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ABSTRACT

E cotoxicological t e s t s  on e x is tin g  and new marine p o llu tan ts  have long 
in c lu d ed  th o se  w ith  Zooplankton -  bo th  h o lo p lan k to n  and m eroplankton . A 
considerable number of in te rn a tio n a l workers and lab o ra to rie s  work e ith e r  
exc lusive ly  w ith  marine zooplankters in  to x ic i ty  t e s t  system s, or include 
them w ith o ther organisms in  hazard assessm ent schemes. A wide v a r ie ty  of 
t e s t  types, and te s t in g  exposure regimes and durations are possib le , ranging 
from  s h o r t- te rm  la b o ra to ry  a ssa y s  to  lo n g e r- te rm  la b o ra to ry  and f i e l d  
microcosm experiments. The m ajo rity  of reported  s tu d ies  and cu rren t e f fo r t  
have d ea lt w ith co e len te ra te s , annelids, m olluscs, arthropods (p a r tic u la r ly  
c ru s ta c e a n s ) ,  ech inoderm s, and v e r te b r a te s  ( te le o s ts ) . Many workers study 
th e  re sp o n ses  o f th e  m ero p lan k to n ic  l i f e  s ta g e s  (gam etes, embryos and 
larvae) of the benthos and in te r t id a l  in v e rteb ra te s .

Z ooplankton a ssa y s  o f f e r  a  number o f  advan tages to  a sse ssm e n ts  of 
p o l lu ta n ts .  Among them , th e  p r in c ip a l  ones a re  sm a ll s iz e  accom m odating 
la rg e  sam ples p e r t r e a tm e n t,  h ig h  s e n s i t i v i t y ,  th e  o b se rv a tio n  and
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measurement of fundamental b io lo g ica l responses, wide a v a ila b il i ty  of t e s t  
specim ens, w ell-know n b io logy  o f  some s p e c ie s  and good p o te n t i a l  fo r  
s ta n d a rd iz a t io n  betw een l a b o r a to r ie s .  Disadvantages of Zooplankton assays 
o f te n  in c lu d e  th e  h ig h ly  s p e c ia l iz e d  te c h n iq u e s  and s k i l l s  fo r  th e  
co lle c tio n , cu ltu re , handling and assaying of organisms, the sm all volumes 
o f t i s s u e s  and t e s t  s o lu t io n s  fo r  chem ical a n a ly s e s ,  th e  la b o r  in te n s iv e  
methods w ith some species, and probable "physio logical hardiness" of some 
re ad ily  cu ltured  species.

In  t h i s  p ap e r, t e s t s  w ith  z o o p la n k te rs  a re  b r i e f l y  d esc rib ed  fo r  th e  
m ajor groups. The s e n s i t i v i t i e s  t o  to x ic a n ts  o f some o f th e s e  s p e c ie s  a re  
d iscussed, w ith  examples. A number of these t e s t s  o ffe r a high p o te n tia l fo r 
su ccessfu lly  screening p o te n tia l long-term  to x ic a n ts  w hich may n e g a tiv e ly  
a f f e c t  fundam en tal b io lo g ic a l  p ro c e sse s  a t  very  low c o n c e n tra tio n s . 
Crustacean, echinoid and te le o s t  gam ete-em bryo-larva t e s t s  are of p a r tic u la r  
importance. This i s  recognized in te rn a tio n a lly  and i s  re f le c te d  by e f fo r ts  
to  app ly  th e s e  t e s t s  w id e ly , to  r e f in e  v a r io u s  te ch n iq u e s  and develop new 
ones w ith  both generic and highly sp e c if ic  ap p lica tio n s .

The continued inclusion  of Zooplankton assays in  hazard assessm ents of 
chemicals en tering  marine environments is  h igh ly  encouraged. Areas of fu tu re  
re s e a rc h  w ith  Zooplankton a s s a y s  a re  : c u l tu r e  o f new s p e c ie s  and l i f e  
s tages ; comparative physiology and toxicology, e sp e c ia lly  across s a l in i t i e s  
and deve lopm en ta l s ta g e s  ; th e  d e r iv a t io n  o f p r in c ip le s  u n d e rly in g  
s e n s i t iv i t i e s  to  common p o llu ta n ts  ; s tu d ies  of how to x ican ts  a f fe c t young 
s t a g e s ,  modes o f  t o x i c  a c t i o n  ; s i g n i f i c a n c e  o f  Z o o p lan k to n
s e n s i t iv i t i e s  to  success of th e i r  populations ; and fu r th e r  development of 
applied, standardized, rapid screen ing  planktonic assays.

KHWMSO

Marine ecotoxicology, Hazard assessm ent, B io a ssay s , Methods, Zooplankton, 
Review .
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"E cotoxico logy  i s  concerned w ith  th e  to x ic  e f f e c t s  o f chem ical and 
p h y s ic a l a g e n ts  on l i v in g  o rgan ism s, e s p e c ia l ly  on p o p u la t io n s  and 
communities w ith in  defined ecosystems ; i t  includes the tra n s fe r  pathways of 
th o se  a g e n ts  and t h e i r  in t e r a c t io n s  w ith  th e  environm ent" (B u tle r ,  1978). 
Reviews o f b io assay  p ro ced u res  by L i t t l e  and M aciorow ski (1979) and 
Maciorowski e t  a l. (1980, 1981, 1982, 1983) ind icated  th a t " there i s  a need 
fo r  developm ent and s ta n d a rd iz a t io n  o f t e s t s  fo r  e f f e c t s  o f  ch em ica ls  on 
e c o lo g ic a l  p a ram e te rs  th a t  a re  in d ic a t iv e  o f in te r s p e c if ic  in te ra c tio n s , 
community dynamics, and ecosystem function". This paper b r ie f ly  review s the 
c u r re n t s t a tu s  o f to x ic o lo g ic a l  and e c o to x ic o lo g ic a l  t e s t s  w ith  m arine 
Zooplankton, w ith  p a r t i c u la r  re fe re n c e  to  work in  N orth  A m erica and to  
ap p lica tio n s of such t e s t s  in the assessm ent and co n tro l o f to x ic  chemicals.

Zooplankton, both holoplankton and meroplankton, have been studied  in 
to x ic ity  t e s t s  fo r  many years. In te r e s t  in  th is  ap p lica tio n  o f zooplankters 
has in c re ased  m arkedly in  th e  p a s t  15 y e a rs  (post-T orrey -C anyon  y ea rs )  in  
many coun tries, re su lt in g  in  a  v as t l i te r a tu r e  on th e i r  responses to  to x ic  
m ateria ls . L aboratories, w ith s k i l le d  personnel and f a c i l i t i e s  to  cu ltu re , 
feed, and study sp e c if ic  zooplankters, soon developed sp ec ia liz ed  to x ic ity  
t e s t s  with organisms of th e ir  choice, ty p ic a lly  gametes, embryos, and larvae 
o f m o llu scs , c ru s ta c e a n s , ech inoderm s and t e l e o s t s .  Exam ples o f such 
l a b o r a to r ie s  a re  N a tio n a l M arine F is h e r ie s  S e rv ic e , M ilfo rd  L ab o ra to ry , 
C o n n ecticu t USA, fo r  o y s te r  la rv a e  ; M arine S cience L a b o ra to r ie s ,  Menai 
Bridge, Wales, UK, fo r  barnacle larvae  ; Duke U niversity  Marine Laboratory, 
N orth C a ro lin a , USA, fo r  b rachyuran  crab  la rv a e  ; I n s t i t u t e  fo r  M arine 
E nv ironm en tal R esearch , Devon, UK, fo r  copepoda ; S t. Andrews B io lo g ic a l  
S ta t io n ,  New B runsw ick, Canada, f o r  lo b s te r  la rv a e  ; D osh isha U n iv e rs ity ,  
B io lo g ic a l  L ab o ra to ry , Kyoto, Jap a n , and U n iv e rs ity  o f Trom s^, Troms^, 
Norway , f o r  ech in o id  l i f e  s ta g e s  ; and th e  B io lo g ic a l  S ta t io n ,  Nanaimo, 
B r itish  Columbia, Canada, fo r  f ish  eggs and embryos.

Work in  t h i s  a re a  was p a r t i c u l a r l y  s t im u la te d  by th e  need to  c o n tro l 
th e  s e t t le m e n t  o f b a rn a c le  la rv a e  on s h ip 's  h u l ls ,  th e  s c i e n t i f i c  and 
commercial in te re s t  in  the physiology and physio logical ecology o f molluscan 
and echinoderm larvae, and the concern about o i l  s p i l l  and p e s tic id e  impact 
on in v erteb ra te  f is h e r ie s .  Im portant con tribu tions included th e  reviews and 
recommendations of Sprague (1970, 1971, 1976) and R o sen th a l and A ld e rd ice  
(1976). A ttra c tiv e  fe a tu re s  of Zooplankton assays and microcosm approaches



218 P . G. WELLS

are the s iz e , s e n s i t iv i ty  and p ra c t ic a l i ty  of the t e s t s ,  th e  importance of 
understanding eco log ical fa c to rs  in flu en c in g  su rv iv a l of young l i f e  s tages, 
and th e  m u lti tu d e  of c r i t i c a l  and fundam en tal b io lo g ic a l  p ro c e sse s , 
e s p e c ia l ly  th o se  o f re p ro d u c tio n  and developm ent, t h a t  can be c lo s e ly  
examined under to x ican t exposures. Both sim ple chemical to x ic i ty  screening 
and more complex e c o to x ic o lo g ic a l  t e s t i n g  can now be conducted  w ith  
Zooplankton, a lb e i t  w ith nonstandardized procedures fo r the most p a r t.

