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ABSTRACT: The effect of pulp  and  paper  mill waste  discharges in the Swale, a t idal channe l  on the 
southeast  coast of England,  has been  studied. A puls ing t idal  movement  in  the Swale results in 
effluent be ing  t rapped  wi th in  the estuary for up to 20 days. This has  resul ted in adverse effects on 
the quali ty of the water  and  sediment  along a substant ial  part  of the estuary wi th  the greatest  effect 
occurring east of the mill  in the direction of the residual  current. A reduction in the dissolved 
oxygen concentrat ion occurred along a 13-kin stretch of the estuary with mean  values fal l ing to 
53 % saturat ion near  the mill. High levels of organic mat ter  in  the sediment  reflect the  deposit ion of 
mater ial  from the mill effluent s tream and  loss on igni t ion values of up to 12 % were  found east of 
the mill, fall ing to 5 % wi thin  4 km nor thwest  of the mill. The macrofauna of the intert idal  mudflats 
was typical of a stressed envi ronment  wi th  a low number  of species and  wi th  a few be ing  
represented  by large numbers  of individuals.  The dominant  species was the sabel l id  polychaete  
Manayunkia aestuarina which  reached  peak  numbers  of over 1.5 mill ion m -2, 1.5 km east of the 
mill. An increase in the total biomass near  the mill  is thought  to be associated with organic 
enr ichment  from the mill wastes. 

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

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

m i x t u r e  of w a s t e  o r g a n i c  p r o d u c t s  d e r i v e d  f r o m  t h e  w o o d ,  t o g e t h e r  w i t h  t h e  w a s t e  

c h e m i c a l s  u s e d  in  t h e  p u l p i n g  p roces s .  T h e  e f fec t s  of t h e  d i s c h a r g e  of t h i s  m a t e r i a l  i n to  

t h e  m a r i n e  e n v i r o n m e n t  h a v e  b e e n  d e s c r i b e d  for  a n u m b e r  of b a y s  a n d  i n l e t s  i n  b o r e a l  

w a t e r s  (Bagge ,  1969; P e a r s o n ,  1970, 1971a,  b,  1975; R o s e n b e r g ,  1972, 1973a,  b;  Lep -  

p~ikoski,  1975; Poo le  e t  al.  1977). A m o n g  t h e  m o s t  n o t i c e a b l e  e f fec t s  is  a n  i n c r e a s e  i n  t h e  

o r g a n i c  l o a d i n g  of t h e r e c e i v i n g  w a t e r s  w h i c h  r e s u l t s  .in a h i g h  o x y g e n  d e m a n d  e x e r t e d  

o n  b o t h  t h e  w a t e r  c o l u m n  a n d  s e d i m e n t .  T h e  d e p o s i t i o n  of o r g a n i c  m a t t e r  o n t o  t h e  

s e d i m e n t  h a s  u s u a l l y  b e e n  a s s o c i a t e d  w i t h  a c h a n g e  in  t h e  s t r u c t u r e  of t h e  b e n t h i c  

c o m m u n i t y ;  i n  s o m e  a r e a s  d i s c o l o u r a t i o n  of t h e  w a t e r  c o l u m n  a n d  i n h i b i t i o n  of p h y t o -  

p l a n k t o n  g r o w t h  h a s  a l so  b e e n  o b s e r v e d  ( P a r k e r  & S ibe r t ,  1973; S t o c k n e r  & Cliff,  1976). 

T h e  p u r p o s e  of t h e  s t u d y  r e p o r t e d  h e r e  w a s  to a s s e s s  t h e  e f fec t  of t h e  m i l l  e f f l u e n t s  
o n  t h e  S w a l e  e n v i r o n m e n t .  T h i s  p a p e r  b r i e f l y  s u m m a r i s e s  s o m e  of t h e  m a i n  e c o l o g i c a l  

f i n d i n g s  o b t a i n e d  b e t w e e n  1971 a n d  1973. 
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STUDY AREA 

