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W e  need to critically  assess the present quality  o f  the m arine ecosystem, especially the connection 

between ecosystem change and threats to hum an health. In  this article w e review the current state 

o f  indicators to lin k  changes in  m arine organisms w ith  eventual effects to hum an health, iden tify  

research opportunities in  the use o f  indicators o f  ocean and hum an health, and discuss how  to 

establish co llaborations  betw een n a tio n a l and in te rn a tio n a l go vernm enta l and p riva te  sector 

groups. W e  present a synthesis o f  the present state o f  understanding o f  the connection between 

ocean health and hum an health, a discussion o f  areas where resources are required, and a discus- 
sion o f  critical research needs and a tem plate fo r fu ture w o rk  in  this field. T o  understand fu lly  the  

in teractions between ocean health  and hum an health , program s should be organized around a 

“models-based” approach focusing on critical themes and attributes o f  m arine environm ental and  

public health risks. G iven  the extent and com plex nature o f  ocean and hum an health issues, a pro­
gram  netw o rk in g  across geographic and discip linary  boundaries is essential. T h e  overall goal o f  

this approach w o u ld  be the early detection o f  potential m arine-based contam inants, the protection  

o f  m arine ecosystems, the prevention o f  associated hum an illness, and by im plication, the develop­
m ent o f  products to enhance hum an w ell-being. T h e  tig h t connection between research and m on­
ito r in g  is essential to  deve lop  such an in d ic a to r-b a s e d  e ffo r t . K e y  w o rd s :  b io lo g ic  effects, 
biom arkers , c o n ta m in a tio n , hu m an  hea lth , ind icators, ocean hea lth . E n v iro n  E le a lth  P erspect
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T he  in te rac tions  between hum ans and the 
ocean are s ig n ific a n t and necessitate m ore 
com prehens ive  s tu d y  on an in te rn a t io n a l 
scale. The w o rld ’s oceans provide great health 
benefits to  humans, ranging fro m  food  and 
nu tritiona l resources, to  recreational opportu­
n itie s , to  new trea tm en ts  fo r  disease. T he  
rising hum an population and trends in m igra­
t io n  to  the w o rld ’s coastal zones continue to 
increase pressure on this ocean/land interface. 
Coastal degradation, clim ate va riab ility , and 
increased industria liza tion  m ay pose hum an 
health risks from  m ob iliza tion  and transport 
o f  a n th ro p o g e n ic a lly  d e rive d  and n a tu ra l 
tox ic  agents in  the env ironm ent (H arve ii et 
al. 1 9 9 9 ). A  N a t io n a l Research C o u n c il 
report on the interactions between ocean and 
p u b lic  hea lth , From  Monsoons to M icrobes: 
Understand ing the Ocean ’s Role in  H u m an  
Health , has recently been published (N ationa l 
Research C ouncil 1999). In ternational efforts 
to  focus on ocean health  and hum an health 
issues have been made by the H ea lth  o f  the 
Ocean panel o f  the G lobal Ocean Observing 
System (U N E S C O  1996) as w ell as a meeting 
h e ld  in  B erm uda, 1 5 -1 9  N o ve m b e r 1999 
(Knap 2000). These programs have b u ilt  on

the N a tio n a l Research C o u n c il rep o rt b u t 
have focused specifically on indicators o f  the 
effects o f  anthropogenic agents as w e ll as nat­
u ra l tox ins, and on questions ta rge ting  the 
d e ve lo pm e n t o f  b io lo g ic  m arkers  l in k in g  
exposure w ith  h u m a n  and ecologie hea lth  
end points.

For our purposes, the term  “ ocean”  is all 
encompassing, ranging from  brackish to open 
ocean c o n d itio n s . W e  have de fin ed  ocean 
health in  the broadest sense as adopted from  
the H ea lth  o f  the Ocean panel o f  U N E S C O  
(1996) as a “ reflection o f  the cond ition  o f  the 
m arine environm ent from  the perspective o f  
adverse effects caused by anthropogenic activ­
it ie s , in  p a r t ic u la r  h a b ita t  d e s tru c t io n ,  
changed sedim enta tion  rates and the m o b i­
lization o f  contam inants”  (p. 3). Such cond i­
tions refer to  the con tem porary state o f  the 
ocean, p reva iling  trends, and the prognosis 
fo r im provem ent or deterioration in  its qual­
ity . M o s t con tam in a tio n  is concentrated in  
the coastal zone fro m  a va rie ty  o f  sources; 
how ever, long -range  tra n sp o rt can de live r 
con tam inan ts  great distances (K nap 1990) 
and can affect the hea lth  o f  rem ote hum an 
popula tions (D e w a illy  et al. 2000). F ina lly ,

hum an hea lth  is defined as “ a state o f  com ­
plete physical, social and m enta l w e ll being, 
and not merely the absence o f  disease or in f ir ­
m ity ; hea lth  is a resource fo r everyday life , 
no t the object o f  liv ing . I t  is a positive con­
ce p t e m p h a s iz in g  s o c ia l and  p e rso n a l 
resources as w e ll as phys ica l c a p a b ilit ie s ” 
(W o rld  H ealth  Organization 1946: p. 100).