The prim ary theme o f th is  paper is  th a t ,  i f  one accepts the  concept of 
using "the most s e n s itiv e  lo c a lly  im portant species" in  b ioassays, as s ta ted  
by B e n fie ld  and Buikema (1980), to g e th e r  w ith  one or more " stan d ard "  
species, marine zooplankters provide a most a t t r a c t iv e  s e t  of spec ies, l i f e  
stages and responses.

The o b jec tiv es  of th is  paper a re  :
-  to  d e s c r ib e  th e  ty p e s  o f t e s t s ,  taxonom ic g roups, and b io lo g ic a l  

responses cu rren tly  u t i l i z e d  ;
- to discuss the major characteristics of Zooplankton tests ;
-  to  d iscuss the t e s t s  on Zooplankton proposed by major organizations 

and p re s e n t  one t e s t  in  d e t a i l ,  w ith  p a r t i c u la r  r e fe re n c e  to  th e  
c r i t e r i a  t h a t  m ust be met in  s ta n d a rd iz e d  t e s t s  (Hammons, 1980 ; 
Persoone, pers. commun.) ;

-  to  d iscuss the ap p lica tio n s  of se lec ted  te s ts  ; and
-  to  d is c u s s  f u tu r e  tre n d s  on methods and a p p l ic a t io n s  f o r  m arine 

Zooplankton in  hazard assessm ents.

The re a d e r  should  a ls o  r e f e r  to  o th e r  p ap e rs  in  t h i s  volume fo r  
ad d itio n a l d esc rip tio n s of cu rren t work w ith Zooplankton.

ZOOFLAHKTŒï TESTS - AE OVERVIEW 

TYPES OP TESTS

Pour g e n e ra l  ty p e s  o f t e s t s  w ith  zo o p la n k te rs  e x i s t  and th ey  vary  
g r e a t ly  in  o b je c t iv e s ,  d u ra t io n ,  com plex ity , c o s t ,  r e p r o d u c ib i l i ty  
(p recision), and realism .
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Acute lethal and subiethai tests

Acute l e t h a l  and s u b le th a l  t o x i c i ty  t e s t s  in  th e  la b o ra to ry  a re  used 
f o r  b a s ic  in fo rm a tio n  on th e  t o x i c i t y  o f  a  m a te r ia l ,  or f o r  d a ta  on th e  
comparative to x ic i ty  of sev e ra l m ate ria ls . They are e s s e n tia lly  "screening 
te s ts " . They may l a s t  minutes {e.g. the 30 min echinoid sperm te s t )  or days 
(1 to  4 day le th a l i ty  t e s t s  w ith  crustacean larvae). They are o ften  s t a t i c ,  
w ith  s in g le  en d p o in ts  to  m easure, and hence a re  r e l a t i v e ly  s im p le  t e s t s .  
Cost per to x ic ity  t e s t  i s  low ($ 100-$ 500 Canadian d o lla rs  depending upon 
th e  number o f  t e s t s  run s im u lta n e o u s ly ) . P re c is io n  i s  h ig h , b u t re a l ism  
(being rep resen ta tiv e  o f f ie ld  conditions) i s  considered low (NRC, 1981b).

Chronic sublethal tests

Chronic s u b le th a l  t e s t s  in  th e  la b o ra to ry  a re  used to  d e te rm in e  th e  
e f f e c t s  o f lo n g e r low le v e l  exposu res on key p ro p e r t ie s  o f in d iv id u a ls  or 
p o p u la tio n s . They a re  a p p lie d  when th e  t e s t e d  m a te r ia ls  a r e  p e r s i s t e n t ,  
b io acc u m u la tiv e , and to x ic  in  th e  a c u te  t e s t s .  The t e s t s  may be s e v e ra l  
weeks in  duration, such as w ith  a  30 day lo b s te r-la rv a e  t e s t ,  or a f u l l  l i f e  
c y c le  (C alanus spp .). C om plexity  and l o g i s t i c s  a re  g r e a te r  -  o f te n  sem i­
s t a t i c  or co n tin u o u s-flo w  modes o f  exposure a re  u sed , w ith  d i l u t e r s ,  and 
many measurements a re  taken daily . The cost per t r i a l  per chemical could be 
as high as $ 5-10 X 10^ Canadian d o lla rs , excluding expensive and d e ta iled  
a n a ly t i c a l  ch em is try . The p re c is io n ,  w ith  s k i l le d  p e rso n n e l, can be h igh . 
The exposure and o th e r  t e s t  c o n d itio n s  more c lo s e ly  re p re s e n t  f i e l d  
c o n d itio n s . The c o n c e n tra t io n s  a re  low and th e  e f f e c t s  o f v a r ia b le s  
in f lu e n c in g  t o x i c i t y  ( te m p e ra tu re , s a l i n i t y ,  n u t r i t io n ,  e tc .)  can be 
stud ied .

Chronic microcosm teert

The f i r s t  two ty p e s  o f t e s t s  a re  conducted in  th e  la b o ra to ry  and 
measure responses of s in g le  spec ies to  to x ican ts . The th ird  type of t e s t  i s  
conducted under s im u la te d  f i e l d  c o n d it io n s ,  and m easures re sp o n se s  o f 
populations of Zooplankton to  low le v e ls  o f m ateria ls .

The chronic microcosm t e s t s  w ith  Zooplankton are one to  sev era l months 
in  d u ra tio n , and have as t h e i r  main o b je c t iv e  th e  m easure o f p o p u la tio n  
p ro c e sse s  and re sp o n ses  ( d iv e r s i ty  and abundance changes, s h i f t s  in  
predator-prey  re la tio n sh ip s , physio logical-b iochem ical responses of sp e c if ic
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p o p u la tio n s) when exposed to  th e  in tro d u ce d  m ateria l(s). They are  complex 
te s t s  to  conduct, req u irin g  s ig n if ic a n t investm ents of m ateria ls , s k i l l  and 
tim e  (see  d e t a i l s  o f  CEPEX and MERE t e s t s  in  Reeve e t  a l . ,  1976, 1977, 
O v ia t t  e t  a l . ,  1982, and K uiper, 1984). S chneider ( 1980) s t a t e s  th a t  
"microcosms of in term ediate  complexity, incorporating  Zooplankton, may be 
th e  b e s t  approach fo r  t e s t i n g  ch em icals" . The com plex ity  and c o s t  (>>1Cr 
d o lla rs /m a te ria l)  can be reduced w ith  the  se le c tio n  of sim pler lab o ra to ry - 
based microcosm t e s t s  (se e  Fow ler and E ld e r , 1980). The p re c is io n  o f  th e  
la rg e -sca le  outdoor t e s t s  is  low, but measures of impact are probably more 
r e a l i s t i c .

Acute or chronic in situ teste

The fo u r th  t e s t  ty p e , a c u te  o r ch ro n ic  in  s i t u  t e s t s ,  can be deployed 
a t  discharge s i te s ,  or s i t e s  of chronic contam ination. An _in s i tu  t e s t  can 
e ith e r  be a  cage (container) o f organisms being exposed, or a  s e t t l in g  p la te  
fo r  m eroplankton to  s e t t l e  on and grow. These t e s t s  w ith  Zooplankton 
(m eroplankton) a re  in  t h e i r  in fan c y , b u t when developed could  be a 
sen s itiv e , r e a l i s t i c  t e s t  of water q u a lity  a t  se lec ted  s i te s  and be linked 
to  o ther "e ffec ts  monitoring" approaches. A cage t e s t  has been suggested by 
O 'B rien and K e t t le  (1981). I t  c o n s is t s  o f a  s im p le  b io assay  chamber fo r  
Zooplankton c u l tu r e  and t e s t i n g  in  th e  la b o ra to ry  and in  th e  f i e l d .  A lso , 
s e t t l in g  p la te s  contaminated w ith petroleum  hydrocarbons have been te s ted  in 
in te r t id a l  and shallow  su b tid a l zones (Anderson, pers. commun.).

The ch o ice  o f  t e s t  depends upon th e  q u e s tio n (s )  being  asked and th e  
l e v e l  of co n fid en ce  abou t th e  e c o to x ic i ty  o f a m a te r ia l  th a t  i s  re q u ire d  
(see  D avis, 1977 ; Sprague and F ogels,1977 ; NRC, 1981b; and Buikema e t  
a l ., 1982 ). The t e s t  chosen w ith zooplankters u ltim a te ly  depends upon the 
m agnitude and p ro g re s s io n  o f th e  h aza rd  asse ssm en t re q u ired  to  e s t a b l i s h  
r e lia b le  to x ic i ty  to leran ce  l im i ts  fo r the sp e c if ic  p o llu tan t.

