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ABSTRACT 

An ana lys i s  of t he  food chain dynamics of t he  Oregon, 
Alaskan, and New York shelves i s  made with r e spec t  t o  d i f -  
ferences i n  physical  forc ing of these  ecosystems. The 
world ' s  s h l v e s  a r e  10% of t h e  area  of t h e  ocean, y i e l d  
99% of t he  world 's  f i s h  ca tch,  and may be  a major s ink  i n  
t he  g loba l  CO budget. 
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INTRODUCTION 

"Several years  ago I climbed overboard i n t o  the  
c l e a r  waters of H a i t i ,  and a f t e r  a copper helmet had 
been lowered over my head and shoulders I s l i d  slowly 
down a rope two, four,  e i g h t ,  t e n  fathoms and f i n a l l y  
a t  s ix ty- three  f e e t  my canvas shoes s e t t l e d  i n t o  t he  
s o f t  ooze near a c o r a l  r ee f .  I made my way t o  a s t eep  
prec ip ice ,  balanced on t h e  b r ink ,  and looked down, down 
i n t o  t he  green depths where i l lumina t ion  l i k e  moonlight 
showed waving sea-fans and mi l l i ng  f i s h  f a r  beyond t h e  
length  of my hose, A s  I peered down I r ea l i zed  I was 
looking toward a world of l i f e  almost a s  unknown a s  
t h a t  of Mars o r  Venus ... Modern oceanographic know- 
ledge ... i s  comparable t o  t h e  information of a s tuden t  
of African animals, who has  trapped a small c o l l e c t i o n  
of r a t s  and mice b u t  i s  s t i l l  wholly unaware of ante- 
lope,  elephants ,  l i o n s ,  and rhinos.  The hundreds of 
n e t s  I have drawn through the  depths of t h e  sea, from 
one-half t o  two miles down, have yielded a harves t  
which has  served only t o  increase  my d e s i r e  ac tua l ly  
t o  descend i n t o  t h i s  no-man's zone." 

F i f t y  years  ago, Beebe's d i r e c t  observations of t r o p i c a l  

con t inen ta l  shelves and Bigelow's more t r a d i t i o n a l  shipboard 

analyses of temperate shelves marked the  beginning of modern 

s tud i e s  of t h i s  ecosystem (Allee, 1934)-  Today these  regions,  

which comprise 10% of t h e  area  of t he  wor ld ' s  ocean, y i e ld  99% 

of t he  g lobal  f i s h  catch.  The physical  ex ten t  of the  p resen t  

shel f  ecosystem i s  about 75 km wide reaching 130 m depth a t  t h e  

shelf-break (Shepard, 1963), and has  a most recen t  o r i g i n  of 



about 15,000 years  (Milliman and Emery, 1968; Edwards and M e r r i l l ,  

1977).  Glac ia l  r e t r e a t  and r i s i n g  sea l e v e l  a r e  t h e  major f a c t o r s  

i n  t h e  submergence of  modern shelves (Shepard, 1963). During each 

6 
of t h e  four  recen t  ice ages of t he  P le i s tocene  period ( 1 . 8 ~ 1 0  y r  

B,P,) t h e  con t inen ta l  s lope each t i m e  may have adjoined t h e  coast-  

l i n e ,  without  much of an in tervening she l f  which was then dry  

land (Hay and Southam, 1977) , 

The probable absence of most con t inen ta l  shelves  during t h e  

5 
1x10 y r  of the l a s t  Wisconsin (~iirrn) g l a c i a t i o n  thus  r ~ i s e s  fin1lbt.s 

about t h e  evolut ionary  uniqueness o r  g r e a t e r  i n t r i n s i c  eco log ica l  

e f f i c i e n c y  of t h e  spec ies  of the  food web of t h i s  r i c h  c o a s t a l  

ecosystem. Because marine spec ia t ion  t akes  a minimum of about 

5 
5x10 y r  (Day, 1963) , some ep ipe lag ic  and ben th ic  spec ies  of t h e  

P le i s tocene  c o a s t a l  zone, i.e. t h e  upper 200 m of s lope waters ,  

probably j u s t  r ad i a t ed  onshore during t h e  l a s t  Holocene reappear- 

ance of t h e  shelves.  The high y i e ld  of present  shelves  i s  ins tead  

a t t r i b u t e d  t o  t h e i r  shallow depths,  which both concentra te  f i s h  

f o r  economic harves t ing  and allow g r e a t e r  n u t r i e n t  recycl ing t o  

t he  overlying water column. 'Seasonal wind mixing i s  ab le  t o  reach 

the  decomposing organic  matter  on t h e  she l f  bottom, with consequent 

rapid  r e tu rn  of n u t r i e n t s  t o  t h e  euphotic  zone. In  con t r a s t ,  t h e  

widely dispersed f i s h  of t h e  open ocean, except f o r  tuna, have 

y e t  t o  b e  commerc.ially exploi ted  and t h e  deep permanent thermocline 



i n h i b i t s  rapid r e tu rn  of n u t r i e n t s  t o  t h e  surface  waters ,  which 

only occurs during winter  overturn. A s  a r e s u l t ,  both  t h e  n u t r i e n t  

content  and d a i l y  primary production of she l f  waters  a r e  usual ly  

an order  of magnitude higher than surface  waters of t h e  open ocean 

(Table I ) ,  e.g. t he  Sargasso Sea (Menzel and Ryther, 1960).  I n  

some oceanic a r eas  such a s  t h e  North P a c i f i c  (Anderson and Munson, 

1972) and the  equa to r i a l  divergence (Walsh, 1976) where n u t r i e n t s  

a r e  high,  the  primary production i s  always low because of constant  

grazing s t r e s s  and no spr ing bloom occurs.  

The y i e ld  of ind iv idua l  con t inen ta l  shelves (Table 1) vari'es 

a s  a function of t h e i r  width, t h e  dura t ion  of wind induced n u t r i e n t  

inpu t  and ava i l ab l e  l i g h t  (Walsh, 1974),  t h e  seasonal  temperature 

cycle  which may a f f e c t  the a b i l i t y  of planktonic herbivores  t o  L. 

crop t h e  primary production, t h e  subsequent inpu t  of food t o  t he  

benthos, and t h e  u t i l i z a t i o n  of these  pe lag ic  and demersal re- 

sources by t h e  f i s h ,  through a var ied  number of s teps  i n  each 

she l f  food web. Before overf ishing,  fo r  example, t h e  Peru up- 

welling ecosystem yielded about 20% of t h e  world ' s  annual f i s h  

catch a s  a s ing l e  species  y i e ld  - anchoveta (Walsh e t  a l . ,  1979).  

