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ABSTRACT: The scale of waste discharges to the marine environment from the pulp and paper 
industry in various parts of the world is outlined and a brief description of the major characteristics 
of such wastes is given. The information available on the direct toxicity of these wastes to marine 
fauna and flora is assessed including both lethal and sublethal effects. The environmental impact of 
waste discharge and subsequent ecosystem modifications are considered in detail; the complex- 
adjustments to the nutrient and carbon budgets of the water column and sediment involved in direct 
alterations to their oxygen balance and other indirect eutrophication effects are described. It is 
concluded that whereas the direct toxicity of these wastes has minimal effect in the marine 
environment the complex problems created by increasing the oxygen demand of the receiving 
waters can have considerable impact in inshore areas. Methods of minimising the effect of such 
impacts and of forecasting their extent are outlined. 

"He saw its excreta poisoning the seas. He became watchful" (Hughes, 1970). 

" INTRODUCTION 

The pulp and pape r  industry uses a mult ipl ic i ty  of processes in order to reduce  raw 

wood and other  types of vege t ab l e  mater ia l  to usable  fibre. Essent ial ly all these 

processes are des igned  to separa te  the cel lulose component  from the remainder ,  which  

may be  as much  as fifty percent  of the raw material .  Al though  part  of this re jec ted  

mater ia l  may  be  used  in some systems to fuel  the process, much  of it is inevi tab ly  

d isposed of as waste  and thus consti tutes a cons iderable  eff luent  problem. The scale of 

the p rob lem in so far as it affects the mar ine  env i ronment  in various parts of the world  

may  be  apprec ia ted  from a considerat ion of the information g iven  in Table  1, t aken  from 

the OECD report  "Pol lut ion by the pulp and pape r  industry"  (1973). A l though  there  are 

many  mills  in cont inenta l  Europe, very few of these  discharge to mar ine  waters,  whereas  
in Scandinav ia  mills  creat ing forty percent  of product ion d ischarge  their  eff luent  to the 

sea. In Britain wastes  from two thirds of the total product ion  are d ischarged  to the mar ine  

environment ,  amount ing  to some 100,000 tonnes of suspended  solids annually~ Table  1 
also lists the summary  project ions g iven  in the report  for product ion and eff luent  

d ischarge  levels  for 1975. It can be  seen  that  a l though product ion was expec ted  to 
increase  in most areas, most notably  in Scandinavia  and Japan,  the waste  d ischarge  

levels  were  expec ted  to decrease  considerably,  because  of the implementa t ion  of 
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Table 1. Production, waste discharge levels and proportion discharged to marine waters in the pulp 
and paper industry in various parts of the world (1975 figures based on estimated projections: taken 

from the OECD report, 1973} 

Area 

Number Production Percent Suspended Proportion of 
of (in tonnes • 106) increase solids production 

mills in production discharged discharged 
(tonnes • 106) to marine waters 

1970 1 9 7 5  ('70-'75) 1970 1975 % t X 103 
(1970 fig.) 

Continental 
Europe 1492 21 26 24 0.7 0.45 5 35 
Scandinavia 316 22 30 36 0.5 0.3 40 200 
British Isles 167 5 5 0 0.15 0.1 66 100 
North America 1037 74 87 18 1.7 0.8 35 595 
Japan 681 16 23 44 0.75 0.4 53 400 

pol lu t ion control legis la t ion which was either be ing  in t roduced or was al ready in  force in  

all  the areas unde r  considerat ion at the t ime of the report. 
The genera l  problems associated with discharging pulp  and paper  mil l  wastes to the 

aquat ic  env i ronmen t  have recent ly b e e n  comprehens ive ly  reviewed by Poole et al. 
(1978}. These authors have summar ized  data on the direct effects of pu lp  and  paper  mil l  
wastes on fish and  macrofauna with emphasis  on the des ign  and  uti l i ty of various types 
of bioassay and' sensi t ivi ty tests; they discuss fully the difficulties inheren t  in  main ta in -  
ing an  adequa te  oxygen ba lance  in  the receiving waters and  describe in  genera l  terms 
the ecological changes  associated with effluent inputs.  However  much  of their  emphasis  
is of necessi ty  on the problems of discharge to fresh waters~ it is the in ten t ion  of this 
account  to redress this ba lance  somewhat,  by concentra t ing  ent i rely on the mar ine  
env i ronmen t  and  discussing in  some detail  the changes  brought  about  in  the sedimen-  
tary ecosystem by the addi t ion  of cel lulose waste products. Initially, however,  some brief 
men t ion  will  be made  of the genera l  characteristics of the effluents concerned,  of direct 
and  indirect  toxicity effects and  of some genera l  effects on the overlying mar ine  water  

column. 

CHARACTERISTICS OF PULP AND PAPER MILL WASTES 

Pollut ion problems in  the indust ry  can arise at all  stages in  the various processes 
from ini t ial  t imber  hand l ing  to final product  ref inement .  The difficulties associated with 
t imber  h a n d l i n g  revolve a round the se t t lement  of large fragments  of bark  and  wood, up 
to and  inc lud ing  s u n k e n  logs, on to mar ine  sediments  primari ly in  log collect ing areas. 
Con lan  & Ellis (1979) have recent ly shown that this can lead to deoxygenat ion  and  
e l imina t ion  of sed iment  macrofauna  and  suggest  that, should large accumula t ions  of 
mater ia l  have bui l t  up, recolonisat ion of such areas may take decades even  after the 
prevent ion  of any  further input.  Wald ichuk  (1978, 1979) has discussed the genera l  
env i ronmenta l  problems associated with log hand l ing  and  suggested  some practical  
ways of a l levia t ing  these. 
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Problems associated with pu lp ing  encompass  the full range  of env i ronmenta l  
hazards posed by the industry.  These can be broadly  categorized in  four groups viz. 
problems associated with suspended  solids deposition, toxicity, biological  oxygen 
d e m a n d  (BOD) of dissolved organics and  discoloration of the water  column. Only the 
first two are of importance in  the paper  manufac tu r ing  side of the industry.  Table  2 lists 
the major  types of manufac tu r ing  process, identif ies which of the four categories of 
hazard are of importance in  each process, and  lists the m e a n  effluent volume and  
pol lut ion level  for each process. The effluent volume produced from these processes and  
the hazards associated with its discharge differ with each procedure. Thus soda pu lp ing  
produces some fifteen t imes more effluent volume than  ground wood pulping,  which, 
however,  poses a greater  hazard from suspended  solids. Large modern  mills  are predo- 
minan t ly  either of the kraft or sulphite  type. The former pose problems with all four 
major hazards, but  sulphite  mills produce a higher  effluent volume, a l though only 
suspended  solids and BOD are of part icular  importance in  effluent disposal from such 
mills. The various causative factors unde r ly ing  each of the four major  categories of 
pol lut ion hazard are g iven  in  Table  3. No more detai led analysis  of the effluent 
characteristics of the indust ry  wil l  be  g iven  here. Further genera l  information may by 
sought in  the review by Poole et al. (1978) or in  the technical  l i terature {e. g. Gehm, 
1973). 

Table 2. Pollution hazards associated with different manufacturing processes in the pulp and paper 
industry (taken from Poole et al., 1978, OECD report 1973 and Commission of the European 
Communities Technical Report 1974). SS: Suspended solids; BOD: dissolved organic component; T: 

toxicity; C: discoloration, the more asterisks the greater the hazard 

Median Mean pol- 
Process Treatment effluent Effluent problem lution level 

volume (kg/t) 
(m3/t) SS BOD T C SS BOD 

P u l p i n g  
Raw kraft (sulphate} NaOH + Na2S ~ 80 ~ . . . . . . . .  15 140 
Bleached kraft NaOH -{- Na2S -{- -C12 S ] 45 190 

Raw sulphite Ca(NH3, Mg, Na}SO 3 100 ~ . . . . . . .  55 350 
Bleached sulphite ,, -b -C12 170 J 

Soda pulp NaOH 270 . . . . . . .  45 200 

Semi-chemical Mechanical + partial 42 . . . . . .  45 190 
digestion by any of 
above 

Ground wood Mechanical 17 * * * 30 10 

p a p e r  m a k i n g  
Fine paper and tissue 50 * * * * 

Kraft paper and paper 25 . . . .  
board 
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Table 3. Substances contributing to each of the major categories of pollution hazard in the pulp and 
paper industry (from Poole et al., 1978, and Walden, 1976} 

Pollution hazard Substances contributing to hazard 

Suspended solids 

Dissolved organic substances 

Toxicity 

Colour 

Fibre; bark residue; ash; lime; clay 

Lignins; carbohydrates; organic acids; alcohols 

Resin acids; chlorinated lignins; chlorinated resin acids, phe- 
nolics etc; unsaturated fatty acids; diterpene alcohols; juvabi- 
ones; lignin degradation products e.g. lignosulphonates; fun- 
gicides e. g. chlorinated hydrocarbon mixes, mercuric and 
zinc compounds etc. 

