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ABSTRACT: This p a p e r  explores the notion that  the theore tical  basis for con tem pora ry  r e sea rch  c o n ­
cern ing  the  s truc ture  and  function of m a n n e  pelagic  ecosystems is self-lirruting. While some findings 
such as the microbial food w eb  have ex te n d ed  our kn o w led g e  of the  biological com ponen ts  of the 
u p p e r  w a te r  column and  their  re la tionships to fluxes of m ateria ls  an d  energy, they have  no t  ad v an c ed  
our u n d e rs tan d in g  of w hy  specific pelagic  forms occur in time and  space,  an d  w h y  only som e a tta in  
d o m inan t  sta tus and  contribute the  bu lk  of biogenic  fluxes e m a n a t in g  from the  m ixed  layer. It is a rg u ed  
h e re  tha t  a major im ped im en t  to im proved  concep tua l  models is the  historic focus on resource -driven  
or 'bot tom -up ' factors as be in g  the  dom inan t  variables s truc tur ing  p lank ton ic  ecosystems. E v idence  is 
p re sen te d  that p redation  or ' top-down' trophic  effects may be equally  im portan t  in specifying the 
occurrence  of particular  taxa, the biomass within ad jacen t  trophic levels, and  the m orphology  of dom i­
n an t  herbivores a n d  carnivores. It is sugges ted  that  key  species,  becau se  of u n ique  com bina tions of life 
history st rategies, metabolic  dem ands ,  and  physiological perform ance ,  m ay  exer t  a d o m inan t  role in 
the  ex ten t  to which  p redatory  interactions cascade  th rough  pe lagic  food webs.  T h e re  is considerab le  
ev idence  of evolution of p redat ion  avo idance  stra tegies  a m o n g  p h y top lank ton  a n d  Zooplankton. It is 
p roposed  that  fu ture  resea rch  m ight  profitably be  d irec ted  tow ard  the  quest ion  of how  the  p e lag ic  env i­
ro n m en t  selects  for life histories a n d  m orpholog ies  of o rganisms u n d e r  conditions w h e n  resource  avail­
ability and  preda t ion  are  both  significant s tructural buttresses.  M ethodological  a p p ro ach es  should 
include de ta i led  studies of dom inan t  key taxa from different environm ents ,  w ith  the goal of identifying 
the  critical aspects  of life history, behavior, or m orphology which  account  for their  success.
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CONCEPTUAL OVERVIEW

Q uanti tat ive unders tand ing  of m arine  processes  has 
inc reased  rapidly in the pas t decades, driven by the 
deve lopm ent of new  m ethods and  tools enabling  
m easurem ent,  m app ing  and  modelling of the  fluxes 
and  cycling of b iogenic elements, a t  scales ex tend ing  
from molecular diffusion to global ocean circulation. 
However, these substantia l advances  in quantification 
and  delineation  of b iogeochem ical processes an d  
provinces have not b ee n  accom panied  by co m m en su ­
rate  p rogress  in un d e rs ta n d in g  of the m echanism s
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that s tructure pelagic  ecosystems. Thus, the d is tribu­
tion pa t te rns  of dom inan t pelag ic  species a re  fairly 
well es tablished, yet w e do not know  why they occur 
w hen  and  w h ere  they do. W hat is lack ing  is know l­
edge  of the n a tu re  of p roper t ie s  tha t  g ea r  g iven s p e ­
cies to specific environm ents ,  an d  which are  respons i­
ble for their occurrence or pers is tence  in g iven w ater  
masses.

For example , w e do not clearly un d ers ta n d  w hy only 
a few dia tom  g en e ra  dom inate  oceanic new  p ro d u c ­
tion, or w hy  calanoid copepods  contribute the bu lk  of 
m arine  Zooplankton biomass. T hese  are  im portan t 
questions because  the respective  diatoms and  co p e ­
pods each  im pact the fate of o rganic  m atte r  p roduced  
or p rocessed  by them  in un ique  ways: the silica frus-
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tules of diatoms and  the com pact fecal pellets  of cope- 
pods both en h a n ce  vertical flux of o rganic matter. In 
contrast, the  gelatinous colonies of Phaeocystis,  which 
dom ina te  new  production  in some environm ents,  often 
contribute  less to vertical flux than  the  equ iva len t  b io­
mass of diatoms (W assmann 1994). Further, Daphnia, 
the  dom inan t zooplankter  in m any  lakes, produces 
loose fecal m atte r  tha t d is in tegrates  following re lease  
(Lampert 1987) and  h ence  does not contribute to v e r ­
tical flux. Thus, ne i ther  of these  p roperties  — silica 
frustules or fecal pellets — can presen tly  be  re la ted  to 
the  dom inan t role diatoms and  copepods play  in the 
m arine  pelagial.

The above exam ples illustrate the  ex ten t  to which 
biological p roperties  of dom inan t organism s d e te r ­
m ine p a t te rn s  of b iogeochem ical cycling in today's 
ocean, bu t  they  also dem onstra te  the  substan tia l gaps 
tha t  still exist in our un d e rs ta n d in g  of m arine  ecologi­
cal p rocesses  and  seriously h a m p e r  furthe r  progress. 
The traditional approach  to the  study of m arine  
pelag ic  ecology is b iased  tow ard  factors regula ting  
grow th  of organisms, i.e. resource  acquisition (bottom- 
up  force) is accorded  m ore im portance  th a n  p reda tion  
( top-down force) in regula ting  the  s tructure  and  func­
tioning of m arine  pelagic  systems. We a rg u e  tha t this 
ap p ro a ch  is now  self-limiting, as it has  not p rovided 
an  a d e q u a te  fram ew ork  to advance  our u n d e r s ta n d ­
ing of how  natura l  selection works in the  m arine  
pelagial.

W e advoca te  h ere  that p reda tion  and  resource  
availab ility  act through m orpho log ies and  life h istory  
stra teg ies o f organism s to structu re  p e la g ic  ecosys­
tem s, and  h e n c e  to drive b iogeochem ica l cycles.  The 
poten tia l significance of the  biological p u m p  (organ- 
ism -m edia ted  incorporation of inorganic  carbon  into 
o rganic  carbon, and  its sequestra tion  into the  interior 
ocean  via dow n w ard  flux of biogenic particles), and  
our uncer ta in ty  in resolving tha t role (Longhurst & 
Harrison 1989), speaks  volum es for the n e e d  of an 
im proved  m echanistic  un d ers ta n d in g  of the  linkages 
b e tw e e n  cause  and  effect in p lank ton  dynamics. For 
exam ple , changes  in food w eb  s tructure  h av e  been  
associa ted  with a l te red  p a t te rn s  of vertical flux in 
Lake Michigan, North A m erica (Kitchell & C arpen te r
1987), and  in the  North Atlantic O cean  (Sieracki et 
al. 1993). In other words, ch an g es  in structura l com ­
ponen ts  of the p u m p  lead  to changes  in how the 
p u m p  works. But w h a t  are  the  linkages, and  how do 
the  biological com ponents  d irect one another? The 
ideas which follow are  by no m eans  d es ig n ed  to p ro ­
mote one architec tura l principle over ano ther  (e.g. 
resource  limitation vs predation),  but to em phasize  
tha t it m ay  be  m ore valuable  to u n d e rs ta n d  w hy  ca r­
bon flows w h ere  it does, ra the r  than  m ere ly  how 
much.

THE ROLE OF ORGANISM LIFE CYCLES AND  
MORPHOLOGIES

The bulk  of large-scale  biogenic cycling and  p ro d u c ­
tion of fish food is d e p e n d e n t  on relatively few taxa 
and  morphotypes. In the following sections, w e discuss 
some exam ples  of key species and  their morphologies 
to illustrate how specific know ledge  of individual 
biologies will greatly  improve our unders tand ing  of the 
forces shaping  ecosystem structure and  driving b io­
geochem ica l fluxes. This information holds consider­
able promise for deve lopm ent of a predic tive f ram e­
work.

F ragilariopsis  (N itzsch ia ) kergu elen sis. This is a 
m edium -sized  (15 to 30 pm  long) p en n a te  d iatom that 
lives in r ibbon-shaped  chains of 20 to 100 cells and  
forms almost monospecific blooms in the  Antarctic 
Polar Frontal Zone (Bathmann et al. 1994). Its global 
significance is bes tow ed  by its inordinately robust 
siliceous cell walls, w hich contribute the bulk  of the 
silica deposits in the  underly ing  sed im ents  (Burckle 
& Cirilli 1987). Indeed, deposition of its frustules has 
continued u n a b a te d  th rough  glacial and  interglacial 
cycles. This siliceous girdle around  the continen t is 
r ep u te d  to accum ulate  fully 75% of the b iogenic silica 
being  deposited  in today's ocean (Ledford-Hoffman et 
al. 1986), a l though  only 20%  of global b iogenic silica 
production occurs in these  waters (Treguer et al. 1995). 
It is tem pting  to specula te  tha t the thick cell wall of F. 
kerg u e len sis  is som ehow  se lec ted  for as a g razer  d e te r ­
ren t  in these waters, inducing blooms and  mass sed i­
m entation. It follows tha t  these  factors, be they sinking 
and  seed ing  s trategy (sensu Sm etacek  1985), or grazer  
protection, or both, indirectly shape  the ocean  silica 
budget.  But w h a t  are  these  factors?