The Swale is a t idal  channe l  separa t ing  the Isle of Sheppey from the Kent m a i n l a n d  
on the southeast  coast of Eng land  (Fig. 1). The nor thwestern  half of the Swale forms a 
narrow and  relat ively deep channe l  with a shorel ine of exposed geological  clay where  
t idal scour is strongest. Deep, soft mud  deposits characterise the sediments  in  the middle  
reaches of the Swale and  as the channe l  widens  aga in  eastwards towards Whits table  
Bay, the sediments  become increas ingly  sandy unt i l  on the Whits table  Flats, they consist 
of fine sand, mud  and  shell. The area sur rounding  the Swale has r ema ined  largely  
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Fig. 1. The Swale showing the position of the paper mi l l  discharge at Kemsley (southeast England) 

unspoi l t  with little hous ing  and  industr ia l  development .  However,  the towns of Queen-  
borough on the Isle of Sheppey together  with Si t t ingbourne and Faversham on the Kent 
m a i n l a n d  release industr ia l  and  sewage effluents into the creeks which dra in  into the 
Swale. In addi t ion  pu lp  and  paper  mil l  effluents have b e e n  re leased into the Swale for 
over 90 years and  at present  these effluents form the most important  pol lu t ing inputs  to 
the Swale, amoun t ing  to near ly  94 % of the total biological  oxygen d e m a n d  (BOD) load 
(Fig. 2). 

The movemen t  of the t idal  streams in the Swale has a profound inf luence  on the 
qual i ty  of the water  wi th in  the estuary since it de termines  the amount  of water  avai lable  
to di lute each discharge of effluent and  also affects the rate at which  effluent is f lushed 
through the Swale. The basic  pat tern  of t idal movemen t  has b e e n  descr ibed by Evans- 
& Newel l  (1957) and  is domina ted  by the flow of water  in  the outer Thames  estuary. As 

the t ide floods in  the Thames,  water  moves around the Isle of Sheppey and  enters  the 
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Swale  at both its nor thern and eas tern  entrances.  The conf luence of the opposing t idal  

streams is not we l l  def ined but  lies somewhere  wi th in  the central  r eg ion  of the Swale.  

After the per iod of h igh  wate r  (HW) slack in the estuary, water  cont inues to flow into the 

Swale  past  the nor thern ent rance  whi le  the t idal  s t ream in the eas tern  Swale  has 

reversed  direct ion and b e g u n  to ebb to the east. Consequent ly ,  for a per iod of about  2 h 

both t idal  streams move  in an easter ly direct ion through the Swale.  The  result  of this 
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Fig. 2. Amount of pollutants discharged into the Swale as a percentage of the total BOD load 

u n e v e n  t idal  f low is to create  an easter ly res idual  m o v e m e n t  of water  through the Swale.  

Finally, as the flow of water  from the north slackens, the s tream reverses  direct ion and 

the ebb streams now flow in opposi te  direct ions unti l  low water.  
The effect of the t idal  m o v e m e n t  on mill  effluents, which  are d i scharged  for a 2 h 

per iod p reced ing  each  HW near  the middle  of the Swale,  is thus ini t ia l ly  to push the 

effluent in an easter ly  direction. However ,  the t idal  s t ream is not sufficiently strong to 

push the effluent out of the estuary on a s ingle  t ide and as a result  it is carr ied back  into 
the estuary by the next  flood tide. Each eff luent  patch then  pulses  back  and forward 
wi th in  the Swale  gradual ly  be ing  carr ied eas tward  by the res idual  water  m o v e m e n t  unti l  
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even tua l ly  it is d i lu t ed  and  car r ied  out of the  estuary.  The  t ime t a k e n  for eff luent  to l eave  
the  Swale  wi l l  va ry  wi th  the  spr ing  and  neap  t ida l  cycle  bu t  m a y  be  b e t w e e n  5 and  20 
days  (J. W. Talbot ,  pe r sona l  communicat ion}.  

