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S t u d i e s on the T r a n s f e r of Lead i n an I n t e r t i d a l Food-chain 

Stephen C h a r l e s F r e d e r i c k Palmer 

ABSTRACT 

The l e v e l s of l e a d contamination i n the i n t e r t i d a l sediments 
and f l o r a a t L i n d i s f a r n e , NE England, were s t u d i e d from September 1990 
to September 1991. The d a i l y throughput of l e a d f o r Wigeon Anas penelope 
was estimated, and l i v e r l e a d burdens were determined. 

Around the upper shore, the mean d e n s i t y of spent shot i n the 
top 10 cm of sediment was 53.1 p e l l e t s / m ^ , the product of many seasons' 
w i l d f o w l i n g a c t i v i t y . The d e n s i t y encountered was higher than any 
p r e v i o u s l y reported from w i l d f o w l i n g s i t e s i n B r i t a i n . 

An experiment was e s t a b l i s h e d to examine s e t t l e m e n t and 
degradation r a t e s of l e a d shot under n a t u r a l i n t e r t i d a l c o n d i t i o n s . 
Settlement r a t e s were slow, except i n loose sand. Degradation was a l s o 
slow. Only 2% weight l o s s occurred i n t h i r t e e n months. 

The l e v e l s of c h e m i c a l l y a v a i l a b l e l e a d i n the sediments were 
determined by a c i d e x t r a c t i o n . The g r a i n s i z e composition was the 
p r i n c i p a l f a c t o r e x p l a i n i n g v a r i a t i o n i n l e a d c o n c e n t r a t i o n between 
s i t e s . The h i g h e s t l e v e l recorded was 16.2 ppm. L i n d i s f a r n e i s t h e r e f o r e 
considered to be a s i t e of low to moderate l e a d contamination. 

The l e a d c o n c e n t r a t i o n s i n Zostera spp. were higher during 
Autumn 1990 than during Summer 1991. T h i s may be due to s e a s o n a l e f f e c t s 
or y e a r l y d i f f e r e n c e s i n growth r a t e s . During Autumn 1990, when they 
formed the main food of Wigeon, Zostera l e a v e s contained around 20 ppm 
l e a d . Enteromorpha and Salicornia contained around 14 and 8 ppm l e a d 
r e s p e c t i v e l y . 

The l e a d content of Wigeon f a e c e s was around 15 ppm. I t was 
e s t i m a t e d t h a t the d i f f e r e n c e between the q u a n t i t y of l e a d i n g e s t e d and 
e x c r e t e d i n the f a e c e s f o r a Wigeon feeding on Zostera l e a v e s was 
1.06 mg per day. 

Only 8% of a sample of Wigeon shot a t L i n d i s f a r n e had a l i v e r 
l e a d c o n c e n t r a t i o n above 5 ppm dry weight. Such low l i v e r l e a d 
c o n c e n t r a t i o n s , g e n e r a l l y considered as normal background l e v e l s , are 
i n c o n s i s t e n t with the estimated l e a d r e t e n t i o n r a t e . 
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1 INTRODUCTION 

1 * 1 Background 

During the l a s t t h i r t y y e a r s t h e r e have been s e v e r a l 
i n v e s t i g a t i o n s i n B r i t a i n i n t o acute l e a d - p o i s o n i n g of w i l d f o w l 
r e s u l t i n g from the i n g e s t i o n of l e a d p e l l e t s i n the form of d i s c a r d e d 
f i s h i n g weights (Birkhead, 1982; S e a r s , 1988) or spent gunshot (Olney, 
1960; Thomas, 1975; Mudge, 1983; Spray and Milne, 1988). Lead f i s h i n g 
weights have been a b o l i s h e d as a r e s u l t , but, although t h e r e has been 
much r e c e n t debate regarding the replacement of l e a d shot by non-toxic 
s t e e l shot (summarised i n Pain, 1992), p r a c t i c a l l y no s u b s t i t u t i o n has 
t o date occurred i n B r i t a i n . I t has been est i m a t e d t h a t 2000 tonnes of 
l e a d are deposited i n B r i t i s h wetlands per year (Kear, 1990). 

Shorebirds are known to accumulate t o x i c heavy metals from 
t h e i r food to a v e r y l i m i t e d e x t e n t when feeding on i n t e r t i d a l 
i n v e r t e b r a t e s on p o l l u t e d e s t u a r i e s (Ward, 1979; Evans e t al, 1987). 
However, the p o s s i b i l i t y t h a t w i l d f o w l might be exposed to c h r o n i c 
plumbism by consuming contaminated v e g e t a t i o n over a lengthy p e r i o d has 
r e c e i v e d s c a n t a t t e n t i o n . Behan et al (1979) suggested t h a t l e a d i n the 
n a t u r a l d i e t was u n l i k e l y to cause c h r o n i c poisoning, but only by 
i n d i r e c t comparison of l e a d content i n f r e s h w a t e r v e g e t a t i o n w i t h the 
r e s u l t s of a dosing experiment (Coburn e t al, 1951). 

A number of p i l o t s t u d i e s i n t o l e a d p o l l u t i o n a t L i n d i s f a r n e , 
n o r t h - e a s t England, (Evans et al, 1988; Evans and O l i v e r , 1989; Abbott, 
1990; C o l l i n s , 1990) have i n d i c a t e d l e v e l s of l e a d i n the i n t e r t i d a l 
sediments, f l o r a and i n v e r t e b r a t e s s u f f i c i e n t l y high to cause concern 
t h a t the two most numerous w i n t e r i n g s p e c i e s of w i l d f o w l , Wigeon Anas 

penelope L. and L i g h t - b e l l i e d Brent Goose Branta bernicla hrota 0. F. 
M u l l e r , which both feed almost e x c l u s i v e l y on the i n t e r t i d a l f l o r a , 
might be a t r i s k from c h r o n i c lead-poisoning. 

1.2 The L i n d i s f a r n e Study Area 

The L i n d i s f a r n e N a t i o n a l Nature Reserve was e s t a b l i s h e d i n 
1964, and covers an area of 3,300 ha of i n t e r t i d a l sand- and mud-flats, 
c o a s t a l sand-dunes and salt-marshes on the north Northumberland c o a s t i n 
n o r t h - e a s t England (55° 40' N, 2° 50' W). I t i s of i n t e r n a t i o n a l 
importance f o r i t s w i n t e r i n g populations of s i x s p e c i e s of w i l d f o w l and 



s h o r e b i r d s , i n c l u d i n g Wigeon and Brent Geese, and of n a t i o n a l importance 
f o r a f u r t h e r seven s p e c i e s ( P r a t e r , 1981). Although formerly supporting 
t h e h i g h e s t numbers of Wigeon i n B r i t a i n , the peak w i n t e r count of 
around 20,000 to 25,000 b i r d s has i n r e c e n t y e a r s been exceeded by those 
a t the Ouse Washes and the R i b b l e E s t u a r y (Salmon and K i r b y , 1990; 
K i r b y , 1991). Wildfowling on the r e s e r v e i s c o n t r o l l e d by permit, with 
500 l i c e n c e s i s s u e d each year p l u s a s m a l l number of punt-gunning 
l i c e n c e s . 

I t has been assumed t h a t the primary source of l e a d 
contamination a t L i n d i s f a r n e i s from the e r o s i o n of spent gunshot 
deposited w i t h i n the sediments as a r e s u l t of w i l d f o w l i n g a c t i v i t y . 
There i s no major i n d u s t r i a l source of p o l l u t i o n i n the a r e a , and 
f r e s h w a t e r input i s n e g l i g i b l e . However, a r e a s t h a t can be c o n s i d e r e d 
n a t u r a l l y l e a d - f r e e probably do not e x i s t world-wide, and i t i s 
t h e r e f o r e not p o s s i b l e to make an a c c u r a t e e s t i m a t e of the p r o p o r t i o n of 
the t o t a l l e a d burden i n the sediments a t t r i b u t a b l e to w i l d f o w l i n g . 

1.3 Study S p e c i e s : the Wigeon 

The Wigeon i s a s m a l l i s h herbivorous duck which, although 
breeding i n l i m i t e d numbers i n B r i t a i n , i s p r i n c i p a l l y a w i n t e r 
immigrant, breeding i n I c e l a n d and the b o r e a l r e g i o n s of Europe and A s i a 
(Owen and M i t c h e l l , 1988). The peak w i n t e r count i n the U.K. has been 
about 260,000 b i r d s i n r e c e n t y e a r s (Salmon and K i r b y , 1990; K i r b y , 
1991). Wigeon f l o c k s a re h i g h l y mobile w i t h i n the B r i t i s h I s l e s , w i t h 
t h e g e n e r a l p a t t e r n being of a s o u t h - w e s t e r l y movement as the Winter 
p r o g r e s s e s , so t h a t numbers i n northern and e a s t e r n B r i t a i n normally 
peak before the t u r n of the year (Owen and M i t c h e l l , 1988; M i t c h e l l and 
Owen, 1990), as i s the case a t L i n d i s f a r n e . 

T r a d i t i o n a l l y Wigeon have wintered i n c o a s t a l a r e a s , although 
an i n c r e a s i n g proportion are now u t i l i s i n g i n l a n d wetland s i t e s (Owen 
and W i l l i a m s , 1976; Owen and Thomas, 1979). I n p a r t the change may be 
due to t h e d e c l i n e i n Zostera s t o c k s , a major component of the d i e t i n 
c o a s t a l a r e a s (eg. Charman, 1977), f o l l o w i n g the 'wasting d i s e a s e ' of 
the 1930's, but a l s o the p r o v i s i o n of refuge a r e a s w i t h i n i n l a n d wetland 
s i t e s has been an important f a c t o r . Wigeon feed p r i n c i p a l l y by g r a z i n g , 
e i t h e r below the high t i d e mark on i n t e r t i d a l f l o r a , or on s h o r t g r a s s 
swards, u s u a l l y i n c l o s e proximity to water (Mayhew and Houston, 1989). 
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Wigeon annual m o r t a l i t y i s high, as i s t o be expected f o r a 
quarry s p e c i e s . The s u r v i v a l r a t e of a d u l t s i n the north-west European 
po p u l a t i o n was estimated from r i n g i n g r e c o v e r i e s to be 53% (Boyd, 1962), 
but t h i s i s l i k e l y to be an o v e r e s t i m a t e . There i s some evidence t h a t 
males may have a higher s u r v i v a l r a t e than females, presumably owing to 
i n t e r - s e x u a l competition f o r the b e s t feeding s i t e s i n w i n t e r i n g areas 
(Owen and M i t c h e l l , 1988). 

1.4 O b j e c t i v e s 

The p r i n c i p a l o b j e c t i v e s of the r e s e a r c h r e p o r t e d i n t h i s 
t h e s i s were to examine the l e v e l s of l e a d i n the i n t e r t i d a l sediments a t 
L i n d i s f a r n e , to determine the extent of l e a d uptake by the i n t e r t i d a l 
f l o r a , and to e s t i m a t e the t r a n s f e r to and r e t e n t i o n of l e a d by Wigeon, 
which feed s o l e l y on t h e s e f l o r a (the E e l g r a s s e s Zostera angustifolia 

(Hornem.) Reichenb. and Z. noltii Hornem., the G l a s s w o r t Salicornia 

europaea L. and the green algae Enteromorpha spp.) during the Autumn and 
e a r l y Winter months. 

The study was c a r r i e d out i n p a r a l l e l w i t h the second year of 
a t h r e e - y e a r i n v e s t i g a t i o n i n t o the feeding ecology of w i l d f o w l 
( c o n c e n t r a t i n g p r i m a r i l y on Brent Geese) a t L i n d i s f a r n e , by 
S. M. P e r c i v a l of Durham U n i v e r s i t y . I n order to improve e f f i c i e n c y , and 
t o i n c r e a s e sample s i z e s , some data were c o l l e c t e d j o i n t l y . 
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2 GENERAL METHODS 

2.1 Study Areas 

At the o u t s e t of the p r o j e c t i t was n e c e s s a r y to s e l e c t a 
number of s i t e s f o r the c o l l e c t i o n of Zostera samples throughout the 
study. P r a c t i c a l c o n s i d e r a t i o n s d i c t a t e d t h a t t h e s e be r e a d i l y 
a c c e s s i b l e from the shore, and, i n order t h a t comparisons could be made 
between the two Zostera s p e c i e s , both should be p r e s e n t a t each s i t e . 
F u r t h e r c o n s i d e r a t i o n s were the nature of the s u b s t r a t e and the presumed 
v a r i a t i o n i n shooting p r e s s u r e on d i f f e r e n t a r e a s of the mud-flats. The 
four s i t e s s e l e c t e d f o r Zostera sampling were a l s o used f o r sediment 
sampling. 

Site A Holy I s l a n d Sands 

S u b s t r a t e : 

Shooting i n t e n s i t y : 

(NU101424 (approx.)) 

Hard sandy mud - s u b s t a n t i a l pools 

Low (but formerly higher) 

Site B Fenham M i l l 

S u b s t r a t e : 

Shooting i n t e n s i t y : 

(NU092405) 

S o f t mud o v e r l y i n g r o c k s - s m a l l 
s h a l l o w pools 

Moderate - shooting b u t t on 
s h o r e l i n e used o c c a s i o n a l l y 

Site C Reely Law 

S u b s t r a t e : 

Shooting i n t e n s i t y : 

(NU105390) 

Very s o f t mud o v e r l y i n g r o c k s -
s m a l l drainage channels 

High - shooting b u t t on Harvey's 
I s l a n d used r e g u l a r l y 

Site D S t i n k i n g Goat 

S u b s t r a t e : 

(NU122381) 

Firm mud o v e r l y i n g s h e l l l a y e r and 
f i n e g r a v e l - i n t e r s e c t e d by 
channels, i n c l u d i n g S t i n k i n g Goat 
burn p r o v i d i n g l i m i t e d f r e s h w a t e r 
throughput 

Shooting i n t e n s i t y : Moderate 

S i t e A was s i t u a t e d roughly i n the c e n t r e of Holy I s l a n d Sands 
a t the edge of a s m a l l Zostera bed c o v e r i n g an a r e a of approximately 
500 m by 200 m. S i t e s B, C and D were a l l s i t u a t e d around the upper 
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Figure 2.1 The main i n t e r t i d a l area of the Lindisfarne NNR (excluding Budle 
Bay), showing the four principal study areas: Holy Island Sands 
(A), Fenham Mi l l (B), Reely Law (C) and Stinking Goat (D). Other 
s i t e s from which samples were collected occasionally are also 
shown. The diagonally hatched areas mark the approximate extent of 
the Zostera beds during Autumn 1990. 



shore of Fenham F l a t s , a l a r g e a r e a of i n t e r t i d a l mud-flats, mostly 
c o l o n i s e d by Zostera, along the mainland shore of the NNR. S i t e B l a y a t 
about 100 m from the mean high water l e v e l (MHW), s i t e C a t about 200 m 
from MHW and s i t e D a t about 250 m from MHW. The s i t e s a r e shown i n f i g . 
2.1, together w i t h other a r e a s from which samples were c o l l e c t e d on an 
i r r e g u l a r b a s i s . 

2 o 2 Nomenclature 

Previous s t u d i e s a t L i n d i s f a r n e have r e f e r r e d to the l a r g e r -
l e a ved of the two Zostera s p e c i e s p r e s e n t as the E e l g r a s s Z. marina L., 
but more r e c e n t l y i t has been i d e n t i f i e d as the Narrow-leaved E e l g r a s s 
Z. angustifolia (formerly Z. marina v a r . angustifolia). The two s p e c i e s 
a r e very c l o s e l y r e l a t e d and s i m i l a r i n morphology, but Z. marina i s 
u s u a l l y confined to a r e a s below the l o w - t i d e mark, whereas 
Z. angustifolia i s g e n e r a l l y found i n the mid-tide r e g i o n and i n areas 
of s h a l l o w water (Clapham et al, 1987). Both s p e c i e s d i f f e r i n ecology 
from the much f i n e r - l e a v e d Dwarf E e l g r a s s Z. noltii. 

2.3 The Determination of Lead Content by Atomic Absorption 
Spectroscopy 

Many methods have been developed f o r determining the 
c o n c e n t r a t i o n s of t r a c e elements i n b i o l o g i c a l m a t e r i a l s . The technique 
employed during t h i s study, flame atomic a b s o r p t i o n spectroscopy (AAS), 
i s w e l l - e s t a b l i s h e d , but by c u r r e n t standards r e l a t i v e l y crude, being 
l i m i t e d f o r l e a d to c o n c e n t r a t i o n s i n the range from about 1 to 5 ppm. 
However, once s u i t a b l e e x t r a c t s o l u t i o n s have been prepared, the a c t u a l 
d e t e r m i n a t i o n of the metal c o n c e n t r a t i o n i s r a p i d , p e r m i t t i n g a l a r g e 
number of samples to be processed i n a s h o r t time. 

A l l l e a d c o n c e n t r a t i o n s are given i n p a r t s per m i l l i o n (ppm) 
by dry weight (dw), u n l e s s otherwise i n d i c a t e d . 

2.3.1 P r e p a r a t i o n of Sample M a t e r i a l 

Vegetation samples were i n i t i a l l y washed w i t h water under hose 
p r e s s u r e . Wigeon l i v e r s were washed with water, and e x c e s s blood was 
removed w i t h absorbent paper. A l l organic samples were d r i e d f o r a 
minimum of 48 hours i n a vacuum oven a t 50 °C, and then homogenised as 
n e c e s s a r y : Zostera and Enteromorpha samples were chopped f i n e l y by 
p a s s i n g through a s m a l l mechanical 'Moulinex' g r a t e r ; Salicornia seed-
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heads were cut whole from the s t a l k s ; Wigeon l i v e r s were found to be 
extremely b r i t t l e a f t e r drying, and simply broken i n t o a few p i e c e s . 
Wigeon f a e c e s were analysed i n d i v i d u a l l y . 

A s i n g l e sub-sample from each sample was weighed to an 
a c c u r a c y of 10 mg i n t o a s m a l l (25 or 50 ml) c o n i c a l f l a s k . Whenever 
p o s s i b l e , the weight of sample was such t h a t a f i n a l e x t r a c t 
c o n c e n t r a t i o n i n the range 2 to 4 ppm l e a d would be obtained (eg. about 
0.8 g f o r Zostera s a m p l e s ) . 'AnalaR' grade c o n c e n t r a t e d HN03 was added, 
s u f f i c i e n t to cover the sample (5 - 10 ml), a s m a l l g l a s s f u n n e l was 
p l a c e d i n the neck of each f l a s k to a c t as a r e f l u x i n g condenser, and 
the samples allowed to stand overnight a t room temperature to a l l o w f o r 
the i n i t i a l e f f e r v e s c e n c e to subside. ( G e n e r a l l y t h i s was not a problem, 
except f o r the l i v e r samples, but e f f e r v e s c e n c e o f t e n occurred as soon 
as the f l a s k was warmed, and c a r e was t h e r e f o r e n e c e s s a r y a t t h a t 
s t a g e . ) 

The samples were then warmed on a h o t - p l a t e and r e f l u x e d f o r 
about 24 hours, by which time a l l organic m a t e r i a l was completely 
o x i d i s e d . The g l a s s f u n n e l s were then removed, and the contents b o i l e d 
u n t i l dry. I n some c a s e s ( p a r t i c u l a r l y f o r Zostera r o o t s , i n which v e r y 
s m a l l sediment p a r t i c l e s o f t e n remained, d e s p i t e washing under p r e s s u r e ) 
bumping was a problem a t t h i s s t age. Any sample b e l i e v e d to have l o s t 
some of the m a t e r i a l was noted as a p o s s i b l e e r r o r , and r e p r o c e s s e d i f 
s u f f i c i e n t m a t e r i a l was a v a i l a b l e . 

Once dry, the r e s i d u e was r e - d i s s o l v e d i n a known q u a n t i t y of 
'AnalaR' grade 3M HCl. I f n e c e s s a r y the f l a s k was warmed g e n t l y on the 
edge of the h o t - p l a t e f o r a s h o r t p e r i o d ( u s u a l l y l e s s than 30 seconds 
was s u f f i c i e n t ) to ensure t h a t any r e s i d u e adhering to the base of the 
f l a s k was d i s s o l v e d . The r e s u l t i n g s o l u t i o n s were f i l t e r e d ( t o remove 
any p a r t i c l e s which could otherwise block the AAS c a p i l l a r y tube) i n t o 
i n d i v i d u a l screw-cap b o t t l e s ( u s u a l l y p l a s t i c , but sometimes g l a s s ) . 
G e n e r a l l y the volume of HCl i n which the r e s i d u e was d i s s o l v e d was 5 ml, 
but f o r samples f o r which t h e r e was only a s m a l l q u a n t i t y of m a t e r i a l 
a v a i l a b l e ( p a r t i c u l a r l y Z. noltii l e a v e s ) , or f o r which the l e a d 
c o n c e n t r a t i o n , as i n d i c a t e d by previous samples, was expected to be low 
(Wigeon l i v e r s ) , a s m a l l e r volume (minimum 2 ml) of HCl was used. 

The p r e p a r a t i o n of sediment samples was c o n s i d e r a b l y s i m p l e r , 
and i s d i s c u s s e d more f u l l y i n chapter 3 and appendix 2. 
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Struempler (1973) showed t h a t the l o s s of l e a d c a t i o n s from a 
10 ppb s o l u t i o n by adsorption onto the w a l l s of the c o n t a i n e r c o u l d be 
complete w i t h i n 4 days a t low a c i d i t y (pH 6 ) , but only 5% i n t h a t time 
a t higher a c i d i t y (pH 4 and pH 2 ) . To minimise p o s s i b l e l o s s by 
adsorption, determination of l e a d by AAS was always completed w i t h i n 24 
hours of p r e p a r i n g the e x t r a c t s . Moreover, the c o n c e n t r a t i o n s of l e a d i n 
t h i s study were more than 100 times t h a t examined by Struempler, and 
s i n c e a l l e x t r a c t s were prepared i n a st r o n g a c i d (except f o r some 
sediment e x t r a c t s i n 5% a c e t i c a c i d ) , l o s s by ad s o r p t i o n i s presumed to 
be n e g l i g i b l e . 

A l l glassware was acid-washed (3M HCl) and r i n s e d w i t h 
d i s t i l l e d water p r i o r to p r o c e s s i n g each batch of samples. The screw-top 
b o t t l e s were scrubbed with detergent s o l u t i o n and r i n s e d w i t h d i s t i l l e d 
water. Reagent blanks run through each batch showed no d e t e c t a b l e l e v e l s 
of l e a d w i t h i n the s e n s i t i v i t y l i m i t s of the AAS equipment. 

2.3.2 Measurement of Lead Concentration 

Determination of the l e a d c o n c e n t r a t i o n i n the e x t r a c t 
s o l u t i o n s was made by a s p i r a t i n g the e x t r a c t s i n a Pye-Unicam SP9 AAS 
machine and measuring absorption a t wavelength 217 nm. A c a l i b r a t i o n 
curve was e s t a b l i s h e d f o r each batch from standard s o l u t i o n s of l e a d (1 
to 5 ppm) i n 3 M HCl. The standards were prepared a f r e s h a t l e a s t 
f o r t n i g h t l y from a master standard of 1000 ppm l e a d i n d i s t i l l e d water. 
The standards were a s p i r a t e d a t l e a s t t w i c e f o r each batch, and the mean 
absorp t i o n r e a d i n g f o r each c o n c e n t r a t i o n used f o r c a l i b r a t i o n , thereby 
a l l o w i n g f o r any s l i g h t v a r i a t i o n i n ab s o r p t i o n during the course of 
p r o c e s s i n g a batch. 

The c a l i b r a t i o n curve was i n v a r i a b l y a s t r a i g h t l i n e w i t h i n 
the range of standards a s p i r a t e d , and a l i n e a r r e g r e s s i o n equation was 
t h e r e f o r e c a l c u l a t e d f o r each batch ( r 2 > 0.995 f o r a l l b a t c h e s ) . The 
l e a d c o n c e n t r a t i o n of the o r i g i n a l sample m a t e r i a l was then c a l c u l a t e d 
from the absor p t i o n reading and c a l i b r a t i o n parameters t h u s : 

I p b l s a m p l e = (m * abs + c) * V H C l / W s a m p l e 

where m slope of r e g r e s s i o n of [Pb]standard o n 

a b s o r p t i o n r e a d i n g 
c i n t e r c e p t of r e g r e s s i o n of [Pb] sta.ndar/ci o n 

absorption reading 
abs absorption reading f o r sample e x t r a c t 
v H C l volume 3M HCl used to d i s s o l v e r e s i d u e 
w s a m p l e weight of sample m a t e r i a l o x i d i s e d 



2.4 R e l i a b i l i t y of A n a l y t i c a l Procedures 

As d e s c r i b e d i n s e c t i o n 2.3 above, the e s t i m a t e of l e a d 
c o n c e n t r a t i o n f o r each sample obtained was a p r o c e s s i n c o r p o r a t i n g 
s e v e r a l s t a g e s , a t each of which i n a c c u r a c y could occur. I d e a l l y 
t h e r e f o r e , every sample c o l l e c t e d would have been a n a l y s e d t w i c e , to 
c o n t r o l f o r v a r i a t i o n s i n the a n a l y t i c a l techniques employed, but the 
time a v a i l a b l e d i d not permit such an approach, given the l a r g e number 
of samples a n a l y s e d . Nor, i n many c a s e s ( p a r t i c u l a r l y f o r Z. noltii 

l e a v e s ) , was t h e r e s u f f i c i e n t d r i e d m a t e r i a l . 

The f o l l o w i n g methods were t h e r e f o r e adopted to check the 
r e l i a b i l i t y of the data obtained. 

2.4.1 Matrix I n t e r f e r e n c e E f f e c t s 

Although AAS i s a h i g h l y s p e c i f i c technique, problems 
i n v o l v i n g chemical i n t e r f e r e n c e w i t h the a t o m i s a t i o n i n the flame of the 
element under study may occur, e s p e c i a l l y i n t e r f e r e n c e by major c a t i o n s 
p r e s e n t i n the matrix (Cooke, 1969). I n p a r t i c u l a r , high c o n c e n t r a t i o n s 
of c a l c i u m and, to a l e s s e r e xtent, sodium p r e s e n t i n samples of marine 
o r i g i n may d i s t o r t e s t i m a t i o n s of l e a d c o n c e n t r a t i o n s by flame AAS 
(Waughmann and B r e t t , 1980) 

One method of overcoming i n t e r f e r e n c e e f f e c t s i s to prepare 
standards c o n t a i n i n g c o n c e n t r a t i o n s of the background c a t i o n s equal to 
those p r e s e n t i n the sample m a t r i c e s (Cooke, 1969), but i n t h i s study 
the c o n c e n t r a t i o n s of background c a t i o n s were not known, and may, i n any 
c a s e , have d i f f e r e d between the d i f f e r e n t types of sample m a t e r i a l . 
I n s t e a d , the p o s s i b l e e f f e c t s of i n t e r f e r e n c e were examined i n a sub-
sample of the e x t r a c t s using the standard a d d i t i o n s technique (Hopkin, 
1989) . 

From each e x t r a c t s o l u t i o n , four a l i q u o t s of 0.75 ml were 
taken. These were d i l u t e d w i t h an equal volume of blank s o l v e n t (3M HCl) 
and t h r e e l e a d standards ( i n 3M H C l ) : 1 ppm, 3 ppm and 5 ppm l e a d 
(except f o r sediment batches 2 and 3 (see t a b l e 2.1), when 1 ppm, 2 ppm 
and 4 ppm l e a d standards were used) . The four a l i q u o t s were a s p i r a t e d 
and the a b s o r p t i o n reading recorded f o r each. The l e a d content of each 
sample was c a l c u l a t e d from the r e g r e s s i o n l i n e of a b s o r p t i o n a g a i n s t 
c o n c e n t r a t i o n of standard, as the c o n c e n t r a t i o n ( a b s o l u t e v a l u e ) of the 
l e a d standard which would give zero absorption, i e . i n t e r c e p t / s l o p e . 
For comparison, the c o n c e n t r a t i o n of each o r i g i n a l e x t r a c t was 
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determined d i r e c t l y by a s p i r a t i n g the e x t r a c t and c o n v e r t i n g the 
a b s o r p t i o n r e a d i n g u s i n g a standard c a l i b r a t i o n c urve. 

The r e s u l t s of the two methods are compared i n t a b l e 2.1, and 
t h e percentage d i f f e r e n c e ( i e . the d i f f e r e n c e between the l e a d 
c o n c e n t r a t i o n determined by standard a d d i t i o n and t h a t by d i r e c t 
measurement expressed as a percentage of the former) compared w i t h the 
c o n c e n t r a t i o n (as determined by standard a d d i t i o n ) by the type of the 
o r i g i n a l sample i n f i g . 2.2a, and by the s i t e from which the sample was 
obtained i n f i g . 2.2b. (NB The c o n c e n t r a t i o n s shown i n t a b l e 2.1 are of 
the e x t r a c t s o l u t i o n s , and not of the o r i g i n a l sample m a t e r i a l . ) 

Of the 33 standard a d d i t i o n t e s t s performed on four groups of 
e x t r a c t s , 27% showed a d i f f e r e n c e of more than 10%, which i s a cause of 
some concern. However, f i g s . 2.2a and b show no c l e a r p a t t e r n to the 
d i f f e r e n c e s ; n e i t h e r the type of the o r i g i n a l sample m a t e r i a l nor the 
s i t e of o r i g i n e x p l a i n e d the v a r i a t i o n encountered (2-way ANOVA; 
F3,25 = 2 - 0 3 » n / s a n ^ F4,25 = °- 4 6» °/ s r e s p e c t i v e l y ; % d i f f e r e n c e (d) 
transformed as (100 + d ) 0 - 5 ) . 

By v i r t u e of the d i l u t i o n w i t h an equal p a r t of standard 
s o l u t i o n , the two a l i q u o t s d i l u t e d w i t h blank s o l v e n t and 1 ppm standard 
gave r e l a t i v e l y low absorption readings, o f t e n l e s s than 30 u n i t s . S i n c e 
the a b s o r p t i o n reading was a c c u r a t e to 2 u n i t s , and t h e r e were only 
four p o i n t s on each r e g r e s s i o n l i n e , some p a r t of the v a r i a t i o n 
encountered may be due to t h i s source of i n a c c u r a c y . 

The standard a d d i t i o n t e s t must t h e r e f o r e be regarded as 
i n c o n c l u s i v e , but the absence of a t r e n d i n one p a r t i c u l a r d i r e c t i o n 
i n d i c a t e s t h a t m a t r i x i n t e r f e r e n c e was probably not a major problem i n 
t h i s study. 

2.4.2 D e t e c t i o n of Batch E f f e c t s 

The equipment a v a i l a b l e permitted batches of up t o s i x t y 
samples to be processed at one time. G e n e r a l l y most batches comprised 
only one type of sample, although some batches contained two or more 
t y p e s . The p r i n c i p a l c o n s i d e r a t i o n i n t e s t i n g f o r b a t c h - r e l a t e d e f f e c t s 
was the p o s s i b i l i t y t h a t an undetected problem had o c c u r r e d i n the AAS 
s t e p , such as an i n a c c u r a t e c a l i b r a t i o n . Batch e f f e c t s were examined 
only w i t h i n type of sample, and only f o r sediment, Zostera and Wigeon 
f a e c e s . 
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T a b l e 2.1 Standard A d d i t i o n Analyses - Comparison w i t h Measured Lead 
Con c e n t r a t i o n s 

Sediment e x t r a c t s (3M HCl) 

Batch S i t e P l o t / 
Sample 

S i e v e 
mesh 
s i z e 

Pb (ppm) by 
s t d . addn. 