Em iliania huxleyi. This is a small (<10 pm) cocco- 
h thophorid tha t forms blooms in m any  different regions 
of the world oceans in both high and  low latitudes 
(Brown & Yoder 1994) but also from oceanic to coastal 
reg im es (Berge 1962). Its sed im entary  record  indicates 
tha t this am azing  ability to grow to bloom proportions 
under  such a w ide variety of conditions has developed  
only since the Holocene. Prior to the last lee Age, 
ano ther  small species (G ephyrocapsa ), now of minor 
importance, dom ina ted  coccohthophorid blooms. C ir­
cum stantial ev idence from mesocosm studies impli­
cates viral a t tack  ra the r  than  nutr ient exhaustion  in the 
dem ise of 2 Em iliania  blooms s tudied in successive 
years (Bratbak et al. 1993). Indeed, Emiliani (1993) h im ­
self sugges ted  tha t viral infections w ere  a significant 
factor in driving species extinctions in m arine plankton. 
A lthough biogeochemical fluxes (dimethyl sulfide or 
DMS, and  carbonate) m ed ia ted  by this species are only 
im portan t on a regional scale (Brown & Yoder 1994), its 
ex traordinary  ecological flexibility cries out for elucida-
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tion. Molecular gene tic  studies indicate that open 
ocean and  coastal forms belong  to the sam e species 
(Barker et al. 1994); however, w h en  clonal cultures 
from the sam e mesocosm exper im ent w ere  com pared  
with one another, a surprising d eg re e  of genetic  vari­
ability within the bloom population cam e to light. E m il­
iania  is indeed  a tantalizing species.

Phaeocystis. This is a polymorphic phytoplankton  
taxon whose life cycle includes, bu t  may not be lim­
ited to, solitary f lagellated cells of 3 to 8 pm and  g e la ­
tinous colonies of non-flagellated  cells up to 2 cm in 
d iam eter  (Kornmann 1955, Verity et al. 1988, Rous­
seau  et al. 1994). While some uncerta in ty  remains 
abou t taxonomic identity, details of its life cycle, and  
transitions there in  (Baum ann et al. 1994, Cariou et al. 
1994, Medlin et al. 1994), Phaeocystis  is well know n 
for prodigious blooms of the colonial phase.  These 
occur primarily in boreal and  polar w aters of both 
hem ispheres ,  but occasionally in tem pera te  and  tropi­
cal waters  (Kashkin 1963, B aum ann  et al. 1994). 
T hese  blooms are im portan t regionally and  seasonally 
to primary production, and  their significance to global 
C 0 2 sinks has  also b ee n  p rom oted  (Smith et al. 1991). 
T here  is ev idence tha t changes  in the size s tructure of 
P haeocystis  blooms can alter the Zooplankton com m u­
nity (Hansen et al. 1994), and  tha t omnivorous Zoo­
p lank ton  in the p re se n ce  of P haeocystis  p rey  instead 
on protozoans, the reby  re leasing  P haeocystis  from 
herbivory (Hansen et al. 1993). In the absence  of su b ­
stantial grazing pressure,  sedim entation  of colonies 
occurs in some environm ents  (Wassmann 1994), 
a l though emigration  of cells out of the colonies m ight 
minimize vertical export of cellular carbon (Verity et 
al. 1988). P haeocystis  is also a copious p roducer  of 
DMS and its p recursor  in seawater,  DMSP (Stefels & 
van Boekei 1993), so tha t P haeocystis  m ay be im por­
tant to global sulfur balances, acidification of a tm os­
pheric  aerosols and  rain, and  climate change  (see Liss 
et al. 1994 for review). Thus, factors influencing its 
productivity and  fate m ay significantly and  in te rac­
tively affect b iogeochem ical cycling. However, the 
fate of P haeocystis  colony blooms seem s intrinsically 
associated with its life cycle an d  the associa ted  m atch 
or mismatch with herbivores.

Euphausia superba. Antarctic krill is the  key species 
of the Southern  Ocean, as it m ainta ins  an  enorm ous 
biomass (still in excess of H om o sa p ie n s) in an  area  
only twice the size of the  USA. Its average  density, 
using conservative stock estimates, is at least 10 to 
30 ind. m~2, equivalen t  to 1 to 3 g C m -2! None of the 
other species of pelag ic  euphausiids  are  as p rom inent 
in their respective habitats  as krill in the Southern 
Ocean; therefore, the  un ique  status of krill has to be 
explained  by un ique  fea tures  of its biology and /o r  its 
habitat.

A par t  from its la rger  size, krill is very  similar to 
other euphausiids ,  hence  any un iq u e  ability is not 
reflected in its morphology. Productivity of the  krill 
hab i ta t  — the region b o u nded  by the w inter  ex ten t  of 
sea ice a round  Antarc tica — is ra the r  low and  the 
composition and  biomass of plankton, contrary to e a r ­
lier belief, is similar to tha t of other high latitude 
oceans (Sm etacek et al. 1990). Krill utilizes a wide 
range  of food sources: phy toplankton , ice a lgae 
(Marschall 1988) and  copepods (Huntley et al. 1994) 
and  can easily survive long periods of starvation 
(Ikeda & Dixon 1982). Clearly, versatility is necessary  
if such a la rge  portion of the  an n u a l  prim ary p ro d u c ­
tion is to be  se q u es te red  in a single population, and  
S m etacek  et al. (1990) a rg u e d  tha t  it is the w ay in 
w hich E uphausia  superba  has g e a re d  its life cycle to 
the seasonality  of sea ice tha t enab les  it to m ainta in  
such la rge stocks. However, a no tab le  fea ture  of krill 
is its long life span, an d  consensus is now  em erg ing  
tha t  individuals live for at least 5 or 6 yr (Knox 1994), 
which is very  unusua l  am ong  pelagic  crus tacea  and  
implies a slower tu rnover  rate  of the  popula tion  than  
was previously believed. It follows tha t the e x c e p ­
tional stock size of krill w h en  co m pared  to euphaus iid  
populations of other oceans cannot be exp la ined  by a 
faster g row th  rate  but is m ore likely due  to a lower 
mortality rate, as discussed below.

The  un ique  fea ture  of the  krill hab i ta t  is the  p r e s ­
ence of the seasonal sea ice cover w hich  is utilized 
by krill as a food source bu t w hich  also offers p ro tec ­
tion, particularly  during  winter, from the air b r e a th ­
ing, visual p redators  tha t a re  the  chief p reda to rs  
of krill. A nother  un ique  fea tu re  of the  krill hab i ta t  
is the relative absence  of c lupeid type fish swarms. 
A lthough  a c lupeid  m orphotype has  evolved in the 
Antarctic (Pleurogramma an tarcticus), its p reda tion  
p ressu re  on local euphausiids  is neglig ib le com pared  
to tha t of e.g. capelin, herring, or sa rd ines  in their 
respective  habitats .  We specula te  tha t this is due  to 
the stress tha t hypoosmotic te leosts w ould  exper ience  
in continuous, close contact with sea ice. W hatever  
the reason, the fact rem ains tha t their  relative a b ­
sence reduces  p reda tion  p ressu re  not only on krill 
bu t  also on their  al ternative  food, copepods, which 
are  h ence  available to krill. Indeed, the actively for­
ag ing  krill sw arm s enco u n te re d  in open  w ate r  during  
sum m er are  them selves rem in iscen t of c lupeid  fish. It 
follows tha t the p re se n ce  of sea ice, by ch ang ing  
p reda tion  patterns, leads to a biomass bu lge  in the 
euphausiid  group, w hich in tu rn  has considerable  
ramifications for the  s tructure and  popula tion  d y n a m ­
ics of the predators . The implications of the  krill 
exam ple  for our conceptual  v iew  of factors cons tra in ­
ing m arine  Zooplankton popula tions a re  discussed 
next.
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The organism s descr ibed  above rep resen t  but a few 
exam ples of species w hose  m orphologies or life history 
strategies are  sufficiently successful tha t  they dom i­
nate  their  respective  environm ents  in time and  space. 
T h ey  m a y  ho ld  space because  th e y  se q u este r  resour­
ces  ( bo ttom -up  structuring) b e tter  than their rivals, or 
because th e y  avoid  or inh ib it predators (top-dow n  
structuring).  The former s trategy has  generally  a t ­
trac ted  the  most a t tention  in m arine  p lank ton  research. 
We consider in the following sections some conceptual 
a rg u m e n ts  on why equa l a t ten tion  should be  focussed 
upon  the significance of p redation ,  and  the potentia l 
selective p ressu re  of avoiding being  eaten, in co n c ep ­
tual models of food w eb  s tructure  and  b iogeochem ical 
fluxes in the m arine  pelagial.

PREDATION CONSTRAINTS ON ZOOPLANKTON  
MORPHOLOGY

O ceanic  Zooplankton are  the  most w idesp read  form 
of animal life on ea r th  with the  longest history of evo ­
lu tionary continuity. Yet the  nu m b e r  of taxa is orders 
of m ag n itu d e  smaller th a n  tha t  of the  m arine  benthos. 
Furtherm ore ,  the  bu lk  of the  b iomass is p resen t  w ith ­
in only a few m orphotypes rep re se n ted  by dom inant 
species of copepods, euphausiids ,  pteropods, and  chae- 
tognaths. A m ong holoplankton, the  sam e basic body 
shape  is m a in ta ined  th rough  10 to 100 x variation in 
body volume in m any  cases. The special case of g e ­
latinous Zooplankton is fu rthe r  discussed below. The 
p erce ived  similarity within the  groups just m en tioned  
is all the  m ore striking w h en  com pared  with m o rp h o ­
logical varia tion  within the  major ben th ic  groups. 
H ere  we discuss the  respective  roles of food acquis i­
tion and  p reda to r  avoidance as constraints on m or­
phology using the  most ubiquitous form, the  epipe- 
lagic copepods, as an  exam ple  of a highly successful 
body shape.

The similar m orphology of calanoid copepods which 
is re ta ined  th rough  abou t 2 orders of m ag n itu d e  range  
in length  contrasts strikingly with the  d e g re e  of g e ­
netic variation (Bucklin et al. 1995), sugges ting  strong 
env ironm enta l  constraints on morphology. The con ­
straints do not a p p e a r  to be  d ic tated  by food a c q u i­
sition s trategies  b ecau se  copepods as a g roup  are 
know n to feed on a w ide variety of foods rang ing  from 
small su sp e n d e d  particles to Zooplankton of equal 
size. Indeed, gu t  conten ts  and  the actual process of 
feed ing  n ee d  to be exam ined  if one is to find out w hat 
constitutes the major food sources of the various s p e ­
cies (Paffenhöfer 1988, Turner  1991). It follows that 
food acquisition (bottom-up control) is not a major d e ­
te rm inan t of g ene ra l  body shape  of epipelagic  co p e ­
pods.

