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ABSTRACT: Loch Creran and Loch Eil, sea lochs in the west of Scotland, both receive discharges of 
particulate organic effluent from industrial installations. G1ycera alba (Miiller) is widely distributed 
in the sediments of both lochs, and assays of activities of enzymes associated with energy-yielding 
metabolism have been done on crude extracts of specimens collected from variously affected areas. 
Mean phosphofructokinase activities were low in extracts of G. alba collected some 400 m from the 
source of effluent from a seaweed processing factory, increased to a maximum at 900 m and 
declined slightly at 1150 m where the sediment is little affected by the effluent. Pyruvate kinase 
activities exhibited qualitatively similar changes of lesser magnitude and no differences in 
a-glycerophosphate or malate dehydrogenase activities were observed. In G. alba from Loch Ell a 
relationship was established between phosphofructokinase activity and Eh at 4 cm in the sediment 
and the maximum change in phosphofructokinase was found at low Eh, below -50 mV. The data are 
interpreted with reference to results from biological and environmental monitoring in Lochs Ell and 
Creran. It is suggested that the low phosphofructokinase activities in G. alba from the most affected 
areas of each loch may constitute a consistent biochemical response to effects of the organic inputs. 

I N T R O D U C T I O N  

Inputs  of o r g a n i c  m a t e r i a l  in to  t he  m a r i n e  e n v i r o n m e n t  can  c a u s e  s u c c e s s i v e  

c h a n g e s  in  t he  d i s t r i bu t ion  a n d  p o p u l a t i o n s  of m a c r o b e n t h i c  i n v e r t e b r a t e s  (see Pea r son  

& R o s e n b e r g ,  1978 for rev iew) .  M o n i t o r i n g  of t he  effects  of o r g a n i c  i npu t s  on the  f a u n a  

has  so far  b e e n  a t t e m p t e d  l a r g e l y  by  m e a n s  of b i o l o g i c a l  s a m p l i n g  t e c h n i q u e s  w h i c h  

r e l a t e  f luc tua t ions  in  t he  b e n t h i c  p o p u l a t i o n s  to t he  o r g a n i c  inputs ,  a n d  m u c h  of this  

effort  has  b e e n  d i r e c t e d  t o w a r d  de f i n i t i on  of w i d e l y  a p p l i c a b l e  i nd i ca to r  spec ies ,  e. g. 

Capitella capitata (Fabricius)  (Reish, 1972), w h i c h  a re  r e l a t i v e l y  res i s t an t  to effects  of 

o r g a n i c  e n r i c h m e n t  a n d  are  .able  to e x p l o i t  o r g a n i c a l l y  r ich  s ed imen t s ,  t he i r  n u m b e r s  

of ten  i n c r e a s i n g  to the  e x c l u s i o n  of mos t  o the r  spec ies .  
GIycera alba (Miil ler)  is a w i d e l y  d i s t r i bu t ed  p r e d a t o r y  p o l y c h a e t e  w o r m  w h i c h  is 

f ound  in  u n p o l l u t e d  a r ea s  a n d  a r ea s  w h i c h  m a y  be  d e s c r i b e d  as m o d e r a t e l y  p o l l u t e d  in  

t he  Scot t i sh  s ea  lochs,  Ei l  a n d  Cre ran ,  w h i c h  r e c e i v e  i npu t s  of p a r t i c u l a t e  o r g a n i c  

e f f luen t  f rom a w o o d  p u l p  a n d  p a p e r  mi l l  a n d  a s e a w e e d  p r o c e s s i n g  factory,  re -  

spec t ive ly .  It d o e s  not  c o m p e t e  w i t h  oppor tun i s t i c  spec ies ,  e. g. C. capitata, in  t he  mos t  
a f f ec t ed  a r ea s  of t h e s e  lochs  a n d  m a y  t h e r e f o r e  be  c o n s i d e r e d  to be  r e l a t i v e l y  s ens i t i ve  

w i t h  r e spec t  to ef fec ts  of h i g h  o r g a n i c  inputs .  
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Blackstock (1978) found that the activities of phosphofructokinase,  pyruvate  k inase  

