed no s i g n i f i c a n t d i f f e r e n c e s between 

t h e s e P . I . s , w h i c h were a l l l e s s t h a n 0.5. A s i m i l a r 

i n t e n s i t y of p r e f e r e n c e f o r Barningham p l a n t s i n S l e i 

s o i l was shown i n a l l t e s t s . 
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Fig 6. Palatabl l l ty Indices tor group* B,C and D 
with reference to group A 
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Fig 6. Palatabl l l ty Indices for groups A,C and 0 
with referenoe to group B. 
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Fig 8. Fa lata b 1 lit y Indices for groups A ,I and D 
with reference to group C 
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Fig 9. Palatabi l i ty Indices for groups A ,B ,C and D 
with referenoe to 0 
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P . I . s f o r groups A. B and D with r e f e r e n c e to C 
df M F 

t o t a l 22 
Groups 2 0.45 3.4 P = 0 . 0 5 
R e s i d u a l 20 0.13 

T - t e s t s 
B D 
A P>0.1 P<0.02 
B - P>0.1 

Group D had a s i g n i f i c a n t l y higher P.I than group A. 

That i s , Barningham p l a n t s on garden s o i l were 

p r e f e r r e d , S l e i p l a n t s on S l e i s o i l were r e j e c t e d , and 

the d i f f e r e n c e i n degree of choice was s i g n i f i c a n t when 

both were t e s t e d a g a i n s t S l e i p l a n t s on garden s o i l . 

As D was t e s t e d a g a i n s t D i n the c o n t r o l t e s t , i t was 

p o s s i b l e to analyse the r e s u l t s f o r A, B, C and D with 

r e f e r e n c e to D. 

P . I . s f o r groups A, B, C and D t e s t e d with r e f e r e n c e to 
D 

df M F 
T o t a l 45 
Groups 3 0.58 4.07 P = 0.013 
R e s i d u a l 42 0.142 

T - t e s t s 

B C D 
A P<0.005 P>0.5 P<0.05 
B - P<0.05 P>0.1 
C P>0.1 

Group B had a s i g n i f i c a n t l y higher P . I . than Group A. 

That i s , Barningham p l a n t s i n S l e i s o i l were p r e f e r r e d , 

and S l e i p l a n t s i n S l e i s o i l were r e j e c t e d , when both 

were t e s t e d against Barningham p l a n t s i n garden s o i l . 
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Group D had a s i g n i f i c a n t l y higher P . I . than group A, 

showing t h a t Barningham p l a n t s i n garden s o i l ( D ) were 

p r e f e r r e d to S l e i p l a n t s i n S l e i s o i l ( A ) . 

Group B had a s i g n i f i c a n t l y higher P . I . than group C. 

That i s , when both groups of p l a n t s had been 

t r a n s p l a n t e d to non-native s o i l , Barningham p l a n t s (B) 

were s t i l l p r e f e r r e d . 

3.5.4. D i s c u s s i o n of r e s u l t s . 

Richardson and Whittaker (1982) found t h a t v a r y i n g the 

re f e r e n c e m a t e r i a l v a r i e d the degree of d i s c r i m i n a t i o n 

between t e s t s p e c i e s . I n t h i s i n v e s t i g a t i o n , a l l groups 

were t r e a t e d as re f e r e n c e m a t e r i a l i n t u r n , and the 

r e s u l t s f o r group D provided the best d i s c r i m i n a t i o n 

between groups. Three s i g n i f i c a n t d i f f e r e n c e s have been 

e s t a b l i s h e d . They are t h a t groups D and B were 

p r e f e r r e d to group A, and group B was p r e f e r r e d to 

group C. T h i s suggests a preference ranking of B C D A 

or B D C A. T h i s i n v e s t i g a t i o n was planned on the 

assumption t h a t garden s o i l and Barningham s o i l were 

s i m i l a r , and t h a t p l a n t s t r a n s p l a n t e d between them 

would be unaffected. The r e s u l t s of p r o l i n e 

determinations suggest t h a t t h i s may not be so, and 

make i n t e r p r e t a t i o n of these r e s u l t s more d i f f c u l t . 
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4. D i s c u s s i o n 

The two s i t e s from which p l a n t s were c o l l e c t e d were 

s e l e c t e d because they d i f f e r e d i n s o i l l e a d 

concentration. I t was expected t h a t the high lead 

concentration i n S l e i g i l l s p o i l heaps would have 

r e s u l t e d i n the e v o l u t i o n of a lead t o l e r a n t ecotype 

of P o l a n c e o l a t a , and t h a t p l a n t s from Barningham, 

where the lead l e v e l was low, would be l e s s t o l e r a n t 

of lead (Baker 1988) . T h i s r e l a t i o n s h i p was not 

demonstrated i n the present study, although study of 

two intermediate s i t e s provided evidence of a trend 

i n t h i s d i r e c t i o n . There appears to be great 

v a r i a b i l i t y i n t o l e r a n c e a t both the s i t e s , and the 

sample s i z e was too small to r e s o l v e t h i s . Thus 

the r e i s no evidence fo r or a g a i n s t a r e l a t i o n s h i p 

between lead t o l e r a n c e and p a l a t a b i l i t y t o H.aspersa 

or between lead t o l e r a n c e and r a i s e d p r o l i n e l e v e l s 

i n P.lanc&oTata. 

The study was planned as an i n v e s t i g a t i o n i n t o the 

d i f f e r e n c e s between p l a n t s from the two s i t e s when 

each were grown i n t h e i r own and i n the o t h e r s 1 

s o i l . Thus there were four groups of p l a n t s t o be 

compared, with two v a r i a b l e s , s i t e of o r i g i n and 

source of present s o i l . S u f f i c i e n t s o i l could not 

be obtained from one of the s i t e s , and as i t was the 

l e a d concentration i n the s o i l s t h a t was under 

i n v e s t i g a t i o n f o r i t e e f f e c t on the p l a n t s , s o i l 
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from elsewhere with a broadly s i m i l a r l e a d content 

was s u b s t i t u t e d . As a r e s u l t of t h i s , another 

v a r i a b l e was u n i n t e n t i o n a l l y introduced, i n t h a t 

p l a n t s e i t h e r continued to grow i n t h e i r n a t i v e 

s o i l , or were t r a n s p l a n t e d out of i t . I n order to 

c l a r i f y the d i f f e r e n t treatments, each p o s s i b l e p a i r 

of groups was considered, and comparisons of 

treatments were made w i t h i n each p a i r . The t a b l e 

below summarises d i f f e r e n c e s between the members of 

a p a i r i n the three treatments: t r a n s p l a n t h i s t o r y , 

o r i g i n of p l a n t s , and the s o i l i n which they were 

planted. 