A t  Peruvian l a t i t u d e s ,  l i g h t  and temperature a r e  conducive ' to  

high r a t e s  of primary production throughout t he  year.  Upwelling 

adds n u t r i e n t s  a l l  t he  year t o  t h e  euphotic zone of f  Peru t o  

maintain a l e v e l  of carbon f ixa t ion ,  s u f f i c i e n t  t o  support 



Table 1 

A comparison of h a b i t a t  v a r i a b i l i t y  and food cha in  

p r o d u c t i v i t y  w i t h i n  s h e l f  ecosystems a t  -200, 400, and 60° l a t i t u d e  

Peru (10-15O~) Oregon (42-47ON) New York ("7-420~) Bering Sea (55-60°~)  

Temperature At  of t h e  5' c 5 ' ~  year  2 0 ' ~  1 0 ' ~  yeae'l 
-1 

i n sho re  mixed l a y e r  

Cumulative n i t r a t e  w i t h i n  7.0 g-atom m - 3 -3 1.0 g-a t  om m-' 2.5 g-a tom m-3 2.5 g-atom m 
t h e  eupho t i c  zone (30 m) year-1 (1) Year-1 year-' year-1 (2) 

Primary product ion  of 500-1000 g~m-23-ear-1 200-250 g C ~ 2  ;00-3CO g~m-2yezr-1 200-250 g b m 2 y e a r - l  
. c o n t i n e n t a l  s h e l f  ear-' 

I 
r, Organic carbon con ten t  > 2.0% 

of s h e l f  sediments  

2 2 2 F i sh  y i e l d  of t h e  -100 tons  km- -- 1 0  t o n s  km- -- 1 0  tons  km- 1-2 t n s  km-2 
s h e l f  ecosystem yea r  - 1 yea r  -I year'l yea r  -? 

(1)  Sargasso Sea cumulat ive n i t r a t e  = 0.1  g-atom m-3 year'l 

(2 )  S t a t i o n  Poppa cumulat ive n i t r a t e  = 3.5 g-atom m'3 year-1 
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annual pe l ag i c  f i s h  landings t h a t  used t o  be two orders  of magni- 

tude  l a r g e r ,  per  u n i t  area ,  than the  p resen t  Bering Sea demersal 

f i she ry  a t  high l a t i t u d e s .  

I n  c o n t r a s t  t o  Peru, t h e  Bering Sea has  l e s s  annual primary 

production (McRoy and Goering, 1976) because i c e  reduces i nc iden t  

r ad i a t i on  by covering most of t h e  she l f  u n t i l  March each year ,  

when t h e  spr ing bloom of phytoplankton begins,  water temperatures 

a r e  1 0 ' ~  lower, and surface  n u t r i e n t s  become exhausted by the  end 

of summer a s  wind mixing dec l ines .  The y i e ld  of Alaska pollock 

(Pru te r ,  1973) from the  Bering Sea i s  about 3% of t h e  world f i s h  

ca tch,  and the  adu l t  f i s h  a r e  r e s t r i c t e d  t o  t h e  outer  she l f  (150- 

200 m )  . I f  t h e  annual pollock harves t  i s  derived only from t h i s  

a rea  of t h e  t o t a l  shel f  (10-2%), however, then the  f i s h  y i e l d  

km-2 of t h e  Bering Sea i s  s imi l a r  t o  t h a t  of o ther  mid-lat i tude 

shelves,  e.g. New York, Oregon, o r  t h e  North Sea. 

The annual primary production and the  carbon content  of t he  

sediments (Sharma, 1974; Gross, 1968; Milliman, 1973) do not  vary 

between these  mid-lat i tude shelves  (Table 1). Similar  carbon in-  

pu ts  and outputs  ( a s  f i s h  and sediment carbon) suggest t h a t  t h e  

g rea t e r  width of t h e  Bering Sea she l f  (-500 km), i n  con t r a s t  t o  

New York (-100 km) and Oregon (-25 km), may allow segregation of 

t he  ben th ic  and pe lag ic  food webs between t h e  inner  and ou te r  

p a r t s  of t h e  high l a t i t u d e  she l f .  With low inc iden t  r ad i a t i on ,  



t h e  inshore  (el00 m)  ben th ic  secondary production appears t o  b e  

t r a n s f e r r e d  t o  long-lived mammals and l a r g e  i nve r t eb ra t e s  i n  the  

Bering Sea r a t h e r  than t o  demersal f i s h  a s  a t  lower l a t i t u d e s .  

A d e t a i l e d  comparison of two she l f  ecosystems a t  about t h e  same 

l a t i t u d e ,  Oregon and New York-Georges Bank, can thus  provide in-  

s i g h t  i n t o  how wind forc ing and she l f  width can s t r u c t u r e  t h e  

phys ica l  h a b i t a t ,  leading t o  d i f f e r e n t  coupling between s i m i l a r  

spec ies  i n  con t inen ta l  she l f  systems having s imi l a r  l i g h t  regimes. 

ENVIRONMENTAL VARIABLES 

Wind Forcinq - 
Wind events  a r e  an important source of h a b i t a t  v a r i a b i l i t y  

on t h e  con t inen ta l  she l f  i n  c o n t r a s t  t o  t he  open ocean (Walsh, 

1976; Beardsley e t  a l . ,  1976) and a r e  responsible  f o r  both t h e  

generat ion of cu r r en t s  and fo r  v e r t i c a l  mixing. Because of t h e  

north-south alignment of t h e  North American cont inent ,  a  south- 

e r l y  wind tends  t o  favor offshore  sur face  flow a s  a r e s u l t  of 

C o r i o l i s  force  on the  e a s t  coas t  of t h e  United S t a t e s  ( i - e .  t o  

t h e  r i g h t )  i n  c o n t r a s t  t o  a  no r the r ly  wind on t h e  west coas t .  

Nutr ient  r i c h ,  cold subsurface water then moves onshore and up- 

wel l s  a t  t h e  coas t  t o  replace  the  warmer, n u t r i e n t  impoverished 

surface  water t ranspor ted  offshore  by winds favorable t o  upwelling 

(Walsh, 1975).  Downwelling, (onshore flow of surface  water and 
I 

?. 
, 
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sinking a t  the  coast)  occurs when winds a r e  from the  respect ive 

opposite d i r ec t ions  of f  New York and Oregon. Coastal upwelling 

i s  a boundary process and most of the  water i s  upwelled within a 

zone only 1 U - 2 U  'h from the coast ,  w i t h  offshore secondary cross- 

shelf  flows s e t  up a s  a function of the  shelf  width (Walsh, 1977) . 
 ina ally, under condit ions of weak s t r a t i f i c a t i o n  and strong winds, 

v e r t i c a l  mixing of the  water column a l s o  occurs i n  addit ion t o  

the  upwelling/downwelling cross-shelf c i r cu la t ion  pa t t e rn  (Walsh. 

e t  a l . ,  1978). 

A progressive vector diagram (Fig. 1) shows wind forcing 

( i n  km) f o r  a year a t  the  Ambrose Light Tower off  New York, and 

a t  the  Newport j e t t y  off  Oregon. This analysis  was compiled by 

p lo t t ing ,  head t o  t a i l ,  the  successive vectors of wind speed and 

d i rec t ion ,  every 3 h throughout April  1974-March 1975. The 

average offshore wind speed between Cape Hatteras and Mode 

-1 -1 
Island r i s e s  from 5 m sec i n  July t o  8 m sec i n  January, 

-1 though winds of >20 m sec have been recorded during each month 

over the  l a s t  50 years a t  New York City (Lettau e t  a l . ,  1976). 