Background
Presently, 60%  o f  the w o r ld ’s popu la tion  is 
estimated to  live in  coastal areas (G E S A M P  
2 0 0 1 ). In  fac t, th e  presen t p o p u la t io n  o f  
coastal areas exceeds the global population o f  
ju s t 50 years ago (B o w e n  and C ru m b le y  
1999). T h is  se ttlem ent p a tte rn  has exacer­
bated the rate o f  change in coastal systems and 
has already placed the goal o f  “ sustainable 
developm ent” — the balanced socioeconomic 
benefit o f  the m arine env ironm en t— out o f  
reach fo r some regions. The w o rld  population 
is estimated to  increase from  about 6 b illio n  
currently to  8.3 b illio n  by 2025, w ith  90% o f 
th is  g ro w th  o c c u rr in g  in  s u b tro p ic a l and 
trop ica l countries. O ver tw o  b il l io n  people 
w orldw ide  rely on seafood as a m ajor source 
o f  p ro te in  in  th e ir  d ie t, and seafood c o n ­
su m p tio n  con tinues to  increase w o rld w id e  
(FA O  1999). A dd itio n a lly , the sustainability 
o f  rem ote coastal populations depends on a 
source o f  uncontam ina ted  seafood. N a tu ra l 
stocks o f  seafood have been supplemented by 
the aquaculture industry . How ever, m arine 
aquacu ltu re  m ay cause h a b ita t d es truc tion  
an d  p o l lu t io n  o f  th e  lo c a l e n v iro n m e n t 
th ro u g h  the p ro d u c tio n  o f  waste p roducts  
(N ationa l Research C ounc il 1999).
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M any types o f  contam inants threaten the 
m arine  system. F igure 1, adapted fro m  the 
G lobal Ocean Observing System’s H ea lth  o f  
the  Ocean R eport (U N E S C O  2002), p ro ­
vides an overview o f  the general types o f  vari­
ables measured under various in te rn a tio n a l 
p rogram s and relates these to  measures o f  
ecosystem integrity. I t  also shows the relation­
ship between sustainable deve lopm ent and 
hum an health. O n ly  a subset o f  these are o f  
spec ific  concern  to  the  issue o f  ocean and 
h u m a n  h e a lth . T hese  in c lu d e  s y n th e t ic  
organic chemicals, specific heavy metals, algal 
toxins, pathogens, pharmaceuticals, and pos­
sib ly genetically m od ified  organisms. M any o f 
the  o ther con tam inan ts  in  F igure 1 do no t 
have a specific  pa thw ay fro m  the ocean to 
people, o r i f  they do, the consensus o f  the 
recent conference in  Berm uda (Knap 2000)

was that evidence was insuffic ient to warrant 
the ir special consideration here.

Recently, hum an health effects from  expo­
sure to the marine food chain have been h igh­
lighted by a number o f  studies (Grandjean et 
al. 1997; M arsh  et al. 1995; M u lv a d  et al.
1996). Routes o f  exposure include eating, skin 
contact, and breathing. A  m ajor concern for 
public health is the ingestion o f  contaminated 
seafood, pu tting  those humans who eat conta­
m inated seafood over tim e at the greatest risk.

S yn the tic  o rg a n ic  chemicals. S yn th e tic  
organic chemicals are a loosely defined group 
o f  substances th a t, aside fro m  p e tro le u m  
hydrocarbons and polycyclic aromatic hydro­
carbons (P A H s), inc lude  a ll syn the tic  sub­
stances tha t result fro m  indus tria l activities. 
T he ir in troduction to the marine environment 
arises from  d irec t discharge (p o in t sources),

d ischarge to  m u n ic ip a l sewage systems or 
rivers, and venting to the atmosphere. These 
compounds are best classified in terms o f  their 
source functions (size and nature o f  the land- 
based sources), persistence, bioavailability, ten­
dency to bioaccumulate, and toxicity.

Substances o f  p a r t ic u la r  c o n ce rn  are 
ch lo ro b ip h e n y ls , ch lo rin a te d  d io x in s , and 
some in d u s tria l solvents. C u rre n t sc ien tific  
know ledge o f  these com pounds is extensive 
b u t s till no t complete, and new compounds 
continue to  be identified  in  animal tissue. For 
exam ple, the  flam e re ta rdants  p o ly b ro m i-  
n a te d  b ip h e n y ls  a nd  p o ly b ro m in a te d  
d ipheny l ethers have been reported recently 
in  sperm whales, w h ich  feed in  deep waters. 
A long  w ith  tetrabrom obisphenol-A  and hexa- 
brom ocyclododecane, g loba l p ro d u c tio n  o f  
these com pounds is approxim ate ly  150,000 
tons per year (DeBoer et al. 1998).

Some pesticides and herbicides also pose 
potentia l hazards to hum an health. Some syn­
the tic  organic chemicals have been lin ked  to 
poss ib le  e n d o c r in e -d is ru p t in g  fu n c tio n s . 
H e rb ic id e  and pes tic ide  exposure seen in  
w ild life ,  in c lu d in g  m arin e  and freshw ater 
organisms, m ay be lin ke d  w ith  reproductive 
and developmental problems seen in  humans 
(H einde l et al. 1998).

H u m a n  exposure to  syn the tic  organics 
occurs p r im a r ily  fro m  eating con tam ina ted  
foods. A  large number o f  studies (e.g., A M A P  
1998) re la ted  to  th is  issue have been pe r­
form ed in remote fishing com m unities in  the 
A rc tic , because these lip o p h ilic  contam inants 
are transported by the atmosphere, deposited 
in  the land  and water, ingested by w ild life , 
and b iom agn ified  up the m arine  food  web, 
u ltim ate ly  being consumed by humans liv ing  
in  these regions. U n fo rtuna te ly , because the 
“ e n v iro n m e n ta l soup”  has m any d iffe re n t 
contam inants, relating a deleterious effect in 
specific m arine organisms to the action o f  a 
specific com pound is very d ifficu lt. However, 
studies suggest that polychlorinated biphenyls 
(PCBs) have a va rie ty  o f  effects on hum an  
reproduction, neurobehavioral development, 
liver function, b ir th  weight, im mune response, 
and tu m o rig e n es is  (D e w a illy  et al. 2000 ; 
He inde l et al. 1998). Studies in  A rc tic  popu­
lations have linked  fetal cord b lood PCB con­
centrations w ith  low  b ir th  weight, small head 
c irc u m fe re n c e , and  im m u n o s u p p re s s io n  
(A M A P  1998).

O th e r organic con tam inants  are also o f  
concern. F or example, h um an  exposure to 
d io x in s  is a c o n c e rn  fo r  p u b lic  h e a lth . 
D ich lorodiphenyltrich loroethane (D D T )  was 
banned in  the U n ite d  States and Europe in  
1972 b u t is s t ill be ing used in  trop ica l and 
subtropical countries fo r malaria control. The 
In ternational Agency for Research on Cancer 
(IA R C ) considers D D T  to be “ possibly”  car­
c inogenic. D D T  is regarded as an estrogen
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Figure 1. Relationship between global ocean health and susta inable developm ent. Adapted from UNESCO 
2002 .
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m im ic , and dichlorodiphenyldichloroethylene 
(D D E ) is an androgen receptor antagonist. 
Subacute levels o f  exposure show effects on 
th e  c e n tra l n e rvo u s  system  o f  h u m a n s . 
Studies con tin ue  on the effects o f  neonatal 
s y n th e t ic  o rg a n ic  exposure  in  th e  A rc t ic  
(A M A P  1998).