and  a-glycerophosphate  dehydrogenase ,  all enzymes  associated with carbohydrate  
catabolism, decreased in  crude extracts of G. alba from the area which was considerably  
affected by the effluent input  into Loch Eil. Conversely,  malate  dehydrogenase  activities 
were highest  in  specimens  from the same area. The inves t igat ion was done in  associa- 
t ion with a programme of biological  and  env i ronmenta l  moni tor ing  of the effluent 
effects. Invest igat ions of enzyme activities in  crude extracts of G. alba from Loch Eil have 
b e e n  con t inued  and  a s imilar  inves t igat ion has b e e n  carried out us ing  G. alba from Loch 
Creran. The results of these invest igat ions  are now considered in  re la t ion to indica t ion  of 
effects of organic  pol lu t ion by means  of cer ta in  enzyme activity assays on sui tably 
sensi t ive species of macrobenth ic  fauna.  

MATERIALS AND METHODS 

S p e c i m e n  c o l l e c t i o n  l o c a t i o n s  

The Loch Creran  sampl ing  stations are shown in  Figure 1. Stations G, H, I, and  K 
have b e e n  the subjects of regular  biological  and  env i ronmen ta l  moni tor ing  dur ing  1976 
and  1977 and  some physical  condit ions and  popula t ions  of G1ycera alba in  the sediments  
are summar ized  in  Table  1. The wide range  of Eh values  and  popula t ion  densi t ies  of G. 
alba is indicat ive  of temporal  f luctuations which affect the benth ic  populat ions.  Pearson 
& Stanley (1977) discuss the moni tor ing  data in  terms of spatial  and  temporal  changes  in  
Loch Creran and  it is clear that  a wel l  def ined spatial  gradient  of organic pol lut ion effect 
exists. The effect is most p ronounced  in  the vicini ty of the point  source of discharge of the 
effluent from the seaweed  processing factory and  decreases rapidly with increas ing  
distance from the effluent outfall. Station G frequent ly  supports a h igh biomass of 
macrobenth ic  fauna  with low species diversity, but  is in termi t tent ly  afaunal  as a 
consequence  of temporal  f luctuations in  sed iment  conditions. Station H, some 400 m 
from the outfall, approximates  to the rees tab l i shment  of "normal"  biomass and  species 
diversity, but  condit ions are occasionally anoxic at the sediment  surface. At Stations I, J 
and  K few eff luent-related macrobenth ic  faunal  successions have b e e n  observed. 

Specimens of immature  G. alba for b iochemical  analyses  were col lec ted  from Loch 

TaMe 1. Loch Creran sampling stations: physical, environmental and biological data. Mean values 
from monthly monitoring from October 1976 to October 1977 with the observed ranges of values in 

parentheses 

Station Depth Distance El/(mV) T (~ S (%~ G. alba 
(m) from 4 cm (no./m 2) 

effluent in sediment 
out fall 

(m) 

G 14 150 -- 104 (-- 302, § 130) 10 (6-13) 32.7 (31.6-33.5) <1 (0- 3) 
H 20 400 + 21 (-- 173, § 103) 10 (6-13) 32.8 (32.0-33.6) 11 (5-15) 
I 22 650 + 74 (+ 14, + 269) 10 (6-13) 32.7 (32.0-33.6) 9 (3-23) 
K 18 1150 § 90 (+ 10, § 323) 10 (6-13) 32.7 (31.7-33.6) 6 (3-10) 
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LOCH CRERAN 

' ~ - - e f f [ u e n t  outfall 

Fig. 1. Outline map of Loch Creran showing sampling stations 
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~ - - e f f l u e n t  ou t fo l l  

Fig. 2. Outline map of Loch Eil showing the sampling stations and outline map showing the 
locations of Lochs Eil and Creran in the west of Scotland 

Creran  Stations H, I, J and K in  June  1978. Enzyme activi t ies were  es t imated  in crude 

extracts of the total tissues. To obtain  a measure  of var iabi l i ty  of enzyme  activi t ies wi th in  

the populat ion,  5 -6  spec imens  of similar  size (300 _ 100 mg  fresh weight)  were  col- 

l ec ted  from each  sampl ing  station and indiv idual ly  analyzed.  
The spec imens  of immature  G. alba from Loch Ell were  col lected in the vic ini ty  of 

sampl ing  Stations 2, 1 and 24 (Fig. 2) at i r regular  intervals  b e t w e e n  Apri l  1976 and 

