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INTRODUCTION 

This work reviews patterning of plankton populations and comnunities by t h e i r  i n t e r -  
action with physical processes, w i t h  special reference to  eastern boundary regions and t h e i r  
capacity to  support early stages of engraulid f i sh  populations. 
mechanisms and ef fec ts  documented by case studies appropriate t o  a large range of scales and 
res ta tes  sane old hypotheses. 
only a general way. 
(cf Bakun and Parrish).  

digestive system and a n  imnediate need fo r  food. 
(Hunter, i n  press),  selecting a t  f i r s t  f o r  ra ther  spec i f ic  par t ic le  types from the wide 
variety of organisms and de t r i t u s  t ha t  i t  encounters. 
rounded plant c e l l s  or animals 20-120 mn in width which lack long spines (Ar thu r ,  1976; de 
Mendiola, 1974). On the average, even in upwelling zones, i t  i s  unlikely to encounter 
enough par t ic les  to meet i t s  metabolic needs (e.g., Lasker, e t  a l . ,  1970). This average, 
however, i s  known from methods t h a t  sample inappropriate voltnnes of water a t  inappropriate 
intervals.  The interval immediately appropriate t o  a larva i s  the volume i t  searches in a 
day, and the path i t  takes t o  search th i s  volume. These a re  as small as a l i t r e  and a few 
metres, respectively, as derived from Hunter's (1972) laboratory experiments, Smith's (1978) 
observations on plankton var iab i l i ty ,  and Vlymen's (1977) theoretical  treatment of food 
concentration geometry and larval f i sh  energetics. I t  i s  evident from work on inappropriately 
large intervals tha t  larval food must occur in patterns in space and time to  exceed concentra- 
tions larvae require, and tha t  systematic approaches need to  be taken t o  estimate the scale 
and degree of food patterning in the larval habitat  in areas and a t  times of spawning i f  
f ishery models a re  to  be r ea l i s t i ca l ly  expected t o  specify recruitment under any par t icu lar  
mea surabl e regime. 

There i s  a considerable body of evidence tha t  patchiness of plankton frequently and 
widely a r i s e s  from patterned circulation. Environmental circumstances under which such 
patterns a r i s e  a re  often ra-her unexceptional, and t h u s  may be more widespread than isolated 
case studies describe. 
patterning circulations,  which would be of inestimable value in forecasting yield of f i sh  
stocks as affected by patterning o f  t he i r  food supply. 
should a l so  enhance the accuracy of biological production models constructed f o r  populations 
a t  any position i n  the food neb. 

I t  describes patterning 

The l i t e r a t u r e  i s  extensive and is covered elsewhere in t h i s  volume 
Coastal upwelling and i t s  biological e f fec ts  a r e  treated in 

By the time i t s  yolk-sac i s  gone, a n  anchovy larva i s  a seeing animal with a functioning 
I t  feeds by the hunt-and-peck t a c t i c  

Favoured food par t ic les  a re  single,  

There i s  a l so  some promise of prediction o f  patterning and de- 

Accounting for  patterning o f  organisms 
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MESOSCALE PLANKTON PATTERNING AND OFFSHORE ENRICMENT BY EDDIES 

Eddies arise from flow instabil i ty,  uneven wind forcing and current deflection or  
separation a t  boundaries. 
graphically stationary ("trapped"). 
interaction w i t h  obstacles such as coastlines, islands and banks. 

extended by eddy processes i n t o  otherwise marginal habitats, either continuously or  ephemer- 
ally. The fate  and dilution rate of anthropogenic products (e.g. MacGregor. 1974) and their  
effect on island, coastal and oceanic populations are also in part  determined by eddy-like 
perturbations. Eddies also affect such local environmental conditions as temperature and 
n u t r i e n t  distribution i n  the water and cloud cover i n  the atmosphere. Genesis, maintenance 
and lysis of eddies are of particular interest because organisms and substances i n  t ransit  
becane differently distributed i n  space and time within and between eddies; concentrations 
of organisms and substances are locally maintained a t  higher levels and for longer periods, 
their  trajectories are markedly different, and plankton populations which would not otherwise 
interact a r e  juxtaposed. Eddies greatly amplify rates of transfer of materials (and energy) 
between nearshore upwelling zones characteristic of eastern boundary margins and pelagic 
regions well seaward of the continental shelf. Fronts t h a t  frequently bound upwelling zones 
cause slow subduction of surface waters i n t o  deeper, vertically stable strata of the offshore 
pycnocline. Eddy motion, whether the sm11-scale result of flow instability along the front 
o r  of mesoscale impingement from offshore, produces both surface and subsurface transport 
from upwelling zones. 

Satel l i te  imagery o f  thenal patterns a t  the sea surface off California indicate exten- 
sive seaward transport of cold water from upwelling zones by eddy motion. 
can be traced for several hundred km offshore across the mean flow of the Cal i fornia  Current 
(Bernstein et at., 1977). 

Cyclonic eddies larger t h a n  10 km i n  diameters and a week's duration may have a major 
role i n  sustaining the higher biological concentrations and p roduc t iv i ty  which a r e  charac- 
te r i s t ic  of the inshore 200 km of the California Current System (CCS). 
deform the density field. A cyclonic eddy o r  meander of sufficient size and intensity 
exhibits a detectable dane i n  surfaces of constant density t o  the depth where the eddy 
motion vanishes. Doming sianals t h a t  the thennocline layer, which marks a sharp increase i n  
water density with depth, has risen and displaced surface mixed-layer water. 
water i s  usually strioped of nutrients and often poor i n  phytoplankton as well. 
boundary regions, the thermocline i s  nutrient-laden and comparatively close to the sea 
surface. Elevation of the thermocline due to  cyclonic motion thus results i n  upward flux of 
nutrients into the photic zone, which supports growth of phytoplankton. 
of nutrients is sustained by upwelling (here meaning upward flow across density surfaces) i n  
and near the eddy centre and can be augmented by mixing and entrainnent due t o  shear flow 
across the thennocline layer of the eddy. 
fashion during s t o n  activity which i s  either long o r  severe enough t o  erode the dam, w i t h  
i t s  relatively exposed pa'te (e.g. Blackburn, 1966). 

The presence of a cyclonic eddy, however, does not assure photic layer enrichment. 
a case i s  provided by the transitory Hawaii Eddy phenanenon. 
displacenent (50-150 m) of the thermocline attributable t o  daning  (Patzert, 1969). nutrient- 
rich waters l i e  too deep fo r  enrichment of the photic zone to occur. 
300 m would have t o  be raised more than 200 m to reach t h e  bottan of the photic zone. 
(1955) consequently found no evidence for photic zone enrichmtnt that could be attributed t o  
the tiauaii eddies. Other significant biolooical processes a r e ,  however, evidently affected;  
Set* (1955) describes evidence for the effect o f  the eddies on local f i s h  populations. 

They may be imbedded i n  the surrounding flow ("free"),  or geo- 
Both free and t rapped eddies can arise from frictional 

Planktonic cmun i t i e s ,  as well as sane benthic and terrestrial  populations, can be 

Thermal plumes 

Baroclinic eddies 

The displaced 
In eastern 

The new availability 

Additional nutrients a r e  supplied i n  episodic 

Such 

Water d e e p e r  than about  
McGary 

Despite the large vertical 
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serve substances washed down from the boundary layer of the obstacle(s).  
short t r a n s i t  times t h u s  extend the ef fec t ive  area of the boundary layer. 
f i e ld  work w i t h  natural phytoplankton comnunities (recently,  Thomas e t  aZ., 1980; Estrada 
and Blasco, 1970) indicates tha t  phytoplankton populations respond d i f f e ren t i a l ly  t o  changes 
in n r t r i en t  f lux and can c rea te  new sequences of comnrnity position on time scales greater 
than a few days. Transit times around mesoscale eddies a re  longer, so tha t  new and d i s t in -  
guishable camunity compositions may a r i s e  a t  higher trophic levels as well as a t  the level 
of primary production. 
en t i a l ly  and rapidly c rea te  new c m u n i t y  sequences i n  t r ans i t .  
biological e f fec ts  o f  eddies seems warranted, fo r  example, to  determine whether eddy processes 
a f f ec t  production of food organisms tha t  support larvae and adults of the c m e r c i a l l y  and 
ecologically s ign i f icant  anchovy, ,Fngrautis mordar. 
on boundary layer extension, community structure,  productivity and concentration of small 
plankton; a l l  important fac tors  in determining survival of the large numbers of anchovy 
spawned i n  such regions (Lasker, 1975; Smith, 1978). 

I f  an eddy i s  stationary,  e.g. topographically trapped, i t  can co l lec t  and loca l ly  con- 
Small eddies with 
Laboratory and 

Thus  seed populations i n  large trapped eddies can respond d i f f e r -  
Close examination of 

This may occur through e f f ec t s  of eddies 

Eddy genesis 

In the v ic in i ty  of the island, bank and coastl ine systems, combinations of wind, current 
and topographic e f f ec t s  must be invoked to  explain patterns of circulation (Pavlova, 1966; 
Ar thu r ,  1965; Reid, 1965). The var iab i l i ty  of flow impinging on obstacles couples w i t h  
local topography t o  create or  suppress eddy and front patterns: 
s ign i f icant  control upstream by determining the impinging flow in tens i ty  and direction, and 
locally by augmenting or  cancelling the topographic perturbations of water flow. 
wind patterns a r e  in t u r n  affected by islands and coastl ines.  I t  is easy t o  understand why 
no theoretical treatment of flow consistently accounts f o r  observed current patterns down- 
stream of the islands,  banks and coastl ines of eastern ocean boundaries. 

t ions,  derived from wind patterns off the west coast of North America. 
shown which a re  consistent w i t h  equatorward transport of the California Current, onshore 
transport south of  the Southern California B i g h t ,  and nearshore poleward transport of the 
Southern California Countercurrent. These are elements of the Southern California Eddy, 
although Nelson's averaging scale i s  too large t o  resolve th i s  eddy directly.  On smaller 
scales,  case studies (e.g. SI0 1962; 
can create eddy circulations.  

Bight during northwest wind conditions (U.S. Dept. of In te r ior ,  1978) may exhibit  a two-jet 
system, consistent w i t h  wind retardation by the northern Channel Islands of a single j e t  
impinging fran the north. 
coast fran Apr i l  through h g u s t  (Reid  e t  oZ., 1958; Alan Hancock Foundation, 1965). I t s  
role i n  eddy genesis i s  unassessed a; ye t ,  althcugh jet-like winds impart s t r e s s  transport 
tha t  would favour formation of small-scale mesoscale eddies. 

ance of von Kbm-n vortex wakes, have become well documented i n  recent years. 
(1972) oceanographic study of Johnston Ato l l ' s  wake is  the def in i t ive  example of vortex 
shedding of water5yan island. As Barkley s t a t e s ,  increasing reports of atmospheric marine 
e f fec ts  a r e  due t o  "... a special canbination o f  circumstances: the w i n d .  an obstacle, the 
r igh t  k i n d  and quantity of cloud cover a t  the proper leve l ,  and a s a t e l l i t e  overhead taking 
pictures; a l l  must be present." Vortex wakes and other types of eddy patterns due to  
bcundaries a r e  a p t  t o  be cotnwn in ocean and atmosphere. Berger and Willie (1972) and 
Chopra (19731 review these phenanena and their dynamics. O f  obstacles i n  the CCS, only 
I s l a  Cuadalupe receives directmention, b u t  Chopra a l so  reports e f f ec t s  of both smaller and 
larger islands elsewhere which show tha t  obstacles of v i r tua l ly  any s ize  may produce 
systematic flow deviations. Boundaries and d i r ec t  wind ef fec ts  a r e  not prerequisit ies for  

Wind patterns exercise 

Local-scale 

Large-scale eddy genesis by wind i s  indicated i n  Nelson's (1977) water transport calcula- 
Flow directions a re  

Patzert ,  1970) have shown tha t  uneven wind d i s t r ibu t ions  

The d is t r ibu t ion  of wind speed and direction over the region of the Southern California 

A hiah-wind zone i s  charac te r i s t ic  about 200 km off the California 

Reports o f  atmospheric and oceanic eddy systems due to  islands often taking the appear- 
Barkley's 
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eddy formation. I n s t a b i l i t y  of f low can develop from cu r ren t  j e t s  and convergences (e.g. 
Barkley, 1968) and eddies are c m o n p l a c e  i n  the open sea (Bernste in  & White 1974). Uda and 
I sh ino  (1958) have i d e n t i f i e d  pa t te rns  o f  enrichment r e s u l t i n g  f r a n  f r e e  eddy systems o f f  
Japan. 
Areas o f  h igh  concentrat ions o f  camnerc ia l ly  and e c o l o g i c a l l y  important f i s h ,  squid, whales, 
plankton and benth ic  fauna were found t o  co inc ide w i t h  areas o f  h igh  eddy a c t i v i t y ,  both 
near t o  and f a r  f r a n  land boundaries. Uda and I sh ino  d i s t i ngu ished  between topographical 
and dynamic eddy systems and i d e n t i f i e d  eddies affected both by topography and c u r r e n t  c o l l i -  
s i on  (dynamic). 
sensing o f  sea temperature pa t te rns  shows p a r t i c u l a r  promise (Bernste in  et ut. , 1977), 
a l t h w g h  s t r a t u s  clouds f requen t l y  obscure the sea surface i n  eastern boundary regions. Even 
i n  c loud- f ree periods, atmospheric path absorpt ion effects need t o  be subtracted fran sea- 
surface radiance pa t te rns  before s a t e l l i t e  s tud ies of eddies can proceed beyond q u a l i t a t i v e  
detect  i on. 