Key to p l a n t groups 
A S l e i g i l l p l a n t s growing i n S l e i g i l l s o i l . 
B Barningham p l a n t s growing i n S l e i g i l l s o i l 
C S l e i g i l l p l a n t s growing i n garden s o i l . 
D Barningham p l a n t s growing i n garden s o i l . 

Table 26. 
D i f f e r e n c e s i n treatments between members of a p a i r 

P a i r T r a n s p l a n t e d S l e i o r i g i n S l e i s o i l 
A+C C = A 
B+D = B 
C+D C 
A+B B A 
A+D D A A 
B+C C 

= i n d i c a t e s t h a t both groups were s i m i l a r . 

S e v e r a l c h a r a c t e r i s t i c s of the l e a v e s of p l a n t s i n 

these groups were studied: t h e i r p a l a t a b i l i t y to 

Helix aspersa, t h e i r p r o l i n e c o n c e n t r a t i o n , and 

t h e i r s i z e , shape and s p e c i f i c l e a f weight (SLW). 

The growth r a t e of the p l a n t s was estimated using 
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the proportion of t h e i r l e a v e s which had p e t i o l e s . 

The l e a d content of the l eaves was measured, but due 

to the shortage of p l a n t m a t e r i a l , only one sample 

from each group was analysed, so t h a t the r e s u l t s 

were inadequate, and could not be used. 

Each p o s s i b l e p a i r of groups was considered f o r 

d i f f e r e n c e s i n these c h a r a c t e r i s t i c s between i t s 

members. The t a b l e below summarises the s i g n i f i c a n t 

d i f f e r e n c e s between the members of each p a i r . 

Table 27 
D i f f e r e n c e s between members of p a i r s , with regard to 
the c h a r a c t e r i s t i c s shown. 
GroupProl Pal L. 1 
A+C C = C 
B+D = = 

C+D D 
A+B B B B 
A+D D D D 
B+C = B B 

L.w G.r SLW 
C ? A 

D D C 
B ? A 
D ? A 

B C 

= no s i g n i f i c a n t d i f f e r e n c e detected. 
? i n s u f f i c i e n t data. 
P r o l p r o l i n e 
P a l p a l a t a b i l i t y 
L . l l e a f length 
L.w l e a f width 
G.r growth r a t e 
SLW s p e c i f i c l e a f weight 

The c a p i t a l l e t t e r s i n the t a b l e denote the group 
with the higher r e s u l t i n each case. 

Comparisons were made w i t h i n p a i r s , u sing the above 

t a b l e , and r e l a t i o n s h i p s were p a r t i c u l a r l y sought 

between p a l a t a b i l i t y and other c h a r a c t e r i s t i c s . 

Three such r e l a t i o n s h i p s were i d e n t i f i e d . 



71 

F i r s t l y , i t can be seen t h a t p r o l i n e c o n c e n t r a t i o n 

and p a l a t a b i l i t y are d i r e c t l y r e l a t e d i n two p a i r s 

(A+B, A+D) . I n both cases the group with the higher 

p r o l i n e content i s a l s o the more p a l a t a b l e one. 

Secondly, p a l a t a b i l i t y and SLW have an i n v e r s e 

r e l a t i o n s h i p i n three p a i r s (B+C, A+D, and A+B). I n 

these p a i r s , leaves with a higher SLW are l e s s 

p a l a t a b l e to Helix aspersa. T h i r d l y , l e a f length and 

width are d i r e c t l y r e l a t e d to p a l a t a b i l i t y i n two 

p a i r s (A+B and B+C), i n which l a r g e r l e a v e s a r e more 

p a l a t a b l e than smaller ones. 

I t i s t h e r e f o r e p o s s i b l e t h a t p r o l i n e c o n c e n t r a t i o n , 

SLW, and l e a f s i z e a l l a f f e c t p a l a t a b i l i t y , or t h a t 

one or two of them do, or t h a t a l l t h r e e and 

p a l a t a b i l i t y are a f f e c t e d by some other f a c t o r . The 

s n a i l s had been o f f e r e d p i e c e s of l e a f i n the 

p a l a t a b i l i t y t e s t s , and i t was thought t h a t t h i s 

made i t u n l i k e l y t h a t the s i z e and shape of whole 

l e a v e s could have a f f e c t e d t h e i r c h o i c e s , arid 

t h e r e f o r e l e a f s i z e was not considered f u r t h e r as a 

cause of p a l a t a b i l i t y , . 

Comparisons were made between t a b l e s 2 6 and 27, with 

p a r t i c u l a r r e f e r e n c e to p r o l i n e c o n c e n t r a t i o n and 

SLW. These showed a r e l a t i o n s h i p between p r o l i n e 

concentration and t r a n s p l a n t a t i o n i n a l l p a i r s . I n 

each p a i r , i f only one had been t r a n s p l a n t e d , i t had 

the higher p r o l i n e l e v e l . The t a b l e s a l s o showed a 

l i n k between high SLW and S l e i o r i g i n i n t h r e e 
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p a i r s . P l a n t s from S l e i g i l l had l e a v e s with a high 

SLW. 

Thus i t seems probable t h a t a p l a n t ' s o r i g i n , and 

i t s t r a n s p l a n t a t i o n h i s t o r y , a f f e c t i t s SLW and i t s 

p r o l i n e concentration r e s p e c t i v e l y , and t h a t SLW and 

p r o l i n e content may a f f e c t p a l a t a b i l i t y . 

The r e s u l t s show t h a t t r a n s p l a n t a t i o n e i g h t weeks 

p r e v i o u s l y i s a p o s s i b l e cause of r a i s e d p r o l i n e 

l e v e l s . P r o l i n e accumulation i s an i n d i c a t o r of 

s t r e s s , and t r a n s p l a n t a t i o n i s probably s t r e s s f u l . 

I f the two groups of p l a n t from the unpolluted s i t e 

are compared, i t can be seen t h a t t h e i r p r o l i n e 

l e v e l s were eq u a l l y high. The group t r a n s p l a n t e d to 

s o i l w i th a high lead content (B) d i d not have a 

higher p r o l i n e l e v e l than the group moved to s o i l 

w ith a low lead content (D). Thus l e a d c o n c e n t r a t i o n 

i n the s o i l d id not appear to a f f e c t p r o l i n e 

c o n c e n t r a t i o n i n these p l a n t s . 

