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ABSTRACT: Of all substances th rea ten ing  life in the seas, oil has  received by far the most a t tent ion 
from the  public, administrators,  poli t icians and  scientists. The main  reasons for this are: (1) even  
l imited amounts  of oil are easily visible; (2) oil can exert  obvious negat ive  effects, e. g. extensive 
damage  to birds and  other animals,  impai rment  of the recreat ional  value  of beaches  and  marinas,  
losses in  fisheries due to ta in t ing of catches and  reject ion by the publ ic  of seafood from areas known 
to have  b e e n  recently polluted. In addition, dramatic  tanker  accidents are widely publicized.  
During the last decade tens of thousands  of papers  have b e e n  publ i shed  about  the impact  of oil on 
the mar ine  environment ,  and  we are well  informed about  most basic facts, such as input  and  fate of 
oil, toxicity to adul t  organisms and  recolonization. Due to considerable  sophist ication of analyt ical  
techniques,  especial ly the  introduct ion of glass-capil lary gas chromatography,  we are wel l  aware  
that  recent ly formed b iogenic  hydrocarbons  by far extend the  input  directly due to pollution. Large 
gaps exist in our knowledge  about  sedimenta t ion  and  transport  of wea the red  oil, natural  degrada-  
t ion rates, and  the  flow of hydrocarbons through the food web. Relatively little is known about  the- 
inf luence of oil and  dispersants  upon complex ecosystems. The often ment ioned  suspicion of 
increased cancer  probabi l i ty  in humans  due to seafood contaminated  by hydrocarbons has  not been  
substantiated~ in fact, it seems unl ikely  that  such an  effect exists. By far the greatest  uncer ta inty  
about  potent ia l  oil impact  concerns possible negat ive  effects of hydrocarbons on chemical  com- 
munica t ion  mechanisms  be tween  organisms. Intensive studies of behaviour  scientists working with 
concentrat ions far below the toxic level  are n e e d e d  in fisheries biology, zoology and  botany. Most 
cases of oil contaminat ion  known thus far have  b e e n  l imited in space and  time~ the oil has turned  
out to be  degradab le  by natura l  processes. Such oil pollut ion ne i ther  endangers  nor considerably 
impairs  the future of mankind.  In future research, more than  anyth ing  else, objective critical 
evaluat ion  and  careful quantif icat ion are needed.  

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

R a p i d l y  g r o w i n g  a n d  d e v e l o p i n g  b r a n c h e s  of s c i e n c e  m a k e  i t  n e c e s s a r y  to c o m p i l e  

a n d  c r i t i c a l l y  e v a l u a t e  e x p e r i m e n t a l  r e s u l t s  a t  i n c r e a s i n g l y  s h o r t e r  i n t e r v a l s .  T h i s  

r e q u i s i t e  is e s p e c i a l l y  i m p o r t a n t  i n  f i e l d s  w h e r e  (1) r e s e a r c h  is v e r y  cos t ly ;  (2) p r a c t i c a l  

m e a s u r e s  to  b e  t a k e n  as  a r e s u l t  of t h e s e  i n v e s t i g a t i o n s  h a v e  f i n a n c i a l  c o n s e q u e n c e s ~  (3} 

c o n s i d e r a b l e  p u b l i c  i n t e r e s t s  a r e  a t  s t ake .  Al l  t h r e e  p o i n t s  a r e  a p p l i c a b l e  i n  t h e  c a s e  of 

o i l  p o l l u t i o n  of t h e  sea .  

* Dedicated to Dr. C. E. ZoBell, Professor emeri tus  Scripps Insti tution of Oceanography on the 
occasion of his 75 th b i r thday in recognit ion of his  fundamenta l  and  outs tanding contr ibut ions to 
mar ine  microbiology and  to our unders t and ing  of the  role p layed  by  oi l -degrading bacter ia  
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Many  inst i tutes in  different parts of the world uti l ize a considerable  research 
capacity to invest igate  oil pollut ion.  There is very seldom an  oil spill  which  does not 
attract number s  of biologists to record - mostly in  a descriptive and  qual i ta t ive way - the 
vis ible  effects. But quant i ta t ive  est imations or measurements  regard ing  recovery poten-  
tial are f requent ly  not made.  

It is common practice to document  the results in  vo luminous  reports which are 
beyond  the capabi l i ty  of the exper imenta l  biologist  to read, re ta in  and  judge;  little effort 
is made  to draw consequences  or predict  effects which may occur after a future oil spill. 

It is said that scientific invest igat ions  are in i t ia ted with the interests of society at 
heart. However  in  m a n y  cases, one may suspect ulterior motives. For example  oil- 
pol lu t ion research is sometimes u n d e r t a k e n  because  (a) of easier  avai labi l i ty  of funds, 
(b) the field of pol lu t ion is "en  vogue"  and  has a "progressive" image,  (c) it provides an  
"opportuni ty"  to criticize oil companies ,  adminis t ra t ion  and  the es tabl ishment ,  and (d) 
one may occasionally appear  on TV. 

These approaches - together  with a strong bias in  regard to the effects to be  
expected and  discussed - have assisted a widespread  tr ivial izat ion of an  "env i ronment  
sc ience"  whereby  specialists have still to prove their  usefulnes  to society. 

The task of the scientist  must  be to have an  u n b i a s e d  approach to the problem. He 
must  always r emember  that, important  as it is to invest igate  the most extreme si tuat ion at 
the site of the greatest  effect, it is not just if iable to use such results to draw conclusions 
about  the genera l  effects on life in  the sea, or even  of a l imi ted area of the sea. Such 
faulty in terpre ta t ion  of basical ly  val id results, that is, genera l iz ing  on the basis of a 
par t icular ly  extreme instance,  also occurs in  other fields of science. 

The basic  facts about  mar ine  oil pol lu t ion and  its effects are genera l ly  k n o w n  to 
mar ine  biologists. It is not i n t ended  here to go into simple background  informat ion nor to 
strive for completeness.  

Short sections cover product ion and  t ransportat ion of crude oil and  the input  into the 
mar ine  envi ronment .  The fate of oil and  the effects upon  some groups of mar ine  
organisms and  the recovery potent ia l  are stressed. 

The ma in  emphasis  of this paper  is on ne w  methods,  t rends and  results. At ten t ion  is 
d rawn to gaps in  research and  incorrect conclusions.  A condensed  review of chemical  
possibil i t ies and  ach ievements  to d is t inguish  be t w e e n  fossil pe t ro leum hydrocarbons 
and  recent ly  b iogenica l ly  formed hydrocarbons is given. 