TÄXCHCMIC GROUPS

This i s  a  b r ie f  overview of th e  most common zooplankters incorporated 
in to  to x ico lo g ica l t e s t s  (Table I) . This i s  an in troduction  to  the to p ic  and 
i s  not exhaustive in  i t s  coverage.
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Protozoa

Considerable research has been conducted w ith  protozoans and p o llu ta n ts  
(Persoone and D ive, 1978 ; Curds, 1982), w ith  some work on m arine s p e c ie s  
(Gray and V e n tilla , 1973 ; Gray, 1974)- There has not been wide ap p lica tio n  
o f te ch n iq u e s  w ith  t h i s  group, nor th e  p re p a ra t io n  o f s ta n d a rd  assay  
techniques w ith  a  marine spec ies. Most of the published s tu d ies  p e r ta in  to  
to x ican t s tu d ie s  w ith freshw ater species (Dive and L eclerc, 1975ab ; Dive, 
1982 ; Rogerson e t  a l . ,  1983). O b serv a tio n s  have been made o f p ro tozoan  
s u rv iv a l  and p o p u la tio n  dynam ics in  s e v e ra l  l a r g e - s c a le  e x p e rim en ta l 
ecosystem experim ents w ith  m etals and hydrocarbons (Grice and Reeve, 1981 ; 
many sp e c if ic  references). There i s  c o n s id e ra b le  c u r re n t  i n t e r e s t  in  more 
to x ic ity  work w ith  marine Protozoa, e sp e c ia lly  c i l i a t e s  (Dive and Persoone, 
1984 ; Laake, 1984).

Coelenterates

There have been e f f o r t s  to  develop  s u b le th a l  a s sa y s  w ith  c o lo n ia l  
hydroids (Stebbing, 1980), and some rep o rts  on s e n s i t iv i t i e s  of medusae and 
co ra l larvae  to  hydrocarbons (Percy and M ullin, 1975 ; Loya and Rinkevich, 
1980 ; f o r  rev iew , see S teb b in g  and Brown, 1984). There a re  no re p o rte d  
s ta n d a rd  m ethods w ith  p la n k to n ic  l i f e  s ta g e s  o f c o e le n te r a te s  as of 1983 
(see Standard Methods and reviews o f Maciorowski e t  á l . ,  1980, 1981, 1982,
1983).

Polychaetes

Reish has published many accounts of cu ltu re  and p o llu tio n  s tu d ies  w ith 
l a r v a l  p o ly c h a e te s , has c o n tr ib u te d  m ethodo log ies to  ASTM p u b l ic a t io n s  
(R eish , 1980) and S tandard  M ethods (APHA, 1980), and has conducted 
in te rc a l ib ra t io n  exercises (Reish e t  a l ,  1978). Many s p e c if ic  s tu d ies  have 
been conducted (C hia, 1973 ; Hooftman and Vink, 1980 ; R eish , 1980), 
p a r t i c u l a r l y  w ith  m e ta ls . Both Âkesson (1980) and R e ish  (1980, 1984) 
e x te n s iv e ly  rev iew ed  th e  u se  o f young l i f e  s ta g e s  in  b io a s s a y s . At th e  
p re s e n t ,  r e g u la to ry  groups u n d e r u t i l i z e  known p ro ced u re s  w ith  th e se  
ec o lo g ica lly  im portant organisms.
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Molluscs

T his group i s  b e s t  known fo r  th e  s ta n d a rd  48 h o y s te r  em bryonic and 
la r v a l  b io a ssa y  developed by Woelke and cow orkers in  th e  US in  th e  1960s 
(W oelke, 1967, 1972). In  th e  US embryos and la rv a e  o f  C ra s s o s tre a  spp. a re  
frequen tly  stud ied  under tox ican t s t re s s  in  the  labo ra to ry  (e.£. Calabrese 
e t  a l . ,  1973, R o b erts , 1980). R ound-robin  o y s te r  l a r v a l  t e s t s  have been 
o rgan ized  by th e  O ffic e  of Toxic S u b stan ces in  th e  USA (B orthw ick , 1979), 
u s in g  an ASTM t e s t  method. The o y s te r  l a r v a l  b io a s sa y  was co n sid ered  a 
v ia b le  s ta n d a rd  tech n iq u e  fo r  w a te r  q u a l i ty  m o n ito r in g  by an ICES panel 
re p o r t  (S teb b in g  e t  a l . ,  1980). A number o f in v e s t ig a to r s  a ls o  work w ith  
m ussel (M y tilu s  e d u l is  L.) em bryos and la rv a e  (se e  W ells , 1982a ; Dixon, 
1982, among o th e rs ) .  M olluscan a ssa y s  a re  f r e q u e n t ly  employed in  ro u tin e  
te s t in g  in  Europe (Renzoni, pers. commun.). A recen t review was published in  
Prance on the to x ic i ty  of ten  m etals to  marine la rv ae  (D eslous-Paoli, 1981), 
and developmental s tages o f M ytilus g a llo p ro v in c ia lis  have been incorporated 
in to  t o x i c i ty  s tu d ie s  on b io c id e s  (Luca e t  a l . ,  1980), m e ta ls  (Pavicifc, 
1977), and o th e r  p o l lu ta n ts .  C a lab re se  (1984) g iv e s  f u r th e r  d e t a i l s  of 
m olluscan  a s sa y s , t h e i r  a p p l ic a t io n s ,  and t h e i r  r e p r o d u c ib i l i ty  betw een 
lab o ra to rie s .

Crustaceans

Z ooplankton from  t h i s  c l a s s ,  in c lu d in g  young l i f e - h i s t o r y  s ta g e s  of 
b e n th ic  and e p ib e n th ic  s p e c ie s ,  a re  w id ely  used as t o x i c i ty  t e s t i n g  
organisms, and are u su a lly  the  f i r s t  choice fo r  in v e rte b ra te s  fo r  a  hazard 
assessm ent o f a  m ateria l. Several organisms have been form ally  proposed as 
standard t e s t  organisms and are th e  sub ject o f published or d rafted  te s t in g  
pro tocols, and in te rlab o ra to ry  c a l ib r a t io n  e x e rc is e s  (se e  l a t e r  s e c t io n s ) .  
Organism s were s e le c te d  fo r  re a so n s  o f abundance, eco log ical importance, 
w ell-know n b io lo g y , c u l tu r e  s u c c e s s , l in k  to  com m ercial f i s h e r i e s ,  and 
s e n s i t i v i t y  to  s p e c i f ic  p o l lu ta n ts .  G e n tile  a t  a l .  (1984) a ls o  rev iew  
c ru s ta c e a n s  in  d e t a i l ,  co v e rin g  p lan k to n  and b en th o s and many s p e c i f ic  
questions on te s t in g  p ro toco ls .

A. Brine shrimp

A rtem ia  eggs, l a rv a e ,  and a d u l t s  have been used fo r  t o x i c i ty  s tu d ie s  
fo r sev e ra l decades, re s u lt in g  in  a  large l i te r a tu r e .  A re la t iv e ly  sim ple 
one or 2 - day l e t h a l  t e s t  w ith  th e  f r e s h ly  h a tch ed  n a u p l i i  has been
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developed. I t  i s  being recommended by Vanhaecke e t  a l. (1980) in  Belgium as 
a  s tan d a rd  "m arine" t e s t .  An e a r ly  v e rs io n  o f th e  A rtem ia  t e s t  i s  in  some 
EPA t e s t i n g  p ro to c o l docum ents (_e.£. o i l  s p i l l  d is p e r s a n ts ) .  Some concern 
has been ex p ressed  abou t A rtem ia 's  p h y s io lo g ic a l  h a rd in e s s ,  hence most 
workers in  the USA p re fe r planktonic stages of mysids, decapods, molluscs, 
and f i s h .  Some in v e s t ig a to r s  a re  com paring s e n s i t i v i t i e s  o f A rtem ia  and 
endemic c ru s ta c e a n s  (W ells e t  a l . ,  1982), u s in g  l e t h a l  re sp o n se s , w h ile  
o thers a re  developing new t e s t  system s, such as the te ra to g en  t e s t  system 
w ith  A rtem ia n a u p l i i  (K e rs te r  and S c h a e ffe r , 1983), A European and N orth 
American round-robin in te rc a l ib ra t io n  has been re cen tly  conducted (Persoone 
e t a l., 1981 ; Leonhard, pers. commun.). This Artemia n au p lii 1-day to x ic i ty  
t e s t  i s  one of the  most developed and p ra c tic a l  t e s t s  on marine Zooplankton 
to  date (Vanhaecke and Persoone, 1984).

B. Copepoda

There i s  a  very  la rg e  p o l lu t io n  l i t e r a t u r e  w ith  copepods, because  of 
t h e i r  e c o lo g ic a l  im portance and th e  ease  o f m ain tenance, c u l tu r e ,  and 
te s tin g  o f a number of genera (Stebbing e t  a l . ,  1980 ; Corner, Harding, and 
Conover, p e rs . commun.). Both a c u te  and ch ro n ic  t e s t s ,  e s p e c ia l ly  m u lti ­
generation chronic exposures, are possib le  w ith calanoid copepods such as 
A c a r t ia  (Ward e t  a l . ,  1979) and C alanus (H arding e t  a l . ,  1981). They a re  
u sefu l p lanktonic t e s t  organisms p a r tic u la r ly  because cu ltured  and endemic 
p o p u la tio n s  can be worked w ith  and th ey  o f f e r  many fundam en tal t o x i c i ty  
re sp o n se s . A rev iew  on th e  use o f  th e  ca la n o id  copepod, A c a r t i a , was 
re c e n t ly  p rep ared  by H e in le  and Beaven (1980). A c a r t ia  to n s a  i s  being  
suggested te n ta t iv e ly  as a  standard  t e s t  organism (APHA, 1980). Comparative 
to x ic ity  s tu d ies  examining the s e n s i t iv i ty  of copepods a re  r e la t iv e ly  common 
now (Lassus _et a l . ,  1984).