The eddies a re  comparable i n  sca le t o  those o f f  the C a l i f o r n i a s  and Costa Rica. 

Detect ion o f  eddies and t h e i r  formation, pers is tence and decay by s a t e l l i t e  

Ba roc l i n i c  eddy incidence and s i ze  

The geost rophic  method has been shown t o  apply i n  p a r t i c u l a r  t o  represent ing eddy f l o w  
a t  mid- la t i tudes.  B a r o c l i n i c  representat ion o f  an i s o l a t e d  eddy o f  about 80 km diameter i n  
the CCS corresponded w e l l  w i t h  d r o m e  t r a j e c t o r i e s  (Reid et ut .  , 1963). This study demon- 
s t ra ted coherence of the v e l o c i t y  and mass f i e l d s  and so confirmed the adequacy o f  the baro- 
c l i n i c  mode f o r  representing eddy f l o w  on the mesoscale and fo r  i d e n t i f y i n g  smal ler  eddies 
as wel l .  Reid e t  ut. pointed out, perhaps as a caut ionary note, t h a t  the p a r t i c u l a r  eddy 
they described would have "sl ipDed through the mesh of the L-CalCOFI 7 s t a t i o n  g r i d "  used f o r  
geostrophic d e s c r i p t i o n  i f  i t  were n o t  f o r  a hydrographic s t a t i o n  adaed t o  the g r i d  i n  res-  
ponse t o  the  d iscovery o f  the eddy by drogue work. 
o f  eddy d e t e c t i o n  by the geostrophic method, as sh ip surveys cannot be conducted cont inuously ,  
nor sample a l l  appropr ia te scales. 

Eddies i n  the C a l i f o r n i a  Current System, as defined by one o r  more closed s t reaml ines o f  
b a r o c l i n i c  f low, have been enumerated fran the char ts  of W y l l i e  (1966) by season i n  f o u r  s i ze  
classes and f o u r  sectors o f f  the Ca l i f o rn ias .  I chose the  sectors t o  represent segnents o f  
roughly equal area o f f  the coas t l i ne  between San Francisco Bay (38O N), Pt .  Conception (35O N ) ,  
Cabo Co lne t t  (31°  N),  P ta .  Eugenia ( 2 8 O  N )  and Bahia Magdalena (250 N). 
covered, i n  p a r t  o r  t o t a l l y ,  by 112 CalCOFI survey per iods fm 1949-1965. Separate counts 
were made o f  cyc lon i c  and a n t i c y c l o n i c  eddies because o f  t h e i r  presumably d i f f e r e n t  b i o l o g i c a l  
e f f e c t s  and modes o f  genesis. As a ma t te r  o f  convenience, eddy incidence i s  expressed as the 
mean number occurr ing i n  ten years although the record used was 16 years i n  durat ion.  Mean 
ten-year eddy incidences, corrected f o r  gaps i n  coverage, a r e  shown i n  Table 1 (fran Owen, 
1980). 
eddies o f  t h i s  s i ze  range obv ious ly  were missed by the CalCOFI survey t im ing  and ? r i d  and 
because i n t e r v a l  waves can create images o f  small eddies: Larger eddies a l s o  were missed 
when survey frequency was reduced. 

Table 1 sumnarizes eddy incidence i n  four regions o f  the CCS and shows that eddies o f  
a l l  s izes detectable fran the CalCOFI g r i d  usua l l y  a r e  present throughout the  reg ion  o f f  the 
Cal i forn ias.  Eddy incidence danonstrated no obvious seasonal v a r i a t i o n  excegt perhaps i n  
the southemnost sector. Large eddies a re  r a r e r  than small eddies i n  the Baja C a l i f o r n i a  
sectors, but  o f f  C a l i f o r n i a  eddies l a r g e r  than 200 km occur more o f t e n  than those o f  100-200 
km diameter. I n  a l l  areas and seasons, eddies smal ler  than 100 km o c a i r  most f requent ly .  
I n  the sec to r  con ta in ing  the Southern C a l i f o r n i a  Bight, eddy incidence i s  daninated by the 
consis tent  ( b u t  n o t  constant) presence o f  the Southern C a l i f o r n i a  Eddy. 
i s  a corresponding pauci ty  both o f  l a rge  an t i cyc lon i c  eddies and o f  small cyc lon i c  eddies. 
The high incidence o f  small a n t i c y c l o n i c  eddies i n  t h i s  sector, 
adjacent sectors, ind icates t h a t  the small eddies could have de r i ved  fran l a r g e r  and pre- 
daninant ly  cyc lon i c  eddies. perhaps as a r e s u l t  o f  f l o w  i n s t a b i l i t i e s .  Tine dominance o f  
cyc lon ic  Over an t i cyc lon i c  eddies i s  seen i n  Table 1 t o  %cur progress ive ly  w i t h  increas ing 
oddy s ize j n  each o f  the farr sectors  and i n  a l l  f o u r  seasons. 

This i l l u s t r a t e s  the general l i m i t a t i o n s  

The sectors  were 

The est imat ions o f  incidence o f  20-100 km eddies a r e  the l e a s t  accur3te because some 

I n  t h i s  sec to r  t he re  

as w e l l  as of t he  two 
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20-100 

a 

Table 1. Mean 10-year i nc idence  of eddies by size, type, area and 

coast  t o  300 n. m i .  o f f s h o r e  
season i n  t h e  C a l i f o r n i a  Current  System, 1949-1965, 