PRODUCTION AND TRANSPORT OF CRUDE OIL 

The present  a n n u a l  product ion of crude oil is about  3 X 109 tons, of which it is 
es t imated that about  6 mi l l ion  tons, i. e. about  0.2 %, escapes into the sea as pollution.  In 
all, from 1857 to 1978, 55 • 109 tons were produced.  Proven world reserves (1978) are 
about  88 • 10 a tons (BP Ltd., 1979). Assuming  constant  pol lu t ion of 0.2 % unt i l  the 
proven oil reserves are exhausted,  we must  expect a further b u r d e n i n g  of the sea with 
about  176 mi l l ion  tons of oil. 

The dis t r ibut ion of oil produced to date and  the proven  oil reserves is shown in  
Figure 1. Figure 2 shows the contrast b e t w e e n  product ion and  consumpt ion  in  the 
various subcont inents ;  the great  d iscrepancy here is the reason that massive amounts  of 
oil have to be sh ipped over great  distances across the sea. 
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Fig. 1. Production of crude oil since 1857 and  proven world oil reserves in bi l l ion tons 1978 (after BP 
Ltd., 1979) 

Fig. 2. World oil product ion and  consumption 1978 (after BP Ltd., 1979) 
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The flow of oil that  was sh ipped  by tanker  in 1977 is shown in Figure  3. It is on these 

tanker  routes par t icular ly  on the east  coast of the U.S.A., the European  wes t  coast, South 

Africa, and the narrow passages  to the Far East that most  tanker  accidents  have  occurred 

and future accidents  are to be expected.  Tanker  accidents  are by far the most spectacular  

oil spills, but  they account,  on average,  for less than 5 % or about  0.2 mi l l ion  tons of the 

total oil pol lut ion of the sea per  year. 

m 

i '  

OT~ exports of mineral oil ~ Routes of transport 

Fig. 3. World oil movement on sea lanes in million metric tons. (Quantities of less than 12.5 million 
tons are not taken into account.) The imports amounted to: USA and Canada 430, Western Europe 

600, Japan 305 (modified after "Der Spiegel", 1979) 

OIL" INPUT INTO THE MARINE ENVIRONMENT 

A n t h r o p o g e n i c  o i l  i n p u t  

Table  1 shows a key to the most  important  sources of oil input  into the world  oceans  

( IMCO/FAO, 1977}. It is assumed that  the amount  of pol lut ion has not changed  appreci-  
ably in recent  years. The  same va lues  can be  found in severa l  summaries .  This agree-  

ment  can be exp la ined  less by the fact that  many  workers  have  come to the same 

conclusions as a result  of their  research,  than by the genera l  accep tance  of these  figures. 

Global  considerat ions,  however ,  can only represent  a first step: in order  to come to a 
genera l  under s t and ing  of the effects to be  expec ted  at present  they are of little use. 

For example ,  cons idered  globally,  we  migh t  have  in sea water  1.4 • 1012 tons of 

dissolved organic  matter.  With the int roduct ion of 6 • 106 tons of fossil hydrocarbons,  we  

obtain a ratio of fossil hydrocarbons  to d issolved organic  mat ter  of about  1:200 000. 
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Table 1. Petroleum hydrocarbons entering the ocean 

Sources Annual amount (mio. t) 

Marine transportation 1.93 
Tanker accidents 0.2 
Offshore oil production 0,08 
Coastal oil refineries 0.2 
Industrial and municipal waste 0.6 
River runoff 1.6 
Urban runoff 0.3 
Natural seeps 0.6 
Atmospheric rainout 0.6 

Total 6.11 

N a t u r a l  s e e p a g e  

It is es t imated that about  0.6 mil l ion tons of oil enter  the sea through seepages  from 
the seabed  (Koons & Monaghan,  1976}. Natural  oil springs release a product which 
cannot  be d is t inguished in  any  way from crude oil. However,  since this oil enters the sea 
without  any action on the part  of humans ,  we cannot  here speak of pollution.  

R e c e n t  b i o g e n i c  h y d r o c a r b o n s  

At least the same amount  of hydrocarbons as that which enters the sea by pol lut ion is 
be ing  formed constant ly in  the sea by mar ine  organisms (Koons & Monaghan ,  1976}. 

Mar ine  organisms can contain up to 1 g of hydrocarbon per  kg fresh weight.  
Assuming  50 mg per  kg fresh weight  of p lank ton  for an  assumed pr imary product ion of 
2 • 1011 tons fresh weight  annua l ly  = 2 • 101~ organic C (Bunt, 1975), 1 • 107 mil l ion 
tons would  be formed a n n u a l l y  in  the sea. This value,  however,  as a m e a n  value  is very 
probably  an  underes t imate .  Recent analyses  of a large n u m b e r  of benth ic  a lgae in  the 
Gulf of Mexico (Lytle et al., 1979} y ie lded  a m e a n  value  of 100 mg/kg.  Evaluat ion of the 
great  n u m b e r  of s ingle  analyses of hydrocarbon is made  more difficult because  com- 
monly  only ind iv idua l  chemical  groups are determined,  for example  the easily measured  
alkanes.  Hardy et al. {1977) assume a s t and ing  crop of 10 mil l ion tons of recent  b iogenic  
hydrocarbons in  organisms. A large uncer ta in ty  factor is represented  by the port ion 
which comes into the sea via precipitat ion.  It is es t imated that from conifers alone 
approximately 200 mi l l ion  tons of te rpene  hydrocarbons enter  the atmosphere in  the 
form of micropart icles (Went, 1960). With the present  lack of data on analyses of 
precipitation, one has to depend  on haphazard  guesses. If 5 % entered the sea, it would  
be 10 mi l l ion  tons per  year. At a workshop of the Nat ional  Academy of Sciences (1975) it 
was est imated that the amount  of recent  b iogenic  hydrocarbon that enters the sea with 
ra inout  is 2 to 3 orders of magn i tude  greater  than  the amount  of fossil hydrocarbons 
which is in t roduced with precipitation. Thus these hydrocarbons represent  the greatest 
uncer ta in ty  factor in  any budge t  estimates. 
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FATE OF OIL 

The  fate of oil  in  the  sea  has b e e n  descr ibed  and r e v i e w e d  repeatedly  and has b e e n  
the subject of m a n y  workshops,  sympos ia  and conferences  (E. g.: ZoBe!l, 1964; Ruivo, 
1972; Nat ional  A c a d e m y  of Sc iences ,  1975; Amer ican  Institute of Bio logical  Sciences ,  
1976; Gerlach,  1976; Wolfe,  1977; McIntyre and Whittle,  1977; Amer ican  Petroleum 
Institute, 1977; Stevenson,  1978). 