Lignin derivatives; paper dyes and fibres 

TOXICITY PROBLEMS 

D i r e c t  t o x i c i t y  

Table  3 l ists  the  w ide  r ange  of po ten t i a l ly  toxic compounds  which  may  be  p resen t  in 
pu lp  and  p a p e r  mil l  effluents.  These  are l a rge ly  organic  compounds  de r ived  from the 
d isso lu t ion  of the  raw m a t e r i a l  du r ing  process ing .  As such they  are  re la t ive ly  eas i ly  
ox id i sed  in the  mar ine  env i ronment  (see below} and  a l though  in some c i rcumstances  
they  m a y  have  a h igh  shor t - te rm toxici ty  they  do not  in  gene ra l  pose  a ser ious  accumula -  
t ive threat .  Most  pu lp  and  p a p e r  mil l  eff luents  do how e ve r  conta in  smal l  quant i t i es  of 
fungic ides  which  are  u sed  to control  m o u l d  growth  at var ious  s tages  in  the  process,  most  
pa r t i cu la r ly  dur ing  p a p e r  making .  In the  pas t  mercur ic  compounds  were  often u sed  for 
this purpose ,  but  s ince the  ser ious  p rob l ems  assoc ia ted  wi th  the  accumula t ion  of 
mercur ic  compounds  in the  env i ronmen t  were  r ecogn i sed  the i r  use  has  b e e n  l a rge ly  
d i scon t inued  in favour  of var ious  types  of po lych lo r ina t ed  phenol ics  (PCPs). A l though  
such compounds  have  b e e n  shown to be  s igni f icant ly  toxic to fish and  var ious  inver te-  
b ra tes  (Davis & Hoos, 1975; Poole et al. 1978} the i r  concent ra t ion  in d i s cha rged  eff luents  
is u sua l ly  too low to have  any s igni f icant  env i ronmen ta l  effect (Eloranta,  1975). The 
di rec t  associa t ion  of pu lp  mil l  eff luent  (PME) wi th  other  indus t r ia l  eff luents  m a y  p roduce  
toxici ty  p rob l ems  in some areas.  Cato et  al. (1978) showed  that  a r ange  of po ten t i a l ly  
toxic h e a v y  meta l  ions was  comple t e ly  assoc ia ted  wi th  the organic  fract ion of the  
sed imen t s  in  an  e s tua ry  south of G o t h e n b e r g  p o l l u t e d  by  both  PME and  other  indus t r i a l  
wastes .  Thus in  any a rea  r ece iv ing  PME toge the r  wi th  o ther  indus t r ia l  was tes  con ta in ing  
h e a v y  meta l s  the  assoc ia t ion  of the  la t te r  wi th  the  organics  m a y  faci l i ta te  the i r  incorpora-  
t ion into b io log ica l  food chains  and  thus crea te  a poss ib le  env i ronmen ta l  hazard .  

The  toxici ty  of the  var ious  organic  compounds  de r ived  from ce l lu lose  ex t rac t ion  
processes  has  b e e n  i nves t i ga t ed  in  some detai l .  Galstoff  et  al. (1947) showed  that  
concent ra t ions  of PME in excess  of 2-3  par ts  p e r  t housand  has  a s igni f icant ly  depress ive  
effect on me tabo l i c  act ivi ty  in the  oyster.  How e ve r  they  showed  that  the  toxic e l emen t s  
in the  eff luent  were  r ap id ly  ox id i sed  on mix ing  wi th  the r ece iv ing  waters  t he reby  
r educ ing  the toxicity.  Concent ra t ions  of PME in the  g rea t  major i ty  of mar ine  areas  
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rece iv ing  d i scharges  ra re ly  exceed  a few par ts  pe r  mil l ion,  e. g. Bagge  (1969) r epor ted  
that  m a x i m u m  concent ra t ions  in the  surface waters  of the  Sa l tka l le f jo rd  (Sweden),  which  
at  that  t ime r ece ived  eff luent  from three  pu lp  and  p a p e r  mil ls  at  the h e a d  of the  fjord, 
never  e x c e e d e d  5 p.p.m. Whils t  such concentra t ions  would  not  have  a d i rec t ly  toxic 
effect on adu l t  o rganisms  it is poss ib le  that  l a rva l  growth  and thus reco lonisa t ion  migh t  
be  affected. Woe lke  (1960) showed  that  ser ious  abnormal i t i e s  d e v e l o p e d  in oyster  l a rvae  
sub jec ted  to concentra t ions  of PME in excess  of 2-3  p.p.m. Despi te  the  poss ib i l i ty  of such 
effects most  inves t iga t ions  have  conc luded  that  d i rec t  toxici ty  effects are  of ne g l i g ib l e  
impor tance  par t i cu la r ly  in the  mar ine  env i ronment  when  cons ider ing  the  overa l l  impac t  
of pu lp  and  p a p e r  mil l  po l lu t ion  (see Poole et al., 1978). 

I n d i r e c t  ( n o n - l e t h a l )  e f f e c t s  

One further  p rob l em wor thy  of note  in any d iscuss ion  of toxici ty hazards  is the 
poss ib i l i ty  of the  occurrence  of avo idance  reac t ions  in  mig ra t ing  fish coming  into waters  
con t amina t ed  wi th  PME. Elson (1974) ana lysed  the  records  of sa lmon f i shed  in the  
Miramich i  r iver  in Eastern  C a n a d a  over  a pe r iod  of years .  The NW branch  of the r iver  
r ece ived  eff luent  from a pu lp  mill ,  whe rea s  the  SW branch  was  unpol lu ted .  Over  a 
pe r iod  of yea r s  dur ing  wh ich  effluent  d i scharge  to the NW Miramich i  increased ,  the total  
ca tches  of sa lmon  in the  SW branch  inc reased  progress ively .  W h e n  eff luent  control  
measu res  were  in t roduced  and  the d i scharges  to the  N W  branch  were  dec rea sed  the 
ca tches  in that  b ranch  of the r iver  recovered .  Livingston (1975) found that  severa l  spec ies  
of coasta l  e s tuar ine  fish avo ided  waters  of an  es tuary  in F lor ida  po l lu t ed  by  PME 
a l though  they  were  commoly  p resen t  in  an  ad jacen t  unpo l lu t ed  estuary.  However  
Wi ld i sh  et  al. (1976) found that  avo idance  react ions  in he r r ing  were  only s t imula ted  by  
concentra t ions  of PME in excess  of 2.5 mg/1, i. e. va lues  much  h ighe r  than  those found in 
most env i ronmenta l  s i tuat ions.  S imi la r ly  Lewis & Livingston (1977) showed  that  two 
species  of es tuar ine  fish in F lo r ida  had  threshold  avo idance  leve ls  of 0.06 % PME. 
McLeese  (1970, 1973) showed  that  lobsters  (Homarus americanus) were  unaffec ted  even  
by  PME concentra t ions  up  to 20 %, a concent ra t ion  un l ike ly  to be  p resen t  in any mar ine  
si tuat ion.  It seems  therefore  that  behav iou ra l  responses  to the  p resence  of PME vary  
b e t w e e n  different  an ima l  groups  and  species ,  wi th  some es tuar ine  spec ies  at leas t  b e i n g  
re la t ive ly  insensi t ive .  

DISCOLORATION OF WATER 

The eff luent  from many  pu lp  and  p a p e r  mills ,  in  par t i cu la r  from kraft  mills,  is very  
dark,  con ta in ing  bo th  dyes  and  l ign in  der iva t ives  which  may  s igni f icant ly  reduce  the 
t r anspa rency  of the  rece iv ing  waters .  This resul ts  in much  more  ser ious env i ronmen ta l  
p rob lems  in fresh waters  than  in the  sea, bu t  in cer ta in  res t r ic ted  mar ine  areas,  i. e. w h e n  
effluent  is d i scha rged  into the  heads  of nar row fjords, the  reduc t ion  in  wa te r  t r anspa-  
rency may  be  sufficient  to s igni f icant ly  reduce  phy top l ank ton  product ion.  There  appea r s  
to be  no di rec t  ev idence  of this  occurr ing  in any mar ine  si tuation,  but  Ha rge r  et al. (1973) 
showed  that  there  was  a re la t ionsh ip  b e t w e e n  the d ivers i ty  of spec ies  se t t l ing  on the 
pane l s  s u s p e n d e d  at  var ious  d is tances  from a source of PME In the A l b e m i  Inlet  on 
Vancouver  I s land  and  the t r anspa rency  of the  water .  Z i m m e r m a n n  & Livingston {1976) 
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and  H e c k  (1976) demons t r a t ed  tha t  r e d u c e d  wa te r  t r anspa rency  in  a F lo r ida  es tuary  
po l lu t ed  by  PME resu l t ed  in a r educ t ion  in  the  a rea  occup ied  by  sea -g rass  beds  and  a 
concomi tan t  inc rease  in  the  es tuar ine  a rea  occup ied  by  mud-flats .  This in turn a l t e red  
the  spec ies  composi t ion  of the  a rea  and  h a d  the effect of cons ide rab ly  r educ ing  the 
overa l l  popu la t ions  of ep iben th i c  animals .  Despi te  such ev idence  it must  be  a s s u m e d  
that  in most  mar ine  s i tuat ions d i lu t ion  and  d i spe rsa l  of the  eff luent  are  suff ic ient ly  r a p i d  
to remove  the poss ib i l i ty  of l ight  a t t enua t ion  hav ing  any de t r imen ta l  b io log ica l  effect. 