A1 1 %C= 
C 

101-150 151-200 >ZOO s i zes  
100 - c a  c a  C a c r a  ZC a+c 

Eddy d i m  (km) 
Eddy type* 
Sec tor/Season** 

Winter 
Spr ing 

35-3801 % m e r  
F a l l  
Annua 1 
%C 

0.4 0.4 
2.8 0.9 
3.6 2.3 
0.6 1.0 
7.4 4.6 

38.3 

5.0 2.0 
3.7 2.3 

Winter 
Spring 

3 1 - 3 5 3  Summer 
F a l l  
Annual 
%C 

0.4 1.7 0 1.9 
1.3 1.3 0.9 0.3 
0.9 1.9 0.9 0.9 
2.7 3.3 0 2.9 
5.3 8.2 1.8 6.0 

60.7 76.9 

1.0 1.1 1.0 3.7 
0.2 1.3 0.9 2.6 

Winter 
Spring 

28-31ON Sumner 
F a l l  
Annia l  
ZC 

2.4 3.7 
0 1.8 
0 2.0 

3.0 10.2 
77.3 

0 7.2 
0 6.4 

0.6 -2.7 

Winter 
Spring 

25-280N Sumner 
F a l l  
Annual 
%c 

3.2 7.7 
5.0 4.3 
5.4 7.0 

17.5 29.0 
3.9 10.0 

62.3 

7.0 13.9 
4.9 12.7 

A l l  areas 
25-380~ 

%c 

3.1 0.6 
1.6 0.5 

9 3 .- 7 

1.4 1.7 2.0 2.2 
1.6 1.3 0.3 1.0 
6.2 5.8 4.4 4.3 

;:; ;j; 3:3 6 9 
45.5 51.1 

0 2.0 

86.3 85.7 

0 3.8 
1.0 6.3 0.9 5 . 4  

0.3 9.2 6.7 13.6 
0 7.3 4.6 11.9 

69.2 

47.8 25.9 
35.1 

~~~ 

2.1 0.7 I 0.4 0.4 1.1 0 
4.1 1.5 2.8 2.4 1 1.0 1.1 

21.2 27.3 9.1 23.9 7.5 50.2 85.6 127.3 
56.3 72.4 87.0 59.8 

23.2 I 48.3 1 49.4 

1.1 1.4 0.7 1.0 0 0.7 
3.2 0 1 1.8 0.5 1 0.7 0.9 
4.0 2.2 1.8 2.1 0.3 2.7 

1.5 1.2 
0.4 1.6 
1.4 0.6 

0 1.1 
3.3 4.5 

57.7 

0.3 0.3 
0.3 0.3 
0.3 1.0 

5.6 15.2 

58.5 

+a = a n t i c y c l o n i c  
c = cyc lon i c  

**Winter = Jamary, February, March 
S D r i  ng = Apr i  1, May, June 
Sumner = July, August, September 
F a l l  = October, November, December 
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Eddy c h a r a c t e r i s t i c s  

The Southern Ca l i f o rn ia  (SC) Eddy i s  the most resolvable o f  the eddies i n  t h e  C a l i f o r n i a  

Examples o f  f ree eddies a t  l e a s t  as l a rge  and in tense as the SC Eddy have been 

Current System by v i r t u e  of i t s  l a r g e  scale and degree of permanence, which u s u a l l y  exceeds 
the threshold f o r  de tec t i on  of both the sampling g r i d  mesh and frequency o f  CalCOFI survey 
observations. 
detected i n  the main flow o f  the Ca l i f o rn ia  Current (e.g. Wyl l ie ,  1366). b u t  have n o t  been 
measured i n  d e t a i l  because o f  t h e i r  t r a n s i t o r y  character. 

f l ow  d i ve rg ing  o f f  t he  coast near P t .  Conception a t  about 35' N (Hickey, 1979) and extending 
southward beyond the  Cortez-Tanner bank system and i s  sanetimes demonstrated by j e t - l i k e  
f low imbedded i n  the C a l i f o r n i a  Current (Wy l l i e ,  1966). 
f l ow  between 30°-32' N, l i k e l y  a r e s u l t  o f  wind-dr iven t ranspor t  (Nelson, 1977). 

The nearshore l imb  i s  def ined by the northward f l ow  along the B i g h t  coast o f  the SC 
Countercurrent (Tsuchiya. 1980) which can d iverge o f f sho re  a t  P t .  Conception, continue nor th-  
ward along the coast, o r  e p i s o d i c a l l y  disappear. 
extent  and c i r c u l a t i o n  s t reng th  and may occasional ly  disappear e n t i r e l y ,  f o r  example, a t  the 
peak anchovy spawning pe r iod  i n  March-April, perhaps even f l u s h i n g  the SC B i g h t  un less re- 
placed by smal ler ,  t r a n s i t o r y  eddies (Owen, 1980). 

I t  i s  o f  i n t e r e s t  t o  canpare SC Eddy c h a r a c t e r i s t i c s  w i t h  those o f  l a r g e  cyc lon i c  eddies 
elsewhere i n  the  P a c i f i c ,  p a r t i c u l a r l y  one which has been inves t i ga ted  more i n tens i ve l y .  The 
best example o f  b a r o c l i n i c  doming and eddy upwel l ing e f f e c t s  i s  provided by s tud ies o f  the 
Costa Rica Dane, produced by a major de f l ec t i on  t o  the n o r t h  and east  o f  the North Equator ia l  
Countercurrent as i t  impinges from the  west on the American Continent (Wyrtki,  1964). The 
Dane i s  l oca ted  i n  the b i g h t  o f  t h i s  d e f l e c t i o n  i n  a reg ion where n u t r i e n t s  and thennocl ine 
both a re  c lose t o  the pho t i c  depth (Brandhorst, 1958; Thanas, 1970; Owen and Zei tzschel ,  
1970a). 
s t r a t e  n u t r i e n t  enrichment e f f e c t s  (Brzndhorst, 1958; Broenkow, 1965; Thomas, 1970. 1977) 
and t o  de tec t  elevated stocks o f  phytoplankton, zooplankton and small nekton (Blackburn e t  
a l . ,  1970, Owen and Zei tzschel ,  1970b). 

Dimensions o f  several we l l - s tud ied  P a c i f i c  eddies and order  o f  magnitude estimates o f  
t h e i r  mean v e r t i c a l  v e l o c i t y  and volume t ranspor t  are canpared i n  Table 2 ( f rom Owen, 1980). 
Despite the va ry ing  eddy sizes, i n t e n s i t i e s  and v e r t i c a l  v e l o c i t i e s ,  v e r t i c a l  t ranspor t  by 
upwel l ing i s  o f  the same order  o f  magnitude i n  the SC Eddy, Hawaii Eddy, Costa Rica Dane and 
i n  a segment o f  the coastal upwe l l i ng  danain 200 km i n  l eng th  (about the same d is tance along 
the C a l i f o r n i a  coast u s u a l l y  occupied by the SC Eddy). 
and p h o t i c  depths, n u t r i e n t s  a re  r e a d i l y  a v a i l a b l e  f o r  t r a n s f e r  up through the pho t i c  zone i n  
a l l  eddies considered except o f f  Hawaii. Thus, the degree o f  enrichment and subsequent pro- 
d u c t i v i t y  o f  the SC Eddy i s  comparable t o  t h a t  o f  o the r  major eddy systems. 
appears on l y  s l i g h t l y  l ess  e f f e c t i v e  i n  t o t a l  t ranspor t  o f  n u t r i e n t s  i n t o  the pho t i c  zone than 
upwel l ing along a canparable segment o f  the C a l i f o r n i a  coast l ine.  As noted above, the SC Eddy 
receives coasta l  upwe l l i ng  products fran the nearshore B igh t  as w e l l  as from Pt. Conception 
and north. although any b i o l o g i c a l  consequences a re  on ly  poo r l y  understood f r a n  r a t h e r  few and 
i ncanplete studies. 

The SC Eddy i s  a composite f l ow  pat tern.  The o f f sho re  l imb  o f  the Eddy i s  formed by 

The lower l imb  occurs as onshore 

The SC Eddy i s  q u i t c  v a r i a b l e  i n  i t s  

I t s  phys ica l  c h a r a c t e r i s t i c s  denote a trapped, cyc lon i c  eddy l a r g e  encugh t o  denon- 

As may be seen from ambient n u t r i c l i n e  

The SC Eddy 

SC Eddy e f f e c t s  

Curing the t i m e  o f  t he  spr ing phytoplankton bloan and peak spawning o f  the nor thern 
anchovy ( Z r z Z G  TZ&=). the SC Eddy may p e r i o d i c a l l y  disappear f o r  a month o r  more, f l ush -  
ing away the  surface Maters o f  the SC B i g h t .  f l u s h i n g  i s  ep i sod ic  i n  character. most frequent 
i n  A p r f l  ( 3  of 13 cases). The b a r o c l i n i c  representat ion o f  the eddy may a l so  "d isso lve"  t o  
such extent  as t 3  b e c a e  an i n d e t e n i n a t e  f i e l d  o f  f low. Such d i s s o l u t i o n  apparent ly  o f t e n  
occurs i n  the same season as f l u s h i n g  (again, 3 rJf 13 A o r i l  cases). 
the absence o f  the surface countercurrent. 
May, a aer icd when the i n t e n s i f i e d  Ca l i f o rn ia  h u n t  overr ides the coasta l  countercurrent, 
t o  paracnrase Uy l7 ie  (1966). This pa t te rn  o f  events i s  corroborated Sy indeoendent conclu- 
sions fmm d r i f t  b o t t l e  release-and-return s t a t i s t i c s  (Schwartzlose, 1962; 

The eddy can p e r s i s t  i n  
7he countercurrent  t y p i c a l l y  disappears i n  A o r i l -  

Swim, 1977). 
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Table 2. Parameters o f  Pac i f i c  eddies and Ca l i fo rn ia  coastal upwel l ing 

E f fec t i ve  obstacle 
diameter (km) 

Eddy t Y  pe 

h b i e n t *  o r  incidenl 
f low (an/sec) 

Eddy f low (an/sec) 
a t  1/2 radius 

Radius (km) 

Decay t i m e  (dy t o  

Ver t i ca l  ve loc i ty  

Upwelling volume 

Pycnocl i ne 

( ambient 

V e )  

( d d Y )  

( m3/dY 1 

elevat ion 
ambient-dome 1 

Ambient* photic 

Ambient* nutri- 

depth (m) 

c l i n e  depth (m) 

Southern 
:a 1 i f o r n i  a 

Eddy' 

200 

trapped 

20 

30 

100 

1 00 

0.3 

10'0 

0.3-0.5 

60 

30-70 

Johnson 
A t o l l '  

26 

f ree 
vortex 
s t ree t  

60 

80 

30 

16 

- 

- 

- 

100 

75 

Hawaii 
Eddy' 

100 (wind) 
100 (current)  

ephemeral 
wind- 
forced 

30 

50 

65 

>65 

'.a( i n i t i a l )  

10'O 

0.4 

100 

3 00 

Costa 
R i  ca 
Dane* 

- 

trapped 

55 

- 40 

200 

- 

0.1 

- 

0.7 

70 

40 

- 
Small 
c cs 
Eddy' - 

free 

20 

20 

40 

>14 

- 

0.1 

70 

40 - 

Calf forn ia  
Coastal , 
U pwel 1 i ng6 

200 (length** 

(edge eddies 
occur) 

20 

- 
- 

14 

1 .o 

101 o** 

0.4-0.6 

60 

20-60 

Sarrces: ' McEwen, 1948; Wyll ie, 1966; U y l l i e  and Lynn, 1971; Owen, 1974 
Barkley, 1972; Frederick, 1970 

' Patzert, 1970; McGary, 1955; Frederick, 1970 
' Wyrtki, 1964; Broenkow, 1965; Bennett, 1963; Owen and Zeitzschel. 1970a 

Reid e t  Q S . ,  1963; Own & Sanchez, 1974 
Bakun, 1973; Walsh e t  sZ., 1974; McEwen, 1948; Wyl l ie and Lynn, 1971; 
Sverdrup and Fleming, 1941; Owen and Sanchez, 1974 

* "ambient" re fe rs  t o  condi t ion i n  absence o f  phenomenon. 
* 200 km coastal s t r i p  50 km wide f o r  canparison w i th  SC Eddy 



IOC Workshop Kepon no. 28 
page 175 

Spa t ia l  v a r i a t i o n  o f  cannunity s t r u c t u r e  and of populat ion d e n s i t i e s  are e v i d e n t l y  
affected by the SC Eddy. 
where such streamlines a re  closed, as i n  the SC Eddy, successive c a m u n i t i e s  a r e  i n e v i t a b l y  
juxtaposed. This i s  apparent fran the observations o f  A l l e n  (1945) and Sargeant and Walker 
(1948) showing t h a t  systematic changes occur i n  t ime and space fran diatom species ensembles 
( c h a r a c t e r i s t i c  o f  h igh  n u t r i e n t  i n j e c t i o n  by recent  coasta l  u p v e l l i n g )  t o  d i n o f l a g e l l a t e  
ensembles ( c h a r a c t e r i s t i c  o f  lower n u t r i e n t  i n j e c t i o n  i n t o  o lde r  surface-layer waters). 
These ensembles were subsequently s p a t i a l l y  juxtaposed i n t o  what may prove t o  be a character-  
i s t i c  s t a t e  due t o  the Eddy. This e f f e c t f v e l y  demonstrates (perhaps more crudely  than 
a c t u a l l y  occurs) the c rea t i on  o f  c a m u n i t y  patchiness by s t i r r i n g ,  as def ined by Ecka r t  

Changes i n  c m n i t y  canposi t ion take place along f l ow  streamlines: 

(1948). 

Patterns o f  h igh phytoplankton concentrat ion which corresponds w i t h  t h a t  o f  the SC Eddy 
a re  shown by Owen (1974) and by Owen and Sanchez (1974) i n  terms o f  surface and depth- 
i n teg ra ted  c h l  orophyl 1 These concentrat ion pa t te rns  correspond spa t ia  1 1 y 
w i t h  pat terns o f  h igher  surface l a y e r  and m i g r a t i n g  n u t r i e n t  concentrat ions o f  Thanas and 
Se ibe r t  (1974) and w i t h  h igher  zooplankton concentrat ions i n  Spring 1969 (Smith, 1974) when 
the  Eddy was f u l l y  developed. Together w i t h  the  evidence f o r  pers is tence o f  the SC Eddy, 
these s tud ies i n d i c a t e  t h a t  the observations o f  A l l e n  and o f  Sargent and Walker a re  charac- 
t e r i s t i c  ( r a t h e r  than episodic)  over the SC B igh t .  
the Eddy are too sparse t o  demonstrate an enrichment e f f e c t .  
measurements (Owen. 1974, p. 98) showed primary product ion t o  be about s i x  times g rea te r  
w i t h i n  the Eddy than w t s i d e  it. 

E f f e c t s  o f  n u t r i e n t  washdown i n t o  the SC Eddy are n o t  l i k e l y  confined t o  on l y  the phyto- 
plankton bu t  c e r t a i n l y  i nvo l ve  zooplankton and nekton as w e l l .  