Figure 4 s u m m a r i z e s  the events.  After i n t r o d u c t i o n there is first a marked  
s p r e a d i n g and i m m e d i a t e l y  e v a p o r a t i o n of the h i g h l y  volat i le  substances  
beg ins .  Within  a f e w  hours, as a rule, the portions w h i c h  boi l  under  200 ~ have  
evaporated.  The l o w - b o i l i n g  aromatics d i s s o 1 v e very eas i ly  in water  and are sub- 
jected to d i l u t i o n .  

The  oil  d r i f t s wi th  the w i n d  and currents. Through c 1 u m p i n g ,  spray formation 
and the "bursting b u b b l e  effect" the cont inuous s l ick is broken up. Oi l  takes up water  
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Fig. 4. A summary of the natural  processes of dispersal and modif icat ion of oil  in the marine 
environment (modified after Whit t le  et al., 1978) 
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w h e n  c lumping  and  as a rule forms oi l - in-water  emulsions,  the so called "chocolate 
mousse".  An oil slick on the open sea persists for a few days at most. This fact is of basic 
s ignif icance for the fate of the oil. 

We can formulate as a firm rule: In the subsequen t  course of the oil spill we are 
dea l ing  with oil in  the form of particles and  no longer  in  the form of a surface cover. Oil 
can be deposi ted on beaches  at every stage of aging.  

The most important  factor which inf luences  the persis tence of oil on intert idal  
beaches is the mechanica l  energy avai lable  (Gundlach & Hayes, 1978; Owens,  1978). 
While  exposed beaches  (high energy  beaches) can be free of oil wi th in  2 to 3 months  
even  after heavy pollution,  oil can persist for decades in  salt marshes or t idal flats. 

L o w e n e r g y s h o r e 1 i n e s normal ly  are fine gra ined  down to silt and mud. 
They genera l ly  have a h igh content  of organic substances  and are often anaerobic.  
Deposited oil can be bur ied  or worked into the sediment.  The reduc ing  condit ions slow 
the microbial  degradat ion  down to practically nil. Oil which has penet ra ted  into the 
sediment  can be in f luenced  by chang ing  water  levels on t idal  coasts: an  exchange  of 
water  takes place and  br ings  in new oxygen. Tidal  action acts as a hydraul ic  pump at a 
slow rate and can therefore be responsible  for the fact that oil flows out with the water  

and  can be a nu i sance  for m a n y  years (Gebe le in ,  1973). 
H i g h e n e r g y s h o r e 1 i n e s in  contrast are aerobic and  cont inuously  reworked. 

St randed oil is mixed with inorganic  mater ial  and  rapidly par t icular ized and  displaced. 
The surface of the oil is thus en la rged  and  it is "di lu ted"  by mixing  with larger quant i t ies  
of unpol lu ted  sand and/or  water. In beach  areas as a rule the content  of inorganic  
n i t rogen and  phosphorus compounds  is h igher  than  in  open water. Thus oil is not only 
distributed, but  the condit ions are also very favourable for h igh activity of o i l -degrading  
microorganisms. A further factor which plays a role in  the persis tence of the oil is 
whether  the oil remains  on the surface of the beach  or penet ra tes  it. The viscosity of the 
oil is important  as well  as the pore size and  therefore the pore space of the beach. 
Treat ing the oil with surfactants can lead to deep penet ra t ion  into the beach  sediment .  

P e l a g i c  oi l  

The subsequen t  and  ul t imate  fate of oil depends  on whether  it remains  pelagical ly  
drifting in the open  sea or whether  it reaches a beach  wi th in  a short period of time. The 
latest est imations of pelagic  tar drift ing at the surface are 36 000 tons for the world 

oceans and  180 tons for the region of the North Sea (Koons & Wheeler,  1977; 
Oppenhe imer  et al., 1977). It is assumed that in  contrast to oil degradat ion  in  coastal 
areas, wea ther ing  and  b iodegradat ion  at the surface of the tar balls  is a slow process. It is 
very complicated to study. The surface of the tar balls  is assumed to dis integrate  to very 
small  microparticles, thereby cont inual ly  reduc ing  the size of the lump. To what  extent  a 
part  of the pelagic  tar penetra tes  into the deep sea and  eventua l ly  to the bottom has still 
not b e e n  e lucidated and  remains  open  to speculation.  We are thus uncer ta in  about  the 
ul t imate  fate of a very considerable  part  of the oil pol lut ion which enters the sea. The 
res idence t ime of pelagic  tar on the sea surface appears  to be  of the order of a year  or 
more (Butler et al., 1973; Butler & Morris, 1974). 
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M i c r o b i a l  o i l  d e g r a d a t i o n  

Al though  hydroca rbons  can  be  d e g r a d e d  by  h ighe r  organisms  and  a lgae ,  and  
pho toox ida t ion  p lays  a par t  in the  d e g r a d a t i o n  of oil, the  deg rada t i on  is a ccompl i shed  
chief ly by  microorganisms,  bac t e r i a  p l a y i n g  the most  impor tan t  role. Severa l  good  and  
u p d a t e d  rev iews  are  ava i l ab l e  (Fuhs, 1961; ZoBell,  1964, 1973; F loodgate ,  1972; Crow et 
al., 1974; McKenzie  & Hughes ,  1976; Bartha & Atlas,  1977; Van  der  Linden,  1978). 

Oil  deg rade r s  are  w i d e l y  d is t r ibuted .  In over  1000 samples  of wa te r  and  sed imen t  
from t ida l  and  offshore reg ions  of the  North  Sea  that  we  inves t iga t ed  (Gunkel ,  1968, 
1973; O p p e n h e i m e r  et al., 1977; G u n k e l  et  al., 1980) less  than  10 con ta ined  no oil  
degraders .  The h ighes t  number s  were  in o i led  sed imen t s  and  dr i f t ing oil (up to 8 • 101~ 
pe r  liter). Up to now about  100 strains  of o i l - d e g r a d i n g  bac te r i a  have  b e e n  descr ibed .  
W h e n e v e r  an  oil spi l l  occurs it  wi l l  i nev i t ab ly  be  infected.  