Life history pat te rns  also vary widely, rang ing  from 
an ap p a ren t  absence  of seasonality, even  in polar 
waters, to p resence  of d iapausing  eggs in coastal sp e ­
cies and  d iapausing  sub-adults  in m any oceanic cope­
pods (Smith & Schnack-Schiel 1990). Again, a par t icu ­
lar life history does not select the morphology of the 
various life cycle stages tha t all copepods undergo, 
a l though  geographica l distribution of the  various sp e ­
cies is p robably  constra ined by this factor. Differences 
in reproductive  behavior  are  m anifested  in relatively 
minor details such as morphology of ap p e n d ag e s  in ­
volved in transfer of sperm, a l though  females of some 
species carry conspicuous egg  sacs while others r e ­
lease them  as they are  produced . We are  left with p r e ­
dation  as the major constraint on copepod  morphology 
and  several a rgum en ts  can be b roached  in support of 
this.

Firstly, all copepods th roughou t their  respective 
ranges  share  the sam e types of predators: active 
hun te rs  such as chae tognaths  and  fish, and  passive 
t rappers  such as jellies and  foraminifera. Most copepod 
predators  are  too la rge to b e  d e te r re d  by defenses  such 
as spines or thick carapaces form ed in limnetic clado- 
cerans and  none of these  have been  developed  by 
copepods. Cam ouflage from visual hunters  is effected 
by small size and  t ransparency  but also by avoiding 
the epipelagia l during the  day, using diel vertical 
migration (DVM), an d  both of these  properties  are well 
deve loped  in copepods. Hays et al. (1994), in a com ­
p rehensive  study of DVM behavior  in copepod  species 
across the North Atlantic, found that la rge  and  p ig ­
m en ted  species m igra ted  more. T hey  concluded  that 
' the risk of p reda tion  from visual p redators  [is] the most 
im portan t factor influencing taxonomic differences in 
DVM'.

Upon detection, escape from at tack ing  p redators  is 
by flight and, to our knowledge, all copepods can 
'jump' considerable distances w h e n  th rea tened .  Hardy 
(1956) sta ted  'if it (C alanus) m akes  a su d d e n  spurt the 
first a n ten n a e  fold back  to offer the least res is tance’, 
propulsion being  effected by the  'oar-like thoracic 
limbs'.  The m uch  shorter an te n n a e  of those copepods 
with w ell-developed eyes (e.g Corycaeus)  suggest  a 
sensory (mechano-tactile) function of these a p p e n ­
dages. Experim ental studies indicate tha t the first 
an te n n a e  are environm enta l sensors (Gili & Crisp 
1985, Bundy & Paffenhöfer 1993), which could function 
to perceive food (Paffenhöfer & Lewis 1990) or p r e d a ­
tors. Support for the latter comes from those species in 
w hich  adult males cease  feeding and  reduce  their 
m outh  parts  w hereby  the first a n ten n a e  and  the basic 
morphology are  retained, a l though  locating females by 
e.g. pherom ones  will also be an im portan t function. 
Indeed, in some male copepods, one of the a n ten n a e  is 
h inged  and  used  to em brace  the female during  mating
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(Hardy 1956). A part from this m inor modification, male 
and  female a n ten n a e  are  so similar that one would 
expect the sam e function in both sexes. Escaping p r e ­
dation is, of course, equally  as im portant in males as in 
females. S hort-range predator  recognition would be 
worthless w ere  it not followed by an effective escape 
response, which is a common feature of copepods. 
Indeed, abou t two-thirds of the body is occupied by the 
segm ents  carrying the thoracic limbs responsible  for 
flight. Vertical m igration and  horizontal sw im m ing is 
also effected by these limbs, a l though  slower speeds 
require  correspondingly  less investm ent in muscle. In 
the absence  of ev idence to the contrary, we suggest 
that the characteristic shape of the céphalo thorax  of 
copepods is selected  more by flight ability from p r e d a ­
tors (top-down) than  by foraging efficiency (bottom 
up).

That genetic  constraints on m orphotype are  not in ­
volved is am ply  dem onstra ted  by the  diverse g ro ­
tesque morphologies of parasitic copepods tha t at tach  
them selves to m uch  la rger  hosts. T hese  ab e rra n t  forms 
belong to the Poecilostomatoida and  cyclopoid groups 
which in gene ra l  exhibit m uch  g rea ter  morphological 
plasticity than  the more common calanoids. S teinberg  
et al. (1994) found tha t copepods w ere  the most n u m e r­
ous animals living on d iscarded la rvacean  houses at 
m idw ater  dep ths  (100 to 500 m) and  tha t m any of these 
species 'possess benthic-like morphology and  feeding 
s t ra teg y ’. This exam ple  also indicates that morphology 
can well be  modified to improve food acquisition. 
However, these species are  only com mon below the 
dep th  w h ere  visual p redation  is efficient. The dom i­
nant cyclopoid genus  in the epipelagial, Oithona, has a 
morphology rem arkably  similar to that of the common 
calanoids. Thus, a substantia l case can be a rg u e d  for 
p reda tion  as a major factor constraining copepod  m or­
phology. In the past,  feeding behavior  of m arine  cope­
pods has received  m uch  m ore attention than  m e c h a ­
nisms of p reda to r  avoidance (see Kerfoot & Sih 1987 for 
freshw ater  Zooplankton). This im balance now needs  to 
be rectified. We dwell next on some implications for 
pelagic food w eb  structure.

We have a rgued  that the characteristic copepod  m or­
phology is an  effective w ay of avoiding preda tion  in 
their respective size class. Further  up  the size sp e c­
trum, the euphausiid  morphology, also sha red  by 
mysids and  decapod  shrimps, appears  to be a bet ter  
way of avoiding p redators  and  m ain ta in ing  large stock 
size. In this morphological group, the large m uscular  
abdom en  is used  for the typical tail-flip flight mode, 
which differs strikingly from the 'no rm a l1 swimming 
pattern .  The large investm ent in body tissue solely for 
flight is very evident here. The s tream lined  form of 
chae tognaths  and  juvenile  fish will be  equally  effective 
in capturing motile prey  and  escaping predators; h o w ­

ever, each  uses a d ifferent strategy. Both rely on trans­
parency  to disguise them selves from preda to r  and  
prey. The typical motionless hun ting  behavior  of c h a e ­
tognaths, in te rrup ted  by short distance darts  for prey 
capture, further contributes to their invisibility. H o w ­
ever, while fish larvae are  also com paratively  t ran sp a r ­
ent, their w ell-developed  p igm en ted  eyes are  not; this 
undoub tab ly  increases  both their detection of p rey  and 
their  percep tion  by predators .  In contrast, c h a e to g ­
na ths  have  almost com pletely e l im inated  p igm en ted  
organs and  instead  rely upon  sensory hairs to detec t 
p rey  and  p reda to r  (R. L. Hopcroft pers. comm.).

So far we have  only cons idered  the non-gela tinous 
Zooplankton tha t provide the  bu lk  of the food for com ­
mercially im portan t fish stocks. The biomass of ge la ti­
nous Zooplankton (hereafter  called jellies), e.g. coelen- 
terates, c tenophores ,  salps an d  doliolids, does not flow 
up  the economically im portan t food chain and, b e ­
cause  they ea t  the sam e food as the other zooplankters,  
they have  long b ee n  cons idered  a trophic dead-end ,  
p e rh ap s  unjustly, since over 100 fish species are 
repo r ted  to occasionally or regularly  ingest jellies 
(G. R. H arbison pers. comm.). P erhaps  freed from the 
n ee d  to escape  from at tack ing  predators , jellies exhibit 
a m uch  w ider range  of shapes  than  their m ore m u sc u ­
lar counterparts .  For exam ple , 3 c tenophore  gene ra  
(.Pleurobrachia, Beroe, and  M n em iopsis) have strik­
ingly d ifferent morphologies, each  associa ted  with a 
specific food acquisition strategy. In coelenterates,  too, 
the range  in body shape  is w ider  than  e.g. am ong  free- 
living copepods, and  feed ing  behavior  is m ore easily 
apparen t.  Furtherm ore ,  the  b a r re l-sh a p ed  body p lan  of 
salps and  doliolids can be readily  expla ined  solely on 
the basis of food acquisition.