Spectral  analysis  (O'Brien and Pi l lsbury,  1974) of these two 

s e t s  of wind data  indica tes  t h a t  the  dominant frequencies of 

v a r i a b i l i t y  of the  seasonal wind forcing within the two eco- 

systems a re  s imilar .  Wind events, o r  storms, a re  more frequent 

i n  the winter,  fo r  example, and decl ine within the New York Bight 
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from 5-6 i n  January t o  ha l f  t h a t  number by September (Walsh e t  a l . ,  

1978) . The cross-shelf  advective i npu t  of  n u t r i e n t s  (Table 1) a l s o  

involves about t h e  same period of 4-5 months of favorable spring- 

summer upwelling winds off  both New York and Oregon (Fig. 1). 

A t  a l e v e l  of ecological  complexity corresponding t o  t roph ic  

l e v e l s ,  t h e  two shelves appear t o  have t h e  same b i o l o g i c a l  

s t r u c t u r e  and produc t iv i ty  d e s p i t e  t h e i r  d i f f e r ences  i n  width. 

Their annual primary production i s  of t h e  same order of magnitude, 

-2 -1 
with a 5 year  mean of 193 m y r  a t  the  edge of t he  she l f  o f f  

Oregon (Small e t  a l . ,  1972),  i n  c o n t r a s t  t o  a 5 year  es t imate  of 

-2 -1 200-300 g C m y r  wi thin  t he  whole New York Bight (Walsh e t  

a l . ,  1980a). The d i v e r s i t y  of nearshore zooplankton species  i s  

a l s o  t h e  same wi thin  18-25 k m  o f . t h e  coas t ;  using a s imi l a r  s i z e  
,,. 

o f ' n e t  mesh, 29 and 26 species  of copepods respec t ive ly  w e r e  

found t o  be  abundant i n  t h e  New York Bight (Judkins e t  a l . ,  1979) 

and of f  Oregon (Peterson and Mi l le r ,  1975).  The abundance of 

estuarine-dependent f i s h  i s  s imi l a r  (McHugh, 1976), c o n s t i t u t i n g  

44.1% by weight of t h e  UoSo commercial ca tch i n  t h e  Middle A t l a n t i c  

Bight,  i n  c o n t r a s t  t o  45.2% of f  Oregon-Washington, both i n  1970. 

F ina l ly ,  t h e  number of common f i s h  species  on the  slope and 

shel f  i s  t h e  same (-200) off  Oregon (Pearcy, 1972 ; ~ l t o n  ," 1972) 

and New York (Hennemeuth, 1976) , while t h e  annual f i s h  y i e l d  i s  

a l s o  s imi l a r  (Table 1). 
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However, t h e  timing of spec ies  succession and energy flow 

of f  Oregon and N e w  York a r e  d i f f e r e n t ,  because upwelling processes 

dominate t he  whole narrow west coas t  she l f  b u t  a r e  confined t o  a 

r e l a t i v e l y  small region on the  broad she l f  o f f  t h e  e a s t  coas t .  

The upwelling and downwelling responses a r e  mainly confined t o  

waters <30 m depth on the  New York s h e l f ,  thus  wi thin  10-20 km 

of t h e  coas t  (Sco t t  and Csanady, 1976). A r es idua l  flow of 5 c m  

-1 
sec t o  the south i s  presen t  a t  most t i m e s  of year  deeper on 

the  New York she l f  due t o  a longshore pressure  g rad ien t  and 

thermohaline forcing.  Similar ly ,  o f f  Oregon, t he  equatorward 

Ca l i fo rn i a  Current flows throughout t he  year  i n  deeper waters 

b u t  i s  replaced on t h e  she l f  by the  poleward Davidson Current 

during the winter  downwellillg s i  tua ki.011. 

Temperature 

Consequently, t he  annual temperature cycle  a t  t he  60 m i so-  

bath ,  60 km of f  New York (Fig. 2A)  i s  t h a t  of a t y p i c a l  borea l  

s h e l f ;  10 km off  Oregon, a t  t h e  60 m i sobath ,  it i s  t h a t  of a 

summer upwelling regime (Fig. 2 B ) .  The verna l  heat ing cycle ,  

r i v e r  runoff ,  and a dec1ine.i.n wind events  l eads  t o  s t r a t i f i -  

ca t ion  of surface  waters by August i n  t h e  New York Bight with 

an annual temperature range of - 2 0 ' ~  (Table 1) i n  t he  mid-shelf 

region. Because of t h e  p e r s i s t e n t  westerly wind component i n  

both ecosystems, temperatures of t h e  well-mixed water on t h e  



shel.3 i n  winter  i s  lowered by wind o f f  t h e  land on t h e  e a s t  coas t  

and r a i s e d  by wind of f  the ocean on t h e  west coas t .  Higher winter  

temperatures,  and t h e  summer upwelling over most of t h e  Oregon 

s h e l f  together  l ead  t o  an annual temperature range a t  t he  mid- 

she l f  of only NS'C  a able 1). 

Tida l  Mixing 

On some shelves,  t i d a l  motion i s  an important f a c t o r  i n  

v e r t i c a l  mixing i n  add i t ion  t o  wind. Large t i d a l  v e l o c i t i e s  of 

-1 55 c m  sec maximum amplitude, for example, can lead t o  roughly 

-1 
- the  same v e r t i c a l  mixing a s  a 13 m sec  wind (Pingree e t  a l . ,  

1978);  t i d a l  mixing energy i s  applied from below a s  opposed t o  

t h e  wind energy from above. Maximal t i d a l  v e l o c i t i e s  a t  >30 m 

-1 
depth a r e  -15-25 cm sec i n  t he  New York Bight and -55-110 cm 

-1 
sec on Georges Bank. The l a t t e r  v e l o c i t i e s  a r e  s imi l a r  t o  those 

-1 of 1 m sec  around t h e  B r i t i s h  I s l e s  (Simpson and Pingree, 1978),  

where an index of t h e  t i d a l  mixing (Simpson and Hunter, 1974) has 

been formulated a s  t h e  r a t i o  of depth (h)  t o  t h e  cube of t he  

-3 amplitude (u) of t he  t i d a l  stream, i.e. h u . The rec iproca l  

-1 3 of  t h i s  r a t i o  and a constant  drag c o e f f i c i e n t ,  C h u , i s  t h e  

mean t i d a l  energy d i s s i p a t i o n  r a t e  per  u n i t  mass (Pingree e t  a l . ,  

1978).  Because of the  l a rge  range of values  i n  both parameters,  

a log  s c a l e  i s  used t o  es t imate  a r eas  of s t r a t i f i c a t i o n  ( log  h 

-3 -1 3 
u 2 2  o r  log h u -2)  , t r a n s i t i o n a l  a reas  o r  f r o n t s  (1.5 o r  



-1.5) , and t i d a l l y  well-mixed a reas  (S1 o r  2 -1) . Larger t i d a l  

v e l o c i t i e s  and/or shallower depths favor increased t i d a l  mixing. 