METHODS 

Sal in i ty  and  d i sso lved  oxygen  concent ra t ions  of the  wa te r  co lumn were  m e a s u r e d  
us ing  a s t anda rd  s a l i n i t y - t empera tu re  b r idge  and d isso lved  oxygen  meter .  Sed imen t  
pa r ame te r s  were  d e t e r m i n e d  by  ana lys i s  of core samples  t aken  m a n u a l l y  from a round  
the low w a t e r  a n d  mid - t i de  reg ions  of the  in te r t ida l  mudflats .  The  o rgan ic  ma t t e r  in  the  
s ed imen t s  was  d e t e r m i n e d  by  combus t ion  of d r i ed  ma te r i a l  in  a furnace at 550 ~ and  an  
a s sessmen t  of f ibre depos i t ion  was  m a d e  from the p lan t  ma te r i a l  r e t a i n e d  on an  0.5-mm 
s ieve  after r emova l  of the benthos .  Par t ic le  size ana lys i s  was  ca r r i ed  out accord ing  to 
me thods  de sc r ibed  by  Holme and  McIntyre  (1971). Benthos was  co l lec ted  at  approxi -  
ma te ly  t h ree -mon th ly  in tervals  for a pe r iod  of two years  by  t ak ing  ten  5-cm d i a m e t e r  
core s amples  at each  site and  s iev ing  the ma te r i a l  t h rough  an  0.5-mm sieve.  Biomass was  
e s t ima ted  as ash-f ree  dry we igh t  of r ep resen ta t ive  samples .  Samples  were  t a k e n  regu-  
la r ly  at four stat ions:  Kingsferry Bridge,  the  mil l  outfall ,  E lmley  Ferry  and  Har ty  Ferry  
(see Fig. 1). 

RESULTS 

The sa l in i ty  of the  wa te r  in the  Swale  was  d e t e r m i n e d  l a rge ly  b y  the inflow of wa te r  
from the Thames  and  M e d w a y  estuar ies ,  a l though  local  var ia t ions  in  sa l in i ty  occurred  
w h e r e  smal l  c reeks  of f resh wa te r  d r a ined  into the  Swale.  The  m e a n  sa l in i ty  r a n g e d  from 
28.5 %o nea r  the  mil l  outfall  (for pos i t ion  see  Fig. 1} to a round  31%0 at the  nor thern  and  
eas t e rn  en t rances  to the  Swale.  

E f f ec t  of m i l l  e f f l u e n t  o n  w a t e r  a n d  s e d i m e n t s  

The  m e a n  d i sso lved  oxygen  concent ra t ion  at  both  h igh  and  low wate r  a long  an  
app rox ima te ly  13-km stretch of the Swale  is shown in F igure  3. To the nor thwes t  of the 
mill ,  the  leve ls  of d i s so lved  oxygen  were  usua l ly  h igh  (85-90 % saturated} bu t  d r o p p e d  
s t ead i ly  to r each  a m i n i m u m  close  to the  mi l l  outfall .  After  an  in i t ia l  recovery  eas t  of the  
mil l  the  concent ra t ion  of oxygen  was  p rogress ive ly  r e d u c e d  as the  eff luent  which  was 
t r a p p e d  wi th in  this  r eg ion  u t i l i zed  the  oxygen  in the  wa te r  column. In the  most  eas te r ly  
sect ion of the  estuary,  more  than  10 k m  from the  mil l  outfall ,  the  d i s so lved  oxygen  
concen~a t ion  inc reased  a g a i n  u n d e r  the  inf luence  of unpo l lu t ed  wa te r  moving  into the  
Swale  from Whi t s t ab le  Bay. 

The  sed imen t s  eas t  of the  mil l  were  affected by  pu lp  was tes  to a g rea te r  ex tent  t han  
those  nor thwes t  of the  mill ,  re f lec t ing  the  p r e d o m i n a n t l y  eas te r ly  m o v e m e n t  of effluent.  
Thus the  leve l  of o rganic  mat te r  in the  s ed imen t  m e a s u r e d  in terms of the  w e i g h t  loss on 
ign i t ion  (LOI) va r i ed  from a m e a n  va lue  of nea r ly  12 % east  of the  mil l  to 5 % wi th in  4 
k m  nor thwes t  of the  mill .  East  of the  mil l  LOI va lues  r e m a i n e d  h igh  for over  9 k m  from 
the mil l  outfal l  and  s h o w e d  a m a r k e d  drop  only w h e n  the  na ture  of the  s e d i m e n t  
c h a n g e d  from fine m u d  to m u d d y  sand.  The  d is t r ibu t ion  of f ibre  in  s ed imen t  samples  
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Fig. 3. Dissolved oxygen concentrations in the Swale at high water {solid line) and low water 
{broken line}. Vertical bars indicate standard error of the mean • 2 