The  mul t ip l i ca t ion  po ten t ia l  of bac t e r i a  is u n i m a g i n a b l y  grea t  and  the t ex tbook  
e x a m p l e  is we l l  k n o w n  in which  a s ingle  bac t e r i um takes  only 100 genera t ions  - wh ich  
could  be  50 h u n d e r  op t imal  condi t ions  - to form a mass  the size of the  earth.  This 
mul t ip l i ca t ion  is l imi t ed  p r imar i ly  by  abio t ic  factors such as substra tum,  so lubi l i ty  and  
surface, t empera tu re ,  oxygen  content ,  inorgan ic  n i t rogen  and  phosphorus  salts,  in terfer-  
ing  eas i ly  d e g r a d a b l e  o rgan ic  subs tances  and  toxic concentra t ions  of some hydrocarbons  
wi th  low bo i l ing  poin ts  (Gunkel ,  1967). As a rule  oxygen  is the  ma in  l imi t ing  factor of 
mic rob ia l  g rowth  and  d e g r a d a t i o n  in sediments .  N i t rogen  and  phophorus  sal ts  exhib i t  
this l imi ta t ion  in the  open  sea. 

We are  fair ly we l l  in formed  about  the  ac t ion of these  l imi t ing  factors in  l abora to ry  
expe r imen t s  as w e  are  about  the  po ten t i a l  of pure  cultures.  However ,  w e  are  only 
b e g i n n i n g  to l ea rn  abou t  d e g r a d a t i o n  ra tes  in  nature .  Here  are  the  grea tes t  gaps  in our 
u n d e r s t a n d i n g  of the  f inal  fate of the  oil. 

B iodegrada t ion  has  b e e n  over ra ted  in the  pas t  years ,  in r e g a r d  to the  shor t - term 
effects. It has  become  inc reas ing ly  ev iden t  that  it  is d i spe rsa l  systems such as evapora -  
tion, dissolut ion,  etc., ra ther  than  b iodegrada t ion ,  wh ich  remove  the oil from the surface. 

B iodegrada t ion  seems  to be  unde r r a t ed  wi th  r ega rd  to its l ong- t e rm effect, or in  
cases  of chronic pol lut ion.  There  are  two me c ha n i sms  which  have  a fundamen ta l  
s ign i f icance  for oil d e g r a d a t i o n  and  w h e r e  inves t iga t ions  are  b a d l y  needed .  

Multiplication of bacteria-eating Protozoa 

In en r i chmen t  cul tures  mul t ip l i ca t ion  of bac t e r i a - ea t i ng  pro tozoa  has  b e e n  
observed.  This not only  stops any  further  inc rease  of the  bac te r i a l  numbers ,  but  dras t i -  
ca l ly  r educes  the  number s  of o i l - d e g r a d i n g  bac t e r i a  present .  We  have  to assume that  
such processes ,  w h e r e b y  h igh -va lue  p ro te in  formed from the oil is c ha nne l l e d  into the  
food web,  also occur in  nature .  Much  more  re sea rch  is n e e d e d  here.  

Recalcitrance and cooxidation 

Some hydrocarbons  are  ox id ized  by  microorgan i sms  wi thout  suppor t ing  the i r  
growth.  Ano the r  o rgan ic  subs tance  which  migh t  be  a hydroca rbon  acts as a cosubstrate .  
Cooxida t ions  are  k n o w n  for cyc loa lkanes  and  ch lo r ina ted  hydrocarbons .  A l though  there  
is no a d v a n t a g e  appa ren t  for the  e n z y m e - p r o d u c i n g  microorganism,  commensa l s  can  
benefi t .  Cooxida t ion  is a m e c h a n i s m  of na ture  which  can  also l e ad  to the  d e g r a d a t i o n  of 
subs tances  wh ich  are not  syn thes ized  in na ture  (Horvath, 1972; Perry, 1979). 
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Seeding of oil spills 

One of the most ques t ionab le  topics in mic rob io logy  and  a p p l i e d  scientif ic  know-  
l e d g e  for prac t ica l  oil r emova l  is the  d e v e l o p m e n t  of commerc ia l  inocula  of hydroca rbon  
degraders .  Seed ing  of oil spi l ls  wi l l  never  be  successful ly  a p p l i e d  b e c a u s e  oil d e g r a d a -  
t ion is not  inocula  l imi ted:  it  is l imi ted  by  abiot ic  factors. This has  b e e n  conf i rmed 
r e p e a t e d l y  (e. g. by  At las  & Bartha, 1973). To foster hopes  that  a p rac t ica l  and  a pp l i c a b l e  
me thod  can  be  d e v e l o p e d  to c l ean  up la rge  oil spi l ls  is wishful  t h ink ing  if not mal ic ious  
t r ickery.  

OIL DISPERSANTS AND RELATED SUBSTANCES 

The long controvers ia l  issue r e g a r d i n g  the use  of d i spersan ts  to combat  oil sp i l l s  has  
become  less h e a t e d  in recen t  years .  The b a d  repu ta t ion  of the  d i spersan ts  was  caused  by  
the first gene ra t ion  of r emed ie s  which  were  used  wi th  toxic solvents.  However ,  the  use  of 
non- ionic  d i spersan t s  in wa te r - so lub le  solvents,  as d i spersan ts  of the second  genera t ion ,  
wi l l  never  be  comple te ly  wi thout  p rob lems  (Blackman et  al., 1978; He l lmann ,  1978). The 
ques t ion  of us ing  d i spersan t s  for oil po l lu t ion  in open  wa te r  is so complex  that  an op t imal  
s t ra tegy for thei r  use  must  be  w o r k e d  out  a n e w  in each  case. A d i spersan t  has  a toxic 
effect w h e n  the surface tens ion  of the  wa te r  is l ow e re d  b e n e a t h  a cer ta in  l imit .  If one 
accepts  the  r isk  involved,  it is only  to ob ta in  def ini te  advan tages .  

These  advan t ages  are as follows: (1) the  f ixat ion of the  oil from the surface to the  
body  of water ;  this  has  c lear  advan t ages  e spec ia l ly  to the b i rd  life; (2) an  increase  in the  
ra te  of mic rob ia l  degrada t ion .  

These  advan tages ,  however ,  are  l imi ted  by  cer ta in  condi t ions:  (1) only  oils of low 
viscosi ty  can  be  d ispersed;  (2) the add i t ion  of the  d i spe rsan t  and  the me c ha n i c a l  ene rgy  
for emuls i fy ing  must  be  t echn ica l ly  poss ib le  wi th in  a very  short  t ime,  s ince this  is a race  
aga ins t  the  a g i n g  of the  oil. 