Pb (ppm) 
measured 

D i f f . 

1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 

B 
C 
D 
A 
B 
C 
D 
A 
B 
C 
D 
A 
B 
C 
D 

04/3 
02/1 
01/3 
02/1 
02/2 
02/3 
02/3 
09/1 
08/1 
12/1 
07/1 
03/3 
01/2 
01/4 
03/3 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
200 
200 
200 
200 

86 
40 
28 
34 
75 
79 
99 
75 
32 

2.17 
2.24 
2.32 
2.64 
2.61 
2.78 

2.66 
3.42 
1.35 
1.46 
2 .79 

84 
22 
57 
24 
84 
21 
57 
97 
75 
71 

-7.5 
+0.6 
+5.4 
+9.0 
+1.5 
+1.8 

+11.6 
-10. 
-6. 

-15. 
-1. 

+ 11. 
+12. 
+5. 
-2. 

.3 

.1 

.0 

.0 

.0 

.7 

.4 

.6 

Zostera e x t r a c t s 

Batch S i t e S p e c i e s / Month 
P a r t * 

Pb (ppm) by 
s t d . addn. 

Pb (ppm) 
measured 

D i f f . 

12 
12 
12 
12 
13 
13 
13 
13 
15 
15 
15 
15 

B 
D 
A 
D 
D 
D 
B 
B 
D 
A 
A 
A 

a / 1 
n/r 
a / 1 
n/r 
a/r 
a / 1 
a / 1 
n/r 
a/r 
a / 1 
n/r 
a / 1 

82 
51 
19 
76 
49 
56 
67 
07 
51 
08 
36 
67 

87 
63 
33 
87 
54 
60 
60 

1.13 
2.16 
1.14 
1.40 
0.69 

+2.6 
+3.4 

+11.9 
+6.4 
+2.0 
+2.1 
-4.2 
+5.2 

-14.2 
+8.6 
+3.4 
+3.0 

a = Z. angustifolia, n = Z. noltii, 1 = l e a v e s , r = r o o t s 

(continued) 



Table 2.1 (continued) 

Enteromorpha e x t r a c t s 

S i t e Month Pb (ppm) by 
s t d . addn. 

Pb (ppm) 
measured 

D i f f 

D 
B 
A 

3.03 
3.43 
2.81 

2.90 
3.15 
2.48 

-4.2 
-8.1 
-11.7 

Salicornia e x t r a c t s 

S i t e Month Pb (ppm) by 
s t d . addn. 

Pb (ppm) 
measured 

D i f f 

Fenham M i l l 
B e a l B l a c k s (sand) 
Beal B l a c k s (mud) 

2.04 
2.04 
2.49 

1.85 
1.90 
2.02 

-9.3 
-6.8 
-18.7 
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The data f o r u n d i f f e r e n t i a t e d and f i n e sediment f r a c t i o n s ( a s 
de f i n e d i n chapter 3) were analysed s e p a r a t e l y . For both f r a c t i o n s , 
f i f t y - n i n e l e a d determinations were spread over t h r e e batches. I n 
n e i t h e r case was the batch a s i g n i f i c a n t e f f e c t i n e x p l a i n i n g the 
v a r i a t i o n i n le a d c o n c e n t r a t i o n (2-way ANOVA on log-transformed data of 
batch and s i t e e f f e c t s ; ^2,53 = l - 5 8 / n / s a n d F2,53 = 1-72, n/s 
r e s p e c t i v e l y ) . 

S i n c e a l l Zostera samples c o l l e c t e d during Autumn 1990 and 
January 1991 had been analysed before any samples were c o l l e c t e d during 
Spring and Summer 1991, the two periods were t r e a t e d s e p a r a t e l y , but as 
Z. angustifolia and Z. noltii samples were i n t e r m i x e d w i t h i n the batches 
a l l samples f o r each of the two peri o d s have been ana l y s e d together. 
However, data f o r September 1991 were omitted from the second a n a l y s i s 
as the samples had a l l been processed together i n a s i n g l e batch a t the 
end of the study. I n n e i t h e r p e r i o d was the batch a s i g n i f i c a n t e f f e c t 
(5-way ANOVA on log-transformed data of batch, s p e c i e s , s i t e , p a r t and 
month e f f e c t s ; batch i n Autumn 1990, ^-^^19 = I - 3 3 n/s; batch i n 
Spring/Summer 1991, F 3 ^ 2 0 2 = °- 3 3f n / s ) . 

S i m i l a r l y , t h e r e was no s i g n i f i c a n t batch e f f e c t f o r Wigeon 
f a e c e s (2-way ANOVA on log-transformed data of batch and sampling date 
e f f e c t s ; batch, &2,99 = i - 3 1 * n / s ) . 

I t i s t h e r e f o r e c l e a r t h a t the a n a l y t i c a l procedures were 
r e l i a b l e between batches. 

2.4.3 D e t e c t i o n of O u t l i e r s 

The number of samples obtained from each s i t e on each sampling 
date f o r each of the v e g e t a t i o n types, on each date f o r Wigeon l i v e r s 
and f a e c e s and from each s i t e f o r sediment samples permitted a t e s t f o r 
s t a t i s t i c a l o u t l i e r s t o be made on each such group of data. The 
s t a t i s t i c T of Grubbs (1969) was employed, being s t r a i g h t f o r w a r d to 
c a l c u l a t e f o r l a r g e numbers of t e s t s . O u t l i e r s were r e j e c t e d a t 
P < 0.01. Although such o u t l i e r s could q u i t e genuinely be due to 
v a r i a t i o n s i n l e a d content, they could e q u a l l y w e l l be due to a n a l y t i c a l 
e r r o r s , eg. mis-weighing a sample or undetected l o s s of e x t r a c t due to 
bumping. Whenever p o s s i b l e a sample r e j e c t e d as an o u t l i e r was r e -
an a l y s e d . I f i t was not p o s s i b l e to accept the repeated r e s u l t , the 
sample was omitted from the s t a t i s t i c a l a n a l y s e s of l e a d c o n c e n t r a t i o n 
(except f o r Wigeon l i v e r s - see s e c t i o n 5.6.2). 
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2«,d<>€ A n a l y s i s of D u p l i c a t e s 

One batch of d u p l i c a t e sediment samples and two batches of 
d u p l i c a t e Zostera samples were an a l y s e d . Some of the p r e l i m i n a r y 
a n a l y s e s of sediment samples (appendix 2) were a l s o d u p l i c a t e d , but as 
th e s e were not i n c o r p o r a t e d i n t o the main body of data, they a r e not 
d i s c u s s e d here. 

The l e a d c o n c e n t r a t i o n i n the u n d i f f e r e n t i a t e d sediment ( see 
chapte r 3) from 48 c o r e s was s i g n i f i c a n t l y d i f f e r e n t between the two 
batches ( p a i r e d t 4 7 = 4.94, P < 0.001). Higher l e a d c o n c e n t r a t i o n s were 
obtained from the second batch f o r a l l but four of the samples ( 9 1 . 7 % ) , 
but i n only two of the s e c a s e s was the d i f f e r e n c e g r e a t e r than 15%. The 
d i f f e r e n c e may have been p r i n c i p a l l y due to lower weights of sediment 
samples a n a l y s e d i n the second batch. Moreover, the d i f f e r e n c e between 
r e p l i c a t e s accounted f o r only 2.5% of the t o t a l v a r i a t i o n i n l e a d 
c o n c e n t r a t i o n over a l l the 96 samples {ANOVA on log-transformed data; 
r e s i d u a l s . s . as proportion of t o t a l s . s . ) , and i s not t h e r e f o r e 
regarded as being of p a r t i c u l a r importance. 

Of the two batches of Zostera d u p l i c a t e s analysed, one 
comprised samples from Autumn 1990 and January 1991, the other from 
Summer 1991. Only 4.8% and 5.6% r e s p e c t i v e l y of the t o t a l v a r i a t i o n 
observed i n each case was due to d i f f e r e n c e s between r e p l i c a t e s (ANOVA 
on log-transformed data; r e s i d u a l s . s . as pro p o r t i o n of t o t a l s . s . ) . 
However, the d i f f e r e n c e between r e p l i c a t e s was not s i g n i f i c a n t f o r the 
former period ( p a i r e d t24 = 1.98, n/s) but was f o r the samples from 
Summer 1991 ( p a i r e d t 6 7 = 5.12, P < 0.001). I n p a r t , t h i s r e s u l t may be 
a f u n c t i o n of the number of samples analysed i n each d u p l i c a t e batch, 
but not e n t i r e l y so, s i n c e f o r the Autumn 1990 batch, only 8% of 
r e p l i c a t e p a i r s showed a d i f f e r e n c e between the two r e p l i c a t e s of more 
than 20%, whereas 35% of p a i r s d i d so amongst the Summer 1991 
r e p l i c a t e s . 

Within the d u p l i c a t e batch of Summer 1991 samples, t h e r e was 
evidence of e l e v a t e d l e a d c o n c e n t r a t i o n s f o r samples which had been 
d i s s o l v e d i n a reduced volume of HCl ( f o r the reason t h a t only a sm a l l 
amount of m a t e r i a l was a v a i l a b l e f o r the r e p l i c a t e b a t c h ) . The use of a 
reduced volume of HCl i n the d u p l i c a t e batch was the only s i g n i f i c a n t 
e f f e c t i n e x p l a i n i n g the v a r i a t i o n i n the r a t i o between p a i r s of 
r e p l i c a t e s (6-way ANOVA of s i t e , s p e c i e s , p a r t , month, o r i g i n a l batch 
number and volume e f f e c t s ; volume, ^i^-j - 9.17, P < 0.01). 12 out of 15 
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p a i r s of r e p l i c a t e s (80%) i n which a reduced volume of HCl was used f o r 
the second r e p l i c a t e d i f f e r e d by more than 20%, but only 12 out of 53 
p a i r s (23%) i n which the f u l l 5 ml was used d i d so ( X 2 = 14.42, df = 1, 
P < 0.001) . 

C l e a r l y the a n a l y s i s of s m a l l e r than u s u a l Zostera samples, 
f o r which the r e s i d u e was d i s s o l v e d i n a lower volume of HCl, was v e r y 
l i k e l y to r e s u l t i n i n f l a t e d l e a d c o n c e n t r a t i o n s , although i t was not 
the only cause of such i n a c c u r a c i e s . Three p o s s i b l e reasons were 
co n s i d e r e d ; 

i ) Reagent contamination. S i n c e none of the reagent blanks showed 
any evidence of l e a d , t h i s p o s s i b i l i t y i s d i s c o u n t e d . 

i i ) The c o n c e n t r a t i o n s recorded f o r l a r g e samples d i s s o l v e d i n 
5 ml HCl were a c t u a l l y too low, but were more a c c u r a t e f o r 
s m a l l e r samples. T h i s could occur i f o x i d a t i o n of l a r g e 
samples (approx. 0.8 g Zostera) were incomplete, but t h e r e was 
no evidence whatsoever of incomplete o x i d a t i o n of samples. 

i i i ) The volumes of HCl were a c t u a l l y l e s s than presumed by a f i x e d 
amount. Thus a l l l e a d c o n c e n t r a t i o n s would be i n f l a t e d , but 
p r o p o r t i o n a l l y more so when a reduced volume of a c i d was used. 
To t e s t t h i s p o s s i b i l i t y , the p i p e t t e used throughout the 
a n a l y s e s was c a l i b r a t e d by weighing the q u a n t i t y of d i s t i l l e d 
water d e l i v e r e d a t room temperature when s e t a t each of the 
t h r e e volumes used i n the Zostera a n a l y s e s , i e . 5, 3.5 and 
2.5 ml. Each c a l i b r a t i o n was performed f i v e times, and the 
mean taken f o r each volume. The mean weights of water 
d e l i v e r e d were 4.91, 3.38 and 2.40 g r e s p e c t i v e l y . Thus i t 
does appear t h a t the p i p e t t e may have c o n s i s t e n t l y d e l i v e r e d a 
volume of HCl approximately 0.1 ml l e s s than presumed, which 
may e x p l a i n the apparently i n f l a t e d l e a d c o n c e n t r a t i o n s 
observed f o r s m a l l samples. However, s i n c e the p i p e t t e 
c a l i b r a t i o n was only conducted a t the v e r y end of the study, 
i t was not p o s s i b l e to a s s e s s a c c u r a t e l y the l e v e l of 
i n a c c u r a c i e s i n c u r r e d i n the Zostera a n a l y s e s . 

S i n c e some of the o r i g i n a l samples i n the main Zostera 

a n a l y s e s , p a r t i c u l a r l y Z. noltii l e a v e s , had a l s o been d i s s o l v e d i n a 
reduced volume of HCl, t h e r e may be some o v e r - e s t i m a t e s i n the main 
d a t a s e t due to t h i s e f f e c t . N e v e r t h e l e s s , i t i s c o n s i d e r e d t h a t , s i n c e 
s i x p l o t s were u s u a l l y sampled f o r each s p e c i e s , and the a n a l y s e s of 



v a r i a n c e show h i g h l y s i g n i f i c a n t e f f e c t s , the r e s u l t s d i s c u s s e d i n 
chapte r 4 are a r e l i a b l e e s t i m a t i o n of the l e a d content i n Zostera a t 
L i n d i s f a r n e . 

One f u r t h e r p o i n t i s noted from the a n a l y s i s of d u p l i c a t e s . 
S i n c e the d u p l i c a t e batch of Autumn 1990 samples was not an a l y s e d u n t i l 
September 1991, the p o s s i b i l i t y t h a t the h i g h l y s i g n i f i c a n t d i f f e r e n c e 
i n l e a d c o n c e n t r a t i o n between September 1990 and September 1991 Zostera 

samples, as d i s c u s s e d i n s e c t i o n 4.4.1 ( a ) , was due to a change i n the 
a n a l y t i c a l technique between the a n a l y s i s of Autumn 1990 samples and 
Summer 1991 samples, i s discounted. 
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3 LEAD IN THE SEDIMENT 

3.1 I n t r o d u c t i o n 

The l e v e l s of le a d i n the i n t e r t i d a l sediments were examined 
both i n terms of the d i s t r i b u t i o n of spent p e l l e t s and as c h e m i c a l l y 
a v a i l a b l e l e a d w i t h i n the sediment m a t r i x . I n a d d i t i o n , an experiment 
was s e t up to monitor the set t l e m e n t r a t e of p e l l e t s and the r a t e of 
degradation under n a t u r a l c o n d i t i o n s . 

3.2 D i s t r i b u t i o n of Spent P e l l e t s 

I n order to a s s e s s the r e l a t i v e shooting p r e s s u r e a t each of 
the four main study s i t e s , an examination of the numbers of spent 
p e l l e t s p r e s e n t i n the sediment was conducted. 

I n e a r l i e r s t u d i e s , concerned w i t h the i n g e s t i o n of spent 
p e l l e t s by w i l d f o w l , the numbers of p e l l e t s i n sample sediment cor e s 
were determined by washing the sediment through a s i e v e of s u i t a b l e mesh 
s i z e t o r e t a i n the l i k e l y range of p e l l e t s p r e s e n t , and then s e a r c h i n g 
t h e remaining g r i t v i s u a l l y (eg. Mudge, 1984), a ve r y time-consuming 
o p e r a t i o n , w i t h the l i k e l i h o o d of m i s s i n g a proportion of p e l l e t s . More 
r e c e n t l y , s i e v e d samples have been s u b j e c t e d t o X-ray photography, 
h i g h l i g h t i n g the i n e f f i c i e n c y of manual s e a r c h i n g (Milne and Ramsay, 
1987; Spray and Milne, 1988). Milne and Ramsay (1987) a l s o i n v e s t i g a t e d 
the X-ray photography of i n t a c t sediment c o r e s , but r e j e c t e d the 
technique as r e q u i r i n g long exposure times and g r e a t e r q u a n t i t i e s of X-
r a y paper. They were not, however, u s i n g i n t e n s i f y i n g s c r e e n s i n t h e i r 
study. 

I n t h i s study a p o r t a b l e X-ray machine (PLH Medical K6 
E l e c t r o n i c ) was a v a i l a b l e , and p r e l i m i n a r y t r i a l s , u s i n g i n t e n s i f y i n g 
s c r e e n s , on c y l i n d r i c a l s e c t i o n s of sediment c o r e s 5 cm deep produced 
s a t i s f a c t o r y images from s h o r t exposure times of the order of 1 second, 
depending on the e x a c t composition of the sediment. A 100% s u c c e s s r a t e 
was achieved i n counting seeded p e l l e t s p l a c e d by a c o l l e a g u e i n 36 
c o r e s taken from sandy and muddy L i n d i s f a r n e sediments. 

3.2.1 Methods 

Sediment cor e s were c o l l e c t e d during the week commencing 21 
January 1991, i e . e f f e c t i v e l y r e p r e s e n t i n g the end of the shooting 
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season. The number of p e l l e t s p resent i n the sediment was t h e r e f o r e 
expected to be a t i t s annual maximum a t t h a t time. 

At each of the four study s i t e s s i x t y c o r e s of 8 cm diameter 
( a r e a 50.3 cm 2) were obtained i n groups of four ( a t the c o r n e r s of a 
square of s i d e 1 m) a t i n t e r v a l s of twenty paces along t h r e e p a r a l l e l 
t r a n s e c t s twenty paces a p a r t . The a r e a sampled a t each s i t e was i n p a r t 
c o i n c i d e n t with the Zostera sampling a r e a . The c o r e s were place d 
i n d i v i d u a l l y i n p l a s t i c bags to r e t a i n t h e i r shape, and t r a n s f e r r e d to 
Durham i n p l a s t i c c a r t o n s . 

Each core was c u t i n t o two h o r i z o n t a l l a y e r s : 0-5 cm and 5-
10 cm depth. M a t e r i a l below 10 cm depth was d i s c a r d e d . The s e c t i o n s were 
l a i d out on p l a s t i c seed t r a y s ( s i x per t r a y ) and the number of p e l l e t s 
i n each s e c t i o n was determined by X-ray photography. The source to 
s u b j e c t d i s t a n c e was 60 cm, and i n t e n s i f y i n g s c r e e n s were used. Exposure 
times v a r i e d between 0.8 sec a t 60 kV f o r the muddiest c o r e s to 1.2 sec 
a t 70 kV f o r the s a n d i e s t c o r e s . I f t h e r e was any doubt as to the number 
of p e l l e t s w i t h i n a core s e c t i o n ( g e n e r a l l y only f o r t h e lower s e c t i o n s 
i f they contained a c o n s i d e r a b l e proportion of g r a v e l ) , the sediment was 
washed through a 20-mesh s i e v e (or c a r e f u l l y ground and shaken through 
the s i e v e i f a l r e a d y d r i e d - see s e c t i o n 3.4.1) and a v i s u a l s e a r c h f o r 
p e l l e t s conducted. 

3.2.2 R e s u l t s 

A t o t a l of 53 p e l l e t s was l o c a t e d i n the 240 c o r e s examined. 
The d i s t r i b u t i o n of p e l l e t s i s shown i n t a b l e 3.1. Over a l l four s i t e s 
combined, a s i g n i f i c a n t l y g r e a t e r proportion (73.6%) of the p e l l e t s was 
l o c a t e d i n the upper 5 cm of sediment ( X 2 = 11.79, df = 1, P < 0.01). 

There 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 the number of p e l l e t s 
between s i t e s B, C and D, e i t h e r f o r the top 5 cm alone ( X 2 = 2.00, 
df = 2, n/s) or f o r the complete 10 cm c o r e s ( X 2 = 0.88, df = 2, n/s) . 
However, the number a t s i t e A was s i g n i f i c a n t l y lower than a t the other 
t h r e e s i t e s combined i n both those r e s p e c t s ( X 2 = 6.23, df = 1, P < 0.02 
and X 2 = 6.85, df = 1, P < 0.01 r e s p e c t i v e l y ) . The numbers of p e l l e t s 
l o c a t e d i n the lower 5-10 cm s e c t i o n s were i n s u f f i c i e n t f o r s t a t i s t i c a l 
comparison. 

The t o t a l area examined a t each s i t e was 0.3016 m2. Sinc e 
t h e r e was no d e t e c t a b l e d i f f e r e n c e between s i t e s B C and D, t h e i r data 
have been combined to y i e l d an average e s t i m a t e f o r Fenham F l a t s of 
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TABLE 3.1 D i s t r i b u t i o n of spent l e a d p e l l e t s , January 1991 

Number of p e l l e t s l o c a t e d i n c o r e s of t o t a l s u r f a c e a r e a 
0.3016 a t each s i t e 

S i t e 0-5 cm 5-10 cm T o t a l 

Holy I s l a n d Sands 3 2 5 

Fenham M i l l 10 7 17 

Reel y Law 10 3 13 

S t i n k i n g Goat 16 2 18 

T o t a l 39 14 53 



39.8 p e l l e t s / m 2 i n the top 5 cm of sediment and 53.1 p e l l e t s / m 2 i n the 
top 10 cm. On Holy I s l a n d Sands the corresponding e s t i m a t e s a r e 9.9 and 
16.6 p e l l e t s / m 2 r e s p e c t i v e l y . 

The m a j o r i t y of the p e l l e t s l o c a t e d by X-ray were recovered, 
c a r e f u l l y washed, and weighed to an accuracy of 0.1 mg. The geometric 
mean weight was 128.5 mg (n = 48), and 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 between s i t e s or depths (2-way ANOVA on log-transformed data; 
F3,40 = n / s a n d F l , 4 0 = 0-30, n/s r e s p e c t i v e l y ) . Thus the mean 
weight of l e a d p e l l e t s i n the top 5 cm of sediment i s e s t i m a t e d to be 
5.11 g/m2 on Fenham F l a t s and 1.27 g/m2 on Holy I s l a n d Sands. 

3.2.3 D i s c u s s i o n 

The p r e s e n t low l e v e l of shooting on Holy I s l a n d Sands i s 
r e f l e c t e d i n the low number of p e l l e t s recovered from t h a t s i t e . S i n c e 
Brent are no longer a quarry s p e c i e s and Wigeon r a r e l y feed t h e r e , the 
r e s u l t i s to be expected. I n view of the low r a t e of p e l l e t s e t t l e m e n t 
and degradation ( s e c t i o n 3.3), t h i s s i t u a t i o n has c l e a r l y p e r t a i n e d f o r 
a c o n s i d e r a b l e number of seasons. 

The s i m i l a r d e n s i t y of spent p e l l e t s a t the other t h r e e s i t e s 
r e q u i r e s e x p l a n a t i o n , as the a priori assessment of shooting p r e s s u r e 
( s e c t i o n 2.1) p r e d i c t e d a higher d e n s i t y i n f r o n t of the shooting butt 
a t Reely Law. Three p o s s i b l e e x p l a n a t i o n s are o f f e r e d : 

i ) The shooting p r e s s u r e a t the t h r e e s i t e s i s i n f a c t 
comparable. The b u t t a t Fenham M i l l may be used more o f t e n 
than was r e a l i s e d and t h e r e may be a c o n s i d e r a b l e l e v e l of 
shooting from a l l p o i n t s around the s h o r e l i n e a t n i g h t . 
Furthermore, the s e a - w a l l a t S t i n k i n g Goat used t o be a 
popular l o c a t i o n i n heavy winds when Wigeon made r e g u l a r 
f l i g h t s between Budle Bay (3 km to the south of the study 
area) and Fenham F l a t s . 

i i ) R eely Law was u n d e r - u t i l i s e d during the 1990-91 season. 

i i i ) The shooting p r e s s u r e a t Reely Law i s higher than a t the other 
s i t e s , but t h i s was not r e f l e c t e d by the sampling a r e a chosen. 
F r e d r i c k s o n et al (1977) suggested t h a t the m a j o r i t y of shot 
from a duck b l i n d f a l l s a t a d i s t a n c e of between 100 and 
200 m. The d i s t a n c e of the sampling a r e a from the b u t t on 
Harvey's I s l a n d was not measured, but was c e r t a i n l y towards 
the lower end of t h a t range, i f not l e s s . 



I n view of the f i n d i n g s r e g a r d i n g the se t t l e m e n t and 
degradation r a t e s of p e l l e t s ( s e c t i o n 3.3), a f a c t o r o p e r a t i n g over a 
s i n g l e season i s most u n l i k e l y to have any a p p r e c i a b l e e f f e c t on the 
number of p e l l e t s a t a p a r t i c u l a r s i t e , and t h e r e f o r e e x p l a n a t i o n ( i i ) 
i s r e j e c t e d . The remaining two p o s s i b i l i t i e s c ould be examined by a more 
d e t a i l e d i n v e s t i g a t i o n of shooting p r e s s u r e s and by the c o l l e c t i o n of 
f u r t h e r c o r e s a t d i f f e r i n g d i s t a n c e s from the s h o r e l i n e and from 
shooting b u t t s . 

A p r e v i o u s i n v e s t i g a t i o n i n t o the e f f e c t s of l e a d shot a t 
L i n d i s f a r n e (Evans e t al, 1988) found a comparable p e l l e t d e n s i t y 
(70.2 p e l l e t s /m2 ) a t Reely Law and a p a r t i c u l a r l y high d e n s i t y 
(127.3 p e l l e t s / m 2 ) a t T e a l Hole (500 m NE of Reely Law), where t h e r e i s 
a l s o a f r e q u e n t l y used shooting b u t t . S u r p r i s i n g l y , t h e i r e s t i m a t e f o r 
Fenham M i l l was very low (no p e l l e t s l o c a t e d : <6.4 p e l l e t s / m 2 ) , but the 
area sampled a t each s i t e was s m a l l e r than i n the pr e s e n t study and 
p e l l e t s were l o c a t e d manually r a t h e r than by X-ray photography. 

The p e l l e t d e n s i t i e s i n the s u b s t r a t e a t a number of 
w i l d f o w l i n g s i t e s i n B r i t a i n were compared by Mudge (1984). Although h i s 
c o r e s were taken to a depth of 15 cm, he found t h a t over 85% of the 
p e l l e t s were l o c a t e d w i t h i n the top 10 cm of h i s c o r e s , and d i r e c t 
comparison w i t h the r e s u l t s of t h i s study i s t h e r e f o r e r e a s o n a b l e . The 
h i g h e s t p e l l e t d e n s i t y recorded by Mudge from e s t u a r i n e sediments was 
7.4 p e l l e t s / m 2 , an order of magnitude lower than the 53.1 p e l l e t s / m 2 

recorded f o r the upper reaches of Fenham F l a t s . Indeed, the d e n s i t y 
recorded i n t h i s study i s higher than a t a l l of Mudge's s i t e s , h i s 
h i g h e s t d e n s i t y being the 30.0 p e l l e t s / m 2 a t a G l o u c e s t e r s h i r e f l i g h t 
pond. 

I n s i m i l a r s t u d i e s i n A u s t r a l i a and North America, K i n g s f o r d 
e t al (1989) found a d e n s i t y of 1.7 p e l l e t s / m 2 i n l a k e sediments from a 
w i l d f o w l i n g a r e a i n New South Wales, Szymczak and Adrian (1978) 
estimated a f i g u r e of 0.7 p e l l e t s / m 2 on the ground f o r the are a w i t h i n 
180 m of shooting p i t s i n an a g r i c u l t u r a l a r e a of Colorado, although 
t h e s e may have been deposited during only one season's shooting, and 
F r e d r i c k s o n et al (1977) found 30.3 p e l l e t s / m 2 i n u n c u l t i v a t e d wetland 
s o i l s i n f r o n t of a duck b l i n d i n M i s s o u r i . I n each of t h e s e s t u d i e s , 
manual methods of s e a r c h i n g f o r p e l l e t s were employed, and t h e r e f o r e the 
r e s u l t s should be regarded as minimum e s t i m a t e s , but even so, the 
d e n s i t i e s recorded were c o n s i d e r a b l y lower than the f i g u r e f o r Fenham 
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F l a t s i n t h i s study. However, much higher maximum d e n s i t i e s have been 
recorded l o c a l l y elsewhere, f o r example 2,195 p e l l e t s / m ^ on a Dutch c l a y 
pigeon ground (Smit et al, 1988). 

I t should be noted t h a t the t h r e e s i t e s examined on Fenham 
F l a t s a l l l a y w i t h i n 400 m of the s h o r e l i n e , and e x t r a p o l a t i o n of the 
p e l l e t d e n s i t i e s recorded to the e n t i r e a r e a of the F l a t s i s not v a l i d . 
However, i n an attempt to put the d e n s i t i e s recorded i n t o p e r s p e c t i v e , 
the number of p e l l e t s shot i n t o Fenham F l a t s has been est i m a t e d a t 0.56 
per m̂  per season (see appendix 1 ) . Thus the numbers of p e l l e t s recorded 
a p p a r e n t l y d e r i v e from many y e a r s ' shooting (probably a t l e a s t t e n ) , a 
r e s u l t c o n s i s t e n t with the f i n d i n g of p e l l e t s a t depths below 5 cm, and 
i n v a r i o u s s t a t e s of decomposition. Furthermore, i f the es t i m a t e d input 
i s of the c o r r e c t order of magnitude, then i t would appear t h a t the 
d e n s i t i e s recorded a t the sampling s i t e s a r e indeed c o n s i d e r a b l y higher 
than a c r o s s Fenham F l a t s as a whole. 

I f t h e r e were a r e a l l i k e l i h o o d of the w i l d f o w l a t L i n d i s f a r n e 
i n g e s t i n g p e l l e t s , then the q u a n t i t i e s p r e s e n t i n the sediments, a t 
l e a s t around the upper shore, would be most alarming. F o r t u n a t e l y t h e r e 
i s evidence t h a t Wigeon, being g r a z e r s , very r a r e l y i n g e s t p e l l e t s i n 
c o n t r a s t to most dabbling and d i v i n g ducks (Thomas, 1975; Mudge, 1983; 
B u t l e r , 1990), but t h e r e are fewer data a v a i l a b l e f o r Brent as they a r e 
not c u r r e n t l y a quarry s p e c i e s : Mudge (1983) found no p e l l e t s i n the 
g i z z a r d s of 25 Brent found dead. However, s i n c e Brent a t L i n d i s f a r n e 
feed f o r s e v e r a l months p r i n c i p a l l y by grubbing f o r Zostera rhizomes 
( p e r s . o b s . ) , a technique g e n e r a l l y not employed by Wigeon, they may be 
s u s c e p t i b l e to a c c i d e n t a l l y i n g e s t i n g p e l l e t s contained i n the top few 
ce n t i m e t r e s of the sediment, even i f they do not d e l i b e r a t e l y take g r i t 
p a r t i c l e s of s i m i l a r s i z e . 