showed a similar  pat tern  (Table 1). Al though both pu lp  fibre and  natura l  p lant  remains  
were present  in  the sediments  throughout  the Swale, the heaviest  deposi t ion of pulp  
fibre occurred east of the mil l  and  at one station made  up 94 % of the total fibre load. 

The sed iment  types at the four stations sampled  regular ly  were similar. The med ian  
particle size of the surface samples  var ied from 4.1-5.2 ~ (0.027-0.052 mm} which 
corresponds to coarse silt particles. Measures  of the f requency dis tr ibut ion of the 
particles indica ted  that the samples were wel l  sorted with most of the particles ly ing  
wi th in  a few size ranges  of the mean.  The fact that the sediments  were similar  mean t  
that, in  the absence  of pre-discharge studies, comparisons on the effects of mil l  wastes on 
the benthos  at each stat ion could be "made with greater  confidence.  

Effect  of m i l l  e f f l u e n t s  o n  t he  b e n t h o s  

The results of the mid- t ide  samples  taken  over a two-year  period are summar ised  in  
Table  2 which gives the n u m b e r  of indiv iduals  and  biomass of the ma in  taxa at each 
station, averaged over the sample period. Both the number s  of indiv iduals  m -2 and  the 
biomass m -2 were highest  at Elmley Ferry, approximately  1.5 km east of the mil l  outfall, 
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T a b l e  1. Dry w e i g h t  of f ibre  ex t r ac t ed  f rom s e d i m e n t  s a m p l e s  in  t h e  Swa le  t o g e t h e r  w i t h  s t a n d a r d  
d e v i a t i o n s  of t he  m e a n  

Local i t ies  Tota l  f ibre  SD % p a p e r  f ibre  Pape r  f ibre  
wt  (g 0.1 m-3) * w t  (g 0.1 m ~ )  * 

(A) M i d - t i d e  
Horse  R e a c h  153 -*  * 30 46 
K ings f e r ry  Br idge  117 ___ 7.4 46 54 
Mi l l  out fa l l  179 ___ 11.5 88 16 
E l m l e y  Fer ry  199 ___ 14.2 89 177 
Ha r ty  Fer ry  184 • 8.7 57 104 
G r a v e n e y  M a r s h  36 -*  * 6 2 

(B) Low w a t e r  
Hor se  R e a c h  112 -*  * 31 35 
K ings f e r ry  Br idge  138 • 4.3 19 26 
Mil l  outfaU 632 • 5 9 . 2  86 543 
E l m l e y  Perry 240 • 13.3 94 225 
Harry Ferry 296 ___ 8.4 49 145 
G r a v e n e y  M a r s h  46 -*  * 27 12 

* E q u i v a l e n t  to a s q u a r e  m e t r e  of s e d i m e n t  r e m o v e d  to a d e p t h  of 10 cm.  
* * Too f ew  s a m p l e s  to be  ab l e  to de r ive  s t a n d a r d  dev ia t ions .  