The d i s advan t ages  which  w e i g h  aga ins t  the w i d e s p r e a d  use of d i spersan ts  are:  (1) 
the  h ind rance  of the des i r ab le  r ap id  evapora t ion  of vola t i le  oil components ;  (2) the 
suppress ion  of the  des i r ab le  t endency  of oils to se l f -encapsu la te  and  to form tar  bai ls ,  
whose  format ion is a s sumed  to be  the  leas t  dange rous  form in oil  pol lut ion;  (3) thei r  
e m p l o y m e n t  only for r e l a t ive ly  smal l  oil spills.  

Beside  the  uses of surface act ive agen t s  men t ioned  above,  a further var ia t ion  in the i r  
e m p l o y m e n t  has  b e e n  d e v e l o p e d  recen t ly  (Dixon, 1977), the  so-ca l led  "Oi l  He rde r "  or 
"Oil  Marsha l" .  

Ins tead  of sp r ead ing  the oil, the  oil f i lms are forced together .  This acce le ra tes  the  
par t icu lar iza t ion ,  which  is a des i r ab le  process  since it changes  the  mass ive  shor t - term 
con tamina t ion  of the  env i ronment  into a longer  but  less dange rous  process.  

Al l  work  about  oil po l lu t ion  is i ncomple t e  wi thout  a quant i ta t ive  es t imat ion  of the  
causa t ive  agent :  the  oil. 

PROBLEMS IN CHEMICAL ANALYSIS 

The goa l  is to show that  the  g iven  env i ronmenta l  po l lu t ion  is def in i te ly  due  to the  oil 
wh ich  was spi l led;  this is often very  difficult. 

The diff icul t ies  arise from the fact that  on the  one h a n d  the oil  is an  ex t r eme ly  
compl i ca t ed  mixture  of subs tances  which  wil l  p robab ly  never  be  comple t e ly  ana lyzed;  
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on the other  h a n d  subs tances  ana logous  to oil  are p resen t  in the  env i ronment  and  are  
b e i n g  con t inua l ly  formed,  bu t  t hey  do not  differ from the  componen t s  of the  oil itself. 
Ce r t a in ly  it is ea sy  to de t e rmine  the oil  quan t i t a t ive ly  w h e n  it is fresh in the  environ-  
ment;  a b a l a n c e  scale  is sufficient.  The  po l lu t ing  source of the  oil wi th  its proof of 
iden t i ty  is also r e l a t ive ly  easy  to de te rmine .  The  so-ca l led  f ingerpr in t  t echn iques  such as 
gas  chromatography ,  inf rared  spect rometry ,  f luorescence  spect rometry ,  me ta l  content  
ana lys i s  are  sufficient  (see Fig. 5). 

However ,  in  o rder  g rav ime t r i ca l ly  to de t e rmine  not  only  b e a c h e d  or p e l a g i c  tar  
bal ls ,  bu t  also the i r  u n k n o w n  origin,  a h igh ly  d e v e l o p e d  " M u l t i p a r a m e t e r  Oil  Pol lu t ion  
Source Ident i f ica t ion  Sys tem" (Miller,  1973) is necessary .  

In a l l  o ther  cases  w h e r e  one hand l e s  oil in  inv is ib le  forms (such as d i s so lved  traces) 
the  t echn iques  of ana lys i s  a re  no longe r  sufficient  to de t e rmine  the or ig in  of the  oil  from 
the amoun t  and  componen t s  present .  At  this  poin t  one is no longer  ab le  to de t e rmine  the 
oil in its ent irety.  

The  componen t s  which  be long  spec i f ica l ly  to the  oil are  m i x e d  wi th  recen t  b iogen ic  
hydrocarbons .  Correc t ly  s p e a k i n g  o n e  m a y  not  throw these  toge the r  in the  same pot, 
because  then  the  env i ronmen ta l  po l lu t ion  wil l  a p p e a r  to be  h ighe r  due  to the  add i t i on  of 
the  recen t  substances .  In such cases  it is necessa ry  to m a k e  use of the  most  mode rn  
h igh ly  d e v e l o p e d  sepa ra t ion  t echn iques  in  order  to sepa ra te  the  mixtures  into the i r  
componen t s  of fossil  and  recen t ly  formed hydrocarbons .  

Wi thout  go ing  into detai ls ,  the  me thod  necessa ry  for s epa ra t i ng  the groups  is that  of 
h igh -p re s su re  l iqu id  chromatography ;  for d e t e r m i n i n g  the i nd iv idua l  subs tances  the 
me thod  of h igh -pe r fo rmance  glass  cap i l l a ry  gas  ch romatography  (GC 2) is used,  and  for 
quant i t a t ive  m e a s u r e m e n t s  of a romat ics  a h igh- reso lu t ion  mass  spect rometer .  

Biogenic  molecu les  t end  towards  a very  def in i te  configurat ion.  This s tereospeci f ic-  
i ty is lost  dur ing  the ma tu ra t ion  process  of the  in i t ia l  b io log ica l  subs tances  into crude  oil. 

I Visible Oil I 

fluid and fresh 
particulate and weathered: 

Proof of Identity, Fingerprint Technics 
Multiparameter Oil Source Identification 

JJnvisible Oil and 
JRecent Hydrocarbons I 

evaporated, dissolved, adsorbed: Single Compound Determination 

(al Sampling and Extraction 

(b) Group Separation 

I 
Aliphotics Alicyclics Aromatics 

I I I 
GC 2 GC 2 GC2/MS 

Fig. 5. Oil pollution evaluation system 
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The other possible sterioisomeric molecules  are formed by racemization.  This has 
b e e n  demonst ra ted  in  the lower bo i l ing  range  (Cox et al., 1972; Pat ience et al., 1978) of a 
hydrocarbon mixture with the diasteriomeric isoprenoid alkanes:  2, 6, 10 - tr imethyltet-  
radecane  (2, 6, 10 - C17), norpris tane (norpri), pr is tane (pri) and  phytane  (phy) - and  for 
the upper  boi l ing  range,  for the diastereoisomeric steranes: the cholestanes and  hopanes  