concentrat ions o f  copepod n a u p l i i  o f f  t he  SC B igh t  a t  distances corresponding t o  the o f f sho re  
l imb  o f  the SC Eddy. 
fran upwel l ing zones no r th  o f  P t .  Conception. 
enhanced reproduct ion by copepods, a response t o  t h e i r  increased food supply. 

F r m  plankton surveys over the 1941 spawning season o f  one populat ion o f  the C a l i f o r n i a  
sardine (smdinops c a m l e a ) ,  
l a r vae  appeared t o  have been concentrated i n  an area corresponding c l o s e l y  t o  t h a t  o f  the SC 
Eddy and i t s  c h a r a c t e r i s t i c  elevated diatom dens i t i es  (A l len,  1945; 
1948). This s t r i k i n g  l o c a l  correspondence suggests the s u s c e p t i b i l i t y  and poss ib le  s e n s i t i -  
v i t y  o f  the sardine stock t o  the Eddy. 
spawning and i t  i s  probable t h a t  cond i t i ons  beyond the  SC 8 i g h t  may a l s o  have supported 
spawning areas. 

Since the change f r a n  dominance o f  the C a l i f o r n i a  sardine stocks t o  no r the rn  anchovy 
( E n p i u l - i s  mnoldaz). the CalCOFI p lankton surveys have covered the spawning t i m e  and area o f  
the anchovy. These have revealed (Smith, 1978) t h a t  the reg ion i n c l u s i v e  o f  the SC Eddy, 
canpr is ing abar t  12% o f  t he  spaw ing  area o f  the anchovy's cen t ra l  subpopulation, contained 
48% o f  t h e i r  larvae on the  average (1951-1975) and s ince 1966. 64%. 

Berner !1959). i n  h i s  study of food o f  anchovy larvae, noted t h a t  areas where l a rvae  
were fa rnd  t o  be a c t i v e l y  feeding corresponded t o  those o f  the copepod n a u p l i i  mimm as 
described by Arthur (1956). Canparison o f  areas o f  a c t i v e  l a r v a l  feeding i n  the SC B ight ,  
with corresponding char ts  o f  b a r o c l i n i c  f l o w  ('Wyllie, 1966, pp. 76, 79 and 82) show t h a t  the 
area o f  feeding larvae corresponded w i t h  the  inshore l imb o f  the SC Eddy, although Arthur 
(1977) subsequently showed t h a t  maxinun concentrat ion zones o f  copepod n a u p l i i  co inc ided 
w i t h  the SC Eddy ax i s  o r  i t s  o f f sho re  limb. 

among the l a r g e r  zooplankton o f  the SC Bight .  
upMT l ing  regimes as a reproduct ive refuge fo r  a n  i d e n t i f i a b l e  Dopulat ion o f  the species. 

concentrat ions. 

Primary product ion measurements w i t h i n  
A s i n g l e  t ransec t  o f  such 

O b v i w s l y  more observations a r e  needed. 

A r thu r  (1977) found maxirmm 

The maxirmm zone was associated w i t h  co lde r  water, probably en t ra ined  
The pa t te rn  suggests t h a t  n u t r i e n t  washdown 

Set te  and Ahlstrom (1948) determined t h a t  t h e i r  eggs and 

Sargent and Walker, 

The surveys d i d  n o t  cover the e n t i r e  range o f  

Brlnton (1976) s b d i e d  the p o w l a t i o n  b io logy  o f  3.qfixzda -e i -%a, a dominant species 
He i d e n t i f i e d  the SC Eddy and i t s  associated 
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( u s u a l l y  l a r v a l )  depends on t h e i r  d e p o s i t i o n  a t  t h e  end o f  t h e  p lank ton ic  stage i n  waters 
shoal enough t o  permi t  s u r v i v a l  on the  sea b0t t .m.  
d iverges frcm the  coast, such populat ions depend on eddies and meanders i n  the  mean f l o w  t o  
r e t u r n  a s u f f i c i e n t  number of t h e i r  rneroplankton t o  app rop r ia te  hab i ta t .  Examples o f  t h i s  
dependency i nc lude  populat ions o f  the sp iny l obs te r ,  Panulirus i n t e m p t u s  (Johnson, 1960) 
and t h e  r e d  crab, PZatronccdes planipes  (Longhurst, 1%8). 
pe r iods  as p lankton i n  t h e i r  e a r l y  l i f e  h i s t o r y ,  y e t  ma in ta in  s t a t i o n a r y  and l o c a l i z e d  centers  
o f  the a d u l t  populat ions.  

Populat ion pers is tence i n  ben th i c -dwe l l i ng  organisms w i t h  p lank ton ic  l i f e - h i s t o r y  stages 

O f f  the C a l i f o r n i a s ,  where f l o w  f r e q u e n t l y  

Both organisms spend extend 
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PATTERNING BY FRONTS 

Within and between eddy systems. d iscont inu i t ies  known as "ocean f ron ts "  occur which 
provide i den t i f i ab le  s i tes  f o r  smaller scale and more spec i f i c  b io log ica l  a c t i v i t y  o f  l i k e l y  
s igni f icance t o  l a rva l  and adul t  fishes. Ocean f ron ts  are l i n e  zones o f  l a t e r a l l y  conver- 
gent f l o w  tha t  in tens i fy  ve r t i ca l  water motion. They occur s ingly o r  i n  series. Patterning 
o f  b io log ica l  substances can occur mechanically, e.g., concentrating or  dispersing organisms 
tha t  move v e r t i c a l l y  through advection o r  convection. 
mechanisms: local  nu t r ien t  enrichment and behavjoural propert ies account a t  leas t  qua l i ta -  
t i v e l y  f o r  local ized responses t o  f ron ts  by organisms including sane types o f  phytoplankton, 
zooplankton, f ishes, sea snakes, b i r d  and whales. 

compared t o  patterns impressed by eddies. A basic and a t t rac t i ve  tenet i s  t ha t  ve r t i ca l  
displacements have greater ecological e f fec ts  than s im i la r  horizontal displacements because 
environnental gradients o f  l i g h t ,  pressure, temperature, s a l i n i t y ,  oxygen and nu t r ien ts  are 
by f a r  the steepest i n  the ve r t i ca l  dimension. Vert ical  motion i n  f ron ts  i s  of ten vigorous 
and h igh ly  local ized, whereas tha t  i n  eddies i s  slower and spread over much la rger  areas. 
For t h i s  reason, coherent horizontal gradients o f  temperature, s a l i n i t y  and food supply are 
correspondingly sharper across convergent flows than across eddies. 
log ica l  e f fec ts  occur on accordingly disparate scales. 

range la te ra l1  
permanence. d e  smallest-scale f ron ts  are by no means ecological ly i ns ign i f i can t  since 
they may extend ( i n  diverse patterns) over large ocean areas. 

Patterning also occurs by i n d i r c z t  

Scales o f  var ia t ion  o f  plankton tend t o  be much smaller i n  the presence o f  f ron ts  as 

Their respective bio- 

Scales on which ocean f ron ts  have been observed t o  occur and t o  pattern organisms 
from 1 m - 105 m, pers is t ing  (depending on size) f r o m  hours t o  v i r t u a l  

&nard and Langmuir Fronts 

The smallest coherent f ron ta l  pattsrns tha t  have been noted t o  co l l ec t  organisms i n  
the open sea were a t t r ibu tab le  t o  the Eenard mechanism. ETnard c i r cu la t i on  occurs when 
cooling and s a l t  gain through evaporation make surface water rap id ly  more dense: t heno-  
hal ine c i r cu la t i on  ce l l s  form a honeycomb pattern o f  surface convergences as the denser 
water exchanges with the less sa l ine  and wanner subsurface water. The resu l t ing  honeycanb 
pattern i s  eas i l y  defonned by wind o r  subsurface shear t o  form a series o f  small elongate, 
para1 le1  fronts . 

metre i n  depth, extended v i s i b l y  f o r  more than 30 m i n  unbroken length and were spaced a t  
in te rva ls  o f  about 1.5 m. The patterns persisted i n  the absence o f  wind f o r  a t  leas t  two 
days. Taken singularly, such "micro-fronts" would have l i t t l e  ecological impact. However. 
t h i s  pa r t i cu la r  f ron ta l  system observed by Owen (1966) extended over several hundred k d .  
Such fine-scale patterns can produce widespread a l te ra t i on  o f  concentration patterns and, 
presumably, concentration-dependent b io log ica l  processes. I n  t h i s  instance, the surface 
convergences were marked by red bands less than 10 an wide tha t  consisted o f  upward swim- 
ming oikopleurans tha t  had been h igh ly  concentrated i n  the upper 5 an o f  the convergence 
planes. Their s t i l l - w a t e r  swinming speed o f  about 0.2 cm/sec was used t o  se t  an upper 
l i m i t  on dawnwelling water speed i n  the convergence planes. 

Under freshening and sustained winds, convergence systems o f  the be t te r  knpn.and 
(usually) la rger  scale Langarrir c i r cu la t i on  e i the r  develop i n t o  patterns l i k e  Benard c e l l s  
or create t h e i r  own patterns, detectable as pa ra l l e l  windrows. 
the w i n d  axis and are of ten marked by assemblages o f  f i oa t i ng  organisms o r  substances. 
These are swept by convergent surface f l o w  t o  the f ron ta l  zones. 
buoyant materials i s  v i r t u a l l y  lo02 under steady winds o f  constant direct ion.  Surface 
convergences can becane strong enough on occasion t 3  submerge even h igh ly  buoyant 

SurFace convergences o f  t h i s  sor t  reported by Owen (1966) penetrated t o  less than a 

These windrats l i e  along 

Trapping e f f i c iency  Of 
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Sargassum weed, requiring a downwelling circulation of 5-7 cm/sec (Woodcock, 1950). 
Organic films on the sea surface a re  a l so  rapidly collected along such convergences t o  
give windrows t h e i r  most c m o n  streaked appearance. Under lower winds, collected o i l s  
dampen capillary waves to  give the windrows the appearance of parallel  s l icks .  
wind speeds the organics can be partly frothed and convergences appear as foam lines. 

wind speed. Spacings between convergence lines from several metres t o  over 100 m a r e  
typical,  and downwelling speeds may exceed 10 an/sec. 
fraction of the distance between convergences, usually half o r  somewhat less.  

Extant theories t ha t  attempt t o  account f o r  the Langmuir circulation include s t a b i l i t y  
of vertical  shear i n  the water, forcing by atmospheric vortices,  wind-oriented thermal 
(Bgnard) convection, wind prof i le  modification by surface fi lms, la te ra l  radiation pressure 
on surface films, convergence of wave t r a ins  (reviewed by Scott e t  a l . ,  1969). and vertical  
decay of surface wave osc i l la t ions  (Fa l l e r ,  1969). 
any single mechanism led Scott e t  a l .  (op. c i t . )  t o  conclude tha t  canbinations of mechanism 
could occur, 
of development of Benard c e l l s  into Langmuir ce l l s :  
from 2.1 t o  9,4 an/sec in Langmuir convergences correlated well w i t h  wind speed during net 
surface cooling b u t  not as well during net surface heating. Despite the lack of agreement 
on mechanisms, the Bhard-Langmuir circulation i s  now widely held to  be an important 
mechanism fo r  vertical  t ransfer  of heat and substances in surface waters of lakes and seas. 
Large temporal variations,  with a strong diel  component (Woods, i n  press) may be expected 
i n  both Langmuir and Benard circulations.  

The theoretical  and mathematical description of par t ic le  t ra jec tor ies  i n  c e l lu l a r  
convections was formuiated by Stomnel (1949) and subsequently elaborated t o  include swim- 
ming (e.g., S t a v n ,  1971). 
model t o  real par t ic les  and plankters i n  such circulations,  despite the rather large d i f f i -  
cu l t i e s  of f i e ld  measurement and the less-than-ideal behaviour of both the f lu id  and 
plankton. 

collecting and patterning o-ganisms and substances. 
buoyant animals and substanl.es such as Physalia (Woodcock, 19443, Sar assum weed (Fa l l e r  
and Woodcock, 1964; Woodcock, 1950) and surface films (Szekielda e h 2 ) .  Su tc l i f f e  
- e t  a l .  (1963) demonstrated t t ' a t  whitecapping and perhaps other wifia action converts d i s -  
s o l a  organics t o  par t icu la t?  form available to  zooplankton, and tha t  a downwelling 