N o v e m b e r  1978. Physical  condit ions at the sampl ing  stations in 1976-77 were  descr ibed  
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by  Blacks tock  (1978). In 1977 and  1978 there  were  cons ide rab le  e f f luen t - re la ted  f luctua-  
t ions in s e d i m e n t a r y  condi t ions  in Loch Eil, and  enzyme  act ivi t ies  in crude extracts  of G. 
alba must  now be  r e l a t ed  to p r eva l en t  env i ronmen ta l  condi t ions  ra ther  than  the com- 
pa r i son  of ac t iv i t ies  in  spec imens  from different  s a m p l i n g  stat ions as was  done  b y  
Blacks tock  (1978). Pooled  spec imens  con ta in ing  a m i n i m u m  of 10 G. alba were  used  for 
the  ana lyses  of the  Loch Eil spec imens .  

S p e c i m e n  c o l l e c t i o n  a n d  e x t r a c t i o n  

The spec imens  were  co l lec ted  by  Natura l i s t ' s  d redge ,  ex t rac ted  in 0.1 M-phospha t e  
buffer, pH 7.5, as de sc r ibed  by  Blacks tock (1978) and  the act ivi t ies  of phosphofmctok i -  
nase  (E. C. No 2.7.1.1.}, py ruva te  k inase  (E. C. No 2.7.1.40), a -g lyc e rophospha t e  dehyd-  
rogenase  (E. C. No 1.1.1.8} and  ma la t e  d e h y d r o g e n a s e  (NAD dependen t ,  E. C. No 
1.1.1.37) were  e s t ima ted  as de sc r ibed  by  Blacks tock  (1980) us ing  c o e n z y m e - l i n k e d  
spec t rophotomet r ic  p rocedures  wi th  subs t ra te  concent ra t ions  and  other  reac t ion  condi-  
t ions mod i f i ed  to ob ta in  m a x i m u m  rates.  F r e e z e - d r i e d  we igh t s  were  e s t ima ted  on 0.5 g 
subsamples  of the  f inely  c h o p p e d  poo l ed  spec imens  of G. alba from Loch Ell and  the 
enzyme  act iv i t ies  are  exp res sed  in units  (U)/g dry w e i g h t  of t issue,  whe re  1 uni t  
r ep resen t s  the  convers ion  of 1 ffmole of subs t ra te  pe r  min  u n d e r  the  test  condi t ions.  
Subsamp le s  of the  i nd iv idua l  an imals  from Loch Creran  were  not  t a k e n  for es t imat ions  of 
dry weight .  Ins tead  so lub le  p ro te in  was  e s t ima ted  by  the me thod  of Lowry et  al. (1951) 
and  enzyme  act ivi t ies  were  exp res sed  in mi l l i -un i t s  (mU}/mg so luble  protein.  Al l  
enzyme  reac t ions  were  car r ied  out  at 25 ~ 

RESULTS 

E n z y m e  a c t i v i t i e s  in  c r u d e  e x t r a c t s  of Giycera  alba f r o m  L o c h  C r e r a n  

Table  2 shows the m e a n  act iv i t ies  of phosphofruc tokinase ,  p y n l v a t e  k inase ,  ma la t e  
d e h y d r o g e n a s e  and  a -g lyce rophospha t e  d e h y d r o g e n a s e  e s t ima ted  in the  crude extracts  
of Glycera alba col lec ted  from the  four s a m p l i n g  stat ions in Loch Creran.  After  appropr i -  
ate ( logari thmic)  t ransformat ion  of the  phosphof ruc tok inase  and  mala te  d e h y d r o g e n a s e  
act ivi t ies ,  ana lys i s  of va r i ance  (Snedecor,  1956) i nd i ca t ed  that  only  for phosphofruc-  

Table 2. Glycera alba. Mean enzyme activities (mU/mg protein) in extracts of individuals collected 
from Loch Creran 

Sampling station H I J K 
No. of individuals 6 6 5 5 

Phosphofmctokinase 7.7 * 13.9 25.2 17.9 
Pyruvate kinase 218.7 319.2 384.0 387.6 
Malate dehydrogenase 533.2 900.2 667.3 527.3 
a-glycerophosphate dehydrogenase 51.5 47.6 54.3 44.5 