The com m on fea ture  of jellies is their high volume: 
p lasm a ratio, which is w idely believed  to de ter  p r e d a ­
tors because  of its low nutritional value. However, the 
constraints on ea ting  jellies m ust be  m ore subtle, as 
there  are  en o u g h  exam ples  of non-gela tinous p r e d a ­
tors of jellies (e.g. pelagic  turtles, moon-fish, stroma- 
teoid fishes) to show tha t ve r teb ra tes  can indeed  m ake  
a living off jellies. But turtles an d  moon-fish are  m o r­
phologically very  different from the s tandard  pelagic  
fish sh ap e  (exemplified by clupeids), and  the stroma- 
teoid fish have  a crop in their  digestive system (Bühler 
1930) presum ably  to facilitate feed ing  on jellies (G. R. 
Harbison pers. comm.). The question  is, w hy are  jellies 
not a principal d ie tary  com ponen t of commercially 
im portan t fish? The answ er  m ay reflect the sleek, 
s tream lined  form of the  dom inan t ep ipelag ic  fish 
which, as in the case of the zooplankters ,  is m ain ta ined  
over several orders of m a g n itu d e  (from anchovies to 
tuna). The bodies of these  fish consist la rge ly  of flight 
muscle: 80 to 95%  of the  sw im m ing m uscu la tu re  is 
white  muscle which  enab les  the high velocities n e c e s ­
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sary to avoid preda to rs  or to cap tu re  prey, w ith  a cor­
respond ing ly  lesser investm ent in red  muscle d e d i­
ca ted  to 'normal' sw im m ing (Bone 1978, Driedzic & 
H och a ch k a  1978). As in the case of copepods, fish body 
form deviates, often grossly, from the s tream lined  form 
w h e re v e r  the env ironm ent offers protection  from 
visual predators . This is exemplified by the gro tesque  
sh a p es  of d ee p  sea  fish and  by surface-living Sargas­
sum  fish tha t are  models of effective camouflage. 
While s tream lin ing  m ay facilitate rapid  motions to ca p ­
tu re  p rey  (Kils 1990), the  above considerations imply 
tha t  escape  from preda to rs  m ay  be equally  or more 
im portan t  than  resource  acquisition in constra in ing 
m orpho type  of epipelagic  fishes. (Among lizards, for 
exam ple ,  sp eed  is used  for escape  from p reda tion  
ra th e r  th a n  food capture; Hertz  et al. 1988.) This 
s tream lin ing  m ay also be the  selective factor pnm arily  
responsib le  for the deve lopm ent of g ap e  limitation in 
pelag ic  systems (Hairston & H airston 1993). In con­
trast, a diet com posed  solely of jellies inevitably r e ­
qu ires  la rge  gut volume, and  a 'belly full of jelly', by 
p ro duc ing  drag, will critically red u c e  escape  speed. It 
follows tha t exclusive jelly feeders  will not be able to 
m ain ta in  the  body form and  muscle necessary  for su r­
vival in the epipelagial,  and  w e sugges t  tha t this may 
be the  underly ing  reason  for the d ichotomy be tw e en  
the  m uscular  and  the gelatinous food chains. As 
a lways in nature , exceptions do occur, such  as in 
s tream lined  m ackere l  actively p rey ing  on small 
m e d u sa e  in the laboratory (Runge et al. 1987) and  on 
salps in na tu re  (Konchina 1991); however, such events 
a re  unlikely to reflect the principal diets of these  and  
s im ilar-bodied fish, g iven the  highly episodic n a tu re  of 
a b u n d a n t  distributions of gelatinous p lanktonic  o rg a n ­
isms. Conversely, p e rh ap s  the potentia l ability of a 
school of p reda to ry  fish to nearly  ex term ina te  a patch  
of jellies favored ano ther  life history strategy: the very 
h igh  ra tes  of popula tion  grow th characteristic of 
smaller gelatinous forms, e.g. salps, doliolids.

PREDATION AVOIDANCE AND THE ARMS RACE

It is a delicate balance  to find sufficient food while 
avoiding being  ea ten  and  the re  a re  several hypotheses  
describ ing  the in te rd ep en d e n t  n a tu re  of organism s in 
evolution. It is generally  recognized  tha t terrestrial 
p lan ts  coevolve with their insect herbivores  (Ehrlich & 
Raven 1964, S trong et al. 1984), with a t ten d a n t  costs, 
e.g. p lan t  g row th rates are inversely proportional to 
their  chem ical defenses  (Coley et al. 1985). A nother  
theory, recently  te rm ed  escalation (Vermeij 1994), 
p roposes that enem ies  are  the prim ary agen ts  of n a t ­
ural selection am ong  organisms, and  tha t p redation-  
induced  adap ta tions  direct long-te rm  behavioral and

morphological traits. This theory, described e lsew here  
as an  'arms r a c e ’ (Dawkins 1987), proposes tha t as 
p reda tors  evolve m ore effective w eapons  systems, 
p rey  m atch  these  advances with equally  successful 
antidotes. T hese  arms races do not escalate  out of con­
trol, or evolve into perfect capturing and  escaping 
machines, because  biological w eaponry  (e.g. speed  to 
cap tu re  prey  or to escape  predators) m ust be bough t at 
some other escalating cost (e.g. decreas ing  r ep ro d u c ­
tive success).

Signor & Vermeij (1994) hypothesized  tha t herb ivo­
rous and carnivorous p lankton  originally evolved 
as refuges from predation  by m arine benthic organisms. 
The p re se n t p a p er  argues that the concep t o f the arm s  
race is currently applicable to the m arine pelagial, w here  
i f  predation is so im portant, selection for preda tor avo id ­
ance m echan ism s shou ld  be eviden t.  Among plankton, 
p reda to r  avoidance strategies ap p e ar  well developed, 
though  perhaps  not broadly  distributed, and  fall into 
4 genera l  categories: chemical, morphological, b e h a v ­
ioral, and  life history defenses. A few of these  are 
described  below; the  rea d e r  is also d irec ted  towards 
detailed  reviews e lsew here  (Havel 1987, Sih 1987). P re ­
dation avoidance has also recently  been  eva lua ted  as a 
selection p ressu re  acting on bacteria  (Jürgens & G üde 
1994).

Chem ical defenses. Several classes of phy toplankton  
are  know n to include taxa which are inhibitory or toxic 
to herbivores. Exam ples include the p resu m ed  raph- 
ldophyte O listhodiscus lu teus/H eterosigm a  akash iw o  
(Verity & S toecker 1982, Van Alstyne 1986); several 
dinoflagellates (Huntley et al. 1986, Taniguchi & 
T ak e d a  1988); and  the f reshw ater  cyanophytes M icro­
cystis  and  A p h a n izo m en o n  (Fulton & Paerl 1987, Jung-  
m ann  et al. 1991). The active agents  are generally  
unknow n  but p re su m e d  to be secondary  metabolites 
s eq u es te red  within the  cells (Faulkner 1984, C a r ­
m ichael 1986). Some diatoms appa ren tly  contain or 
excrete  chemical com pounds which in terfere or inhibit 
g razing by copepods (Malej & Harris 1993) and  reduce  
egg  production and  hatch ing  success (Poulet et al. 
1994). While it cannot be certain  tha t such com pounds 
evolved in response to predation, i.e. allelochemical 
interactions within a trophic level may also be im por­
tan t (Lewis 1986), they are  widely recognized  for their 
role in deterring  herbivory in te rres tna l  plants (Schultz
1988) and m acroalgae  (Hay & Fenical 1988). Lowered 
nutritional quality, in d e p en d e n t  of toxins or com ­
pounds  which reduce  digestibility, can also affect su s ­
ceptibility to p reda tion  (Butler et al. 1989). Induction of 
chemical defenses in p lank ton  are inadequa te ly  
understood.

M orphological defenses. T hese include both  fixed 
and  inducible morphologies (Havel 1987). A m ong d e ­
fensive changes in prey  architecture that have b ee n  ex ­
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perim entally  verified are: formation of colonies by p r e ­
viously single-celled S cen ed esm u s  w hen  exposed  to 
herbivorous Zooplankton (Hessen & Van Donk 1993, 
Lam pert et al. 1994); growth  of neck spines by D aphnia  
w hen  exposed to kairom ones of invertebrate predators, 
a process which is stage- and  concen tra t ion-dependen t 
(Tollnan 1993); deve lopm ent of ex tended  wings and 
ridges by grazing ciliates w hen  exposed to larger 
p redatory  ciliates (Kuhlmann & H eckm ann  1985); and 
growth of spines by rotifers to deter  p reda tion  by larger 
Zooplankton (Stem berger & Gilbert 1987). In at least 
2 of these cases, the p rey  appa ren tly  perce ived  the 
presence  of the p reda tor  through  polypeptides released 
by the predator.  Several phy toplankton  taxa with fixed 
morphological p ro tuberances  have b ee n  specula ted  
to function as an ti-predation  devices, e.g. Ceratium  
(Hargrave & G een  1970, bu t  see N ielsen 1991). Rigid 
chitan threads, ex tend ing  from cells of the diatom fam ­
ily Thalassiosiraceae, w ere  show n to reduce  their  sus­
ceptibility to grazing by proto- (Verity & Villareal 1986) 
and  m etazooplankton  (Gifford et al. 1981). While ef­
fective, some m orphologies may not have evolved in 
response to predation , e.g. m ucous sheaths  in rotifers 
(S tem berger  & Gilbert 1987).

Behavioral defenses. Diel vertical migration, w h e r e ­
by Zooplankton descend  to dep th  during daylight 
hours and  ascend  aga in  to feed during darkness, is 
often a t tr ibu ted  to a behavioral response to predators 
which hun t by sight (Zaret & Suffern 1976, O hm an  et 
al. 1983). Direct support  for this notion comes from 
experim ents  in which the am plitude of migration v a r ­
ied in proportion  to p reda to r  a b u n d a n ce  (Gliwicz 1986) 
and  predation  pressure  (Bollens & Frost 1989). The 
f reshw ater  cladoceran  D aphnia  also avoids p redatory  
invertebrates  by m igrating  upw ards  in their p resence  
(Dodson 1988, R am charan  et al. 1992), while the inver­
tebra tes  them selves rem ain  at dep th  during  daylight 
to avoid preda tion  by visually feed ing  fish (Roth 1968). 
Provocatively, both  m arine and  freshw ater  crus tacean  
Zooplankton can reverse  their migrations in response 
to surface-feeding p reda tors  (Dodson 1988, O hm an
1990), indicating behavioral flexibility ra the r  than 
strict genetic  program m ing. As observed  for the in ­
ducible morphological defenses, the behavioral r e ­
sponses ap p e a r  to be  t r iggered  by chemical signals 
re leased  by feed ing  p reda tors  (Dodson 1988, but see 
Bollens et al. 1994 for m arine  copepods). Such an t i­
predator  defenses m ay have costs in terms of reduced  
nutrition w hen  feeding and  defense  are  both d e p e n ­
den t upon motility (Werner & Haii 1988, R am charan  et 
aí. 1992). For example , am ong  m arine  Zooplankton, 
those taxa which are  especially visible to fish predators  
feed primarily at n igh t (Hobson & Chess 1976).