A t  depths of 40-60 m i n  t h e  New York Bight t h e  t i d a l  ve loc i ty  

-1 -3 
of 0.25 m sec  suggest values  of 3.41-3.59 f o r  log  h u , and 

s t r a t i f i c a t i o n  of t he  waker column, A t i d a l  ve loc i ty  of 1.10 m 

-1 
sec  a t  s imi l a r  depths on Georges Bank, however, suggest values 

of 1.48-1.65 and an area  of t i d a l  mixing. The seasonal  temperature 

. eyele at 60 m on tiearges Bank does, i n  f a c t ,  r e f l e c t  t i d a l  mixing 

with an isothermal v e r t i c a l  s t r u c t u r e  a t  a l l  t i m e s  (Fig. 2C). 

Because of t i d a l  and wind mixing on Georges Bank, the  winter  

temperature minimum i s  about t he  same a s  t h a t  of t he  N e w  York 

she l f  bu t  the  summer temperature maximum i s  s imi l a r  t o  t h a t  o f f  

Oregon. 

Light  

Because l i g h t  pene t ra t ion  decays exponential ly with depth i n  

t he  ocean, phytoplankton whi'ch a r e  mixed over t he  whole water 

column on Georges Bank experience l e s s  l i g h t  than those i n  

surface  l aye r s  of s t r a t i f i e d  deeper waters (Riley,  1942). Thus, 

l e s s  chlorophyll  i s  found i n  t he  highly  mixed shallow regions of 

Georges Bank desp i t e  high n u t r i e n t  concentra t ions  a t  t he  beginning 

of the  spr ing bloom. S imi la r ly  on t h e  European s h e l f ,  h igher  

chlorophyll  concentra t ions  occur on the  s t r a t i f i e d  s ide  of a 

she l f  f r o n t  r a t h e r  than on the  t i d a l l y  mixed s i d e  ( ~ i n g r e e  e t  a l . ,  



though higher concentra t ions  occur a t  t h e  f r o n t  between two such 

regions.  

The r e l a t i o n  between v e r t i c a l  mixing, l i g h t  i n t e n s i t y ,  and 

phytoplankton growth was quan t i f i ed  a s  a c r i t i c a l  depth concept 

(Sverdrup, 1953),  below which the  24 h r  r e s p i r a t i o n  of t h e  water 

column exceeds the  i n t eg ra t ed  d a i l y  photosynthesis .  This c r i t i c a l  

depth i s  h -- 0.2 I (k I ) -I, where I i s  t h e  inc iden t  r ad i a t i on ,  
C 0 C 0 

k i s  t h e  ex t inc t ion  c o e f f i c i e n t ,  and Ic i s  the  compensation l i g h t  

i n t e n s i t y  a t  which a l g a l  photosynthesis  equals  respi ra t ivr l  (-0.3 l y  

-1 
h r  ) . Sverdrup's  concept i s  t h a t  i f  h < h ,  t h e  depth t o  which 

C 

t h e  phytoplankton a r e  mixed a s  a  r e s u l t  of wind and/or t i d a l  stir- 

r ing ,  no bloom w i l l  occur even i n  t h e  presence of high n u t r i e n t  

content .  

I n  t u rb id ,  seasonal ly  well-mixed she l f  waters with chlorophyll  

-1 
concentr.ations of -2.0 pg ch l  4 (Fig. 3) , Secchi d i sk  depth i s  

-11 m a t  t h e  60 m i soba th  i n  t he  New York Bight. Empirical ly,  k 

i s  r e l a t e d  t o  e i t h e r  t h e  Secchi depth, h by k = 1.44 h -1 
s S 

(Holme s , 
-1 -1 

1970) ,  i .e .  1.44 (11) = 0.131 m , and/or t o  chlorophyll  content  

by k = 0.04 + 0.0088 c h l  + 0.054 c h l  *I3 (Riley,  1956) , i . e .  0.143 m -1. 

1 I f  t h e  average i l lumina t ion  of a mixed water column ? = I (kh) , 
h 0 

inc reases  t o  an i n t e n s i t y  a t  which gross  photoplankton pro- 

duct ion i s  g rea t e r  than l o s s  r a t e s  from r e s p i r a t i o n ,  grazing,  and 

s inking,  then a bloom w i l l  ensue. Riley (1967) and Hitchcock and,  



Smayda (1977) found t h a t  above an i n  s i t u  threshold of Th = 

-2 -1 -1 
40 g c a l  cm day ( l y  day ) phytoplankton blooms occurred 

i n  Long Is land Sound and Narragansett  Bay. 

A t  t he  beginning of March off  New York and Oregon a t  t h e  

-2 -1 
60 m i soba th ,  the  inc iden t  r ad i a t i on  i s  <250 g c a l  cm day and 

- 
I i s  thus  32 g c a l  cm-2 day-' wi th in  the  well  mixed 60 m water 
h 

column; the  c r i t i c a l  depth i s  a l s o  too shallow a t  53 m. However, 

-2  -1 
inc iden t  i l lumina t ion  increases  t o  over 300 g c a l  cm day by 

the  end of March off  New York (Walsh e t  a l . ,  1978) and Oregon 

(Small e t  a l . ,  1972))  with associa ted increases  i n  c r i t i c a l  depth 

and average i n  s i t u  l i g h t  i n t e n s i t y .  Similar  changes i n  spr ing 

l i g h t  i n t e n s i t y  and c r i t i c a l  depth have been ca lcu la ted  f o r  the  

-1 
I r i s h  Sea, with mean I and h increas ing from 250 g c a l  cm-2 day 

D C 

-2 -1 and 60 m i n  mid-March t o  430 g c a l  cm day and 100 m i n  mid- 

Apri l  (Pingree e t  a l . ,  1976) . 

PELAGIC FOOD WEB 

Phytoplankton 

A t  t h i s  t i m e  of year ,  t h e  isothermal March water column con- 

-1 t a i n s  more than 4-5 ug-at NO C off  both N e w  York (Walsh e t  a l . ,  
3 

1978) and Oregon (Stefansson and Richards, 1964) )  a s  well  a s  around 

t h e  B r i t i s h  I s l e s  (Pingree e t  a l . ,  1976).  Having an appropr ia te  

combination of l i g h t  and n u t r i e n t s ,  the  spr ing bloom thus begins 



a t  t h e  60 m i soba th  i n  t h e  N e w  York Bight and on GeorgesBank (Fig.  3) 

be fo re  t h e  onset  of seasonal  s t r a t i f i c a t i o n  i n  t he  former, and de- 

s p i t e  t i d a l  mixing i n  t h e  l a t t e r  (Fig. 2 ) .  Bloom condi t ions  a l s o  

-2 -1 occur a f t e r  a  sur face  l i g h t  i n t e n s i t y  of 300 g  c a l  cm day i n  

t h e  Sargasso Sea (S tee le  and Menzel, 1962).  Sporadic nearshore 

blooms of phytoplankton occur a t  t he  18 m i sobath ,  wi th in  2 k m  of 

t h e  Oregon coas t ,  from March t o  June (Petersen and Mil le r ,  1977) ; 

-1 
up t o  6  pg ch l  G a r e  found even e a r l i e r  a t  t he  30 m i soba th  of f  

New York i n  December, b u t  these  populat ions a r e  r e l i c t s  of t he  f a l l  

bloom. In contrast, mid-shelf chlorophyll  concentra t ions ,  s imi l a r  

t o  t h e  e a s t  coas t  spr ing bloom, a r e  no t  found a t  the  60 m i soba th  

o f f  Oregon u n t i l  July-August during t h e  middle of t h e  upwelling 

season (Fig. 3 ) .  