I t i s c l e a r t h a t the p e l l e t s p r e s e n t i n the sediment form a 
r e s e r v o i r of elemental l e a d , and even i f the use of l e a d p e l l e t s were to 
stop immediately, t h e r e would be a r e l e a s e of l e a d compounds by 
degradation f o r s e v e r a l , or p o s s i b l y many y e a r s . I t would be i n s t r u c t i v e 
t o determine the d e n s i t i e s of p e l l e t s on the lower reaches of Fenham 
F l a t s , u s i n g the techniques e s t a b l i s h e d i n t h i s study, thereby e n a b l i n g 
the e s t i m a t e of t o t a l p e l l e t s p resent to be r e f i n e d . 
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3c3 P e l l e t Settlement 

The p o t e n t i a l contaminating e f f e c t s of spent l e a d shot 
deposited i n t o the s u b s t r a t e i n a w i l d f o w l i n g a r e a might be c o n s i d e r a b l y 
reduced i f the p e l l e t s were to s e t t l e r a p i d l y w i t h i n the s u b s t r a t e 
before any a p p r e c i a b l e degree of degradation could occur, so t h a t 
o p p o r t u n i t i e s f o r d i r e c t i n g e s t i o n by w i l d f o w l would be few. Al s o , i f 
p e l l e t s e t t l e m e n t were r a p i d r e l a t i v e t o degradation, then the g r e a t e r 
p a r t of the l e a d compounds d e r i v e d from degraded p e l l e t s might l i e a t 
depths below the root systems of i n t e r t i d a l f l o r a . 

To examine the r a t e of settle m e n t , Mudge (1984) conducted an 
experiment a t e i g h t w i l d f o w l i n g s i t e s i n B r i t a i n . G e n e r a l l y , Mudge found 
t h a t s e t t l e m e n t r a t e s were slow, but u s e f u l r e s u l t s were not obtained 
from h i s two i n t e r t i d a l s i t e s , and a s i m i l a r experiment was t h e r e f o r e 
s e t up a t L i n d i s f a r n e . 

3.3.1 Methods 

The method of Mudge (1984) was followed as c l o s e l y as 
p o s s i b l e , the p r i n c i p a l d i f f e r e n c e being t h a t t h r e e r e p l i c a t e p l o t s were 
e s t a b l i s h e d a t each s i t e i n order to c o n t r o l f o r l o c a l v a r i a t i o n . The 
p l o t s were s e t up on 4 January 1991 near the Zostera sampling s i t e s a t 
Holy I s l a n d Sands ( s i t e A) on a f i r m , sandy s u b s t r a t e , and a t Fenham 
M i l l ( s i t e B) on a s o f t , muddy s u b s t r a t e . 

At each s i t e t h r e e r e c t a n g u l a r p l o t s of dimension 2 m x 1 m 
were p l a c e d along a north-south t r a n s e c t a t a s e p a r a t i o n of 25 paces 
(and r e f e r r e d to as p l o t s N - northern, C - c e n t r a l and S - s o u t h e r n ) . 
Each p l o t was seeded with 5000 p e l l e t s of no. 5 l e a d shot. The p e l l e t s 
were s c a t t e r e d from shoulder height, but on the f i r m sediment a t s i t e A, 
many d i d not pene t r a t e the s u r f a c e . I n order to ensure t h a t they were 
not immediately removed by the next high t i d e , t h e s e were g e n t l y p r e s s e d 
down i n t o the sediment to a depth of no more than 5 mm. A l a r g e 
subsample (180) of the p e l l e t s a c t u a l l y d i s t r i b u t e d was weighed 
i n d i v i d u a l l y t o an accuracy of 0.1 mg p r i o r to seeding the p l o t s . The 
mean i n i t i a l p e l l e t weight was 151.57 mg. 

On each sampling v i s i t e i g h t c o r e s of 8 cm diameter were 
obtained from each p l o t , u s i n g randomly generated (but not repeated) co­
o r d i n a t e s . The co r e s were c u t i n t o f i v e 2 cm s l i c e s t o a depth of 10 cm 
and the p e l l e t s recovered by washing through a s i e v e under hose 
p r e s s u r e . A few spent p e l l e t s were recovered, but were o b v i o u s l y 

19 



s e p a r a b l e from the seeded p e l l e t s by s i z e and/or appearance. For the 
samples c o l l e c t e d during June 1991, the lower s e c t i o n s of the c o r e s ( i n 
which i t was known t h e r e were u n l i k e l y to be any p e l l e t s ) were examined 
by X-ray photography (see s e c t i o n 3.2.1). The p e l l e t s from a l l the c o r e s 
w i t h i n a p l o t were combined by l a y e r , washed w i t h water, c a r e f u l l y d r i e d 
w i t h absorbent paper, and a subsample from each l a y e r (or a l l the 
p e l l e t s i f fewer than t h i r t y ) weighed as above. 

Samples were i n i t i a l l y c o l l e c t e d on an approximately monthly 
b a s i s , during February and March 1991, but as i t was apparent a f t e r the 
f i r s t two o c c a s i o n s t h a t the s e t t l e m e n t r a t e was p a r t i c u l a r l y slow, and 
as the t o t a l number of cores which could be obtained from each p l o t was 
l i m i t e d , the t h i r d sampling was postponed u n t i l June 1991. Although the 
p e r i o d of r e s e a r c h f i n i s h e d i n September 1991, i t was c o n s i d e r e d 
worthwhile to o b t a i n a f u r t h e r s e t of samples from the s e t t l e m e n t p l o t s 
once they had been s u b j e c t e d to Autumn storms, which i t was thought 
might be s u f f i c i e n t l y severe to d e p o s i t a c o n s i d e r a b l e depth of sediment 
onto the p l o t s . Samples were c o l l e c t e d during February 1992 by 
R. D. Evans, and processed the f o l l o w i n g month by the author. 
U n f o r t u n a t e l y a few of the c o r e s from Fenham M i l l (two, two and one from 
the t h r e e p l o t s ) had become misshapen i n the i n t e r v e n i n g p e r i o d , and 
could not be r e l i a b l y c u t i n t o 2 cm s l i c e s ; the numbers of p e l l e t s shown 
i n t a b l e 3.2 have a c c o r d i n g l y been a d j u s t e d p r o p o r t i o n a l l y to the 
e q u i v a l e n t of e i g h t c o r e s per p l o t . 

3.3.2 R e s u l t s 

The numbers of p e l l e t s recovered are shown i n t a b l e 3.2, and 
summarised i n f i g . 3.1. The mean weights of p e l l e t s i n i t i a l l y and a f t e r 
r e c o v e r y are shown i n t a b l e 3.3 and f i g . 3.2. 

At Holy I s l a n d Sands t h e r e was a h i g h l y s i g n i f i c a n t d i f f e r e n c e 
amongst the t h r e e p l o t s i n the numbers recovered above and below 2 cm 
f o r each of the f i r s t t h r e e s e t s of samples (February: X 2 = 32.3, 
df = 2, P < 0.01; March: X 2 = 48.0, df = 2, P < 0.01; June: X 2 = 180.4, 
df = 2, P < 0.01), and by February 1992, t h e r e was a s i g n i f i c a n t 
d i f f e r e n c e between p l o t s i n the numbers recovered from 0 - 2 cm, 2 -
4 cm and below 4 cm (X 2 = 165.5, df = 4, P < 0.01). I n two of the t h r e e 

p l o t s (N and C) some degree of s e t t l e m e n t had occurred by the f i r s t 
sampling date, but i n the t h i r d (S) no s e t t l e m e n t had occurred by June 
1991, but by February 1992 71% of the recovered p e l l e t s from t h a t p l o t 
were below 4 cm. The numbers of p e l l e t s recovered below 2 cm a t Fenham 
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TABLE 3.2 P e l l e t s e t t l e m e n t experiment 

Number of p e l l e t s recovered from p l o t s e s t a b l i s h e d January 
1991 

Month S i t e P l o t * 0=2 cm 2=4 cm Below % cm Tot 

Feb 1991 Holy I s l a n d Sands N 67 34 0 101 
C 143 39 0 182 
S 89 1 0 90 

Fenham M i l l N 99 1 0 100 
C 137 0 0 137 
S 69 0 0 69 

Mar 1991 Holy I s l a n d Sands N 55 35 0 90 
C 57 35 0 92 
S 110 3 0 113 

Fenham M i l l N 54 2 0 56 
C 128 0 0 128 
S 83 0 0 83 

Jun 1991 Holy I s l a n d Sands N 35 34 1 70 
C 9 49 49 107 
S 91 6 0 97 

Fenham M i l l N 95 2 0 97 
C 22 2 0 24 
S 53 0 5 58 

Feb 1992 Holy I s l a n d Sands N 7 25 0 32 
C 12 123 9 144 
S 11 34 110 155 

Fenham M i l l N 69 0 0 69 
C 47 11 0 58 
S 34 10 1 45 

* N, C and S denote the northern, c e n t r a l and southern p l o t s a t each 
of the two s i t e s 



TABLE 3.3 P e l l e t s e t t l e m e n t experiment - Weights of p e l l e t s recovered 

Month S i t e P l o t 

Seeded p e l l e t s 

Feb 1991 A 

Mar 1991 

Jun 1991 

Feb 1992 

A l l p l o t s 

N 
C 
S 

A l l p l o t s 

N 
C 
S 

A l l p l o t s 

N 
C 
S 

A l l p l o t s 

N 
C 
S 

A l l p l o t s 

N 
C 
S 

A l l p l o t s 

N 
C 
S 

A l l p l o t s 

N 
C 
S 

A l l p l o t s 

N 
C 
S 

Mean wt 
(mg) 

151.57 

150.04 

150.52 
149.03 
151.10 

149.86 

149.24 
150.31 
150.04 

148.74 

148.28 
149.20 
148.75 

149.67 

150.83 
148.92 
149.25 

148.22 

148.41 
149.10 
146.29 

151.26 

150.61 
150.08 
152.69 

148.50 

148.46 
148.03 
148.82 

148.17 

147.03 
149.79 
147.78 

s.cL 
(mg) 

5.799 

6.668 

6.094 
7.576 
5 .586 

6.709 

6.903 
6.857 
6.478 

7.006 

7.168 
7 .357 
6.010 

5.943 

5.173 
6.580 
6.015 

7.178 

6.663 
7.541 
7.128 

5.343 

6.148 
4.285 
5.016 

6.783 

7.191 
5.925 
7.184 

8.207 

7 .313 
7 .903 
8.695 

180 

194 

74 
79 
41 

121 

41 
40 
40 

158 

63 
64 
31 

90 

30 
30 
30 

167 

61 
69 
37 

90 

32 
24 
34 

160 

33 
50 
77 

138 

30 
38 
70 



FIGURE 3.1 Pellet Settlement Experiment 
Pellet Recovery by Depth 
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FIGURE 3.2 Pellet Settlement Experiment 
Weights of Recovered Pellets 
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M i l l on the f i r s t t h r e e o c c a s i o n s were too few to permit s t a t i s t i c a l 
a n a l y s i s , but by February 1992 t h e r e was a d i f f e r e n c e between p l o t s i n 
the numbers recovered above and below 2 cm (X^ = 17.6, df = 2, 
P < 0.01), w i t h no settlement having o c c u r r e d i n p l o t N, but l i m i t e d 
s e t t l e m e n t i n each of the other two p l o t s . 

There was no d i f f e r e n c e i n the mean weights of p e l l e t s between 
p l o t s or by depth i n any one month (ANOVA - see t a b l e 3 . 4 ) . The weights 
of recovered p e l l e t s a t each s i t e have t h e r e f o r e been grouped together 
f o r comparison by month. Nor was t h e r e any d i f f e r e n c e between s i t e s , 
except i n June 1991, when the mean weight a t s i t e A (148.2 mg) was 
s i g n i f i c a n t l y l e s s than a t s i t e B (151.3 mg). 

The mean weight of recovered p e l l e t s i n February 1992 was 
s i m i l a r f o r the two s i t e s , a t 98.0% and 97.8% of the o r i g i n a l weight 
( t a b l e 3.5). However, the weight l o s s was s i g n i f i c a n t by March 1991 a t 
Holy I s l a n d Sands, but not u n t i l February 1992 a t Fenham M i l l . (The 
change i n weight between June 1991 and February 1992 a t Fenham M i l l was 
a l s o s i g n i f i c a n t (Tukey HSD t e s t a t P < 0.05).) 

3.3.3 D i s c u s s i o n 

On the s o f t mud a t Fenham M i l l t h e r e was no d e t e c t a b l e 
s e t t l e m e n t of p e l l e t s a f t e r f i v e months, and only v e r y l i m i t e d 
s e t t l e m e n t i n two of the p l o t s a f t e r one y e a r . The few p e l l e t s recovered 
from below 2 cm up to June 1992 are most l i k e l y to be the r e s u l t of 
d i s t u r b a n c e during the sampling procedures, or p o s s i b l y of the a c t i o n of 
burrowing i n v e r t e b r a t e s . 

On the sand a t Holy I s l a n d the p a t t e r n of r e c o v e r y i s not 
s t r a i g h t f o r w a r d . There was n e g l i g i b l e s e t t l e m e n t i n one p l o t (S) over 
the f i r s t f i v e months, but presumably immediate s e t t l e m e n t i n the other 
two (N and C ) . At the time of seeding the p l o t s , the s u r f a c e of p l o t S 
was, l i k e those a t Fenham M i l l , covered by a growth of Zostera noltii, 

but p l o t s N and C had a l a y e r of sand o v e r l y i n g the remains of Z. noltii 

a t a depth of about 4 cm. I t i s assumed t h a t the Zostera r o o t s and 
rhizomes e x e r t an important e f f e c t i n s t a b i l i s i n g the sediment, thereby 
p r e v e n t i n g r a p i d settlement of p e l l e t s . I n the absence of p l a n t 
m a t e r i a l , p e l l e t s w i l l s e t t l e i n sand d i s t u r b e d by wave a c t i o n . 
U n f o r t u n a t e l y no comparable v e g e t a t i o n - f r e e p l o t on a muddy s u b s t r a t e 
was s e t up. 
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Table 3.4 P e l l e t s e t t l e m e n t experiment = Weights of p e l l e t s recovered 

A n a l y s i s of v a r i a n c e by month of rec o v e r y 

February 1991 

Source of 
V a r i a t i o n 

S i t e 
P l o t 
Depth 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

Sum of 
Squares 

9.29 
55.47 
3.54 

71.39 
13912 .42 
13983.81 

df 

1 
2 
1 

4 
310 
314 

Mean 
Square 

9.29 
27.73 
3.54 

17.85 
44.88 
44.53 

r 
0.21 
0.62 
0.08 

0.40 

n/s 
n/s 
n/s 

n/s 

March 1991 

Source of 
V a r i a t i o n 

S i t e 
P l o t 
Depth 

Sum of 
Squares 

19.27 
9.95 

22 .09 

df 

1 
2 
1 

Mean 
Square 

19.27 
4.98 

22 .09 

0.43 
0.11 
0.50 

n/s 
n/s 
n/s 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

74.78 
10823.48 
10898.26 

4 
243 
247 

18.70 
44 .54 
44.12 

0.42 n/s 

June 1991 

Source of 
V a r i a t i o n 

Sum of 
Squares df 

Mean 
Square 

S i t e 
P l o t 
Depth 

286.81 
55.12 
87 .63 

286.81 
27.56 
43.82 

6.53 
0.63 
1.00 

* 
n/s 
n/s 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

644.36 
10986.34 
11630.70 

5 
250 
255 

128.87 
43.95 
45.61 

2.93 

February 1992 

Source of 
V a r i a t i o n 

Sum of 
Squares df 

Mean 
Square 

S i t e 
P l o t 
Depth 

107 .08 
35.79 

270.51 

107.08 
17.89 

135.25 

09 
35 
64 

n/s 
n/s 
n/s 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

319 .99 
13017.90 
13337.89 

5 
254 
259 

64.00 
51.25 
51.50 

1.25 n/s 

* - P < 0.05 



Table 3.5 P e l l e t s e t t l e m e n t experiment - Weights of p e l l e t s recovered 

Monthly mean weights by s i t e 

S i t e R. - Holy I s l a n d Sands 

Month 

Jan 1991 
(seeded) 

Feb 1991 
Mar 1991 
Jun 1991 
Feb 1992 

Mean n 

151.57 180 

150.04 
148.74 
148.22 
148.50 

194 
158 
167 
160 

Std 
E r r o r 

0.432 

0.479 
0.557 
0.556 
0.536 

95% conf i n t 
f o r Mean 

150.71 - 152.42 

149.09 
147.64 
147.13 
147 .44 

150.98 
149.84 
149.32 
149.56 

Weight as 
% of seeded 

99.0 n/s 
98.1 * 
97.8 * 
98.0 * 

Source of 
V a r i a t i o n 

Month 

R e s i d u a l 
T o t a l 

Sum of 
Squares 

1347 .4 

38173.7 
39521.1 

df 

4 

854 
858 

Mean 
Square 

336.8 

44.70 

F 

7 .54 

S i t e B - Fenham M i l l 

Month 

Jan 1991 
(seeded) 

Feb 1991 
Mar 1991 
Jun 1991 
Feb 1992 

Mean n 

151.57 180 

149.86 
149.67 
151.26 
148.17 

121 
90 
90 

138 

Std 
E r r o r 

0.432 

0.610 
0.626 
0.563 
0.699 

95% conf i n t 
f o r Mean 

150.71 - 152.42 

148.65 
148.42 
150.14 
146.79 

151.07 
150.91 
152.37 
149.55 

Weight as 
% of seeded 

98.9 n/s 
98.7 n/s 
99.8 n/s 
97.8 * 

Source of 
V a r i a t i o n 

Month 
R e s i d u a l 
T o t a l 

Sum of 
Squares 

1041.8 
26332 .4 
27374.2 

df 

4 
614 
618 

Mean 
Square 

260.4 
42.9 

6.07 

- P < 0.05; *** - P < 0.001 

Comparison between months by Tukey's HSD t e s t a t P < 0.05 



By February 1992, however, the m a j o r i t y of p e l l e t s recovered 
from p l o t S a t Holy I s l a n d Sands were from below 4 cm, whereas i n p l o t 
C, i n which s i m i l a r numbers of p e l l e t s had been recovered from above and 
below 4 cm i n June 1992, very few p e l l e t s were found below 4 cm. 
Presumably t h i s r e f l e c t s a change i n the d i s t r i b u t i o n of l o o s e sand over 
the s i t e , but s i n c e i t was not v i s i t e d p e r s o n a l l y i n February 1992, t h i s 
cannot be confirmed. 

I n a previous a n a l y s i s of the same data, but e x c l u d i n g those 
f o r February 1992 (Palmer and Evans, 1991), i t was p o s t u l a t e d t h a t i n a 
sandy sediment p h y s i c a l a b r a s i o n may be the main agent of degradation, 
but t h a t i n a muddy sediment chemical a c t i o n may be more important, as 
by June 1991 the mean weight of p e l l e t s r e covered a t Fenham M i l l had 
i n i t i a l l y f a l l e n but then i n c r e a s e d . I f t h a t were so, the formation of 
l e a d compounds, eg. PbS, on the s u r f a c e of the p e l l e t s under the anoxic 
c o n d i t i o n s of the muddy sediment might r e s u l t i n an i n c r e a s e i n weight. 
Many such l e a d compounds are of low water s o l u b i l i t y (Fergusson, 1990), 
and might t h e r e f o r e slow the r a t e of degradation. However, by February 
1992 the mean weight l o s s was almost i d e n t i c a l a t the two s i t e s , and the 
p o s s i b i l i t y t h a t the c u r i o u s p a t t e r n observed f o r Fenham M i l l was due to 
sampling e r r o r cannot be e n t i r e l y r u l e d out, although the numbers of 
p e l l e t s weighed were c o n s i d e r a b l e . 

Whatever the p r e c i s e mechanisms i n v o l v e d , i t i s c l e a r t h a t the 
r a t e of degradation of seeded p e l l e t s i s p a r t i c u l a r l y slow under n a t u r a l 
i n t e r t i d a l c o n d i t i o n s . Evans et al (1988) estimated the time to 
completely erode p e l l e t s to be 9.5 days i n mud and 39 days i n sand by 
measuring degradation under simulated wave a c t i o n u s i n g a continuous 
magnetic s t i r r e r . Obviously the mechanical e f f e c t of n a t u r a l wave a c t i o n 
on sediments i s n e g l i g i b l e i n comparison. The q u e s t i o n remains whether 
spent p e l l e t s would erode a t the same r a t e as unused p e l l e t s . When 
f i r e d , p e l l e t s are u s u a l l y deformed and may a l s o e x p e r i e n c e s u r f a c e 
a b r a s i o n ; both e f f e c t s could l e a d to a f a s t e r , but not slower, r a t e of 
degradation than f o r unused shot. The r a t e s observed must t h e r e f o r e be 
c o n s i d e r e d to be minimum r a t e s , but most l i k e l y of the c o r r e c t order of 
magnitude f o r spent p e l l e t s , as confirmed by the f i n d i n g of p a r t i a l l y 
eroded spent p e l l e t s below 5 cm depth ( s e c t i o n 3.2). 
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3.4 Lead Compounds 

The determination of heavy metal burdens i n s o i l s and 
sediments p r e s e n t s a number of problems, p a r t i c u l a r l y i n e n s u r i n g t h a t 
r e s u l t s from d i f f e r e n t l o c a t i o n s are comparable. The s u r f a c e area to 
weight r a t i o of a f i n e - g r a i n e d mud i s f a r g r e a t e r than t h a t of a c o a r s e 
sand, and the former t h e r e f o r e o f f e r s many more binding s i t e s f o r heavy 
metals and t h e i r compounds than the l a t t e r ; a number of standards have 
been proposed f o r r e p o r t i n g sediment heavy metal c o n c e n t r a t i o n s 
(de Groot e t al, 1976, 1982). Furthermore, t h e r e e x i s t s a m u l t i t u d e of 
p o s s i b l e chemical e x t r a c t a n t s , masking agents and d e t e c t i o n methods 
(Fergusson, 1990; de Groot e t al, 1982)), but even so, the heavy metal 
c o n c e n t r a t i o n s of sediments as determined by l a b o r a t o r y t e c h n i q u e s do 
not n e c e s s a r i l y r e f l e c t s p e c i f i c a l l y the b i o - a v a i l a b i l i t y of the metals 
concerned (Davies e t al, 1987). 

I n view of the c o m p l e x i t i e s i n v o l v e d i n determining heavy 
metal c o n c e n t r a t i o n s , a number of p r e l i m i n a r y t r i a l s were conducted to 
e s t a b l i s h a method f o r comparing the l e a d c o n c e n t r a t i o n s i n the sample 
sediments from L i n d i s f a r n e . These t r i a l s a r e d i s c u s s e d i n d e t a i l i n 
appendix 2. 

3.4.1 Methods 

The sediment c o r e s analysed were the top 5 cm s e c t i o n s of 
those c o l l e c t e d from the four main study s i t e s f o r the e s t i m a t i o n of 
spent p e l l e t d e n s i t i e s ( s e c t i o n 3.2.1). They were f i r s t l y oven-dried a t 
100 °C f o r a minimum of 48 hours, and then g e n t l y ground w i t h a p e s t l e 
and mortar and shaken through a 40 mesh/in s i e v e to remove g r a v e l , 
i n v e r t e b r a t e remains and p l a n t m a t e r i a l . P a r t i c u l a r c a r e was taken to 
remove any fragments of s h e l l . Each sample ( r e f e r r e d to a t t h i s stage as 
u n d i f f e r e n t i a t e d sediment) was thoroughly mixed and d i v i d e d i n t o two 
p a r t s , one of which was then passed through a 200 mesh/in s i e v e to 
i s o l a t e the f i n e f r a c t i o n . 

Sub-samples of approximately 1 g weight were t r e a t e d w i t h 5 ml 
'AnalaR' grade 3 M HCl a t room temperature f o r about one hour, during 
which time they were f r e q u e n t l y a g i t a t e d to ensure adequate mixing of 
sediment and e x t r a c t a n t . The e x t r a c t s o l u t i o n s were f i l t e r e d i n t o screw-
top p l a s t i c b o t t l e s and analysed f o r l e a d by AAS as d e s c r i b e d i n s e c t i o n 
2.3.2. Reagent blanks were analysed f o r each batch of samples processed. 
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3.4.2 R e s u l t s 

An i n i t i a l a n a l y s i s ( f o r both u n d i f f e r e n t i a t e d sediment and 
the f i n e f r a c t i o n ) was performed on a l l four c o r e s from each of four 
p l o t s s e l e c t e d a t random from the f i f t e e n p o i n t s on the g r i d (see 
s e c t i o n 3.2.1) a t each s i t e . For each sediment f r a c t i o n w i t h i n each s i t e 
the v a r i a t i o n between p l o t s was h i g h l y s i g n i f i c a n t (ANOVA on l o g -
transformed datas P < 0.01 i n a l l t e s t s ) , except f o r the f i n e f r a c t i o n 
a t s i t e A, f o r which the v a r i a t i o n between and w i t h i n p l o t s was s i m i l a r . 
The comparison between s i t e s was t h e r e f o r e made on the b a s i s of one core 
s e l e c t e d a t random from each of the f i f t e e n p l o t s a t each s i t e . 

The r e s u l t s of the sediment l e a d determinations a r e shown i n 
t a b l e 3.6 and summarised i n f i g . 3.3. A l l reagent blanks were f r e e of 
l e a d w i t h i n the AAS d e t e c t i o n l i m i t s , nor were t h e r e s i g n i f i c a n t batch 
e f f e c t s f o r e i t h e r sediment f r a c t i o n ( s e c t i o n 2.4.2). However, one 
sample of the u n d i f f e r e n t i a t e d sediment from s i t e A and one sample of 
the f i n e f r a c t i o n from s i t e D were r e j e c t e d as o u t l i e r s ( s e c t i o n 2.4.3), 
although probably genuinely of higher l e a d c o n c e n t r a t i o n . 

V a r i a t i o n i n the mean l e a d c o n c e n t r a t i o n of u n d i f f e r e n t i a t e d 
sediment between s i t e s was very h i g h l y s i g n i f i c a n t (ANOVA on l o g -
transformed data, F 3 f 5 5 = 9.32, P < 0.0001), y e t s i t e only accounted f o r 
33.7% of the t o t a l v a r i a t i o n , r e f l e c t i n g the high degree of v a r i a t i o n 
between p l o t s a t each s i t e . S i t e C had a s i g n i f i c a n t l y h i g h e r mean l e a d 
c o n c e n t r a t i o n than s i t e s A and D, and s i t e B higher than s i t e D (Tukey 
HSD t e s t a t P < 0.05). 

V a r i a t i o n i n the mean le a d c o n c e n t r a t i o n of the f i n e f r a c t i o n 
was a l s o s i g n i f i c a n t between s i t e s (ANOVA on log-transformed data, 
F 3 / 5 5 = 3.03, P < 0.05), but much l e s s marked than f o r the 
u n d i f f e r e n t i a t e d sediment, accounting f o r only 14.2% of the t o t a l 
v a r i a t i o n . Only s i t e s B and D d i f f e r e d s i g n i f i c a n t l y (Tukey HSD t e s t a t 
P < 0.05) . 

3.4.3 D i s c u s s i o n 

The f i n e f r a c t i o n showed a higher mean l e a d c o n c e n t r a t i o n than 
the u n d i f f e r e n t i a t e d sediment a t each s i t e , as was to be expected. The 
d i f f e r e n c e was more marked a t the s a n d i e r s i t e s (D and, e s p e c i a l l y , A), 
again as expected from the composition of the sediments. At s i t e C the 
t o t a l sediment l e a d content was almost as high as t h a t of the f i n e 
f r a c t i o n , r e f l e c t i n g the nature of the ve r y s o f t mud a t t h a t s i t e . 
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TABLE 3.6 Lead i n sediments, January 1991 

E x t r a c t i o n by 3 M HCl 

S i t e F r a c t i o n Mean Pb n 95% conf. 
(ppm dw) l i m i t s 

Holy I s l a n d Sands < 40 mesh/in 11.3 14 10.6 - 12.1 
< 200 mesh/in 16.0 15 14.7 - 17.6 

Fenham M i l l < 40 mesh/in 14.4 15 1 3 . 3 - 1 5 . 5 
< 200 mesh/in 17.2 15 16.1 - 18.4 

Reely Law < 40 mesh/in 16.2 15 1 3 . 1 - 1 9 . 9 
< 200 mesh/in 16.6 15 14.3 - 19.3 

S t i n k i n g Goat < 40 mesh/in 10.1 15 8 . 3 - 1 2 . 2 
< 200 mesh/in 13.8 14 11.8 - 16.0 
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Lead l e v e l s i n the f i n e f r a c t i o n s show v e r y l i t t l e d i f f e r e n c e 
between s i t e s , except f o r the lower v a l u e a t s i t e D, where r a t h e r 
s h a l l o w sediments o v e r l i e a l a y e r of s h e l l s . T h i s r e s u l t may r e f l e c t a 
genuine d i f f e r e n c e i n l e a d contamination a t s i t e D, but i t i s w e l l known 
t h a t high c o n c e n t r a t i o n s of c a l c i u m may i n t e r f e r e w i t h the a t o m i s a t i o n 
of l e a d i n flame AAS (eg. Waughmann and B r e t t , 1980), and the r e s u l t 
should t h e r e f o r e be i n t e r p r e t e d w i t h c a u t i o n . S i t e D a p a r t , the l e a d 
c o n c e n t r a t i o n i n the f i n e f r a c t i o n of the top 5 cm of sediment appears 
t o be uniform a c r o s s L i n d i s f a r n e ( i n c l u d i n g Holy I s l a n d Sands); 
d i f f e r e n c e s i n the t o t a l sediment l e a d content between s i t e s a r e 
p r i n c i p a l l y a t t r i b u t a b l e to the p a r t i c l e s i z e composition of the 
sediments themselves. 

Comparisons with other s t u d i e s must be made w i t h c a r e , not 
only because of d i f f e r e n t sediment o r i g i n s , but p a r t i c u l a r l y i n r e l a t i o n 
t o d i f f e r e n c e s i n a n a l y t i c a l techniques and i n the e x t r a c t a n t s employed. 
The v a l u e of 16.2 ppm obtained from Reely Law i s higher than the 
e q u i v a l e n t 'non-lithogenous' f r a c t i o n from the u n p o l l u t e d Ravenglass 
(9.9 ppm) and moderately p o l l u t e d Wyre e s t u a r i e s (12 ppm), but lower 
than the i n d u s t r i a l l y p o l l u t e d Mersey (20 ppm) ( B a d r i and Aston, 1983). 
I n the L i m f j o r d , Denmark, Lyngby and B r i x (1982) found l e a d l e v e l s of 
0.5 and 1.1 ppm (they do not i n d i c a t e the types of sediment sampled, or 
t h e f r a c t i o n analysed) at two r e l a t i v e l y u n p o l l u t e d r u r a l s i t e s , but 
16.3 ppm a t a s i t e of c o n s i d e r a b l e urban and i n d u s t r i a l p o l l u t i o n . I n 
c o n t r a s t , Halcrow e t al (1973) found mean l e a d c o n c e n t r a t i o n s ranging 
from 28 ppm i n sandy sediments to 67 ppm i n muddy sediments from a r e a s 
of the F i r t h of Clyde s u b j e c t to sewage sludge d i s p o s a l , and Bryan and 
Hummerstone (1977) found a l e a d c o n c e n t r a t i o n of 280 ppm i n sediment 
from the Looe E s t u a r y , Cornwall, which was contaminated by mining 
wastes. 

I n comparison with the e s t u a r i n e sediment l e a d c o n c e n t r a t i o n s 
from other l o c a t i o n s , the sediments a t L i n d i s f a r n e must c e r t a i n l y be 
c o n s i d e r e d as p o l l u t e d i n terms of l e a d , but only moderately so, and the 
l e v e l s of contamination do not approach those encountered a t some s i t e s 
of high i n d u s t r i a l contamination. 