T a b l e  2. M e a n  n u m b e r s  of e a c h  s p e c i e s  m -2 at  t he  four  s t a t ions  s a m p l e d  

K i n g s  ferry  Mil l  E l m l e y  Ha r ty  
Br idge  ouffal l  Perry  Per ry  

M o l l u s c a  
Hydrobia ulvae 2 220 8 500 15 110 1 920 
Retusa obtusa 203 0 0 0 
Abra tenuis 2 590 660 1 070 3 310 
Scrobicularia plana 64 66 0 0 
Macoma balthica 0 29 71 196 
Myti lus  edulis  36 0 14 29 
Cerastoderma edule  0 14 0 0 

P l a t y h e l m i n t h e s  
Procerodes ulvae 29 256 2 890 51 
Leptoplana tremellaris 0 0 240 0 

N e m a t h e l m i n t h e s  
N e m a t o d e s  68 410 124 220 71 590 71 170 

A n n e l i d a  
Eteone longa 0 0 530 153 
Nereis  diversicolor 5 450 2 740 310 3 620 
Pygospio elegans 203 263 496 210 
Heteromastus  fi l i formis 124 0 28 87 
Manayunk ia  aestuarina 56 670 259 740 1 529 640 49 870 
Tub i f i c id s  27 300 84 670 102 150 21 720 

C r u s t a c e a  
H a r p a c t i c o i d s  8 550 54 800 18 870 24 760 
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largely  because  of the abundance  of the sabe l l id  po lychaete  Manayunkia aestuarina 
w h i c h  accounted for over 80 % of the b iomass  and nearly 90 % of the total numbers  of 
ind iv idua l s  in the sample .  There w a s  a decrease  in both these  measures  at the outfall  but  
here too the contribution of the smal ler  anne l ids  to the total b iomass  was  larger than that 
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of any of the other groups. At the two outer stations, Kingsferry Bridge (2.8 k m  northwest  
of the outfall) and Harry Ferry (9.5 k m  east), both the b iomass  and n u m b e r  of ind iv idua l s  
m -2 were  greatly reduced and at both stations Nereis diversicolorwas the largest s ingle  
contributor to the biomass .  

The  spec ies  composi t ion  of the benthos  was  essent ia l ly  s imilar at each of the four 
m a i n  stations s a m p l e d  (Table 3) and there w a s  little difference b e t w e e n  the m e a n  
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n u m b e r  of species at each station. Five species occurred commonly  in  all  the mid- t ide  
samples. These were the polychaetes  Manayunkia aestuarina and  Nereis diversicolor, 
the tubif icid Peloscolex benedeni, the gastropod Hydrobia ulvae and  the small  b ivalve  
Abra tenuls. Nematodes  and  harpacticoids were also important  groups but  were not 
adequate ly  sampled  with the 0.5-mm mesh sieve which was used. 

The m a i n  features of the dis tr ibut ion of the five commonest  species are shown in  
Figure 4. At Kingsferry Bridge and Harty Ferry the number s  of N. diversicolor and A. 
tenuis were high in  comparison to the mil l  outfall and  Elmley Ferry. The number s  of M. 
aestuarina, tubificids and H. ulvae show an  opposing t rend with a dramatic  increase  at 
the mil l  outfall and  at Elmley Ferry. Al though the n u m b e r  of organisms collected in  the 
low water  samples  was greatly reduced  compared to the mid-t ide samples,  the same 
genera l  re la t ionship b e t w e e n  a b u n d a n c e  and distance from the outfall was evident.  

DISCUSSION 

The results of the study show that large areas of the Swale have b e e n  affected by the 
organic loading  from the mill. However,  the strong t idal  currents have largely p reven ted  
the deve lopment  of anoxic sediments  and  nowhere  is the pol lut ion so severe that areas 
are devoid of macrofauna.  

There are several  explanat ions  for the low n u m b e r  of macrobenthic  species and  for 
the increases in  a b u n d a n c e  and  biomass close to the mill. A low species n u m b e r  is 
characteristic of organical ly  pol luted areas bu t  is also a typical  feature of very fine 
muddy  deposits. In the area of interest  wi th in  the Swale, the sediments  are similar  in  
character and  consist of fine wel l -sor ted  muds  which conta in  a h igh proport ion of 
particles wi th in  a l imited size range.  As a result  the range  of habitats  avai lable  to 
macrobenthos  will  be  reduced compared with a more mixed deposit  and  this will  t end  to 
l imit  the n u m b e r  of species found. A further feature of muddy  sediments  is the low water  
flow through the deposit  which results in  a rapid decrease in  oxygen with depth. The 
shallow layer of aerated sediment  reduces  the space avai lable  for organisms l iv ing 
wi th in  the substrate and  wil l  t end  to e l iminate  m a n y  deep bur rowing  species. The 
presence  of shells from Mya arenaria and  Scrobicularia plana indicates  that these 
species were once a b u n d a n t  in  the Swale, a l though they are now rarely found in  the 

estuary. Organisms l iv ing close to the surface or in  tubes  which rise above the sed iment  
surface will  be at an  advantage  and  this is demonstra ted by the p reponderance  of the 
t ube -bu i ld ing  polychaete  M. aestuarina close to the mill. 