F u r t h e r evidence of the e f f e c t s of lead on p r o l i n e 

c o n c e n t r a t i o n i s provided by the s i g n i f i c a n t l y lower 

p r o l i n e l e v e l s i n group A than the other t h r e e 

groups. T h i s d i f f e r e n c e may have been because group 

A p l a n t s were not trans p l a n t e d , but the low l e v e l i n 

group A suggests t h a t they were not s t r e s s e d by the 

p o l l u t e d s o i l . Saradhi (1991) found t h a t s e e d l i n g s 

(not P.lanceolata) grown i n leaded media had r a i s e d 

p r o l i n e l e v e l s , i n c o n t r a s t to the p l a n t s i n group 

A. P.lanceolata p l a n t s from unpolluted s i t e s were 
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watered with lead s o l u t i o n by Hanley (1990), and 

were found to have r a i s e d p r o l i n e l e v e l s , i n 

c o n t r a s t to group B. The v a r i a b i l i t y of p l a n t s from 

both these s i t e s with regard to lead t o l e r a n c e has 

been noted, and i t i s p o s s i b l e t h a t some or a l l of 

the p l a n t s from e i t h e r s i t e were lead t o l e r a n t . 

P r o l i n e may have a fu n c t i o n i n the p l a n t ' s response 

to s t r e s s , or i t s accumulation may be a r e s u l t of 

s t r e s s . I f the l a t t e r i s tr u e , i t would be expected 

t h a t a t o l e r a n t p l a n t would produce l e s s p r o l i n e 

under s t r e s s than an i n t o l e r a n t one. Pearson and 

Stewart (1991) compared p r o l i n e l e v e l s i n the g r a i n 

of t h r e e v a r i e t i e s of b a r l e y under d i f f e r e n t degrees 

of water s t r e s s , and found t h a t the most drought 

t o l e r a n t v a r i e t y had the lowest p r o l i n e l e v e l s . On 

the other hand, Stewart and Lee compared s a l i n e 

t o l e r a n t and i n t o l e r a n t ecotypes of Armeria 

maritima, and found t h a t the t o l e r a n t populations 

had the higher p r o l i n e l e v e l s . The r e s u l t s i n t h i s 

study i n d i c a t e t h a t t o l e r a n t p l a n t s may have had 

lower p r o l i n e l e v e l s . 

T h i s suggests t h a t the S l e i g i l l p l a n t s were 

a c c l i m a t i s e d i n some way to lead p o l l u t e d s o i l , 

although t h i s was not always expressed i n root 

elongation i n t o l e r a n c e t e s t s . T h i s a c c l i m a t i s a t i o n 

was not complete, as the r e s u l t s of l e a f 

measurements showed t h a t p l a n t s from p o l l u t e d s o i l 

were sma l l e r than those from unpolluted s o i l , and 

grew more slowly. I t must be remembered t h a t p l a n t s 
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on s p o i l heaps s u f f e r from, and must be t o l e r a n t to, 

a range of s t r e s s producing f a c t o r s . T h e i r slow 

growth could have been the r e s u l t of low n u t r i e n t 

l e v e l s i n the s o i l (Jowett 1959) , or of a root 

system which had been prevented from developing 

adequately by high concentrations of lead, and 

absorbed n u t r i e n t s poorly. 

I f Helix aspersa has evolved the a b i l i t y to d e t e c t 

d i f f e r e n c e s i n P.lanceolata l e a v e s , i t i s because i t 

b e n e f i t s by e a t i n g them s e l e c t i v e l y . There may be 

advantages i n e a t i n g leaves with a high p r o l i n e 

concentration, or with a p a r t i c u l a r SLW. 

Hopkins (1989, quoting Walther e t al 1984) reported 

an i n c r e a s e d r a t e of reproduction i n aphids l i v i n g 

on beans following a p p l i c a t i o n of low c o n c e n t r a t i o n s 

of lead to the p l a n t s . He i n t e r p r e t e d t h i s as a 

response to i n c r e a s e d nitrogen l e v e l s i n the phloem 

sap following metal induced s t r e s s . An i n c r e a s e i n 

p r o l i n e concentration of the magnitude observed here 

w i l l , i f i t i s not accompanied by a decrease i n the 

p r e c u r s o r s of p r o l i n e , i n c r e a s e the nitrogen 

content of P.lanceolata l e a v e s , and thus improve 

t h e i r q u a l i t y as food. 

The b e n e f i t a s n a i l obtains from a l e a f may a l s o be 

r e l a t e d to the l e a f ' s SLW. SLW i s a measure of the 

l e a f ' s density, and/or t h i c k n e s s . The d e n s i t y of a 

l e a f depends on the r e l a t i v e proportions of i t s 
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contents, so t h a t v a r i a t i o n s i n water content w i l l 

a f f e c t i t , as w i l l the proportion of such substances 

as l i g n i n and c u t i n . These f a c t o r s w i l l a l s o a f f e c t 

the value of the l e a f as food. Leaf t h i c k n e s s , the 

other c h a r a c t e r i s t i c a f f e c t i n g SLW, might a f f e c t the 

speed or ease with which a l e a f could be eaten. 

Since Helix aspersa would encounter l e a v e s with 

r a i s e d p r o l i n e l e v e l s i n a wide range of food 

p l a n t s , whereas the e f f e c t s of SLW changes are more 

v a r i a b l e , v a r i a t i o n i n p r o l i n e l e v e l s seems the most 

probable cause of the evo l u t i o n of s e l e c t i v i t y . 

The r e l a t i o n s h i p between r a i s e d p r o l i n e l e v e l s and 

p a l a t a b i l i t y i n P.lanceolata r a i s e s e c o l o g i c a l 

questions. I t suggests t h a t p l a n t s under s t r e s s are 

a t g r e a t e r r i s k from predation by h e r b i v o r e s such as 

H.aspersa than p l a n t s which are not s t r e s s e d . A 

f u t u r e study of a range of p l a n t s p e c i e s under 

s t r e s s , and a range of herbivores which feed on 

them, might i n v e s t i g a t e how widespread the 

r e l a t i o n s h i p between p r o l i n e c o n c e n t r a t i o n and 

p a l a t a b i l i t y was, and the extent of i t s e f f e c t on 

the p l a n t s . 

I n conclusion, t h i s study has shown t h a t growth i n 

lead p o l l u t e d s o i l does not always cause high 

p r o l i n e l e v e l s i n Plantago lanceolata. However when 

such l e v e l s do occur i n Plantago lanceolata l e a v e s 

t h e i r p a l a t a b i l i t y to Helix aspersa may be 

in c r e a s e d . 
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Appendix 2 

T a b l e 3.1 i . 

D e t e r m i n a t i o n o f l e a d c o n c e n t r a t i o n s o f s o i l s a m p l e s . 