Behavior such as DVM appa ren tly  evolved to m in i­
mize encounters  with potentia l predators . Copepods

(and p resum ably  other m etazooplankton) also have 
sensors which detec t variations in m echanica l  stimuli, 
irradiance, and  chemical gradients,  and  these provide 
defense  m echanism s to reduce  the probability  of c a p ­
ture  after encounter.  Copepods, especially, are  capable  
of rapid accelera tions result ing  in short-term  sw im ­
m ing speeds of m any  body lengths  per  second (Strick- 
ler 1975). Their  com bined percep tive  abilities and 
escape  responses  function to avoid potential predators  
which are stationary (Haury et al. 1980), dn fting  above 
(Buskey et al. 1986), in pursuit  (S ingarajah 1969), or 
are  a t tem pting  to en tra in  prey  in their  flow fields 
(Trager et al. 1994). D eve lopm enta l  s tages  as well as 
adults are  capab le  of escape  responses (Yen & Fields
1992), a l though  the vulnerability  to cap tu re  varies with 
p rey  taxa (Drenner et al. 1978), size an d  m orphology 
(Confer & Blades 1975), and  deve lopm enta l  s tage 
(Greene & Landry 1985). Likewise, fish vary in their 
ability to cap tu re  evasive and  non-evasive Zooplank­
ton (McComas & D renner  1982, V inyard  1982), and 
some can learn  to im prove cap tu re  efficiency for more 
evasive prey  (Coughlin & Strickler 1990). Fish and  
la rge  Zooplankton also exhibit com plex behaviorally 
m e d ia ted  p reda to r  avoidance m echanism s, e.g. sw arm  
formation.

Life history strategies. In the en igm atic  p h y to p la n k ­
ton P haeocystis  (see above) cells form colonies, 
colonies can inc rease  or d ec rease  in size, and  cells can 
em igrate  from colonies (Verity et al. 1988, Cariou et al. 
1994), a ltering the size of P haeocystis  by volume fac­
tors of IO6 to IO9. While no d irect ev idence  ties life 
cycle changes  to grazing pressure ,  it is clear tha t the 
life history stages of P haeocystis  vary in their  suscep ti­
bility to grazers and  potentially s tructure  the  herbivore 
com munity (Hansen et al. 1994). A nother  app roach  is 
tha t of b io lum inescent dinoflagellates, whose m e c h a n ­
ically stimulated  flashes reduce  their  consum ption by 
copepods (White 1979) and  inc rease  preda tion  by fish 
on the graz ing  copepods (Abrahams & T ow nsend
1993), irrespective of w h e th e r  b io lum inescence a c tu ­
ally evolved as an  an t i-p redato ry  device. A different 
an t i-predation  s trategy is exhibited  by the copepod  
D iaptom us,  which switches from laying sub itaneous 
eggs to d iapause  eggs coincident with  seasonal peaks  
in p reda tion  p ressu re  (Hairston 1987). A further  e x a m ­
ple is the  c ladoceran D aphnia : in the p resence  of v isu­
ally feeding p lanktivorous fish, w hich  are  especially 
effective at rem oving la rger  daphnids,  D aphnia  
increases  its intrinsic rate of popula tion  grow th  (Dod­
son 1989), reduces  juvenile  leng th  increm ents,  m a ­
tures earlier, and  lays la rger  clutches of smaller eggs 
(M achacek  1993); the la tter responses a re  induced  by 
chemicals associated with the p reda to ry  fish. In this 
regard ,  it m ay be tha t trophic cascades  are  m ore likely 
to occur in the freshw ate r  pelag ia l b ecau se  D aphnia  is
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so often the major herbivore: th rough  par thenogenes is  
it can rep roduce  as rapidly as its p rey  and  therefore 
control their stocks, but its sw im m ing behavior  leaves 
D aphnia  particularly susceptib le  to popula tion  dec i­
mation by inverteb ra te  an d  ver teb ra te  p redators  (Allan 
1976, Lynch 1980, Jü rg en s  1994).

PREDATION AND TROPHIC CASCADES AS 
STRUCTURAL PRINCIPLES

We a rg u e  tha t the morphologies and  life history 
s trategies  of p lank ton  have  evolved in relation to their 
environm ents .  Traditionally, tha t  'env ironm ent '  has 
b e e n  considered  to be a physical or chemical one, e.g. 
M arga lef  (1978) p roposed  tha t  the  functional m orphol­
ogy of phy top lank ton  is se lec ted  by the  decay  of 
m echan ica l  en e rgy  of water, or tu rbu lence.  Kiorboe
(1993) a rg u e d  e loquently  tha t pelagic food w eb  s truc­
ture  is m ed ia ted  by tu rbu lence  and  phy top lank ton  cell 
size, and  tha t gene ra l  p a t te rn s  of m esoscale p lankton  
distributions are  consistent with the  theoretical bases 
for such argum ents .  However, this bo ttom -up  or b io­
geochem ica l app roach  has not p roven  successful in 
p red ic ting  the timing, m agn itude ,  or tem poral d y n a ­
mics of p lankton  communities. For example , con ­
siderations of fluid dynam ics and  cell physiology are 
consistent with the notion tha t  small size is less a d ­
v an tageous  to phy top lank ton  in tu rbu len t  waters, but 
they do not explain the  com parative dom inance  of 
la rge  cells in such environm ents ,  m uch  less the typical 
dom inance  of large cells in blooms. Kiorboe (1993) p ro ­
posed  instead tha t la rge  size provides  a refuge from 
predation , for 2 reasons: the  relative ab u n d a n c e  of 
p reda to r  to p rey  decreases  as size increases; and  the 
gene ra t ion  times of p reda to rs  increase  m ore rapidly 
than  those of their p rey  as size increases, yielding 
longer lags b e tw e en  phy top lank ton  growth  and  Zoo­
p lank ton  response. Thus, the  risk of being  ea ten  is 
d im in ished  for la rger  cells. Banse (1994), too, a rgued  
tha t food w eb  s tructure cannot be fa thom ed without 
equa l  consideration being g iven to top-dow n control.

While the extent of p reda tion  be tw een  ad jacen t 
trophic levels has b ee n  the  subject of considerable  in ­
te rest (e.g. Sih et al. 1985), here  w e explore w hether  the 
consequences  of p reda tion  cascade into m ore distant 
trophic levels, an d  the characteristics of predators  
which are  associa ted  with  such multi-trophic r e ­
lationships. This d iscussion also has im plications for the  
historically d iffe ren t approaches to lim no logy  and  
oceanography.  While biology in the m arine  pelagial 
has b ee n  p re-occup ied  with  b iogeochem ical fluxes and 
stock exploitation, f re shw ate r  efforts have been  q u i­
etly ded ica ted  to deconvolving how lakes and  streams 
work. Hence, the following discussion includes ex a m ­

ples from both disciplines, and  identifies both similari­
ties and  differences be tw e en  them  w here  evidence 
warrants.

A lthough it has  been  common know ledge  am ong 
farmers and  hunters  tha t both resources and  p redation  
are  im portan t in s tructuring p lan t and  animal com m u­
nities, most ecologists prior to 1960 v iew ed populations 
as being entirely resource-driven. In tha t year, Hairston 
et al. (1960) pub lished  their  famous 'the world is g reen ' 
hypothesis. They b eg a n  with the observation tha t ex ­
cessive or w idesp read  destruction of vegeta tion  by 
grazers  is rare, and  thus the re  w as an ab u n d a n t  food 
source available to herbivores. If the grazers w ere  not 
food-limited, then  their  a b u n d a n ce  m ust be restricted 
by predators, p reven ting  the herbivores from depleting  
their  plant resources. Furtherm ore, since grazers must 
be  predator-limited, their p redators  m ust be  food-lim­
ited. T hese  ideas w ere  deve loped  for terrestrial ecosys­
tems, while aquatic  ecosystems w ere  omitted because  
they are  not always 'g reen ' (N. G. Hairston Jr  pers. 
comm.), but the concepts w ere  later a d a p te d  to aquatic  
habitats  (Hrbacek 1962, Brooks & Dodson 1965, Smith 
1969, Persson et al. 1992).

The generic  form of these hypotheses is tha t o rg a n ­
isms at the top of the food chain are  food-limited, and 
at successively lower levels they are  a l ternately  p r e d a ­
tor- and  then  food-limited. C hanges  in food chains 
with strong trophic links m ay then  'cascade ' from top 
to bottom (M cQ ueen et al. 1986, 1989, C a rp e n te r  et al. 
1987). The trophic cascade model predicts that, by 
their  p resence  or absence, h igher  trophic levels will 
de te rm ine  w h e th e r  or not conspicuous accum ulations 
of p lan t  biomass will occur at the base of the system. 
The la rgest body of ev idence supporting  the trophic 
cascade m odel derives from freshw ater  habitats 
(Strong 1992; see  M cLaren & Peterson 1994 for a re ­
cent terrestrial example). One reason  w hy trophic cas­
cades may be m ore likely to occur in aquatic  than  in 
te rres tna l  habitats  is because  w ater  is so m uch  denser  
than  air that plants can be  physically suppo rted  w ith ­
out hav ing  to pu t  the vast majority of their primary 
production into relatively inedible s tructural com po­
nents, as do terrestrial plants. Being small and of high 
nutritious quality, they can be ea ten  in their entirety by 
small grazers, for which p rey  cap tu re  is typically gape-  
limited (Zaret 1980), lead ing  to a s ize-s tructured food 
chain. Thus, the re  is little cheating  in p lank ton-based  
food webs, because  predators  have to be big enough  to 
ea t  their  p rey  in its entirety  (Ham bright et al. 1991), 
unlike browsing herbivores in te rres tna l  ecosystems. 
Hairston & Hairston (1993) developed  this idea further, 
suggesting  tha t p red a to n p re y  size ratios in pelagic sys­
tems (where they m ay be size-dependent; Longhurst
1991) are likely to be substantially la rger  than  those 
typical of terrestrial ecosystems.
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In the m arine pelagial, little attention  was g iven for 
m any  years to the possibility that top-down forces 
m ight be  important. In part, this reflected the biased 
view of phytoplankton  ecologists that production of 
algal biomass was limited by availability of nutrients 
or irradiance, and  that accum ulation  of biomass d e ­
p en d e d  only upon the ex ten t ol production. This bo t­
tom-up or resource in terpretation  was indirectly su p ­
ported  by the traditional view of m arine food chains 
as diatoms > copepods —> fish (see Kleppel 1993 for ori­
gins), because estimates of grazing impact by cope­
pods typically were  ca 10 to 50%  of primary p roduc­
tion (e.g. Mullin 1969, Kiorboe 1991). This ap p a ren t  
inability to keep  pace  with  algal growth implied that 
phytoplankton  w ere  not grazer-limited and  tha t cope­
pods w ere  not food-limited (Huntley & Boyd 1984). 
Studies showing s trong d e p e n d e n c e  of copepod 
growth upon tem pera tu re  (Huntley & Lopez 1992) also 
implied that food was not limiting.