A lth o u g h  we have m uch in fo rm a tion  on 
th e  tra n s fe r  o f  o rg a n o c h lo r in e  res idues 
through the m arine food web, our knowledge 
on the transfer to humans through this path­
way has been lim ite d  to a few classes o f  conta­
minants. However, evidence suggests that the 
organochlorine pesticide d ie ld rin  (the epoxide 
o f  a ld rin ) affects the central nervous system 
and live r in  humans. Generally, how  to dis­
cern specific compounds and the ir effects in  a 
large p o o l o f  co n tam in a n ts  present in  the 
ocean environm ent is unclear.

PAHs. P A H s are derived  fro m  the rm a l 
transformations o f  fossil fuel, p rim arily  petro­
leum . Some P A H s are fo rm ed  by n a tu ra lly  
o ccu rr in g , lo w -te m p e ra tu re  m e ta m o rp h ic  
processes. T h e y  e n te r th e  m a r in e  system  
through m unic ipa l or industria l effluents, via 
atmospheric pathways from  industria l emis­
sions, or th ro u g h  exhaust fumes o f  in te rna l 
combustion engines and domestic heating sys­
tems. The know n carcinogenic effects o f  some 
P A H s are o f  p r im a ry  conce rn  fo r  hu m a n  
health. PAHs enter humans p rim arily  through 
food consumption. For example, among non- 
smokers, 99%  o f  to ta l benzo [a]pyrene levels 
come from  ingestion (Kennish 1997). PAHs 
b ioaccum ulate in  m arine organisms such as 
bivalves and are regarded as anim al carcino­
gens. T h e y  can be absorbed by  the hum an 
body, m etabo lized b y  the live r and k idney, 
and elim inated via feces and urine. The health 
ou tcom es associated w ith  P A H  exposure 
in c lu d e  lu n g  cancer, lo w  b ir th  rates, and 
decreased fecundity (A M A P  1998).

M etals. The metals group is composed o f 
all metals and metalloids in the marine environ­
m ent. I t  is im portan t to  d istingu ish between 
the in troduction o f  metals from  anthropogenic 
activities and those from  natura l weathering 
processes. A lth o u g h  sources o f  metals in  the 
marine environment are numerous and diverse 
(elevated metal levels accompany almost every 
type o f  effluent), litt le  evidence o f  widespread 
adverse biologic effects exists other than risks to 
h u m a n  h e a lth  posed by m eta ls in  seafood 
species (Brouwer et al. 1998). Elevated metal 
levels in seawater are unlike ly (other than in  the 
im m ediate v ic in ity  o f  p o in t sources), due in 
most cases to their rapid removal by adsorption 
to suspended particulate materials. T ribu ty l-tin  
(used as a constituent in anti-fouling paints on 
boats) and m e th y l m ercu ry  (fo rm ed  b y  the 
m ic ro b ia l m é th y la tio n  o f  m ercury) are tw o  
h igh ly  toxic compounds that have been respon­
sible fo r well-recorded marine p o llu tion  in c i­
dents. T h e  basis o f  b io a c c u m u la tio n  and

tox ic ity  fo r these substances lies in  the ir forms 
o f  spéciation. Thus, special a ttention may be 
requ ired  to  id e n tify  specific form s o f  other 
metals in the future.

M ercury is used in  a w ide range o f  indus­
tria l processes and m in ing  practices. Once it  is 
released in to anoxic environments, bacteria can 
rapid ly methylate this metal. M e thy l mercury 
is h igh ly  lipoph ilic  and is biomagnified in  the 
environm ent (D ew a illy  et al. 2001). Its half- 
life  is 6 0 -1 2 0  days in  hum ans and up to  2 
years in  fish. M ethy l mercury causes cytotoxic, 
kidney, and brain damage, w ith  concentrations 
o f  1 -2  m g/kg in brain tissue producing neuro­
toxic effects. Fetal exposure to m ethyl mercury 
is o f  great concern. As expected, ind iv idua ls 
w ho consume seafood have the highest con­
centrations o f  m ethyl mercury in  the ir tissues. 
Average ha ir concentrations o f  humans eating 
10 -20  g/day are less than 1 ppm . However, 
among ind iv idua ls poisoned by  m ethy l m er­
c u ry  in  Japan and Iraq , co n ce n tra tio n s  o f  
5 0 -1 0 0  p p m  w ere fo u n d  in  h a ir  samples 
(H a ra d a  1995). E n v iro n m e n ta lly  c h ro n ic  
exposures have been reported in  populations 
dependent on fish ing  in  Am azonia, Coastal 
Peru, Seychelles, Faroe Islands, the Arctic, and 
N e w  Z e a la n d  (D a v id s o n  et al. 1998; 
Grandjean et al. 1997; K jellstrom  et al. 1986; 
M arsh  et al. 1995; M cKeow n-E yssen et al. 
1983; Myers et al. 1995).

C adm ium  can bioaccumulate in  the envi­
ronm ent, in c lud ing  the ocean environm ent, 
and its uptake by humans is affected by  the 
uptake o f  lead. T he  IA R C  has labeled cad­
m iu m  as a G ro u p  I c a rc in o g e n  (k n o w n  
hum an carcinogen). T he  m a jo r hea lth  r isk  
associated w ith  cadm ium  is n e p h ro to x ic ity  
(prote inuria  and renal failure).