Dast i l lung & Albrecht,  1976). Using as an example  a glass-capi l lary gas chromatogram 
of the al iphat ic  and  alicyclic fraction of Ekofisk oil may expla in  this phenomenon .  As 
seen in Figure 6 the chromatogram of the n -a lkanes  has several  peaks  which are 
not iceable  by their size and  symmetry. In be twe e n  are the cycloalkanes and  isoalkanes.  
Among  these are the Ct? to C20 isoprenoid alkanes.  These are easily recognized as 
double  peaks. The second subpeaks  represent  the or iginal  biogenic,  stereospecific 
molecule,  from which the other possible configurat ions are formed - here in  the first 
subpeaks  - through the epimerizat ion process. These double peaks  are an unmis takab le  
s ign of a fossil contaminat ion.  From these, it is possible to de termine  the fossil part  of an  
env i ronmenta l  hydrocarbon mixture. 
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0,17 mm 
0,12 Jm 

n-Cls n-C16 
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(2.6.10-C17) ml 

noC17 
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Fig. 6. Section of a glass-capillary gas chromatogram of the aliphatic and alicyclic fraction of 
Ekofisk crude oil after pre-separation from aromatics by high pressure liquid chromatography. The 
prominent peaks exhibit the normal alkanes ranging from n-pentadecane (n-C15) over 1-chlorohex- 
adecane as internal standard to n-nonadecane (n-Ctg) as single peaks and the isoprenoid alkanes 
from 2,6,10-trimethyltetradecane (2,6,10-C17), 2,6,10-trimethypentadecane (norpristane) and 
2,6,10,14-tetramethylpentadecane (pristane) to 2,6,10,14-tetramethylhexadecane (phytane) as dou- 
ble peaks. Experimental conditions', column dimensions 50 m • 0.17 mm~ liquid phase thickness 
0.12 #m~ splitless injection, splitless period 30 sec; carrier gas 2 bar H2~ temperature programme 

60~ ~ min-1-150 ~ 
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EFFECTS OF OIL POLLUTION UPON MARINE COMMUNITIES 

M a m m a l s  

Only  m a m m a l s  s eem to be  affected by  pa r t i cu la r i zed  a g e d  oil  at the  beach .  Observa-  
t ions about  the  occurrence  of deep  u lcera t ions  unde r  o i l -covered  par ts  of d e a d  an imals  
have  b e e n  r epor t ed  (Vauk, 1973). The  an ima l s  might  have  b e e n  con tamina t ed  c reep ing  
over  cakes  of oil  wh ich  h a d  b e e n  w a s h e d  up. There  are  some v a g u e  reports  about  the  
d i s a p p e a r a n c e  and  the dea th  of Habour  Seals,  Grey  Seals,  Ha i r  Seals  and  Sea  Otters  due  
to oil. Most  of the  reports  conta in  unsuppor t ed  r emarks  and  s ta tements  and  in most  cases  
do not  prove  that  oil was  r e spons ib le  for the  effects. Severa l  of these  reports  are  
summar i zed  in the  I M C O / F A O  (1975) report .  The p rob l e m is not  t ruly re f lec ted  in the  
l i tera ture .  

S e a b i r d s  

Seab i rds  are  the  first and  most  a f fec ted  animals .  The effects upon  t hem are eas i ly  
a p p a r e n t  s ince m a n y  (about  10-25 %) of the d e a d  b i rds  a re  w a s h e d  up  on the shore. 
Apar t  from the dea ths  resu l t ing  di rec t ly  from mass ive  oil  pol lut ion,  it is k n o w n  that  
soi l ing of the  fea thers  l eads  to a loss of wa te r -p roof ing  and  subsequen t  ch i l l ing  and  loss 
of buoyancy ,  as wel l  as to the  inab i l i t y  to ob ta in  food. It is e s t ima ted  that  
150 000-450 000 b i rds  in the  Nor th  At lant ic  and  in  the  Nor th  Sea d ie  annua l ly  as a resul t  
of oil pol lut ion.  

There  are  toxic effects l e a d i n g  to the  h igh  mor ta l i ty  among  se l f -c lean ing  b i rds  due  
to inges t ion .  It was  s u g g e s t e d  that  crude oil d is turbs  or dest roys  the  ex t ra rena l  excre tory  
nasa l  g lands  of seabi rds .  Birds are  the  only group of o rgan isms  that  have  suffered from 
oil  po l lu t ion  to the  extent  that  not only  l imi ted  local  popu la t ions  are  k i l led ,  but  that  
cer ta in  spec ies  or subspec ies  are  t h r ea t ened  wi th  ext inct ion;  this app l i e s  e spec ia l ly  to 
puffins (Fratercula arctica), razorbi l l s  (Alca torda) and  gu i l l emots  (Uria aalge). 

The s i tua t ion  is m a d e  worse  by  the fact that  severa l  species ,  e spec ia l ly  the  auks,  
have  an  ex t r eme ly  low r e p l a c e m e n t  rate  in add i t ion  to the  h igh  ear ly  mor ta l i ty  from 
na tu ra l  causes.  Gui l lemots ,  for example ,  are  only ab le  to rear  one young  pe r  year.  
Spec ies  wi th  h ighe r  r eproduc t ive  rates,  on the  other  hand,  s eem to be  ab le  to wi ths t and  
h e a v y  and  r e p e a t e d  losses,  in that  a l though  h igh  i nd iv idua l  losses occur, the survival  of 
the  popu la t ion  is not e n d a n g e r e d .  But among  such sober  scient i f ic  considera t ions ,  the 
misery  of the  suffer ing c rea tures  wh ich  was b rought  upon  t hem by m a n  should  not  be  
forgotten. 

Oi l  d a m a g e s  seab i rds  only w h e n  it exists  as a s l ick but  neve r  in pa r t i cu la r i zed  form. 
The use of d i spersan ts  could  prove  he lp fu l  in d i spe r s ing  sl icks more rapidly .  However ,  it 
is ques t ionab le  whe the r  measu res  of this  k ind  are  suff icient ly effective.  Rescue and  
c l ean ing  of b i rds  are  even  less effective.  