HC1 e x t r a c t i o n . 

Sample W t ( q ) abs. EEffi d i l . s o i l . p p m 
S l e i 1 5. 01 36.00 1.99 1,000 5,953.33 
S l e i 2 5.34 34.00 1.91 1,000 5,362.16 
B o l l 1 4.75 32.00 1.83 100 578.07 
B o l l 2 4 .89 22 . 00 1.42 100 436.02 
Newb 1 5.64 34.00 1.91 500 2,537.64 
Newb 2 5.26 31.00 1.79 500 2,550.40 
B a r n 1 5.29 84.00 3 . 94 10 111.83 
B a r n 1 5.53 83.00 3 . 90 10 105.83 
Ga r d 1 5.47 40.00 2 .15 50 295.28 
Ga r d 2 5.19 42.00 2.24 50 323.37 

EDTA e x t r a c t i o n 
Sample W t ( q ) abs. ppm d i l . s o i l . p p m 
S l e i 1 4.60 56.00 2 . 8 1 500 4,574.36 
S l e i 2 5.20 51.00 2.60 500 3,755.77 
B o l l 1 5.21 38.00 2.07 50 298.36 
B o l l 2 4 . 89 33 . 00 1. 87 50 286.87 
Newb 1 5. 67 60.00 2 . 97 250 1,961.61 
Newb 2 5. 02 58 . 00 2 . 89 250 2,154.59 
B a r n 1 5. 59 96.00 4.43 5 59.49 
B a r n 2 5.15 101.00 4.64 5 6 7 . 5 1 
G a r d 1 5.22 46.00 2.40 25 172.13 
Ga r d 2 5.27 44 . 00 2.32 25 164.78 

C a l i b r a t i o n d a t a f o r l e a d c o n c e n t r a t i o n 

Gone- o f l e a d (ppm) A b s o r b a n c e 

1 19 
2 29 
3 58 
4 88 
5 110 
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Appendix 3 

L e n q t h s 

T a b l e 3 . 2 . 1 . i . F i v e M o u l d s p l a n t s 

d a v s . L e n q t h s o f l o n c r e s t r o o t s m e a s u r e d o v e r 12 d a v s . 

Day P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 Mean 
1 50 53 55 43 3 1 46.4 
2 50 52 55 44 33 46.8 
•i 
4 
5 

56 48 57 53 33 49 . 0 

6 
7 78 76 70 68 59 70.2 
8 85 8 1 75 72 7 1 76.8 

*9 94 88 80 78 76 83.2 
10 97 87 80 78 79 84.2 
1 1 98 90 84 79 77 85. 6 
12 98 89 83 77 76 84.6 
13 
14 96 86 82 8 1 74 83.8 

*25ppm l e a d added 

T . I , o f f i v e M o u l d s p l a n t s 

P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 Mean 
T I 0.17 0.05 0.20 -0.07 0.00 0.07 
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T a b l e 3.2.2.x. D e t e r m i n a t i o n o f Optimum l e a d 
c o n c e n t r a t i o n 

B o l l i h o p e p l a n t s 

Mean l e n g t h s o f t h r e e l o n g e s t r o o t s on 16 d a y s 

P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 
1 43 . 33 68. 33 
2 
o 

45. 67 73. 00 69 . 67 
J 
4 48. 00 48.67 83. 00 74. 67 
5 52 . 00 49.33 100. 67 82 . 00 
6 6 1 . 00 48.33 108. 67 47. 00 83 . 33 
7 68. 33 46.67 118. 67 52 . 00 83 . 00 

new 
8 
Q 

7 1 . 67 44.33 125. 00 57. 00 86. 33 
y 

10 11 9 1 . 67 65.33 136. 67 85. 67 89. 00 
*12 96. 33 78.33 143 . 67 95. 33 90. 00 
13 99. 33 84.67 145. 67 100. 67 9 1 . 00 
14 100. 33 94.33 143. 00 102. 33 88. 00 
15 1 0 1 . 67 95. 67 144 . 33 107. 33 89. 33 
16 1 0 1 . 33 93.00 107. 33 88. 00 

*2.5ppm l e a d 

F i v e B o l l i h o p e p l a n t s 

Mean l e n g t h s o f t h r e e l o n g e s t r o o t s on 12 d a y s 

P l a n t 2 P l a n t 3 P l a n t 4 Da 
1 
2 
-3-
4 
5 
6 

**7 
8 
9 

10 
11 
12 

P l a n t 1 
53.33 
54.67 
49.33 
57 .33 

62.00 
66. 67 
68.67 

38.67 
39.00 
40.00 
38.33 

39.67 
43.00 
43.33 
45. 67 
44.33 

45.33 

69.67 
70.00 
68 . 67 
70.67 

85.67 
90.67 
91.33 
97.33 
95.67 

94 .33 

63.00 
64. 00 
62 .33 

64.33 
67. 33 
67.67 
66. 67 
66.33 

P l a n t 5 
54 . 00 
55. 00 
55. 33 
52 . 67 

57.00 
62 . 33 
65.33 
63 .33 
63 .33 

62 .33 

**5ppm l e a d 
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T a b l e 3 . 2 . 2 . i c o n t . 

B a r n i n g h a m p l a n t s 

Mean l e n g t h o f t h r e e l o n g e s t r o o t s o n 2 1 d a y s 

Day P l a n t 1 P l a n t 2 P l a n t 3 
1 33 . 33 29. 00 
2 
3 
4 5 1 . 67 42. 67 
5 55. 00 50. 00 
6 60. 33 56. 00 
7 66. 00 63. 00 

*8 72 . 33 70. 33 

9 82 . 67 77. 33 
10 85. 33 82 . 67 

46. 00 

72.00 
77.33 
79.33 
85.67 
91.33 
new 

90.67 
98.33 
new 

P l a n t 4 
38.00 

50. 33 
54. 33 
59. 33 
66. 67 
73.33 

80. 33 
83 . 00 

P l a n t 5 
48.00 

50.00 
48.67 
53 . 67 
59.67 
59.67 

68. 33 
70. 00 

11 86. 67 85.00 60. 33 85. 00 73.67 
**12 9 1 . 33 88. 67 6 1 . 33 87. 33 76. 67 

13 92. 33 95.33 62. 33 87 . 67 81.33 
14 100. 67 97.67 64. 00 85. 67 83 . 67 
15 104. 00 98.33 59. 67 86. 33 84.33 
16 
17 105. 67 105.00 60. 00 91.33 82 . 67 

****18 106. 33 106.67 62 . 00 90. 67 84.67 
19 105. 00 106.67 62 . 33 90. 67 84.33 
20 109. 33 103.33 62 . 33 91.33 84.00 
21 108 . 67 104.67 6 1 . 33 93 . 33 84 . 67 