The proportion of the c h e m i c a l l y a v a i l a b l e l e a d which has been 
d e r i v e d from spent shot cannot be deduced i n t h i s study, as i t was not 
p o s s i b l e to examine a comparable unshot s i t e . Budle Bay ( p a r t of the 
L i n d i s f a r n e NNR l y i n g about 3 km south-east of the main study a r e a ) 
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would have been the best comparison, having been f r e e from w i l d f o w l i n g 
a c t i v i t y f o r almost t h i r t y y e a r s , but the sediments t h e r e have been 
g r e a t l y d i s t u r b e d by b a i t digging (Howell, 1985). Indeed, Evans e t al 
(1988) and Abbott (1990) found s u r f a c e sediment l e a d c o n c e n t r a t i o n s a t 
Budle Bay to be higher than those a t L i n d i s f a r n e . S i n c e the sediments at 
L i n d i s f a r n e must be p r i n c i p a l l y of marine o r i g i n ( f r e s h w a t e r i n p u t i s 
n e g l i g i b l e ) , i t i s p o s s i b l e t h a t some p a r t of the c u r r e n t l e a d 
contamination may be a t t r i b u t a b l e to h i s t o r i c a l i n d u s t r i a l a c t i v i t y 
around the North Sea catchment area, but the p r o p o r t i o n concerned i s 
l i k e l y to be i n s i g n i f i c a n t i n comparison w i t h the l e a d i n put during many 
decades of w i l d f o w l i n g . 

The d e n s i t y of d r i e d sediment v a r i e d between s i t e s owing to 
the d i f f e r e n c e s i n sediment composition, but, t a k i n g the v a l u e f o r 
Fenham M i l l of 1.2 g/cm3, and an average l e a d content of 15 ppm, the 
weight of l e a d i n the top 5 cm of sediment i s 0.9 g/m2. I n s e c t i o n 3.2.2 
the weight of l e a d p resent i n p e l l e t form was c a l c u l a t e d as 5.11 g/m2. 
Thus, although t h e s e f i g u r e s are extremely crude, i t would appear t h a t 
t h e r e i s about f i v e times the amount of l e a d p r e s e n t i n p e l l e t form 
compared to t h a t c h e m i c a l l y e x t r a c t a b l e by an a c i d of moderate s t r e n g t h . 
S e v e r a l p o s s i b l e mechanisms may account f o r the apparent l o s s of l e a d 
compounds from the sediment. 

i ) Lead compounds may be deposited i n lower sediment s t r a t a . 
Abbott (1990) found some evidence of i n c r e a s i n g l e a d 
c o n c e n t r a t i o n i n L i n d i s f a r n e sediments down to 20 cm depth, 
but d i d not apparently a l l o w f o r changes i n sediment 
composition. However, the h i s t o r y of sedimentation i n 
i n t e r t i d a l systems may be complex, and higher l e a d l e v e l s a t 
g r e a t e r depth may r e s u l t from sediment r e d i s t r i b u t i o n or from 
h i s t o r i c a l l y higher l e v e l s of shooting a c t i v i t y . Moreover, i n 
the one comparison of l e a d c o n c e n t r a t i o n s a t d i f f e r e n t depths 
made i n t h i s study, the c o n c e n t r a t i o n a t Fenham M i l l below 
7 cm was l e s s than t h a t above 7 cm, a l b e i t c o a r s e r sediment 
( t a b l e A2.3a and s e c t i o n A2.4). 

i i ) Lead compounds may be d i s s o l v e d d i r e c t l y from the sediment 
i n t o sea water and removed during ebb t i d e s . The suggestion 
t h a t the t r a n s f e r of l e a d compounds from i n t e r s t i t i a l water to 
sea water may occur i s a l s o c o n s i d e r e d i n connection w i t h the 
l e a d l e v e l s found i n Enteromorpha i n s e c t i o n 4.4.2. 
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i i i ) Large q u a n t i t i e s of Zostera may be washed up onto the 
s h o r e l i n e during Autumn storms ( p e r s . obs.), thereby removing 
le a d from the mud-flats. Indeed a l a r g e p r o p o r t i o n of the 
annual Zostera production, probably i n e x c e s s of 95%, i s 
removed e i t h e r by t h a t means or by g r a z i n g or n a t u r a l decay. 

The t o t a l standing crop of Zostera a t L i n d i s f a r n e a t the end 
of August 1990 (the month i n which the crop i s a t i t s maximum, 
i e . immediately p r i o r to g r a z i n g by w i l d f o w l ) has been roughly 
estimated a t 140 tonnes (100 tonnes Z. angustifolia and 40 
tonnes Z. noltii), of which approximately 85% was on Fenham 
F l a t s (S M P e r c i v a l , p e r s . comm.). The annual production of 
Zostera may be estimated by doubling the maximum annual 
standing crop, although t h i s may under-estimate production f o r 
Z. angustifolia (Jacobs e t al, 1981). Given the a r e a of Fenham 
F l a t s to be 7.5 km 2 (see appendix 1 ) , then the annual 
production of Zostera on Fenham F l a t s during 1990 i s estimated 
to be 32 g/m2. The g r e a t e r p a r t of the annual production would 
have been removed during the Autumn when l e a d l e v e l s were 
r e l a t i v e l y high although some would have been removed during 
the main Summer growth p e r i o d when l e a d l e v e l s were g e n e r a l l y 
lower ( C o l l i n s , 1990, and by comparison w i t h the Summer 1991 
l e v e l s presented i n chapter 4 ) . I t i s t h e r e f o r e assumed t h a t 
25% of the annual production was l o s t i n Summer w i t h an 
average l e a d content of 10 ppm, and the remaining 75% was l o s t 
during Autumn with an average l e a d content of 18 ppm. These 
f i g u r e s y i e l d an e s t i m a t e of 0.5 mg/m2 f o r the q u a n t i t y of 
l e a d removed from the sediment i n Zostera during 1990 by a l l 
means, i e . n a t u r a l decay, g r a z i n g and removal during storms. 

The q u a n t i t y of l e a d i n the top 5 cm of sediment was estimated 
above to be 0.9 g/m2, and the proportion removed i n Zostera i s 
t h e r e f o r e very s m a l l indeed, l e s s than 0.1%. However, th e s e 
f i g u r e s are very crude e s t i m a t e s f o r the e n t i r e a r e a of Fenham 
F l a t s , and the proportion of sediment l e a d removed through 
l o s s of Zostera may be c o n s i d e r a b l y higher l o c a l l y , perhaps up 
to an order of magnitude g r e a t e r i n s m a l l a r e a s of dense 
Z. angustifolia growth. I n other s t u d i e s , B r i x and Lyngby 
(1983) estimated t h a t Zostera l e a v e s h e l d only 0.5 to 4.8% of 
the t o t a l l e a d content of sediments down to 0.7 cm, and Banus 
e t al ( 1975) estimated the l o s s of l e a d to the sea from s a l t -
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marsh sediments i n t h e f o r m o f dead Spartina t o be about 2% o f 
t h e l e a d c o n t e n t o f t h e t o p 10 cm o f sediment p e r annum. 

I t w o u l d appear t h a t t h e removal o f l e a d i n Zostera c o u l d n o t 
p o s s i b l y account a l o n e f o r t h e a p p a r e n t l o s s o f l e a d f r o m t h e sedim e n t . 
The p o s s i b l e d e p o s i t i o n o f l e a d w i t h i n l o w e r sediment s t r a t a c o u l d be 
i n v e s t i g a t e d much more t h o r o u g h l y , t a k i n g i n t o a c c o u n t d i f f e r e n c e s i n 
sediment c o m p o s i t i o n w i t h d e p t h , b u t e s t i m a t i o n o f t h e q u a n t i t y o f l e a d 
removed by t i d a l a c t i o n w o u ld be much more d i f f i c u l t t o a c h i e v e . 
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LEAD IW THE VEGETATION 

4.1 I n t r o d u c t i o n 

Samples o f t h e i n t e r t i d a l f l o r a were c o l l e c t e d d u r i n g t h e 
p e r i o d September 1990 t o September 1991, and a n a l y s e d f o r l e a d c o n t e n t . 
S i n c e Zostera spp a r e t h e p r i n c i p a l f o o d o f Wigeon a t L i n d i s f a r n e , t h e 
main emphasis o f t h e s a m p l i n g regime was on t h e s y s t e m a t i c a n a l y s i s o f 
Zostera', Salicornia and Enteromorpha were sampled on a l e s s f o r m a l 
b a s i s . 

D e p l e t i o n o f Zostera, due t o a c o m b i n a t i o n o f d i e - b a c k , 
g r a z i n g and d e f o l i a t i o n by s t r o n g t i d e s d u r i n g a d v e r s e weather 
c o n d i t i o n s was a p p a r e n t f r o m t h e end o f October 1990 onwards 
( p a r t i c u l a r l y f o r Z. angustifolia) . By t h e end o f J a n u a r y 1991, 
Z. angustifolia was absent a t a l l s i t e s e x c e p t S t i n k i n g Goat, and t h e r e 
i t was no l o n g e r p r e s e n t i n each p l o t . Z. noltii l e a v e s were v e r y sparse 
by l a t e J a n u a r y , and t h e samples o b t a i n e d f r o m a l l s i t e s were s u f f i c i e n t 
f o r a n a l y s i s o f below-ground p a r t s o n l y . Sampling was t h e r e f o r e 
suspended between F e b r u a r y and A p r i l 1991 i n c l u s i v e . 

D u r i n g May and June 1991 samples o f Salicornia and 
Enteromorpha were c o l l e c t e d and a n a l y s e d by two Durham U n i v e r s i t y 
u n d e r g r a d u a t e s t u d e n t s . They used t h e same a n a l y t i c a l p r o c e d u r e s as were 
employed i n t h i s s t u d y , a l t h o u g h t h e i r s a m p l i n g areas were n o t 
i d e n t i c a l . Some o f t h e i r r e s u l t s ( f r o m Fenham M i l l and B e a l B l a c k s ) have 
been i n c o r p o r a t e d i n t o t h i s c h a p t e r , w i t h acknowledgment. Sampling o f 
Salicornia and Enteromorpha was n o t con d u c t e d i n my s t u d y d u r i n g t h e 
p e r i o d concerned, b u t was resumed i n J u l y 1991. 

4.2 Methods 

4.2.1 Zostera 

The f o u r Zostera s a m p l i n g s i t e s a r e d e s c r i b e d i n s e c t i o n 1.3. 
A t a l l f o u r s i t e s t h e more e l e v a t e d , exposed areas o f mud were c o l o n i s e d 
by Z. noltii; a t H o l y I s l a n d Sands (A) and Fenham M i l l ( B ) , 
Z. angustifolia was p r e s e n t i n t h e p o o l s and a t Reely Law (C) and 
S t i n k i n g Goat ( D ) , i t o c c u p i e d t h e c h a n n e l s , i e . i t was p r e s e n t i n t h e 
ar e a s p e r m a n e n t l y under w a t e r a t a l l f o u r s i t e s . 
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A t each s i t e , w i t h i n an o v e r a l l a r ea o f n o t more t h a n 100 m x 
100 m, t w e l v e sample p l o t s were e s t a b l i s h e d : s i x i n r e a s o n a b l y 
homogeneous p a t c h e s o f Z. angustifolia and s i x i n p a t c h e s o f Z. noltii. 

Sampling v i s i t s were made on a r o u g h l y m o n t h l y b a s i s , s u b j e c t t o t i d a l 
c o n d i t i o n s . On each o c c a s i o n , one Zostera sample was c o l l e c t e d f r o m each 
p l o t . A t s i t e s A, B and D, random s a m p l i n g was a c h i e v e d by t a k i n g a 
random b e a r i n g f r o m a cane m a r k i n g t h e c e n t r e o f t h e p l o t , and 
c o l l e c t i n g t h e sample a t 1 m f r o m t h e cane, o r t h e n e a r e s t p o i n t t h e r e t o 
i f i n s u f f i c i e n t m a t e r i a l was p r e s e n t a t t h a t p o i n t . I t was i n t e n d e d t o 
use t h i s method a t s i t e C a l s o , b u t a l l canes d i s a p p e a r e d w i t h i n a few 
days ( p o s s i b l y due t o human i n t e r v e n t i o n ) ; samples were t h e r e f o r e t a k e n 
a t 10 m i n t e r v a l s a l o n g a t r a n s e c t o u t f r o m t h e s h o o t i n g b u t t on 
Harvey's I s l a n d ( s t a r t i n g a t a d i s t a n c e o f 50 m) . S i t e C was abandoned 
a f t e r J a n u a r y 1991 owing t o problems o f access. A t s i t e s A and B, marker 
canes were l o s t t o t i d a l a c t i o n on s e v e r a l o c c a s i o n s , and i t was 
p o s s i b l e t o r e l o c a t e t h e p l o t s o n l y a p p r o x i m a t e l y . A d d i t i o n a l samples o f 
Z. angustifolia were c o l l e c t e d f r o m t h e l o w e r reaches o f Fenham F l a t s 
d u r i n g a s u r v e y o f t h e whole o f t h e Zostera beds by a l l - t e r r a i n v e h i c l e 
on 9 October 1990. 

On t h e f i r s t v i s i t i n September 1990, samples were t a k e n u s i n g 
a c y l i n d r i c a l c o r e r o f 20 cm d i a m e t e r , b u t , as t h a t method was r a t h e r 
awkward t o use i n s o f t mud, and t h e e x a c t area o r biomass sampled was 
n o t c r i t i c a l , subsequent samples were o b t a i n e d by c u t t i n g a square t u r f 
o f s i d e 20 cm approx. w i t h a spade. When l e a v e s were s p a r s e , two o r 
t h r e e such t u r f s o f Z. noltii were t a k e n f o r some p l o t s , i n o r d e r t o 
y i e l d s u f f i c i e n t m a t e r i a l f o r a n a l y s i s . 

Samples were t r a n s f e r r e d t o Durham i n p l a s t i c c o n t a i n e r s , 
where t h e y were s e p a r a t e d i n t o above- and below-ground p a r t s ( h e r e a f t e r 
' l e a v e s ' and ' r o o t s ' ) by c u t t i n g t h e l e a v e s f r o m t h e t u r f w i t h s c i s s o r s . 
A l t h o u g h t h e method was n o t a b s o l u t e l y p r e c i s e i n s e p a r a t i n g l e a v e s f r o m 
r o o t s , i t was c o n s i d e r e d a p p r o p r i a t e s i n c e i t r e f l e c t e d t h e two p o s s i b l e 
f e e d i n g methods a v a i l a b l e t o w i l d f o w l : g r a z i n g t h e l e a v e s o r g r u b b i n g i n 
t h e sediment f o r r o o t s and r h i z o m e s . The s e p a r a t e d p a r t s were t h o r o u g h l y 
washed f r e e o f sediment w i t h w a t e r under p r e s s u r e , d r i e d a t 50 °C i n a 
vacuum oven f o r a minimum o f 48 hours and s t o r e d i n i n d i v i d u a l p l a s t i c 
s c r e w - t o p c o n t a i n e r s p r i o r t o a n a l y s i s . 
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4.2.2 Enteromorpha 

Enteromorpha samples were c o l l e c t e d f r o m t h e Zostera s i t e s 
when f o u n d t o be p r e s e n t d u r i n g s a m p l i n g o f t h e l a t t e r . D u r i n g Autumn 
1990 Enteromorpha was v e r y s p a r s e l y d i s t r i b u t e d , and one c o m p o s i t e 
sample was c o l l e c t e d f r o m each s i t e , e x c e p t A, where r e p l i c a t e samples 
were o b t a i n e d f r o m t h e p o o l s as s a m p l i n g u n i t s . A d d i t i o n a l samples were 
c o l l e c t e d f r o m a p a t c h o f anchored Enteromorpha by t h e causeway d u r i n g 
September and November 1990. Enteromorpha samples were washed and d r i e d 
as d e s c r i b e d i n s e c t i o n 4.2.1. 

4.2.3 Salicornia 

D u r i n g Autumn 1990 Salicornia samples were o b t a i n e d f r o m Beal 
P o i n t , Fenham M i l l and Ross P o i n t (see f i g . 2 . 1 ) . The Fenham M i l l p a t c h 
was u t i l i s e d by Wigeon a t h i g h t i d e s d u r i n g September and October 1990 
( p e r s . o b s . ) . By t h e end o f November 1990 a l l known s t a n d s o f Salicornia 

had been d e p l e t e d . Samples were t a k e n by w a l k i n g a t r a n s e c t t h r o u g h t h e 
Salicornia bed and p i c k i n g one p l a n t i n t a c t e v e r y two paces. The seed-
heads were removed f r o m t h e p l a n t s w i t h s c i s s o r s , washed and d r i e d as 
d e s c r i b e d i n s e c t i o n 4.2.1. R e g r e t t a b l y , once d r i e d , i n d i v i d u a l p l a n t s 
p r o v i d e d i n s u f f i c i e n t m a t e r i a l f o r a n a l y s i s and had t o be combined i n t o 
p s e u d o - r e p l i c a t e s ( H u r l b e r t , 1984). 

D u r i n g 1991, a t Fenham M i l l and B e a l B l a c k s , s u f f i c i e n t p l a n t s 
were p i c k e d a t i n t e r v a l s o f t w e n t y paces t h r o u g h t h e Salicornia beds t o 
y i e l d adequate samples when d r i e d . A t Beal B l a c k s , samples were compared 
f r o m sandy and muddy se d i m e n t s . 

4.3 R e s u l t s 

I n o r d e r t o c o n t r o l f o r p o s s i b l e v a r i a t i o n s i n a n a l y s i s 
between b a t c h e s , p r o c e s s i n g t o o k p l a c e i n b a t c h e s formed, as f a r as was 
p o s s i b l e , f r o m m a t e r i a l t a k e n f r o m a number s a m p l i n g d a t e s t o g e t h e r . No 
s i g n i f i c a n t b a t c h - r e l a t e d e f f e c t s were r e v e a l e d by a n a l y s i s o f v a r i a n c e 
(see s e c t i o n 2 . 4 . 2 ) . Reagent b l a n k s were r u n t h r o u g h a l l b a t c h e s , and no 
l e v e l s o f l e a d c o n t a m i n a t i o n w i t h i n t h e s e n s i t i v i t y l i m i t s o f t h e AAS 
equipment were d e t e c t e d . 

4.3.1 Zostera 

The samples f r o m Autumn 1990 and Ja n u a r y 1991 and t h o s e f r o m 
Summer 1991 were pro c e s s e d as two s e p a r a t e g r o u p s . B o t h groups showed 
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h i g h l y 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 d l e v e l s between t h e two s p e c i e s 
(5-way ANOVA on l o g - t r a n s f o r m e d d a t a o f b a t c h , s p e c i e s , s i t e , p a r t and 
month e f f e c t s ; F l f 3 1 9 = 29.04, P < 0.001 and F l f 2 0 2 = 4 2 - 5 5 r p < 0.001 
r e s p e c t i v e l y ) , as was f o u n d i n a p r e v i o u s s t u d y o f Zostera a t 
L i n d i s f a r n e ( C o l l i n s , 1990), and t h e r e f o r e t h e d a t a f o r Z. angustifolia 

and Z. noltii a r e a n a l y s e d s e p a r a t e l y . The r e s u l t s a r e shown i n t a b l e 
4.1 ( a - d) and summarised by s p e c i e s f o r Autumn 1990 i n f i g u r e 4.1 (a-b) 
and f o r Summer 1991 i n f i g u r e 4.2 ( a - b ) . The f o u r s t u d y s i t e s a r e shown 
i n d i v i d u a l l y i n f i g u r e 4.3 ( a - d ) . The r e s u l t s f o r t h e Z. angustifolia 

samples c o l l e c t e d f r o m t h e l o w e r reaches o f Fenham F l a t s d u r i n g October 

1990 a r e a l s o l i s t e d i n t a b l e 4.1a and shown i n f i g u r e 4.4, t o g e t h e r 
w i t h t h e r e s u l t s f r o m t h e t h r e e permanent s t u d y s i t e s on Fenham F l a t s 
f o r c o m p a r i s o n . 

The d i f f e r e n c e s o bserved i n t h e mean l e a d c o n c e n t r a t i o n s o f 
b o t h Zostera s p e c i e s were complex, and c l e a r l y n o t due t o one s i n g l e 
f a c t o r . A n a l y s e s o f v a r i a n c e a r e p r e s e n t e d i n t a b l e 4.2 ( a - d ) . The 
a n a l y s e s f o r t h e Autumn 1990 p e r i o d a r e shown b o t h e x c l u d i n g and 
i n c l u d i n g t h e January 1991 d a t a , as i n t e r a c t i o n t e r m s c o u l d n o t be 
c a l c u l a t e d i n t h e l a t t e r case. The d i f f e r e n c e s between s i t e s and due t o 
month o f s a m p l i n g were s i g n i f i c a n t i n a l l cases; t h e p a r t o f t h e p l a n t 
sampled ( l e a v e s o r r o o t s ) was s i g n i f i c a n t i n a l l b u t one a n a l y s i s , and 
o c c u r r e d i n s i g n i f i c a n t i n t e r a c t i o n t e r m s f o r b o t h Autumn 1990 and t h e 

1991 g r o w i n g season. 

The f a c t o r e x e r t i n g t h e g r e a t e s t e f f e c t d i f f e r e d between t h e 
two seasons. D u r i n g Autumn 1990, s i t e e x p l a i n e d t h e g r e a t e s t p r o p o r t i o n 
o f t h e t o t a l v a r i a t i o n ( 3 2 % f o r Z. angustifolia, 20% f o r Z. noltii)} 

d u r i n g 1991 t h e most i m p o r t a n t d i f f e r e n c e l a y i n t h e p a r t o f t h e 
v e g e t a t i o n ( 3 5 % f o r Z. angustifolia, 13% f o r Z. noltii and 15% f o r 
p a r t / m o n t h i n t e r a c t i o n f o r Z. noltii). The r o o t s h e l d h i g h e r l e a d l e v e l s 
t h a n t h e l e a v e s ( b u t o n l y u n t i l J u l y f o r Z. noltii). 

There was no c o r r e l a t i o n d u r i n g e i t h e r Autumn 1990 o r S p r i n g 
and Summer 1991 between t h e mean l e a d c o n c e n t r a t i o n s by s i t e and month 
i n t h e l e a v e s and t h e r o o t s f o r e i t h e r Z. angustifolia (1990, r = 0.301, 
n = 13, n/s; 1991, r = 0.134, n = 12, n/s) o r f o r Z. noltii (1990, r = -
0.065, n = 12, n/s; 1991, r = 0.128, n = 12, n / s ) . Nor was t h e r e a 
c o r r e l a t i o n i f b o t h s p e c i e s were c o n s i d e r e d t o g e t h e r (1990, r = 0.194, 
n = 25, n/s; 1991, r = 0.223, n = 24, n / s ) . These r e s u l t s a r e n o t 



TABLE 4.1a Lead c o n c e n t r a t i o n s i n Zostera angustifolia, September 1990 
t o J anuary 1991 

S i t e P a r t Month Mean Pb 
(ppm dw) 

s.d. 

Leaves Sep 
Oct 
Nov 

10.3 
12.9 
14.0 

0.36 
0.64 
1.30 

Roots Sep 
Oct 
Nov 

16.8 
14.7 
15.3 

3.14 
2.63 
1.79 

Leaves Sep 
Oct 
Nov 

15.2 
19.8 
21.6 

1.47 
1.62 
1.94 

Roots Sep 
Oct 
Nov 

19.8 
18.0 
18.1 

3.19 
2.78 
2.43 

Leaves Sep 
Oct 
Nov 

14.0 
18.0 
21.3 

0.74 
1.74 
1.46 

Roots Sep 
Oct 
Nov 

20.8 
16.0 
18.7 

2 .37 
1.64 
1.93 

Leaves Sep 
Oct 
Nov 
Jan 

16.8 
16.7 
20.9 
34.8 

3.00 
3.32 
3.44 
5.65 

Roots Sep 
Oct 
Nov 
Jan 

18.4 
17.2 
17.9 
18.8 

2.41 
2.23 
1.57 
2.19 

A d d i t i o n a l r e s u l t s from lower reaches of Fenham F l a t s , 9 October 1990 

D i s t a n c e from 
Reely Law (approx) 

P a r t Mean Pb 
(ppm dw) 

s.d. 

200 m Leaves 
Roots 

17.7 
20.1 

3.22 
4.21 

400 m Leaves 
Roots 

16.8 
16.1 

0.88 
0.72 

600 m Leaves 
Roots 

16.5 
19.7 

1.55 
1.72 

800 m Leaves 
Roots 

14.3 
16.3 

0.17 
0.63 



TABLE 45.lb Lead c o n c e n t r a t i o n s i n Zostera noltii, September 1990 t o 
January 1991 

S i t e P a r t Month 

A Leaves Sep 
Oct 
Nov 

Roots Sep 
Oct 
Nov 
Jan 

B Leaves Sep 
Oct 
Nov 

Roots Sep 
Oct 
Nov 
Jan 

C Leaves Sep 
Oct 
Nov 

Roots Sep 
Oct 
Nov 
Jan 

D Leaves Sep 
Oct 
Nov 

Roots Sep 
Oct 
Nov 
Jan 

Mean Pb s.d. n 
(ppm dw) 

15.1 3.36 6 
12.4 1.66 6 
13.1 1.35 6 

14.7 2.30 6 
11.8 1.85 6 
15.6 1.22 6 
14.4 1.53 6 

17.5 2.32 6 
20.7 2.06 6 
19.9 3.06 6 

18.2 2.17 6 
14.5 2.46 6 
14.4 1.23 6 
16.1 0.97 5 

17.4 4.60 6 
19.5 1.58 6 
21.1 4.06 6 

19.5 1.92 5 
12.5 1.39 6 
12.9 0.93 6 
17.9 3.88 6 

14.2 1.67 6 
17.3 3.47 6 
13.7 2.33 6 

17.1 2.91 6 
12.1 0.32 5 
13.9 1.49 6 
15.8 1.99 6 



TABLE 4.1c Lead c o n c e n t r a t i o n s i n Zostera angustifolia, May t o 
September 1991 

S i t e P a r t 

A Leaves 

Roots 

B Leaves 

Roots 

D Leaves 

Roots 

Month Mean Pb s.d. n 
(ppm dw) 

May 5.4 0.72 5 
Jun 6.3 1.04 6 
J u l 9.1 1.23 6 
Sep 7.7 0.59 4 

May 8.2 0.97 5 
Jun 10.6 1.10 6 
J u l 10.2 1.51 6 
Sep 9.5 1.87 4 

May 6.6 1.09 6 
Jun 8.6 0.78 6 
J u l 10.6 1.31 6 
Sep 8.6 0.45 4 

May 15.0 2.44 6 
Jun 18.9 7.58 6 
J u l 12.6 1.46 6 
Sep 11.1 1.40 4 

May 10.9 2.40 6 
Jun 7 .7 0.83 6 
J u l 7.6 0.63 6 
Sep 8.3 1.24 4 

May 10.2 1.09 5 
Jun 13.1 2.35 6 
J u l 10.3 1.06 6 
Sep 10.4 0.39 4 



TABLE 4 . I d Lead c o n c e n t r a t i o n s i n Z o s t e r s noltii, May t o September 1991 

S i t e P a r t Month Mean Pb 
(ppm dw) 

S o d . 

Leaves May 
Jun 
J u l 
Sep 

10.7 
8.9 
9.9 
9.3 

0.25 
1.66 
2 .28 
1.87 

Roots May 
Jun 
J u l 
Sep 

12.6 
13.5 
10.8 
8.9 

2.42 
2.04 
1.22 
0.99 

Leaves May 
Jun 
J u l 
Sep 

8.5 
9.4 

15.5 
11.7 

2.12 
1.24 
1.29 
1.17 

Roots May 
Jun 
J u l 
Sep 

13.7 
14.3 
14.2 
10.9 

1.81 
2.77 
0.72 
0.41 

6 
6 
6 
4 

Leaves May 
Jun 
J u l 
Sep 

11.7 
10.5 
12.2 
14.0 

3.29 
1.43 
1.83 
1.57 

Roots May 
Jun 
J u l 
Sep 

14.6 
13.4 
13.3 
11.4 

1.52 
3.24 
3.36 
2 .04 
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FIGURE 4.1b Lead levels in Zostera noltii 
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FldURE 4.2a 
Msy = Sept. 1991 
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FIGURE 4.2b Lead Levels in Zostera noltil 
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FIQURE 4.3a Lasd Iswsle in Zoeti&rm 1990=91 
Site A (Holy Island Sands) 
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FIGURE 4.3b Lead levels in Zostera 1990=91 
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FIGURE 4.3c Lead levels in Zostera 1990-91 
Site C (Reely Law) 
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FIGURE 4 3d Lead levels in Zoatera 1990-91 
Site 0 (Stinking Goat) 
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FIQUHE 4.4 Load l@vsl® In Zoster® mgustltolla 
Fenham Plate - Octobsr 1990 
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TSJ3LE 4.2a A n a l y s i s o f v a r i a n c e o f mean l e a d c o n c e n t r a t i o n s i n Zostera 
angustifolia, September 1990 t o January 1991 

E x c l u d i n g d a t a f o r January 1991 

* * _ p 

Source of Sum of Mean 
V a r i a t i o n Squares df Square F 

S i t e 1.90 3 0.63 38 .87 *** 
P a r t 0.15 1 0.15 8 .96 ** 
Month 0.40 2 0.20 12 .30 *** 

S i t e / P a r t 0.32 3 0.11 6 .51 * * r * 
S i t e / M o n t h 0.07 6 0.01 0 .73 n/s 
Part/M o n t h 1.05 2 0.53 32 .23 * «r * 
S i t e / P a r t / M o n t h 0.16 6 0.03 1 .67 n/s 

E x p l a i n e d 4.00 23 0.17 10 .66 *** 
R e s i d u a l 1.92 118 0.02 
T o t a l 5.92 141 0.04 

l i n g data f o r January 1991 

Source of Sum of Mean 
V a r i a t i o n Squares df Square F 

S i t e 1.89 3 0.63 19 .94 *** 
P a r t 0.03 1 0.03 0 .95 n/s 
Month 1.24 3 0.41 13 .06 *** 

E x p l a i n e d 3.55 7 0.51 16 .03 * * * 
R e s i d u a l 4.49 142 0.03 
T o t a l 8.04 149 0.05 

P < 0.01; *** - P < 0 .001 ( l o g - t r a n s f o r m e d d a t a ) 



TABLE 4.2b A n a l y s i s o f v a r i a n c e o f mean l e a d c o n c e n t r a t i o n s i n Zostera 
noltii, September 1990 t o January 1991 

E x c l u d i n g d a t a f o r January 1991 

Source o f 
V a r i a t i o n 

Sum o f 
Squares 

Mean 
Square 

S i t e 
P a r t 
Month 

1.37 
0.53 
0.29 

0.46 
0.53 
0.15 

21.18 
24.52 
6.76 

*** 
a * * 
# * 

S i t e / P a r t 
S i t e / M o n t h 
P a r t M o n t h 
S i t e / P a r t / M o n t h 

0.55 
0.21 
0.85 
0 .62 

3 
6 
2 
6 

0.18 
0.04 
0.43 
0.10 

8.57 
1.63 

19.80 
4.79 

*** 
n/s 
*** 
*** 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

4.43 
2.54 
6.97 

23 
118 
141 

0.19 
0.02 
0.05 

8.97 

I n c l u d i n g d a t a f o r January 1991 

Source o f 
V a r i a t i o n 

Sum o f 
Squares d f 

Mean 
Square 

S i t e 
P a r t 
Month 

1.43 
0.53 
0.45 

0.48 
0.53 
0.15 

14.29 
15.80 
4.49 

*** 
**# 
** 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

2.25 
5.22 
7 .47 

7 
157 
164 

0.32 
0.03 
0.05 

9.66 

** - P < 0.01; *** - P < 0.001 ( l o g - t r a n s f o r m e d d a t a ) 



TABLE 4.2c A n a l y s i s o f v a r i a n c e o f mean l e a d c o n c e n t r a t i o n s i n Zostera 
angustifolia, May t o September 1991 

Source o f Sum o f 
V a r i a t i o n Squares 

S i t e 1.86 
P a r t 4.31 
Month 0.33 

S i t e / P a r t 0.38 
S i t e / M o n t h 1.09 
Pa r t / M o n t h 0.86 
S i t e / P a r t / M o n t h 0.88 

E x p l a i n e d 9.70 
R e s i d u a l 2.60 
T o t a l 12.31 

Mean 
d£ Square F 

2 0.93 37.48 ** 
1 4.31 173.91 ** 
3 0.11 4.45 * 

2 0.19 7.72 ** 
6 0.18 7.31 ** 
3 0.29 11.49 ** 
6 0.15 5.89 ** 

23 0.42 17.01 ** 
105 0.03 
128 0.10 

TABLE 4.2d A n a l y s i s o f v a r i a n c e o f mean l e a d c o n c e n t r a t i o n s i n Zostera 
noltii, May t o September 1991 

Source o f Sum o f 
V a r i a t i o n Squares 

S i t e 0.70 
P a r t 0.94 
Month 0.28 

S i t e / P a r t 0.06 
S i t e / M o n t h 0.83 
Par t / M o n t h 1.08 
S i t e / P a r t / M o n t h 0.28 

E x p l a i n e d 4.15 
R e s i d u a l 3.06 
T o t a l 7.21 

Mean 
d f Square F 

2 0.35 12.17 ** 
1 0.94 32.90 ** 
3 0.09 3.22 * 

2 0.03 0.97 n/ 
6 0.14 4.83 ** 
3 0.36 12.54 ** 
6 0.05 1.64 n/ 

23 0.18 6.31 ** 
107 0.03 
130 0.06 

* - P < 0.05; ** - p < 0.01; *** - P < 0.001 ( l o g - t r a n s f o r m e d d a t a ) 



s u r p r i s i n g i n v i e w o f t h e s i g n i f i c a n t i n t e r a c t i o n t e r m s i n v o l v i n g t h e 
p a r t o f t h e p l a n t s as shown i n t a b l e 4.2. 