Since that time, contem porary  th ink ing  abou t p la n k ­
ton community s tructure has un d e rg o n e  a revolution­
ary reversal,  a change  too significant to be  merely 
labelled a new  parad igm . In one generation ,  the h u n ­
dred  year old view tha t diatoms w ere  the pas tures  of 
the sea has been  rep laced  with the notion tha t much 
smaller cells are  the workhorses in the euphotic  zone 
(Pomeroy 1974), with occasional d iatom blooms su p e r ­
im posed  on their productivity. It is this microbial food 
w eb  that tracks changes  in controlling physical and 
chemical processes; diatoms leave and  en ter  the sys­
tem according to their ow n un ique  biology (Smetacek 
et al. 1990, Lenz 1992). With the recognition of pico- 
and  nano-sized  au to trophs and  mixotrophs cam e the 
u n d ers tand ing  that small Zooplankton w ere  often the 
dom inan t herbivores (references in Pierce & Turner
1992), and  estimates of their g raz ing  plus that of 
la rger  Zooplankton can equa l  or exceed  that of pri­
m ary  production (e.g. Lenz et al. 1993, Verity et al.
1993). The possibility of p reda to r  (grazer) control of

prey becam e m ore distinct, especially g iven the c a p a ­
bilities for p rey  selection ev idenced  by both proto- 
and  m etazoop lank ton  (Cowles et al. 1988, Verity
1991).

However, there  are  relatively few instances of 
actual trophic cascades in m arine  w aters  across 3 or 
m ore levels (Table 1). Of these, som e are  d irect ex p e r­
imental manipulations, some are  m ere ly  in te rp re ta ­
tions of gross p a t te rn s  in field com munities,  and  some 
include models of laboratory or field studies. The most 
com pell ing  ev idence  suggests  tha t  certa in  p lank ton  
food w ebs  m ay show  coupled  popula tion  oscillations 
with trophic levels limited a l ternate ly  by preda tion  
and  resource  availability (e.g. Horsted  et al. 1988, 
Dolan & Gallegos 1991). Provocatively, fully three- 
q uar te rs  of the cascades in Table 1 w ere  in it ia ted  by 
gelatinous predators ,  which suggests  tha t  their ability 
to rapidly increase  popula tion  biomass, their high 
w eight-specific ingestion, and /o r  their  la rge  predator: 
p rey  size ratios, m ay  be key characteristics in pelagic 
organism s involved in trophic cascades. It has  been  
a rg u e d  tha t trophic cascades a re  unlikely in the 
a b sen ce  of keystone preda to rs  (Strong 1992). A lte rn a ­
tively, the com m on denom inato r  m ay be m odera te-to -  
strong preda tion  p ressu re  ra ther  than  a true  keys tone 
p reda to r  (M enge et al. 1994). For exam ple , the occur­
rence  of gelatinous carnivores is not always associ­
a ted  with obvious trophic cascades (Purcell et al.
1994).

Only 2 regional assessm ents  of the potentia l im por­
tance of trophic cascades in m arine  pelagic  ecosystems 
have  appa ren tly  b ee n  published. In both  the Baltic Sea 
and  the C h e sa p e a k e  Bay, USA (Verity 1987, Rudstam  
et al. 1994), limited ev idence  sugges ted  that trophic 
cascades m ay be seasonally  or historically important,  
but convincing docum enta tion  was not available. It has 
also b ee n  a rg u e d  that trophic cascades m ay  be r e sp o n ­
sible for pa t te rns  in p lankton  biomass in HNLC (high 
nu tr ien t  low chlorophyll)  reg im es such as the subarctic

Table  1. Exam ples of trophic cascades  inf luencing the s tructure  of m arine  pelagic  communities.  Mesoz.: m esozooplankton;  
microz.: m icrozooplankton; nanoz.. nanozooplankton;  phytopl. .  phy top lank ton

Location Cascade Data source Citation

Roskildefjord, D enm ark  
Limfjord, Denm ark  
Loch Ewe, Scotland 
N a rrag an se t t  Bay, RI, USA 
Rhode River, MD, USA 
Vancouver Fjord, BC, C anada  
Kiel Bight, G erm any  
North  Sea
Gullm ar Fjord, Sw eden  
H elgo land  Bight, G erm any  
C h e se ap e ak e  Bay, USA

Sticklebacks --> Mesoz. —> Phytopl. 
M usse ls—> Mesoz./Microz. —» N a n o z .— 
C tenophore  —> Mesoz. —> Phytopl. 
C tenophores  —> Mesoz. -a Phytopl. 
Rotifers —> Nanoz. —> Bacteria 
M ed u sae  —> Mesoz. —> Phytopl. 
M ed u sa e  —> Mesoz. —> Phytopl, 
E uphaus ids  —► C opepods —» Phytopl. 
M e d u sa e  —» Mesoz. —> Phytopl. 
C tenophore  C tenophore  —> Mesoz. 
C ten o /M e d u sa e  Mesoz. —» Phytopl.

Enclosure  
Bactena Enclosure 

Enclosure 
Enclosure/field  
E nclosure /m odel  
Field observation  
Field observation  
Field observation 
Field observation  
Field observation  
Fie ld /m odel

Hors ted  et al. (1988) 
Riem ann et al. (1990) 
G am ble  et al. (1977)
Deason & Sm ayda  (1982a, b) 
Dolan & Gallegos (1991) 
Huntley  & H obson (1978) 
Möller (1979)
Roff et al. (1988)
Lindahl & H ern ro th  (1983) 
G reve  & Reiners (1980) 
Baird & Ulanowicz (1989)
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Pacific (Frost 1991), and  tha t  recen t accidenta l in tro­
ductions of c tenophores  into the  Black Sea have 
caused  significant structural changes  (Kideys 1994).

T he  a p p a re n t  im portance of gelatinous preda to rs  in 
the  few  rep o r ted  m arine  trophic cascades m ay also 
reflect on the  role of fish in this capacity. While 
d en s i ty -d ep e n d en t  com petition for food is a general 
fea ture  of larval and  juvenile  fish (Valiela 1984), f ish­
ery ecologists generally  hold tha t stocks of adul t  fish 
are  not limited by their  resources and  thus cannot limit 
th e m  (Cushing 1975). This conclusion is supported  
by several typical fea tures  of fish populations, inc lud­
ing: the lack of a den s i ty -d ep e n d en t  s tock-recru itm ent 
relationship, the  occurrence  of strong year  classes 
deve lop ing  from w e a k  spaw n ing  events, an d  the huge  
variation in fish rec ru itm en t am ong  years with no ev i­
dence  of similar var iance in p rey  production. All of 
these  fea tures  support  the  notion tha t popula tions of 
adul t  fish in the  oceans a re  se ldom likely to control the 
a b u n d a n c e  of their  prey, in contrast to the  ev idence 
from freshw ate r  systems. It has been  specu la ted  that 
fish in the  oceans a re  10 to 1000 times less ab u n d a n t  
than  their  freshw ate r  counterpar ts  (Horn 1972), p e r ­
haps  accounting  for their  a p p a re n t  lack of p reda to ry  
impact. If this com parative  dilution of fish in the sea is 
correct,  the  m echan ism  would  seem  to be  the huge  
mortality losses app l ied  primarily during  em bryonic 
an d  larval developm ent.