E n v iro n m e n ta l exposures to  lead have 
been lin k e d  to poo r neural developm ent in  
c h ild re n , b u t  no cases o f  lead  p o is o n in g  
related to  a m arine source have been docu­
m ented . Some studies (e.g., H ansen et al. 
1 9 9 1 ) on h u m a n  lead  b lo o d  leve ls  in  
Greenland have indicated concentrations sim ­
ila r to  those o f  people in  W estern  Europe. 
W hether th is is a direct effect o f  atmospheric 
transport or from  seafood ingestion is not yet 
c lea r (D e w a il ly  e t al. 1 9 9 9 ). T h e  use o f  
leaded gasoline in  the developed w o r ld  has 
decreased bu t remains an issue in  less devel­
oped areas o f  the  w o r ld . A rse n ic  is also a 
h ig h ly  to x ic  m e ta l, b u t, as w ith  lead, no 
know n arsenic poisonings have occurred as a 
result o f  m arine exposures or consum ption o f  
sea food . B o th  a rsen ic  and  lead  o c c u r in  
m arine sediments as a result o f  industria l dis­
charge. L ik e  m ercu ry , arsenic can be co n ­
verted to  m ore lip o p h ilic  and to x ic  m e thy l 
form s. A lth o u g h  the effects o f  these metals 
on m arine  ecologie h e a lth  are k n o w n , the 
specific mechanism s o f  transfer to  hum ans 
needs more attention.

M a rin e  toxins. A lthough many definitions 
o f  marine toxins exist, the H ealth o f  the Ocean 
panel fo r the Global Ocean Observing System 
has defined algal toxins as compounds that are 
produced by marine organisms on a scale large 
enough to induce adverse effects on com m uni­
ties o f  h ig h e r m arine  organism s (N a tio n a l 
Research C ouncil 1999). In  tu rn , humans may 
be exposed th ro u g h  th e  c o n s u m p tio n  o f  
seafood or through dermal contact from  occu­
pational or recreational exposure to a toxin. In  
the case o f  G ym nodinium  breve (F lo rida  red 
tide ), blue-green algae (cyanobacteria), and 
possibly Pfiesteria piscicida, transfer o f  toxins to 
humans may also occur through inhalation o f  
aerosols containing the toxin.

A lga l to x in  outbreaks are m a in ly  associ­
ated w ith  dinoflagellates, o f  w h ich  approxi­
m ate ly  60 species cause red tides and about 
30 produce b io tox ins . O f  the 5,000 know n 
species o f  phy top lank ton , approxim ate ly 80 
are to x ic  (H ackney and Pierson 1994). A n  
increase in  documented illness from  exposure 
to marine b iotoxins may be due to an increas­
in g ly  s tressed m a r in e  e n v iro n m e n t,  an 
increase in  reporting  because o f  greater v ig i­
lance, increased seafood d is tr ib u tio n  w o r ld ­
wide, and a larger range o f  w orldw ide tourist 
travel (Hallegraef 1993). Accurately assessing 
overall health  risks from  exposure to m arine 
to x in s  is v ir tu a lly  im possib le, because few 
data exist on the ir transfer th rough the coastal 
fo o d  web, p r im a r i ly  because m any o f  the  
m ilde r cases go unreported and thus are not 
recorded in  databases. D iffe re n t toxins have 
d iffe re n t effects. O ccupationa l exposure to 
the  d in o fla ge lla te  Pfiesteria  has rep o rte d ly  
been lin ked  to nausea, respiratory problems, 
and severe m em ory loss (Grattan et al. 1998). 
H o w e v e r, P fie s te ria  is d i f f i c u l t  to  assess 
because samples o f  th is  single organism  are 
hard to collect, its toxins have yet to  be char­
acterized, and the inhalation exposure is d if f i­
cu lt to  measure (F lem ing et al. 1999).

C urren tly , 20 types o f  para lytic shellfish 
p o iso n s  (PSPs) have  been id e n t if ie d ,  o f  
w h ich  saxitoxin is the m ajor tox in  (Table 1), 
a s o d iu m  ch a n ne l b lo c k e r, w i th  p r im a ry  
symptoms o f  paresthesias and paralysis. The 
n e u ro to x ic  s h e llf is h  p o iso n  (N S P ) to x in  
b re v e to x in  acts in  th e  o p p o s ite  m an n e r, 
opening sodium  channels rather than b lock­
in g  them . Brevetoxins have less neuro tox ic  
effect than do PSP toxins, bu t they are easily 
aerosolized and when inhaled can lead to res- 
p ir a to r y  in fe c t io n ,  c o u g h in g , and  b ro n -  
chiospasms. Exposure to the amnesic shellfish 
poison (ASP) tox in  dom oic  acid can lead to 
seizures, coma, amnesia, and fo rm a tio n  o f  
lesions in  the b ra in . T he  d ia rrhe ic  shellfish 
poison (DSP) tox in  okadaic acid leads to self- 
lim it in g  gastrointestinal symptoms, and cases 
o f  po ison ings fro m  th is  to x in  are p robab ly  
d ra m a tic a lly  u n d e rre p o rte d  (Baden et al.
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1995). The ciguatera fish poison (CFP) tox in  
ciguatoxin has been documented in  up to  400 
species o f  fish, rem a in ing  in  fish  fo r over 2 
years, and is responsible fo r more than h a lf o f 
all reported seafood-related illnesses (-50 ,000 
reported cases/year).

L ik e  o th e r types o f  seafood p o ison ing , 
m any cases o f  ciguatoxin poisoning like ly  go 
unreported . Sym ptom s fro m  exposure vary 
geographically. In  Polynesia CFP symptoms 
are u s u a lly  n e u ro lo g ic , w hereas in  th e  
Caribbean the in it ia l symptoms include gas­
troenteritis and cardiovascular problems.