I t i s i m p o r t a n t t o c o n s i d e r t h e r e s u l t s f r o m Autumn 1990 i n 
g r e a t e r d e t a i l , s i n c e t h a t was t h e p e r i o d when Wigeon were f e e d i n g on 
Zostera. A l t h o u g h s i t e was o v e r a l l t h e most i m p o r t a n t f a c t o r i n 
e x p l a i n i n g t h e v a r i a t i o n i n t h e l e a d c o n c e n t r a t i o n s o f b o t h s p e c i e s 
( t a b l e s 4.2a and b ) , t h i s was p r i n c i p a l l y due t o l o w e r l e v e l s on Holy 
I s l a n d Sands ( s i t e A) f o r Z. angustifolia ( f i g . 4 .1a), b u t f o r Z. noltii 

t h e p a t t e r n i s l e s s s t r a i g h t f o r w a r d ( f i g . 4.1b). S i n c e t h e Wigeon r a r e l y 
f e d t h e r e ( s e c t i o n 5.2.2), t h e d a t a f o r t h e t h r e e months September t o 
November 1990 have been r e - a n a l y s e d w i t h s i t e A o m i t t e d , t o examine t h e 
f a c t o r s e f f e c t i n g t h e mean l e a d c o n c e n t r a t i o n s on Fenham F l a t s , t h e main 
f e e d i n g a r e a , d u r i n g t h e t i m e when Wigeon were u t i l i s i n g t h e f o o d 
s o u r c e . The a n a l y s e s o f v a r i a n c e a r e p r e s e n t e d i n t a b l e 4.3 ( a , b) . 

For Z. angustifolia, t h e o n l y s i g n i f i c a n t e f f e c t s were t h e 
month o f s a m p l i n g , and t h e i n t e r a c t i o n w i t h t h e p a r t o f t h e p l a n t . For 
b o t h t h e l e a v e s and r o o t s s e p a r a t e l y t h e month remained s i g n i f i c a n t ; 
t h e r e was no d i f f e r e n c e i n mean l e a d c o n c e n t r a t i o n between t h e t h r e e 
s i t e s . L i k e w i s e , f o r Z. noltii, t h e month o f s a m p l i n g was s i g n i f i c a n t 
f o r b o t h l e a v e s and r o o t s , b u t t h e r e was a l s o a v e r y h i g h l y s i g n i f i c a n t 
d i f f e r e n c e between s i t e s i n t h e l e a v e s , w i t h t h e c o n c e n t r a t i o n s a t 
S t i n k i n g Goat ( s i t e D) b e i n g l o w e r t h a n a t Fenham M i l l and Reely Law. 

F i g u r e s 4.3a, b and d c l e a r l y show h i g h e r r e c o r d e d l e a d l e v e l s 
i n Zostera d u r i n g Autumn 1990 t h a n d u r i n g 1991. The d a t a f r o m September 
1990 ( e x c l u d i n g Reely Law) were compared w i t h t h o s e f r o m September 1991, 
r e g r e t t a b l y n o t a f u l l y e a r l a t e r s i n c e samples were t a k e n d u r i n g t h e 
l a s t and f i r s t weeks o f t h e month r e s p e c t i v e l y . For a l l b u t 
Z. angustifolia l e a v e s a t Holy I s l a n d Sands and Z. noltii l e a v e s a t 
S t i n k i n g Goat, t h e 1990 mean was a t l e a s t 5.5 ppm g r e a t e r t h a n i t s 1991 
c o u n t e r p a r t , t h e maximum d i f f e r e n c e b e i n g 8.7 ppm. The d i f f e r e n c e 
between y e a r s was v e r y h i g h l y s i g n i f i c a n t f o r b o t h s p e c i e s (3-way ANOVA 
on l o g - t r a n s f o r m e d d a t a o f s i t e , p a r t , and y e a r e f f e c t s : 
Z. angustifolia, F 1 > 4 7 = 234.3, P < 0.001; Z. noltii, F 1 4 8 = 90.2, 
P < 0.001) . 

4.3.2 Enteromorpha 

The r e s u l t s a r e shown i n t a b l e 4.4 and summarised f o r Autumn 
1990 i n f i g u r e 4.5a and f o r Summer 1991 i n f i g u r e 4.5b. 
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TABLE 4.3a A n a l y s i s o f v a r i a n c e o f mean l e a d c o n c e n t r a t i o n s i n Zostera 
angustifolia on Fenham F l a t s , September t o November 1990 

Source o f 
V a r i a t i o n 

S i t e 
P a r t 
Month 

Sum o f 
Squares 

0.03 
0.01 
0.36 

d f 

2 
1 
2 

Mean 
Square 

0.02 
0.01 
0.18 

1.02 
0.31 

11.14 

n/s 
n/s 
*** 

S i t e / P a r t 
S i t e / M o n t h 
P a r t / M o n t h 
S i t e / P a r t / M o n t h 

0.02 
0.06 
0.79 
0.16 

0.01 
0.02 
0.40 
0.04 

0.63 
0.97 

24.54 
2.46 

n/s 
n/s 
* * * 
n/s 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

1.43 
1.43 
2.86 

17 
89 

106 

0.08 
0.02 
0.03 

5.22 

Leaves o n l y 

Source o f 
V a r i a t i o n 

S i t e 
Month 

Sum o f 
Squares 

0.04 
0.99 

d f 

2 
2 

Mean 
Square 

0.02 
0.49 

1.23 
31.72 

n/s 
*** 

S i t e / M o n t h 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

0.15 

1.17 
0.70 
1.87 

8 
45 
53 

0.04 

0.15 
0.02 
0.04 

2 .44 

9.46 

n/s 

Roots o n l y 

Source o f 
V a r i a t i o n 

Sum o f 
Squares d f 

Mean 
Square F 

S i t e 
Month 

0.02 
0.16 

0.01 
0.08 

0.50 
4.82 

n/s 
* 

S i t e / M o n t h 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

0.07 

0.25 
0.73 
0.98 

8 
44 
52 

0.02 

0.03 
0.02 
0.02 

1.04 

1.86 

n/s 

n/s 

* - P < 0.05; *** - P < 0.001 ( l o g - t r a n s f o r m e d d a t a ) 



TABLE 4.3b A n a l y s i s o f v a r i a n c e o f mean l e a d c o n c e n t r a t i o n s i n Zosters 
noltii on Fenham F l a t s , September t o November 1990 

Source o f Sum o f 
V a r i a t i o n Squares 

S i t e 0.59 
P a r t 0.82 
Month 0.16 

S i t e / P a r t 0.24 
S i t e / M o n t h 0.06 
Par t / M o n t h 1.18 
S i t e / P a r t / M o n t h 0.20 

E x p l a i n e d 3.26 
R e s i d u a l 1.83 
T o t a l 5.08 

Leaves o n l y 

Source o f Sum o f 
V a r i a t i o n Squares 

S i t e 0.78 
Month 0.26 

S i t e / M o n t h 0.15 

E x p l a i n e d 1.18 
R e s i d u a l 1.26 
T o t a l 2.44 

Roots o n l y 

Source o f Sum o f 
V a r i a t i o n Squares 

S i t e 0.08 
Month 1.07 

S i t e / M o n t h 0.11 

E x p l a i n e d 1.26 
R e s i d u a l 0.57 
T o t a l 1.83 

Mean 
d f Square F 

2 0.29 14.17 *** 
1 0.82 39.71 *** 
2 0.08 3.86 * 

2 0.12 5.68 ** 
4 0.02 0.71 n/s 
2 0.59 28.34 *** 
4 0.05 2.44 n/s 

17 0.19 9.24 *** 
88 0.02 

105 0.05 

Mean 
d f Square F 

2 0.39 13.92 *** 
2 0.13 4.57 * 

4 0.04 1.34 n/s 

8 0.15 5.29 *** 
45 0.03 
53 0.05 

Mean 
d f Square F 

2 0.04 2.98 n/s 
2 0.54 40.36 *** 

4 0.03 2.10 n/s 

8 0.16 11.87 *** 
43 0.01 
51 0.04 

* - P < 0.05; ** - P < 0.01; *** - P < 0.001 ( l o g - t r a n s f o r m e d d a t a ) 



TABLE 4.4 Lead c o n c e n t r a t i o n s i n Enteromorpha, September 1990 t o 
September 1991 

S i t e Date Mean Pb S o d . n 
(ppm dw) 

H o l y I s l a n d Sands 25 Oct 90 13.3 3.26 8 
26 Nov 90 14.6 2.50 8 
17 J u l 91 12.4 1.63 5 
02 Sep 91 10.3 1.31 5 

Fenham M i l l 27 Sep 90 16.8 1.26 2 
30 Oct 90 16.6 1 
26 Nov 90 16.3 1 
19 Mar 91 9.8 0.97 9 
25 Apr 91 11.7 1.29 5 
02 May 91 17 .0 2.18 4 
15 May 91 19.1 0.91 3 
17 J u l 91 18.5 4.04 5 
02 Sep 91 10.5 1.53 5 

R e e l y Law 28 Sep 90 20.1 1 
25 Oct 90 27 .8 1 

S t i n k i n g Goat 28 Sep 90 17.7 1 
25 Oct 90 26.3 1 
23 May 91 18.1 1.70 6 
17 Jun 91 21.3 2.63 6 
17 J u l 91 15.8 2.25 5 
02 Sep 91 11.8 1.54 5 

Causeway 27 Sep 90 10.3 1.71 6 
23 Nov 90 11.8 1.39 11 
25 Apr 91 9.7 1.73 5 
06 Jun 91 23.1 2.17 4 

B e a l B l a c k s 25 Apr 91 7.9 1.09 5 
02 May 91 12 .9 8 
15 May 91 15.6 8 
06 Jun 91 17 .5 2.13 5 

Data f o r May and June 1991 s u p p l i e d by M. Macdonald 
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D u r i n g Autumn 1990, t h e r e was no s i g n i f i c a n t change i n mean 
l e a d c o n c e n t r a t i o n a t e i t h e r o f t h e two s i t e s f r o m w h i c h samples were 
c o l l e c t e d on two o c c a s i o n s , Holy I s l a n d Sands and t h e Causeway ( t t e s t : 
t j ^ = 0.86, n/s and t ^ g = 2.00, n/s r e s p e c t i v e l y ) . I n o n l y one month, 
November, were r e p l i c a t e samples o b t a i n e d f r o m b o t h s i t e s : t h e mean l e a d 
c o n c e n t r a t i o n a t Holy I s l a n d Sands was g r e a t e r t h a n t h a t a t t h e Causeway 
( t - t e s t : t = 3.12, d f = 17, P < 0.01). 

D u r i n g S p r i n g and Summer 1991, a l t h o u g h t h e r e was a 
s i g n i f i c a n t d i f f e r e n c e between t h e s i t e s sampled, t h e p r i n c i p a l e f f e c t 
was t e m p o r a l , w i t h month o f s a m p l i n g a c c o u n t i n g f o r 55% o f t h e o v e r a l l 
o b s e r v e d v a r i a t i o n (2-way ANOVA: s i t e F 3 >g-y = 16.71, P < 0.001, month 
F4,67 = 3 8 - 5 3 , P < 0.001, i n t e r a c t i o n F g f g 7 = 1.72, n / s ) . I n p a r t i c u l a r , 
a t Fenham M i l l , w h i c h was sampled t h r o u g h o u t t h e p e r i o d f r o m 19 March t o 
2 September, t h e mean l e a d c o n c e n t r a t i o n (18.2 ppm) d u r i n g t h e p e r i o d 
2 May t o 17 J u l y was s i g n i f i c a n t l y g r e a t e r t h a n d u r i n g e i t h e r t h e e a r l y 
S p r i n g (10.4 ppm) o r l a t e Summer (10.5 ppm) (Tukey HSD t e s t a t 
P < 0.05). S i m i l a r l y , a r a p i d i n c r e a s e i n l e a d c o n t e n t d u r i n g May was 
ob s e r v e d a t b o t h B eal B l a c k s , where t h e mean l e a d c o n c e n t r a t i o n i n A p r i l 
was s i g n i f i c a n t l y l o w e r t h a n i n May and June, and g r e a t e r i n June t h a n 
i n e a r l y May (Tukey HSD t e s t a t P < 0.05), and a t t h e Causeway, where a 
s u b s t a n t i a l i n c r e a s e o c c u r r e d f r o m 9.7 ppm i n l a t e A p r i l t o 23.1 ppm i n 
e a r l y June ( t t e s t ; t = 10.38, d f = 7, P < 0.001). A l e s s r a p i d d e c l i n e 
t h r o u g h August was a l s o o bserved a t S t i n k i n g Goat, where t h e mean was 
s i g n i f i c a n t l y l o w e r i n J u l y t h a n i n June, and i n September compared w i t h 
a l l p r e v i o u s months (Tukey HSD t e s t a t P < 0.05). 

4.3.3 Salicornia 

The r e s u l t s a r e shown i n t a b l e 4.5 and summarised f o r Autumn 
1990 i n f i g u r e 4.6a and f o r Summer 1991 i n f i g u r e 4.6b. 

D u r i n g Autumn 1990, b o t h s i t e and month o f s a m p l i n g had a 
s i g n i f i c a n t e f f e c t on t h e mean l e a d c o n c e n t r a t i o n o f Salicornia (2-way 
ANOVA on l o g t r a n s f o r m e d d a t a : s i t e F 2 / 7 4 = 6 3 . 6 6 , P < 0.001, month 
F 2 , 7 4 = 5 - 9 6 ' p < 0.01, i n t e r a c t i o n F l f 7 4 = 7.76, P < 0.01), b u t s i t e 
a c c o u n t e d f o r t h e g r e a t e r p a r t (58%) o f t h e t o t a l v a r i a t i o n . The 
a n a l y s i s s h o u l d be t r e a t e d w i t h c a u t i o n , however, as t h e samples were 
p s e u d o - r e p l i c a t e s . The mean l e a d c o n c e n t r a t i o n s a t Fenham M i l l were 
h i g h e r t h a n t h o s e a t e i t h e r B e a l P o i n t o r Ross P o i n t , b o t h o f w h i c h l i e 
o u t w i t h t h e a rea o f w i l d f o w l i n g a c t i v i t y . A t Fenham M i l l , t h e mean l e a d 
c o n c e n t r a t i o n o f 12.0 ppm on 30 October 1990 was a s i g n i f i c a n t i n c r e a s e 
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TABLE 4.5 Lead c o n c e n t r a t i o n s i n Salicornia, September 1990 t o 
September 1991 

S i t e Date Mean Pb 
(ppm dw) 

s .d. 

Fenham M i l l 

B e a l B l a c k s (mud) 

B e a l B l a c k s (mud) 

27 Sep 90 
15 Oct 90 
30 Oct 90 
02 May 91 
20 May 91 
06 Jun 91 
17 J u l 91 
02 Sep 91 

02 May 91 
2 0 May 91 
06 Jun 91 
17 J u l 91 
02 Sep 91 

02 May 91 
2 0 May 91 
06 Jun 91 
17 J u l 91 

7 
8 

12 
7 

8 
3 
0 
1 

7.3 
7.5 
6.3 
5.1 

4.9 
6.7 
7.5 
6.5 
4.8 

8.5 
8.4 
9.7 
6.0 

1.20 
0.84 
1.43 
1.24 
0.11 
0.58 
0.40 
0.26 

0.96 
0.80 
0.14 
0.25 
0.24 

1.12 
0.40 
0.70 
0.70 

7 
18 
13 
2 
3 
3 
5 
6 

2 
2 
2 
3 
6 

3 
3 
3 
4 

B e a l P o i n t 30 Oct 90 
2 3 Nov 90 

6.0 
7.2 

0.52 
0.38 

14 
5 

Ross P o i n t 11 Oct 90 
10 Nov 90 

6.3 
5.6 

0.68 
0.46 

18 
5 

Data f o r May and June 1991 s u p p l i e d by V. P i c t o n - J o n e s 
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on t h e p r e v i o u s means o f 27 September and 15 October (ANOVA on l o g -
t r a n s f o r m e d d a t a : ^2,35 = 44.33, P < 0.0001; Tukey HSD t e s t a t 
P < 0.05) . 

D u r i n g 1991, t h e Salicornia g r o w i n g on a sandy s u b s t r a t e a t 
B e a l B l a c k s had a h i g h e r mean l e a d c o n c e n t r a t i o n t h a n t h a t g r o w i n g on 
mud, b u t by mid J u l y t h e d i f f e r e n c e was no l o n g e r a p p a r e n t ( i n s u f f i c i e n t 
d a t a f o r s t a t i s t i c a l c omparison) . On t h e mud o f B e a l B l a c k s and Fenham 
M i l l , t h e s a m p l i n g d a t e was t h e most s i g n i f i c a n t f a c t o r , e x p l a i n i n g 69% 
o f t h e v a r i a t i o n i n mean l e a d c o n c e n t r a t i o n , b u t t h e r e was a l s o a 
s i g n i f i c a n t d i f f e r e n c e between t h e two s i t e s (2-way ANOVA on l o g -
t r a n s f o r m e d d a t a : s i t e , F^^24 = 8.68, P < 0.01, d a t e F 4 2 4

 = 34.20, 
P < 0.001, i n t e r a c t i o n , F 4 f 2 4 = 4.96, P < 0.01). On B e a l B l a c k s t h e r e 
was a s i g n i f i c a n t l y e l e v a t e d mean l e a d c o n c e n t r a t i o n between 20 May and 
17 J u l y compared w i t h e a r l y May and September (Tukey HSD t e s t a t 
P < 0.05), b u t a t Fenham M i l l t h e May v a l u e s were r e l a t i v e l y h i g h , and 
o n l y a s i g n i f i c a n t d e c l i n e was a p p a r e n t , t h e mean o f 5.1 ppm i n 
September b e i n g l o w e r t h a n on a l l e a r l i e r d a t e s (Tukey HSD t e s t a t 
P < 0.05) . 

4.4 D i s c u s s i o n 

4.4.1 Zostera 

a) Seasonal p a t t e r n o f l e a d i n l e a v e s and r o o t s 

The changes i n l e a d l e v e l s i n t h e two s p e c i e s o f Zostera 

showed a b r o a d l y s i m i l a r p a t t e r n d u r i n g Autumn 1990, as shown i n f i g s . 
4.1a and 4.1b. There was a s l i g h t decrease i n t h e r o o t s between 
September and October, f o l l o w e d by a v e r y g r a d u a l i n c r e a s e . Comparison 
o f t h e two s p e c i e s on a s i t e by s i t e b a s i s shows t h e l e v e l s i n 
Z. angustifolia r o o t s t o be s l i g h t l y h i g h e r t h a n i n Z. noltii r o o t s . 
Z. angustifolia e x h i b i t e d a marked i n c r e a s e i n l e a d i n t h e l e a v e s d u r i n g 
t h e Autumn, and p a r t i c u l a r l y so f o r t h e Ja n u a r y sample f r o m S t i n k i n g 
Goat. There was a l e s s n o t i c e a b l e i n c r e a s e f o r Z. noltii l e a v e s a t 
Fenham M i l l and Reely Law, b u t t h e r e was no c o r r e s p o n d i n g p a t t e r n a t t h e 
o t h e r two s i t e s . 

The o v e r a l l e f f e c t f o r Z. angustifolia was such t h a t i n 
September t h e r o o t s had t h e g r e a t e r l e a d c o n t e n t , b u t as t h e Autumn 
p r o g r e s s e d , g r e a t e r v a l u e s were observed i n t h e l e a v e s ( e x c e p t a t Holy 
I s l a n d Sands). A s i m i l a r p a t t e r n was r e p o r t e d f o r Z. marina i n t h e 
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L i m f j o r d , Denmark, by Lyngby and B r i x ( 1 9 8 2 ) , a l t h o u g h t h e d e c l i n e i n 
l e a d i n t h e r o o t s d u r i n g t h e e a r l y Autumn was d r a m a t i c i n t h e i r s t u d y , 
and t h e i n c r e a s e i n t h e l e a v e s r a t h e r l a t e r i n t h e W i n t e r , r e a c h i n g a 
maximum d u r i n g March. 

The d i f f e r e n c e s i n f o l i a r l e a d shown by t h e two s p e c i e s a t 
L i n d i s f a r n e a r e c o n s i s t e n t w i t h t h e i r l i f e - c y c l e s . Widespread senescence 
o f Z. angustifolia o c c u r s d u r i n g t h e Autumn, t o t h e e x t e n t t h a t t h e r e 
r emained n e g l i g i b l e q u a n t i t i e s by January 1991, e x c e p t a t S t i n k i n g Goat. 
New g r o w t h commences i n S p r i n g , presumably c h i e f l y f r o m seed. I n 
c o n t r a s t , Z. noltii o v e r - w i n t e r s i n t h e v e g e t a t i v e s t a t e , a l b e i t much 
re d u c e d i n biomass, and S p r i n g g r o w t h p r o b a b l y a r i s e s f r o m t h e rhizome 
s t o c k . There i s l i t t l e c o r r e s p o n d i n g l e a f senescence. H a r r i s o n and Mann 
(1975) d e t e c t e d a decrease i n t h e p r o p o r t i o n o f o r g a n i c m a t t e r i n 
Z. marina l e a v e s as t h e y matured, and a l t h o u g h t h e y d i d n o t measure i t , 
t h e r e must have been a c o r r e s p o n d i n g i n c r e a s e i n t h e p r o p o r t i o n o f 
i n o r g a n i c c o n s t i t u e n t s , i n c l u d i n g any t r a c e m e t a l s p r e s e n t . F u r t h e r m o r e , 
B r i x and Lyngby (1982, 1983) showed t h a t t h e l e a d c o n t e n t o f Z. marina 

l e a v e s i n c r e a s e d w i t h t h e age o f t h e l e a f . 

S i m i l a r i n c r e a s e s i n f o l i a r l e a d c o n c e n t r a t i o n s d u r i n g Autumn 
senescence have been r e p o r t e d i n a v a r i e t y o f c o n t e x t s , i n c l u d i n g 
r o a d s i d e v e g e t a t i o n ( C r i b b , 1976), p a s t u r e herbage ( M i t c h e l l and R e i t h , 
1966) and Spruce Picea abies n e e d l e s ( N i l s s o n , 1972). 

The l e a d l e v e l s measured d u r i n g S p r i n g and Summer 1991 a r e 
c o n s i d e r a b l y l o w e r t h a n d u r i n g Autumn 1990. The g e n e r a l p i c t u r e i s o f 
f a i r l y c o n s i s t e n t l e v e l s d u r i n g t h e 1991 g r o w i n g season, w i t h t h e r o o t s 
o f b o t h s p e c i e s h a v i n g a h i g h e r l e a d c o n t e n t t h a n t h e l e a v e s d u r i n g May 
and June. The r o o t s o f Z. angustifolia show a g r e a t e r t e m p o r a l v a r i a t i o n 
d u r i n g S p r i n g t h a n do t h o s e o f Z. noltii, w h i c h may be p o s s i b l y 
e x p l a i n e d by t h e Z. noltii below-ground m a t e r i a l b e i n g p a r t new g r o w t h 
and p a r t o v e r - w i n t e r i n g r h i z o m e s , whereas a l l t h e Z. angustifolia r o o t 
m a t e r i a l i s f r e s h g r o w t h . 

I t w ould t h e r e f o r e appear t h a t t h e r e i s a t r a n s i t i o n p o i n t 
w i t h i n a month o r so a f t e r t h e maximum a n n u a l biomass i s r e a c h e d i n 
August (Jacobs, 1979; Jacobs e t al, 1983), c o i n c i d e n t w i t h t h e end o f 
t h e Summer g r o w t h p e r i o d , a t w h i c h t h e mean l e a d l e v e l s i n Zostera 

l e a v e s b e g i n s t o r i s e . T h i s may be accompanied by a s l i g h t d ecrease i n 
t h e l e a d l e v e l s i n r o o t s and r h i z o m e s , p a r t i c u l a r l y i n Z. noltii, 

p o s s i b l y due t o t h e t r a n s l o c a t i o n o f o r g a n i c m a t e r i a l i n t o t h e rhiz o m e s 
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i n p r e p a r a t i o n f o r W i n t e r dormancy, t h e r e b y e f f e c t i v e l y d i l u t i n g t h e 
c o n c e n t r a t i o n o f l e a d w i t h i n t h e r h i z o m e s . The d i f f e r e n c e s i n t h e 
changes i n l e a d c o n t e n t o f l e a v e s and r o o t s r e s u l t i n t h e r e b e i n g no 
c o r r e l a t i o n o v e r t i m e between t h e two p a r t s o f t h e p l a n t s , a l t h o u g h a t 
any one t i m e t h e y may be c o r r e l a t e d between s i t e s ( B r i x and Lyngby, 
1984; Lyngby and B r i x , 1987). 

I t i s n o t c l e a r w hether t h e d i f f e r e n c e o b s e r v e d between t h e 
l e a d l e v e l s i n l a t e September 1990 and e a r l y September 1991 i s due 
s o l e l y t o a normal s e a s o n a l i n c r e a s e i n l e a d c o n t e n t d u r i n g September, 
o r t o a genuine d i f f e r e n c e between y e a r s . There i s some e v i d e n c e t h a t 
s e a s o n a l d i f f e r e n c e s may be i n v o l v e d , s i n c e t h e l e a d l e v e l s f o u n d i n 
Zostera t a k e n f r o m H o l y I s l a n d Sands and Fenham F l a t s d u r i n g l a t e May 
1990 ( C o l l i n s , 1990) were g e n e r a l l y s i m i l a r t o t h o s e o f May 1991, e x c e p t 
f o r Z. angustifolia r o o t s , w h i c h showed c o n s i d e r a b l y l o w e r l e v e l s i n May 
1990. F u r t h e r m o r e , i n c r e a s e s o f 4 ppm o c c u r r e d between September and 
October 1990 f o r Z. angustifolia l e a v e s a t two s i t e s , so t h e d i f f e r e n c e s 
i n September 1990 and 1991 l e a d l e v e l s c o u l d have a r i s e n i n about f i v e 
o r s i x weeks n o r m a l l y . However, t h e Summer o f 1990 was p a r t i c u l a r l y h o t , 
and d i f f e r e n c e s i n Autumn l e a d l e v e l s due t o c o n t r a s t i n g Summer g r o w t h 
r a t e s i n 1990 and 1991 can n o t be r u l e d o u t . 

b) Comparison between s i t e s 

The l e a d c o n c e n t r a t i o n s i n Z. angustifolia a t H o l y I s l a n d 
Sands were c l e a r l y l o w e r t h a n on Fenham F l a t s d u r i n g Autumn 1990, b u t 
n o t so d u r i n g S p r i n g and Summer 1991. W i t h r e g a r d t o Fenham F l a t s , i t i s 
n o t c l e a r why t h e r e s h o u l d be a d i f f e r e n c e between s i t e s f o r Z. noltii 

b u t n o t f o r Z. angustifolia. 

I n t h e L i m f j o r d , Denmark, Lyngby and B r i x (1987) f o u n d v e r y 
h i g h l y s i g n i f i c a n t c o r r e l a t i o n s between t h e sediment l e a d l e v e l s and 
t h o s e o f Z. marina l e a v e s and r o o t s t a k e n d u r i n g June f r o m a l a r g e 
number (158) o f s a m p l i n g l o c a t i o n s , b u t t h e i r d a t a show a much g r e a t e r 
r a n g e o f v a r i a t i o n i n l e a d l e v e l s (more t h a n an o r d e r o f magnitude) t h a n 
were f o u n d a t L i n d i s f a r n e . W i t h o n l y f o u r s i t e s sampled, a s t a t i s t i c a l 
c o r r e l a t i o n between l e a d i n t h e sediment and i n Zostera i s n o t p o s s i b l e 
i n t h i s s t u d y . N e v e r t h e l e s s , t h e r e i s a tend e n c y f o r t h e Autumn l e a d 
l e v e l s i n Zostera, more n o t a b l y i n Z. angustifolia, t o r e f l e c t t h e 
sediment l e a d c o n t e n t ( u n d i f f e r e n t i a t e d f r a c t i o n ) f r o m J a n u a r y 1991, i e . 
t h e h i g h e s t l e v e l s r e c o r d e d f r o m Fenham M i l l and Reely Law, and t h e 
l o w e s t f r o m H o l y I s l a n d Sands. The r e l a t i o n s h i p a t S t i n k i n g Goat may be 

37 



m i s l e a d i n g , as t h e sediment l e a d v a l u e may p o s s i b l y be r e d u c e d by m a t r i x 
i n t e r f e r e n c e , as n o t e d i n s e c t i o n 3.4.3. F i g u r e 4.4 i n d i c a t e s t h a t , f o r 
Z. angustifolia, t h e l e a d l e v e l s a c r o s s t h e whole o f Fenham F l a t s a r e 
f a i r l y u n i f o r m a t any one t i m e . 