During summer s t r a t i f i e d  condi t ions  i n  t h e  New York Bight ,  

n i t r a t e  i s  undetectable i n  t h e  euphotic  zone, while only 0.1-0.2 

pij-at NO3 
-1 4, occur i n  t i d a l l y  mixed a reas  of Georges Bank and t he  

English Channel. High chlorophyll  concentra t ions  (4-5 pg ch l  C-') 

a r e  then found only i n  subsurface maxima wi thin  t h e  10 k m  nearshore 

upwelling zone of t h e  New York Bight,  and on the  surface ,  a t  t he  

edge of f r o n t s ,  on Georges Bank and i n  t he  English Channel. Af ter  

-1 
t h e  f a l l  overturn i n  October, t he re  i s  more than 2.5 yg-at NO L 3 

throughout t h e  water column o f f  New York, Georges Bank, t he  English 
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Channel, and Oregon. This n i t rogen input  i s  p a r t i a l l y  consumed by 

a small f a l l  bloom i n  N e w  York, t he  English Channel, and Georges 

Bank, bu t  again not  off  Oregon. By October, i nc iden t  l i g h t  i s  less 

-1 
than 300 g c a l  cm-* day i n  a l l  four  a r eas ,  with t h e  c r i t i c a l  depths 

<50 m: t h e  dec l ine  i n  both chlorophyll  and l i g h t  then continues 

towards t h e i r  winter  minima. 

Downwelling begins o f f  Oregon i n  October and ends i n  May 

(Fig .  l), with an in tervening upwelling season of varying i n t e r -  

annual i n t e n s i t y  (Petersen and M i l l e r ,  1975).  Despite s u f f i c i e n t  

l i g h t  and n u t r i e n t s  off  Oregon i n  March and October, a  bloom i s  not  

observed perhaps because t h e  sinking water e n t r a i n s  phytoplankton 

onshore and below t h e  euphotic  zone. For example, t he  zooplankton 

spec ies  a t  these  times suggests  t h a t  t he  water on the  she l f  has  

come from the  south a s  p a r t  of t he  downwelling c i r c u l a t i o n  (Petersen 

and Mi l l e r ,  1977).  S imi la r ly  during the  upwelling season o f f  Oregon, 

cross-shel f  d i s t r i b u t i o n s  of phytoplankton and suspended mate r ia l  

(Small and Ramberg, 1971) a l s o  suggest sillkiiig within a convergence 

f r o n t  a t  mid-shelf (Mooers e t  a l . ,  1976).  Downwelling has been ob- 

served during "nor theas te r s"  (March, J u l y J  and October storms) i n  

t h e  N e w  York Bight ,  b u t  phytoplankton l o s s  i s  r e s t r i c t e d  t o  t he  

inner  p a r t  of t h i s  wider s h e l f .  A t  mid-shelf depth,  chlorophyll  

appears t o  be resuspended from the  sediments p a r t i c u l a r l y  during 



* 
s t rong southwesterly winter-spring winds i n  t h e  New York Bight 

(Walsh e t  a l ,  , 1978) . 

Nitroqen Demand 

I Unlike Oregon, however, n u t r i e n t s  l i m i t  phytoplankton popu- 

l a t i o n  growth over most of t h e  Mid-Atlantic Bight during summer ,  

when ni t rogen demand must be  supplied by recycl ing by zooplankton, 

bacterioplankton,  and benthos (Walsh e t  a l . ,  1978).  A phytoplankton 

-2 
C:N r a t i o  of 5 : l  and an annual primary production of 300 g C m 

- 1 -2 -1 
y r  suggests  an annual ni trogen demand of 60 g N m y r  , o r  -71 

-1 -1 pg-at N 4.  yr  a t  t he  60 m i sobath ,  p a r t  of which i s  suppl ied-by  I 

b i o log ica l  regenerat ion of n i t rogen a s  ammonium and p a r t  by physical  'i 

inpu t  of n i t r a t e .  

I n  a  recen t  n i t rogen budget (walsh e t  a l . ,  1980a) for t h e  

I she l f  between Cape Hat teras  and Georges Bank ( t h e  Mid-Atlantic I 

-1, ' 8  

B igh t ) ,  t he  estimated sources of n i t rogen a r e  11.0 pg-at N .& 

-1 
y r  from zooplankton excre t ion,  7.0 from bacter ioplankton,  11.0 

from benthos, 3.0 from n i t r i f i c a t i o n ,  0.5 from r a i n f a l l ,  3.0 from 

es tuar ine  input ,  9.0 from the  upstream boundary across  t h e  she l f  

t o  t h e  north,  and 26.0 from the  longshore boundary a t  t h e  edge of 

the  s h e l f .  Approximately 46% of t h e  ni t rogen demand o f , t h e  annual 

primary production of the  New York Bight may be supplied by re- 

cycl ing,  which suggest t h a t  t he  pe lag ic  food web of t h i s  she l f  

ecosystem may be  more t i g h t l y  coupled i n  a  b io log ica l  sense t o  

t h e  demersal food web than those of t h e  upwelling system o f f  

Oregon. 



Copepods 

The seasonal  pu lses  of copepod biomass o f f  New York, Georges 

Bank, and Oregon (Fig. 4) r e f l e c t  regional  d i f f e r ences  i n  both 

temperature cyc les  and the  timing of phytoplankton blooms. For 

example, Pseudocalanus minutus and Centropases typ icus  a r e  t h e  

dominant copepods o f f  New York and Georges Bank (Judkins e t  a l . ,  

1979; Sherman, 1978; G r i c e  and Har t ,  1962; Clark, 1940; Sears and 

Clarke,  1940; Bigelow and Sears., 1939) with t he  former found across 

t h e  she l f  i n  t h e  winter-spring and t h e  l a t t e r  inshore during summer- 

f a l l ;  Calanus finmarchicus i s  a l s o  abundant offshore  a f t e r  t he  spr ing  

bloom. The N e w  York offshore  peak of these  zooplankters (>SO m) 

occurs during May-June, a s  o f f shore  waters warm about one month 

a f t e r  t he  offshore  phytoplankton bloom (>SO m) i n  March-April. In- 

shore zooplankton (<50 m) becomes abundant during the  even warmer 

period of July-August, following by one month t h e  inshore  phyto- 

plankton growth period (<SO m) of May-June (Walsh e t  a l . ,  1980a).  