M ic ro b ia l risks. Pathogens in  the marine 
environm ent are a s ign ificant hum an health 
concern. Exposure can occur by eating conta­
m inated  seafood and th ro u g h  occupationa l 
and recreational exposures (F1EED 1998). 
The prim ary sources o f  hum an pathogens are 
u n tre a te d  h u m a n  an d  a n im a l wastes, 
a lth o u g h  transm iss ion  can occu r between 
sw im m ers or, p o ten tia lly , fro m  seabirds or 
o the r w ild life .  O ne  o f  the  m a jo r causes o f  
reported seafood illnesses is the consumption 
o f  raw shellfish con tam ina ted  by sewage. A  
large am oun t o f  quan tita tive  ep idem io log ic  
and toxico logic in fo rm ation  exists on human 
risks o f  infectious disease from  contam inated 
seafood co n s u m p tio n  and o th e r routes o f  
exposure fro m  seawater. Routes o f  hum an 
expo sure  in c lu d e  e a tin g  c o n ta m in a te d  
seafood, direct ingestion o f  seawater, and der­
m al exposure to  b o th  w ate r and sediments 
(C la rk  et al. 1997). A  recent study has esti­
mated that wastewater-related sickness causes

economic losses o f  approximately $8.8 b illio n  
per year (G ESAM P 2001).

A m o n g  the m ic ro b ia l agents related to 
seafood-borne illnesses, viruses are the most 
com m on fo rm  o f  in fection, fo llowed by bac­
teria and then protozoa. The m ajor vectors o f  
v ira l in fection are marine bivalves such as oys­
ters and clams, and the effects are numerous 
and vary by  virus. For example, the N orw a lk  
v iru s  is resp o n s ib le  fo r  2 3 %  o f  re p o rte d  
waterborne gastroenteritis outbreaks (General 
A ccounting  O ffice  1984). A m ong  the bacte­
ria, Vibrio vulnificus has been im plicated in  a 
num ber o f  she llfish  po isonings and w o u n d  
in fec tions . O th e r V ib rio  spp. such as to x i­
g en ic  E scherich ia  co li, S h ige lla  spp ., and 
Salmonella spp. can also be contracted from  
in g e s tin g  co n ta m in a te d  foods and w a te r. 
In fo rm ation  on survival o f  these pathogens in 
seawater is lim ited .

Very little  in form ation exists fo r the proto­
zoa and the ir po ten tia l im pact on ocean and 
hum an health. Cryptosporidium  spp. accumu­
lates in  she llfish , b u t to  date no outbreaks 
re la ted  to  th is  p ro to zo a n  associated w ith  
seafood co n su m p tio n  have been repo rted. 
Gastrointestinal illnesses have been epidemio- 
logically linked to scuba d iv ing in sewage-cont­
aminated waters (M M W R  1983). Anasikiasis 
is a rare nem atode (ro u n d w o rm ) in fe c tio n  
acquired through consumption o f  raw fish and 
cephalopods (D eardo ff and Overstreet 1991); 
a sim ilar disease associated w ith  the helminthes 
Gnathastoma has been reported in  Southeast
A s ia  and th e  M id d le  East (A n a n ta p h ru ti 

Table 1. Human in tox ica tion  syndrom es caused by marine toxins.

2001). D iphyllobo thrias is , or fish tapeworm  
disease, was t r a d it io n a lly  associated w ith  
g e filte  fish  p repa ra tion  b y  Jew ish w om en; 
approxim ately 10% o f  people in  Scandinavia 
are reportedly infected w ith  Diphyllobothrium  
(F lem ing et al. 2000).

In  genera l, in fe c t io n s  appear to  have 
increased am ong in d iv id u a ls  recrea tiona lly  
a n d  o c c u p a t io n a lly  exposed to  seaw ater 
(Ffenrickson et al. 2001), inc lud ing  gastroin­
tes tina l, derm al, resp ira to ry, eye, ear, nose 
and th roa t infections. Furtherm ore, ch ildren 
are at greater risk to  greater exposures and are 
un iquely susceptible because o f  the ir physiol­
ogy and development (Landrigan et al. 1998). 
A lso , a c h ild ’s p o te n tia l lo n g -te rm  h e a lth  
problem s fro m  a varie ty  o f  exposures cou ld  
have significant economic consequences.

Environmental and Human 
Health Indicators
The m arine environment. The  key objectives 
in  any assessment o f  m arine env ironm enta l 
health on a regional or global scale are to pro­
v id e  in fo rm a t io n  necessary to  ensure the 
maintenance o f  b iodiversity and the in tegrity 
o f  marine communities, m in im ize the loss o f  
species, l im i t  h um an  in fluences on liv in g  
resources (inc luding genetic richness), protect 
critica l habitats, and safeguard hum an health. 
A l l  o f  these objectives are v ita l to  ensuring 
s u s ta in a b le  d e v e lo p m e n t o f  coas ta l and 
marine resources.

Changes in  c o m m u n ity  s tru c tu re  and 
measures o f  chem ica l c o n ta m in a tio n  have

Disease PSP NSP ASP DSP Ciguatera Puffer fish

C a u s a tive  o rg a n is m Red t id e Red t id e Red t id e  d ia to m Red t id e E p lb e n th lc B a c te r ia ?
d ln o f la g e lla te d ln o f la g e lla te 3 d ln o f la g e lla te d ln o f la g e lla te

M a jo r  t ra n s v e c to r S h e llf is h S h e llf is h , a e ro s o ls S h e llf is h S h e llf is h Fish Fish
G e o g ra p h ic  d is tr ib u t io n T e m p e ra te  to G u lf o f M e x ic o , C a nada , N W  U n ite d  S ta te s T e m p e ra te  w o r ld w id e S u b tro p ic a l to J a p a n , w o r ld w id e

tro p ic a l w o r ld w id e J a p a n , N e w  Z e a la n d t ro p ic a l w o r ld w id e
M a jo r  to x in  (no.) S a x lto x ln  (a  18 )* B re ve to x ln  (a  10 )* D o m o lc  a c id  (3 )* O ka d a lc  a c id  (4 )* C ig u a to x in  (a  8)b T e tro d o to x ln  (a  3)b

s c a r lto x ln , m a lto to x ln
N e u ro m e c h a n is m N a + ch a n n e l N a + ch a n n e l G lu ta m a te P h o sp h o ry la se Na+, Ca2+ N a +

b lo c k e r a c t iv a to r re c e p to r a g o n is t p h o sp h a ta s e  In h ib ito r ch a n n e l a c t iv a to rs c h a n n e l b lo c k e r
In c u b a tio n  t im e 5 - 3 0  m ln 3 0  m ln  to  3 h r H ours H o urs H ours 5 - 3 0  m ln
D u ra tio n Days Days Y e a rs Days Y e a rs Days
A c u te  s y m p to m s n .v .d .p .r n ,v ,d ,b * , t* ,p n ,v ,d ,a * ,p ,r d * ,n ,v n ,v ,d ,t* ,p n ,v ,d ,p * ,r * ,J ,b p *
C h ro n ic  s y m p to m s N o ne N o ne A m n e s ia N o ne P a re s th e s ia s N o ne
F a ta lity  ra te  (% ) 1 -1 4 0 3 0 < 1  (0 .1 -1 2 ) 60
C h ro n ic  e ffe c ts N o n e  ob se rve d H y p e rs e n s it iv ity , M e m o ry  loss T u m o r R e cu rre n t N o ne  ob se rve d