ENVIRONMENTAL AND ECOSYSTEM EFFECTS ON 
MARINE SEDIMENTS 

The usua l  outcome of the  add i t i on  of l a rge  quant i t i es  of o rganic  ma te r i a l  to a body  of 
fresh wa te r  is eu t roph ica t ion  and subsequen t  de oxyge na t i on  of the  bo t tom water .  
H o w e v e r  in the  mar ine  env i roment  such add i t ions  are  gene ra l ly  m a d e  to a reas  w h e r e  the  
vo lumes  of the  r ece iv ing  waters  are  g rea te r  and  the mix ing  and  f lushing character is t ics  
more  v io lent  t han  is usua l  in i n l and  si tuat ions,  Thus in mar ine  systems r e n e w a l  of 
oxygen  at  the  s e d i m e n t / w a t e r  in terface  is normal ly  r ap id  and even  a h igh  BOD in the  
s ed imen t  ra re ly  l eads  to a d e o x y g e n a t e d  wa te r  column.  On ly  in condi t ions  of excess ive ly  
h igh  inputs  in a reas  of low h y d r o d y n a m i c  ene rgy  input  does s t agna t ion  and  d e o x y g e n a -  
t ion of the  bo t tom wa te r  occur, Pearson  (in press)  has  recen t ly  d i scussed  in some de ta i l  
the var ious  factors l e a d i n g  to the  e s t ab l i shmen t  of such condi t ions  in  f jordic areas .  
F igure  1 gives  a d i ag rama t i c  summary  of those factors wh ich  inf luence  the  d e v e l o p m e n t  
of s t agnan t  condi t ions  in  mar ine  basins .  In the open  sea  condi t ions  are  ra re ly  such as to 
encou rage  the onset  of s t agna t ion  in bo t tom waters ;  howeve r  in u p w e l l i n g  areas  
eu t roph ica t ion  m a y  occur, l e a d i n g  to a suff ic ient ly  h igh  depos i t ion  of o rganic  ma te r i a l  at  
the  s ed imen t  surface to create  deoxygena t i on  in  the  bo t tom waters  (Sanders,  1969), H igh  
organic  inputs  l e ad  to a s equen t i a l  ser ies  of changes  in  the  phys ica l  and  chemica l  
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characteristics of the sediments and in their micro- and macrobiology. Such changes 
t~ke place'.~even b.eTi~ath ~rI'~oxygenated water  column, but are accentuated by the 
occurrence of stagnation. Pulp and paper  mill effluents contain large amounts of 
cellulose fibre which, when discharged to the marine environment, are sooner or later 
deposited at the sediment/water  interface where microbial degradat ion takes place, thus 
providing the necessary high carbon input to initiate the changes described. 

DEGRADATION OF CELLULOSE FIBRE 

The breakdown of cellulose fibres in the marine environment has only recently been  
the subject of serious investigation and much remains to be learned of rates of degrada-  
tion and the processes involved. Vance et al. (1979) have shown that cellulolysis of the 
secondary cell walls of b leached pulp fibre takes place in close proximity to bacterial  
cells, and that breakdown is enhanced by the mechanical  damage to the outer cell walls 
which occurs during pulping. Moreover fractured cells appeared to be at tacked more 
easily by invading bacteria. Similar observations were made by Latham et al. (1978) on 
the decomposition of plant cell material  by rumen bacteria and it seems l ikely that 
bacterial  cellulolytic action will  follow the same pattern whatever the medium, although 
no other detai led studies in the marine environment have been made. The importance of 
mechanical  abrasion of the fibres in enhancing bacterial  breakdown is significant in two 
ways, Firstly it implies that unprocessed fibres will be degraded more slowly than those 
in which chemical and mechanical  action has brought about some damage to the outer 
cell walls and secondly it suggests that any such abrasion which might occur within the 
sediments, e. g. by mastication and/or ingestion by macrofauna, may have considerable 
influence on overall degradat ion rates. This latter possibili ty has not been  substantiated 
by any critical investigations and the role of macrofauna in conditioning and controlling 
the microbiology and chemistry of the sedimentary ecosystem remains one of the least 
known and most intriguing aspects of benthic ecology (see below), A few studies have 
recently been carried out on the overall degradat ion rates of pulp fibre in both the water 
column and sediments which support the suggestion that processed fibres degrade more 
rapidly than unprocessed fibres. Hofsten & Edberg (1972) showed that b leached sulphite 
pulp degraded more rapidly than dried pulp or cotton fibre, whereas l ignin-containing 
mechanical  pulp was hardly degraded at all over an experimental  period of up to six 
months. Poole et al. (1978) showed that unbleached sulphite pulp degraded nearly four 
times as rapidly in unpolluted sediment as in anoxic sediment containing a high fibre 
content, but Hofsten & Edberg suggested that degradat ion was as rapid under  anaerobic 
conditions as in aerobic environments providing that nutrient levels were high and the 
conditions suitable for sustained growth of cellulolytic bacteria. Recent experiments by 
Pearson et al, (in preparation) have shown that under experimental  conditions fibre 
degrades more rapidly in sediments containing high amounts of deposited fibre than in 
areas containing smaller amounts (Fig. 2) implying that the presence of active popula- 
tions of cellulolytic bacteria  in the sediments is a necessary prerequisite for the rapid 
breakdown of cellulose fibre. Under these circumstances anoxic conditions at the 
sediment/water  interface had no effect on the degradat ion rate; indeed in confirmation 
of the observations of Hofsten & Edberg (1972) the more rapid rates of degradat ion 
occurred under  anoxic conditions when over 80 % of the original fibre was degraded 
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Fig. 2. Rate of degradation of cellulose fibre enclosed in nylon bags and placed in sediments 
receiving different daily rates of input of fibre (rates of daily input of fibre from 1.7 to 3.3 g dry wt of 
fibre to tanks of sediment having a surface area of 0.3 m 2) (from Pearson, Gibb & Stanley, in 

preparation) 

wi th in  80 days of deposi t ion in  the sediments.  In a sed iment  con ta in ing  no previously 
deposi ted fibre and  hav ing  an  aerobic regime at the sed iment /water  interface only 30 % 
of the or iginal  fibre had degraded  after the same period. 

CHANGES IN SEDIMENTARY CHEMISTRY AND MICROBIOLOGY 

The b reakdown  of fibre in  the sediments  by bacter ial  action releases a variety of low 
molecular  weight  carbon sources which are then  incorporated into the sedimentary  
ecosystem with concomitant  impact  on the chemical  and  biological  regimes. An  out l ine 
scheme for the probable  chemical  and  microbiological  processes involved is g iven  in  
Figure 3 (from Stanley et aL, 1978). This presents  some details of pa thways  involved in  
the cycling of carbon and  sulphur  in  the sediments  and  indicates  part  of the n i t rogen 
cycle. Some points  from this suggested  model  are worthy of closer examina t ion  before 
proceeding  to a considerat ion of the overall  effect of these processes on the sed iment  
ecosystem. 

C a r b o n  cyc le  

The ini t ia l  degrada t ion  of cellulose by cellulolytic bacter ia  results in  the product ion 
of first cellobiose and  then  glucose. Under  aerobic condit ions glucose is usual ly  rapidly 
metabol i sed  by aerobic heterotrophic bacter ia  with the resul tant  evolut ion of carbon 
dioxide. In the absence  of oxygen however  acetate, succinate and  other organic acids 
may also be formed as fe rmenta t ion  products of cellulose by anaerobic  heterotrophs of 
various types and  may accumula te  to form considerable  pools of metabol i tes  in  the 
interst i t ial  water. Mil ler  et al. (1979) showed that in  the lower, totally anaerobic,  levels of 
the sediments  in  an  area of Loch Eil receiving high levels of cellulose fibre there was a 
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Fig. 3. Outline scheme for the probable chemical and microbiological processes involved in 
cellulose degradation in sediments (modified from Stanley et al., 1978) 

cons ide rab le  accumula t ion  of p rop iona te  whereas  in the  surface layers  in contact  wi th  an 
oxygena t ed  wa te r  co lumn cons ide rab le  amounts  of ace ta te  were  present .  It was  sug-  
ges t ed  that  the  levels  of these  subs tances  were  h igh  enough  to p rov ide  a po ten t i a l ly  r ich 
food source by  di rec t  adsorb t ion  for those h ighe r  inver tebra tes ,  e. g. po lychae te  worms,  
wh ich  we re  capab le  of ass imi Ia t ing  ma te r i a l  in that  way.  Unde r  in tense  r e d u c i n g  
condit ions,  i. e. w h e n  redox  poten t ia l s  in the  sed imen t  fall  b e l o w  - 150 mV, such lower  
carbon sources may  form the subs t ra ta  for m e t h a n o g e n i c  bac te r ia  and  the i r  reduc t ion  
m a y  resul t  in  the  produc t ion  of s igni f icant  quant i t ies  of me thane .  Under  such ex t reme  
c i rcumstances  the  evolu t ion  of me thane  may  t ake  p lace  at the  s ed imen t  surface (Stanley 
et al., 1978). In normal  c i rcumstances  me thane  produc t ion  wou ld  not occur in mar ine  
sed imen t s  except  poss ib ly  at low levels  in i so la ted  "ce i l s"  a ssoc ia ted  wi th  pocke ts  of 
d e c a y i n g  mater ia l .  