. 5ppm l e a d **5ppm l e a d ****10ppm l e a d . 
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T a b l e 3 . 2 . 2 . i c o n t . 
S l e i G i l l p l a n t s 

Mean l e n g t h s o f t h r e e l o n g e s t r o o t s on 20 d a y s 

Day P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 
1 48.00 53.67 58.00 59.00 
2 48.67 55.00 56.00 58.00 
3 50.33 59.00 55. 33 56.67 57. 00 
4 55. 00 63.33 52.67 52.33 56. 67 
5 63 .33 70.67 54.33 52.67 59. 67 
6 66.33 77.33 56.67 58.00 63.33 
7 71.33 84.67 62.00 60.33 62.67 

**8 75. 33 87.33 70.33 67.00 61.33 
9 78.67 94.67 76. 33 65.00 61.33 
9 new73.67 

10 77 . 67 94.00 73.67 65. 67 60. 67 
11 78.00 95.33 74.00 66.67 59. 33 
12 
13 77.67 95.33 74.67 66. 67 60. 33 
14 79.00 94.67 77.33 68.00 62 .33 
15 77.67 93.67 76.33 68.33 6 1 . 67 
16 78.00 91.00 77 . 00 67 .33 62 . 67 

****17 76.33 94.67 73.33 67.67 62.67 
18 
19 76.67 97.00 77.33 69 . 67 62.33 

** 5ppm l e a d ****10ppm l e a d 
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T a b l e 3 . 2 . 2 . i . c o n t . 
N e w b i g g i n p l a n t s 

Mean l e n g t h s o f t h r e e l o n g e s t r o o t s on 17 d a y s 

Da^ 7 P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 
1 39.33 32.33 47.33 
2 53.00 45.33 42.67 60. 33 3 1 . 00 
3 
4 

61.33 57.67 52.67 72 .33 38.00 

5 
6 100.67 94.00 85.33 93 .33 86. 67 

*7 112.33 101.00 96.67 101.00 95. 67 
8 120.33 107.33 102.67 107.33 105.00 
9 123.67 109.33 104.67 115.00 111.67 

**10 125.00 110.67 107.67 121.67 117.33 
11 124.67 113.00 107.67 123.67 122.33 
12 126.33 117.00 109.67 125.00 128.67 
12 new81.67 new64.00 
13 81.33 117.00 108.67 66 .33 128.33 

****14 8 1 . 33 121.00 113.00 66. 67 133.67 
15 79. 33 122.00 113.67 66. 33 133.33 
16 79. 67 124.00 114.00 67.00 134.33 
16 n e w l 0 6 . 0 0 
17 8 1 . 67 119.67 113.67 67.00 110.00 

*2.5ppm l e a d **5.0ppm l e a d ****10.0ppm l e a d 

B a r n i n g h a m p l a n t s ( C o n t r o l ) 

Mean l e n g t h s o f 2 o r 3 l o n g e s t r o o t s on 11 d a y s 

Da> ' P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 
1 63 . 00 61.00 66.00 63 . 00 60.67 
2 62.33 60.33 61.67 63 .33 60.00 
3-
A 

65. 3 3 62 . 00 6 5 r6 7 67 . 3 3 55.33 
*t 
5 63.67 64.33 70. 00 67.67 60. 33 
6 66.00 67.67 70.33 67. 00 58.33 
7 68. 67 75.00 78.00 69.50 59.00 
8 69. 67 80.00 80.50 70.50 60. 33 
9 69. 00 83.67 76. 00 68.50 62 . 33 

10 
11 78. 67 91.67 78.50 72.00 62 . 67 

1 - 3 were a e r a t e d d a i l y f o r 15 m i n u t e s 
P l a n t s 4 - 5 were n o t a e r a t e d . 
A f t e r d a y 5 r o o t l e n g t h s o f p l a n t 4 a r e t h e mean o f t w o 
m e a s u r e m e n t s . 
A f t e r d a y 7 r o o t l e n g t h s o f p l a n t 3 a r e t h e mean o f t w o 
me a s u r e m e n t s . 
A l l o t h e r r o o t l e n g t h s a r e t h e mean o f t h r e e 
m e a s u r e m e n t s . 



Appendix 8 

T a b l e 3 . 2 . 2 . i c o n t 

P r o v i s i o n a l T . I . s f o r p l a n t s f r o m f o u r s i t e s f o r t h r e e 
c o n c e n t r a t i o n s o f l e a d 

B o l l i h o p e p l a n t s 
P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 Mean 

* T . I . 0.30 0.64 0.05 0.42 =0.24 0.23 

B o l l i h o p e p l a n t s 
P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 Mean 

* * T . I . 0.29 0.25 -0.20 0.10 0.16 

B a r n i n g h a m p l a n t s 
P l a n t 1 P l a n t 2 P l a n t 4 P l a n t 5 Mean 

* T . I . 0.83 0.72 0.61 1.27 0.81 
* * T . I . 0.73 0.48 -0.05 0.70 0.43 
* * * * T . I . 0.13 -0.10 0.14 0.00 0.04 

S l e i g i l l p l a n t s 
P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 Mean 

* * T . I . 0.19 0.40 0.37 -0.09 -0.40 0.21 
* * * * T . I . 0.06 0.13 -0.03 0.12 -0.20 0.06 

N e w b i g g i n p l a n t s 
P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 Mean 

* T . I . 0.33 0.31 0.33 0.95 0.52 0.46 
* * T . I . 0.03 0.20 0.03 0.26 0.27 0.15 
* * * * T . I . 0.01 -0.04 0.02 0.02 0.11 0.03 

* 2.5ppm l e a d **5ppm l e a d ****10ppm l e a d 
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T a b l e 3 . 2 . 3 . i . D e t e r m i n a t i o n o f T o l e r a n c e I n d i c e s . 
R o o t g r o w t h i n p l a n t s f r o m f o u r s i t e s a nd c o n t r o l . 

2.5ppm l e a d added day 5 
Day P l a n t 1 P l a n t 2 P l a n t 3 P l a n t 4 P l a n t 5 Mean 
S l e i p l a n t s . 