C. C irrip ed ia

T o x ic ity  t e s t s  w ith  b a rn a c le  n a u p lia r  la rv a e  w ere developed s e v e ra l  
decades ago due to  research  on s e ttle m e n t- in h ib itin g  p a in ts  fo r  s te e l  ships 
and general marine s tru c tu re s . S tud ies have recen tly  been reported  on heavy 
m e ta ls  (Lang e t  a l . ,  1980 ; B arb e r and T re fry , 1981), and petro leum  
hydrocarbons (B lundo, 1978 ; N e lso n , 1981 ; W ells , 1982a). S e v e ra l  s p e c ie s  
o f B alanus (b a la n o id e s , eb u rn eu s , im p ro v isu s) have been s tu d ie d . Larvae 
can be cu ltu red  or are  co llec ted  from  n a tu ra l h a b ita ts  seasonally . Measures 
o f s u rv iv a l ,  m o ltin g , b eh av io r and su c c e s s fu l  l a r v a l  s e t t le m e n t  a re  most
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often  used. A computerized behavioral te s t in g  system has been developed and 
te s te d  (M il le r ,  1980 ; M il le r  e t  a l . ,  1982). The s e t t le m e n t  assay  could  
prove to  be a valuable, p red ic tiv e  la b o ra to ry -fie ld  te s t .

D. Mysidacea

J u v e n ile  m ysids, p a r t i c u l a r l y  th e  opossum shrimp (Mysidopsis bahia), 
have been studied in  acute and chronic to x ic ity  t e s t s  in  the past 10 years 
(Nimmo e t  a l . ,  1977 ; B re te le r  e t  a l . ,  1982 ; Nimmo and Hamaker, 1982a). 
Nimmo and Hamaker (1982b) recen tly  reviewed mysids in  to x ic i ty  te s tin g . They 
have become a  ro u tin e  c ru s ta c e a n  t e s t  organism  in  a number o f USA 
la b o r a to r ie s  (Anderson, p e rs . commun.), e s p e c ia l ly  a t  EPA G ulf B reeze, 
F lo rida  (Borthwick, 1979). There i s  an ASTM to x ic ity  pro tocol subcommittee 
fo r  m ysids. R ecen tly  re le a s e d  (24 h) ju v e n i le s  a re  used in  t e s t s  and a re  
s e n s i t iv e  to  p o l lu ta n ts  (W ells, 1982a ; C arr e t  a l . ,  1983 ; G e n ti le ,  p e rs . 
commun.). Their abundance in  shallow  waters, ease of mass cu ltu re , handling 
and fe e d in g , and ap p a ren t s e n s i t i v i t y  to  a wide range o f to x ic a n ts  make 
ju v en ile  mysids very a t t r a c t iv e  fo r  acute te s ts .  The oppussum shrimp "has a 
g reat p o te n tia l as a  bioassay organism and may become the marine counterpart 
of Daphnia" (Benfield and Buikema, 1980).

E. Decapoda

Larval decapods have been s tu d ied  in  many to x ic ity  t e s t s  over the past 
10 to  20 years, and the ap p lic a tio n s  of sp ec if ic  groups have been recen tly  
review ed (sh rim p  : Couch, 1979 ; Buikema e t  a l . ,  1980 ; lo b s te r s  : W ells , 
1976ab ; c rab s  : Bookhout and C o stlo w , 1974 ; E p ifia n o , 1979). L arvae from 
th e s e  groups a re  su g g ested  c ru s ta c e a n  t e s t  o rgan ism s in  APHA (1980). 
E p if ia n o  (1982) rev iew ed t h e i r  u se  in  th e  assessm en t o f e f f e c t s  of 
p o llu ta n ts .

G rass sh rim p  (P alaem o n etes sp e c ie s )  a re  im p o rtan t t o x i c i t y  t e s t  
anim als, and s t a t i c  and flow -through s tu d ies  w ith th e ir  larvae are  becoming 
more common (Buikema e t  a l . ,  1980). P rin c ip les  fo r using grass shrim p larvae 
a re  th o ro u g h ly  d e sc rib ed  (B uikem a e t  a l ., 1980), and one p ro to c o l  i s  
p re sen ted  in  S tandard  M ethods (APHA, 1980, in  p re ss  fo r  1984). T here a re  a 
considerable number of reported  s tu d ie s  on s p e c i f ic  p o l lu ta n ts  and la r v a l  
shrim p, e.g . o i l  (W ells, 1982a), t h a t  show th e i r  s e n s i t i v i t y ,  e s p e c ia l ly  
d u rin g  m o ltin g . L arvae o f praw ns (Palaem on sp. and Penaeus spp.) and sand 
shrim p (Crangon spp.) have a ls o  b een  s tu d ie d  (Van D ijk  e t  a l . ,  1977 ; P r ic e
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and Uglow, 1979 ; L assus e t  a l . ,  1981). Techniques a re  as y e t  l e s s  
standardized, but these genera and Palaemonetes spp. are now suggested t e s t  
organism s (APHA, 1980). G u id e lin e s  fo r  an a c u te  shrim p t e s t  have r e c e n t ly  
been released by the O ffice of Toxic Substances, EPA (Brungs and Tarzw ell,
1984).

Lobster larvae, p rim arily  of Homarus am ericanus, and Homarus v u lg a r is , 
a re  used in  both experim ental and screening to x ic i ty  te s t s  (W ells, 1976a ; 
W ells and Sprague, 1976 ; Doe and W ells , 1978 ; Cobb and P h i l l i p s ,  1980 ; 
Capuzzo, 1981 ; Capuzzo and Derby, 1982, among o th e rs ) . They o f f e r  many 
advan tages as t e s t  o rgan ism s. L o b ste r la rv a e  (s ta g e s  one to  th re e )  a re  
s e n s i t iv e  to  heavy m e ta ls  and p e tro leu m  hydrocarbons (see  W ells , 1976b ; 
Cobb and P h i l l ip s ,  1980). They have been in c o rp o ra te d  o f te n  in to  s p e c i f ic  
comparative to x ic ity  s tu d ie s  by re g u la to ry  ag en c ies  (Environm ent Canada, 
A tlan tic  Region),by research in s t i tu te s  (Sprague and McLeese, 1968) and by 
industry  (Hutcheson, pers. commun.). A te n ta tiv e  protocol fo r th e i r  cu ltu re  
and t e s t i n g  i s  p u b lish ed  (APHA, 1980). In  E a s te rn  Canada, th e r e  i s  
considerable in te re s t  in  the e f fe c ts  of p e rs is te n t p o llu tan ts  on the lo b s te r  
f i s h e r i e s ,  and s e v e ra l  e x p e rim en ta l and com m ercial h a tc h e r ie s  have th e  
capacity  to  provide larvae fo r to x ic i ty  te s t in g  on a year-round basis .

Larvae o f t r u e  c ra b s , th e  B rachyura, have been f r e q u e n t ly  used as 
t o x i c i ty  t e s t  organism s (Bookhout and C ostlow , 1974 ; E p if ia n o , 1979), 
l a r g e ly  s t im u la te d  by J .  C o s tlo w 's group o f th e  Duke U n iv e rs ity  M arine 
L a b o ra to ry ,  N o rth  C a r o l in a .  A lo n g - te rm  r e s e a r c h  p ro g ram  on th e  
i d e n t i f i c a t i o n  o f l a r v a l  s ta g e s  o f c ra b s , to g e th e r  w ith  s tu d ie s  on t h e i r  
cu ltu re  requirem ents and basic  biology and physiology, re su lted  in  a number 
of genera being av a ilab le  by the  1970s fo r acute and chronic te s ts .  One mud 
crab, Rhithropanopeus h a r r i s i i , i s  used ex tensively , but o ther w e ll-s tu d ied  
and e i th e r  e c o lo g ic a l ly  or co m m erc ia lly  im p o rtan t sp e c ie s  (_e.£. C arc in u s  
maenas, C allin ec tes  sapidus) a re  incorporated in to  various to x ic i ty  te s t in g  
schemes. Crab larvae a re  considered w e ll-su ited  fo r bioassays by a  recent 
N ational Academy of Sciences Committee (NRC, 1981a), and a  l i s t  of suggested 
species and a  te n ta tiv e  standard bioassay procedure are now published (APHA, 
1980). The l i te r a tu r e  on acute le th a l  and chronic sub le thal e f fe c ts  (growth, 
development, m olting, re sp ira to ry  physiology, metabolism, behavior) i s  now 
very extensive, p a r tic u la r ly  fo r  d ispersed o i l  to  which the larvae are  very 
sen s itiv e  (Wells, 1982a).
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Other arthropods

Larvae o f h o rseshoe  c rab s (L im ulus spp.) have a ls o  been in c o rp o ra te d  
in to  b io a ssay s  (e.g. S tro b e l  and B ren o w itz , 1981). They can be e a s i ly  
o b ta in ed  in  th e  e a s te rn  USA, and c u ltu re d  and s tu d ie d  as w ith  b rachyuran  
la rv ae .