S u l p h u r  c y c l e  a n d  n i t r o g e n  f i x a t i o n  

Mar ine  sed imen t s  are  r ich in su lpha te  and  su lpha te  reduc t ion  is one of the  most  
impor tan t  processes  t ak ing  p lace  in o rgan ica l ly  r ich areas,  Su lpha te  r educ ing  bac te r i a  
such as Desulfovibrio p r o b a b l y  ut i l ize  the  low molecu la r  we igh t  organic  acids  p r o d u c e d  
th rough  ce l lu lo lys is  in anaerob ic  a reas  p roduc ing  su lphides ;  i n d e e d  Vosjan  (1974) and  
Left ley {in prepara t ion)  have  shown that  the rate  of su lpha te  reduc t ion  in anae rob ic  
sed imen t s  is m a r k e d l y  i nc r ea sed  by  add i t i on  of lactate,  sugges t ing  that  the  process  is 
carbon l imi ted  ra ther  than  su lpha te  l imited.  The  su lph ides  p r o d u c e d  in turn can  then  be  
ox id i sed  by  f i lamentous  bac te r ia  such as Beggiatoa which  deve lops  ex tens ive ly  at the 
s e d i m e n t / w a t e r  in terface  in v iew of its r equ i r emen t  for both  su lphur  and  oxygen.  Thus it 



Effects of pu lp  and  p a p e r  indus t ry  was tes  349 

appea r s  in  a reas  where  su lph ide  p r o d u c e d  from anoxic  s e d i m e n t  diffuses to a surface 
over la in  by  an  o x y g e n a t e d  w a t e r  co lumn (J~rgensen,  1977). Mats  of i n t e r m i n g l e d  f ibre 
and  Beggiatoa are  charac ter i s t ic  of the  surface of s ed imen t s  sub jec ted  to h igh  inputs  of 
pu lp  and  p a p e r  mil l  was tes  (Stanley et al., 1978} and  o ther  l a rge  na tu ra l  inputs  of o rganic  
mater ia l ,  e. g. Ga l l a rdo  (1977), Spies  & Davis  (1979). The accumula t ion  of free su lph ide  
in anoxic  sed imen t s  is typ ica l  of a reas  sub jec t  to h igh  organic  inputs.  Under  s t agnan t  
condi t ions  the  lower  leve ls  of the  over ly ing  wa te r  co lumn m a y  become  sa tu ra ted  wi th  
su lph ide  fo l lowing  the  u t i l i za t ion  of a l l  the  oxygen.  W h e n  this occurs r e n e w a l  of the  
bo t tom wa te r  is necessa ry  to restore an  ae rob ic  condit ion.  Desulfovibrio m a y  also be  
r e spons ib le  for s igni f icant  leve ls  of n i t rogen  f ixat ion in anae rob ic  sediments .  
Blake & Left ley (1977) showed  that  s igni f icant  number s  of such bac t e r i a  were  p resen t  in 
anae rob ic  sed imen t s  in Loch Eil and  Loch Etive w h e r e  de t ec t ab l e  n i t rogen  f ixat ion was  
t ak ing  p lace ;  moreover  add i t i on  of l ac ta te  s t imula ted  the  rate  of f ixat ion after  a l ag  
per iod,  a g a i n  i m p l y i n g  that  such reac t ions  m a y  be  carbon  l imited.  

The  reduc t ion  of ni t rate ,  r esu l t ing  in i t ia l ly  in the  produc t ion  of a m m o n i a  also t akes  
p lace  in  the  uppe r  anae rob ic  leve ls  of the  sediment .  Ni t ra te  is the  p re fe r r ed  a l te rna t ive  
e lec t ron  acceptor  in  the  absence  of oxygen  (see Whitf ie ld ,  1971) and  in anoxic  s ed imen t s  
a m m o n i a  m a y  accumula t e  in s igni f icant  quant i t i es  {Fig. 4) and  diffuse into the  over ly ing  
wa te r  co lumn in s tagnan t  condi t ions.  
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Fig. 4. Variation in the levels of oxygen, phosphate and ammonia down the water column in the 
inner basin of Sullom Voe, Shetland, during a period of stagnation, when significant levels of 

ammonia were found to have accumulated in the bottom waters (from Stanley et al., in press) 
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O v e r a l l  e f f ec t  o n  t h e  s e d i m e n t a r y  e c o s y s t e m  

The var ious  processes  desc r ibed  above  occur s imul taneous ly ,  are  both  in terac t ive  
and  i n t e r d e p e n d e n t  and  have  a control l ing inf luence  on the macrob io logy  of the 
sediments .  The  changes  in s ed imen ta ry  chemica l  and  phys ica l  condi t ions  which  occur  as 
organic  input  is i nc reased  may  be  both  summa r i z e d  and  exempl i f i ed  by  the accompany-  
ing  changes  in redox  condit ions.  In a normal  mar ine  sediment ,  ox id i sed  at the  s ed imen t /  
wa te r  interface,  redox  po ten t ia l s  a re  pos i t ive  and  the p re sence  of ferric oxides  impar t s  a 
ye l l ow/o range  colour  to the  sediments .  At  p rogress ive ly  lower  leve ls  in  the  s ed imen t  the  
redox  poten t ia l s  become  inc reas ing ly  nega t ive ,  free oxygen  is fully ut i l ized,  and  free 
su lph ides  appear~ ferric compounds  are  r e d u c e d  to ferrous, n i t ra tes  to ni t r i te  and  
a m m o n i a  and  pa r t i a l ly  r e d u c e d  organic  i n t e rmed ia t e s  appear .  These  changes  resul t  in a 
colour  change  from ye l low th rough  g rey  to b l a c k  in the  su lph ide  zone. The  overa l l  effect 
of i nc reas ing  the  input  of o rgan ic  ma te r i a l  is to b r ing  al l  these  la t te r  changes  to the  
s e d i m e n t / w a t e r  in ter face  c rea t ing  a b lack,  r e d u c e d  surface cha rac te r i zed  by  nega t ive  
redox  potent ia ls .  Pearson & S tan ley  (1979) have  shown that  change  in s ed imen ta ry  redox  
po ten t ia l s  can be  a useful  ind ica tor  of the  extent  of po l lu t ion  caused  by  pu lp  and  p a p e r  
mil l  eff luent  (see below).  The  essen t ia l  in te r re la t ionsh ips  of these  var ious  changes  and  
the i r  inf luence  on the macrob io logy  of the  sed iments  a re  i l lus t ra ted  in  F igure  51 they  are  
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Fig. 5. C h a n g e s  in  s e v e r a l  c h e m i c a l  a n d  mic rob io log ica l  v a r i a b l e s  in  ar t i f icial  s e d i m e n t  s y s t e m s  
subjected to differing inputs of cellulose fibre and variable water flows over the sediment surface. 
(A) Low rate of cellulose deposition. (B) High rate of cellulose deposition with low water flow. (C) 
High rate of cellulose deposition with high water flow. (1} Cellulose level in sediments. (2) Numbers 
of cellulolytic bacteria. (3) Redox potential (Eh). {4) Sulphide level. (5) Numbers of sulphate 

reducing bacteria. (6) Total numbers of ciliates 
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b a s e d  on informat ion  d rawn  from a ser ies  of l abora to ry  expe r imen t s  d e s i g n e d  to assess  
the  effect of f low ra te  over  the  s e d i m e n t  surface  on ce l lu lose  b r e a k d o w n  u n d e r  condi-  
t ions of h igh  and  low deposi t ion .  W h e n  ce l lu lose  input  to the  s ed imen t  was  m a i n t a i n e d  
at  a low leve l  there  was  an  in i t i a l  accumula t ion  of ce l lu lose  in  the  sed imen t s  fo l lowed  
af ter  some two to three  w e e k s  by  a b u i l d - u p  of ce l lu lose  d e g r a d i n g  bac ter ia .  Both 
ce l lu lose  and  bac te r i a l  leve ls  then  d e c l i n e d  to a r e l a t ive ly  low level .  After  some ten  
w e e k s  redox  levels  in  the  sed imen t s  h a d  dec rea sed  m a r g i n a l l y  and  the amount  of 
s u l p h i d e  and  the  number s  of su lph ide  r educ ing  bac t e r i a  h a d  inc reased  s l ight ly .  The  
number s  of c i l ia tes  r e m a i n e d  low for the  first e igh t  w e e k s  of the  e xpe r ime n t  but  
i nc reased  somewha t  in  the  subsequen t  two weeks .  Under  condi t ions  of h igh  ce l lu lose  
depos i t ion  wi th  a low wate r  f low rate  over  the  s ed imen t  surface the  in i t ia l  b u i l d  up  of 
ce l lu lose  and  ce l lu lo ly t ic  bac te r i a  fo l lowed by  the i r  l a te r  dec l ine  was  r e p e a t e d  but  there  
was  a r e l a t ive ly  r ap id  fall  in  redox  (Eh) va lues  a c c o m p a n i e d  by  a b u i l d - u p  of su lpha te  
r educ ing  bac ter ia .  The  su lph ide  l eve l  in the  sed imen t s  rose s lowly  at  first, bu t  after  the  
first month  it i nc reased  r ap id ly  to r each  a p e a k  dur ing  the second  month  of the  
exper iments .  This accumula t ion  of su lph ide  co inc ided  wi th  a dec l ine  in the  c i l ia te  
popu la t ions  wh ich  had  r e a c h e d  very  h igh  leve ls  b e t w e e n  the fourth and  sixth w e e k s  of 
the  exper iment .  W h e n  a h igh  ra te  of ce l lu lose  depos i t ion  was  c o m b i n e d  wi th  a h igh  flow 
rate,  Eh leve ls  r ap id ly  d e c l i n e d  bu t  su lph ide  d id  not  accumula t e  in  the  sed iments ,  and  
the c i l ia te  popu la t ions  bu i l t  up  r ap id ly  and  thereaf te r  m a i n t a i n e d  h igh  popula t ions .  The  
other  va r i ab le s  fo l lowed the same  pa t t e rn  as before.  