C o r a l  r e e f s  

Coral  reefs p rov ide  pro tec t ion  aga ins t  waves ,  p re se rv ing  about  400 atolls,  low 
t ropica l  i s lands  and  thousands  of mi les  of con t inen ta l  coast l ines .  Coral  reefs a re  among  
the most b io log ica l ly  p roduc t ive  of al l  na tu ra l  communi t ies .  
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Therefore,  it  is u n d e r s t a n d a b l e  that  cons ide rab le  fears exist  that  b e c a u s e  of an  oil  
spi l l  the  corals,  as the  chief  reef  bui lders ,  could  be  k i l l ed  and  the  reef  des t royed.  Such 
fears must  be  t a k e n  ser ious ly  b e c a u s e  it cannot  be  t aken  for g ran t ed  that  the  reef  
communi ty  wi l l  ever  restore itself. There  are  cases  in the  l i te ra ture  in which  decades  
after coral  dea th  due  to na tu ra l  causes  there  was stil l  l i t t le  or no regenera t ion .  

J u d g e m e n t  of the  extent  to which  oil  spi l ls  are  rea l ly  r e spons ib le  for the  dea th  of 
corals is se ldom unambiguous .  A good  summa ry  is g iven  by  Johannes  (1972). Exper i -  
ments  which  were  car r ied  out in which  an imals  in  the  labora tory  were  pu t  d i rec t ly  into 
und i lu t ed  d iese l  oil, wh ich  na tu ra l ly  l ed  to the  dea th  of the  an imals  wi th in  a short  t ime,  
can scarce ly  a d d  to our knowledge .  In abso lu te  cont rad ic t ion  to r e p e a t e d l y  s ta ted  fears, 
Spooner  (1969) found no d a m a g e  to reef communi t i e s  in Tarut  Bay in Saudi  Arabia ,  an  
a rea  of chronic oil pol lut ion.  Many  other  inves t iga t ions  suppor t  this  view.  In 1978 Lopez 
conc luded  from case  s tudies  in Puerto Rico that  coral  reefs are  leas t  i m p a c t e d  owing  to 
thei r  sub t ida l  na tu re  and  h igh  energy.  One  wonders  about  the  scient i f ic  bas is  for the  
many  pred ic t ions  that  coral  reefs a re  go ing  to d ie  and  that  coasts a re  e n d a n g e r e d  due  to 
oil pol lut ion.  

If d a m a g e  t akes  p lace  it is l i ke ly  to be  expec t ed  from chronic effects in the  sub le tha l  
range .  Sub le tha l  concentra t ions  of the wa te r - so lub le  par t  of I ran ian  crude  oil i n d u c e d  
i m m e d i a t e  mouth  open ing  in the  Red Sea  coral  Stylophora pistallata fo l lowed by  
p r ema tu re  ext rus ion of p l anu l a  la rvae  (Loya & Rinkevich,  1979). This  p r ema tu re  shed-  
d ing  dec reases  the i r  v iab i l i ty  and  chances  of successful  se t t lement .  The  authors  note 
that,  at a chron ica l ly  o i l -po l lu ted  reef  at the  coral  na ture  reserve  of Eilat,  a lmost  no 
coloniza t ion  of new colonies  occurs, whi le  h igh  coloniza t ion  is ev iden t  in reef a reas  free 
of oil pol lut ion.  

S u b l e t h a l  e f f ec t s :  D i s t u r b a n c e  of c h e m i c a l  c o m m u n i c a t i o n  

The  grea tes t  inf luences  of oil po l lu t ion  on mar ine  life could  l ie  in the  d i s tu rb ing  of 
chemica l  communica t ion .  Chemica l  communica t ion  is one of the most  ub iqu i tous  and  
powerfu l  contro l l ing  factors in the  mar ine  env i ronment  and  is not res t r ic ted  to h ighe r  
organisms.  The  de tec t ion  of food, f eed ing  impulses ,  e scape  from predators ,  ter r i tory  
defini t ion,  se lec t ion  of habi ta ts ,  moul t ing,  homing  of migra to ry  species,  sex at tract ion,  
and  other  b io log ica l  processes  are  r e g u l a t e d  by  ex t r eme ly  low concentra t ions  of subst-  
ances  in  sea  water .  Na tura l  chemica l  s ignals  such as phe romones  that  t r igger  these  
responses  may  be  m a s k e d  or m i m i c k e d  by  the p resence  of low concent ra t ions  of the 
wa te r - so lub le  par t  of crude oil  and  oil fractions. It has  long b e e n  k n o w n  that  lobsters  are  
a t t rac ted  to c rude  oil d is t i l la te  fractions. They  are  very  much  a t t rac ted  to k e r o s e n e s o a k e d  
br icks  (Prudden,  1967, c i ted  in Blumer,  1972). Thus an  oil  spi l l  might  at t ract  lobsters  
a w a y  from thei r  normal  food and  the i r  normal  habi ta t .  S imi la r  effects have  b e e n  repor ted  
from fishes, snai ls  and  crabs. 

Very  in te res t ing  inves t iga t ions  on h y d r o c a r b o n - m e d i a t e d  effects in b rown  a lgae  
have  b e e n  m a d e  recent ly .  It was  shown that  these  a l g a e  p roduce  hydrocarbons  ac t ing  as 
sexua l  phe romones  (Miiller,  1976, 1977; Mi i l le r  & Sefer iadis ,  1977; Mi i l le r  et al., 1979). 
The effect t akes  p lace  at  an  excep t iona l ly  h igh  dilut ion.  S tee le  (1977) found an  
ex t r eme ly  strong inf luence  of the  wa te r - so lub le  fract ion of crude oil on the  fer t i l iza t ion of 
Fucus eggs  w h e n  the exposure  to oil occurred i m m e d i a t e l y  pr ior  to and  dur ing  the  
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re lease  of gametes .  Fer t i l i za t ion  d id  not t ake  p l ace  and  thus  no ge rmina t i on  occurred  
even  at  the  lowes t  concen t ra t ion  used.  In contras t  to this  the  growth  of the  fer t i l ized  e g g  
was  not  in f luenced  by  an  amount  ten  thousand  t imes  as g rea t  (2 ppm).  Because  of the  
poss ib i l i ty  of in te r fe rence  wi th  b iot ic  cycles  and  d i sor ien ta t ion  in the  na tu ra l  hab i t a t  
fur ther  inves t iga t ions  are  necessary .  

FIELD STUDIES ON LONG-TERM EFFECTS 

C h r o n i c  e f f ec t s  a t  l o w  l e v e l s  

It is of cons ide rab le  in teres t  to see  wha t  is r epor ted  in f ie ld  s tudies  about  the effects 
of chronic  low leve l  exposure  of oil  to mar ine  life. Mer tens  (1976} summa r i z e d  the resul ts  
of five studies,  some conduc ted  wi th  g rea t  effort; for example ,  the  one in T imba l i e r  b a y  
cost 1.5 mi l l ion  dol lars  and  involved  23 scient is ts  for two years .  The fo l lowing resul ts  
have  b e e n  ob ta ined .  