* Indicates significant difference (< 0.05) from mean activities at Station J 
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tokinase were be tween-group  differences signif icant  at the 95 % level  of probabil i ty.  
Subsequen t  appl ica t ion of Student ' s  t-test ind ica ted  that the m e a n  phosphofructoki- 
nase  activity in  extracts of G. alba from Station H was signif icantly lower (P<0.05) than  
the m e a n  activity in  specimens  from Station J. The results therefore indicate  that the 

lowest m e a n  phosphofructokinase activity was found in  extracts of G. alba from Station 
H, which represents  the closest proximity (400 m} to the effluent outfall. Increases in  
m e a n  phosphofructokinase activity are observed with increas ing  distance from the 
effluent outfall unt i l  Station J, some 900 m from the outfall and  considered to be beyond  
the area of inf luence  of the organic effluent (Peason & Stanley, 1977}. At Station K the 
m e a n  phosphofructokinase activity is some 30 % lower than at Station J, bu t  this 
difference is not statistically s ignif icant  at the 95 % level  of probabil i ty.  

Mean  pyruvate  ldnase  activity was also lowest in  extracts of G. alba from Station H, 
but  the differences be tween  the groups were not s ignif icant  at the 95 % level. 

Meanpyruva t e  k inase  activities did, however,  exhibit  a qual i ta t ively similar  pat tern of 
increase in  m e a n  activity with increas ing  distance from the effluent outfall, a ma x i mum 
be ing  at ta ined some 900 m from the outfall (Station J). Mean  pyruvate  kinase  activity 
was similar  in  extracts of GIycera alba from Stations J and  K (cf. phosphofructokinase).  

Mean  mala te  dehydrogenase  and  m e a n  a-glycerophosphate  dehydrogenase  
activities did not differ s ignif icant ly (P>0.1) be tween  groups of G. alba collected at the 
different sampl ing  stations. 

P h o s p h o f r u c t o k i n a s e  a c t i v i t i e s  i n  c r u d e  ex t r ac t s  of Glycera  alba f rom Loch  F.il 

Mean  activities of phosphofructokinase,  and  to a lesser extent, pyruvate  kinase,  
have b e e n  found to be relat ively low in  crude extracts of G. alba from Station H, which is 
more affected by the input  of organic effluent from the seaweed processing factory into 
Loch Creran than  are Stations I, 3 or K. Blackstock (1978) has observed signif icant ly low 
phosphofructokinase and  pyruvate  kinase  activities in  crude extracts of G. alba from 
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Fig. 3. Eh values at 4 cm depth in the sediments at Loch Eil Stations 2,1 and 24 from April 1976 until 
November 1978. Mean values calculated from consecutive pairs of monitoring surveys are shown 
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Loch Eil Stat ion 2 where  condit ions in  the sediments  are considerably  in f luenced  by  the 
input  of organic effluent from a wood pulp  and  p a p e r m i l l .  ~ r i n g  the latter invest iga-  
tion, in  1976 and  1977 sed iment  condit ions r ema ined  relat ively constant  and  condit ions 
at Loch Eil Station 2 were clearly more affected by the organic input  to the Loch than  
were condit ions at Stations 1 and  24. 