The fauna  of soft mud  deposits is a lready adapted  to m a n y  of the features which 
characterise organic pol lu t ion inc lud ing  reduced oxygen concentrat ions in  the water  
and  sediments  and  high loss on igni t ion  values  in  the sediment .  The discharge of organic 

wastes onto the muddy  sediments  in  the Swale will, therefore, have less effect on the 
benth ic  communi ty  than  on the popula t ions  of more diverse habitats  such as those 
descr ibed e lsewhere  (Pearson, 1975; Wharfe, 1975; Pearson & Rosenberg, 1976; Mc- 
Lusky et al., 1978). 

The in tensi ty  of predat ion close to the mil l  is an  addi t ional  factor which wil l  affect 
the deve lopment  of dense  popula t ions  of ben th ic  organisms unde r  the inf luence  of 
organic pollution.  Reise (1977) has shown that mud  communi t ies  in  the German  W a d d e n  
Sea which are artificially protected from in tense  predat ion are able to develop up to a 
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t e n - f o l d  i n c r e a s e  i n  a b u n d a n c e .  T r a w l  s u r v e y s  c a r r i e d  o u t  i n  t h e  S w a l e  (R. G. J. S h e l t o n  

& P. J .  W a r r e n ,  p e r s o n a l  c o m m u n i c a t i o n )  p r o v i d e  e v i d e n c e  t h a t  m o b i l e  p r e d a t o r s  s u c h  a s  

f l a t f i sh  a n d  c r a b s  a r e  l e s s  a b u n d a n t  c lose  to t h e  m i l l  a n d  c o n s e q u e n t l y  p r e d a t i o n  m i g h t  

b e  a n  i m p o r t a n t  f a c t o r  i n  t h e  d e v e l o p m e n t  of t h e  d e n s e  m a c r o b e n t h i c  p o p u l a t i o n s  n e a r  

t h e  out fa l l .  If c o m m e r c i a l  f i sh  s p e c i e s  a r e  u n a b l e  to u t i l i s e  t h e  r i c h  s o u r c e  of f ood  c lose  to 

t h e  mi l l ,  t h e  r e s u l t  w i l l  b e  a n  o v e r a l l  d e c r e a s e  i n  t h e  a r e a  a v a i l a b l e  for  f e e d i n g  d e s p i t e  

t h e  h i g h  b i o m a s s .  

C O N C L U S I O N S  

T h e  S w a l e  h a s  r e c e i v e d  d i s c h a r g e s  f r o m  p u l p  a n d  p a p e r  m i l l  w a s t e s  o v e r  t h e  p a s t  90 

yea r s .  T h e  m o s t  n o t i c e a b l e  e f fec t s  o n  t h e  e n v i r o n m e n t  a r e  d e p r e s s e d  l e v e l s  of d i s s o l v e d  

o x y g e n  a n d  a n  i n c r e a s e  i n  t h e  o r g a n i c  l o a d i n g  of t h e  s e d i m e n t .  A n  i n c r e a s e  i n  t h e  

b i o m a s s  w i t h o u t  a s i g n i f i c a n t  c h a n g e  i n  t h e  s p e c i e s  c o m p o s i t i o n  of t h e  m a c r o b e n t h o s  a t  

t h e  m o s t  p o l l u t e d  s t a t i o n s  r e f l ec t s  t h e  a b i l i t y  of t h e  soft  b o t t o m  c o m m u n i t i e s  to  t o l e r a t e  a 

h i g h  o r g a n i c  i n p u t .  
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