1 66. 67 49 . 00 70.33 60.67 22. 67 53 .87 
2 68.33 49.83 75. 00 67.00 25. 17 57.07 
3 70. 00 50.67 79. 67 73 .33 27. 67 60.27 
4 70.83 50.50 83 . 67 79 .33 32 . 50 63.37 
5 7 1 . 67 50.33 87.67 85.33 37. 33 66.47 
6 71.00 48.67 9 1 . 00 87 . 00 38. 00 67 . 13 
7 69.67 48.67 93.00 87.33 39. 67 67.67 
8 69.33 50.00 96. 67 88 . 67 40. 67 69. 07 
9 69 .33 5 1 . 00 99.67 91.67 42. 00 70.73 

N e w b i g g i n p l a n t s . 
1 86. 67 62 .33 24 . 00 6 1 . 33 37 . 67 54.40 
2 89.00 63 .83 25.50 62 . 67 40. 83 56.37 
3 91.33 65.33 27. 00 64.00 44 . 00 58 .33 
4 96.50 65.83 29.00 66.33 46. 50 60.83 
5 101.67 66. 33 31.00 68 . 67 49. 00 63 .33 
6 107.67 66. 33 32 . 50 71.67 49. 00 65.43 
7 111.33 67.67 33 . 50 72 .33 49. 00 66.77 
8 111.67 64 . 67 32 . 50 72 . 33 49. 33 66. 10 
9 113.33 65. 00 33.50 72 .33 5 1 . 00 67.03 

B o l l i h o p e p l a n t s 
1 72.00 66. 00 25.33 50. 2 1 
2 76.50 69.17 32 . 67 54.27 
3 81.00 72 .33 40.00 58 . 33 
4 87.50 73.83 43 .17 6 1 . 13 
5 94 . 00 75.33 46.33 63 .92 
6 94.50 74 .33 47 . 00 64 . 08 
7 92 . 50 76. 00 47 .33 64 . 33 
8 92 . 00 75.67 48 . 00 64 . 79 
9 95. 00 76. 00 48 .67 66.67 

B a r n i n g h a m p l a n t s 
1 43 . 33 85.33 35. 67 31.33 4 1 . 67 47.47 
2 48 . 50 88 . 67 40.83 33 . 00 44. 00 5 1 . 00 
3 53.67 92.00 46.00 34.67 46. 33 54.53 
4 60.50 96.33 50.50 38.33 48. 83 58.90 
5 67.33 100.67 55.00 42.00 5 1 . 33 63 . 27 
6 71.00 101.33 55.67 45 . 00 54. 33 65.47 
7 75.33 101.00 55. 33 41.67 55. 00 65. 67 
8 76.33 102.33 58. 00 41.67 54. 67 66. 60 
9 76.33 102.33 58. 33 42 .67 54. 67 66.87 

C o n t r o l . B a r n i n g h a m p l a n t s . No l e a d a dded. 
Day P l a n t l P l a n t 2 mean 
1 67. 33 55.33 6 1 . 33 
2 67.50 57.83 62 . 66 
3 67.67 60.33 64 . 00 
4 67 . 00 58.33 62 . 67 
5 69.50 59.00 64.25 
6 70.50 60.33 65.42 
7 68.50 62.33 65.42 
8 70.25 62 . 50 66. 38 
9 72 . 00 62 . 67 67 .33 
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T a b l e 3 . 3 . 1 . i . D e t e r m i n a t i o n o f p r o l i n e c o n c e n t r a t i o n s 

Gp_ Samp. Mean Samp. Samp. A c i d L e a f 
no. abs cone w t ( a ) v o l ( m l ) c o n e 

Hg cm-3 g m l p m o l e s g - i 
A 14 0.0083 9.51 0.36 15 6.86 

15 0.0040 5.77 0.36 15 4.16 
16 0.0047 6.35 0.48 20 4.58 
17 0.0073 8.65 0.38 15 5.91 

B 10 0.0140 14.37 0.51 25 12.19 
11 0.0150 15.22 0.35 15 11.29 
12 0.0210 20.30 0.57 25 15.42 
13 0.0117 12.37 0.37 15 8.69 

C 5 0.0183 18.05 0.39 15 12.02 
6 0.0137 14.08 0.23 12 12.72 
7 0.0137 14.08 0.34 15 10.76 
8 0.0140 14.37 0.3 15 12.44 

D 9 0.0113 12.09 0.53 25 9.87 
2 0.0170 16.92 0.57 20 10.28 
3 0.0247 23.39 0.61 20 13.28 
4 0.0263 24.78 0.55 20 15.60 

C a l i b r a t i o n d a t a f o r p r o l i n e c o n c e n t r a t i o n 

Cone, o f p r o l i n e A b s o r b a n c e 
(/xg cm" 3) 

5 P'OPA 
10 0.005 
25 0.024 
50 0.062 

100 0.140 
200 0.271 
250 0.437 



Fig 11 Calibration graph for proline determinatiioini 
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T a b l e 3 . 4 . 1 . i . 

L a r g e s t l e a f d a t a f o r p l a n t s i n f o u r g r o u p s . 

Group A Group B 
L W L/W L w L/W 

33 6 5.50 75 10 7 . 50 
34 6 5.67 131 12 10. 
45 9 5.00 116 13 8.92 
4 1 8 5.13 193 14 13 .79 
38 6 6.33 102 11 9.27 
45 9 5.00 118 12 9.83 
34 5 6.80 131 13 10. 08 
33 7 4.71 203 12 16.92 
35 4 8.75 103 11 9.36 
32 5 6.40 104 12 8. 67 

Group C 
L W L/W 

50 13 3.85 
47 7 6.71 
44 10 4.40 
66 12 5.50 
55 14 3.93 
60 11 5.45 
54 16 3 . 38 
62 12 5.17 
62 12 5.17 
45 10 4 . 50 

Group D 
L W L/W 

112 21 5.33 
88 12 7.33 

135 11 12 . 27 
75 11 6.82 

185 16 11.56 
138 11 12 . 55 
103 15 6.87 
107 12 8.92 
160 17 9.41 
222 14 15.86 
86 12 7. 17 
90 16 5. 63 

L = l e n g t h 
W = w i d t h 
L/W = r a t i o o f l e n g t h t o w i d t h 

G roup A S l e i p l a n t s i n S l e i s o i l 
G r oup B B a r n i n g h a m p l a n t s i n S l e i s o i l 
G r oup C S l e i p l a n t s i n g a r d e n s o i l 
G r oup D B a r n i n g h a m p l a n t s i n g a r d e n s o i l 
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T a b l e 3 . 4 . 2 . i 