These  expe r imen t s  were  necessa r i ly  pe r fo rmed  on a s ed imen t  devo id  of macro-  
fauna l  inve r t eb ra te s  for the  sake  of s impl ic i ty  and  control.  However  it  is p r o b a b l e  that  
mac ro fauna  w o u l d  react  to the  chemica l  and  microb io log ica l  changes  in  a s imi lar  
m a n n e r  to the  reac t ions  of the  c i l ia te  popu la t ions  a l though  on a longe r  t ime  scale.  
Suppor t  for this  content ion  may  be  found in a ser ies  of observa t ions  m a d e  on chemical ,  
and  micro-  and  macrob io log ica l  changes  in the  sed imen t s  of Loch Eil in re la t ion  to 
va ry ing  ce l lu lose  inpu t  br ie f ly  r epor ted  by  S tan ley  et  al. (1978). M e a s u r e m e n t s  we re  
m a d e  of the  r edox  po ten t i a l  at 4 cm dep th  and  the su lph ide  leve l  in  the  s ed imen t  
toge the r  wi th  the  number s  of ae rob ic  ce l lu lose  d iges t ing  bac ter ia ,  of c i l ia tes  and  of 
macrofauna l  inver tebra tes .  The  changes  in  these  va r i ab le s  over  a twe lve  month  pe r iod  
are  shown in F igure  6. This shows that  a cons ide rab le  r ise  in the  input  of s u s p e n d e d  sol id  
ma te r i a l  to the  loch which  occurred  in ea r ly  F e b r u a r y  1976 was fo l lowed in March  by  a 
dec rease  in the  r edox  po ten t i a l  and  increases  in the su lph ide  level ,  numbers  of ce l lu lo ly-  
tic bac t e r i a  and  ci l iates.  The month ly  s a m p l i n g  in terva l  b e t w e e n  these  f ie ld observat ions  
p r e c l u d e d  the poss ib i l i ty  of observ ing  any sequen t i a l  pa t t e rn  to these  reac t ions  o ther  
than  the i r  obvious re la t ionsh ip  to the  change  in  inpu t  levels .  H ow e ve r  it  d id  a l low an  
ins ight  into the  t iming  of the  r e l a t ed  change  in the  numbers  of macrofauna.  These  s ta r ted  
to inc rease  in March  at the  same t ime as the  o ther  s ed imen ta ry  and  microfauna l  changes ,  
bu t  con t inued  to inc rease  du r ing  the ensu ing  two months  whi le  the  bac te r i a l  number s  
and  c i l ia tes  dec rea sed  to the i r  former levels .  The  spec ies  of macro fauna  conce rned  were  
p r e d o m i n a n t l y  smal l  detr i f ivorous po lychae te s  p robab ly  f eed ing  l a rge ly  on bacteria~ 
thus  the i r  popu l a t i on  growth  is appa ren t l y  l i nked  to the  changes  obse rved  in the  
bac te r i a l  popu la t ions  of the  sediments .  

The ser ies  of i n t e r d e p e n d e n t  changes  in  the  chemica l  and  b io log ica l  s tatus of the  
s ed imen t s  just  de sc r ibed  have  b e e n  s u m m a r i z e d  by  Poole et al. (1978) as a concept  of the  
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Fig. 6. The relationship between changes in organic input and chemical, microbiological and faunal 
properties of the sediments in an area of Loch Eil over a one year period. A sharp decline in redox 
potentials and peaks in sulphide concentration and bacterial and ciliate numbers were recorded in 
the month following a particularly high period of cellulose fibre input, followed some two months 
later by a peak in macrofaunal numbers. - - redox potential~ - . .  - effluent solids discharged to the 
loch; - -  sulphide; x -  x aerobic cellulose - digesting bacteria; O -  O ciliates; � 9  �9 macrofaunal 

numbers (modified from Stanley et al., 1978) 

s tabi l izat ion of organic  mat ter  de r ived  from a point  source of pollution. An ini t ial  dec l ine  

in dissolved oxygen  and autotrophic  biomass  at the point  of input  is accompan ied  by the 

e l imina t ion  of macrofauna.  The  immedia t e  rise in carbon levels  is fo l lowed by an 

increase  in heterot rophic  biomass.  As distance from the source increases  bacter ia l  

biomass decl ines  as macrofaunal  numbers  aga in  bui ld  up and dissolved oxygen  recovers  

to its former level.  

C H A N G E S  IN BENTHIC M A C R O F A U N A  

The changes  in the chemica l  and microbiologica l  condi t ion of mar ine  sediments  

subjec ted  to organic  inputs from pulp and paper  mil l  effluents are complex  and take 
place  fairly rapidly  fol lowing eff luent  input  as is ev ident  from the information discussed 

above.  Moreover  methods  for assessing such var iables  may  be  t ime consuming  and 

technica l ly  difficult (see below). In contrast concomitant  popula t ion  changes  in the 
benth ic  macrofauna take place  over  a longer  t ime scale and may be  r ega rded  as 

in tegra t ing  indicators of the genera l  t rends in chemica l  and microbiologica l  change  in 

the sediments  over  fairly ex tended  t ime periods.  Thus a spot assessment  of macroben th ic  

communi ty  structure and popula t ion  levels  can be  used to es t imate  the overal l  

accumula t ive  effect of PME on the mar ine  env i ronment  in any area. A good example  of 

the uti l i ty of such genera l  surveys is found in Landner  et al. (1977) who surveyed  the 
benth ic  macro iauna l  popula t ions  of a series of,'east coast bays and estuaries  in S w e d e n  

which  were  subjec ted  to eff luent  d i scha}ges ' f rom both pulp and paper  mills  and a 
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var ie ty  of o ther  po l lu tan t  sources.  They  showed  a p rogress ive  reduc t ion  in  n u m b e r  of 
species ,  a b u n d a n c e  and  b iomass  of mac ro fauna  as the  eff luent  d i scha rge  poin ts  were  
a p p r o a c h e d  in  a l l  the a reas  surveyed.  Whils t  s ingle  surveys  of this  t ype  in  an  a r ea  are  
usefu l  in  i nd i ca t i ng  the  more  obvious  effects of eff luent  d i scha rge  r e p e a t e d  surveys  over  
a pe r iod  of t ime  are  des i r ab l e  if any  informat ion  is to be  ob t a ined  abou t  the  effect of 
var ia t ions  in eff luent  inpu t  and  the in terac t ions  b e t w e e n  such i n d u c e d  d i s tu rbance  a n d  
na tu ra l  env i ronmen ta l  var iabi l i ty .  Such long- t e rm studies  invo lv ing  t ime-se r ies  sampl -  
ing  are  expens ive  and  thus re la t ive ly  ra re ly  car r ied  out  bu t  two fully d o c u m e n t e d  and  
re la t ive ly  comprehens ive  surveys of this  type  have  b e e n  u n d e r t a k e n  in Loch Linnhe /  
Loch Eil in Scot land  (Pearson 1970, 1971a, b, 1972, 1975, in press)  and  in the  Gu l lmar  
fjord in  S w e d e n  (Lepp~ikoski, 1968, 1975; Bagge,  1969; Rosenberg,  1971, 1972, 1973, 
1974, 1976). In the  former a rea  changes  in  the  macroben thos  were  a s sessed  in the  years  
fo l lowing the in t roduct ion  of PME into the loch system. In the  la t te r  mac roben th i c  
popu la t i on  changes  were  fo l lowed in the  af te rmath  of the  closure of the  pu lp  mil ls  wh ich  
had  d i s cha rged  to the  h e a d  of the  fjord over  a pe r iod  of years .  The ge ne ra l  conclus ions  
from these  two s tudies  a l l owed  a d e t a i l e d  assessment  of the  character is t ic  fea tures  of 
mac roben th i c  success ion  caused  by  organic  en r i chment  which  was  de sc r ibed  in Pear-  
son & Rosenberg  (1976, 1978). The major  course of such successions  was  summa r i z e d  
d i a g r a m a t i c a l l y  (Fig. 7) showing  change  a long  a g rad ien t  of inc reas ing  en r i chmen t  from 
pu lp  f ibre inputs.  Thus the  complex  b io log ica l ly  s t ructured communi t i es  of the  ben thos  
no rma l ly  found in the  si l ty sed imen t s  of such fjords w h e n  the organic  inpu t  l eve l  is low, 
consis t ing of a d iverse  fauna  d rawn  from a wide  var ie ty  of p h y l a  and e nc ompa ss ing  a 
l a rge  range  in phys ica l  size, are  p rogress ive ly  r e d u c e d  in  physical ,  s t ructural  and  
gene t ic  d ivers i ty  to s imple  popu la t ions  consis t ing  of l a rge  number s  of a few small ,  
res is tant  anne l i d  spec ies  before  even  these  oppor tunis ts  are  e l im ina t e d  wi th  the  onset  of 
total  s e d i m e n t a r y  anox ia  b e n e a t h  a b l a n k e t  of depos i t ed  fibre.  Such g rad ien t s  of faunal  
c h a n g e  m a y  be  r e l a t ed  e i the r  to a t empora l  or a spa t ia l  scale.  In the  Gul lmar f jo rd  the  