Langmuir convection, a t  3-6 d s e c ,  produced subsurface concentration zones of these par t i -  
culates.  The soluble inorganic phosphate concentration was a l so  shown t o  be higher i n  such 
particulates.  
t ra t ions  with increase i n G i X s p e e d ,  tha t  the process is  highly effective.  
peak production t o  be par t ic les  of 6 um diameter. 
2-13 p diameter were shown to  occur below convergence zones. 

more widely reported than one would expect fromthemismatch of their reported speeds. 
Bainbridge (1957) reviews several observations of dinoflagellate concentrations in Langmuir 
scale patterns. 
speeds up t o  2 mn/sec and a l so  occur i n  bloom ("red-water") concentrations, has been 
reported t o  gather i n  Langmuir convergences. Powers (1932) found Mesodiniun i n  windrows 
off Maine.and Bary (1953) observed windrows of these c i l i a t e s  t o  orient along a changing 
wind axis in New Zealand. 
100 m intervals under 10-20 knot winds, and their dispersion through the water colunn a t  
winds over 30 knots. 

Patterning of larger zooplankton i n  Langmuir circulations is  less apparent and 
notoriously d i f f i c u l t  t o  sample. 

A t  higher 

The size and circulation strength o f  these convection c e l l s  increase w i t h  time and 

Depth of penetration is  some 

Failure of d X a X  support o r  rule out 

mean downwelling ve loc i t ies  ranging 
A subsequent s t u d F ( l E r i s  and Lot t ,  1973) lends support t o  the poss ib i l i ty  

Direct observations t o  date confirm the appl icabi l i ty  of the 

A number of f i e l d  s t u l i e s  confirm the effectiveness of the Langmuir circulation in 
The most v i s ib le  examples involve 

Su tc l i f f e  e t  a l .  (1971) show, by detecting an increase i n  pa r t i c l e  concen- 
They found 

Higher concentrations of par t ic les  

Patterning of phytoplankton and microzooplankton by Langmuir circulations has been 

The mobile and p ro l i f i c  c i l i a t e  Mesodinium rubrum. which can "zig-zag" a t  

Packard e t  a?. (1978) describe Mesodiniun windrows spaced a t  

The best examples of Langmuir patterning of zooplankton 
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thus are from lakes, where populations of cladocerans and copepods migrate v e r t i c a l l y  i n t o  
vort ices i n  the epi l imnion and concentrate i n  convergence planes (e.g., George and Edwards, 
1973). Survival of Peru's l a rva l  anchoveta has been proposed by Ware e t  a l .  ( i n  press) 
t o  be enhanced i n  the presence o f  small-scale patterning o f  t h e i r  f m d Y u T y  i n  windraw 
circulat ions.  

Internal  wave effects 

In te rna l  waves, responsible f o r  surface banding on continental shelves, do not act ive- 
l y  produce organism patterns but may modify extant patterns. 
Sottan topography, current shear, and diminished v e r t i c a l  s t a b i l i t y  can produce i n s t a b i l i -  
t i e s  (and breaking waves) tha t  d is rup t  pattern. In te rna l  waves may in te rac t  w i th  current 
boundaries and shelf-break fronts. 
indicated generation o f  large amplitude, high frequency in te rna l  waves by breakdown o f  the 
semi-diurnal in te rna l  t i d e  a t  the shelf-break f ron t  o f f  Oregon. These induced major per- 
turbat ion o f  a sonic scatter ing layer (organisms) inshore o f  the f ron t .  Ear l ie r ,  Yasui 
(1961 ) presented a theoret ical  framework arguing f o r  propagation of t ida l -per iod  in te rna l  
waves along f ron ts  o f  the so r t  encountered as S h i m ,  fronts due t o  current conflue,lce, 
which are zones o f  high l a t e r a l  shear as wel l  a s t i c a l  c i rcu la t ion .  Localized i n t e r -  
act ion between in te rna l  waves and eddies i n  mid-ocean also has been detected (Frankignoul , 
1976). which may a f fec t  rates o f  ve r t i ca l  d i f fusion. As yet, these phenomena seem t o  be 
unexplored but may be expected t o  modify ef fects o f  f ron ts  on populations o f  organism. 
Kamykowski (1975), f o r  example, presented a mechanism by which phytoplankton can in te rac t  
wi th the semi-diurnal in te rna l  t i d e  t o  produce patterns of species concentrations. The 
b io log ica l  resu l t  o f  in te rna l  wave in te rac t ion  w i th  fronts o r  eddies i s  obscure but may be 
s ign i f i can t .  Internal  waves are sensi t ive t o  current shear and t o  ve r t i ca l  density 
gradients, both o f  which vary a t  f ron ts  and i n  eddies. It w i l l  not be surpr is ing t o  f i n d  
evidence o f  b io log ica l  responses t o  these dynamic physical processes i f  adequate sampling 
techniques can be devised. 

In te rac t ion  o f  waves w i th  

Curt in and Mooers (1975) presented measurements tha t  

Tidal f ron ts  

Simpson and Pingree (1978), Pingree e t  a l .  (1977) and Pingree e t  a l .  (1974) describe 
cases o f  genesis and decay o f  shallow s e a f r z s  by var iable t i d a l  s x m  on the European 
continental shelf.  Surface convergent f ron ts  o f  considerable physical and b io log ica l  
a c t i v i t y  occur i n  zones where water types o f  d i f f e r e n t  mixing h i s to r i es  impinge. Vert ical  
mixing was induced i n  shallower waters by f r i c t i o n a l  d issipat ion on the bottom in te r face  
o f  (mainly) the pr inc ipa l  lunar t i d a l  component of flow and s t r a t i f i e d  cooler waters. I n  
sane areas of the shelf,  such ve r t i ca l  mixing i s  s u f f i c i e n t l y  vigorous t o  prevent o r  over- 
r i d e  density s t ra t i f i ca t i on .  Where t idal ly-mixed shoal water contacts s t r a t i f i e d  deeper 
wafer, a convergent f ron t  occurs. Thermal images o f  the Ce l t i c  Sea from the NOM-5  
s a t e l l i t e  indicated the broad extent o f  t i d a l  f ron ts  l i k e  those exmined i n  these studies 
have shown the genesis o f  a cold eddy from a f ron ta l  meander. Shipboard measurements o f  
a s im i la r  f r o n t  (Pingree e t  al., 1977) show i t s  response t o  neap and spring t i d e  cycles 
and i t s  e f f e c t  on phytoplankton chlorophyl l  concentrations i n  the s t r a t i f i e d  water wel l  
beyond the front. The study suggests tha t  bloans o f  a d ino f lage l la te  population offshore 
were caused by per iodic release o f  nutr ients f ran  the des t ra t i f i ed  inshore s ide o f  the 
front by decay o f  the f ront during neap t ides. 

A d i x t u r e  o f  water types a t  she l f  f ronts l o c a l l y  st imulates phytoplankton photo- 
synthesis and thus sustains higher phytoplankton concentrations i n  the f r o n t a l  zones. 
Savidge (1976) and Savidge and Foster (1978) describe such a process fm surface masure- 
ments o f  chlorophyl l ,  temperature and photosynthesis along transects on the European she l f  
between I re land and Wales. 

from physical and b io log ica l  measurements i n  such fronts are rare. Pingree e t  a l .  (1974) 
Zooplankton concentrated i n  she l f  f ronts i s  also camonly observed but descript ions 
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describe a c t i v i t y  i n  a vigorous t i d a l  f r o n t  o f  15 km extent i n  the English Channel from 
temperature, s a l i n i t y  and current measurements and from d i r e c t  underwater and surface 
observations o f  i t s  e f fec ts  on organisms and substances. 
showed greater concentrations o f  copepods, crustacean meroplankton, the euphausiid 
Nyctiphanes sp. and young fishes. 

Plankton concentrat ion a t  the f r o n t  was confirmed by sub-surface visual  observation. 
Underwater observation o f  motions o f  plankton and o f  dye in jec ted  a t  several depths a lso  
conf i  nned the turbulent,  convergent character, which was apparent from temperature and 
s a l i n i t y  s t ruc tu re  and from drogue measurements. The l i s t  provided o f  animals associated 
w i th  f l o a t i n g  macrophytes concentrated a t  the f r o n t  consisted o f  a var ie ty  o f  pos t - la rva l  
f i shes  and crustacean species. Puffins, shear-waters and terns were seen feeding along 
the f ron t ,  which also co l lec ted  debr is and o i l  lumps. 
o f  t h i s  f r o n t  and i t s  b io ta  t o  the large, deep-ocean fronts described by Beebe (1926) and 
Amos e t  a l .  (1972). 

Surface net hauls i n  the f r o n t  

The authors remark on the s i m i l a r i t y  

Shelf-break f ron ts  

Fronts o f  la rge  extent comnonly occur i n  thegeneral v i c i n i t y  o f  the shelf-break, i .e.,  
where the slope o f  continental she l f  steepens t o  become the continental slope (general ly a t  
about 100-300 m depth). Mooers e t  a l .  (1978) use fu l l y  d is t ingu ish  between prograde f ron ts ,  
those t h a t  separate more sal ine SFieTfwater from offshore water; and retrograde f ron ts ,  
those tha t  separate less sa l ine  she l f  water from offshore water. Shelf waters o f  both types 
are colder than of fshore waters. 

Prograde f ron ts  a r ise  by upwell ing on the continental shel f .  
wind-driven upwell ing i s  charac ter is t i c  o f  eastern boundary current systems, but occurs 
inshore o f  western boundary currents as we l l ,  where upwell ing occurs by topographic 
de f lec t ion  o f  currents. 
runof f  and thus predominate o f f  la rge  t e r r e s t r i a l  water sheds. 
s i t y  usua l ly  vary w i th  season. 

Seasonal and episodic 

Retrograde f ron ts  are due t o  shelf-water d i l u t i o n  from t e r r e s t r i a l  
Their incidence and inten- 

Upwelling f ron ts  

Prograde shelf-break f r m t s  o f f  upwell ing zones bound the  plankton-rich she l f  waters. 
There i s  a dearth o f  studies tha t  demonstrate higher plankton concentrations i n  these 
f ron ts  than inshore, a t  leas t  i n  pa r t  because f i e l d  studies have been concerned more w i th  
the upwell ing system as a whole and do not s u f f i c i e n t l y  sample f r o n t a l  interfaces. 
Packard e t  a l .  (1978) describe the incidence and hab i ta t  o f  the pigmented c i l i a t e .  
&sodinium m b m  Surface-layer concentrations 
o f  t h i s  c i l i a t e  a t  prograde f ron ts  appear t o  be f a c i l i t a t e d  by charac ter is t i cs  o f  i t s  en- 
virorment i n  canbination with i t s  phototaxic behaviour, rap id  reproduction ra te  and a b i l i t y  
t o  use both inorganics and organics f o r  food. 

zooplankton and micronekton i n  and beyond the Oregon upwell ing system, detected higher 
stocks near the f r o n t a l  zone and i n  an an t icyc lon ic  eddy (phytoplankton only) outside the 
f ron t .  
the eastern boundary current o f f  South Afr ica. 
a t  the f r o n t  produced subthermocline sheets o f  homogeneous water. 
la rge  zooplankton o r  micronekton were detected a t  the f r o n t  by fathaneter records. 

Albacore make annual trans-Pacif ic migrations t o  feed on r e l a t i v e l y  high concentrations 
o f  large plankton and small f ishes i n  the Ca l i fo rn ia  Current, seaward of the coastal upwell- 
i ng  zones. 
(upwell ing) f ron ts .  

i n  an upwell ing zone o f f  Baja Cal i fornia.  

, 

Laurs (unpublished thesis) ,  working w i th  measurements o f  concentration o f  phytoplankton 

Bang (1973) describes a strong upwell ing f r o n t  extending northwest o f f  Cape Town i n  
Mixing c e l l s  occurred and episodic overturn 

Higher concentrations o f  

The of fshore extent o f  these upwell ing zones are f requent ly denoted by prograde 
Albacore caught, tagged w i th  u l t rason ic  t ransmit ters and subsequently 