SLW f o r l e a v e s f r o m p l a n t s f r o m f o u r g r o u p s 

Group A Group B Group C Group D 
0.2515 0.2479 0.2747 0.2 382 
0.2471 0.2311 0.2769 0.3724 
0.2652 0.2201 0.2816 0.2543 
0.2721 0.1940 0.2809 0.2878 
0.2864 0.2336 0.3110 0.2430 
0.3094 0.2315 0.2519 0.2456 
0.2689 0.2335 0.3321 0.1899 
0.2672 0.2441 0.2812 0.2349 
0.2962 0.2678 0.3483 0.2293 
0.3021 0.2166 0.2595 0.2098 
0.3401 0.1990 0.2467 0.1846 
0.2720 0.2228 0.2602 0.1765 
0.2897 0.2296 0.3237 0.1988 
0.3653 0.2485 0.3757 0.2534 
0.2446 0.2743 0.2657 0.2050 
0.3634 0.2455 0.2950 0.2432 
0.2718 0.3201 0.2500 0.2064 
0.2745 0.2311 0.2629 0.2814 
0.3496 0.2274 0.2873 0.1822 
0.2933 0.2101 0.2718 0.2387 
0.3128 0.2560 0.3064 0.2424 
0.3255 0.3397 0.3211 0.2774 
0.3159 0.2466 0.2535 0.2136 
0.2617 0.1902 0.2426 0.2815 
0.2887 0.2460 0.2035 0.2340 
0.3636 0.2533 0.2327 0.2962 
0.3097 0.2670 0.2487 0.2378 
0.3442 0.2079 0.2821 0.2608 
0.2789 0.2809 0.2990 0.2592 
0.3048 0.2949 0.2160 0.2876 

Group A S l e i p l a n t s i n S l e i s o i l 
G roup B B a r n i n g h a m p l a n t s i n S l e i s o i l 
G roup C S l e i p l a n t s i n g a r d e n s o i l 
G roup D B a r n i n g h a m p l a n t s i n g a r d e n s o i l 
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T a b l e 3 . 4 . 2 . i . 
Numbers o f l e a v e s w i t h and w i t h o u t p e t i o l e s . 

G roup D Group C Group B 
a b C a b C a b c 
5 4 9 0 8 8 2 5 7 
5 2 7 0 9 9 3 3 6 
3 1 4 0 9 9 3 3 6 
4 1 5 3 6 9 6 1 7 
5 1 6 1 4 5 6 4 10 
4 2 6 0 6 6 4 2 6 
4 3 7 1 6 7 6 3 9 
5 3 8 0 9 9 5 2 7 
7 2 9 1 8 9 5 2 7 
6 3 9 4 8 12 4 2 6 
6 3 9 
5 4 9 

Group A S l e i p l a n t s i n S l e i s o i l 
G roup B B a r n i n g h a m p l a n t s i n S l e i s o i l 
G roup C S l e i p l a n t s i n g a r d e n s o i l 
G roup D B a r n i n g h a m p l a n t s i n g a r d e n s o i l 

a 
b 
c 

number o f l e a v e s w i t h p e t i o l e s 
number o f l e a v e s w i t h o u t p e t i o l e s 
t o t a l number o f l e a v e s 
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T & M ® 3 . 5 . 3 . i 

Wts fmq) and a r e a s (mm2-) o f l e a v e s o f f e r e d (W.O. a n d 
A.O.). and a r e a e a t e n (A.E.) i n p a l a t a b i l i t y t e s t s 

S n a i l W.O. A.O. A.E. W.O. A.O. A.E 
Group A Group C 

1 60.2 177 62 4 8 . 1 195 68 
2 32. 1 118 1 52 . 3 20 1 1 1 
3 42 . 0 145 0 49.2 152 0 
4 36.9 101 1 43 . 2 115 115 
5 42.8 175 0 64.3 242 0 
6 62.5 172 0 7 1 . 1 2 4 1 0 
7 23 .1 85 85 39.0 156 102 
8 40.9 149 149 39.7 151 34 
9 41.6 119 1 72. 1 2 5 1 7 1 

10 83 . 0 283 0 7 6 . 1 280 3 

Group A Group D 
11 50.8 202 142 46.7 253 131 
12 42.5 172 0 28. 6 162 49 
13 43.5 164 4 32.2 162 162 
14 40. 0 147 0 40.8 161 1 6 1 
15 71.6 250 84 49.0 239 33 
16 72.7 235 0 62.5 257 237 
17 58.9 219 51 48.5 235 235 
18 46.5 174 0 87.5 3 1 1 73 
19 46.5 157 0 30.8 169 53 
20 86.7 287 5 67. 3 282 94 

T e s t 3 Group D Group B 
1 140. 3 589 316 60. 7 305 246 
2 175. 4 471 336 93. 8 4 2 1 0 
3 158. 4 623 403 85. 2 3 7 1 300 
4 132 . 4 460 0 108. 6 437 258 
5 186. 9 769 7 183. 5 669 10 
6 1 0 1 . 2 412 0 87. 9 358 2 1 1 
7 114. 5 603 27 97. 0 303 289 
8 113. 7 484 179 89. 2 386 23 
9 110. 5 482 5 83 . 0 365 150 

10 126. 5 603 4 89. 5 426 76 

T e s t 4 Group C Group B 
11 130. 5 475 0 1 0 1 . 9 4 1 1 102 
12 93 . 6 338 160 94. 3 408 45 
13 105. 3 374 0 9 1 . 8 417 321 
14 102 . 8 366 13 52. 0 268 43 
15 113 . 5 365 95 100. 7 4 3 1 125 
16 115. 1 457 0 8 1 . 5 352 284 
17 196. 3 591 345 80. 8 346 49 
18 80. 7 287 0 1 7 1 . 6 703 0 
19 132. 0 379 0 127. 2 475 0 
20 115. 2 444 393 1 0 1 . 6 469 191 
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Table 3.5.3.i cont. 
Wts (mq) and areas fmm^) of leaves o f f e r e d (W.O. and 
A.0.). and area eaten (A.E.) i n p a l a t a b i l i t y t e s t s 

S n a i l W.O. A.O. A.E. W.O. A.O. A. 
Group C Group D 

1 91.6 299 77 141. 3 583 0 
2 146.1 455 455 143.4 517 517 
3 103.7 409 165 138.6 649 358 
4 96.3 397 0 131.2 466 404 
5 69.6 342 0 123.3 527 0 
6 91.0 391 0 107.8 364 133 
7 105.2 423 423 119. 6 503 503 
8 107.2 380 0 101.7 390 38 
9 94.2 315 0 134.0 517 218 

10 75.8 351 0 188.4 655 124 

Group A Group B 
11 24.4 78 29 25.6 100 100 
12 71.6 220 3 78.8 232 232 
13 33.8 107 0 43.9 178 0 
14 21.2 81 81 23 . 2 122 122 
15 51.1 177 0 42.8 174 79 
16 28.0 77 50 42.3 167 167 
17 38.4 124 0 61.4 230 0 
18 32.7 95 0 31.6 152 0 
19 26.5 95 20 44.1 157 157 
20 31.7 104 26 28.9 98 98 