TRJ 

Labidoplax 
Corbula 
Goniada 
Thyasira 
Pholoe 

ZONE NORMAL 

Nucula 
TYPICAL Arnphiura 
MACRO- Terebellides 

FAUNA Rhodine 

DOMI~ Echinocardium 
NANTS Nephrops 

Fig. 7. Diagram of changes in fauna and sediment structure along a gradient of increasing organic 
enrichment by pulp fibre (from Pearson & Rosenberg, 1976) 
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early surveys by  Bagge and Lepp~koski showed the dis tr ibut ion of fauna  to be related 
sequent ia l ly  down the fjord to the inputs  of PME at the head  of the fjord. Later Rosenberg 

demonstra ted that recovery of the fauna  at stations in the upper  part  of the fjord 
fol lowing cessation of PME input  followed a similar pat tern in  t ime to the spatial  pat tern  
es tabl ished down the fjord. Thus the stations or iginal ly most severely affected passed 
through the various stages a long the succession gradient  and  eventua l ly  achieved the 
relat ively stable and  diverse biologically controlled populat ions  which had  always 
existed at the outer end  of the Saltk~llefjord beyond  the inf luence  of the effluent inputs  
(Fig. 8). 
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Fig. 8. Recovery of the benthic macrofauna in the SaltkSllefjord following pollution abatement. The 
most polluted area, station L6, showed the greatest change in species numbers and the most 
vigorous population changes during recovery, but after some 6 years the community there, and at 
the intervening stations, approximated that at L18, a stationat the mouth of the fjord some 5 km 
from the discharge point, which had shown relatively stable community structure throughout the 
period (from Rosenberg, 1976). c, Capitella capitata; sf, Scolelepis fuliginosa; a, Abra alba; n, Abra 
nitida; t, Thyasira spp.; S, Scafibregma inflatum; m, Mysella bidentata; A, Amphuira filiformis; H, 

Heteromastus fih'formis; M, l~yriochele oculata; P, Polyphysia crassa; Ac, Amphiura chiajei 
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In Loch Eil s imi lar  changes  were  obse rved  p r o c e e d i n g  in the  reverse  d i rec t ion  as the 
effect of the  in t roduc t ion  of PME progress ive ly  r e d u c e d  the d ivers i ty  of the  fauna  over  a 
pe r iod  of yea r s  in those  areas  of the loch w h e r e  the  major i ty  of the  d i s cha rged  f ibre was  
depos i ted .  As the  fauna  in  those  a reas  b e c a m e  less d iverse  the  popu la t ions  of the var ious  
smal l  anne l i d  spec ies  wh ich  then  came  to domina te  the ben thos  f luc tua ted  more  rapid ly ,  
and  la rge  changes  in  both  total  numbers  and  in  spec ies  composi t ion  occurred  from 
month  to month.  In a reas  where  the effect of the eff luent  was  less p ronounced  popu la t i on  
f luctuat ions  were  less v io lent  and  changes  in  dominan t  species ,  wh ich  were  d rawn  from 
much  longer  l ived  and  more  va r i ed  fauna l  groups  inc lud ing  mol luscs  and  ech inoderms  
as  we l l  as anne l ids ,  t e n d e d  to t ake  p lace  over  a y e a r  or more.  

O d u m  (1969) d r ew  up a comprehens ive  l ist  of the  t rends  to be  e x p e c t e d  dur ing  the 
d e v e l o p m e n t  of such eco log ica l  success ions  from the ear ly  d e v e l o p m e n t a l  s tages  to the 
f inal  ma tu re  communi t ies :  In this  context  the  ea r ly  s tages  are  equ iva l en t  to the 
impove r i shed  communi t i e s  found in a reas  sub jec ted  to h igh  eff luent  inputs.  Such 
communi t i e s  a re  g e n e r a l l y  of low diversi ty ,  poor ly  o rgan i sed  and  are  composed  of small ,  
u n s p e c i a l i z e d  r ap id ly  b r e e d i n g  species ,  whe re a s  the  mature  communi t i es  show the 
oppos i te  of a l l  these  t rends.  Benthic  communi t i es  sub jec ted  to eff luent  inpu t  conform to 
most  of these  character is t ic  t rends  (Pearson & Rosenberg ,  1978). Thus in Loch Eil the  size 
of the  an ima l s  m a k i n g  up  the communi t i e s  in  the  deep  bas in  g r a d u a l l y  b e c a m e  smal l e r  
as the  impac t  of eff luent  input  d e v e l o p e d  over  the  years  (Fig. 9). The dec rease  in the  
s t ructura l  l eve l  of o rgan i sa t ion  of the  communi t i es  as o rganic  input  inc reases  involves  
the  e l imina t ion  of the  l a rge r  ,animals  wh ich  m a i n t a i n  complex  bur row structures  or 
ex tens ive  surface tube  s tructures  for f i l t e r - feed ing  purposes ,  and  thei r  r e p l a c e m e n t  b y  
smal l  depos i t  feeders  which  ma in ta in  only s imple ,  if any  tube  s tructures  in the  sedi-  
ments .  This  change  m a y  involve  a cer ta in  d e g r e e  of wha t  Rhoads & Young (1970) t e r m e d  
t rophic  g roup  amensa l i sm,  i. e. the  exc lus ion  of f i l t e r - feed ing  an imals  by  the act iv i t ies  of 
depos i t  feeders  th rough  d i s tu rb ing  the sed imen t s  and  c logg ing  f i l t e r - feed ing  mecha -  
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Fig. 9. The decrease in size over a ten year period of animals found in an area of Loch EiI subject to 
increasing organic input (from Pearson & Rosenberg, 1978) 
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nisms with resuspended particles. However such biological  interactions are probably 
less important than the combined effects of the chemical and physical  changes induced 
in the sediments by the increasing organic input. This results in a decrease in the width 
of the aerobic layer, a phenomenon which is intensified by the elimination of the larger  
burrowing and tube-building species which create a complex three-dimensional  mosaic 
of aerobic and anaerobic patches in the sediment, 

Recent work by Aller & Yingst (1978) has indicated the complexity of the microcli- 
mates produced within the sedimentary structures created by the larger invertebrates. 
Tubes and burrows are l ined with an aerobic layer of mucous sediment surrounded by 
increasingly anaerobic material;  they thus contain complex redox gradients which are 
the sites for active and rapid decomposition of organic material, As such "structural" 
species are removed by the more severe chemical conditions imposed by increasing 
organic inputs then the structural complexity of the sediments is reduced and the redox 
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Fig. 10. Diagram representing the community structure and density of animals inhabiting 0.05 m 2 of 
sediment in an area with low current speeds and relatively high organic inputs, where the faun~ is 
dominated by small deposit feeding species such as the lamellibranch Abra and the annelids 
Prionospio concentrated at the surface layers of a largely anoxic sediment column (from Pearson, in 
press, b). Key: Light shading, oxygenated sediment. Dark shading, anoxic sediment. Ab Abre alba, 
Co Corbula gibba, No Notomastus ]atericeus, Sa Scatibregma inflatum, Pr Prionospio spp., Th 
Thyasira spp. G1 Glycera elba, Op Ophiodromus flexuosus, Pe PectenarJa koreni, Ss Spisula 

elliptica, T1 Tellina fabula 
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g rad ien t s  wi th in  the  s ed imen t s  become  more  uni formly  o r i en ta t ed  to the  s e d i m e n t / w a t e r  

interface.  This  wi l l  i nev i t ab ly  have  the effect of r e d u c i n g  the  to ta l  s e d i m e n t  a r ea  sub jec t  
to f luc tua t ing  a n a e r o b i c / a e r o b i c  condi t ions  and  thus m a y  reduce  the  overa l l  rate  of 
o rgan ic  d e g r a d a t i o n  wi th in  the  sediments ,  l e a d i n g  to a fur ther  accumula t ion  of carbon  
and  an  in tens i f ica t ion  of r educ ing  condit ions.  