Figure 3 shows Eh values  at 4 cm depth in  the sediments  at Loch Eil Stations 2, 1 and  
24 b e t w e e n  April  1976 and November  1978. It is clear that major  temporal  f luctuations in  
sed iment  conditions,  exemplif ied by Eh values  and  thought  to be  re la ted to the effluent 
input,  occurred from mid-1977 and  there was f requent  overlap of the ranges  of Eh values  
measured  at Station 2 and  at Stations 1 and  24. Condit ions in  Loch Eil improved aga in  
late in  1978 and  further specimens  of G. alba were ob ta ined  from the vicini ty of Stations 
1 and  24, bu t  no G. alba were ob ta inab le  at Station 2. Phosphofructokinase activity, 
which is thought  to provide the most sensi t ive indicator  of effects of the organic inpu t  on 
G. alba, was es t imated in  crude extracts prepared  as before (Blackstock, 1978). All 
phosphofructokinase activities measured  in  crude extracts of G. alba from Loch Eil were 
then  considered in  re la t ion to Eh at 4 cm in  the sed iment  at the appropriate t ime and  
sampl ing  location, and  the data are presen ted  in  Figure 4. There is considerable  scatter, 
part icularly at h igh Eh values, bu t  appl icat ion of a non-paramet r ic  statistical test, 
calculat ion of the Spearman  Rank Correlat ion Coefficient (rs) (Siegel, 1956) gave a va lue  
of r s = 0.404 (N = 21), ind ica t ing  a s ignif icant  correlation (P< 0.05) be t w e e n  phospho- 
fructokinase in  the crude extracts of G. alba and  Eh at 4 cm in  the sediments  of Loch Eil. 
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activity in crude extracts of Glycera alba from 
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(__ S. E.) in crude extracts of Glyera alba from 
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For more deta i led examina t ion  of the relat ion be t w e e n  the observed enzyme 
activities and  Eh at 4 cm in  the sediments  all  the data were grouped into 4 groups 
represen t ing  ranges  of Eh va lues  (a) be low -100 mV, (b) -30  to -70  mV, (c) 0 to 25 mV 
and  (d) 4- 20 to + 75 mV. The m e a n  phosphofructokinase activities 4- S. E. in  each group 
are shown in  Figure 5. M e a n  phosphofructokinase activities in  crude extracts of G. alba 
from group (a} (Eh - 143 4- 17 S. D.) are clearly s ignif icant ly lower than  in  groups (b), (c) 
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and  (d}. In add i t i on  the  smooth curve in F igure  5 can be  in t e rp re t ed  as ind ica t ing  that  the  
re la t ion  b e t w e e n  m e a n  phosphof ruc tok inase  act ivi ty  in the crude  extracts  is non- l inea r  
and  the grea tes t  effect is obse rved  at low nega t ive  Eh values .  

DISCUSSION 

E n z y m e  a c t i v i t i e s  i n  Glycera alba f r o m  L o c h  C r e t a n  

The spec imens  of Glycera alba were  co l lec ted  in a s ingle  s a m p l i n g  trip and  the 
enzyme act ivi t ies  can therefore  only  re la te  to the  wel l  de f ined  spa t ia l  g rad ien t  of organic  
po l lu t ion  effect which  is k n o w n  to exist  as a consequence  of the  input  of par t i cu la te  
organic  eff luent  from the s e a w e e d  process ing  factory. 

The m e a n  phosphof ruc tok inase  act ivi ty  in crude extracts  of G. alba was  lowest  at 
Stat ion H, some 400 m from the effluent  outfal l  and  inc reased  to Stat ion J some 900 m 
from the outfall.  Therefore,  in  Loch Creran  as wel l  as Loch Eil (Blackstock, 1978), m e a n  
phosphof ruc tok inase  act ivi t ies  in c rude  extracts  of G. alba have  b e e n  found to be  lowest  
in spec imens  from the s ampl ing  stat ions most  af fec ted  by  the inputs  of par t i cu la te  
organic  effluent.  A re la t ion  b e t w e e n  env i ronmenta l  condi t ions  in the  sediments ,  p r ima-  
r i ly a consequence  of the  organic  inputs,  and  the obse rved  phosphof ruc tok inase  act ivi-  
t ies  is therefore  sugges ted .  