Echinoderes

Embryological and la rv a l assays w ith various echinoderms have been used 
ro u t in e ly  and e x p e r im e n ta lly  in  Japan  (Kobayashi, 1971, 1973, 1974, 1977, 
1980, 1981 ; Kinae _et a l . ,  1981, among o th e r s ) ,  Norway (Hagstrom and 
Lönning, 1973 ; Lönning, 1977), I t a l y  (Pagano e t  a l . ,  1982, 1983), South 
A fr ic a  (Brown and Greenwood, 1978 ; Greenwood and B en n ett, 1981 ), and th e  
USA (A llen , 1971 ; D innel e t  a l . ,  1981, 1982 ; C raw ford and G ates, 1981 ; 
Landrum and Crosby, 1981 ; among o thers). They have been recommended fo r use 
in  Canada (W ells, 1982b). The responses of these ea rly  stages to  petroleum 
hydrocarbons have been r e c e n t ly  rev iew ed  (W ells, 1982a). E e r t i l i z a t i o n ,  
developm ent to  th e  g a s t r u l a  s ta g e ,  and l a r v a l  developm ent seem to  be 
s e n s i t iv e  to  o i l  exposure. K obayashi has exposed e a r ly  s ta g e s  to  many 
m ate ria ls , including o i l s  and d isp ersan ts , and has w ritten  ex tensively  on 
th e  to p ic  (see  Kobayashi, 1984). Both u rc h in s  and sand d o l la r s  have been 
incorporated in to  s tu d ies  of o i l  e f fe c ts  on embryos. Embryological s tu d ies  
w ith  th e  ec h in o id , S tro n g y lo c e n tro tu s  spp ., could be conducted year-round 
w ith  laboratory-held  anim als, and seasonally  w ith fie ld -cau g h t animals. They 
req u ire  experim ental and em bryological ex p e rtise  and a  sm all working space, 
incubator and microscope. The em bryological assays lend themselves to  (a) 
r o u tin e  sc re e n in g  o f co n tam in an ts  ; (b) study of fundamental reproductive 
p ro c e s se s  a f fe c te d  by p o l lu ta n ts  ; (c) s tu d y  o f m u ltip le  t o x i c i ty  due to  
b e in g  a b le  to  examine la rg e  numbers o f t r e a tm e n ts  ; and (d) re sp o n se s  of 
young stages, as p a r t of an o v e ra ll assessm ent of e f fe c ts  throughout a  l i f e  
h is to ry . These ap p lica tio n s are mentioned below.

The re c e n t NRC re p o r t  (NRC, 1981a) s ta te d  th a t  " th e  la r v a l  form s most 
w idely used, esp ec ia lly  fo r  sh o rt-te rm  bioassays, are the developing egg and 
la r v a  o f th e  sea  u rc h in  and sand d o l la r " ,  and e x te n s iv e ly  re fe re n c e d  th e  
c u r re n t  m ethodology. E m b ry o lo g ica l a ssa y s  w ith  echinoderm s could e a s i ly  
become recommended as " s ta n d a rd  m arine t o x i c i ty  p ro to c o ls "  in  th e  1980s, 
i n t e r n a t io n a l ly  to  jo in  th o se  on s p e c ie s  such as A rtem ia  (b r in e  sh rim p). 
Such assays, through the measure o f genotoxic and developmental e f fe c ts , may
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prove to  be a  v i t a l  l in k  in  m arine en v iro n m en ta l re s e a rc h  betw een human 
h ea lth  and ecotoxico logical e f fe c ts . Some of the sperm bioassays are  already 
b e in g  re f in e d  and v a l id a te d  " fo r use  as a  s ta n d a rd  ra p id  s e n s i t iv e  method 
fo r  the te s t in g  of to x ic  substances" (Stober e t  a l . ,  1981). In  ad d itio n , the 
sea urchin  la rv a l bioassay i s  one of the recommended t e s t s  fo r  m onitoring 
water q u a lity  (Stebbing e t  a l . ,  1980). Such assays w ith  echinoids have now 
been adopted in  Fed. Rep. o f Germany (E rn s t, 1984), and a re  c o n tin u in g  in  
Norway on hydrocarbons (P ali-P etersen  and Lttnning, 1984), and in  Yugoslavia 
on ch lorinated  hydrocarbons (Ozretifc; pers. commun.).

¥eleosts

Extensive b io lo g ica l and to x ico lo g ica l work was conducted in  the  1970s 
w ith young l i f e  stages of h errin g  (Clupea spp.), cod (Gadus morhua) , th ree - 
sp in e  s t ic k le b a c k  (G a s te ro s te u s  a c u le a tu s ) , K i l l i f i s h  (Fundulus spp.), and 
s t r ip e d  b ass  (Morone s a x a t i l i s ), among o th e r  s p e c ie s ,  and e f f e c t s  o f many 
p o llu ta n ts  have been described (Rosenthal and A lderdice, 1976; W ells, 1982a; 
NAS, 1984). A l i s t  of 21 m arine and e s tu a r in e  s p e c ie s ,  and te ch n iq u e s  fo r  
t h e i r  c u l tu r e  and b io a ssa y s  i s  p re se n te d  by APHA (1980), w ith  su g g e s tio n s  
f o r  in c o rp o ra t in g  young l i f e  s ta g e s . E f f o r t s  a re  b e in g  made to  r e l i a b ly  
c u l tu r e  f i s h  la rv a e  fo r  p h y s io lo g ic a l / to x ic o lo g ic a l  re s e a rc h  (Houde and 
T an ig u ch i, 1979). There i s  a "proposed s ta n d a rd  p r a c t i c e  fo r  co n d u c tin g  
to x i c i ty  t e s t s  w ith  th e  e a r ly  l i f e  s ta g e s  o f f i s h e s "  in  p re p a ra t io n  w ith  
ASTM (Schimmel, p e rs . commun.), w ith  one o b je c t iv e  b e in g  to  i d e n t i f y  t e s t  
procedures fo r hazard assessm ent. Considerable experim ental work i s  underway 
w ith f ish  eggs to  id en tify  th e i r  cy to log ic, cy togenetic  and em bryological 
conditions in  po llu ted  co asta l w aters (Longwell and Hughes, 1980 ; longw ell, 
p e rs . commun.), and s tan d a rd  b io lo g ic a l  m o n ito r in g  te ch n iq u e s  may evolve 
from th is  work. Stebbing e t  a l .  (1980) concluded th a t " fish  la rv a l bioassays 
a re  needed in  view of the  eco lo g ica l and economic importance of these  groups 
of organisms". Some regu la to ry  agencies have responded. The O ffice o f Toxic 
S u b stan ces  o f EPA in  th e  USA i s  w orking on a  m arine l a r v a l  f i s h  t o x i c i t y  
pro tocol (Brungs and Tarzw ell, 1984).

Microcosm (Model ecosystem) tests w ith  Zooplankton

Over th e  p a s t  1 0 - 1 5  y e a rs ,  a  number o f  m icrocosm  ex p e rim en ts  have 
been conducted and o b serv a tio n s  made on ca p tu red  Zooplankton p o p u la tio n s  
exposed to  low le v e ls  of to x ic a n ts  (Reeve e t  a l . ,  1976, 1977 ; Lee e t  a l . ,  
1977 ; D avies e t  a l ,  1980 ; K uiper, 1981, 1982, 1984 ; O v ia t t  e t  a l . ,  1981).
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In  North America, the CEPEX (Controlled Ecosystem P o llu tio n  Experiment) and 
th e  MERE (M arine E co sy stem s R e s e a rc h  L a b o ra to ry )  m ic ro co sm s have 
dem onstra ted  s u rv iv a l ,  grow th, r e s p i r a t i o n ,  b e h a v io ra l ,  re p ro d u c tiv e , 
p re d a tio n , and d iv e r s i ty  re sp o n ses  o f z o o p la n k te rs  exposed to  m e ta ls , 
petroleum hydrocarbons, chlorinated  hydrocarbons, and o i l - s p i l l  d ispersan ts. 
S ensitive  biochem ical and p h y sio lo g ica l re sp o n ses  in  f i s h  eggs and la rv a e  
exposed to  hydrocarbons in  la rg e  ta n k s  a re  b e in g  m easured in  th e  B a t t e l l e  
New England L a b o ra to r ie s  (N eff, p e r s .  commun.). R e p lic a t io n  o f observed 
responses has a t  tim es proven to  be d i f f ic u l t  (Lawson and Grice, 1977), but 
p robab ly  r e f l e c t s  th e  " n a tu r a l  v a r i a b i l i t y "  co m p o n en ts  o f  endem ic 
populations.

Microcosm experiments have been conducted in  Scotland (Davies e t  a l ., 
1980), th e  N e th e rlan d s  (K uiper, 1981, 1982), th e  USSR (B e le ts k i i  e t  a l . ,  
1982) and in  Sweden (L inden, p e r s .  commun.). These ex p e rim en ts  a re  a 
r e a l i s t i c  and s e m i-c o n tro lle d  l i n k  betw een la b o ra to ry  and f u l l  f i e ld  
assessm ents of the to x ic i ty  of m a te r ia ls , and rep resen t the most d e ta iled  
and expensive assessm ents av a ilab le  fo r m ateria ls  not elim inated  in  e a r l ie r  
s ta g e s  o f th e  assessm en t p ro c e ss . The advantage o f such ex p e rim en ts  w ith  
Zooplankton is  th a t  "major fu n c tio n a l response param eters" w ith Zooplankton 
under chemical s tre s s  can be measured (Adams and Giddings, 1982).