Pearson & Elef ther iou (in press)  i l lus t ra ted  d i a g r a m a t i c a l l y  the  s t ructural  and  popu-  
la t ion  changes  in ben th ic  communi t ies ,  in  Sul lom Voe in the  She t l and  Isles, sub jec t ed  to 
di f fer ing current  speeds  and  o rgan ic  inputs  to the  sed iment .  Thus  in  an  a rea  sub j ec t ed  to 
low current  speeds  and  h igh  organic  inputs  the  popu la t ions  were  d o m i n a t e d  by  la rge  
number s  of depos i t  feeders  concen t ra ted  nea r  the  s e d i m e n t  surface of the  l a rge ly  anoxic  
s e d i m e n t  co lumn (Fig. 10), whe rea s  in an  a rea  of r e l a t ive ly  low carbon  inpu t  and  h igh  
current  s p e e d  a h igh ly  s t ruc tured  and  d iverse  communi ty  composed  of an ima l s  d r a w n  
from m a n y  t rophic  groups  was  present .  C h a n g e  in the  gene ra l  t rophic  status of ben th ic  
communi t i e s  sub j ec t ed  to i nc rea s ing  inputs  of o rganic  ma te r i a l  was  i l lus t ra ted  in  
Pearson  & Rosenberg  (1978) us ing  da ta  a g a i n  from Loch Ell (Fig. 11). Thus as the  organic  
inpu t  i nc reased  the  number s  of carn ivores  and  suspens ion  feeders  dec rea sed  and  the 
number s  of det r i t ivores  and  the i r  d e p e n d e n t  popu la t ion  of carnivores  increased .  
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Fig. 11. Change  in  the percen tage  occurrence of d i f fe ren t  t roph ic  groups at a s tat ion in  Loch l~i] 
subject  to inc reas ing  inputs  of  pu ]p  f ib re  over  a ten-year  per iod :  - .  - deposi t - feeders;  - o - cam i -  

voresl  - - o - - suspension-feeders~ - �9 - omnivores  ( f rom Pearson & Rosenberg,  1978) 

MONITORING THE EFFECTS OF PULP AND 
PAPER MILL POLLUTION 

The foregoing  account  of the  m a i n  effects of the  in t roduct ion  of PME to a mar ine  
env i ronmen t  has  touched  br ief ly  from t ime to t ime on the re la t ive  mer i t s  of the  different  
types  of env i ronmen ta l  m e a s u r e m e n t  desc r ibed  in  assess ing  po l lu tan t  effects, It is thus 
r e l evan t  to cons ider  in some more  de ta i l  the  a d v a n t a g e s  and  d i s a d v a n t a g e s  of the  
var ious  ana ly t i ca l  t echn iques  ava i l ab l e  in order  to r e c o m m e n d  which,  if any, are  of use  
as gene ra l  moni to r ing  tools. F igure  12 shows a s impl i f i ed  scheme ou t l in ing  the  opt ions  
open  to the  inves t iga to r  of the  effects of an  env i ronmen ta l  pe r tu rba t ion  on a b io log ica l  
system. Thus there  are  three  ma in  inves t iga to ry  options:  (1) Env i ronmenta l  measu re -  
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Fig. 12. Simplified scheme of the general stages of biological change in response to increasing 
levels of environmental stress, with the major investigatory options open at each stage 

ments,  i. e. direct or indirect  measurements  of the fluctuations in physical  and  chemical  
factors in  the sediment  or water  co lumn induced  by the introduct ion of effluent to the 
system; (2) popula t ion  analyses  des igned  to assess the f luctuations in  the numbers  of 
ind iv idua l  species and  of communi t ies  in  the face of env i ronmenta l  change;  (3) 
metabol ic  studies of changes  in  the in te rna l  state of ind iv idua l  an imals  in  response to the 
external  stimulus. The uti l i ty of these various options is dependen t  both on their  ease of 
measu remen t  and  on the response t ime of the measured  change  in  relat ion to the 
induced  env i ronmenta l  disturbance.  Thus an examina t ion  of these two factors as they 
apply to the various techniques  avai lable  gives some indica t ion  of the relat ive uti l i ty of 
each technique.  

E n v i r o n m e n t a l  m e a s u r e m e n t s  

Analyses  of changes  in  the physico-chemical  condit ion of the sediments  and  water  
co lumn are relat ively easily performed and  may cover a range  of response t ime from 
hours or days in  the case of measurement s  of e. g. temperature,  salinity, oxygen, 
reduc ing  condi t ion (Eh) etc. to weeks  or months w h e n  var iables  such as carbon, cellulose 
or l i gn in  are measured.  However  the major  drawback in  the genera l  use of such 
measurements  is that they provide long- or short-term informat ion on the degree  of 
env i ronmenta l  change  ini t ia ted by the input  of an  effluent but  no indicat ions of any of 
the biological  changes  that might  be occurring. Thus in  a ba lanced  moni tor ing  pro- 
gramme the measu remen t  of such var iables  would  be combined  with some assessment  of 
biological  change  at one level  or another.  Should it be  possible to associate the degree of 
change  in  popula t ion  levels in  an  area with a concomitant  change  in  an  env i ronmen ta l  
var iable  then  measu remen t  of the latter may allow a rapid est imate of the probable  
extent of populatiDn change  to be expected. This approach has recent ly b e e n  t aken  by 
Pearson & Stanley (1979) who have shown that changes  in  the redox potent ia l  in  the 
sediments  of some Scottish sea-lochs, which itself is directly re la ted to the inpu t  levels of 
organic mater ia l  to the sediments ,  can be used  to predict  the genera l  degree  of change  in  
the benth ic  popula t ions  of the sediments  (Fig. 13). Other var iables  can also be shown to 
vary in  a predictable  way in  relat ion to popula t ion  fluctuations, but  the relat ive rapidi ty 
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Fig. 13. SAB (species, abundance,  biomass) curves along a gradient of decreasing sedimentary 
organic content compared with Eh values along the gradient. Faunal communities at any point on 
the gradient can be related to a predictable range of Eh values. S: number  of species~ A: total 
abundance;  B: biomass (g m-2)~ . . . .  , Eh values at 40 mm depth in sediment  (from Pearson 

& Stanley, 1979) 
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Fig. 14. Maps of Loch Eil (20 and 40 m depth contours marked), showing areas of low redox potential  
on three successive sampling occasions in 1977. Values under  each map are mean daily tonnage of 
suspended solids in pulp mill effluent discharged to the loch for the preceding two months. Low 
redox values in March followed high effluent discharge levels in the preceding months. Low input 
levels in March and April were followed by a marked reduction in the area of highly reduced 
sediment  but h igher  inputs in May and June resulted in an increase in the area again in July (from 

Pearson & Stanley, 1979) 
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and  ease  wi th  which  redox  levels  can be  m e a s u r e d  in the  sed imen t  and  the i r  direct  
r e l evance  to the  l ivflig con~ditions of the  fauna  m a k e s  thei r  m e a s u r e m e n t  a p re fe r red  
me thod  for assess ing  the impac t  of add i t iona l  o rganic  inputs  to mar ine  sediments .  The 
use of redox  m a p p i n g  t echn iques  (Whitfield,  1969; Pearson & Stanley,  1979} e na b l e s  a 
r a p i d  assessment  of po ten t ia l  popu la t ion  changes  over  la rge  areas  to be  m a d e  (Fig. 14}. 

P o p u l a t i o n  a n a l y s e s  

Ana lys i s  of faunal  popula t ions  in the  sed imen t s  can  encompass  the  full  r ange  of 
organisms  from bac te r i a  to the  l a rge r  inver tebra tes .  The  response  t ime of the  var ious  
groups  to an  env i ronmen ta l  pe r tu rba t ion  var ies  wide ly ,  even  wi th in  groups,  bu t  in  
gene ra l  the  longer  response  t imes  are  assoc ia ted  wi th  the  larger ,  longer  l ived  species .  
Analys i s  of any  faunal  popu la t ion  involves  re la t ive ly  t ime consuming  enumera t ion  of 
one type  of s amp le  or another ,  usua l ly  c o m b i n e d  wi th  the  necess i ty  for exper t  ident i f ica-  
t ion of species .  Thus there  are  no r a p i d  and  easy  methods  ava i l ab l e  for popu la t i on  
analysis .  It is therefore  h igh ly  des i rab le  to m a k e  an  in formed choice of which  group 
should  be  ana lysed ,  b a s e d  bo th  on the response  t ime of that  pa r t i cu la r  group to 
d i s tu rbances  caused  by  f luctuat ion in eff luent  input  and  to the re la t ive  eco log ica l  
impor tance  of the  role of that  pa r t i cu la r  group in the  sys tem b e i n g  s tudied.  Different  
fauna l  groups  differ in thei r  re la t ive  roles in the  carbon and  nutr ient  cycles  in the 
sed imen t s  e. g. macro fauna  m a y  compose  a l a rge  par t  of the  b iomass  in an a rea  but  be  
less impor tan t  t han  the me io fauna  in the  turnover  of nutr ients ,  b r e e d i n g  more  s lowly in 
gene ra l  and  hav ing  lower  me tabo l i c  rates  than  the sma l l e r  species .  A n  e x a m p l e  of this 
type  of d i f ferent ia l  role p l a y e d  b y  the var ious  size groups  of fauna  in a s ed imen ta ry  
env i ronment  was  p rov ided  by  Fenche l  (1969) in his s tudies  of the fauna  of a f ine sand at 
10 m dep th  in the  Oresund.  A l though  the macro fauna  was  comple t e ly  dominan t  in  terms 
of b iomass  the  microfauna  was  re spons ib le  for forty pe rcen t  of the  total  an ima l  resp i ra -  
tion, and  of this  the  c i l ia tes  accoun ted  for about  25 %. Al though  it is usua l ly  imposs ib le  
to p rov ide  this  type  of de t a i l ed  informat ion in the  major i ty  of po l lu t ion  assessment  
surveys,  a se lec t ion  of e i ther  bac ter ia l ,  micro-,  meio- ,  or macrofauna l  popu la t ions  as the 
major  s tudy group may  be  m a d e  on the bas is  of the  gene ra l  k n o w l e d g e  of the i r  re la t ive  
role in the  pa r t i cu la r  env i ronment  b e i n g  s tudied.  The  major i ty  of surveys u n d e r t a k e n  to 
assess  the  effects of PME have  concen t ra ted  on macrofauna l  changes ,  p r o b a b l y  be c a use  
both  the  s tudy t echn iques  and  the t axonomy of that  group are  re la t ive ly  wel l  k n o w n  {see 
e. g. Landner  et  al., 1977; Pearson  & Rosenberg,  1978; Poole et al., 1978). H ow e ve r  recent  
work  by  Vance  (1978) and  Wyat t  (1979) has  shown that  popu la t ion  changes  in both  
bac te r i a  and  ci l ia te  faunas  can be  l i n k e d  to changes  in eff luent  input  and  in  cer ta in  
c i rcumstances  are useful  indica tors  of env i ronmen ta l ly  adv i sab le  input  levels .  