The peaks of zooplankton biomass on Georges Bank and i n  t he  

Gulf of Maine (Fig.  4C) have s imi l a r  s p a t i a l  and seasonal pa t t e rns  

(Bigelow, 1926; Redfield,  1941; Riley, 1947) t o  the  respec t ive  in-  

shore and offshore  copepod communities within the  New York Bight 

(Fig.  4 A ) .  The cross-shelf  d i s t r i b u t i o n  of the  same genera of 

copepods i s  a l s o  s imi l a r  off  Oregon; Pseudocalanus sp. i s  found 

across  t h e  s h e l f ,  Calanus marshallae offshore  and Centro-paqes 

abdominalis inshore  (Fig.  4B) during the  summer upwelling period 
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( P e t e r s e n  e t  a l . ,  1979) .  However, on ly  Pseudocalanus sp.  dominates 

bo th  t h e  s i n g l e  o f f s h o r e  (>50 m) summer peak of zooplankton i n  July-  

August, t h a t  c o i n c i d e s  with t h e  mid-shelf phytoplankton bloom, and 

t h e  smal l e r  c ross - she l f  peaks of copepods t h a t  occur i n  t h e  absence 

of  h igh  ch lo rophy l l  dur ing  October (Pe te r sen  and M i l l e r ,  1975, 1977) .  

Pseudocalanus i s  a co ld  water  form (Corke t t  and McLaren, 1978) )  - 
which grows w e l l  a t  low tempera tures  ( v i d a l ,  1978) and i n t e r m i t t e n t  

food supply (Dagg, 1 9 7 7 ) )  i n  c o n t r a s t  t o  Centropaqes. The summer 

A t  between Oregon and N e w  York i s  ,lOOc, a f u l l  Q10 range, and 

Pseudocalanus would t h u s  b e  me tabo l i ca l ly  favored dur ing  b o t h  sum- 

m e r  upwelling o f f  Oregon and i n  t h e  c o l d e r  sp r ing  waters  o f f  New 

York. Pseudocalanus females a l s o  l a y  fewer eggs t h a n  Centropaqes,  

y e t  a d u l t  abundance i s  s i m i l a r  o f f  New York (Dagg, 1979) ,  sug- 

g e s t i n g  t h a t  p r e d a t i o n  may b e  l e s s  dur ing  t h e  growth phase of t h e  

co ld  water  form. The i n c r e a s e  (Fig.  5) of  inshore  ( ~ 5 0  m )  chae- 

togna th  biomass a f t e r  t h e  sp r ing  peak of ~ s e u d o c a l a n u s  minutus may 

al low t h e  slower growing Centropaqes to succeed Pseudocdlaaus o f f  

N e w  York dur ing  t h e  s u m m e r .  Moreover, Centropaqes i s  a l s o  an omni- 

vore ,  i n  c o n t r a s t  t o  Pseudocalanus, and may t h u s  p a r t i a l l y  s u b s i s t  

on i t s  own o r  o t h e r  i n v e r t e b r a t e  n a u p l i i  w i t h i n  t h e  summer food 

web o f f  New York. 
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I n v e r t e b r a t e  P reda to r s  

Clarke  e t  a l .  (1943) have suggested t h a t  two t o  t h r e e  gener- 

a t i o n s  of chaetognaths  a r e  produced each yea r  on Georges Bank. 

There a r e ,  i n  f a c t ,  i n d i c a t i o n s  of matura t ion  i n  May-June, September- 
- 

October,  and November-December o f  t h r e e  broods,  o r  c o h o r t s ,  of t h e s e  

p r e d a t o r s  i n  a l l  t h r e e  systems (Fig.  5 ) .  The main chaetognath peak 

i s  smal l e r  and l a t e r  i n  t h e  year  o f f  Oregon, however, i n  c o n t r a s t  

t o  t h o s e  o f f  N e w  York and Georges Bank (Redf ie ld  and Beale ,  1940) .  

S i m i l a r l y ,  major p u l s e s  of ctenophore p r e d a t o r s  occur i n  t h e  f a l l  

o f f  b o t h  C a l i f o r n i a  (Hi ro ta ,  1974) and New York (Malone 1 9 7 7 ) )  

a f t e r  t h e  peak of Centropaqes t y p i c u s ,  compared t o  t h e  summer bloom 

of  ctenophores  o f f  Oregon (Petersen  and M i l l e r ,  1976) .  The low 

tempera ture ,  l a c k  o f  f a l l  bloom, and d i f f e r e n t  t iming of p r e d a t o r  

s t r e s s  may thus  a l l  a c t  t o  prevent  Centropaqes from succeeding 

Pseudocalanus --- - a s  t h e  dominant copepod o f f  Oregon. Conversely, t h e  

cont inued e x i s t e n c e  of  a he rb ivore  o f f  Oregon dur ing  summer and 

f a l l  may n o t  a l low a f a l l  bloom t o  develop i n  October, s i m i l a r  t o  

t h e  manner i n  which t h e  l ack  of a s p r i n g  bloom i n  t h e  North P a c i f i c  

i s  due t o  cons tan t  g raz ing  p r e s s u r e  of Calanus c r i s t a t u s  (McAll is ter  

e t  a l . ,  1960) . 

Ichthyoplankton 

Seasonal c y c l e s  of l a r v a l  f i s h  (Fig .  4)  tend  t o  fol low those  

of  t h e  i n v e r t e b r a t e  h e r b i v o r e s  and ca rn ivores .  The May-June peak 



. 
of l a r v a l  f i s h  i n  t h e  N e w  York Bight  comprises mainly y e l l o w t a i l  

f lounder  and mackerel, whi le  t h e  smal ler  winter  peak on Georges 

Bank i s  of cod, haddock, and sand l a n c e  fol lowing t h e  h e r r i n g  

maximum; d a t a  were no t  a v a i l a b l e  f o r  t h e  summer per iod  on Georges 

Bank b u t  y e l l o w t a i l  and mackerel spawn i n  t h i s  a r e a  a s  w e l l  (Colton 

e t  a l . ,  1979) .  S i m i l a r l y  o f f  Oregon, t h e  win te r  peak of  l a r v a l  

f i s h  r e p r e s e n t s  sand l ance ,  b u t t e r  s o l e ,  and e n g l i s h  s o l e ,  while  

t h e  summer maximum comprises c a p e l i n  (Richardson and Pearcy, 1977) .  

Although t h e  l a r v a l  s u r v i v a l  of f i s h  may b e  t h e  c r i t i c a l  fac-  

t o r  i n  determining f l u c t u a t i o n s  of a d u l t  abundance (Lasker ,  1975; 

Walsh, 1978) ,  ic thyoplankton  probably have l i t t l e  d i r e c t  impact on 

energy flow through lower t r o p h i c  l e v e l s ,  For example, d a i l y  r e s -  

p i r a t i o n  w i t h i n  t h e  summer water column of t h e  New York Bight  of 

peak l a r v a l  f i s h  popu la t ions  r e p r e s e n t s  a  maximum oxygen demand .of 
... 

-2 -1 
only 1 .6  m l  0  m day-' i n  c o n t r a s t  t o  48 m l  0  m-2 day f o r  t h e  

2 2 
-2  -1 -2 

chaetognaths,  360 m l  O 2  m day f o r  t h e  benthos ,  and 500 m l  O 2  m 

-1 
day f o r  t h e  copepods (Walsh e t  a l ,  , 1980b) . Furthermore, a  n i -  

t rogen budget f o r  t h e  New York s h e l f  (Walsh e t  a l . ,  1978) sugges t s  

t h a t  53% of t h e  nearshore  phytoplankton biomass i n  August i s  con- 

sumed d a i l y  by t h e  cope pod,^, whereas only 6% of t h e  inshore  bloom 

i s  grazed i n  May, and 7% of t h e  mid-shelf bloom (Fig.  3 )  i n  March, 

when few chaetognaths and . l a r v a l  f i s h  a r e  p r e s e n t .  