Bcotoxi eologi cal tests with field populations

A number o f p h y s io lo g ic a l ,  b io c h e m ic a l and e c o lo g ic a l  re sp o n ses  of 
Zooplankton have been measured under "stressed" n a tu ra l conditions (Benon e t 
a l ., 1975 ; B am sted t, 1980 ; Sam ain, e t  a l ., 1980 ; W ells , 1982a), bu t such 
m easurem ents a re  r e l a t i v e ly  r a re .  Por example, Zooplankton of th e  h ig h ly  
co n tam inated  New York B igh t do n o t  r e f l e c t  th e  su sp ec te d  e f f e c t s  being  
caused by w aste  d isc h a rg e s  (W olfe e t  a l . ,  1982). A c le a r e r  s i t u a t io n  
a p p a re n tly  e x i s t s  w ith  s p i l l e d  o i l .  L ab o ra to ry  s tu d ie s  on petro leum  
hydrocarbons have d e m o n s tra te d  th e  h ig h  s e n s i t i v i t i e s  o f  c e r t a i n  
d e v e lo p m e n ta l  s t a g e s  o f  z o o p la n k to n ,  e s p e c ia l ly  b e fo re  and d u rin g  
f e r t i l i z a t io n ,  and during ea rly  embryonic development, hatching, and la rv a l 
phases. These s tu d ies  suggest th a t su b s ta n tia l  damage may occur to  loca lized  
p o p u la tio n s  o f zo o p lank ton  d u r in g  o i l  s p i l l s  (W ells , 1982a). In d iv id u a l 
organisms a t  o i l  s p i l l s  have been affec ted  through d ire c t  m o rta lity  (f ish  
eggs, copepods, mixed plankton), e x te rn a l contam ination by o i l  (chorion of 
f i s h  eggs, c u t i c l e s  and fe e d in g  appendages o f  c ru s ta c e a n s ) ,  t i s s u e  
contam ination by arom atics, abnormal development of f is h  embryos, possib ly
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tem porary  i n h ib i t io n  o f fe e d in g  by copepods, and a lte re d  m etabolic ra te s . 
Hence, in d iv id u a l  z o o p lan k te rs  can be a f f e c te d  under n a tu r a l  c o n d itio n s . 
Concern abou t e f f e c ts  a t  th e  p o p u la tio n  le v e l  i s  le a d in g  to  q u a n t i t a t iv e  
approaches of damage de tec tio n  th a t  can be applied a t  sea w ith ind iv idual 
o rgan ism s, _i.j3. re s id u e  m easurem ents in  t i s s u e s ,  cytogenetic eva lua tions, 
enzyme s tu d ie s ,  h i s to p a th o lo g ic a l  e x a m in a tio n s  and r e c o g n i t i o n  of 
morphological aberra tions.

I t  i s  in  th is  area th a t  the development of eco tox ico log ica l t e s t s  w ith 
zooplankton fo r  hazard assessm ents of new and e x is tin g  chemicals overlaps 
w ith the need fo r se n s itiv e  and r e l ia b le  f ie ld  biom onitoring approaches with 
zooplankton. The cytogenetic and cy to to x ic ity  techniques of Longwell (USA) 
and Moore (UK), th e  enzyme te c h n iq u e s  o f Samain e t  a l . ,  (1980), th e  
p h y s io lo g ic a l  methods o f Capuzzo (1981), and th e  a b i l i t y  to  re co g n ize  
m o rpho log ica l a b e r ra t io n s  such as th e  w h ite -e y e  syndrome in  c ru s ta c e a n s  
(Minchew e t  a l . , 1979 ; C a r ls ,  p e r s .  commun.), and in te rm e d ia te  l a r v a l  
stages (W ells, 1976b), and o th ers , requ ire  support fo r fu r th e r  development 
and ap p lica tio n . The general a p p lic a b ili ty  of these zooplankton methods fo r 
d e tec tin g  adverse responses to  chem icals in  the f ie ld ,  the  in te rp re ta t io n  of 
the e ffe c ts  as population responses, and the development of more, generic, 
s e n s itiv e  and unequivocal methods c le a r ly  w arrants fu r th e r  work.

TYPES OP BIOLOGICAL HEPCHSES

Some c u r r e n t ly  m easured ch em ica l s t r e s s  re sp o n se s  among m arine 
zooplankton are  shown in Table I. L e th a lity  has been measured in  a l l  groups. 
Developmental e f fe c ts  ( ra te , success, morphological ab e rra tio n s), behavior, 
and b io c h e m ic a l/p h y s io lo g ic a l  e f f e c t s  a re  th e  most commonly re p o rte d  
s u b le th a l  re sp o n se s , fo llo w ed  c lo s e ly  by fe e d in g  b eh a v io r , g row th  and 
reproduction. To date the  uptake, metabolism and depuration of m a te r ia ls  has 
been measured w ith  re la t iv e ly  few groups. L ethal, behavioral, developmental, 
and reproductive responses are  probably sim plest to  include in  zooplankton 
assays, are s e n s itiv e  and in te rp re ta b le ,  and are  of fundamental b io lo g ic a l 
importance.
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CHARACTffilSTICS OF ZOOPMHKTCH TffiTS Hi THE LABORATORY

There a re  a number o f p r a c t i c a l  and b io lo g ic a l  c h a r a c te r i s t i c s  of 
zooplankton to x ic ity  te s t s  in  the labo ra to ry  (Table I I ). These a re  grouped 
as advantages and disadvantages, fo r  convenience.

There are four p ra c tic a l  advantages :
1. Many species of zooplankton s u ita b le  fo r te s t in g  can be cultured 

alm ost year-round, or can be obtained from f ie ld  populations during 
long p a rts  of the year. Hence a v a ila b i l i ty  of many of the cu rren tly  
most favo red  sp e c ie s  f o r  s ta n d a rd  t e s t s  (i-e.  p o ly ch ae te  la rv a e , 
o y s te r  and m ussel la rv a e ,  copepods, m ysids, v a r io u s  c ru s ta c e a n  
la rv a e , ech in o id  la rv a e )  i s  h ig h , and some o f th e se  ( s p e c i f ic  
copepods, A rtem ia , m ysids, decapod la rv a e ,  e ch in o id s) a re  w id ely  
av a ilab le  and can be ea s ily  shipped. Notable exceptions a re  barnacle 
la rv a e ,  some decapod la rv a e ,  and most i f  no t a l l  f i s h  eggs and 
la rv ae .

2. Minimum space fo r  t e s t i n g  (exposures, microscopic examination, 
chem ical p re p a ra tio n )  i s  re q u ire d , making zooplankton  t e s t i n g  
e sp ec ia lly  id ea l fo r  mobile lab o ra to rie s  and ship-board stu d ies .

3. Test volumes needed fo r in d iv id u a l organisms or stages are  sm all, 
u s u a l ly  l e s s  th an  50 ml, a l lo w in g  la rg e  numbers of sam ples p er 
t r e a t m e n t  and l a r g e  num b ers o f  t r e a t m e n t s  to  be t e s t e d  
sim ultaneously.

4. Many of the response measurements, from m icroscopic observations of 
dead or i n c a p a c i t a t e d  o rg a n is m s  to  s u b l e t h a l  m easu rem en ts  
(biochemical to  growth) a re  r e la t iv e ly  sim ple and rapid to  perform, 
have high  p r e c is io n ,  and can be co m p eten tly  conducted by c a re f u l ,  
w e ll-tra in ed  techn ic ians.

There are several im portant b io lo g ic a l advantages to  conducting assays 
w ith  zooplankton :

1. The species most commonly used or w ith  a p o te n tia l fo r g rea te r use 
have well-known c u ltu re  requirem ents and biology (see NRC, 1981b on 
t h i s  p o in t).

2. Many zooplankters a re  very se n s it iv e  to  the common p o llu ta n ts  (e.g. 
petroleum hydrocarbons, see Corner, 1978 ; W ells, 1982a). This point 
is  w ell recognized. Reasons fo r  the higher s e n s i t iv i t ie s  may be the 
high m etabolic r a te s ,  high surface to  volume ra tio s ,  many growth and
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d e v e lo p m e n ta l  p r o c e s s e s  o c c u r r in g  s im u lta n e o u s ly , la c k  o f 
d e to x i f ic a t io n  enzymes, high p e rm e a b il i ty ,  f re q u e n t m o ltin g  and 
water uptake, continuous f i l t e r in g  o f w ater, e tc . The reasons are in  
most ca ses  l i t t l e  s tu d ie d , y e t  a re  b a s ic  to  u n d e rs ta n d in g  th e  
a p p lic a b ili ty  of data  from sp e c if ic  zooplankton te s t s .

3. Zooplankton organisms o ffe r many unequivocal s t r e s s  responses of a 
fundamental natu re , _i.e. a b i l i ty  to  f e r t i l i z e ,  develop, hatch, molt, 
feed, or swim.

4* There are many opportun ities  to  work w ith  both cultured  and endemic 
populations, fo r comparisons of s e n s i t i v i t i e s  and r e p ro d u c ib i l i ty ,  
e.g. C ir r ip e d ia  la rv a e ,  ca la n o id  copepods, so as to  c a l i b r a t e  and 
in te rp re t  the laborato ry  te s ts .

5. A number of species have wide geographic d is tr ib u tio n s , or can be 
sh ipped  r e a d i ly ,  a llo w in g  s u c c e s s fu l  in te r la b o r a to r y  t o x i c i ty  
comparisons, e.g. Artemia cysts , M ytilus e d u lis , copepods, mysids, 
echinoids.

There a re , however, a number of p ra c t ic a l  and b io lo g ic a l disadvantages 
to  th e  conduct o f to x ic o lo g ic a l  and e c o to x ic o lo g ic a l  t o x i c i ty  t e s t s  w ith  
marine zooplankton (Table I I ) .