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released, were tracked i n  the v ic in i ty  of such a f ront  off Monterey Bay, California 
(Laurs et Q Z . ,  1977). 
local concentration of albacore; sonically tagged albacore moved about i n  the  v ic in i ty  
of the f ront ,  t hen  moved away when the f ront  weakened as upwelling ceased. 
a l so  were seen t o  move more slowly when crossing f ronts  and to  spend l i t t l e  time on the 
colder s ide  (TC150C). indicating a thermal bar r ie r  e f f ec t  which would resu l t  i n  their 
collection a t  fronts.  The enriching e f f ec t s  of large cyclonic eddies tha t  predominate 
outside upwelling zones, and of eddies tha t  transport  substances away from upwelling zones 
(Owen, i n  press B )  may also support higher forage levels beyond shelf-break. 

periodic relaxation, t h e i r  decay, and subsequent release in to  offshore water of nutrients 
and plankton previously accumulated i n  the shelf  water. 
cessation of upwelling. This can occur either seasonally or  episodically depending on the  
wind system. 
t ion.  
formed by local i n s t a b i l i t i e s  of frontal  currents,  impingement of eddies f ran  outside the 
fronts, and perhaps wave interactions w i t h  the f ronts .  
ing is c lear ly  evident i n  thermal images of sea surface temperature f i e lds  off California 
transmitted from s a t e l l i t e s .  
such infrared images to  follow the genesis, l y s i s  and incidence of fronts as well as 
eddies and upwelling zones i n  the California Cur ren t  System. 

Tracking resu l t s  showed tha t  such temperature fronts can influence 

These albacore 

As damnstrated f o r  t i da l  f ronts ,  an important aspect of upwelling f ronts  may be t h e i r  

Frontal relaxation occurs upon 

Breaching, o r  destructuring dissipation occurs more locally than does relaxa- 
The causes of breaching have not been defined b u t  l ike ly  involve meanders and eddies 

When clear weather permits, breach- 

Bernstein e t  (22.  (1977) demonstrate the poss ib i l i ty  of using 

Estuarine f ronts  

Retrograde estuarine fronts exhibit  s a l i n i t y  gradients,  because freshwater sources 
d i lu t e  surface waters on one side of such f ronts .  
tions of Z'ricWesmiwn ( f l age l l a t e )  f o r  80 km along an estuarine front off Japan. 
LeFevre and G r a T l m O )  showed similar convergent aggregations of NoctiZuca s c i n t i t t a n s  
off Brittany and a l so  emphasized local competition t h a t  was apparent between Yoctituca and 
copepods f o r  diatoms i n  the convergence area. 

Owen (1968) studied e f fec ts  of the Columbia River plume, which albacore encounter i n  
t h e i r  sumner ar r iva l  off Oregon. Based on research vessel catch ra tes  and oceanographic 
data, resu l t s  showed that albacore moved through the outer plume boundary, defined by the 
32.20/00 isohaline tha t  defined the outer boundary of the s a l i n i t y  gradient of the plume- 
sea f ron t  (Owen, 1967). 
v ic in i ty  of its frontal  limits, indicating an a t t r ac t ion  t o  forage i n  f ron ts  per se  and 
possibly a combined attraction/aversion t o  the wanner temperatures/lower s a l i m i z  of the 
plume core. 
stronger thermohaline f ronts  resulted between plume coastal upwelling zones. 

sardine of f  western Japan. Spawning and hatching occurs a t  dep th  i n  oceanic water off a 
retrograde (estuarine) coastal f ront .  Larvae move shoreward through tbe shelf-break 
front,  seek nearshore feeding grounds, grow t o  7-10 an length and diffuse seaward i n  
sunner i n  the  upper layer of the shelf waters. 

Iizuka and Arie (1969) showed concentra- 

Albacore catches were somewhat lower i n  mid-plume than i n  the 

Catch rates were higher near the seaward l imit  than inshore, where even 

Tsujita (1957) showed seasonal cross-shelf movements of stocks of the Japanese 



MICROSCALE PLANKTON PATCHINESS 

Patterning of plankton occurs on the sub-metre scale. Cassie (1959a, b) demonstrated 
high var ia t ion  o f  plankton concentrations a t  the sea surface, and Owen ( i n  press b) showed 
s imi la r  variat ions a t  sub-surface depths. 
i s  obscure, pa r t i cu la r l y  since t h i s  approaches the scale o f  turbulent dissipation. This 
section discusses sane new measurements mafie to determine i f  small predators and grazers 
encounter food patches i n  excursions o f  less than 2 m extent. 
able t o  f i s h  poprlat ions i s  connonly examined t o  help determine causes o f  large interannual 
f luctuat ions frequently experienced i n  the a v a i l a b i l i t y  o f  f i s h  t o  f isheries. 
t ions o f  food o f  r is t - feeding northern anchovy ( & n g m l i 8  modaz Girard) seem frequently t o  
be too low i n  the Ca l i fo rn ia  Current System f o r  l a rva l  survival and growth (Lasker et aZ., 
1970). This may be because conventional 5anpling wi th plankton nets, which integrate over 
depth. distance and volume, has l i t t l e  re la t i on  t o  the comparatively t i n y  volumes searched 
by s ingle larvae (Hunter, 1972). Survival o f  such larvae may, i n  fact, depend on the ex i s t -  
ence o f  food pa r t i c l e  patchiness on scales considerably less than 10 m and 1 wtek ( V l y n m ,  
1977). 

The ro le  o f  c i rcu la t ion  i n  the patterning process 

Variat ion i n  food supply ava i l -  

Yet concentra- 

Regions sampled 

Southern Cal i fo rn ia  Bight waters tend to  high ver t i ca l  m b i l i t y  by v i r t ue  o f  charac- 
t e r i s t i c a l l y  s low f low (reduced shear) and year-round net heat gain, except i n  December, by 
the ocean's upper layer (Clark et n l . ,  1974). 
due to  the combined influences of wind shattering, heat gain, the Cal i fornia Current and the 
Southern Cal i fornia Eddy. Large temperature gradients predaninate over s a l i n i t y  gradients 
i n  determining ve r t i ca l  s t a b i l i t y .  Maximun s t a b i l i t y  occurs i n  the upper pycnocline i n  the 
absence o f  steady winds. These character ist ics are favourable t o  the developtent o f  small- 
scale patchiness but are episodical ly reversed by storm winds o f  a few days duration, which 
destroy shoaler layer ing (Lasker, 1978). 
may des t ra t i f y  the water :olumn loca l l y  along the narrow shel f  o f  the Southern Cal i fornia 
Bight margain and i n  even more res t r i c ted  areas near islands and capes. 

The region studied o f s  Peru i s  funct ional ly s im i la r  t o  the S.C. Bight i n  having a shoal 
pycnocline, des t ra t i f i ca t i l  n on the shelf, and high production rates o f  forage and f ish. 
Differences betwecn the sari ,led regions are mainly of magnitude: Pew's shel f  i s  1-2 orders 
o f  magnitude broader, the m,rgin i s  more exposed t o  storm ac t i v i t y ,  and processes o f  
des t ra t i f i ca t i on  are more dywmic, sanewhat more consistent, and more broadly e f fec t i ve  than 
i n  the SC Bight. The r o l e  o f  eddy processes i n  the Peru region i s  unassessrd. Well-defined 
prograde fronts are found on and n'dr the Peru shelf.  
f ran uns t ra t i f i ed  zones but ce l l u la r  f ronts also occur on smaller scales, e.g. Bznard- 
Langmir on sized ce l l s .  

One w l d  thus expect o f f  PetJ both a lesser degree o f  ve r t i ca l  micmstmcture o f  
plankton and environment, and a l e - s e r  need o f  such microstmcture by the l a rva l  f ishes C e  
t o  the increased general product iv i ty compared to the Southern Ca l i fo rn ia  region. 

The mixed layer i s  r e l a t i v e l y  shallow (40 m), 

Episodic upwelling, in te rna l  waves, and eddies 

These frequently separate s t r a t i f i e d  

Mcmscale measurements 

Samples t o  assess microscale patchiness a t  each s i t e  were obtained using an array o f  
water samples on a varied frame. 
layer or i n  the upper pycnocline i n  the main chlorophyl l  maxinum layer, as defined by pigment 
fluorescence i n  a water StrCam provided by continuously l o w r e d  pump and hose. Clamped 
either v e r t i c a l l y  o r  hor izon ta l l y  to the ship's hydro-wire and lowered to the depth desired, 
the HPS captured water a t  ten in te rva ls  on 20 an centres i n  5 an (i.d.) tubes o f  600 m1 

The micropatch sampler (MPS)  sampled e i the r  i n  the mixed 
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capacity by s inu l tanous  mssenger-activated release o f  lanyards which res t ra in  b a l l  valves 
from t h e i r  seats a t  e i t h e r  end o f  each sample tube. Replicates wcre obtained on sane casts 
by strapping another sample tube alongside the or ig ina l .  When sampling ve r t i ca l l y ,  vanes 
oriented the sample tube mouths t o  face a current o f  -50 an/sec induced by moving the ship 
slowly ahead. When sampling hor i -  
zontal ly (tubes ver t i ca l ) ,  the tubes were closed while ra i s ing  the array. Water was a l i -  
quotcd f o r  various analyses f r o m  the we l l - s t i r red  contents o f  the MPS tubes upon recovery 
aboard ship. Plant pignent de ten ina t ions  were made by the f luoranet r i c  method on acetone 
extracts, p a r t i c l e  concentrations by Coulter TA, ru t r i en ts  by autoanalyzer and s a l i n i t y  by 
inductive bridge. Sanples f o r  microscope analysis were preserved in.  (5% buffered f o n a l i n  
spiked with strontium chloride. 
Utemohl (1931). 

This minimized ve r t i ca l  mixing o f  the water by the MPS. 

These were counted ashore by the sedimentation method o f  

Microst tvcmre o f  organism populations 

Results o f  microscope counts are s u m r i z e d  i n  Table 3 as coef f i c ien ts  o f  var iat ion,  
V = 100 x variancehean, o f  concentrations determined over the 10 in te rva ls  sampled t o  repre- 
sent the 2 m span. Where rep l i ca te  samples were counted, average values between rep l i ca tes  
were used i n  the canputation. Coeff ic ients are shown f o r  population counts exceeding 10 i n  
a t  least  one o f  the samples i n  the set. Trends (i.e. mean gradients) over the 2 m span are 
represented by the coeff ic ients,  as are var iat ions w i th in  the span (i.e. deviat ions from mean 
gradients). Both sources are taken t o  indicate microstructure degree because sampling was 
done i n  the absence o f  conventionally detectable biological  gradients ( i .e. i n  mixed layer  
and chlorophyl l  maxinun). The V s t a t i s t i c  was chosen because i t  scales variances f o r  canpara- 
b i l i t y  and because i t  i s  widely used and understood. A measure o f  sampling and counting 
er ro r  i s  provided from c a n t s  on four MPS sets each consist ing o f  f i v e  rep l i ca te  sample pairs. 
The average coef f i c ien t  o f  var ia t ion  between repl icates f o r  15 taxonmic groups counted was 
10.9 (range was 4.0 - 18.5). npt  including the coef f i c ien t  f o r  c i l i a t e s  associated w i th  
marine snow a t  two s i tes  (77035-61, HS2).  

average rep l i ca te  V-coeff icient by a t  leas t  a fac to r  o f  3 ,  Table 3 shows that: 
V-coeff icients are  considered t o  indicate s ign i f i can t  microstructure i f  they exceed the 

- Microscale patchiness i s  apparent ( V  > 33)  a t  a l l  but one o f  the 13 Southern 
Cal i fornia Bight sampling s i t es  and a€ both Peru s i tes  f o r  one or (usual ly)  more 
kinds o f  organism enumerated. 

- Host types o f  organisms su i tab le  as l a rva l  anchovy food display s ign i f i can t  degrees 