A quant i t a t ive  compar i son  of the changes  in enzyme  act ivi t ies  in  G. alba from Lochs 
Eil and  Creran  in re la t ion  to impac t  of the  effluents is not  poss ib le  at p resen t  s ince da ta  
on s ed imen ta ry  condi t ions  in  Loch Cre ran  at the  t ime of s a m p l i n g  are  lacking.  However ,  
the  m e a n  phosphof ruc tok inase  act ivi ty  from Stat ion J (25.2 m U / m g  pro te in  approx.  6 U/g  
dry  weight)  is much  lower  than  the cor respond ing  va lue  (14.3 U/g  dry weight)  of m e a n  
phosphof ruc tok inase  act ivi ty  obse rved  in c rude  extracts  of G. alba from Loch Eil 
s tat ion 1 (Blackstock, 1978). It is therefore  c lear  that  cons ide rab le  di f ferences  in m e a n  
phosphof ruc tok inase  act ivi ty  have  b e e n  obse rved  in the  two popu la t ions  of G. alba from 
Lochs Eil and  Creran,  and  a t tempts  to re la te  enzyme  act ivi ty  to effects of the  pa r t i cu la te  
effluent  must  at p resen t  be  res t r ic ted  to compar isons  wi th in  a s ingle  popula t ion .  The 
t echn ique  can therefore  only be  a p p l i e d  wi th  conf idence  in re la t ive ly  smal l  areas.  It is 
p r o b a b l e  that  differ ing env i ronmenta l  condi t ions  in Lochs Eil and  Cre tan  m a y  affect the 
obse rved  phosphof ruc tok inase  act ivi t ies  but  at p resen t  the  na ture  of such differences  
cannot  be  specif ied.  

The low m e a n  pyruva te  k inase  ac t iv i ty  in G. alba from Loch Creran  Stat ion H is 
consis tent  wi th  the  ea r l i e r  observa t ions  in this po lychae te  from Loch Eil and  sugges ts  
that  pyruva te  k inase  act iv i t ies  m a y  also dec rease  in response  to the  effects of the effluent  
inputs,  but  the  response  is somewha t  less  sensi t ive  than  that  obse rved  wi th  phosphofruc-  
tokinase .  

R e l a t i o n  b e t w e e n  p h o s p h o f r u c t o k i n a s e  a c t i v i t i e s  a n d  E h  i n  t h e  s e d i m e n t  

Eh at 4 cm in the sed imen t s  of Loch Eil is a r e l i ab le  indica tor  of the sed imen t  
condi t ion  in re la t ion  to the  effects of the  input  of pa r t i cu la te  organic  eff luent  from the 
wood  pu lp  and  p a p e r  mil l  at Anna t  Point, and  is r e l a t ive ly  unaffec ted  by  shor t - term 
env i ronmen ta l  f luctuat ions at the  s ed imen t -wa te r  in terface  (Pearson & Stanley,  1979}. 
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The re la t ion  b e t w e e n  phosphof ruc tok inase  act ivi t ies  in the  crude  extracts  and  Eh at  4 a n  
in  the  s ed imen t  (Fig.4) is therefore  an  a t t empt  to re la te  the  enzyme  act ivi t ies  to m e d i u m  
term f luctuat ions  in  s ed imen t  condi t ions  which  are  thought  to be  l a rge ly  in f luenced  by  
var ia t ions  in the  eff luent  input.  

The  cons ide rab le  scat ter  of poin ts  on F igure  4 is thought  to be  de r ived  from a 
n u m b e r  of sources  of va r ia t ion  inc lud ing  expe r ime n t a l  errors in  m e a s u r e m e n t  of Eh and  
enzyme  activity,  poss ib le  effects on G. alba of shor t - term var ia t ions  in condi t ions  at  the  
s e d i m e n t - w a t e r  in ter face  and  the inev i t ab le  var ia t ions  in t ime and  loca t ion  b e t w e e n  the 
Eh measu remen t s  and  the col lec t ion  of G. alba for b iochemica l  analysis .  In spi te  of these  
l imi ta t ions  in t echn ique  a semi -quan t i t a t ive  re la t ionsh ip  b e t w e e n  Eh at 4 cm and  
phosphof ruc tok inase  act ivi ty  has  b e e n  demons t ra ted .  This  re la t ion  is i n t e rp re t ed  as 
i nd i ca t i ng  that  s ed imen t  condi t ion,  as exempl i f i ed  by  Eh, has  an  effect on G. alba which  
is b iochemica l l y  demons t r ab le  as a dec l ine  in phosphof ruc tok inase  act iv i t ies  in the  
crude extracts.  The  smooth curve in F igure  5 shows that  the  effect is most  p r o n o u n c e d  at 
low Eh values ,  b e l o w  -50  mV at 4 cm in the  sediment .  Pearson & S tan ley  (1979) obse rved  
that  at Eh va lues  b e t w e e n  -100 mV and  0 mV at 4 cm in the  s e d i m e n t  an  inc rease  in  
spec ies  d ivers i ty  co inc ided  wi th  inc rease  in Eh, and  b e l o w  -100  mV re la t ive ly  few 
spec ies  of mac roben th i c  fauna  survived.  Inc reased  stress of G. alba at Eh b e l o w  -50  mV 
is therefore  consis tent  wi th  observat ions  of spec ies  d is t r ibut ions  in  re la t ion  to effects of 
o rganic  inpu t  on the  s ed imen t  popu la t ions  (Pearson, 1975}. It is therefore  poss ib le  that  
the  low phosphof ruc tok inase  act iv i t ies  in  c rude  extracts  of G. alba from locat ions  w h e r e  
the  s ed imen t  Eh is low ref lect  a response  to m e d i u m - t e r m  effects of the  organic  input  on 
s e d i m e n t  condi t ions.  