Pteropods 

-1 With an inc iden t  r ad i a t i on  of 150 g c a l  cm-2 day a t  t h e  

end of January, t h e  c r i t i c a l  depth i s  32 m and the  average l i g h t  

i n t e n s i t y  of the  well-mixed water column a t  t h e  30 m i soba th  i s  

-2 -1 
38.5 g c a l  cm day . Without downwelling, an inshore  phyto- 

plankton bloom a t  t h e  30 m i sobath  should occur i n  t h e  New York 

Bight a f t e r  the  February increase  of i nc iden t  r ad i a t i on .  In f a c t ,  

-1 phytoplankton blooms (-10 pg ch l  & ) a r e  then observed nearshore 

(Evans e t  a l . ,  1979) d e s p i t e  the  presence of t h e  herbivorous .ptero- 

pods (mainly Limacina r e t rove r sa )  . These a r e  t h e  t h i r d  most abun- 

dan t  zooplankters ,  with a peak occurrence (Fig. 5)  be fore  Pseudo- 

ca lanus  minutus i n  February-March (Judkins e t  a l . ,  1979) wi thin  

60 km of t he  Long Is land coas t  (Walsh e t  a l . ,  1978) . 
These pteropods a r e  a s  ub iqu i t ious  a s  calanoid copepods 

wi thin  t he  c id-~tlantic Bight ,  Redfield (1939) described t h e  

growth of a populat ion of Limacina re t roversa  during a 7 month 

d r i f t  from i t s  poss ib le  winter  spawning area on the  Nova Scotian 

she l f  u n t i l  it was- ent ra ined southward wi thin  t h e  gyre around the  

Gulf of Maine, and pteropods have a l s o  been used t o  d e l i m i t  long- 

shore she l f  h a b i t a t  changes a t  Cape Hatteras  (Myers, 1967).  A l -  

though abundance wi thin  t h e  copepod maxima off  Oregon and New York 

a r e  of t h e  same order (Fig. 4 ) ,  t h e  Oregon pteropod maximum of 

Limacina h e l i c i n a  i s  only 2% of t h a t  off  New York and occurs 



dur ing  October (Fig.  5 )  a t  t h e  same time a s  t h e  Pseudocalanus sp.  

f a l l  peak, Thus downwelling appears  t o  prevent  a win te r  bloom of 

phytoplankton and zooplankton o f f  Oregon, whereas o f f  N e w  York t h e  

February inshore  primary product ion  i s  .cropped b e f o r e  mid-March by 

both  pteropods and t i n t i n n i d s :  This  i s  i n d i c a t e d  by diatom cha in  

l eng th ,  fo :  f o  r a t i o s ,  and PN:chl r a t i o s  (Walsh e t  a l . ,  1976) .  

UlQ4ERSAL FOOD WEB 

Benthos 

A s  a r e s u l t  of d i f f e r e n t  s h e l f  width and s i m i l a r  wind fo rc -  
0. 

i n g ,  an inshore  zooplankton s p e c i e s  success ion  of Limacina 

r e t r o v e r s a ,  Pseudocalanus minutus,  and Centropaqes t y p i c u s  occurs  

i n  t h e  New York Bight ,  while  Pseudocalanus sp.  remains t h e  dominant 

s h e l f  he rb ivore  o f f  Oregon. The nearshore  win te r  and summer p r i -  

-2  -1 
mary product ion .  (-100 g C m y r  ) i s  t h u s  t r a n s f e r r e d  t o  protozoa 

and zooplankton o f f  N e w  York, while  t h e  product ion  of  t h e  March- 

-2 -1 
May sp r ing  bloom a t  mid-shelf (-200 g C m y r  ) i s  apparen t ly  

t r a n s f e r r e d  i n s t e a d  t o  t h e  bottom (Fig .  6 ) .  A r e g r e s s i o n  of ben- 

t h i c  macrofaunal biomass on average ch lo rophy l l  of t h e  March-May 

2 
euphot ic  zone, i n  f a c t ,  y i e l d s  an r of 0.80 f o r  o t h e r  a r e a s  i n  

t h e  Canadian c o a s t a l  zone, t h e  North Sea, and Long I s l a n d  Sound 

(Mann, 1976) .  In  c o n t r a s t ,  t h e  l ack  of a sp r ing  bloom .on most of 

t h e  Oregon s h e l f ,  sugges ts  t h a t  l i t t l e  t r a n s f e r  of carbon t o  t h e  

bottom occurs  a t  t h i s  time of yea r .  
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I n  t h e  p re l iminary  carbon budget f o r  Cape Hatteras-Georges 

Bank a l ready  d i scussed ,  t h e  u t i l i z a t i o n  of t h e  primary product ion  

b y  t h e  herbivorous zooplankton (growth e f f i c i e n c y  20% and assimi-  

l a t i o n  e f f i c i e n c y  60%) l e a d s  t o  an annual secondary product ion  of 

-2 -1 
20 g C m y r  a v a i l a b l e  f o r  consumption by t h e  p e l a g i c  food web 

-2 -1 
and a f e c a l  p e l l e t  f l u x  of 40 g C m y r  t o  t h e  demersal food 

web (Fig.  6 ) .  Flux of  f e c a l  p e l l e t s  and p h y t o d e t r i t u s  t o  t h e  bot -  

-2 -1 
tom (-240 g C m y r  ) can b e  p a r t i t i o n e d  i n t o  t h e  l a r g e r  macro- 

b e n t h i c  i n v e r t e b r a t e s  ( d e t r i t o v o r e s ,  he rb ivores  and omnivores) 

and t h e  smal l e r  more abundant h e t e r o t r o p h i c  organisms, t h e  meio- 

fauna and microbiota  (Fig.  6 ) .  F i n a l l y ,  t h e  food requirements  of 

t h e  p e l a g i c  and demersal f i s h  and t h e  y i e l d  t o  man from a l l  com- 

merc ia l  l i v i n g  resources ,  a r e  independent e s t i m a t e s  (Edwards and 

Bowman, 1978; Sherman e t  a l . ,  1978) a t  t h e  ou tpu t  s i d e  of t h i s  

carbon budget .  

The number of meiobenthic organisms i n  some a r e a s ,  south of 

6 -2 
Mar tha ' s  Vineyard (0.1-1.0 x 10 animals m ; Wigley and McIntyre, 

3 .  
1964) f o r  example, f a r  outnuniber t h e  macrobenthos (1.4 x 10 an i -  

-2 
mals m ; Wigley and Theroux, 1979) .  They appear t o  be  respons i -  

b l e ,  a long with t h e  b a c t e r i a  and protozoa,  f o r  r e m i n e r a l i z a t i o n  

of m a t e r i a l  on t h e  bottom r a t h e r  than ' s e r v i n g  a s  much of a path-  

way t o  h igher  t r o p h i c  l e v e l s  (Fenchel,  1969; McIntyre e t  a l . ,  1970; 



Coull ,  1973; Tenore, 1977).  The d e t r i t u s  f l ux  i s  thus  assumed t o  

be  e i t h e r  bur ied ,  exported, o r  mineralized by both the  meiobenthos 

and t h e  microbenthos i n  t h i s  carbon budget. It i s  poss ib le  t h a t  

meiobenthos production i s  consumed by b r i t t l e  s t a r s  and poly- 

chaetes ,  a s  w e l l  a s  by o the r  depos i t  feeders.  An inverse  s p a t i a l  

d i s t r i b u t i o n  has  been observed between t h e  meiofauna and macro- 

fauna biomass i n  t he  N e w  York Bight,  with perhaps a s  much a s  50% 

of t h e  meiobenthic production consumed by t h e  macrobenthos (J. 