of microaggregation. Non-food organism types are also aggregated, i n  many cases t o  
an even greater degree, and no t  necessari ly i n  the same zones as the presumed food 
organisms. 

Vert ical  p ro f i l es  i n  the upper mixed layer o f  the SC Bight ( the l a t t e r  defined by 
absence o f  density gradients determined fm standard STD casts) showed s ign i f i can t  
microscale patchiness f o r  5 o f  8 food types and 3 o f  8 non-food types a t  one s i t e  or 
the other, both occurred dur ing the anchovy spawning season under calm wind condi- 
tions. A t  the she l f  edge o f f  Peru, i n  the l o w r  pa r t  o f  the mixed layer  under 20 k t  
winds, microscale patches o f  c i l i a tes ,  copepod eggs and the diatan Corsthron were 
detected. 

- Microscale var ia t ion  was usua l ly  greatest i n  the  pycnocline and i n  the ve r t i ca l  axis 
f o r  most food and non-food types a l i k e  (bu t  see i%zmiueth sp. C - t h i s  f l age l l a te  
species behaves rather d i f f e r e n t l y  on the microscale, being m r e  randanly dispersed 
v e r t i c a l l y  than hor izon ta l l y  i n  the pycnocline and apparently capable o f  forming 
small patches i n  the mixed layer) .  

- Non-mti le or weakly mot i le organisms (c f .  .‘litrsciria, hotaS&sirz and pennate 
l i a n a  categories) may show as nuch or more patchiness as mot i le organism (cf. 
*kdk,  ~cmxr.ntncm and c i l i a t e  categories). 

- 
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- There i s  no evidence f o r  a d i f fe rence i n  degree o f  ve r t i ca l  microstructure i n  the 
pycnocline between periods o f  peak and minimal spawning a c t i v i t y  (mean V = 49.3 and 
50.0, respect ively) .  This i s  perhaps p a r t l y  &e t o  too few canparable categories 
since species composition changed between periods sampled, canplicating relevant 
in te rpre ta t ion  regarding appropriate l a rva l  anchovy food. 

Table 3. Coefficients of  variation o f  organism concentrations’sayled a t  ten 20-e31 Intervals 
(interval replicates averaged vhere obtained) i n  the nixed layer and upper pycnocline 

of  the coastal shelf a f  the Soutbern California Bight and Peru (7711). 
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I n  the 15 microsampler sets enurlerated by microscope, 20 species o f  phytoplankton, 6 
categories o f  microzooplankton, and 4 size categories o f  d e t r i t u s  were s u f f i c i e n t l y  populars 
t o  examine t h e i r  microscale va r ia t i o i .  Microstructure occurred i n  94% o f  p r o f i l e s  o f  phyto- 
plankton species, 92% o f  microzooplanKton pro f i les ,  and 85% o f  de t r i t us  p ro f i l es  i n  3 size 
categories ranging fm 16 t o  200 um. 

microscale. A charac ter is t i c  experience i s  shown i n  Figure 1, taken from a ve r t i ca l  MPS 
cast i n  the pycnocline, i n  the v i c i n i t y  o f  the main chlorophyl l  m a x i m .  
augnent the increase i n  a v a i l a b i l i t y  of food organisms due t o  microstructure by reducing 
loca l  abundance of undesirable s t r i k e  targets i n  zones where food organism concentrations are 
highest. 
the food types by the f i s h  larvae, as there are no consistent patterns apparent between food 
and non-food organism d i s t r i bu t i ons  on t h i s  scale. 

The maxinum concentrations o f  food and non-food organisms do not usua l ly  coincide on the 

This e f f e c t  may 

The argument assumes varying degrees o f  d i s t i n g u i s h a b i l i t y  and d e s i r a b i l i t y  among 
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I PHYTOPUNKTCX I MICRO-ZOOPLAN ATON I 

Concentrations of suitable food in one MPS cas t  of 13 analyzed from the SC B i g h t  exceeded 
the "c r i t i ca l  concentration" c r i t e r i a  of Lasker and Zweifel (1978) fo r  survival and growth of 
anchovy larvae. 
been enumerated rather than those selected only for  c l ea r  ident i f ica t ion  and abundance, o r  i f  
( 2 )  high plankton standing stock had been among c r i t e r i a  fo r  choosing sampling s i tes .  

Patch shaw 

This incidence would l ike ly  be higher i f  (1) a l l  food type organisms had 

Results of four casts made horizontally a t  depths canparable to  those o f  vertical  
profiles permit a rough estimate of the in situ shapes of pa r t i c l e  patches. 
concentration of the more numerous canponents of the microplankton c m n i t y  present averaged 
three to  f ive  tims greater in the vertical  se t s  than i n  the horizontal sets, as measured by 
the coefficient of variation, s/!?, of counts made on these canponents. 
speculate t ha t  populations were concentrated i n  partly overlapping len t icu lar  patches w i t h  
horizontal dimensions t h r e e  t o  five times greater than vertical  dimensions. T h i s  geometry 
provides an in te res t ing  contrast  w i t h  shapes of plankton patches discerned on la rger  scales,  
whose charac te r i s t ic  vertical  dimensions a re  reported i n  metres and horizontal dimensions are 
reported in km (e.9. Bainbridge, 1957). T h i s  indicates a marked tendency towards isotropy 
w i t h  diminishing scales and bears further investigation fo r  confirmation. 

degree of variation on short  intervals.  
degree of small-scale patchiness (on the scale order reported here) m s t  necessarily occur 
to support even the mininum fraction of anchovy larvae surviving to  recruitment size. The 
results a l so  suggest samp1ir.g precautions to  be taken wherever mininum o r  maxinum plankton 
concentrations need t o  be k n m o r  where "c r i t i ca l  concentrations" need t o  be detected. 

Variation i n  

T h i s  leads me t o  

The observations suggest no sirnple relationship between organism types, but show a large 
Results confirm Vlymen's (1977) postulate t ha t  sane 
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Mic ros t ruc tu re  o f  b u l k  p r o p e r t i e s  and organisms 

V e r t i c a l  sampling o f  the water "column" by water-captur ing devices a t  i n t e r v a l s  u s u a l l y  
spaced more than 5 m a p a r t  o r  by con t i rums ly - l owered  pump and hose, both underestimate the 
in situ v a r i a t i o n s  o f  concentrat ion and thus lead t o  underestimates o f  the maxinum concentra- 
t i o n s  a c t u a l l y  present. 
small i nve rs ion  i n  p l a n t  pigment concentrat ion,  detected in v ivo  by f luorescence o f  a sample 
stream f r a n  a pump p r o f i l i n g  system, was resampled w i t h i n  5 mi ru tes  by the microsampler a r ray  
and acetone e x t r a c t s  o f  f i l t e r e d  samples analyzed by f l u o r m e t e r  f o r  c h l o r o p h y l l  and phaeo- 
p i p e n t  concentrat ions. 
microsampler, the in vivo measurement does n o t  d i f f e r e n t i a t e  between c h l o r o p h y l l  and phaeo- 
p ignen t  (pho tosyn the t i ca l l y  i n a c t i v e  degradat ion products o f  ch lo rophy l l  ). 
shown i n  the i n s e r t .  
microsampler array, the degree o f  averaging by the pump system i s  apparent: 
o f  p ignent  concen t ra t i on  over  the 0.6 m depth i n t e r v a l  was an order  of magnitude g r e a t e r  as 
sampled by microsampler than by the  pump. 
encountered between pump and MPS p r o f i l e s  of p l a n t  pigment. 

The degree t o  which t h i s  can occur i s  shown i n  F igure 2, where a 

Un l i ke  determinat ions f ran f i l t e r e d ,  ex t rac ted  samples f rom t h e  

No t ing  t h a t  t h e  pigment concentrat ion scales a r e  the same f o r  pump and 
Hence both a re  

the v a r i a t i o n  

This case d i sp lays  the  g rea tes t  d i s p a r i t y  y e t  

PLANT PIGMENT CONCENTRATION (yg  I' 
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I .o 2.0 

MICROSAMPLER PROFILE - 

Figure 2. 
by pv-p ~rofiling and by 20-cn dircret? srcpling in 3 l i f o r n i r  coastal waters. 
P i T e n t  concentratlon scales a r e  the same for 00th displays .  

Conparism o f  small-scale c h e q e  of  ohy:oolanLton p i p e n t  concentration 
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To date, 33 v e r t i c a l  and 4 h o r i z o n t a l  m ic rop ro f i l e  sets  have been obtained from mixed 
and s t r a t i f i e d  coastal waters i n  the  Southern C a l i f o r n i a  B igh t  and on the Peru s h e l f  under 
a l l  but f u l l - s t o n  condi t ions.  Of  these, a l l  except a ho r i zon ta l  se t  made i n  the mixed 
l a y e r  exh ib i t ed  va r ia t i ons  beyond sampling and measurement e r r o r  o f  one o r  more o f  the para- 
meters measured over the 2 m i n t e r v a l .  As examples, two m i c r o p r o f i l e  sets a re  shown i n  
Figure 3 .  
measure o f  phytoplankton densi ty ;  p h a e o p i p n t s .  pho tosyn the t i ca l l y  i n a c t i v e  d e r i v a t i v e s  o f  
ch lorophyl l ;  p a r t i c u l a t e s  16 t o  160 wn diameter, i n d i c a t i v e  of d e t r i t a l  p a r t i c l e  load i n  
t h i s  region; and inorganic  n i t r a t e ,  impor tant  f o r  phytoplankton growth. Both were obtained 
f r a n  the SC Bigh t  i n  the d e n s i t y - s t r a t i f i e d  p o r t i o n  o f  the water column where the bo t tan  
depth was about 200 m. They were selected because most parameters i n  these two sets  d i s -  
played small-scale v a r i a t i o n s  t h a t  exceeded sampling and measuremnt e r r o r .  
t i o n  ex is ted w i t h i n  any s ing le  parameter i n  o the r  sets. 
phytoplankter, h v i u e Z Z u  sp. C; o l i g o t r i c h  c i l i a t e s ;  and copepod n a u p l i i  were se lected t o  
dep ic t  microscale va r ia t i ons  of species and of f u n c t i o n a l l y  s i m i l a r  groups (upper panel).  
Each i s  a food i t em of l a r v a l  anchovy. 

Also shown ( lower  panel) are concentrat ion p r o f i l e s  o f  ch lo rophy l l ,  an i n t e g r a t i v e  

Greater v a r i a -  
Concentrat ion p r o f i l e s  o f  a m o t i l e  

C N A l f S  

Figure 3.  
tmcs'frol the pycnaclinc i n  tne Southen t r l i f o r n i a  Bight i n  larch (7603/HPS-l). 
( L e  panel). 
froa the pycmcl inc  i n  the Southern.California Bight i n  Septmber  (7509/WS-1).  

(Vpm panel 1. . Microsca1c variat ion o f  plant pigments and three  o r y n i r a  

nicroscalc  var iat ion o f  j l a n t  p i p e n t s .  p a r t i c l e s  and nutr ient  s a l t s  
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c m o n l y  present in plant pignents, pa r t i c l e  concentration and nutrients.  
microstructure was high; 
and 11 of 21 nitrate profiles and i n  both of two amnonium profiles.  
of par t ic le  and plant picpent maxinums centered a t  23.2 m i s  fortuitous;  
par t ic le  profiles were independent of the corresponding plant pigment p rof i les  (15 s e t s ) .  
Incidence of plant pigment microstructure was quite h i g h .  
tion of chlorophyll concentration indicating microstructure of the phytoplankton c m u n i t y  
as a whole. Fewer (19%) showed cm-scale variation of phaeopigments. In the set shown i n  
Figure 3 (lower panel), the phaeopignent profiles resembles tha t  of chlorophyll a. 
of 23 such profiles,  14 exhibited unrelated profiles of chlorophyll and phaeopiQnents and 4 
exhibited inverse relationships. 
on the microscale which i s  not apparent i n  pigment concentration profiles from the usual 
sampling intervals of 5 to 10 m. 
o r  t o  d i f fe ren t ia l  ra tes  of local production and sinking of the two par t ic le  types. 
measurements t h u s  may re f lec t  the spatial  scales on which these processes are f i rs t  apparent. 