M e t a b o l i c  s t u d i e s  

One  of the  major  d rawbacks  assoc ia ted  wi th  re l i ance  on popu la t ion  ana lyses  as a 
means  of a s sess ing  the impac t  of a d i s cha rged  effluent  is the  re t rospect ive  na ture  of the  
ev idence  col lected,  i. e. only  after  the  communi ty  has  ad jus t ed  to a pe r tu rba t ion  which  
has  had  a le tha l  effect on at leas t  some of the  fauna  p rev ious ly  p resen t  in the  a rea  can an  
effect be  demons t ra ted .  It is obvious ly  more des i rab le  to use  some measu re  of demons t ra -  
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Measured  var iable  Monitor ing technique  Response t ime to 
env i ronmenta l  var ia t ion 

Integrated physiological  Direct measurement  of oxygen Hours, days or weeks  
response, e.g. energy, ba-  consumption,  food intake,  assimi- 
lance, growth efficiency lat ion efficiency, excretion, etc. on 

individual  an imal  

Measurement  of b iochemical  con- 
sti tuents of individual  animals  or 
t issues 

Measurement  of ETS activity and  
respirat ion rates; measurement  of 
ATP/ADP ratio; analysis of activi- 
ties of key enzymes, e.g. PFK, CS, 
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Fig. 15. Relation be t w een  distance from effluent outfall and  activities of three enzymes associated 
with energy  yie lding metabol ism in Glycera alba from Loch Creran (J. Blackstock, personal  

communicat ion) 

b l e  s u b - l e t h a l  e f fec t s  of t h e  e f f l u e n t  o n  t h e  f a u n a  s h o u l d  a n y  s u c h  m e a s u r e  b e  a v a i l a b l e .  

V a r i o u s  p h y s i o l o g i c a l  a n d  b i o c h e m i c a l  r e s p o n s e s  of i n d i v i d u a l  a n i m a l s  to  e n v i r o n m e n -  

t a l  s t r e s s  h a v e  b e e n  a s s e s s e d  i n  t h i s  c o n t e x t  i n  a n  e n d e a v o u r  to l i n k  a m e a s u r a b l e  

r e s p o n s e  to a n  e x t e r n a l  v a r i a b l e ,  t h e  m o r e  p r o m i s i n g  of w h i c h  a r e  l i s t e d  i n  T a b l e  4. V e r y  

f e w  of t h e s e  h a v e  b e e n  u s e d  as  y e t  to  s p e c i f i c a l l y  i d e n t i f y  r e s p o n s e s  to  PME,  o t h e r  t h a n  

c h a n g e  i n  e n z y m a t i c  a c t i v i t y  i n  s o m e  p o l y c h a e t e  w o r m s  (see  b e l o w ) ,  b u t  i n  so fa r  as  a l l  
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such m e a s u r e d  in te rna l  responses  are caused  by  the an imals  b e i n g  sub jec ted  to ex te rna l  
stress the  exact  na tu re  of that  stress becomes  secondary.  The metabo l i c  responses  
s tud ied  have  b e e n  e i ther  phys io log ica l  s tudies  of factors such as ene rgy  ba lance ,  growth  
eff iciency etc., e. g. Bayne et al. (1976), Widdows  (1978), or assessments  of var ious  types  
of b iochemica l  change.  The la t ter  have  inc luded  inves t iga t ions  of e lec t ron  t ransfer  
sys tem act ivi ty  (Packard  et  al., 1974; Bamstedt ,  1979), adeny l a t e  ene rgy  charge  (SchStt- 
ler, 1978; Rainer  et al., 1979) and  var ious  levels  of enzymat i c  act ivi ty  (Blackstock 1978, in 
press). The la t ter  s tudies  have  b e e n  car r ied  out to assess  the  effects of var ia t ion  in the 
effluent  input  to Loch Ell on the  act ivi t ies  of enzymes  assoc ia ted  wi th  ene rgy  y i e l d i n g  
me tabo l i sm in a n u m b e r  of po lychae te  worms which  have  popula t ions  d i s t r ibu ted  in 
a reas  of the  loch sub jec ted  to differ ing amounts  of eff luent  input.  It has  b e e n  shown that  
the act iv i t ies  of a n u m b e r  of enzymes  are  p rogress ive ly  supp re s sed  in an imals  d rawn 
from areas  a p p r o a c h i n g  the eff luent  source (Fig. 15). It is poss ib le  that  r egu la r  assess-  
men t  of such enzymat ic  act ivi t ies  could  p rov ide  the  bas is  of a m e a s u r a b l e  sub- le tha l  
response  to eff luent  input  levels .  Howeve r  much  resea rch  and  d e v e l o p m e n t  work  
r emains  to be  done  before  the  m e a s u r e m e n t  of such sub- le tha l  effects becomes  a useful  
t echn ica l  me thod  for inc lus ion  in  rout ine  moni tor ing  surveys.  

CONCLUSIONS 

The foregoing  account  of the  scale  of po l lu t ion  from cel lu lose  indus t ry  wastes ,  the i r  
character is t ic  effects on the  env i ronment  and eco logy  of mar ine  areas  to which  they  are 
d i scharged ,  and  the methods  by  wh ich  such effects can be  assessed  sugges t s  that  g iven  
r ea sonab le  levels  of control  the d i scharge  of such was tes  to the mar ine  env i ronment  
n e e d  not pose  a ser ious  hazard.  Should  such d i scharges  t ake  p l ace  to a reas  wi th  
res t r ic ted  wa te r  exchange  then  accumula t ion  of carbon  in the  sed imen t s  m a y  even tua l ly  
cause  deoxygena t i on  of bot tom waters  and  subsequen t  fauna l  e l iminat ion .  However  in 
a reas  where  bo t tom wa te r  r e n e w a l  is f requent  the  occurrence  of such p rob lems  is 
un l ike ly  and  the add i t i ona l  ca rbon  inputs  from the effluent  can increase  the overa l l  
p roduc t iv i ty  of the  system. Thus if the  communi ty  changes  in response  to inc reas ing  
carbon input  can be  conf ined to that  par t  of the  typ ica l  ben th ic  success ion w h e r e  the total  
b iomass  and  n u m b e r  of spec ies  are  grea tes t  (see Fig. 13) then  it is poss ib le  that  
even tua l ly  commerc ia l  f isher ies  in  the  a rea  could  be  enhanced .  H ow e ve r  in order  to 
ensure  that  carbon inputs  do not  exceed  the capac i ty  of the  sys tem to absorb  them some 
form of env i ronmen ta l  moni tor ing  of the  effluent  effects should  be  u n d e r t a k e n  as par t  of 
the overa l l  indus t r ia l  p rog ramme.  Given  a ba se l i ne  k n o w l e d g e  of the  b io logy  of the  
sys tem into wh ich  the eff luent  is b e i n g  d i scha rged  such a moni tor ing  p r o g r a m m e  could  
be  b a s e d  on a r e la t ive ly  s imple  assessment  of some key  env i ronmenta l  va r i ab le  e. g. the 
redox  po ten t i a l  of the  sediments ,  combined  wi th  an  occas ional  ana lys is  of the  status of 
one of the  major  ben th ic  popu la t ion  groups.  G iven  this l e v e l  of a s sessment  any  poten-  
t ia l ly  haza rdous  env i ronmen ta l  change  can be  r ap id ly  ana lysed  in re la t ion  to f luctuat ion 
in eff luent  input.  In the  r e l a t ive ly  nea r  future the  moni tor ing  of b iochemica l  change  in 
se lec ted  i nd iv idua l  spec ies  from the a rea  sub jec ted  to eff luent  input  should  p rov ide  
ear ly  w a r n i n g  of any  po ten t i a l ly  de t r imen ta l  effect s t emming  from a change  in eff luent  
input  levels .  

In this m a n n e r  b io logis t s  m a y  r ema in  "watchfu l"  ra ther  than  become  alarmists .  
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