M e t a b o l i c  s i g n i f i c a n c e  of  l o w  p h o s p h o f r u c t o k i n a s e  a c t i v i t i e s  

Phosphof ruc tok inase  is an  a l los ter ic  enzyme  which  is sensi t ive  to modu la t i on  of its 
act iv i ty  by  a n u m b e r  of i n t e rmed ia ry  effectors inc lud ing  AMP, fructose d iphospha te ,  
i no rgan ic  phospha te ,  c i t rate  and  a m m o n i a  (Mansour,  1972; Newsholme ,  1977). It is 
therefore  c lear  that  ac t iv i t ies  m e a s u r e d  in vitro in c rude  extracts  of Glycera alba m a y  not 
accura te ly  ref lect  act ivi t ies  in vivo. However ,  Zammi t  & N e w s h o l m e  (1976) have  ind ica -  
t ed  that  m a x i m u m  act iv i t ies  of phosphof ruc tok inase  in crude extracts  of mar ine  inver te-  
b ra te  musc les  can p rov ide  an  ind ica t ion  of the  m a x i m u m  flux of me tabo l i t e s  th rough  
glycoIysis .  Pyruvate  k inase  also ca ta lyzes  a key  reac t ion  invo lved  in the  r egu la t ion  of 
g lycolys is  and  the dec l ine  of phosphofruc tok inase ,  and  to a l esser  ex tent  pyruva te  k inase  
act ivi t ies ,  in  the  crude  extracts  is ind ica t ive  of a poss ib le  dec l ine  in  m a x i m u m  glycoIyt ic  
f lux in G. alba from areas  cons ide rab ly  affected by  the organic  inputs.  It has  b e e n  
obse rved  that  phosphof ruc tok inase  act ivi t ies  were  low in G. alba u n d e r  anoxic  condi-  
t ions w h e n  the an imals  r e m a i n e d  immobi l e  and  po lychae te s  from Loch Eil Sta t ion 2 (low 
phosphofruc tok inase)  in 1976 were  obse rved  to be  less  act ive than  G. alba from the  less 
af fec ted  Stat ions 1 and  24. Below a cer ta in  cri t ical  l eve l  of phosphof ruc tok inase  act ivi ty  a 
d e c r e a s e d  capab i l i t y  for normal  mobi l i ty  is poss ib le .  However ,  mobi l i ty  (and enzyme  
activity) m a y  be  r ap id ly  res tored  (Blackstock, 1978). It is c lea r  that  more  work  is r equ i r ed  
to p rov ide  informat ion on in vivo consequences  of the  changes  in enzyme  act ivi t ies  
wh ich  have  b e e n  obse rved  in  the  crude  extracts.  The  ab i l i ty  to ma in t a in  normal  
bu r rowing  and  feed ing  capab i l i t y  w h e n  phosphof ruc tok inase  act ivi t ies  are  low wil l  
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d e p e n d  on var ious  factors i nc lud ing  capab i l i ty  for nonglycoly t ic  ene rgy  product ion,  e. g. 
from phosphagens ,  and  the  total  e n e r g y  demand ,  wh ich  is cons ide red  to be  gene ra l ly  
low in G. alba (Ocke lman  & Vahl,  1970). 