I t w o u l d t h e r e f o r e seem t h a t a t L i n d i s f a r n e , t h e s p a t i a l 
v a r i a t i o n i n Zostera l e a d l e v e l s i s n o t g r e a t , b e i n g s l i g h t l y l o w e r on 
H o l y I s l a n d Sands t h a n on Fenham F l a t s . The d i f f e r e n c e c a n n o t be 
a t t r i b u t e d u n e q u i v o c a l l y t o v a r i a t i o n i n s h o o t i n g p r e s s u r e , e i t h e r 
c u r r e n t o r h i s t o r i c a l ; d i f f e r e n c e s i n sediment c o m p o s i t i o n between t h e 
two a r e a s may be s o l e l y r e s p o n s i b l e . 

c) Comparison w i t h o t h e r s t u d i e s 

The d a t a most comparable w i t h t h i s s t u d y a r e t h o s e on 
Z. marina f r o m t h e L i m f j o r d , Denmark. Of t h e t h r e e l o c a t i o n s i n t h e 
L i m f j o r d a t w h i c h Lyngby and B r i x (1982) sampled Z. marina o v e r t h e 
c o u r s e o f one y e a r , two were u n p o l l u t e d r u r a l s i t e s , and t h e l e a d l e v e l s 
r e c o r d e d i n b o t h l e a v e s and r o o t s remained a t a f a i r l y s t e a d y l o w l e v e l 
( l e s s t h a n 2.5 ppm) t h r o u g h o u t t h e p e r i o d . A t t h e i r i n d u s t r i a l l y 
p o l l u t e d s i t e , where sediment l e a d l e v e l s (16.3 ppm) were s i m i l a r t o 
t h o s e a t L i n d i s f a r n e , t e n - f o l d v a r i a t i o n s i n l e a d were o b s e r v e d , t h e 
maximum l e v e l s b e i n g a p p r o x i m a t e l y 23 ppm f o r l e a v e s d u r i n g November, 
and 25 ppm f o r r o o t s i n J u l y . I n a more e x t e n s i v e s t u d y c o v e r i n g f o r t y 
s i t e s sampled d u r i n g August, t h e mean l e a d c o n c e n t r a t i o n s i n Z. marina 

l e a v e s and r o o t s ( e x c l u d i n g f o u r i n d u s t r i a l l y p o l l u t e d s i t e s ) were 1.07 
and 1.04 ppm r e s p e c t i v e l y ( B r i x e t a l , 1983; B r i x and Lyngby, 1984). 
Thus t h e Zostera l e a d l e v e l s r e c o r d e d a t L i n d i s f a r n e a r e g r e a t e r t h a n 
m i g h t be e x p e c t e d f r o m a r e l a t i v e l y u n p o l l u t e d s i t e , b e i n g s i m i l a r t o 
t h o s e f r o m t h e p o l l u t e d s i t e i n Denmark. 

I n a s t u d y c a r r i e d o u t a t a number o f i n l a n d w i l d f o w l i n g 
l o c a t i o n s i n N o r t h America, Behan e t al (1979) f o u n d l e a d l e v e l s i n 
a q u a t i c angiosperms r a n g i n g f r o m 1.6 t o 5.6 ppm i n l e a v e s and f r o m 12.0 
t o 16.9 ppm i n r o o t s ( e x c e p t a t one s i t e where r o o t s c o n t a i n e d 
41.8 ppm). I n a l l cases, r o o t s c o n t a i n e d much h i g h e r l e v e l s t h a n s h o o t s , 
b u t t h e t i m e o f y e a r when samples were c o l l e c t e d i s n o t s t a t e d . I t may 
be t h a t t r a n s l o c a t i o n o f l e a d f r o m r o o t s t o s h o o t s o c c u r s more r e a d i l y 
i n Zostera t h a n i n f r e s h w a t e r a q u a t i c angiosperms. 

C o n s i d e r a b l y h i g h e r l e a d l e v e l s have, however, been r e p o r t e d 
f r o m t e r r e s t r i a l v e g e t a t i o n s u b j e c t t o h i g h l e v e l s o f p o l l u t i o n . C r i b b 
(1976) f o u n d c o n c e n t r a t i o n s up t o 68.8 ppm i n r o a d s i d e v e g e t a t i o n 
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c o n t a m i n a t e d by v e h i c l e e x h a u s t e m i s s i o n s . A l l o w a y and Davies (1971) 
r e c o r d e d a maximum o f 74.2 ppm i n p a s t u r e herbage a t a s i t e where t h e 
s o i l c o n t a m i n a t i o n due t o m i n i n g a c t i v i t y was as h i g h as 3680 ppm. Dorn 
e t al (1975) r e p o r t e d a maximum o f 979 ppm f o r t h e unwashed a e r i a l p a r t s 
o f meadow v e g e t a t i o n downwind o f a l e a d s m e l t e r . The v a l u e s o b t a i n e d f o r 
Zostera i n t h i s s t u d y c l e a r l y do n o t approach t h e l e v e l s w h i c h may a r i s e 
i n t e r r e s t r i a l v e g e t a t i o n f r o m i n d u s t r i a l a c t i v i t y , and i n t h o s e t e r m s 
L i n d i s f a r n e w o u ld be c o n s i d e r e d a s i t e o f l o w t o moderate l e a d 
p o l l u t i o n . 

4.4.2 Enteromorpha 

I n c o n t r a s t t o Zostera, t h e a l g a Enteromorpha a c q u i r e s most o f 
i t s l e a d f r o m sea-water. That t h e l e a d l e v e l s o b served i n Enteromorpha 

a r e s i m i l a r t o t h o s e i n Zostera may i n i t i a l l y appear s u r p r i s i n g , s i n c e 
t h e l e a d c o n c e n t r a t i o n i n sea-water i s n o r m a l l y many o r d e r s o f magnitude 
l o w e r t h a n t h a t o f t h e i n t e r t i d a l s e d i m e n t . B a l l s (1985) r e c o r d e d 
0.031 ppb f o r t h e n o r t h e r n N o r t h Sea, a l t h o u g h l e a d c o n c e n t r a t i o n s i n 
c o a s t a l w a t e r s may be up t o two o r d e r s o f magnitude above t h e m a r i n e 
l e v e l s ( F o r s t n e r , 1980), eg. P r e s t o n e t al (1972) r e p o r t e d a g e o m e t r i c 
mean o f 0.21 ppb f o r f i v e c o a s t a l s t a t i o n s i n t h e N o r t h Sea and 1.3 ppb 
f o r seawater t a k e n f r o m t h e s h o r e l i n e o f t h e I r i s h Sea. However, u n t i l 
i t i s r i p p e d up by t h e t i d e , Enteromorpha grows i n a f i n e mat on t h e 
s u r f a c e o f t h e sediment, and i t s m i c r o h a b i t a t may t h e r e f o r e s u b j e c t i t 
t o l e a d l e v e l s c l o s e r t o t h o s e o f t h e sediment i n t e r s t i t i a l w a t e r t h a n 
o f t h e sea i n g e n e r a l . Indeed, as m entioned i n s e c t i o n 3.4.3, l e a d may 
p o s s i b l y be removed f r o m t h e sediment by t r a n s f e r t o s e a - w a t e r . A f l u x 
o f c e r t a i n m e t a l s , eg. i r o n and manganese, between i n t e r s t i t i a l w a t e r 
and t h e o v e r l y i n g e s t u a r i n e w a t e r , has been shown t o o c c u r under 
a p p r o p r i a t e o x i d a t i o n c o n d i t i o n s ( P r e s l e y and T r e f r y , 1 9 8 0 ). Moreover, 
even when s e p a r a t e d f r o m t h e s e d iment, Enteromorpha may s t i l l a b sorb 
l e a d f r o m sea-water and h i g h c o n c e n t r a t i o n s r e s u l t by b i o a c c u m u l a t i o n , 
w h i c h i s w e l l documented f o r m a r i n e organisms ( e g . Wong e t al ( 1 9 7 8 ) ) . 

Say e t al (1990) d e t e r m i n e d heavy m e t a l c o n c e n t r a t i o n s o f 
Enterojnorpha d u r i n g Autumn f o r s i x B r i t i s h e s t u a r i e s , i n c l u d i n g two i n 
n o r t h - e a s t England. On t h e r e l a t i v e l y u n p o l l u t e d Tweed, t h e l e a d 
c o n c e n t r a t i o n i n Enteromorpha was below 10 ppm a t f o u r s a m p l i n g s t a t i o n s 
and below 20 ppm a t t h e f i f t h , b u t on t h e i n d u s t r i a l l y p o l l u t e d Tyne, 
seven o f t e n s a m p l i n g s t a t i o n s had l e a d c o n c e n t r a t i o n s i n excess o f 
40 ppm, and two o f t h e s e exceeded 80 ppm. Say e t al (1990) propose t h a t 

39 



Enteromorpha l e a d c o n c e n t r a t i o n s i n t h e range 20 t o 60 ppm be c o n s i d e r e d 
i n d i c a t i v e o f moderate c o n t a m i n a t i o n , and above 60 ppm o f h i g h 
c o n t a m i n a t i o n . On t h a t b a s i s , L i n d i s f a r n e i s an a r e a o f l o w t o moderate 
l e a d c o n t a m i n a t i o n , as was c o n c l u d e d f r o m t h e l e a d c o n c e n t r a t i o n s o f 
Zostera d i s c u s s e d i n s e c t i o n 4.4.1. 

No f i r m c o n c l u s i o n s can be drawn f r o m t h e l i m i t e d d a t a 
c o l l e c t e d d u r i n g Autumn 1990, b u t d u r i n g S p r i n g and Summer 1991, whereas 
t h e l e a d l e v e l s i n Zostera remained f a i r l y c o n s t a n t , a marked r i s e i n 
l e a d was ob s e r v e d i n Enteromorpha d u r i n g May, and a d e c l i n e i n mid 
Summer. Water t e m p e r a t u r e may be i n v o l v e d i n s t i m u l a t i n g g r o w t h , and 
hence u p t a k e o f n u t r i e n t s and l e a d , i n May, b u t i s u n l i k e l y t o be t h e 
s o l e cause s i n c e t h e maximum sea-water t e m p e r a t u r e i s n o t reac h e d u n t i l 
l a t e Summer. D a y - l e n g t h may be i m p o r t a n t , and i n c r e a s e d l e v e l s o f s o l a r 
i r r a d i a t i o n may r e s u l t i n l o c a l t e m p e r a t u r e i n c r e a s e s i n p o o l s and on 
t h e sediment s u r f a c e . 

4.4.3 Salicornia 

The p a t t e r n o b served i n Salicornia d u r i n g S p r i n g and Summer 
1991 i s s i m i l a r t o t h a t shown by Enteromorpha, w i t h a peak i n June, b u t 
t h e e f f e c t i s l e s s pronounced f o r Salicornia, and t h e o v e r a l l l e a d l e v e l 
i s much l o w e r t h a n f o r e i t h e r Enteromorpha o r Zostera. Salicornia g r o w t h 
commences f r o m seed a t t h e b e g i n n i n g o f May, and i s r a p i d d u r i n g e a r l y 
Summer. I n i t i a l l y t h e r a t e o f u p t a k e o f l e a d may be l i m i t e d by r o o t 
development, b u t as t h e r o o t system d e v e l o p s , t h e r a t e o f l e a d u p t a k e 
may be e x p e c t e d t o i n c r e a s e r e l a t i v e t o p l a n t g r o w t h . A t h r e s h o l d r a t e , 
dependent on t h e e f f i c i e n c y o f t r a n s l o c a t i o n o f n u t r i e n t s f r o m r o o t s t o 
a e r i a l p a r t s , may r e s u l t i n d e c r e a s i n g l e a d l e v e l s as g r o w t h reaches i t s 
peak i n Summer. There i s some e v i d e n c e o f an i n c r e a s e i n l e a d 
c o n c e n t r a t i o n d u r i n g t h e Autumn, b u t whether i t i s a s s o c i a t e d w i t h seed 
m a t u r a t i o n o r g e n e r a l senescence i s n o t c l e a r . 
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5 THE LEAD BUDGET OF WIGEOM 

5.1 I n t r o d u c t i o n 

To d e t e r m i n e t h e average d a i l y l e a d t h r o u g h p u t f o r a Wigeon 
w i n t e r i n g a t L i n d i s f a r n e , i t was necessary t o know t h e q u a n t i t y o f f o o d 
consumed i n a day, t h e l e a d c o n t e n t o f t h e f o o d ( d i s c u s s e d i n c h a p t e r 
4 ) , t h e d a i l y f a e c a l o u t p u t and t h e l e a d c o n t e n t o f t h e f a e c e s . Over t h e 
s h o r t t e r m , t h e d i f f e r e n c e between t h e amount o f l e a d i n g e s t e d and 
e x c r e t e d was t a k e n t o be t h e q u a n t i t y r e t a i n e d , b u t t h e l e a d a s s i m i l a t e d 
may n o t be r e t a i n e d i n d e f i n i t e l y , p o s s i b l y b e i n g r e - m o b i l i s e d a t a l a t e r 
d a t e , and l o s t by e x c r e t i o n , m o u l t o f f e a t h e r s , o r by fema l e s d u r i n g 
e g g - l a y i n g . 

5.2 U t i l i s a t i o n o f V e g e t a t i o n 

A t L i n d i s f a r n e t h e w i n t e r i n g Wigeon a r e h e a v i l y dependent on 
Zostera. Numbers b u i l d up d u r i n g September and October and d e c l i n e 
d u r i n g November and December, by w h i c h t i m e t h e r e i s v i r t u a l l y no 
Z. angustifolia, and t h e above-ground biomass o f Z. noltii i s a l s o 
a l m o s t e x h a u s t e d . F i g u r e 5.1 shows t h e w e e k l y maximum c o u n t s o f Wigeon 
and B r e n t Geese a t L i n d i s f a r n e d u r i n g Autumn 1990 and t h e f i r s t two 
months o f 1991. The Wigeon p o p u l a t i o n peaked a t t h e end o f October 1990 
a t 21000 b i r d s , b u t dropped t o l e s s t h a n a q u a r t e r o f t h a t number w i t h i n 
one week. From t h e s t a r t o f Ja n u a r y 1991 t h e r e were f e w e r t h a n 500 
Wigeon p r e s e n t . 

The e s t i m a t i o n o f w i l d f o w l f e e d i n g r a t e s by o b s e r v a t i o n o f 
d r o p p i n g r a t e s and comparison o f t h e p r o p o r t i o n s o f an i n d i g e s t i b l e 
m arker i n t h e f o o d and fa e c e s i s a w e l l - e s t a b l i s h e d p r o c e d u r e ( e g . 
Ebbinge e t a l , 1975). I t was i n t e n d e d t h a t t h e method be employed i n 
t h i s s t u d y , b u t problems e n c o u n t e r e d i n t h e o b s e r v a t i o n o f d r o p p i n g 
r a t e s (as d e t a i l e d i n s e c t i o n 5 . 3 ) , p a r t i c u l a r l y d u r i n g t h e f i r s t h a l f 
o f t h e Autumn, p r e v e n t e d t h e c o l l e c t i o n o f s u f f i c i e n t d a t a . 

The Wigeon were observed t o f e e d on Salicornia a t h i g h t i d e 
d u r i n g September and October, b u t o n l y a s m a l l p r o p o r t i o n o f t h e b i r d s 
p r e s e n t d i d so d u r i n g d a y l i g h t . N o c t u r n a l f e e d i n g h a b i t s c o u l d n o t be 
q u a n t i f i e d . Enteromorpha a l s o presumably forms p a r t o f t h e d i e t , b u t 
whe t h e r i t i s grazed s e l e c t i v e l y , o r i n c i d e n t a l l y when g r a z i n g Zostera 

was n o t d e t e r m i n e d . 
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FIGURE 6.1 W@@kly Wlgeon and Bmnt (loos© Counts 
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5.2.1 Methods 

Assessment of v e g e t a t i o n u t i l i s a t i o n was c a r r i e d out i n 
c o n j u n c t i o n w i t h the concurrent Brent Goose study ( s e c t i o n 1.4). The 
p o s i t i o n and s i z e of feeding f l o c k s were recorded on maps a t r e g u l a r 
i n t e r v a l s ( e v e r y 30 minutes) during p e r i o d s of feeding o b s e r v a t i o n s . 
From th e s e , the u t i l i s a t i o n of Fenham F l a t s by Wigeon was compared w i t h 
data on the d e n s i t y of both Zostera s p e c i e s and Enteromorpha a c r o s s 
Fenham F l a t s e stimated during monthly t r a n s e c t s made by a l l - t e r r a i n 
v e h i c l e f o r the Brent study. 

5.2.2 Summary of R e s u l t s 

During Autumn 1990, the Wigeon f l o c k s used a l l a r e a s of Fenham 
F l a t s f o r feeding, as d i d the Brent Geese. However, u n l i k e the Brent, 
t h e Wigeon were not observed to feed on Holy I s l a n d Sands, a p a r t from 
i n f r e q u e n t v i s i t s by a sm a l l proportion of b i r d s p r e s e n t on the r e s e r v e . 

During September 1990 t h e r e was no c o r r e l a t i o n between the use 
of Fenham F l a t s f o r feeding by Wigeon and the above-ground d e n s i t y of 
e i t h e r Z. angustifolia ( r = -0.25, n = 38, n/s) or Z. noltii ( r = -0.23, 
n = 38, n/s) or the d e n s i t y of Enteromorpha ( r = 0.12, n = 38, n / s ) , but 
a h i g h l y s i g n i f i c a n t c o r r e l a t i o n was i d e n t i f i e d between Wigeon 
u t i l i s a t i o n and d i s t a n c e from the shore ( r = 0.50, n = 51, P < 0.001). 
During October the c o r r e l a t i o n between Wigeon u t i l i s a t i o n and d i s t a n c e 
from the shore remained, but l e s s s t r o n g l y ( r = 0.32, n = 51, P < 0.01), 
t h e r e was a h i g h l y s i g n i f i c a n t c o r r e l a t i o n between Wigeon u t i l i s a t i o n 
and the d e n s i t y of Enteromorpha ( r = 0.60, n = 45, P < 0.001), and a 
h i g h l y s i g n i f i c a n t i n v e r s e c o r r e l a t i o n w i t h the d e n s i t y of Z. noltii 

( r = -0.43, n = 45, P < 0.01). For November and December combined, t h e r e 
was a h i g h l y s i g n i f i c a n t i n v e r s e c o r r e l a t i o n between Wigeon u t i l i s a t i o n 
and d i s t a n c e from the shore ( r = -0.43, n = 51, P < 0.01), such t h a t 
most feeding occurred a t the upper t i d a l l e v e l s . There was no 
c o r r e l a t i o n w i t h Enteromorpha d e n s i t y ( r = 0.07, n = 49, n / s ) , but a 
h i g h l y s i g n i f i c a n t c o r r e l a t i o n with the d e n s i t y of Z. angustifolia 

( r = 0.51, n = 49, P < 0.001). ( A l l a n a l y s e s from S. M. P e r c i v a l , p e r s . 
comm.). 

5.2.3 D i s c u s s i o n 

During the e a r l y Autumn, the Wigeon were a b l e t o s a t i s f y t h e i r 
d i u r n a l feeding requirements during the f i r s t p a r t of t h e f l o o d t i d e and 
the l a t t e r stages of the ebb t i d e , p r i n c i p a l l y by swimming above the 
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Zostera beds and feeding by head-dipping or up-ending. They r a r e l y fed 
near t o the s h o r e - l i n e , presumably because of the r i s k of p r e d a t i o n ( i e . 
w i l d f o w l i n g ) . As the d e n s i t y of Zostera decreased, e s p e c i a l l y a f t e r 
storm-force winds and s p r i n g t i d e s removed a l a r g e p r o p o r t i o n of the 
Zostera l e a v e s i n e a r l y October, i t became n e c e s s a r y to feed f o r longer 
during each t i d a l c y c l e , and by November the f l o c k s f e d c l o s e to the 
s h o r e - l i n e throughout the ebb t i d e ( p e r s . o b s . ) . 

The data suggest t h a t Wigeon may show a p r e f e r e n c e f o r 
Z. angustifolia over Z. noltii, although why t h i s was not apparent 
during September i s not c l e a r , p a r t i c u l a r l y as t h e r e was a d e f i n i t e 
p r e f e r e n c e f o r feeding a t a d i s t a n c e from the s h o r e - l i n e and 
Z. angustifolia was the more abundant s p e c i e s i n those a r e a s . During the 
l a t t e r h a l f of the Autumn, although the Wigeon fed mostly on the upper 
shore, which supported most of the Z. noltii a v a i l a b l e on Fenham F l a t s , 
t h e r e i s sugg e s t i v e evidence t h a t they favoured the a r e a s holding the 
l i m i t e d q u a n t i t i e s of Z. angustifolia s t i l l a v a i l a b l e . S i n c e the l e a v e s 
of Z. angustifolia are much l a r g e r than those of Z. noltii, feeding on 
the former where p o s s i b l e would presumably be more e f f i c i e n t . 

The r e l a t i o n s h i p w i t h Enteromorpha cover during October may be 
s p u r i o u s , given the t r a n s i e n t d i s t r i b u t i o n of much of the a l g a e . 
However, van Eerden (1984) r e p o r t s a higher c a l o r i f i c v a l u e f o r 
Enteromorpha than f o r Zostera. Enteromorpha may t h e r e f o r e be a c t i v e l y 
s e l e c t e d i f present i n s u f f i c i e n t q u a n t i t i e s . Salicornia too has a 
g r e a t e r energy v a l u e than Zostera (van Eerden, 1984), but i s of ve r y 
l i m i t e d importance during d a y l i g h t hours, except p o s s i b l y to a s m a l l 
p r o p o r t i o n of the Wigeon pres e n t , although when p r e s e n t i n l a r g e 
q u a n t i t i e s i t may form the main component of the Wigeon d i e t (van 
Eerden, 1984). At L i n d i s f a r n e i t i s only a v a i l a b l e near the s h o r e - l i n e 
during the e a r l y Autumn, when t h e r e are ample q u a n t i t i e s of Zostera 

a v a i l a b l e , and presumably the p e r c e i v e d r i s k of p r e d a t i o n out-weighs the 
p o t e n t i a l n u t r i t i o n a l g a i n s . 

I t i s s t r e s s e d t h a t the p a t t e r n of feeding d i s c u s s e d r e l a t e s 
t o d a y l i g h t hours only; a t nig h t the Wigeon may behave q u i t e 
d i f f e r e n t l y . Feeding a t nig h t i s probably more important than during the 
day a t L i n d i s f a r n e . Madsen (1988) recorded approximately equal time 
(6.25 hours each) spent on day and nigh t feeding on Zostera during 
September and October i n Denmark. As d a y l i g h t hours decr e a s e during the 
Autumn, and the t o t a l time spent feeding i n c r e a s e s to compensate f o r 
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lower i n t a k e r a t e s as the Zostera i s depleted, the r e l a t i v e importance 
of n i g h t feeding i s expected to i n c r e a s e . During September and October 
i n the Netherlands, n o c t u r n a l feeding on Salicornia was p a r t i c u l a r l y 
important f o r Wigeon, but by the end of October, as the Salicornia 

became depleted, they switched to feeding mainly on s a l t m a r s h g r a s s e s , 
which were of lower c a l o r i f i c v a l u e , but more abundant (van Eerden, 
1984). Nocturnal feeding on Salicornia may a l s o be important a t 
L i n d i s f a r n e during the e a r l y Autumn. 

5 .3 F a e c a l Output 

5.3.1 Methods 

I n d i r e c t methods of measuring f a e c a l output, such as counting 
droppings i n marked a r e a s , could not be employed e a s i l y i n an i n t e r t i d a l 
s i t u a t i o n , because droppings would be r e d i s t r i b u t e d by the t i d e s and the 
s u b s t r a t e was too s o f t f o r r e g u l a r a c c e s s to feeding a r e a s , p a r t i c u l a r l y 
d uring the e a r l y Autumn, when most feeding took p l a c e a t some d i s t a n c e 
from the s h o r e - l i n e . 

Dropping r a t e s were measured f o r Wigeon f l o c k s f e e d i n g above 
the t i d e - l i n e c l o s e enough to the s h o r e - l i n e f o r o b s e r v a t i o n s to be made 
through a 15-60x m a g n i f i c a t i o n t e l e s c o p e . A f o c a l b i r d was p i c k e d a t 
random and i t s droppings counted u n t i l i t disappeared from view (behind 
another b i r d ) or turned towards the observer, whereupon the n e a r e s t b i r d 
was immediately s e l e c t e d as the f o c a l b i r d . 

5.3.2 R e s u l t s 

Observation of dropping r a t e s proved to be d i f f i c u l t f o r 
Wigeon a t L i n d i s f a r n e , as the droppings are s m a l l , have a s h o r t d i s t a n c e 
t o f a l l , and the b i r d s u s u a l l y fed i n t i g h t f l o c k s , so t h a t the f o c a l 
b i r d was f r e q u e n t l y l o s t to view. Moreover, during the f i r s t h a l f of the 
Autumn, the p r i n c i p a l method of feeding was by swimming above the 
Zostera beds on the f l o o d t i d e ; i t was only a f t e r Zostera s t o c k s were 
c o n s i d e r a b l y depleted t h a t the f l o c k s were fo r c e d to feed above the 
t i d e - l i n e s u f f i c i e n t l y c l o s e to the shore to permit o b s e r v a t i o n s to be 
made. 

A t o t a l of 27 droppings were recorded i n 82' 24" o b s e r v a t i o n 
time (combined data: p e r s . obs. and S. M. P e r c i v a l , p e r s . comm.), g i v i n g 
an o v e r a l l mean dropping r a t e of 19.7 per hour. The data were 

44 



i n s u f f i c i e n t to apply the hourly block method recommended by Bedard and 
Gau t h i e r (1986), and may t h e r e f o r e only be regarded as a rough 
approximation f o r the whole Autumn. 

5.3.3 D i s c u s s i o n 

Madsen (1988) estimated the mean d a i l y f a e c a l output to be 
35.0 g a s h - f r e e dry weight a t a dropping r a t e of 16.8 per hour f o r 
Wigeon feeding on Z. noltii during e a r l y Autumn i n Denmark. The dropping 
r a t e obtained i n t h i s study i s s l i g h t l y f a s t e r , but given the 
l i m i t a t i o n s noted above, i t i s reasonable to apply Madsen's r e s u l t s i n 
the c a l c u l a t i o n of a d a i l y l e a d budget f o r Wigeon ( s e c t i o n 5 .5). 

5.4 Lead i n Faeces 

5.4.1 Methods 

Wigeon droppings were c o l l e c t e d on s i x o c c a s i o n s when f l o c k s 
had been observed feeding c l o s e to the s h o r e - l i n e f o r a minimum of one 
hour, i e . long enough f o r droppings to be produced i f the b i r d s had 
commenced feeding on an empty gut. A d d i t i o n a l l y , samples were obtained 
on one o c c a s i o n (27 November) by using an a l l - t e r r a i n v e h i c l e . 

Droppings were c o l l e c t e d i n d i v i d u a l l y i n stoppered g l a s s 
v i a l s , d r i e d a t 50 °C f o r a minimum of 48 hours i n a vacuum oven, and 
anal y s e d i n d i v i d u a l l y f o r l e a d by the procedure d e s c r i b e d i n s e c t i o n 
2.3. 

The ash content of droppings was determined by ashing 
i n d i v i d u a l droppings i n a muffle furnace f o r 4 to 5 hours a t 500 °C. 

5.4.2 R e s u l t s 

The l e a d content of the droppings analysed and the dry weights 
of the droppings are shown i n t a b l e 5.1a and f i g u r e s 5.2 and 5.3. Ash 
content i s shown i n t a b l e 5.1b and f i g u r e 5.4. 

The e f f e c t of date was h i g h l y s i g n i f i c a n t on the dry weight of 
droppings and f a e c a l l e a d c o n c e n t r a t i o n . The droppings produced i n 
November had a higher (geometric) mean gross dry weight of 0.279 g 
compared t o those from September and October combined, which averaged 
0.159 g ( t t e s t on log-transformed data: t = 9.29, df = 106, P < 0.001). 
The r e s p e c t i v e mean l e a d c o n c e n t r a t i o n s were 15.7 ppm and 14.5 ppm ( t 
t e s t : t = 2.61, df = 106, P < 0.01). 

45 



TABLE 5.1a Wigeon f a e c e s - Lead content and dry weight, 1990 

Mean Pb 95% conf. Mean 95% conf. 
S i t e Date n (ppm dw) l i m i t s wt (g) l i m i t s 

Fenham M i l l 12 Sep 5 11.4 7.9 - 15. 0 0.213 0 .197 - 0.238 
03 Oct 16 14.6 13.2 - 16. 0 0.171 0 .142 - 0.206 
11 Oct 8 15.7 13.4 - 17. 9 0.151 0 .111 - 0.207 
16 Oct 14 14.8 13.8 - 15. 8 0.135 0 .114 - 0.160 

Fenham l e Moor 09 Nov 10 17.0 15.5 - 18. 5 0.255 0 .187 - 0.348 

Reel y Law 23 Nov 26 15.6 14.6 - 16. 6 0.276 0 .250 - 0.305 

Fenham M i l l 27 Nov 29 15.3 14.8 - 15. 8 0.290 0 .263 - 0.320 

TABLE 5.1b Wigeon f a e c e s - Ash content, 1990 

Mean 95% conf 
S i t e Date n % ash l i m i t s 

Fenham M i l l 12 Sep 2 38.2 7.5 - 68 .9 
03 Oct 5 34.2 32.4 - 35 .9 
11 Oct 3 47 .8 40.4 - 55 .1 
16 Oct 9 35.0 32.1 - 37 .9 

Fenham l e Moor 09 Nov 3 50.9 42 .6 - 59 .3 

Re e l y Law 23 Nov 7 43.2 40.7 - 45 .6 

Fenham M i l l 27 Nov 9 42 .4 37 .2 - 47 .6 

NB Faeces c o l l e c t e d 3 and 16 October were from Salicornia bed a t 
Fenham M i l l 
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The droppings c o l l e c t e d on 3 and 16 October from the 
Salicornia bed a t Fenham M i l l d i d not d i f f e r from those c o l l e c t e d from 
the Zostera bed a t the same l o c a t i o n on 11 October i n terms of e i t h e r 
mean gross weight or l e a d c o n c e n t r a t i o n . The s m a l l sample c o l l e c t e d on 
12 September a t Fenham M i l l had a s i g n i f i c a n t l y lower l e a d content than 
each of the other samples c o l l e c t e d from Zostera beds ( a l l comparisons 
by Tukey HSD t e s t a t P < 0.05; f a e c a l weights l o g - t r a n s f o r m e d ) . 

The i n c r e a s e i n weight of droppings i n November suggested t h a t 
t h e proportion of sediment i n the droppings (and hence the p r o p o r t i o n 
i n g e s t e d ) might have i n c r e a s e d as the Wigeon switched from feeding 
mainly below to feeding above the t i d e - l i n e . The percentage ash i n the 
f a e c e s showed a h i g h l y s i g n i f i c a n t date e f f e c t (ANOVA; F 6 3 2

 = 5 - 8 0 » 
P < 0.001), but t h i s was p r i n c i p a l l y due to the droppings from the 
Salicornia bed having a lower ash content than those from the Zostera 

a r e a s (Tukey HSD t e s t a t P < 0.05). Droppings from the Zostera beds 
showed no s i g n i f i c a n t d i f f e r e n c e between those c o l l e c t e d i n November and 
those from September and October (Tukey HSD t e s t a t P < 0.05). 