No m e a s u r a b l e  effects were  obse rved  on indica tors  of the  hea l t h  of the  local  ma r ine  
communi t i e s  such as popu la t i on  leve ls  of var ious  organisms,  spec ies  diversi ty,  size, 
g rowth  ra te  and  rep roduc ib i l i t y  of var ious  organisms.  There  was  ev idence  of adverse  
effects such as abnorma l  growth  and  b iomagn i f i ca t ion  of pe t ro l eum fractions in  the  food 
chain.  

The same was  found by  Spies  & Davies  {1979} in compar ing  the in fauna l  ben th ic  
communi ty  of a sha l low na tu ra l  oil  seep  nea r  Santa  Barbara  (California,  USA) and  a 
nea rby  a rea  wi thout  s e e p a g e  bu t  of s imi lar  dep th  and  sed imen t  type.  There  was  a 
cons is ten t ly  l a rge r  bu t  f luc tuat ing  dens i ty  of o rgan i sms  at  the  seep  station. However ,  
S h a n n o n - W i e n e r  diversi ty,  P ie lou ' s  evenness  and  measu res  of dominance -d ive r s i t y  wi th  
es t imates  of g raph ica l  skewness  and  kurtosis  were  al l  s imi lar  for the  two stations.  

R e c o v e r y  p o t e n t i a l  of o i l e d  e n v i r o n m e n t s  a f t e r  m a j o r  o i l  s p i l l s  

From the eco log ica l  po in t  of view,  much  more  impor tan t  t han  the  in i t ia l  d a m a g e  is 
the  l eng th  of t ime the env i ronmen t  r ema ins  in the  d a m a g e d  state, that  is, how long it 
t akes  unt i l  the  env i ronment  recovers.  In 1976, at  a sympos ium in Hal i fax  wi th  the  topic  
"Recovery  Potent ia l  of Mar ine  Nor thern  Envi ronments"  (Stevenson, 1978} fundamen ta l  
da t a  about  the  r egene ra t i on  of mar ine  communi t i e s  after  oil spi l ls  have  b e e n  compi led .  

M a n - m a d e  oil  po l lu t ion  was c o m p a r e d  wi th  other  m a n - m a d e  inf luences  on the 
des t ruc t ion  of b io log ica l  communi t ies .  An  ex t reme  case is the  cut t ing  down of the  forests 
of the  M e d i t e r r a n e a n  in ant iqui ty .  Here  2000 years  have  not b e e n  enough  to restore the  
or ig ina l  condit ion.  After  forest fires the or ig ina l  condi t ion  is res tored  only after  decades .  
The  Thames,  on the  other  hand,  showed  a m a r k e d  recovery  wi th in  5 years  after  
improvemen t  of s e w a g e  faci l i t ies .  

In contras t  to the  long- te rm effects of such ter res t r ia l  env i ronmen ta l  impacts ,  
r ecovery  of m a r i n e  communi t i e s  after  oil po l lu t ion  is poss ib le  in a r e a sona b ly  short  t ime.  
Even  after  ex t r eme ly  h e a v y  pol lut ion,  it  u sua l ly  only  t akes  2 -5  years  before  a state is 
r e ached  which  is wi th in  the  na tura l  va r ia t ion  of the  pa r t i cu la r  envi ronment .  Consul t  
S tevenson  (1978) for resul ts  and  detai ls .  
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CARCINOGENIC SUBSTANCES 

Considerable  a t tent ion has b e e n  devoted to the fear that carc inogenic  substances  
in t roduced into the sea by an  oil spill could cause cancer  in  humans .  The concentra t ion 
of carc inogenic  substances  in  crude oil, however,  is extremely low. Graf & Winter  (1968) 
found max imum values  of 1800 mg of 3 ,4-benzpyrene / ton  of crude oil. Blumer created 
some confusion by misca lcula t ing  their  data by the factor of 1000. 

Only inges t ion with food can be of s ignif icance to humans .  Strongly oiled and  
ta in ted seafood is unaccep tab le  as food. 

There is information about  bioconcentrat ion,  but  not about  b iomagnif ica t ion  of 
potent ia l ly  carcinogenic  substances  in  the food chain. It could be proven (Anderson, 
1973) that oi led mussels  are capable  of e l imina t ing  the greater  part  of the potent ia l ly  
carcinogenic  substances wi th in  some days, w h e n  placed in  unpo l lu ted  water. 

It had  b e e n  demonstrated,  that 3 ,4-benzpyrene and  other polycyclic aromatic hyd- 
rocarbons are synthesized by organisms (ZoBell, 1971) and  that these substances  are 
common worldwide in  soil, water, plants  and  animals.  Organisms have a na tura l  
background  level  and  thus humans  regular ly  consume minu te  amounts  of these sub- 

stances. 
Many  mar ine  and  non-mar ine  food substances  have b e e n  analyzed.  Only  very rarely 

did seafood from oil-spill  areas have values  of 3 ,4-benzpyrene and benzan th racene  that 
were h igher  than those in  other foodstuffs such as kale and  salad. 

We do know that no absolutely safe threshold value exists and  we must  be critical of 
even  the smallest  amount  which increases the load in  m a n  and  hence increases the 
chances  of illness. "However  benzo(a)pyrene and  other PCAH are relat ively a b u n d a n t  in  
many  foods inc lud ing  fresh vegetables  and smoked foods and  it would  appear  that the 
risk to the heal th  of a member  of the publ ic  by spi l lage of oil at sea is probably  far less 
than  that which he usual ly  encounters  by eat ing a range  of popular  foods" (King, 1977). 

CONCLUSION 

In conclusion we state; (1) Oil pol lut ion and its effects are l imited in  scale, t ime and  
space. (2) The magn i tude  of the effects at the coast depends  on the period of ag ing  of the 
oil, the distance from the coast and  the energy- level  of the beach. (3) There is no 
increased risk of cancer  due to polycyclic aromatic hydrocarbons derived from crude oiI 
in  mar ine  foodstuffs. (4) The greatest  gaps in  our knowledge  exist in  regard to atmos- 
pheric input ,  actual  microbial  degradat ion  rates in  the open  sea, d is turbance of chemical  
communica t ion  of organisms and  whether  (if yes, to what  extent) pelagic  oil (tar 
particles) reaches the bottom of the deep sea. 
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