E n z y m e  a c t i v i t i e s  a s  i n d i c e s  of p o l l u t i o n  e f f ec t s  

Bayne et  al. (1976} have  sugges t ed  that  useful  ind ices  of the b io log ica l  effects of 
env i ronmen ta l  change ,  i nc lud ing  pol lut ion,  must  sat isfy two impor tan t  cri teria.  The  first 
cr i ter ion is that  a m e a s u r a b l e  change  in  response  bea r s  a quant i ta t ive  re la t ionsh ip  wi th  
the st imulus.  Secondly,  the  response  should  have  a de t r imen ta l  effect on growth,  
r eproduc t ion  or survival.  

Phosphofruc tokinase  act ivi t ies  in crude extracts  of G. alba have  b e e n  shown to 
re la te  to s ed imen t  condi t ions,  which  have  b e e n  quant i f i ed  as Eh va lues  at 4 cm in the 
sediment .  The  e s t a b l i s h e d  re la t ionsh ip  is at  p resen t  only semi -quan t i t a t ive  and  further  
a ssessment  of the  re la t ionsh ip  at low Eh va lues  in the  r ange  -50  to -150 mV is c lear ly  
requi red .  The  me tabo l i c  and  eco log ica l  s ign i f icance  of the  low phosphof ruc tok inase  
act ivi t ies  also needs  further  elucidation~ at p resen t  de t r imen ta l  effects of the  obse rved  
b iochemica l  changes  cannot  be  conclus ive ly  proven,  a l though  some impa i rme n t  of 
e n e r g y - y i e l d i n g  me tabo l i sm wi th  consequent  impa i rmen t  of f eed ing  or bu r rowing  
capab i l i ty  is cons ide red  to be  a p r o b a b l e  consequence  in the  most  affected ind iv idua ls .  

Some appa ren t  incons is tenc ies  of response  have  b e e n  observed,  e. g. low a- 
g lyce rophospha te  d e h y d r o g e n a s e  act ivi t ies  and  h igh  ma la t e  d e h y d r o g e n a s e  act ivi t ies  
were  obse rved  only in  G. alba from Loch Ell Sta t ion 2. This observa t ion  m a y  be  
ind ica t ive  of d i f ferences  in the  response  of the different  popula t ions  of G. alba to the 
effects of the  eff luents  in Lochs Eil  and  Creran.  The  re la t ive ly  low m e a n  phosphofructo-  
k ina se  act ivi ty  in G. alba from Loch Creran  Stat ion K, cons ide red  to be  out wi th  the  a rea  
of inf luence  of the effluent,  m a y  also ind ica te  na tu ra l  effects re la t ing  to the  more  
impove r i shed  fauna  encoun te red  in a reas  to ta l ly  unaf fec ted  by  organic  enr ichment .  

Na tura l  phys io log ica l  rhy thms m a y  be  ref lec ted  in  enzyme  act iv i t ies  e s t ima ted  in  
crude extracts  of po lychae te  t issues  (Blackstock & Pearson,  1979). In G. alba the  repro-  
duct ive  phase  is thought  to b e  of short  dura t ion  and  t e rmina tes  the  l ife of the  worm 
(Ocke lman  & Vahl,  1970}. In the  immature  spec imens  used  th roughout  this  inves t iga t ion  
there  was  no ev idence  of any  r egu la r  seasona l  t rends  in enzyme  act ivi ty  (Blackstock, 
1978) and  the  enzyme  act ivi t ies  are  cons ide red  to p r imar i ly  ref lect  effects of environ-  
men ta l  condit ions.  The w ide  d is t r ibut ion  of G. alba in po l lu t ed  and  mode ra t e ly  po l lu t ed  
areas,  the  absence  of r egu la r  seasona l  rhy thms of enzyme  act ivi ty  and  the consis tent ly  
low phosphof ruc tok inase  act iv i t ies  in  c rude  extracts  of G. alba from the  a reas  most  
affected by  the organic  inputs  irlto Lochs Ell and  Creran  are  al l  cons ide red  to ind ica te  the  
po ten t ia l  va lue  of fur ther  inves t iga t ions  which  m a y  provide  rapid,  r e l i ab l e  b iochemica l  
ind ices  of the  effects of organic  po l lu t ion  on sensi t ive  macroben th i c  inve r t eb ra te s  
a ssoc ia ted  wi th  the  d iverse  fauna  found in unpo l lu t ed  mar ine  sediments .  
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