The f i r s t  p r a c t i c a l  problem  w ith  most t e s t s  i s  t h a t  s t a t i c  o r sem i­
s t a t i c  dosing  reg im es a re  em ployed, due to  th e  ex trem e h a n d l in g / jo s t l in g  
s e n s i t i v i t y  o f th e  s p e c ie s  or l i f e  s ta g e s  o r f o r  p r a c t i c a l  re aso n s  of 
conducting continuous-flow  assays w ith many very sm all compartments. Hence, 
the te s t  so lu tio n s may change in  composition over tim e, o ften  in  an unknown 
manner. The high tem peratures o f some recommended t e s t s  a c c e n tu a te s  th i s  
problem , e.g  A rtem ia  a t  25 °C. T his problem  can be c o r re c te d  w ith  
c o n s id e ra b le  ch e m is try , e s p e c ia l ly  w ith  la b e l le d  compounds, and th e  
employment of sm all-sca le  d i lu te r s ,  i f  these a re  affo rdab le . Much c r it ic is m  
has been d irec ted  towards th is  problem and the e f fe c ts  on the in te rp re ta tio n  
o f th e  d a ta . The v ery  s h o r t  t e s t s ,  such as th o se  le s s  th an  1 -  2 h , would 
no t be g r e a t ly  a f fe c te d  a t  low te m p e ra tu re s  and w ith  h ig h ly  so lu b le  
substances. However, there  s t i l l  may be a  problem w ith  lo sses  to  w a lls , in to  
a i r  spaces (Rogerson e t  a l., 1983) or in to  the organisms themselves.

O ther p r a c t i c a l  p roblem s in c lu d e  th e  la b o r - in te n s iv e  n a tu re  o f many 
t e s t s ,  e sp ec ia lly  i f  tim e-concentration-response re la tio n sh ip s  are required; 
th e  se a so n a l a v a i l a b i l i t y  o f some organ ism s, «î.g. P seudocalanus sp. and 
b a rn a c le  la rv a e  in  Nova S c o tia  c o a s ta l  w a te rs  or b a rn a c le  la rv a e , the
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frequent d if f ic u l ty  of keeping some of the p re ferred  p lank ters  a liv e , _e.g. 
decapod and f i s h  la rv a e  ; and th e  req u irem en t o f hav ing  very  c a re fu l,  
s k i l le d  te c h n ic a l  s t a f f  fo r  each phase o f th e  c u l tu r e ,  m ain tenance, and 
te s tin g .

B io lo g ic a l  d isad v an tag es  a re  numerous (T able I I ) .  The p rim ary  one i s  
t h a t  th e  ap p a ren t s im p l ic i ty  and r a p id i ty  o f  a  recommended "stan d ard "  
zooplankton t e s t  may be a  trap . As fo r  a l l  organisms fo r experim ental work, 
th ey  re q u ire  ca re , s p e c ia l iz e d  knowledge and c o n s id e ra b le  ex p e rien ce  fo r 
a c c u ra te  and re p ro d u c ib le  t o x i c i t y  e s t im a te s .  An example i s  th e  A rtem ia 
n a u p l i i  t e s t ,  which can produce r e s u l t s  in f lu e n c e d  by th e  h a tch in g , 
m ain tenance and exposure m ethods and tim e s  because th e  n a u p l i i  a re  
developing so rap id ly . Uniform tra in in g  and ro u tin e ly  conducted intrar- and 
in te r - l a b o r a to r y  c a l ib r a t io n s  shou ld  be m andatory. I t  i s  no t by a c c id e n t 
th a t  the re lia b le  con tribu tions on zooplankton responses to  p o llu ta n ts  have 
been g en e ra ted  by l a b o r a to r ie s  w ith  v as t cu ltu re  and b io lo g ica l expertise  
and ex p e rien ce , e_.g. A rtem ia R efe ren ce  C en te r, S ta te  U n iv e rs ity  of 
Ghent, Belgium, fo r Artemia ; Duke U niversity  Marine Laboratory, Beaufort, 
USA, fo r  decapods ; Chesapeake B io lo g ic a l  L ab o ra to ry , USA, fo r  copepods ; 
Kobayashi's labora to ry  a t  Doshisha's U niversity , Kyoto, Japan, fo r  echinoid 
gametes ; EPA, Gulf Breeze Laboratory, USA, fo r mysids, etc.

Another b io lo g ica l l im ita tio n  i s  th a t the common zooplankton te s ts  are 
conducted w ith  r e a d i ly  c u ltu re d  o r  e a s i ly  m ain ta in ed  s p e c ie s ,  hence th e  
"hardy species" a re  being used to  e s ta b lis h  th resho ld  to x ic i ty  values, and 
w a te r q u a l i ty  o b je c t iv e s .  The s p e c ie s  worked w ith  must be s u c c e s s fu l ly  
cau g h t, h e ld , fed  and t e s t e d ,  w ith  minimum c o n tro l  m o r t a l i t i e s  or o th e r 
s ig n s  of s t r e s s  (e.g. c o lo r  changes in  lo b s te r  la rv a e  and copepods). Many 
groups of zooplankton are  ra re ly  or never worked w ith fo r  these  reasons, yet 
may be very  s e n s i t iv e  to  p e r s i s t e n t  m a te r ia ls  and p o te n t i a l l y  u s e fu l  in  
hazard assessment schemes, je.g. chaetognatha.

The l a s t  and most s e r io u s  b io lo g ic a l  l im i t a t i o n  i s  th a t  most 
recommended and c u r r e n t ly  a v a i la b le  t e s t s  w ith  z o o p la n k te rs  a re  s in g le ­
species te s t s ,  which do not measure e ffe c ts  on eco log ical processes. Hence 
most zoop lank ton  t e s t s  a re  no t t r u e  e c o to x ic o lo g ic a l  t e s t s .  C a irn s  (1983) 
and the recen t NRC rep o rt on t e s t  methods (NRC, 1981b) have discussed th is  
problem  in  d e t a i l .  T o x ican ts  can be s u c c e s s fu l ly  sc reen ed  w ith  s im p le , 
s ing le-spec i  es te s ts .  However, many m ateria ls  may need to  be stud ied  fu rth e r 
w ith  microcosm and f i e l d  e c o p h y s io lo g ic a l  te ch n iq u e s  which a re  fo r  key
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groups of zooplankton in  an ea rly  stage o f development (Samain e t  a l . ,  1980; 
Conover, pers. commun.).

REVIEW OP SELECTS) ZOOPLANKTCH TffiTS

I t  i s  evident from the overview given and from previous recent reviews 
(Hart and P u lle r , 1979 ; Buikema e t  a l . ,  1980 ; Hammons, 1980 ; Stebbing e t  
a l ., 1980 ; NRC, 1 981 ab ; L e c le rc  and D ive, 1982) th a t  a number o f t o x i c i t y  
and eco toxicological t e s t  procedures w ith  zooplankton are being proposed as 
s tan d a rd  p ro to c o ls ,  and o th e rs  a re  b e in g  developed by o rg a n iz a tio n s  and 
in d iv id u a ls .  The o v e r a l l  o b je c t iv e  i s  to  have a  s u i t e  o f n a t io n a l ly  and 
in te rn a tio n a lly  acceptable protocols w ith  marine zooplankton, to  supplement 
those w ith algae, b a c te r ia , o ther in v e rteb ra te s , and f ish .

TABLE IV SUMMARY O F PRO PO SED  TEST PR O C ED U R ES WITH MARINE
ZO O PLA N K TO N . PRO PO SED  DENOTED BY X; POTENTIAL DENOTED 
BY O.

ORGANISMS ORG ANIZATION

A PH A  (1980) ASTM (1983 a ,b ) ICES (1980)*

P ro to z o a X

P o ly c h a e te s O

M ollusca X X

C opepoda X o
M ysidacea X o
D ecapoda X o
E chinoids X

T e leo sts X X o
* See S tebb ing  e t  a l. 1980.
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TABLE V MAIN FEATURES OF A ZO O PLA N K TO N  TEST IN THE LABORATORY

FEA TU RES

ORGANISM: D ecap o d a  
(H om arus spp.)

L ife  S tag e L a rv a e ,s ta g e s  1-4

T ox ico log ica l
C r i te r ia

L e th a l ity , r a te  of d ev e lo p m en t, m olting  
su c c e ss , feed in g , re sp ira tio n , am ong 
o th e rs

T est
C ond itio n s S ta t ic ;  s e m i- s ta tic

S en sitiv ity H ig h -see  W ells 1976b, 1982

D eg ree  o f 
S ta n d a rd iz a tio n High fo r  s t a t i c ,  p ro b ab ly  low fo r o th e rs

R e p ro d u c ib ility In tra -g o o d
In te r-g o o d  fo r o il, o th e rw ise  unknown

R a p id ity L * - f a s t ;  SL**~up to  5 wks a t  20C

C o s t/T e s t L -< $ 5 0 0 /te s t;  S L -» 1 0 3/ te s t

T ra in ing  - 
E x p e rtise High

U sefu ln ess H igh; c o m m e rc ia l sp e c ie s

M ajor A d v an tag e C le a r ,  e a sy  to  m easu re  responses

M ajor D isa d v an tag e L a b o r- in te n s iv e

D o cu m en ta tio n L a rg e -s e e  Cobb and Phillips (1980)

Main R e fe re n c e s W ells (1976b); A PHA (1980); 
C a p u zzo  (m any re fe re n c e s )

* L -le th a l;  * *  S L -su b le th a l.