It m ay be  instructive to consider  w hy trophic cas­
cades ap p e a r  so well deve loped  in freshw ate r  com ­
p a re d  to in m arine  pelag ic  ecosystems. An im portan t 
distinction is tha t  taxonomic diversity of the f reshw ater  
pelag ia l is simplified com pared  to tha t  of m arine  
waters  (Valiela 1984). For example , a variety of herb i- /  
omnivores (Lehman 1988) and  carnivores (Greene 
1985) a re  missing, inc luding the n ea r -absence  of 
p lanktonic  am bush  preda to rs  and  c lupeid-like fishes 
(Banse 1990). Moreover, feed ing  at m ore than  one 
(lower) trophic level m ay be m ore extensive in sa l tw a­
ter because  of the com m on im portance of mixotrophic 
ciliates the re  (Stoecker et al. 1989, Putt 1990); m ixo­
trophic flagellates are  well deve loped  in both fresh- 
an d  sa ltw ater  (Sanders 1991). In general,  mixotrophy 
appears  m ore im portan t  in oligotrophic vs eutrophic 
w aters  (Arenovski 1994). If omnivory and  generalis t 
feed ing  are  com m on in m arine  waters, and  if such 
trophic diversity reduces  the  likelihood that, e.g. a cli­
matically induced, strong yea r  class of p redators  would 
dec im ate  only a single trophic level, then  trophic ca s ­
cades  m ay be minimized the re  or difficult to validate 
unequivocably. However, a l though  the success of 
trophic level m anipula tion  experim ents  in freshwaters  
implies tha t omnivory th e re  is not sufficient to obscure 
distinctions be tw e en  trophic levels (Hairston & H air­
ston 1993), the  converse (that extensive omnivory p r e ­

cludes trophic cascades) is not necessarily  true. If cas­
cades are less likely in oligotrophic environm ents, due 
to strong substra te  control, then  the be t te r  d o cu m en ta ­
tion of cascades in freshw ater  m ay reflect the  generally  
m ore productive trophic status the re  com pared  to 
m arine  waters (Valiela 1984). Also re levan t m ay be the 
life history of Daphnia, whose reproductive  strategy is 
des igned  for rapid colonization and  for export to new  
environm ents  (e.g. by duck 's  feet), but whose motility 
behavior  p reven ts  it from holding space in the  p re s ­
ence of visual planktivores. It is indeed  intriguing that 
the  p redators  most com mon in m arine  cascades (jel­
lies) are  essentially absen t  from freshwater, w here  
cascades have b ee n  m ore commonly described, while 
the f reshw ater  herbivore typically linked to cascades 
(cladocerans) are un im portan t  in m arine  waters.

ROLE OF PHYSICS AND IMPLICATIONS FOR 
DESIGN OF FUTURE STUDIES

Ecological com munities and  physical processes vary 
in time and  space across a b road  range  of scales 
(Marine Zooplankton Colloquium 1 1989, Powell 1989). 
In the ocean, the space-tim e scales of biology and  
physics are nearly  coincident, so it is likely that their 
interactions are closely coupled (Steele 1991a). If so, 
positive correlations m ight be expected  be tw e en  the 
variabilities in physical and  biological processes 
(Walsh 1977), a l though  co rrespondence  does not 
establish cause  and  effect. Physics an d  biology are best 
in teg ra ted  at mesoscales w h ere  biology can be b u d ­
geted ,  e.g. as energy  or mass, ana logous to the physi­
cal laws of conservation of energy, mass, and  m o m e n ­
tum  (Denman & Powell 1984). At these  scales there  is 
good ev idence for strong influences by the physics of 
ocean  circulation on the biology of fish and  plankton. 
O ne  exam ple  is the close correlation be tw e en  ocean 
currents  and  life cycles of fish such as herring, driven 
by climatic variations (Steele 1991b). At the  popula tion 
level, this is explained by links b e tw e en  mesoscale 
mixing and  reproductive processes. However, changes 
at the  community level, such as switching be tw een  
dom inance  by pelagic versus benthic fish, have not 
b ee n  explained. On the other hand , there  is also no 
indication that dram atic  changes  in fish stocks (abun­
d ance  or composition) in such areas  as G eorges  Bank 
or the  North Sea have cascaded  dow n to impact Zoo­
plank ton  (Koslow 1983. J. H. Steele pers. comm.).

The p resen t p ap e r  addresses  m echanism s w hereby  
individual species, their characteristics, and  their in te r­
actions con tnbu te  to ecosystem structure. Thus, the 
central question in the context of physics is at w hat 
spatial and  temporal scales do com m unity  param ete rs  
becom e less significant than  species at tr ibutes (behav­
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ior, morphology, life cycles) in de te rm in ing  ap p a ren t  
success, i.e. s tanding  stocks (Steele 1991a)? While the 
la rger  scale physical processes previously discussed 
also cascade down to the level of the individual,  e.g. 
tu rbu lence effects upon encounter  rates (MacKenzie & 
Leggett  1991), 'conservation laws for mass, energy, 
and  m om entum  ... are  not sufficient to un d ers ta n d  ... 
competition, predation, species succession and  d iver­
sity, etc.' (Denman & Powell 1984, p. 127). A lthough at 
la rger  scales the 'concept of ecological succession ... 
does not seem  appropria te  to the changes  in m arine 
systems w here  we explain chang ing  com munity p a t ­
terns in a physical context' (Steele 1991a, p. 433), it can 
also be  a rg u e d  tha t organisms, especially successful 
key species, have evolved to take ad v a n ta g e  of the 
h igher f requency  variability at smaller scales.

O ther  aspec ts  of physics are  re levant to evaluating  
the role of p reda tion  and  key species in s tructuring 
pelagic ecosystems, and  they are  advection, dispersal, 
and  patchiness. As discussed in the previous sections, 
there  is sufficient theoretical and  exper im en ta l  ev i­
dence to show  tha t predation, morphology, and  key 
species a re  crucial in s tructuring m arine pelagic  com ­
munities. However, m uch  of the experim ental support 
derives from contained  populations or from descriptive 
field data, so tha t the significance of p reda tion-driven  
forces in open w aters  rem ains uncertain. Both su p p o r t­
ive and  disputive data  are  available. The major w e a k ­
ness of descriptive data from open w aters is that 
absence  of ev idence  is not ev idence of absence. The 
p roblem  with  containm ent, however, is tha t enclosures 
m ust be sufficiently large to mimic the real world. For 
example, if they offer no refuges or lack natura l fe e d ­
ing guilds to utilize chang ing  resources, then  d isc rep ­
ancies will occur be tw e en  theory  and  experim ental 
results. Thus, p e rh ap s  the ideal env ironm ent in which 
to test these  hypotheses is an  enclosed body of w ater  
with naturally  restricted exchange  with ad jacen t 
waters, e.g. Landry  (1978). The ctenophore-zooplank- 
ton-phytoplankton  cascade observed  in N arraganse t t  
Bay (Rhode Island, USA; D eason & Sm ayda 1982a, b), 
w hich has a tu rnover  time of ca 26 d (Pilson 1985), is 
p e rh ap s  the bes t exam ple  to date.

A re la ted  issue is tha t patchiness, dispersal and  
advection cause  significant sam pling  artifacts in m a ­
rine ecosystems. The latter problem s are  minimized in 
small lakes, p e rh a p s  contributing to be t te r  d o cu m en ta ­
tion of trophic cascades there, or p e rh ap s  simply m a k ­
ing cascades m ore likely to occur; la rge lakes are  more 
complex (Schelske & Stoerm er 1994). Thus, it is not so 
m uch  w h e th e r  p reda tion  or trophic cascades structure 
m arine  p lank ton  communities, but w h e th e r  w e can 
provide definitive app roaches  and  m ethodologies  to 
test com peting  hypotheses. Top-dow n forces m ay not 
cascade in the  pelagia l because  advective processes

act to separa te  p reda to r  and  p rey  before cascades can 
be complete, i.e. disequilibria, or because  seasonal 
w e a th e r  pa t te rns  'reset '  the  system, e.g. Landry (1977). 
Or p e rh ap s  top-dow n forces m ay be opera ting  b u t c a n ­
not be  confirmed b ecau se  advection  separa tes  us in 
space from processes  in d ifferent s tages of temporal 
equilibrium. T hese  sam pling  issues have long h in ­
d ered  pelagic  science, w h e th e r  chemistry  or biology, 
bu t in trying to de te rm ine  the  forces s tructuring an 
ecosystem, the re  is an  additional, formidable obstacle: 
trophic identifications for each  major taxonomic group 
a re  also necessary. Some techn iques  have  been  d ev e l­
oped  to sam ple  over la rge  spatial and  tem poral scales, 
to minimize p rob lem s of sam pling  statistics. For e x a m ­
ple, acoustics can be  used  for fish stock assessm ent 
over la rge  scales; bu t can  the re tu rn  echoes distinguish 
a  p lanktivore from a pr im ary  carnivore from a sec­
ondary  consumer? The crux of the  prob lem  is the 
ex ten t to w hich w e are  com fortable trading realism for 
analytical accuracy: our conceptual  models and  sc ien ­
tific m ethods  m ust necessarily  be  'a judiciously chosen 
set of lies, or p e rh a p s  m ore accurate ly  put, partial 
truths abou t reality, w hich  have  b e e n  chosen to perm it 
us to reason  m ore effectively abou t some issue than  we 
o therw ise could' (Baumol 1984).

Let us assum e for the  m om en t  tha t  one has carefully 
des igned  an  exper im en ta l  test, an d  sam pling  was s p a ­
tially and  temporally  complete. Do complications exist 
which could im pede  in te rpre ta t ion  of the data? Evi­
dence  from both  f re shw ate r  an d  m arine  habitats  su g ­
gests tha t several factors m ay obfuscate da ta  analysis. 
For example , p reda to r- induced  effects m ay occur but 
m ay not be  ev iden t as ch anges  in population  a b u n ­
dance  or as bu lk  removal. Rather, the affected p o p u la ­
tions m ay alter p a t te rn s  in vertical distribution or 
migration (Rudstam et al. 1994), the taxonomic com po­
sition of a trophic level m ay ch a n g e  (M cCauley & 
Briand 1979), or its size s tructure  (Hrbacek  1962). As 
such, food w ebs  m ay not collapse clearly into food 
chains. Moreover, ' tang les  in trophic a rch i tec tu re ’ 
(Strong 1992) (i.e. omnivory, mixotrophy, substitu tab il­
ity of species, com pensa tion  am ong  taxa for functions 
of others, inedibility, mobility an d  defenses) m ay p r e ­
vent the occurrence of key  species upon  w hich sus­
ta ined  consum ption can m ore clearly take its toll. Top- 
dow n an d  bo ttom -up  regula tion  can  be additive, for 
example , s tarving fish la rvae  m ay  be m ore susceptib le  
to p redation ,  or both  forces can b e  (differentially) influ­
enced  by the sam e abiotic factors, e.g. inc reased  ir ra ­
diance stimulates both  prim ary  p roduction  and  visual 
p reda tion  (Aksnes & G iske 1993). Conversely, re la t ion ­
ships b e tw e en  trophic levels m ay be  non-linear  
(Dwyer & Perez 1983), non-addit ive  (Stoecker & Evans 
1985) or exhibit th reshold  dynamics: p reda t ion  impact 
upon  a p rey  population  m ay be susta inab le  up to a ce r ­
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tain point,  beyond  w hich drastic declines in p rey  a b u n ­
d an c e  occur. If ontogenetic  ch an g es  (e.g. dietary) or 
time lags be tw e en  p rey  consum ption  an d  p reda to r  
rep roduction  occur, top-dow n effects m ay be obscured  
(Power 1992). Finally, physical processes  on long time 
scales m ay  dom inate  shor ter  f requency  biological 
interactions (Aebischer et al. 1990), so tha t  any  top- 
dow n  effects are  m u te d  or invisible.