T e s t 7 Group D Group D 
1 70. 4 281 0 83 . 0 275 57 
2 120. 8 448 8 121. 6 451 0 
3 148. 7 586 0 164. 3 598 15 
4 82. 2 292 28 61. 4 236 104 
5 88^ 0 335 0 104. 4 -405 0 
6 91. 8 354 0 83 . 8 317 0 
7 91. 5 381 252 89. 7 359 271 
8 98. 2 302 92 88. 2 367 42 
9 87. 3 354 157 101. 8 373 41 

10 65. 6 273 6 66. 8 288 0 

Group D Group D 
11 63 . 3 269 0 74.1 309 4 
12 69.8 289 3 70.8 278 0 
13 77.2 326 0 73.9 300 1 
14 46.7 205 12 49.5 212 27 
15 68.6 275 2 73.8 314 0 
16 52.4 226 216 41.3 176 157 
17 59.7 228 0 62.9 255 0 
18 63.8 228 0 66.8 238 0 
19 65.7 249 249 72.5 277 277 
20 40.8 143 96 41.8 186 20 
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Table 3 . 5 . 3 . i i 

Weiaht i n ma eaten bv each s n a i l i n t e s t s 1 - 8 . 

T e s t 1 Test 2 T e s t 3 

sn A C D B C D 
1 21. 09 16.77 75.27 48. 96 23 . 59 0. 00 
2 0.27 2.86 125.13 0. 00 146.10 143 . 40 
3 0. 00 0. 00 0. 00 68. 89 41.83 76. 45 
4 0. 37 43.20 0. 00 64. 12 0. 00 113 . 74 
5 0. 00 0.00 1.70 2. 74 0.00 0. 00 
6 0.00 0.00 0.00 51. 81 0. 00 39. 39 
7 23 . 10 25.50 5.13 92 . 52 105.20 119. 60 
8 40.90 8.94 42.05 5. 32 0.00 9. 91 
9 0.35 20.39 1.15 34. 11 0. 00 56. 50 

10 0. 00 0.82 0.84 15. 97 0. 00 35. 67 

Test 4 Test 5 T e s t 6 

A D C B A B 
11 35.71 24.18 0. 00 25. 29 9.07 25. 60 
12 0.00 8.65 44. 31 10. 40 0. 98 78. 80 
13 1.06 32.20 0. 00 70. 67 0. 00 0. 00 
14 0.00 40.80 3. 65 8. 34 21.20 23. 20 
15 24.06 6.77 29. 54 29. 21 0. 00 19. 43 
16 0.00 57.64 0. 00 65. 76 18. 18 42. 30 
17 13.72 48.50 114. 59 11. 44 0. 00 0. 00 
18 0.00 20.54 0. 00 0. 00 0. 00 0. 00 
19 0.00 9.66 0. 00 0. 00 5. 58 44. 10 
20 1.51 22.43 101. 97 41. 38 7 . 92 28. 90 

Test 7 
sn D D 
1 0. 00 17.20 
2 2 .16 0. 00 
3 0. 00 4 .12 
4 7.88 27 . 06 
5 0.00 0.00 
6 0.00 0.00 
7 60. 52 67 .71 
8 29.92 10.09 
9 38.72 11.19 

10 1.44 0.00 

T e s t 8 
sn D D 
11 0. 00 0.96 
12 0. 72 0. 00 
13 0. 00 0.25 
14 2.73 6.30 
15 0.50 0. 00 
16 50. 08 36.84 
17 0.00 0. 00 
18 0. 00 0. 00 
19 65.70 72 . 50 
20 27.39 4 . 49 

Group A S l e i p l a n t s i n S l e i s o i l 
Group B Barningham p l a n t s i n S l e i s o i l 
Group C S l e i p l a n t s i n garden s o i l 
Group D Barningham p l a n t s i n garden s o i l 
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Table 3 . 5 . 3 . i i i 

P a l a t a b i l i t y I n d i c e s i n a l l t e s t s . 

T e s t 1 Test 2 T e s t 3 
sn A C D B C D 
1 0. 56 0. 44 0. 61 0. 39 1. 00 0. 00 
2 0. 09 0. 91 1. 00 0. 00 0. 50 0. 50 
3 0. 00 0. 00 0. 00 1. 00 0. 35 0. 65 
4 0. 01 0. 99 0. 00 1. 00 0. 00 1. 00 
5 0. 00 0. 00 0. 38 0. 62 0. 00 0. 00 
6 0. 00 0. 00 0. 00 1. 00 0. 00 1. 00 
7 0. 48 0. 52 0. 05 0. 95 0. 46* 0. 53* 
8 0. 82 0. 18 0. 89 0. 11 0. 00 1. 00 
9 0. 02 0. 98 0. 03 0. 97 0. 00 1. 00 

10 0. 00 1. 00 0. 05 0. 95 0. 00 1. 00 

T e s t 4 Test 5 T e s t 6 

sn A D C B A B 
11 0. 60 0.40 0.00 1.00 0.26 0.74 
12 0. 00 1.00 0.81 0.19 0.01 0.99 
13 0.03 0.97 0. 00 1. 00 0.00 0.00 
14 0. 00 1.00 0.30 0.70 0.48 0.52 
15 0.78 0. 22 0.50 0. 50 0. 00 1.00 
16 0. 00 1. 00 0.00 1. 00 0.30 0.70 
17 0.22 0. 78 0.91 0. 09 0. 00 0. 00 
18 0. 00 1.00 0.00 0. 00 0. 00 0.00 
19 0. 00 1.00 0.00 0. 00 0.11 0.89 
20 0. 06 0.94 0.71 0.29 0.22 0.78 

T e s t 7 T e s t 8 

sn D D sn D D 
1 0. 00 1.00 11 0. 00 1.00 
2 1.00 0.00 12 1. 00 0. 00 
3 0.00 1.00 13 0. 00 1. 00 
4 0.23 0.77 14 0.30 0.70 
5 0.00 0. 00 15 1.00 0. 00 
6 0.00 0.00 16 0.58 0.42 
7 0.47 0.53 17 0. 00 0. 00 
8 0.75 0.25 18 0.00 0.00 
9 0.78 0.22 19 0.48 0.52 

10 1. 00 0.00 20 0.86 0.14 

Group A S l e i p l a n t s i n S l e i s o i l 
Group B Barningham p l a n t s i n S l e i s o i l 
Group C S l e i p l a n t s i n garden s o i l 
Group D Barningham p l a n t s i n garden s o i l 