Im m u n e  d e p re s s io n p ro m o tio n s y m p to m s
D ia g n o s is C lin ic a l, C lin ica l, C lin ica l, C lin ic a l, C lin ic a l, C lin ic a l,

m o u se  b lo a s s a y m o u se  b lo a s s a y m o u se  b lo a s s a y m o u se  b lo a ssa y . m o u se  b lo a s s a y . m o u se  b lo a s s a y .
o f fo o d , HPLC o f fo o d , ELISA o f fo o d , HPLC HPLC, ELISA Im m u n o a ssa y flu o re s ce n c e

T h e ra p y S u p p o rtiv e S u p p o rtiv e S u p p o rtiv e S u p p o rtiv e M a n n lto l, S u p p o rtiv e
(re s p ira to ry ) (re s p ira to ry ) TCA?, (re s p ira to ry )

s u p p o rtiv e
P re ve n tio n Red t id e Red t id e . S e a fo o d S e a fo o d S e a fo o d R e g u la te d

a n d  s e a fo o d th e n  s e a fo o d s u rv e illa n c e . s u rv e illa n c e . s u rv e illa n c e . fo o d  p re p a ra tio n .
s u rv e illa n c e . s u rv e illa n c e . re p o r t cases so m e  red  t id e . re p o r t cases re p o r t cases
re p o r t cases re p o r t cases re p o r t cases (c lu s te rs )

A bb re v ia tion s : a, am nesia ; b, b ro n c h o c o n s tr ic tio n ; J,bp, d ecrea sed  b lood p re ssure ; d, d ia rrh ea ; ELISA, enzym e-linked  Im m u n oso rb en t assay; HPLC, h ig h -p e rfo rm a n ce  liqu id  ch ro m a to g ­
raphy; n, nausea ; N W , n o rth w e s t; p, p ares th es ia s ; r, re s p ira to ry  d ep re ss io n ; t, re ve rsa l o f tem pe ra tu re  sensa tion ; TCA, tr ic y c l ic  a n tid ep re ssa n t; v , vom iting .
aC h a tto n e lla  ra p h id o p h y te  fro m  D e la w a re  im p lic a te d  in 2000. ' ’N u m b ers  in p a re n th e s e s  in d ic a te  n u m b e r o f n a tu ra l d e r iv a tiv e s . Data fro m  Baden e t al. (1995), w ith  u p d a te s  from  
B ou rde la is  e t al. (2002). *P a th og no m o n ic  sym ptom s.
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generally been used to  ind ica te  the state o f  
ecosystem health. H owever, such h igh-leve l 
responses are generally too com plex and far 
removed from  causative events because they 
are manifestations o f  damage rather than pre­
d ic t iv e  ind ice s . D e te c t io n  o f  lo w e r- le v e l 
changes (molecular, cellular, physiologic, and 
behaviora l responses) th a t underlie  h ighe r- 
level effects and fo r w h ic h  causality can be 
established  m ay p ro v id e  the  desired  early  
w arn ing  o f  im pend ing  env ironm enta l dam ­
age. In d iv id u a l and sub ind iv idua l responses 
m ay also be amenable to  detection by auto­
m ated m on ito rin g  systems. Four approaches 
to  ga thering  in fo rm a tio n  on ind ica to rs  are 
b iom arkers, ce llu la r pa tho logy, physio log ic  
and be h av io ra l responses, and changes in  
p o p u la t io n s .  A l l  h o ld  th e  p o te n t ia l to  
enhance our understand ing o f  m arine envi­
ronm ental qua lity  and far-reaching effects on 
hum an health.

O u r  kno w le d g e  o f  d istress signals has 
grown substantially in  the past decade, often 
d ra w ing  on ou r reservo ir o f  know ledge  o f  
humans and rodents. The use o f  biomarkers 
(indicators) in  marine environm ental tox ico l­
ogy is increasing, and the ir potentia l power is 
significant. They may be not on ly  diagnostic 
predictors o f  pathologic change bu t also b io ­
m arkers o f  exposure fo r  spec ific  classes o f  
toxic chemicals (xenobiotics) and certain trace 
metals. Th is  la tter type o f  b iom arker has the 
p o te n t ia l to  p ro v id e  ra p id  and less co s tly  
a lte rna tives to  ro u tin e  chem ica l ana ly tica l 
screening. C hem ical analytical e fforts cou ld  
then be focused on more specific fingerprin t­
ing  w o rk , the reby h e lp in g  to  e lucidate  the 
lin k  between cause and effect.

Potentia l m arine biomarkers (indicators) 
include alterations in  intracellular membranes 
(e.g., endoplasmic reticulum, lysosomes, endo- 
somes, transport vesicles), genotox ic ity  (e.g., 
oxidative adducts, m icronucle i), specific p ro ­
teins or enzymes (e.g., m etal-binding proteins, 
stress p ro te in s , o n copro te ins , cy toch rom e  
P-450, multidrug-resistant proteins), and in h i­
b itio n  o f  cholinesterase by neurotoxins (e.g., 
organophosphates, carbamates). Some o f these 
biomarkers, such as m em brane changes and 
stress proteins, indicate cell in ju ry  and poten­
tia l damage to health, whereas others, such as 
D N A  adduc ts , c y to c h ro m e  P -4 5 0  (e.g ., 
CYP1A and ethoxyreorufin 0 -deethylase), m ul- 
t id rug -res is tan t p ro te in , and m e ta l-b in d in g  
proteins, indicate exposure to certain classes o f 
xenob io tics  and metals (In te rgovernm enta l 
Oceanographic Commission 2001 ).