T e s ts  proposed by th re e  m ajo r o rg a n iz a tio n s  concerned w ith  s tan d ard  
t o x i c i ty  and m o n ito rin g  m ethods a r e  shown in  Table I I I .  T his ta b le  should 
not be in te rp re ted  as a  review of a l l  procedures being developed worldwide, 
s im p ly  some o f th o se  in  N orth  A m erica and Europe. In  a d d i t io n ,  th e  APHA 
methods are  being revised  fo r  1984. The proposed t e s t s  cover eigh t groups of 

I organisms and a  wide v a r ie ty  of suggested acute and chronic responses. Table 
IV shows c le a r ly  th a t molluscan and te le o s t  t e s t s  are favored, followed by
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the  crustaceans (copepods, mysids, decapods). Somewhat su rp ris in g ly , the two 
b ig  US o rg a n iz a t io n s , APHA and ASTM, have a p p a re n tly  n o t y e t  d ra f te d  
standard p ro toco ls fo r polychaetes and echinoids, y e t an ICES working panel 
reco g n ized  th e  p o t e n t i a l  o f bo th  groups. To d a te  th e  OECD has only  
co n sid ered  f re s h w a te r  t e s t i n g  p ro to c o ls  as they  a re  addressing premarket 
te s t in g  of chemicals (MacGregor, pers. commun.). This review er is  unaware of 
cu rren t a c t iv i t i e s  in  EAO on standard to x ic ity  p ro toco ls . I t  i s  in te re s tin g , 
and perhaps s ig n if ic a n t, to  note th a t the organizations in  Tables I I I  and IV 
have not y e t included the Artemia naup liar t e s t  promoted and standardized by 
Persoone e t  a l. (1981), y e t th is  t e s t  together w ith o thers is  being used by 
the  US EPA in  standardized o i l  d ispersan t te s tin g . The Artemia t e s t  a lso  has 
g re a t  p o t e n t i a l  as  a  re fe re n c e  zoop lank ton  te c h n iq u e  fo r  l a b o r a to r ie s  
working w ith  o ther endemic species g.g. copepods (Wells e t  a l . ,  1982).

Table V g iv es  th e  main f e a tu r e s  o f a  t y p ic a l  la b o ra to ry  zooplankton  
t e s t .  Such t a b le s  could  be p rep ared  fo r  a  v a r ie ty  o f  th e  most p ro m is in g  
zooplankters based on inform ation in  th is  volume, and would be u se fu l to  a 
rap id  se lec tio n  of s ta te  of the a r t ,  standardized te s ts .

APPLICATIONS QP SELECTS) TESTS

There a re  a number o f  t e s t i n g  p ro to c o ls  and to x ico lo g ica l approaches 
w ith  m arine zoop lank ton  th a t  can be a p p lie d  in  s p e c i f ic  ways to  d e sc r ib e  
e f fe c ts  o f new and ex is tin g  chem icals, form ulations and m a te ria ls . A few of 
these p ro toco ls are r e la t iv e ly  w e ll standardized (see above) ; most a re  not, 
as the t e s t s  are s t i l l  under development (e.g. la rv a l  f is h  bioassays) or are 
used only by a  few lab o ra to rie s  o r agencies (e.g. echinoid assays).

The im m ediate  need fo r  s ta n d a rd iz e d  p ro to c o ls  and approaches w ith  
zooplankton, so as to  have a standardized and comparable to x ic i ty  da ta  base 
on ch e m ic a ls , should  no t d isco u ra g e  th e  co n tin u ed  re s e a rc h  and work to  
develop new t e s t s  and im prove on e x is t in g  ones. However, th e re  i s  an 
immediate need in te rn a tio n a lly  f o r  commonly accepted t e s t  procedures w ith 
marine zooplankton. There are four reasons :

1. They are  se n s itiv e  to  p e rs is te n t  p o llu ta n ts  and should be included 
in  estim ates  of hazards.
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2. There a re  some s tan d ard  p ro c ed u re s  (_£•£• w ith  A rte m ia , o y s te r  
la rv a e , ech in o id  eggs and sperm) and o th e rs  t h a t  w ith  l i t t l e  
a d d i t io n a l  e f f o r t  could  be worked w ith  r o u t in e ly ,  in  many 
lab o ra to rie s .

3. Hazard a sse ssm en ts  sh o u ld  alw ays co n sid er responses o f major 
phyla and troph ic  lev e ls .

4 . New chem icals or form ulations th a t  may impinge upon marine systems 
shou ld  be screen ed  f o r  t o x i c i t y  and hazard  u n ifo rm ly  from  one 
co u n try  to  a n o th e r , fo l lo w in g  th e  example o f th e  OECD to x ic i ty  
te s t in g  pro tocols. These p o in ts  have been s ta ted  e a r l ie r  by others 
but a re  worth repeating .

Tests w ith  marine Zooplankton can be used in  a t  le a s t  four ways :
1. Acute and ch ro n ic  t e s t i n g  o f ch em icals  and fo rm u la t io n s  during

t h e i r  developm ent to  en su re  s a f e r  p ro d u c ts  or p ro d u c ts  w ith  
known e f f e c t s .  Exam ples : p a in ts  (b a rn a c le  la rv a e ) ,  o i l  s p i l l  
d isp ersan ts  (copepods and Artemia n au p lii) .

2. Acute s c re e n in g  t e s t s  f o r  new ch em ica ls , p r io r  to  use  or 
recom m endations fo r  u se . Examples : in s e c t  hormone m im ics, 
components of d r i l l in g  muds.

3. In c o rp o ra t io n  in to  d e ta i l e d  hazard  asse ssm en t schem es, fo r  
nondegradable and bioaccum ulative compounds th a t  were not id en tif ied  
as "environmental chem icals" by 1 and 2.

4 . B iomonitoring of in d u s t r ia l  e f f lu e n ts  and am bien t w a te r q u a l i ty  
(G ruber, p e r s .  commun. ; S tebb ing  e t  a l . ,  1980 ; Capuzzo and
Lancaster, 1981, w ith copepods in  the New York Bight).

These a p p l ic a t io n s  re q u ir e  c o n s id e ra b le  in t e r a c t io n  betw een m arine 
to x ico lo g is ts  sp ec ia liz in g  in  one o r  more of the Zooplankton procedures and 
th e  r e g u la to ry  ag e n c ies  re s p o n s ib le  fo r  a s s e s s in g  and c o n tro l in g  to x ic  
ch em ica ls , or th e  in d u s t r ie s  th a t  a r e  p roducing  new ch em ica ls . C hem icals 
en tering  or suspected of en te rin g  m arine w aters, from e s tu a r ie s  to  offshore 
w a te rs , may a lre a d y  have been sc reen e d  w ith  s e n s i t iv e  f r e s h w a te r  assays 
(_i.e. th e  OECD p re m a rk e tin g  t e s t s ) ,  b u t shou ld  have t h e i r  t o x i c i t i e s  
v e r if ie d  w ith the  most se n s itiv e  m arine te s t s  possib le . Some of these  could 
include Zooplankton as d e ta iled  above.
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CSÄCLDDUKr TRHÖX3 WTTH HARDIE ZOOPDtfKTCW

In  th e  p a s t  15 y e a rs ,  c o n s id e ra b le  a t t e n t io n  has been g iven  to  th e  
developm ent and a p p l ic a t io n  o f t o x i c i ty  t e s t s  w ith  h o lo p lan k to n  and 
meroplankton. There i s  p a r tic u la r  concern about the impact o f p o llu ta n ts  on 
young l i f e  s tages of commercial f is h e r ie s  species (Waldichuck, 1979)* This 
e f f o r t  and concern  can now be t r a n s la te d  in to  th e  ro u t in e  in c lu s io n  of 
zooplankters in  marine hazard assessm ents, where the t e s t  procedures can be 
chosen by n a tio n a l and in te rn a tio n a l groups.

These a re  many p ro ced u re s  a v a i la b le ,  c ro s s in g  a l l  a p p l ic a t io n s ,  
s c re e n in g  to  p r e d ic t iv e  t e s t s  to  m o n ito r in g  in  p o llu te d  a re a s .  T here i s  a 
need to  d i r e c t  e f f o r t  now a t  th e  ch o ice  o f a  few in te r n a t io n a l  t e s t s  t h a t  
can be rigorously  standardized and applied. These te s t s  should not ju s t  be 
s in g le -sp ec ies  (Cairns, 1985). Some should be m ultispec ies, microcosm te s t s  
(Hammons, 1980, 1981) or m u lt is p e c ie s ,  p ro c e ss -re sp o n se  la b o ra to ry  t e s t s  
(Vandermeulen and Hemsworth, 1977). Some o f th e  a v a i la b le  c h o ice s  and 
c e n te rs  o f developm ent a re  d e sc rib e d  above, and in  o th e r  p ap e rs  in  t h i s  
volume. There is  considerable a c t iv i ty  w ith  Zooplankton t e s t i n g  p ro to c o ls  
b u t much rem ains to  be done. In  p a r t i c u l a r ,  th e  p r in c ip le s  beh ind  th e  
s e n s i t iv i t i e s  of p a r tic u la r  spec ies and l i f e  stages, research  on modes of 
to x ic  ac tion , and the ap p lica tio n s  in  e ffec ts-m on ito ring  programs need to  be 
pursued. Perhaps most im p o r ta n tly , th e  v a lu e  o f Zooplankton t e s t s  a t  th e  
regu la to ry  lev e l needs to  be tra n s la te d  to  th e  responsible technocrats and 
bureaucrats, so th a t  se n s itiv e  t e s t s  are indeed applied on a  ro u tin e  b as is , 
and the re s u lts  tra n s la te d  in to  ac tio n s  to  prevent continued p o llu tio n . This 
paper a ttem p ted  to  d e s c r ib e  th e  c u r re n t  s c i e n t i f i c  a c t i v i t y  on m arine 
Zooplankton to x ic i ty  t e s t s  w ith  th i s  urgent ap p lica tio n  as the prim ary goal.
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