CLOSING THOUGHTS

T heory  is ra the r  explicit abou t the conditions u nder  
w hich  resource  availability an d  p reda tion  should  d o m ­
inate trophic interactions. O n the other hand , the  real 
world is se ldom as simple as theoretical bo u n d ary  con ­
ditions (Pimm 1992). R esearch during  the pas t  50 yr 
has  show n that not all p lan ts  are  equally  edible, not all 
herb ivores  are  equally  effective, not all p reda to rs  are  
equally  proficient,  and  not all env ironm ents  are 
equally  hospitable  (Hunter & Price 1992). The consid­
era tions in this p ap e r  illustrate tha t it can  be  s im pler to 
construct p ragm atic  post hoc explanations for 
observed  p a t te rn s  in trophic s tructure  than  it can be to 
devise sound  theoretical underp inn ing .

W e propose  tha t b iogeochem ica l flu x es  are sp ea r­
h e a d e d  b y  k e y  taxa, p erh a p s ev en  'keys to n e  sp ec ies ' 
(sensu Bond 1993) w hose env iro n m en ta l adaptations, 
w h e th e r  through behavior, m orphology, physio logy , or 
life  history, are so strong  that th e y  d irect trophic re la ­
tions.  Some specific exam ples w ere  postu la ted  in the 
section on life histories and  m orphologies. We have 
a rg u e d  tha t dom inan t species in the  m arine  pelagia l 
at tain  their  status as m uch  by reduc ing  mortality due 
to p reda t ion  as by increasing  g row th  or reproductive  
rates. While it can still be instructive to ask  w he the r  
top -dow n or bottom -up forces reg u la te  com munity 
s tructure ,  because  the  regula tory  m echan ism s are  d is­
tinctly different, we sugges t  a n ew  synthetic  focus: 
‘H o w  does the p e la g ic  en v iro n m e n t se lec t for life h is to ­
ries, m orphologies, and  behaviors o f organism s under  
conditions w hen  food  availab ility  and  preda tion  both  
af fect  trophic interactions?' In our rush  to get into 
explana tory  modelling, p lanktologis ts  have t rodden  on 
the species an d  stuffed them  into trophic boxes, p y ra ­
mids or size fraction relationships. The underly ing  
assum ption  has been  that the ca tegories  comprise 
hom ogeneous  units. Recent work is lead ing  to d iffe ren­
tiation and  also to expansion  of our know ledge  of 
pelag ic  system s tructure  and  its shap ing  forces: pico- 
p lank ton  and  protozoa of the 1980s are  now  ex tended  
into viruses and  parasitoids. At the  sam e time, group- 
specific d ifferences in behavior  are  com ing to light that 
m ake  it necessary  to d iscriminate smaller constituents 
with in  the tidy boxes: com pare  Longhurst 's  (1991) box

m odel with that of Steele (1974). We now advocate 
opening the boxes, taking out the dom inant species and 
studying them  at their re levan t levels of selection 
(e.g. p reda to r  avoidance, life cycle strategy) and  not 
just growth  physiology (ICES 1994).

This proposal has implications for contem porary  
ocean  science, which is being increasingly focused on 
large-scale, interdisciplinary programs. Some of these 
are  des igned  to derive horizontal or vertical fluxes of 
e lem ents  which have an thropogenic  or geochem ical 
significance, e.g. the ca rbon-based  Joint Global Ocean  
Flux Study (JGOFS). O thers  concentra te  on es tab lish­
ing the l inkages be tw e en  p reda to r  and  prey, and  their 
relation to physics, in order to describe ecosystem 
function, e.g. Global O cean  Ecosystem Dynamics 
(GLOBEC). The pa ths  are  distinctly different,  yet the 
long-term  objectives are  identical: an  im proved m e c h ­
anistic unders tand ing  of ocean dynam ics and  the ab il­
ity to pred ic t future changes .  The inescapab le  conclu ­
sion from  the p re se n t analysis is tha t a ttem p ts  to 
id e n tify  the forces structuring  the m arine pelag ia l m u st  
be specifica lly  d es ig n ed  to address that guestion, i.e. 
organism -organism  and  organ ism -env ironm en t in te r ­
actions, and  n o t to m easure  carbon fluxes.  This is sim ­
ply because  adap ta tion  and  selection opera te  at the 
species level. But the connection be tw een  organism- 
and  e lem ent-driven  oceanography  is that the transfer 
of e lem ents  or ene rgy  th rough  the system depends  
upon trophic s tructure and  activity (Hairston & H air­
ston 1993): the composition of the biological pum p  
determ ines  its efficiency of operation. O ne  can no 
m ore predic t carbon fluxes w ithout a mechanistic  u n ­
ders tand ing  of ecosystem s tructure than  one can d e ­
convolve the m echanism s from flux m e asu rem en ts  
alone: flux estim ates cannot predic t w he the r  sardines 
vs anchovies, or herr ing  vs mackerel,  will dominate, 
but ev idence does  suggest  that species de term ine  
fluxes. A study could be envisioned w here  both 
approaches  are  applied  concurrently: thus, the th e r ­
m odynam ic constraints on the system (e.g. light field) 
could be derived from m easu rem en t  of total com m u­
nity metabolism  or th roughput.  The deviation of in situ 
instan taneous  rates from theoretical m axim a indicate 
the 'state' of the system and  would be necessary  to 
define the units in structural terms, i.e. how  m uch of 
the ene rgy  is d iverted  to deterren ts  or flight muscle 
and  how m uch to reproduction  of DNA supporting  liv­
ing plasma. Only by com bining the 2 approaches  will 
we ever unders tand  how pelagic  environm ents  select 
their inhabitants  and  how the inhabitants determ ine 
ene rgy  flow and  materia l fluxes.

Banse (1994) a rg u e d  insightfully tha t ‘in re g a rd  to 
m ore realistic m odeling  of food w ebs .. we are  short 
on explicit theory, not only for m arine and  freshwater  
systems, but also for ecology in g e n e ra l ’. He, too, p ro ­
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posed  that research  should focus on the biology of key 
species, but did not believe tha t scientists and  funding 
agencies  would support  endless autecological investi­
gations. The avenues  we suggest  here  are  not to 
concentra te  so m uch  on metabolic  assessm ents  or to 
search  for minutiae, which are  unlikely to differ much 
am ong  species, bu t  to identify critical aspects  of life 
history, morphology, or behavior. T hese  should be 
exam ined  in the context of rigorous testing of explicit 
hypotheses. For too long we have  shied from playing 
Pandora, that is, harness ing  courage to curiosity. By 
studying individual species in g rea te r  detail, we will 
be able to u nders tand  the shaping  forces of the abiotic 
environm ent on the one hand , and  biotic interactions, 
including competition and  predation , on the other, in 
answ ering  this question  we can truly in tegrate  ecolog­
ical concepts with predic tive models, and  m a k e  signif­
icant pu rchase  in our climb tow ard  unders tand ing  
pelagic  processes.

A ck n o w led g e m e n ts .  T he  m usings in this p a p e r  w e re  s t im u­
lated  into definable  form by invitations from P. LeB. Williams 
to p re sen t  opposing views in the  a rg u m e n t  over p redation  vs 
resource  limitation as s tructural edifices support ing  m arine  
p lank ton  communities, as pa r t  of a workshop  in N ovem ber 
1993 p lann ing  the  evolution of a n ew  resea rch  p rog ram  in the 
U.K., 'P lankton Reactivity in the M arine  E nvironm ent '  
(PRIME). Further  refined concepts  w e re  p re sen ted  at the 
ICES Symposium on Zooplankton Production convened  in 
Plymouth, England, in A ugus t  1994. We th an k  the PRIME and 
ICES steering  comm ittees for their support  and  e n co u ra g e ­
ment, especially the  late  J  C. Gam ble ,  and  R. P. Harris,  T 
Kiorboe, J. H. Steele, a n d  P. LeB. Williams. Travel support  was 
provided by the U.K. National E nvironm ent Research  Council  
an d  the U.S. National Science Foundation.  The  opportunity  to 
rum ina te  on these  ideas would  not have  b e en  possible w ith ­
out salary support  p rov ided  by U.S. DOE gran t  FG02- 
92ER61419, NSF g ran t  OCE-90-22318, an d  the Sk idaw ay  In ­
stitute of O ceanography .  N u m ero u s  colleagues p rom oted  this 
effort and  offered va luab le  advice  a n d  insights, including K. 
G. Banse, J. Dolan, W. Greve, N. G. Hairston Jr., R. Hopcroft,  
P. Kremer, J. Lenz, G .-A. Paffenhöfer, J. C. Roff, J. H. Steele, 
J. T Turner, a n d  2 anonym ous reviewers.  Ideas a re  of little 
use  if everyone  a g rees  with  them. This p a p e r  is offered in the 
h ope  that  imagination  and  kno w led g e  are  equal  par tners  in 
the pursuit  of und e rs tan d in g  m arine  pe lagic  ecosystems. This 
publication is no. 942 of the Alfred W eg en er  Institute for Polar 
a n d  M arine Research  and  no. 6 of PRIME.
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