5 . 4 . 3 D i s c u s s i o n 

I t would c e r t a i n l y appear t h a t the November droppings 
c o n t a i n e d a c o n s i d e r a b l e amount of sediment, which i s c o n s i s t e n t w i t h 
t h e feeding method employed. Wigeon must always i n g e s t some g r i t f o r 
g r i n d i n g food i n the g i z z a r d , but when feeding on s p a r s e l y d i s t r i b u t e d 
Z. noltii l e a v e s above the t i d e - l i n e the q u a n t i t i e s i n g e s t e d are 
presumably unavoidably g r e a t e r than u s u a l . I n r e t r o s p e c t , the o r g a n i c 
m a t e r i a l should have been separated from the i n o r g a n i c m a t e r i a l before 
d r y i n g . An attempt was made to s e p a r a t e the two f r a c t i o n s of d r i e d 
droppings by f l o t a t i o n , but i t was u n s u c c e s s f u l . Whether the ash content 
of Salicornia i s genuinely lower than t h a t of Zostera, or simply the 
Wigeon i n g e s t more sediment when feeding on Zostera l e a v e s i s not known. 

Madsen (1988) reported a mean dropping weight of 0.164 g ash-
f r e e dry weight f o r Wigeon feeding on Z. noltii l e a v e s . S i n c e i n h i s 
study the Wigeon fed only during the low water p e r i o d , i e . above the 
t i d e - l i n e , h i s f i g u r e i s most c l o s e l y comparable w i t h the data from 
November a t L i n d i s f a r n e ( r a t h e r than those from the e a r l y Autumn, when a 
d i f f e r e n t feeding method was employed, and probably the main component 
of the d i e t was Z. angustifolia) . Applying the mean November v a l u e of 
44 % ash content to the mean dropping weight of 0.279 g g i v e s a mean 
dropping weight of 0.151 g a s h - f r e e dry weight, which i s i n good 
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agreement w i t h Madsen's f i g u r e . I t i s t h e r e f o r e r easonable to employ 
Madsen's data i n the c a l c u l a t i o n of a d a i l y l e a d budget ( s e c t i o n 5 .5). 

The method of wet ashing the droppings by r e f l u x i n g i n HNO3 
w i l l r e l e a s e a l l the l e a d adsorbed onto the sediment p a r t i c l e s p r e s e n t 
i n the droppings. Hence the i n c r e a s e i n f a e c a l l e a d i n November may be 
due i n p a r t to an i n c r e a s e i n the sediment content of the droppings, 
r a t h e r than to an i n c r e a s e i n the l e a d content of the food, although the 
l e a d c o n c e n t r a t i o n s of the l e a v e s of both Zostera s p e c i e s on Fenham 
F l a t s d i d i n c r e a s e during the Autumn. 

5 . 5 E s t i m a t i o n of the D a i l y Lead Budget f o r Wigeon 

For the purposes of c a l c u l a t i n g a d a i l y l e a d budget f o r Wigeon 
a t L i n d i s f a r n e , e s t i m a t e s f o r the mean q u a n t i t y of Zostera i n g e s t e d per 
day of 64.8 g a s h - f r e e dry weight and the d a i l y d e f e c a t i o n of 35.0 g 
a s h - f r e e dry weight have been taken from Madsen (1988), as the 
o b s e r v a t i o n s made during the pr e s e n t study d i d not enable food i n t a k e to 
be e s t i m a t e d . The ash content of Zostera was not determined i n t h i s 
study, but Jacobs e t al give a f i g u r e of 32.3% ash f o r Z. noltii, and on 
t h a t b a s i s the mean dry weight of Zostera consumed by a Wigeon i n a day 
i s 95.7 g, a f i g u r e which i s i n c l o s e agreement w i t h the 91.6 g dry 
weight of g r a s s consumed by day rep o r t e d by Mayhew (1988). I t i s a l s o 
assumed t h a t the Wigeon fed mainly on Zostera l e a v e s , and t h a t the r o o t s 
and rhizomes formed only a minor p a r t of the d i e t . Although the Wigeon 
may have been showing a pre f e r e n c e f o r Z. angustifolia, they undoubtedly 
consumed both s p e c i e s , and t h e r e f o r e the mean l e a f l e a d content of the 
two Zostera s p e c i e s i s used. The c a l c u l a t i o n of d a i l y l e a d throughput i s 
shown below f o r two s i t e s during November 1990. Data f o r October 1990 
ar e l e s s r e l i a b l e , s i n c e the sample s i z e of f a e c e s ( e x c l u d i n g those 
c o l l e c t e d from the Salicornia beds) was s m a l l . 

For November 1990 a t Fenham M i l l , the mean l e a d c o n c e n t r a t i o n 
i n Zostera l e a v e s was 20.8 ppm, and the t o t a l l e a d i n g e s t e d was 
t h e r e f o r e 1.99 mg. The mean dropping weight was 0.290 g w i t h mean ash 
content of 42.4%. The a s h - f r e e dropping weight was t h e r e f o r e 0.167 g, 
and the number of droppings per day 210. The mean l e a d content of the 
f a e c e s was 15.3 ppm, g i v i n g the weight of l e a d i n each dropping as 
0.00444 mg. Thus the t o t a l q u a n t i t y of l e a d e x c r e t e d was 0.93 mg, and 
the weight of l e a d r e t a i n e d 1.06 mg per day. 
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At R e e l y Law, the corresponding input v a l u e s are a mean l e a d 
c o n c e n t r a t i o n i n Zoster a l e a v e s of 21.2 ppm, mean dropping weight 
0.276 g, mean ash content 43.2% and mean l e a d c o n c e n t r a t i o n i n f a e c e s of 
15.6 ppm, which give t o t a l q u a n t i t i e s of l e a d i n g e s t e d of 2.03 mg, 
ex c r e t e d 0.97 mg and r e t a i n e d 1.06 mg per day, i n e x a c t agreement w i t h 
the f i g u r e f o r Fenham M i l l . 

Approximate confidence l i m i t s may be a t t a c h e d to the d a i l y 
l e a d budget by c a l c u l a t i n g b e s t and worst c a s e s c e n a r i o s based on the 
95% confidence l i m i t s of the input data. For example, f o r the Fenham 
M i l l data, the b e s t c a s e s c e n a r i o i s c a l c u l a t e d from the minimum l e a d 
c o n c e n t r a t i o n i n Zostera (18.1 ppm), the maximum i n the f a e c e s 
(15.8 ppm) and the maximum ash content of the f a e c e s ( 4 7 . 6 % ) , which 
g i v e s d a i l y l e a d i n g e s t e d to be 1.73 mg, e x c r e t e d 1.06 mg and r e t a i n e d 
0.67 mg. S i m i l a r l y , the v a l u e s f o r the worst c a s e s c e n a r i o a r e 2.24, 
0.82 and 1.42 mg r e s p e c t i v e l y . 

Coburn et al (1951) conducted a s e r i e s of dosing experiments 
i n which c a p t i v e Mallards Anas platyrhynchos were dosed o r a l l y w i t h 
aqueous s o l u t i o n s of l e a d n i t r a t e at v a r i o u s s t r e n g t h s . They concluded 
t h a t t h e r e was a c r i t i c a l l e a d i n t a k e l e v e l a t between 6 and 8 mg/kg-
bodyweight/day, above which c l i n i c a l symptoms of a v i a n plumbism were 
observed. A Wigeon weighing 700 g i n g e s t i n g 2 mg l e a d per day i n i t s 
d i e t of Zostera a t L i n d i s f a r n e would be i n g e s t i n g 2.9 mg/kg-
bodyweight/day, w e l l below the c r i t i c a l t h r e s h o l d . 

Scheuhammer (1991) suggests t h a t a b s o r p t i o n of d i e t a r y l e a d i n 
the a v i a n gut i s s i m i l a r to t h a t i n the mammalian, a t about 5% to 10% 
f o r a d u l t s and 30% to 40% f o r j u v e n i l e s . The evidence from t h i s study i s 
t h a t a b s o r p t i o n i s c o n s i d e r a b l y higher, at around 50%, although, as the 
composition of Wigeon feeding f l o c k s was not recorded i n t h i s study, i t 
i s not known whether the samples of f a e c e s c o l l e c t e d were b i a s e d towards 
those produced by j u v e n i l e s . 

F i n a l l y , i t i s noted t h a t d i f f e r e n c e s i n Z. angustifolia l e a d 
c o n c e n t r a t i o n s between s i t e s on Fenham F l a t s were l e s s important than 
the i n c r e a s e with month of sampling during Autumn 1990 ( t a b l e 4.3a and 
f i g . 4 . 1 a ) ) , and, although s i t e was more important f o r Z. noltii ( t a b l e 
4.3b), the l e a d c o n c e n t r a t i o n i n the l e a v e s d i d i n c r e a s e (except a t 
S t i n k i n g Goat) ( f i g . 4.1b). Thus the d a i l y q u a n t i t y of l e a d i n g e s t e d 
depends more on the time of year r a t h e r than on where on Fenham F l a t s a 
b i r d chooses to feed, p a r t i c u l a r l y i f Wigeon p r e f e r to feed on 
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Z. angustifolia, f o r which t h e r e i s some evidence. I f , as has been 
supposed, the Wigeon fed mainly on Zostera l e a v e s , the q u a n t i t y of l e a d 
i n g e s t e d f o r a given q u a n t i t y of food would have i n c r e a s e d during the 
course of the Autumn 1990. 

5.6 A n a l y s i s of Wigeon T i s s u e s 

5.6.1 Methods 

The v i s c e r a of f o r t y Wigeon shot during October and November 
1990 were obtained from w i l d f o w l e r s , e i t h e r d i r e c t l y or v i a the warden 
a t L i n d i s f a r n e . When shot b i r d s were c o l l e c t e d immediately a f t e r being 
k i l l e d , the sex, age and gross weight were recorded. Some of t h e s e data 
were a l s o s u p p l i e d by the w i l d f o w l e r s themselves. An attempt was made to 
o b t a i n samples by d i s t r i b u t i n g c o l l e c t i o n bags to w i l d f o w l e r s through a 
l o c a l gun-shop, but i t was not f r u i t f u l . A l l v i s c e r a were s t o r e d f r o z e n 
u n t i l a n a l y s i s . 

Of the samples c o l l e c t e d , two y i e l d e d i n s u f f i c i e n t q u a n t i t i e s 
of l i v e r f o r a n a l y s i s , and i n a l l of the samples the kidney was e i t h e r 
not p r e s e n t or badly fragmented during e v i s c e r a t i o n . A n a l y s i s was 
t h e r e f o r e l i m i t e d to the l i v e r . 

The l i v e r t i s s u e was washed, d r i e d of e x c e s s water u s i n g 
absorbent paper, weighed, d r i e d i n a vacuum oven a t 50 °C f o r a minimum 
of 48 hours and then weighed again. Thus the percentage of water could 
be c a l c u l a t e d . However, i n many of the samples only p a r t of the l i v e r 
was p r e s e n t , and a comparison of l i v e r weights of b i r d s shot a t 
d i f f e r e n t times could not t h e r e f o r e be made. The l e a d c o n c e n t r a t i o n was 
determined as d e s c r i b e d i n s e c t i o n 2.3. For samples y i e l d i n g enough 
l i v e r t i s s u e , two r e p l i c a t e a n a l y s e s were conducted, and the mean of the 
two taken. 

The g i z z a r d s and d r i e d l i v e r s were checked f o r l e a d p e l l e t s by 
X-ray photography. None of the l i v e r s contained any shot. Three of the 
g i z z a r d s h e l d p e l l e t s , but they were c l e a r l y shot i n t o the muscle r a t h e r 
than i n g e s t e d , which was confirmed by d i s s e c t i o n . None of the g i z z a r d s 
showed any i n t e r n a l w a l l d i s c o l o u r a t i o n l i k e l y to have been a s s o c i a t e d 
w i t h previous i n g e s t i o n of spent shot. 
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5.6.2 R e s u l t s 

Two of the l i v e r samples developed a p e c u l i a r o i l y appearance 
during the drying p r o c e s s , f o r reasons unknown, and were r e j e c t e d . The 
r e s u l t s f o r the remaining t h i r t y - s i x samples a r e l i s t e d i n t a b l e 5.2. 
The two samples w i t h l e a d c o n c e n t r a t i o n above 8 ppm by dry weight were 
each o u t l i e r s ( a s d e s c r i b e d i n s e c t i o n 2.4.3) when compared w i t h the 
other samples from the same date. Whereas an o u t l y i n g v a l u e f o r one of 
s i x Zostera samples from the same s i t e , obtained on the same day and 
having experienced a s i m i l a r growth h i s t o r y may w e l l be the r e s u l t of an 
a n a l y t i c a l e r r o r , the p r o b a b i l i t y of a genuine o u t l y i n g v a l u e i n a 
sample of b i r d s which may have experienced d i f f e r e n t r e c e n t h i s t o r i e s i s 
c o n s i d e r a b l y g r e a t e r , and i t would t h e r e f o r e be wrong to r e j e c t t h e s e 
d a t a . However, i n order to avoid p o s s i b l e b i a s caused by o u t l y i n g 
v a l u e s , non-parametric s t a t i s t i c a l t e s t s were employed. 

There 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 median l i v e r l e a d 
c o n c e n t r a t i o n e i t h e r by dry weight or by wet weight between b i r d s shot 
during any p a i r of months October to December (Mann-Whitney U t e s t s ) . 
The median l e a d c o n c e n t r a t i o n f o r females (3.0 ppm dry weight, 0.79 ppm 
wet weight) was s i g n i f i c a n t l y g r e a t e r than f o r males (2.1 ppm, 0.61 ppm) 
over a l l months combined (Mann-Whitney U t e s t ; U = 53.0, P < 0.05 f o r 
both dry and wet weight comparisons). 

For a l l b i r d s , t h e r e was a s i g n i f i c a n t i n v e r s e c o r r e l a t i o n 
between gross body weight and the l i v e r l e a d c o n c e n t r a t i o n by dry 
weight, but not by wet weight (Spearman rank c o r r e l a t i o n ; dry, r g = -
0.526, n = 20, P < 0.05; wet, r s = -0.360, n = 20, n / s ) . T h i s 
r e l a t i o n s h i p was a l s o p r e s e n t f o r males alone (dry, r s = -0.929, n = 7, 
P < 0.01; wet, r s = -0.360, n = 20, n / s ) , but not f o r females (dry, 
r g = -0.028, n = 13, n/s; wet, r s = -0.008, n = 13, n / s ) . 

5 . 6 . 3 D i s c u s s i o n 

The data suggest t h a t Wigeon a t L i n d i s f a r n e do not r e t a i n 
i n c r e a s i n g l e v e l s of l e a d i n the l i v e r as Autumn p r o g r e s s e s . Although 
the b i r d s shot during October may have been r e c e n t a r r i v a l s , those shot 
during November and December, during the d e c l i n e i n numbers, are l i k e l y 
t o have been feeding on the Zostera beds f o r a t l e a s t s e v e r a l weeks. A 
number of attempts were made to c a t c h Wigeon by cannon-netting as p a r t 
of the feeding ecology p r o j e c t ( s e c t i o n 1.4), but were u n f o r t u n a t e l y not 
s u c c e s s f u l . I d e n t i f i c a t i o n of i n d i v i d u a l l y colour-marked b i r d s would 
have s u p p l i e d i n f o r m a t i o n on whether the observed r i s e and f a l l i n 
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TABLE 5,2 Wigeon l i v e r s - Lead content, 1990 

Date Gross L i v e r L i v e r Pb L i v e r Pb 
Shot Sex Age Wt (g) % Water Q (ppm dry wt) (ppm wet wt) 

5 Oct ? 59.9 1 0.8 0.33 
5 Oct ? 62 .3 1 1.1 0.39 
5 Oct ? 70.6 2 1.8 0.54 
5 Oct ? 69.1 2 1.8 0.55 
5 Oct ? 72.0 1 2.0 0.56 
5 Oct ? 72.8 2 2.1 0.57 

17 Oct f 67 .4 2 2.0 0.65 

28 Oct m 890 72.2 1 1.8 0.49 
28 Oct m 770 69.3 2 1.9 0.58 
28 Oct m 765 75.1 1 2.1 0.52 
2 8 Oct f 625 72.7 2 2.1 0.57 
2 8 Oct f 595 71.2 1 2.2 0.64 
28 Oct m 680 71.6 2 2.3 0.66 
2 8 Oct f 700 72.6 1 3.0 0.82 
28 Oct f 710 77 .3 1 3.5 0.79 
28 Oct f 615 74.3 1 4.3 1.10 
28 Oct f 595 73.9 1 14.0 3.66 

30 Oct f j u v 76.7 1 5.7 1.33 

3 Nov m 880 67.8 2 1.8 0.59 
3 Nov m 810 67.6 1 2.1 0.67 

11 Nov f 655 74.1 1 2.4 0.62 
11 Nov m 715 73.9 1 2.6 0.67 
11 Nov f 625 72.8 1 2.6 0.70 
11 Nov f 775 72 .7 1 2.6 0.71 
11 Nov f 540 73.7 1 3.0 0.79 

14 Nov f 625 77.3 1 2.3 0.52 
14 Nov f 625 71.3 1 2.3 0.65 
14 Nov f 655 73.2 2 3.0 0.79 

16 Dec m a d u l t 78.0 1 1.8 0.39 
16 Dec f a d u l t 70.6 1 2.3 0.66 
16 Dec m a d u l t 76.1 1 2.5 0.61 
16 Dec m a d u l t 75.2 1 3.0 0.74 
16 Dec f a d u l t 73.2 1 3.3 0.89 
16 Dec f a d u l t 76.8 1 3.6 0.84 
16 Dec f a d u l t 74.3 2 3.6 0.92 
16 Dec m ad u l t 77.0 1 8.9 2 .05 

E x a c t date of f i r s t samples not known 

n denotes number of r e p l i c a t e l i v e r l e a d a n a l y s e s 



Wigeon numbers during the Autumn comprised one s i n g l e movement of b i r d s 
or many overlapping, s h o r t d u r a t i o n v i s i t s by d i f f e r e n t groups of b i r d s 
u s i n g L i n d i s f a r n e as a s t a g i n g - p o s t en route to w i n t e r i n g a r e a s i n 
southern England or I r e l a n d . I n the former case, some b i r d s might be 
r e s i d e n t a t L i n d i s f a r n e f o r t h r e e or four months, and exposed to l e a d 
contaminated food s u p p l i e s throughout t h a t p e r i o d , but i f the m a j o r i t y 
of b i r d s stayed f o r only a few weeks, the exposure to l e a d would be 
c o n s i d e r a b l y reduced. Examination of f i g u r e 5.1, which shows a sharp 
drop i n numbers a f t e r the maximum count was recorded a t the end of 
October, suggests t h a t t h e r e was a s u b s t a n t i a l movement of Wigeon, 
numbering around 15000 b i r d s , through L i n d i s f a r n e over a p e r i o d of only 
four weeks during October. I t i s not c l e a r , however, whether the 
remainder of the population comprised a s e r i e s of s m a l l e r movements or a 
f l o c k of up to 5000 or 6000 b i r d s which remained a t L i n d i s f a r n e f o r the 
d u r a t i o n of the Autumn. 

Three- q u a r t e r s of the Wigeon had a l i v e r l e a d c o n c e n t r a t i o n of 
3 ppm or lower. The b i r d w i t h the h i g h e s t c o n c e n t r a t i o n , 14 ppm, was a 
p a r t i c u l a r l y l i g h t female; the weights of the other two b i r d s above 
5 ppm were not recorded. I t has been shown amongst s h o r e b i r d s t h a t the 
c o n c e n t r a t i o n of l e a d i n the l i v e r can r i s e during p e r i o d s of temporary 
s t a r v a t i o n (Evans and Moon, 1981; Evans e t al, 1987). I t i s p o s s i b l e 
t h a t the b i r d s f o r which high l e v e l s were recorded were i n poor 
c o n d i t i o n f o r reasons unconnected w i t h l e a d i n g e s t i o n , although 
emaciation i s i t s e l f a symptom of l e a d poisoning i n b i r d s (eg. Forbes 
and Sanderson, 1978). The p o s s i b i l i t y t h a t the b i r d s concerned might 
have i n g e s t e d spent shot which had been ground down by the time they 
were shot was u n l i k e l y , given t h a t the g i z z a r d s d i d not appear 
d i s c o l o u r e d or damaged i n t e r n a l l y . 

I n a comparable study a t the p r i n c i p a l i n l a n d w i n t e r i n g s i t e 
f o r Wigeon i n England, the Ouse Washes, Parslow et al (1982) found t h a t 
95% of a sample of Wigeon shot t h e r e had l i v e r l e a d c o n c e n t r a t i o n s below 
2.5 ppm dry weight, s i m i l a r to the r e s u l t s obtained i n the p r e s e n t 
study. 

The l e a d c o n c e n t r a t i o n s i n l i v e r s of w i l d f o w l s u f f e r i n g from 
acute l e a d poisoning vary g r e a t l y . Mudge (1983) r e p o r t e d l e v e l s i n the 
range 0.6 t o 92.5 ppm f o r ducks and 1.6 to 109 ppm f o r swans and geese 
which had a t l e a s t one p e l l e t of l e a d shot i n the g i z z a r d . S t u d i e s on 
swans which had i n g e s t e d l e a d a n g l i n g weights have r e p o r t e d c a s e s w i t h 
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much higher l i v e r l e a d c o n c e n t r a t i o n s : a maximum of 410 ppm was reported 
by Spray and Milne (1988) and 562 ppm by Birkhead (1982). The 
c o n c e n t r a t i o n s found i n t h i s study are more than an order of magnitude 
lower than the worst c a s e s of acute l e a d poisoning, and are indeed 
comparable w i t h the ranges of l i v e r l e a d c o n c e n t r a t i o n s of w i l d f o w l 
c o n s i d e r e d to be f r e e from acute l e a d poisoning r e p o r t e d i n the t h r e e 
s t u d i e s c i t e d . Only one b i r d i n t h i s study had a l i v e r l e a d l e v e l above 
10 ppm dw, the f i g u r e proposed by Mudge (1983) as a c o n s e r v a t i v e l i m i t 
f o r 'normal background contamination'. 

The g r e a t m a j o r i t y of s t u d i e s on l e a d poisoning i n w i l d f o w l , 
and, indeed, i n other a v i a n t a x a , have concentrated on the i n g e s t i o n of 
l e a d shot, and t h e r e i s l i t t l e i n formation on the e f f e c t s of d i e t a r y 
exposure t o l e a d . Beyer e t a l (1988) s u b j e c t e d c a p t i v e M a l l a r d Anas 

platyrhynchos to a d i e t contaminated w i t h l e a d a c e t a t e , commencing a t a 
c o n c e n t r a t i o n of 20 ppm wet weight and i n c r e a s i n g by a f a c t o r of 1.6 
weekly, i e . a d i e t of much higher l e a d content than the maximum of about 
20 ppm dry weight i n Zostera a v a i l a b l e to Wigeon a t L i n d i s f a r n e . The 
median l i v e r l e a d c o n c e n t r a t i o n of M a l l a r d t h a t e i t h e r died or were 
k i l l e d was 30 ppm wet weight (about 120 ppm dry w e i g h t ) , g r e a t l y i n 
e x c e s s of any v a l u e recorded f o r Wigeon i n t h i s study. 

There i s t h e r e f o r e no d i r e c t evidence from the Wigeon l i v e r s 
examined i n t h i s study t h a t l e a d l e v e l s a t L i n d i s f a r n e are high enough 
t o cause concern t h a t m o r t a l i t y due to c h r o n i c l e a d poisoning might be a 
p o s s i b i l i t y . However, longer-term e f f e c t s on r e p r o d u c t i o n cannot be 
discounted e n t i r e l y . Scheuhammer (1987) found i n c r e a s e d l e v e l s of 
i n f e r t i l e eggs and h a t c h l i n g m o r t a l i t y f o r c a p t i v e Ring Doves 
Streptopelia risoria maintained on a d i e t c o n t a i n i n g 50 ppm l e a d , but 
not a t 5 ppm l e a d (but s i n c e i n t h a t study the d i e t s were a l s o 
contaminated by cadmium and mercury, the observed e f f e c t s may not be 
s o l e l y due to l e a d ) . 

C l e a r l y t h e r e remains much info r m a t i o n to be gained from 
experimental i n v e s t i g a t i o n of d i e t a r y l e a d exposure i n herbivorous 
w i l d f o w l , both i n terms of l i k e l i h o o d of m o r t a l i t y and the e f f e c t s on 
r e p r o d u c t i o n . 

5.7 Comparison of D a i l y Lead Budget and L i v e r Lead C o n c e n t r a t i o n s 

On the b a s i s of a d a i l y q u a n t i t y of l e a d r e t a i n e d of 1.06 mg 
( s e c t i o n 5.5), an average b i r d weighing 700 g would accumulate 7.4 mg 
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l e a d p e r week, c o r r e s p o n d i n g t o a w e e k l y i n c r e a s e i n o v e r a l l l e a d 
c o n c e n t r a t i o n t h r o u g h o u t t h e body o f 10.6 ppm wet w e i g h t . I f a Wigeon 
were p r e s e n t a t L i n d i s f a r n e f o r 90 days, and f e d on Zostera f o r t h e 
e n t i r e p e r i o d , t h e accumulated l e a d burden would be 95.4 mg, i e . 136 ppm 
wet w e i g h t t h r o u g h o u t t h e body. I n t h e b e s t and w o r s t case s c e n a r i o s 
o u t l i n e d i n s e c t i o n 5.5, t h e c o r r e s p o n d i n g l e v e l s w o u l d be 86 and 
183 ppm wet w e i g h t r e s p e c t i v e l y . However, s i n c e t h e l e a d w o u l d n o t be 
d i s t r i b u t e d e v e n l y t h r o u g h o u t t h e b i r d , t h e l e v e l s o f c o n t a m i n a t i o n i n 
t h e organs known t o accumulate t h e m a j o r p a r t o f t h e body burden, 
i n c l u d i n g t h e l i v e r , w o u l d be c o n s i d e r a b l y h i g h e r . 

The maximum l i v e r l e a d c o n c e n t r a t i o n f o u n d i n a Wigeon s h o t a t 
L i n d i s f a r n e d u r i n g 1990 was 3.66 ppm wet w e i g h t , and t h e m a j o r i t y o f 
b i r d s examined h e l d l e s s t h a n 1 ppm wet w e i g h t i n t h e l i v e r ( s e c t i o n 
5 . 6 ) . These d a t a a r e c l e a r l y a t v a r i a n c e w i t h t h e e s t i m a t e s o u t l i n e d 
above. There i s a need, t h e r e f o r e , t o c o n s i d e r w h e t h e r t h e f i g u r e o f 
1.06 mg f o r t h e d a i l y w e i g h t o f l e a d r e t a i n e d c o u l d be a c o n s i d e r a b l e 
o v e r e s t i m a t e . The f o l l o w i n g p o s s i b l e reasons a r e s u g g e s t e d : 

i ) The d a t a o b t a i n e d f r o m o t h e r s t u d i e s may n o t be a p p r o p r i a t e 
f o r t h e s i t u a t i o n a t L i n d i s f a r n e . The ash c o n t e n t o f Z. noltii 

s h o u l d n o t d i f f e r g r e a t l y , b u t t h e d a t a t a k e n f r o m Madsen 
(1988) r e l a t e t o September and October r a t h e r t h a n November. 
The d a i l y f e e d i n g p a t t e r n ( g overned by t h e a v a i l a b i l i t y o f t h e 
Zostera beds, and p o s s i b l y t o a l e s s e r e x t e n t by d a y - l e n g t h ) 
may d i f f e r between t h e two s t u d i e s . F u r t h e r m o r e , t h e energy 
budget o f Wigeon may change as Autumn p r o g r e s s e s . B o t h t h e s e 
f a c t o r s may make Madsen's e s t i m a t e s o f Zostera i n g e s t e d and 
f a e c e s produced i n a p p r o p r i a t e f o r Wigeon a t L i n d i s f a r n e , 
t h ough t h i s c o u l d n o t account q u a n t i t a t i v e l y f o r t h e l a r g e 
d i s c r e p a n c y between c a l c u l a t e d and o b s e r v e d r e t e n t i o n l e v e l s 
o f l e a d . 

i i ) The l e a d c o n c e n t r a t i o n i n t h e f a e c e s i s d i f f i c u l t t o q u a n t i f y 
a c c u r a t e l y because o f t h e p r o b l e m o f sediment i n t h e 
d r o p p i n g s . Moreover, a p r o p o r t i o n o f t h e l e a d adsorbed o n t o 
sediment p a r t i c l e s i n g e s t e d may be a s s i m i l a t e d i n t o t h e 
b l o o d s t r e a m d u r i n g i t s passage t h r o u g h t h e b i r d ' s g u t . 

i i i ) There may be an a d d i t i o n a l f a c t o r w h i c h has n o t been t a k e n 
i n t o a c c o u n t . One such p o s s i b i l i t y i s t h a t t h e Wigeon may be 
a b l e t o e x c r e t e l e a d t o g e t h e r w i t h s a l t f r o m t h e n a s a l g l a n d . 
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A h i g h p r o p o r t i o n (60-88%) o f s a l t i n g e s t e d may be e x c r e t e d i n 
t h i s way ( S t u r k i e , 1986), and i f l e a d were e x c r e t e d w i t h a 
s i m i l a r degree o f e f f i c i e n c y , much o f t h e d i f f e r e n c e between 
c a l c u l a t e d and a c t u a l l e a d r e t e n t i o n m i g h t be a c c o u n t e d f o r . 
T h i s may be a c o n t i n u o u s p r o c e s s o c c u r r i n g w h i l s t t h e b i r d i s 
g r a z i n g and p o s s i b l y t o some e x t e n t when r o o s t i n g . 

As a r e s u l t o f t h e wide d i s p a r i t y between t h e e s t i m a t e d d a i l y 
l e a d budget and t h e ob s e r v e d l i v e r l e a d c o n c e n t r a t i o n s , i t i s n o t 
p o s s i b l e t o c o n c l u d e w i t h c e r t a i n t y w h e t h e r Wigeon f e e d i n g a t 
L i n d i s f a r n e a r e a t r i s k f r o m l e a d i n g e s t e d i n t h e i r f o o d . C e r t a i n l y t h e 
d a i l y q u a n t i t y o f l e a d i n g e s t e d appears t o be h i g h , b u t i t i s p o s s i b l e 
t h a t t h e Wigeon may possess some p h y s i o l o g i c a l mechanism f o r c o p i n g w i t h 
such l e v e l s . F u r t h e r s t u d i e s a r e ne c e s s a r y t o c l a r i f y t h e p o s s i b l e 
causes o f t h e d i s p a r i t y o u t l i n e d above. 
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APPENDIX 1 ESTIMATION OF ANNUAL LEAD SHOT INPUT TO FENHAM FLATS 

The f o l l o w i n g assumptions have been made: 

i ) The mean number o f k i l l s o v e r t h e l a s t f i f t e e n w i l d f o w l i n g 
seasons i s 2575 per season ( E n g l i s h N a t u r e , u n p u b l . d a t a ) . For 
p r a c t i c a l purposes, i t i s assumed t h a t t h e s e a l l o c c u r a c r o s s 
Fenham F l a t s . 

i i ) The mean number o f s h o t s f i r e d p e r k i l l i s seven; most 
w i l d f o w l e r s q u e s t i o n e d r e c k o n e d between f i v e and t e n s h o t s p e r 
k i l l . I d e a l l y t h i s f i g u r e w o u ld be d e r i v e d f r o m a f o r m a l means 
o f r e c o r d i n g s h o t s . A l t h o u g h t h i s i s a s u b s t a n t i a l l y l o w e r 
success r a t e f o r s h o o t i n g ducks t h a n t h o s e r e p o r t e d f o r l e a d 
s h o t i n r e c e n t BASC t r i a l s ( 59% and 38%) (Shedden, 1992), t h e 
t r i a l s were presumably n o t h e l d i n i n t e r t i d a l a r e a s , w h i c h 
g e n e r a l l y p r e s e n t more d i f f i c u l t and l o n g e r range t a r g e t s t h a n 
i n l a n d l o c a t i o n s . 

i i i ) The number o f p e l l e t s p e r s h o t i s on average 235 f o r no. 5 
s h o t (Mudge, 1984). 

i v ) The area o f Fenham F l a t s o v e r w h i c h s h o o t i n g o c c u r s ( i n c l u d i n g 
n i g h t s h o o t i n g ) i s approx. 7.5 km 2 ( c a l c u l a t e d as t h e area o f 
mud between t h e Causeway and Ross P o i n t , as shown on O.S. 
1:25000 s e r i e s , 1982). 