T he  use o f  m o lecu la r and ce llu la r b io ­
m arke rs  co u p le d  w ith  c e llu la r  p a th o lo g y  
(histopathology) provides further clues to the 
source o f  the specific environm ental problem. 
H is to p a th o lo g ic  change can be easily and 
accurately quan tified  using m icrostereologic 
procedures applied to tissue sections. These

data can then  be corre la ted  w ith  b o th  ce ll 
in ju ry  processes and abnormalities in  physiol­
ogy. L in k in g  these measurements w ith  physi­
o log ic  and behaviora l responses, and m ore 
trad itiona l population and com m un ity  m on i­
to rin g , w i l l  p rov ide  a set o f  early and long ­
term  w arning systems fo r the environment.

Recent deve lopm ents  have le d  to  new 
methods, w h ich  have been tested in the fie ld 
(W edderburn et al. 2000). Studies have inves­
tigated a neutral red retention assay (Lowe et 
al. 1995) w ith  histopathalogic measurements, 
as well as determ ining the physiologic state o f 
mussels using a heart beat m on ito r in  the fie ld 
(Aagaard et al. 1995). The  neutral red reten­
t io n  assay involves sam pling the f lu id  from  
mussels, sta in ing the flu id , and t im in g  how  
long the cells retain the stain. H ealthy animals 
retain stain fo r hours, and those less healthy 
can lose the stain in  minutes. The use o f  these 
nondestructive techniques should be encour­
aged and are already part o f  a fie ld m on ito ring  
assessment program for coastal Brazil.

A  re c e n t a r t ic le  c o m p a r in g  U .S . 
E n v iro n m e n ta l P ro te c t io n  A g e n c y  
E nv ironm en ta l M o n ito r in g  and Assessment 
P ro g ra m  E s tu a rie s  P ro g ra m  d a ta  w ith  
N a tio n a l Oceanic and A tm ospheric  Agency 
b ioeffects data on sed im ent chem is try  and 
to x ic ity  identified  no apparent chemical mea­
surement that successfully predicted to x ic ity  
(O ’C onnor and Paul 2000). T h is  result chal­
lenges m any theories on the use o f  sediments 
as m on ito rs  o f  con tam in a tio n  and deserves 
fu rther investigation. M etabolites and break­
dow n products o f  contam inants m ay be the 
p r im a ry  sources o f  to x ic ity  lo n g  a fte r the  
concentration o f  the parent com pound is no 
longer detected (E hrhard t and Knap 1989). 
Despite these challenges, indicators continue 
to play an im portan t role in our understand­
ing o f  m arine environm enta l health. E fforts  
are underway to develop m icrob ia l b iom ark­
ers o f  c o n ta m in a n t  e xp o su re  because 
m icroorgan ism s adapt ra p id ly  to  changing 
environm ents and can be probed fo r expres­
sion o f  genes tha t convey resistance to tox ic  
chemicals o r catabolic po ten tia l fo r organic 
pollu tants (Ford 2000).

H u m an  health. I t  is clear that challenges 
remain to developing a better understanding 
o f  the connection between the m arine envi­
ronm ent and hum an health. E nv ironm enta l 
changes do a ffect h u m a n  hea lth , and i t  is 
im p o rta n t to  id e n tify  w h ich  ind icators have 
enough sens itiv ity  and sp e c ific ity  to  detect 
these changes. H um an m orta lity  and m orb id ­
ity  registries alone are not like ly  to help m on i­
to r  e n v iro n m e n ta l changes, because m ost 
chronic hum an diseases are m u ltifacto ria l and 
involve genetic, lifestyle, and environm enta l 
factors. I t  is therefore also un like ly  that cancer 
reg istries o r m o r ta lity  rates w i l l  p ro v id e  a 
useful ind ication o f  changes for ocean-related

illnesses because o f  issues regarding specificity 
and the  long  de lay (1 0 -2 0  years) between 
exposure to  env ironm en ta l r isk  factors and 
detection o f  cancer. However, m o rb id ity  reg­
istries on acute diseases such as m arine tox in  
po ison ing and other seafood-borne diseases, 
re p o r t in g  o f  w h ic h  is m a n d a to ry  in  m ost 
countries, cou ld  prov ide  useful in fo rm a tio n  
on  a n y  changes in  in c id e n c e  ove r t im e . 
Because these diseases are la rge ly  underre ­
ported, we urgently need to im prove and va li­
d a te  these s u rv e il la n c e  system s. H e a lth  
registries are also very useful fo r m on ito rin g  
shorter latency events such as pregnancy com ­
plications (low  b ir th  weight, congenital m al­
formations, and the like).

Specific clin ica l effects related to contam i­
nants have been the subject o f  numerous epi­
de m io lo g ic  studies. In  general p opu la tions  
exposed to low  doses, on ly  subtle effects are 
expected to occur. F or lead and cadm ium , 
e p id e m io lo g ic  stud ies and a n im a l e xp e ri­
ments provide sufficient data to set thresholds 
fo r hum an exposure. The general consensus is 
th a t 10 p g /d L  is the  m ax im u m  b lo o d  lead 
concentra tion accepted fo r ch ild ren . In  th is 
case, measuring b lood lead in  a group o f  ch il­
d ren  is a re la tive ly  easy, cheap, va lid , and 
manageable b iom arke r to  assess b o th  expo­
sure and risk in  children. However, fo r most 
ocean-related con tam inants such as m ethy l 
m ercu ry  and persistent organ ic p o llu tan ts , 
results from  ep idem io log ic  studies are m ore 
co n tra d ic to ry . C o h o rt studies in  M ich ig a n  
(Jacobson and Jacobson 1996) and N o r th  
C arolina  (Rogan et al. 1986) have p rovided 
c o n f l ic t in g  re s u lts  on  n e u ro b e h a v io ra l 
changes in  children who were exposed prena- 
ta lly  to  PCBs. C o n flic t in g  results were also 
reported on neurologic im pairm ents in  ch il­
dren w ho were exposed to  m e th y l m ercury  
d u r in g  fe ta l d e ve lo p m e n t; a s tu d y  in  the  
Seychelles d id  n o t re p o rt any de le te rious  
e ffects (D a v id so n  et al. 1998), whereas a 
cohort study in  the Faroe Islands found  sig­
n ifica n t neuro tox ic  effects (G randjean et al.
1997). There may be m any reasons fo r these 
discrepancies, inc lud ing  differences in  m eth­
ods, exposure m ixtures, n u tr it io n a l in terac­
tions, and genetic susceptibility.