Sample ser ies  from the wind-mixed 
upper layer of the SC B i g h t  showed l e s s  variation of organisms, particulates and nutrients 
than did sample ser ies  from density-stratif ied waters. However, significant microstructure 
of motile and non-motile organism populations, as well as of d e t r i t a l  par t ic les ,  was detected 
i n  2 of 4 casts made w i t h i n  the mixed layer i n  the absence of measurable density gradients, 
when mixing by wind was not i n  progress. 
exhibited low incidence of microscale variation over distances- less  t h a n  2 m i n  both regions 
sampled. Widely varying values of s i l i c a t e  concentration suggest microstructure for  tha t  
nutrient b u t  occasional wide disagreement between replicate samples v i t i a t e  the case fo r  
s i l i c a t e  microstructure. Salinity ( 5  s e t s )  var ied monotonically in the presence of nutrient 
and organism microscale variation. 

Results of a September cas t  i n  t h e  SC B i g h t  demonstrates the small-scale variation 
The incidence of 

s ign i f icant  fine-structure existed i n  16% of 22 pa r t i c l e  prof i les  
The par t ic le  coincidence 

v i r tua l ly  a l l  

All 23 se t s  analyzed showed varia- 

However, 

This inconsistency demonstrates a degree of independence 

T h i s  independence may be due t o  local e f fec ts  of grazing 
These 

Microstructure was not, of course, always detected. 

The nutrient s a l t s  phosphate and n i t r i t e -n i t r a t e  

Temperature microvariation was not measured. 

Peru microscale 

mental conditions. Off Peru d u r i n g  Project ICANE (Doe, 1979), MPS-3/7711 sampled 5 km from 
shore near Chimbote below a surface layer stabil ized by surface layer heating a f t e r  recent 
weakening or  cessation o f  upwelling. 
were present a t  the surface and a t  the sampled depths. 
evident among popllations enumerated from 15-17 m depth. 
Pleurosigma elongatam and P. nicobariccun exhibited nearly monotonic, stepwise decreases w i t h  
depth (Fig. 4 ,  u p p e r  panel), whereas spheres, t intinnid c i l i a t e s  and ProPocentnu? micans 
exhibited yet smaller-scale variations by pronounced maxima and min ima  between 15 and 17 m 
(Fig. 4,  lower panels). k t r i e n t  s a l t  concentrations, n i t r a t e -n i t r i t e ,  amnonia, phosphate 
and s i l i c a t e  a t  t h i s  s i t e  exhibited no microstructure ( F i g .  5 ) .  Particle concentrations, by 
Cculter Carnter, indicated s igni f icant  microstructure of particulates l ike ly  dominated by 
de t r i t a l  substances (Fig. 6 ) .  By contrast  w i t h  s tabil ized conditions a t  the coastal s i t e ,  
MPS-2/7711 sampled 10 km seaward of t h e  shelf-break a t  about the same la t i tude  (9%) as MPS-3. 
More lab i le  conditions prevailed a t  t h i s  site; 
isopycnal layer that  extended from the sea surface to  21 m dep th  under 20 k t  winds. 
Standing stocks of phytoplankton were less than a t  the coastal s ta t ion ,  t i n t i n n i d s  were 
supplanted by o l igo t r ich  c i l i a t e s ,  and cooepod nauplii were more abundant. 

Microstructure of biological materials apparently occurs under a variety of environ- 

Large quantit ies of the "weed" diatom Ckzetoceros 
Microstructure of two types was 

Concentrations of the diatoms 

MPS-2 sampled from 15-17 m i n  t h e  v i r tua l ly  
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COIhTER PARTICLE CONCENTRATION 
(110 porllc*s / I  ) 

C h o m h  

mo 

R 
17 0 

R 

Figure  6 .  Mlcrosca le  v a r i a t i o n  of  p a r t i c l e  
counts (Coulter Th) in the pycnocline near 
Peru 's  Coast i n  November 1977 (7711/flPS-3). 

Despite the dynamic conditions encountered, microstmcture o f  the several organisms 
was a t  least  as pronarnced i n  the "mixed layer" near Peru's shelf-break as in the more 
stable layer a t  the same depth near the coast. 
stepped trends bu t  were a l l  of sub-metre extent (F ig .  7 ) .  
less numerous and covaried w i t h  the small cil iates.  

None o f  the variations were in the form o f  
Small ci l ia tes  (20-50 um) were 
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Flqurc 7.  
anchovy food and non-food o r g a n i n s  o f f  
Peru's shelf-break i n  Novrmber 1977 
(771 1/biPS-2). 

nicrorr-le v a r i a t i o n  o f  l a r v a l  

Covar ia t ion w i t h  c i l i a t e s  of 70-80 m sphere concentrat ions i nd i ca tes  t h a t  c i l i a t e s  had 
a c t i v e l y  associated wi th copepod eggs i n  the s t ra tum between 16.0 and 16.6 m or a l t e r n a t i v e l y  
t h a t  these spheres were a c b a l l y  c i l i a t e s  (an a r t i f a c t  o f  sample preservat ion) .  The former 
seem more l i k e l y ,  as the  spheres were q u i t e  smooth and r e g u l a r  i n  shape, and o f  nearly 
uni form s ize.  

Copepod n a u p l i i ,  a l s o  food i tems,exhib i ted l a r g e  v e r t i c a l  v a r i a t i o n  and close r e p l i c a -  
tion. A pronaunced maxinum o f  t h e i r  concentrat ion was detected 60 cm above the presumed 
"egg" maxinum, and 20 CUI above a sample con ta in ing  no n a u p l i i .  

M icmsca le  v a r i a t i o n  o f  n u t r i e n t s  was g rea te r  a t  t h e  slope s t a t i o n  than a t  t he  coasta l  
s ta t i on ,  desp i te  the dif ference i n  l a y e r  s t a b i l i t y  (F ig .  8). Nu t r i en ts  were lower than a t  
the coasta l  s t a t i o n  but n o t  l i m i t i n g  t o  phytoplankton growth. Microscale v a r i a t i o n  was n o t  
as pronarnced as i n  the.SC Bight, but was detectable f o r  s i l i c a t e  (which covar ied with the 
d i a t m  Cozvtirra) and perhaps for amnonia and phosphate. N i t r i t e - n i t r a t e  was constant  over 
the 2 m i n t e r v a l .  
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Figure 8.  
brcak in Rovmber 1977 (I4PS-2).  

#icroscali variation of nutrient s a l t s  o f f  Peru's shclf- 

P a r t i c l e  concentrat ion counts from Coulter  Counter was lower and less v a r i a b l e  with 

Chlorophyll a and phaeopigments, by c o n t r a s t  w i t h  
depth than a t  the coastal  s t a t i o n ,  except  f o r  the 16-50 Urn category,  which a l s o  showed 
v a r i a t i o n  on the 5 an s c a l e  (Fig. 9 ) .  
Fig. 5 ,  varied rec iproca l ly  w i t h  depth (Fig.  10) i n a i c a t i n g  e i t h e r  physical control  by f i n e -  
s c a l e  l a t e r a l  i n t e r l e a f i n g  o r  biological  cont ro l  by loca l ized  grazing.  
correspondence is evident ,  between p lan t  pigment concentrat ion and v a r i a t i o n  of  t h e  population 
enumerated. 

No p a r t i c u l a r  
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DISCUSSION 

Associat ion o f  p lankton and b i o l o g i c a l l y  a c t i v e  substances w i t h  macroscopic f l o c s  
("marine snow") has been repor ted and represents m i c r o - d i s t r i b u t i o n  on the sub-cm scale. 
Th is  work i s  o f  i n t e r e s t  because i t  suggests y e t  another dimension t o  the complex eco log i ca l  
s t r u c t u r e  o f  t he  mixed l a y e r  and thermocline, e.g. organisms r e s i d i n g  on marine snow a r e  no t  
a v a i l a b l e  t o  the same predators o r  grazers as f r e e - l i v i n g  i n d i v i d u a l s .  
o f  i n f l u e n c e  o f  marine snow i s  n o t  known. My work i n d i c a t e s  the presence o f  f l o c s  a f f e c t e d  
concentrat ions o f  c i l i a t e s  and d e t r i t u s  w i t h i n  1 t o  2 km of t he  coast but n o t  beyond. This  
i s  confirmed by t h e  lower incidence o f  aggregates i n  water of recent  o f f sho re  o r i g i n  than i n  
n e r i t i c  water, as repor ted by Trent  e t  aZ. (1978). 

The seaward ex ten t  

Yet t o  be determined i s  t he  ex ten t  t o  which phys ica l  m ix ing  mediates the m i c r o s t r u c t u r i n g  
process. 
s t r a t i f i e d  waters, show t h a t  l aye rs  o f  sub-metre th ickness sca le  can pe rs i s  f o r  a t  l e a s t  a day 
i n  the  absence o f  storm-force winds and t h a t  d i s r u p t i v e  processes can operate on the  same 
scale. 
est imates o f  v e r t i c a l  d i f f u s i v i t y  from c u r r e n t  shear and d e n s i t y  s t r a t i f i c a t i o n  spanning 
l aye rs  i n  which m i c r o s t r u c t u r e  was measured off C a l i f o r n i a .  The cu r ren t  meters, however, 
were separated v e r t i c a l l y  by 20 m. 
on sma l le r  scales. 

Dye s tud ies  by Kullenberg (1974) and Woods (1968) conducted elsewhere i n  dens i t y -  

Only broad agreement was found du r ing  t h i s  study between degree o f  m i c r o s t r u c t u r e  and 

It i s  l i k e l y  t h a t  any impor tant  mix ing processes occurred 

The micro s t r u c t u r e  sample data suggest t h a t  small  p lank ton ic  organisms overcome d i spe r -  
s i v e  processes such as d i f f u s i v e  m ix ing  t o  a degree s u f f i c i e n t - t o  form laminae on the  cm 
scale. T h e i r  v e r t i c a l  v a r i a t i o n  i s  pronounced i n  d e n s i t y - s t r a t i f i e d  water b u t  de tec tab le  i n  
the  mixed l a y e r  as we l l .  
become d i f f e r e n t i a l l y  layered i n  what may prove t o  be microniches. The ex is tence o f  the 
microniche i s  i nd i ca ted  i n  my work by the  accompanying cm-scale v a r i a t i o n  o f  n o n - l i v i n g  
p a r t i c u l a t e s  and o f  n u t r i e n t  s a l t s ,  p a r t i c u l a r l y  t h a t  o f  nitrogenous n u t r i e n t s ,  which a re  
commonly l i m i t i n g  t o  phytoplankton growth i n  these waters. 
p lankton populat ions l i k e l y  increases the  capac i t y  of the h a b i t a t  t o  support g rea te r  comnunity 
d i v e r s i t y  and h ighe r  standing stocks because i n t e r s p e c i f i c  compet i t ion f o r  resources i s  
reduced, i n  much t h e  same fashion as i n  t e r r e s t r i a l  communities. Un l i ke  t e r r e s t r i a l  c m u n i -  
t i e s ,  however, such p a r t i t i o n i n q  i n  the sea i s  i n h e r e n t l y  l ess  s tab le  on t h e  sho r t  term. As 
examples, increased mix ing du r ing  wind storms would modi fy  i f  n o t  dest roy f i ne -sca le  v a r i a -  
t i o n ,  and the  n e a r l y  synchronous d i e l  reproduct ion ( a t  t imes depending on species) o f  diatom 
and d i n o f l a g e l l a t e  populat ions l i k e l y  produces d a i l y  changes i n  p lankton m ic ros t ruc tu re .  
How such processes o f  m ix ing  and r e s t r u c t u r i n g  of l aye rs  a f f e c t  development and e v o l u t i o n  o f  
p lankton comnunit ies i s  a t o p i c  o f  cons iderable i n t e r e s t .  

I t  now appears t h a t  niches f o r  p lankton organisms may i d e n t i f i a b l y  occur i n  midwater on 
a v a r i e t y  o f  s p a t i a l  scales. For example, Reid e t  al. (1978) were able t o  d i s t i n g u i s h  
between coasta l  phytoplankton c a n m n i t i e s  of the upper mixed l a y e r  and the d e n s i t y - s t r a t i f i e d  
l a y e r  from l a r g e r  scale, v e r t i c a l l y  i n t e g r a t i v e  pump samples, and below the sub-metre n iche 
proposed here i s  t he  sub-centimetre n iche created by marine snow fo r  both phytoplankton and 
small zooplankton, as i d e n t i f i e d  by Al ldredge (1972) and by S i l v e r  et al. (1978). 

By water movement, rep roduc t i ve  r a t e  and behaviour, p lankton 

Spa t ia l  p a r t i t i o n i n g  o f  micro-  
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