Thus t h e e s t i m a t e d number o f p e l l e t s i n p u t i s 

2575 x 7 x 235 = 4236000 p e r season 

and t h e number p e r m 2 a c r o s s Fenham F l a t s i s t h e r e f o r e 

4236000 / (7.5 x 1000 x 1000) = 0.56 p e r m 2 p e r season. 
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APPENDIX 2 PRELIMINARY ANALYSES OF SEDIMENT SAMPLES 

A2ol I n t r o d u c t i o n 

P r e l i m i n a r y a n a l y s e s were c o n d u c t e d on sediment c o r e s o b t a i n e d 
f r o m t h e Fenham M i l l s i t e d u r i n g September 1990, i n o r d e r t o e s t a b l i s h 
t h e b e s t method f o r comparing t h e sediment l e a d c o n c e n t r a t i o n s o f t h e 
main s t u d y s i t e s . S p e c i f i c a l l y , t h e a n a l y s e s examined t h e e f f e c t s o f 
sediment d e p t h and g r a i n s i z e , compared two methods o f s i e v i n g sediment 
samples, and examined t h e s u i t a b i l i t y o f t h r e e c h e m i c a l e x t r a c t a n t s . 

A2.2 Methods 

A2.2.1 T h r e e - s t a g e Chemical E x t r a c t i o n 

Twelve c o r e s o f 8 cm d i a m e t e r and a p p r o x i m a t e l y 12 cm d e p t h 
(one c o r e f r o m each o f t h e Zostera p l o t s ) were s i e v e d under hose 
p r e s s u r e t h r o u g h a 20 mesh/in s i e v e t o remove l a r g e p a r t i c l e s and 
o r g a n i c m a t t e r , and t h e n t h r o u g h a 100 mesh/in s i e v e t o s e p a r a t e i n t o 
c o a r s e and f i n e f r a c t i o n s . These were t h e n d r i e d f o r a minimum o f 48 
h o u r s a t 100 °C, and t h e d r i e d sediment homogenised by g e n t l y g r i n d i n g 
w i t h a p e s t l e and m o r t a r . 

One sub-sample f r o m each f r a c t i o n o f between 2 and 3 g was 
weighed t o an acc u r a c y o f 0.01 g i n t o a 25 ml c o n i c a l f l a s k . To each was 
added 5 ml 5% a c e t i c a c i d , and t h e f l a s k s g e n t l y warmed f o r about 20 
m i n u t e s on a h o t - p l a t e , and o c c a s i o n a l l y a g i t a t e d . The a c e t i c a c i d was 
dec a n t e d and f i l t e r e d i n t o s t o p p e r e d p l a s t i c b o t t l e s ( see s e c t i o n 
2.3.1). 5 ml 'AnalaR' grade 3 M HCl was added t o t h e sediment i n each 
f l a s k and t h e proce s s r e p e a t e d as f o r t h e a c e t i c a c i d s t e p . To t h e 
r e s i d u e f r o m t h e second s t a g e was added 5 t o 10 ml ' AnalaR' grade 
c o n c e n t r a t e d HNO3 and t h e samples r e f l u x e d f o r 24 h o u r s , b o i l e d d r y and 
t h e r e s i d u e r e - d i s s o l v e d i n 5 ml 'AnalaR' 3 M HCl as d e s c r i b e d f o r 
o r g a n i c samples i n s e c t i o n 2.3.1. However, i n o r d e r t o p r e v e n t bumping 
w h i l s t t h e HNO3 was b e i n g b o i l e d away, i t was ne c e s s a r y t o f i r s t d e c a n t 
t h e n i t r i c a c i d o f f i n t o a s e p a r a t e c l e a n f l a s k , wash away t h e sediment 
w i t h d i s t i l l e d w a t e r and t h e n r e t u r n t h e a c i d t o t h e o r i g i n a l f l a s k . 
F i n a l l y , t h e l e a d c o n c e n t r a t i o n s o f t h e t h r e e e x t r a c t s f r o m each sample 
were d e t e r m i n e d by AAS as d e s c r i b e d i n s e c t i o n 2.3.2. 
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A2.2.2 The R e l i a b i l i t y o f E x t r a c t a n t s 

The r e l i a b i l i t y o f l e a d c o n c e n t r a t i o n s o b t a i n e d u s i n g t h e 
t h r e e - s t a g e e x t r a c t i o n d e s c r i b e d above was assessed by r e p e a t i n g t h e 
pr o c e s s on e i g h t d u p l i c a t e sub-samples o f each f r a c t i o n t a k e n f r o m a 
s i n g l e c o r e . I n a d d i t i o n , s i x d u p l i c a t e sub-samples f r o m t h e f i n e 
f r a c t i o n o f t h e same c o r e were a n a l y s e d , o m i t t i n g t h e f i r s t ( a c e t i c 
a c i d ) s t a g e , i n o r d e r t o compare t h e l e a d c o n c e n t r a t i o n d e t e r m i n e d by 
HCl a l o n e w i t h t h e combined c o n c e n t r a t i o n f r o m t h e a c e t i c a c i d and HCl 
e x t r a c t i o n s . 

A2.2.3 E f f e c t o f Depth and S i e v i n g Methods 

I t was n o t i c e d t h a t when s i e v i n g wet sediment, some p a r t o f 
t h e f i n e s t f r a c t i o n o f t h e sediment was u n a v o i d a b l y l o s t , w h i c h m i g h t 
r e s u l t i n a reduced l e a d c o n c e n t r a t i o n b e i n g r e c o r d e d . To t e s t t h i s 
h y p o t h e s i s , and, c o n c u r r e n t l y t o examine t h e v a r i a t i o n o f sediment l e a d 
c o n c e n t r a t i o n w i t h d e p t h , s i x c o r e s were c o l l e c t e d f r o m Fenham M i l l and 
s e p a r a t e d on s i t e i n t o t h r e e l a y e r s : 1 - 4 cm, 4 - 7 cm and 7 - 10 cm 
d e p t h ( t h e t o p 1 cm was d i s c a r d e d ) . I n t h e l a b o r a t o r y , each l a y e r was 
c u t v e r t i c a l l y i n t o two e q u a l segments. One segment o f each was s i e v e d 
under hose p r e s s u r e t h r o u g h a 20 mesh/in s i e v e and d r i e d as above. The 
o t h e r segment was d r i e d i n t a c t , homogenised w i t h a p e s t l e and m o r t a r , 
and t h e n s i e v e d d r y t h r o u g h a 20 mesh/in s i e v e . 

Three e x t r a c t t r e a t m e n t s were p e r f o r m e d f o l l o w i n g t h e above 
p r o c e d u r e s : 5% a c e t i c a c i d f o l l o w e d by 3 M HCl, 3 M HCl o n l y and 
r e f l u x i n g c o n c e n t r a t e d HNO3 o n l y . 

A2.3 R e s u l t s 

A2.3.1 T h r e e - s t a g e Chemical E x t r a c t i o n 

The mean l e a d c o n c e n t r a t i o n s d e t e r m i n e d d u r i n g t h e t h r e e - s t a g e 
p r o c e s s a r e shown i n t a b l e A2.1 f o r t h e c o a r s e and f i n e sediment 
f r a c t i o n s . The p r o p o r t i o n s o f t h e t o t a l l e a d c o n c e n t r a t i o n e x t r a c t e d i n 
each s t a g e d i d n o t d i f f e r between t h e two f r a c t i o n s ( p a i r e d t t e s t s : 
a c e t i c , t - ^ = 0.27, n/s; HCl, t ^ = 0.46, n/s; HNO3, t ^ = 0.13, n / s ) , 
b u t t h e o v e r a l l l e a d c o n c e n t r a t i o n i n t h e f i n e f r a c t i o n was more t h a n 
d o u b l e t h a t i n t h e c o a r s e f r a c t i o n . 
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A2„1 Three -stage c h e m i c a l e x t r a c t i o n o f l e a d f r o m two sediment 
f r a c t i o n s 

Sediment c o r e s o b t a i n e d f r o m Fenham M i l l , September 1990 

Sediment E x t r a c t a n t Mean Pb s.d. c. v. Mean % 
F r a c t i o n (PPm) (%) o f T o t a l 

Coarse 5% A c e t i c 0.6 0.28 48.3 11.7 
3 M HCl 3.3 1.07 32.7 60.8 
Cone. HN03 1.5 0.52 35.6 27.5 

T o t a l 5.3 1.53 28.8 

F i n e 5% A c e t i c 1.3 0.50 39.7 11.3 
3 M HCl 6.9 1.87 27.2 61.5 
Cone. HNO3 3.0 0.79 26.0 27.2 

T o t a l 11.2 2 .91 26.0 

12 f o r each sediment f r a c t i o n 



&2„3o2 The R e l i a b i l i t y o f E x t r a c t a n t s 

T a b l e A2.2 and f i g . A2.1 show t h e r e s u l t s o f r e p l i c a t e 
a n a l y s e s o f t h e two f r a c t i o n s f r o m a s i n g l e c o r e . A t each s t a g e o f t h e 
e x t r a c t i o n , t h e l e a d c o n c e n t r a t i o n o f t h e f i n e f r a c t i o n was 
s i g n i f i c a n t l y g r e a t e r t h a n t h a t o f t h e c o a r s e f r a c t i o n ( K r u s k a l - W a l l i s 
1-way ANOVA - see t a b l e A2.2). However, t h e v a r i a t i o n between 
r e p l i c a t e s , e x p r e s s e d as t h e c o e f f i c i e n t o f v a r i a t i o n , was g r e a t e r f o r 
t h e f i n e f r a c t i o n a t each s t a g e e x c e p t t h e f i r s t ( a c e t i c a c i d ) 
e x t r a c t i o n . 

Omission o f t h e a c e t i c a c i d e x t r a c t i o n r e s u l t e d i n no 
d i f f e r e n c e i n mean l e a d c o n c e n t r a t i o n e i t h e r a f t e r t h e HCl e x t r a c t i o n 
( t = 1.17, d f = 7.53, n/s) o r o v e r a l l ( t = 0.89, d f = 8.29, n / s ) , b u t 
t h e v a r i a t i o n between r e p l i c a t e s was reduc e d s i g n i f i c a n t l y a t b o t h 
s t a g e s ( F 7 f 5 = 35.1, P < 0.001; F 7 f 5 = 14.0, P < 0.01 r e s p e c t i v e l y ) . 

A2.3.3 E f f e c t o f Depth and S i e v i n g Methods 

The mean l e a d c o n c e n t r a t i o n s a t each d e p t h f o r t h e two s i e v i n g 
methods a r e shown i n t a b l e A2.3a. The a n a l y s e s o f v a r i a n c e f o r each o f 
t h e t h r e e e x t r a c t i o n s p e r f o r m e d ( t a b l e A2.3b) show t h a t t h e e f f e c t o f 
sediment d e p t h was v e r y h i g h l y s i g n i f i c a n t i n a l l cases. The s i e v i n g 
method was a l s o h i g h l y s i g n i f i c a n t f o r t h e a c e t i c a c i d e x t r a c t i o n , b u t 
n o t f o r t h e subsequent HCl e x t r a c t i o n . Nor was t h e r e any s i g n i f i c a n t 
e f f e c t o f method on t h e t o t a l l e a d c o n c e n t r a t i o n , as d e t e r m i n e d by 
r e f l u x i n g w i t h HNO3, b u t t h e r e was a s i g n i f i c a n t d i f f e r e n c e f o r t h e 
e x t r a c t i o n w i t h HCl o n l y . 

For t h e e x t r a c t i o n s i n w h i c h t h e method o f s i e v i n g a f f e c t e d 
t h e r e s u l t s s i g n i f i c a n t l y , h i g h e r l e a d c o n c e n t r a t i o n s were f o u n d i n t h e 
sediment s i e v e d when d r y ( e x c e p t f o r t h e l o w e s t l a y e r i n t h e HCl 
e x t r a c t i o n , f o r w h i c h t h e two means were n e v e r t h e l e s s s i m i l a r ) . The 
c o n c e n t r a t i o n s f r o m t h e a c e t i c a c i d e x t r a c t i o n were r a t h e r l ow, and t h e 
t o t a l c o n c e n t r a t i o n s f o r t h e a c e t i c a c i d and HCl e x t r a c t i o n s combined 
were c o n s i s t e n t l y l o w e r t h a n f o r t h e c o r r e s p o n d i n g e x t r a c t i o n s w i t h HCl 
o n l y (a f i n d i n g a t v a r i a n c e w i t h t h e s i m i l a r c o m parison made i n s e c t i o n 
A2.3.2). E x t r a c t i o n w i t h HCl a l o n e a l s o r e s u l t e d i n h i g h e r l e a d 
c o n c e n t r a t i o n s t h a n were o b t a i n e d by r e f l u x i n g w i t h HNO3 ( e x c e p t f o r t h e 
l o w e s t l a y e r ) . 

For b o t h t h e s i n g l e s t a g e e x t r a c t i o n s (HCl and HNO3), t h e mean 
l e a d c o n c e n t r a t i o n s i n t h e t o p and m i d d l e l a y e r s d i d n o t d i f f e r , b u t 
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T a b l e A2.2 Comparison o f r e l i a b i l i t y o f c h e m i c a l e x t r a c t a n t s 

R e p l i c a t e samples f r o m s i n g l e c o r e o b t a i n e d f r o m Feraham 
M i l l , September 1990 

E x t r a c t a n t F r a c t i o n Mean Pb s .d. n 
(PP«») 

A c e t i c Coarse 0.6 0.15 8 1 * * * 
F i n e 1.6 0.23 8 

HCl ( a f t e r A c e t i c ) Coarse 2.6 0.21 7 ) * * 
F i n e 6.4 0.96 8 

A c e t i c + HCl Coarse 3.3 0.21 7 ) * * 
F i n e 8.0 1.12 8 

HCl (no A c e t i c ) F i n e 7.5 0.19 6 

N i t r i c Coarse 1.2 0.16 8 ) *** 
F i n e 3.4 0.54 8 

N i t r i c (no A c e t i c ) F i n e 3.3 0.37 6 

T o t a l Coarse 4.5 0.22 7 ) * * 
F i n e 11.4 1.60 8 

T o t a l (no A c e t i c ) F i n e 10.8 0.43 6 

c.v. 
(%) 

22 .8 
14.5 

7.9 
15.1 

6.2 
14.0 
2.5 

13.4 
16.1 
11.0 

4.8 
14.1 
4.0 

K r u s k a l - W a l l i s 1-way ANOVA: ** P<0.01, *** P<0.001 



T a b l e &2.3a E f f e c t o f sediment d e p t h and s i e v i n g method 

Mean sediment l e a d c o n c e n t r a t i o n s i n c o r e s o b t a i n e d f r o m 
Fenham M i l l , September 1990 

S i e v i n g Mean Pb 
E x t r a c t i o n Depth Method (PPHi) S o d . n 

(1) 5% A c e t i c 1 Wet 1.5 0.42 6 
Dry 3.0 0.24 6 

2 Wet 0.9 0.11 5 
Dry 2.4 0.52 6 

3 Wet 0.6 0.35 6 
Dry 1.0 0.37 6 

(2) 3 M HCl 1 Wet 8.8 1.00 6 
Dry 9.6 0.97 6 

2 Wet 7.8 0.63 5 
Dry 9.4 1.58 6 

3 Wet 5.8 1.60 6 
Dry 5.4 0.75 6 

(1) + (2) 1 Wet 10.3 1.11 6 
Dry 12.7 1.01 6 

2 Wet 8.7 0.70 5 
Dry 11.7 2.07 6 

3 Wet 6.3 1.55 6 
Dry 6.4 1.09 6 

3 M HCl o n l y 1 Wet 12.9 1.45 6 
Dry 15.5 2 .56 6 

2 Wet 12.4 1.20 5 
Dry 15.3 2.27 6 

3 Wet 9.2 3.17 6 
Dry 8.9 0.80 6 

HNO3 r e f l u x o n l y 1 Wet 12.1 2.03 6 
Dry 12 .6 0.97 6 

2 Wet 11.0 2.00 5 
Dry 13.3 1.84 6 

3 Wet 8.9 2.12 6 
Dry 9.3 0.84 6 

Depths: 1 = 1 - 4 cm; 2 = 4 - 7 cm; 3 = 7 - 10 cm 

NB: One sample f r o m l a y e r 2 ( s i e v e d wet) o m i t t e d f r o m a n a l y s e s owing 
t o u n u s u a l l y h i g h l e a d c o n c e n t r a t i o n ( f o r a l l e x t r a c t a n t s ) 



T a b l e A2„3b E f f e c t o f sediment d e p t h and s i e v i n g method 

Anal y s e s o f v a r i a n c e f o r sediment l e a d c o n c e n t r a t i o n s shown 
i n t a b l e A2.3a 

Source o f 
V a r i a t i o n 

Sum o f 
Squares d f 

Mean 
Square 

5% A c e t i c 
Depth 
Method 

I n t e r a c t i o n 

13.6 
11.3 
2.3 

2 
1 
2 

6.8 
11.3 
1.2 

51.4 
85.0 
8.7 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

27.3 
3.8 

31.2 

5 
29 
34 

5.5 
0.1 
0.9 

41.2 

Subsequent 3 M HCl 
Depth 
Method 

I n t e r a c t i o n 

91.0 
3.7 
5.4 

45.5 
3.7 
2.7 

33.4 
2.7 
2.0 

n/s 
n/s 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

100.6 
39 .4 

140.0 

5 
29 
34 

20.1 
1.4 
4.1 

14.8 

Combined! 5% A c e t i c f o l l o w e d by 3 M HCl 
Depth 
Method 

I n t e r a c t i o n 

172 .1 
27.8 
14.3 

86.0 
27.8 
7.2 

47 .4 
15.3 
3.9 

*** 

* 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

215.9 
52 .7 

268.6 

5 
29 
34 

43.2 
1.8 
7.9 

23.8 

3 M HCl o n l y 
Depth 
Method 

I n t e r a c t i o n 

200.5 
24.9 
18.3 

2 
1 
2 

100.2 
24.9 
9.2 

22.7 
5.6 
2.1 

* * * 
* 

n/s 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

246.4 
128.1 
374.6 

5 
29 
34 

49.3 
4.4 

11.0 

11.2 

HN0 3 r e f l u x o n l y 
Depth 
Method 

I n t e r a c t i o n 

82.1 
9.6 
7.0 

41.0 
9.6 
3.5 

14.1 
3.3 
1.2 

n/s 
n/s 

E x p l a i n e d 
R e s i d u a l 
T o t a l 

99.8 
84.2 

184.0 

5 
29 
34 

20.0 
2.9 
5.4 

6.9 

* - P < 0.05; ** - P < 0.01; *** - P < 0.001 



FICIURE A2.1 L@@d L©v®ls In Sstiimsnt 
Comparison of Chemical Exfiractartts 

Mean Pb (ppra dry t»t.) 
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FIGURE A2.2 L e a d Levels In Sediment 
Effects of Depth and Treatment Method: 

Sieved Wet vs. Sieved Dry 

Mean Pb (ppm dry wt. ) 

Depth (cm) 

E x t r a c t a n t 

fS33 6% A c e t i c 
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WM C o n e . Nitr ic 



were s i g n i f i c a n t l y g r e a t e r t h a n i n t h e b o t t o m l a y e r (Tukey HSD t e s t a t 
P < 0.05), whether t h e sediment was s i e v e d when wet o r d r y . 

&2„4 D i s c u s s i o n 

The c h o i c e o f t h e t h r e e s t r e n g t h s o f c h e m i c a l e x t r a c t a n t was 
i n t e n d e d t o p r o v i d e e s t i m a t e s o f t h e q u a n t i t i e s o f r e a d i l y exchangeable 
l e a d i n t h e i n t e r s t i t i a l w a t e r , t h e more s t r o n g l y bound l e a d i n 
i n o r g a n i c s a l t s and as o r g a n i c complexes adsorbed o n t o p a r t i c l e 
s u r f a c e s , and t h e t o t a l sediment l e a d c o n t e n t . As was e x p e c t e d , t h e mean 
l e a d c o n c e n t r a t i o n i n t h e f i n e f r a c t i o n o f t h e sediment was c o n s i d e r a b l y 
g r e a t e r t h a n i n t h e c o a r s e f r a c t i o n , r e f l e c t i n g t h e g r e a t e r s u r f a c e a rea 
p e r u n i t w e i g h t . However, t h e p r o p o r t i o n s e x t r a c t e d a t each s t a g e were 
i d e n t i c a l f o r t h e two f r a c t i o n s , w h i c h s u g g e s t s t h a t t h e p a r t i c l e s i z e 
e f f e c t was t h e o n l y s i g n i f i c a n t e f f e c t , and t h a t t h e r e was n o t a g r e a t e r 
p r o p o r t i o n o f l e a d a s s o c i a t e d w i t h o r g a n i c d e t r i t u s i n t h e f i n e r 
f r a c t i o n s o f t h e sediment. However, c e r t a i n l i m i t a t i o n s t o t h e 
a n a l y t i c a l t e c h n i q u e s , as d i s c u s s e d below, p r e c l u d e t h e d r a w i n g o f a 
d e f i n i t e c o n c l u s i o n . 

The q u a n t i t y o f l e a d e x t r a c t e d by 5% a c e t i c a c i d was g e n e r a l l y 
l o w and, i n d e e d , t h e e x t r a c t s o l u t i o n o b t a i n e d was, i n some cases, o n l y 
m a r g i n a l l y s t r o n g enough f o r a r e l i a b l e AAS r e a d i n g t o be t a k e n . 
Moreover, o m i s s i o n o f t h e a c e t i c a c i d e x t r a c t i o n r e s u l t e d i n one 
i n s t a n c e ( s e c t i o n A2.3.3) i n h i g h e r l e a d c o n c e n t r a t i o n s b e i n g o b t a i n e d 
f r o m a s i n g l e s t a g e HCl e x t r a c t i o n t h a n were o b t a i n e d f r o m t h e a c e t i c 
a c i d and subsequent HCl e x t r a c t i o n s combined, and i n t h e o t h e r ( s e c t i o n 
A2.3.2) i n a s i g n i f i c a n t decrease i n t h e v a r i a b i l i t y . Presumably t h i s 
e f f e c t was due t o t h e r e t e n t i o n w i t h i n t h e f l a s k a f t e r d e c a n t i n g o f a 
p r o p o r t i o n o f t h e a c e t i c a c i d w h i c h was o f l o w l e a d c o n c e n t r a t i o n , and 
t h i s volume o f l i q u i d r educed t h e l e a d c o n c e n t r a t i o n o f t h e subsequent 
HCl e x t r a c t . The t e c h n i q u e c o u l d be improved by r e m o v i n g t h e a c e t i c a c i d 
by c e n t r i f u g e r a t h e r t h a n by d e c a n t i n g , and t h e n d r y i n g t h e sediment 
p r i o r t o a d d i t i o n o f t h e HCl, a l t h o u g h some l e a d w h i c h s h o u l d have been 
removed w i t h t h e a c e t i c a c i d m i g h t s t i l l r e m a i n i n t h e sediment and 
m a g n i f y t h e HCl e x t r a c t c o n c e n t r a t i o n . I n v i e w o f t h e problems 
e n c o u n t e r e d , and, p a r t i c u l a r l y o f t h e low and v a r i a b l e l e a d 
c o n c e n t r a t i o n s o b t a i n e d , i t was d e c i d e d t h a t t h e a c e t i c a c i d e x t r a c t i o n 
s h o u l d be o m i t t e d f o r t h e main a n a l y s i s o f sediment samples. 
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More s u r p r i s i n g l y , t h e l e a d c o n c e n t r a t i o n o b t a i n e d by 
e x t r a c t i o n w i t h HCl o n l y was h i g h e r t h a n t h a t f r o m a s i n g l e s t a g e 
r e f l u x i n g w i t h HNO3 ( s e c t i o n A2.3.3), d e s p i t e t h e l a t t e r b e i n g t h e much 
s t r o n g e r e x t r a c t a n t . Two p o s s i b l e reasons f o r t h i s a p p a r e n t anomaly a r e 
su g g e s t e d . E x t r a c t i o n w i t h 3 M HCl may be s u f f i c i e n t t o remove a l l t h e 
l e a d p r e s e n t i n t h e sediment ( i n w h a t e v e r f o r m ) , i n w h i c h case t h e 
c o m p l e x i n g o f l e a d by o r g a n i c l i g a n d s must presumably be u n i m p o r t a n t . I f 
t h i s were so, t h e l e a d e x t r a c t e d d u r i n g t h e f i n a l s t a g e o f t h e t h r e e -
s t a g e p r o c e s s ( a b o u t 27% o f t h e o v e r a l l c o n c e n t r a t i o n ) must a c t u a l l y 
have been l i b e r a t e d d u r i n g t h e HCl e x t r a c t i o n , b u t r e t a i n e d i n t h e f l a s k 
t o g e t h e r w i t h t h e sediment a f t e r d e c a n t i n g o f f t h e HCl e x t r a c t ( i e . a 
s i m i l a r p r o b l e m t o t h e d e c a n t i n g o f t h e a c e t i c a c i d e x t r a c t d i s c u s s e d 
above) . A l t e r n a t i v e l y t h e p r o b l e m i n v o l v e d t h e l o s s o f some o f t h e l e a d 
t o g e t h e r w i t h t h e sediment d i s c a r d e d ( i n o r d e r t o a v o i d bumping) p r i o r 
t o b o i l i n g away t h e HNO3. Whichever t h e cause, i t i s a p p a r e n t t h a t a 
s i n g l e - s t a g e e x t r a c t i o n p r o c e s s i s i n h e r e n t l y more r e l i a b l e t h a n a 
m u l t i - s t a g e p r o c e s s , u n l e s s s o p h i s t i c a t e d equipment i s a v a i l a b l e , i n 
w h i c h case t h e numbers o f samples w h i c h can be a n a l y s e d may be l i m i t e d . 

The s i n g l e - s t a g e p r o c e s s i s q u i t e adequate t o d e t e r m i n e t h e 
r e l a t i v e l e a d c o n c e n t r a t i o n s between a number o f samples, and was 
t h e r e f o r e adopted f o r t h e main samples i n t h i s s t u d y . S i n c e e x t r a c t i o n 
w i t h HCl i s much s i m p l e r t h a n by r e f l u x i n g w i t h HNO3, and y i e l d s 
comparable r e s u l t s , t h a t method was chosen. However, i n o r d e r t o 
m i n i m i s e p o t e n t i a l v a r i a t i o n i n t h e a n a l y t i c a l p r o c e d u r e i t s e l f , i t was 
a l s o d e c i d e d t o use s m a l l e r sediment samples ( s i n c e t h e low 
c o n c e n t r a t i o n s e n c o u n t e r e d i n t h e a c e t i c a c i d s t e p would no l o n g e r be a 
p r o b l e m ) , t o i n c r e a s e t h e t i m e o f t h e t r e a t m e n t f r o m 20 m i n u t e s t o one 
hour, a g i t a t i n g each f l a s k f r e q u e n t l y t o ensure t h o r o u g h m i x i n g , and t o 
di s p e n s e w i t h t h e warming o f f l a s k s on t h e h o t - p l a t e , w h i c h was known t o 
he a t u n e v e n l y a c r o s s i t s s u r f a c e . 

The l e a d c o n c e n t r a t i o n i n sediment f r o m Fenham M i l l was 
c l e a r l y l o w e r below 7 cm d e p t h . As t h e e x a m i n a t i o n o f t h e e f f e c t o f 
d e p t h d i d n o t c o v e r s e p a r a t e f r a c t i o n s o f t h e sediment, i t i s n o t known 
whe t h e r t h e d i f f e r e n c e was due s o l e l y t o t h e c o m p o s i t i o n o f t h e sediment 
( w h i c h was c e r t a i n l y c o a r s e r below t h i s d e p t h ) , o r whether t h e r e was 
a l s o an i n d e p e n d e n t r e d u c t i o n i n t h e amount o f l e a d p r e s e n t once 
p a r t i c l e s i z e was t a k e n i n t o a c c o u n t . S i n c e t h e m a j o r i t y o f Zostera 

r o o t s and rhizo m e s l i e i n t h e t o p 5 cm o f t h e sediment, i t was d e c i d e d 

60 



t o l i m i t t h e a n a l y s i s o f sediment t o t h a t d e p t h , t h e r e b y g e n e r a l l y 
a v o i d i n g problems o f sediment h e t e r o g e n e i t y w i t h d e p t h . 

Sediment samples f r o m d i f f e r e n t s i t e s m i g h t w e l l d i f f e r i n 
c o m p o s i t i o n , however, and i t was t h e r e f o r e d e c i d e d t o d e t e r m i n e t h e l e a d 
c o n c e n t r a t i o n b o t h i n t h e u n d i f f e r e n t i a t e d s e d i m e n t , r e f l e c t i n g t h e 
o v e r a l l a v a i l a b i l i t y o f l e a d f o r u p t a k e by t h e i n t e r t i d a l f l o r a , and 
a l s o w i t h i n t h e f i n e s t f r a c t i o n w h i c h c o u l d be i s o l a t e d , w h i c h c o u l d be 
e x p e c t e d t o r e f l e c t t h e r e l a t i v e amount o f l e a d i n p u t t o t h e s i t e , and 
hence p r o v i d e a t l e a s t a q u a l i t a t i v e e s t i m a t e o f d i f f e r i n g l e v e l s o f 
s h o o t i n g p r e s s u r e . 

F i n a l l y , t h e l e a d c o n c e n t r a t i o n s o b t a i n e d f r o m sediment s i e v e d 
when d r y were s l i g h t l y g r e a t e r t h a n f r o m sediment s i e v e d under hose 
p r e s s u r e , and t h e c o e f f i c i e n t s o f v a r i a t i o n were a l s o g e n e r a l l y l o w e r . 
T h i s was assumed t o be due t o t h e removal o f i n t e r s t i t i a l w a t e r d u r i n g 
wet s i e v i n g , and t o t h e l o s s o f v a r y i n g p r o p o r t i o n s o f t h e f i n e s t 
s ediment p a r t i c l e s . I t was t h e r e f o r e d e c i d e d t o d r y sediment samples 
b e f o r e s i e v i n g . 
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