U n fo r tu n a te ly ,  c o h o r t  s tu d ie s  are 
e x tre m e ly  e xpens ive  in  b o th  t im e  and 
resources and require large m u ltid isc ip lin a ry  
sc ie n tific  groups. In  a d d itio n , new xenob i­
otics or metabolites are regularly identified  by 
analytical chemists, and health offic ia ls may 
no t be able to  react in  a tim e ly  manner. To  
com plem ent standard disease registries and 
epidem io log ic cohort studies, scientists have 
tried  to develop early response biomarkers to 
detect any reversible or irreversib le b io log ic  
effects. Potential early w arning signal markers 
deal w ith  the im m une system (cytokines, cell 
markers, antibody response to im m unization,
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and the like ), endocrine ac tiv ity  (horm ones 
such as sexual or thyro id ), genotoxicity (D N A  
and pro te in  adducts fo r POPs), and enzyme 
in d u c tio n  (C YP1A 2 and e th oxy re o ru fin  o -  

deethylase activ ity  using caffeine breath tests 
fo r POPs). Some biom arkers are already in  
use (am inolevulin ic acid dehydratase for lead, 
ß2 -m ic ro g lo b u line  fo r cadm ium ), b u t m ost 
s t i l l  need to  be va lida ted. T he  m a jo r cha l­
lenges to the ir use are lack o f  sensitiv ity and 
specificity, and thus m ore w o rk  is needed to 
lin k  the health o f  the marine environm ent to 
that ofhum ans.

Recommendations
M o n ito r in g  systems th a t inc lude  the rap id  
assessment o f  contam inants in  the ecosystem 
and subsequent risk to  hum an populations, 
w ith  appropria te in te rn a tio n a lly  d is tribu ted  
databases, need to  be deve loped and v a li­
dated. Such tools w ou ld  provide early detec­
tio n  o f  po ten tia l env ironm enta l threats and 
enhance the ab ility  to prevent hum an illness. 
Because analyses o f  contam inants are some­
tim es  expensive and  tim e -c o n s u m in g , we 
need to use appropriate markers and ind ica­
tors, develop new ones, and rigorously  va li­
date them  all.

Research on oceans and h um an  h e a lth  
needs to be in te rd isc ip lina ry  and structured 
around a “ models-based”  approach, focusing 
on c r it ic a l themes and a ttribu tes  o f  m arine 
environm ental and pub lic health risks. Given 
the extent and complex nature o f  ocean and 
hum an health issues, a program  ne tw ork ing  
across geographic and discip linary boundaries 
is essential. The overall goal o f  such a program 
w o u ld  be the  ea rly  d e te c tio n  o f  p o te n t ia l 
marine-based contaminants, w ith  the ultim ate 
ou tcom e be ing  the preservation  o f  na tu ra l 
resources and the p reven tion  o f  associated 
human illness.

Such a program  cou ld  contain fou r com ­
ponents: a basic mechanistic research compo­
nent, a b iom arkers deve lopm enta l resource 
component, an informatics component, and a 
t ra in in g  com p o n e n t. W ith in  th is  con tex t, 
research p rob lem s w o u ld  be proposed and 
w o rk  conducted  to  f in d  feasible so lu tions. 
B io m a rk e r assessment co u ld  be m o d if ie d , 
expanded, and refined to f it  specific situations 
w ith  dynam ic paradigms, and new ocean and 
human health interactions could be addressed. 
As the research themes are explored, a train ing 
com ponent w ou ld  be integrated, resulting in 
the production o f  the next generation o f  ocean 
and h u m a n  h e a lth  sc ien tis ts . In fo rm a tic s  
w o u ld  be c o n tin u a lly  developed, p ro v id in g  
essential feedback and in form ation to a broad 
range o f  stakeholders, inc lud ing  those o f  the 
international com m unity.

W e suggest five in it ia l “ models”  o f  human 
e xpo sure  re s u lt in g  f ro m  o ce a n /h u m a n  
in te ra c tio n s : p o la r reg io n s /n a tive  peoples

fo o d -b o rn e  r is k  exposure ; m a r in e  to x in  
aerosols and hum an hea lth ; u rban  harbors 
and exposure; seafood c o n s u m p tio n  and 
health benefits and risks; and trop ica l coastal 
areas and small island states.

T h is  in teg ra tive  suite o f  m odels w o u ld  
allow  a m ore effective understanding o f  the 
problems presented by the various sources o f  
anthropogenic and natural contaminants and 
the ir effects on humans by oral, dermal, and 
inha la tion  exposure. T he y  w o u ld  also allow  
an assessment o f  such  c r i t ic a l fa c to rs  as 
ch ron ic  versus acute exposures, loca l versus 
distant sources o f  contam inant risks, and the 
degree to  w h ic h  each in d iv id u a l  r is k  is 
reversible or irreversible. Further, a models- 
based approach to ocean and hum an health 
w ou ld  allow for an extrapolation o f  the results 
and techniques to d ifferent environments.

T h e  success o f  th is  s u ite  o f  m od e ls  
depends partly  on establishing a comprehen­
sive suite o f  biomarkers, first by identification 
and developm ent o f  new markers, fo llow ed  
b y  th e ir  v a lid a t io n  w i th in  an ocean and 
hum an health context. The translation o f  b io ­
markers tha t are fast, reliable, easy, inexpen­
s ive, and  in te rn a t io n a l ly  a v a ila b le  w i l l  
enhance the abilities to  assess, measure, and 
predict bo th  ecosystem stresses and potentia l 
hum an exposures/health effects.
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