T i e t j e n ,  personal  communication). A s imi l a r  budget of ben th ic  

i n t e r a c t i o n s  has  been const ructed f o r  t he  B a l t i c  Sea (Ankar and 

Elmgren, 1976). 

Some phytode t r i tus  and f e c a l  mat ter  would be  used a s  an energy 

source by a l l  t h r e e  s i z e  ca tegor ies  of benthos, and severa l  s t ud i e s  

have est imated t o t a l  community metabolism off  New York; f o r  example, 

Thomas e t  a l .  (1979) measured nearshore bottom oxygen u t i l i z a t i o n  

by incubating cores  aboard ship  a t  i n  s i t u  temperatures.  Their 

-2 -1 -2 -1 
' r e s u l t s  of 360 m l  O 2  m day (o r  54 g C m y r  with an R.Q. 

of 0.75) were s imi l a r  t o  seasonal oxygen demand of t he  bottom b i o t a  

(Smith e t  a l . ,  1974),  wi th in  i n  s i t u  b e l l - j a r  incubations.  Florek 

and Rowe ( i n  prep.) have recen t ly  made core incubations over a 

broader a rea  of t h e  she l f  of the  Middle A t l a n t i c  Bight,  and t h e i r  

d a t a  suggest l e v e l s  of infaunal  u t i l i z a t i o n  of organic carbon i n  

d i f f e r e n t  p a r t s  of t he  s h e l f :  



- -2 -1 
Nearshore (<30 m depth)  70 g C m y r  

- -2 -1 
C e n t r a l  s h e l f  depths  43 g C m y r  

- -2 -1 
Georges' Bank 27 g C m y r  

- -2  -1 
Outershel f  margin 20 g C m y r  

I f  an average va lue  f o r  i n n e r  s h e l f  r e s p i r a t i o n  measurements 

-2 -1 
of -50 g C m y r  i s  assumed t o  b e  r e p r e s e n t a t i v e  of a l l  t h e  

Middle A t l a n t i c  Bight ,  only  about 25% of t h e  t o t a l  d i r e c t  l o s s  

-2 -1 
.(about  240 g C m y r  ) from t h e  water column can be  a t t r i b u t e d  

t o  u t i l i z a t i o n  by microfauna, meiofauna, and macrofauna. I f  t h i s  

i s  t h e  c a s e ,  e i t h e r  t h e  f e c a l  p e l l e t s  and phytoplankton carbon pro- 

duced dur ing  t h e  winter -spr ing  bloom i s  bur ied  and expor ted ,  o r  i t  

must b e  u t i l i z e d  by  organisms n o t  considered i n  t h e s e  assumptions. 

Another approach t o  t h i s  en igmat ic . ca rbon  l o s s  i s  independent ly t o  

e s t i m a t e  carbon u t i l i z a t i o n  from known macrofaunal biomass (Wigley' 

and Theroux, 1979) , 

Large a r e a s  of  the ,  Mid-Atlantic s h e l f  have a wet weight ben- 

-2 -2  
t h i c  biomass of more than  100 gm m (-6 g C m ) ,  most of  which 

i s  composed of t h e  long-l ived macrobenthos with low r a t e s  of sec- 

ondary product ion  (Warwick and P r i c e ,  1975; Buchanan and Warwick, 

1974) .  I f  t h e  average macrofaunal biomass on t h e  s h e l f  i s  on t h e  

o rde r  of 100 g m-2 and a P/B of 0 . 5  i s  assumed, then  t h e i r  pro- 

-2 -1 -2 
d u c t i o n  would b e  about  50 g m y r  , o r  3 g C m yr-l. With a 



growth e f f i c i e n c y  of 15%, t o t a l  carbon consumption by t h e  macro- 

-2 -1 
fauna would be  about 20 g C m y r  (Fig. 6) . This i s  reasonable, 

because at tempts t o  p a r t i t i o n  carbon flow through ben th ic  com- 

munit ies  i n  t h e  p a s t  have shown t h a t  only a small por t ion  i s  used 

by l a r g e r  organisms (Smith e t  a l . ,  1973; S m i t h ,  1973). I f  t he  

-2 -1 
benth ic  f luxes  of t h e  carbon budget (40 g C m y r  t o  small 

-2 -1 
organisms and 20 g C m y r  t o  macrofauna, see  Fig. 6) a r e  i n  

f a c t  reasonable es t imates ,  then t h e  ben th ic  community on the  she l f  

of t h e  Middle A t l a n t i c  Bight does not  consume much of t h e  annual 

carbon f lux  t o  t h e  bottom, and t h e r e  must be  b u r i a l  o r  carbon export .  

Sediments 

Most of t he  sediment on the  Mid-Atlantic she l f  i s  r e l i c t  sand 

with ~ 0 . 5 %  carbon (Emery and Uchupi, 1972),  however, deposi ted 

dur ing o r  soon a f t e r  t h e  l a s t  Wisconsin g l ac i a t i on ,  when t h e . s h e l f  

was d ry  land 15,000 years  ago. Seaward of t he  60 m i sobath ,  t he  

sediments contain mQre slit (Freeland and Swift.. 1978),  and, be- 

yond the shelf-break, '  t h e  organic content  f i n a l l y  increases  t o  

\ 
1-2% carbon, b u t  s t i l l  lower i n  organic content  than! t h e  >4% car-  

bon muds (Table 1) o f f  t he  Peru coas t  (Rowe, 1971) . The Hudson 

Canyon, a reas  of Georges Bank (Hathaway e t  a l . ,  
I 

lg7P),  and the 
3 2 I 

"mud ho le , "  a region of 4 x 10 km southwest of Martha 's  Vineyard 
I 

between t h e  50-100 m i soba ths ,  a r e  t h e  exceptions Lhere 1-2% carbon 

1. 



I ~ ' 
I 

- muds a r e  found on the  Mid-Atlantic she l f .  In  these  a reas ,  14c 
I 

and 210 Pb da t ing  suggest modern depos i t s  with a sedimentation 

r a t e  of a t  l e a s t  50-100 cm 1000 yr-L (Drake e t  a l . ,  1978; Bothner 

-1 ' e t  a l . ,  1980) i n  con t r a s t  t o  about 15 cm 1000 y r  on the  slope 

(Macllvaine, 1973) and 3 cm 1000 yr-L on t h e  r i s e  (Milliman, 1973). 

The C:N r a t i o  (Fig. 7) of Mid-Atlantic she l f  sediments 

(Milliman, 1973) can be used a s  an index of a r ea s  of modern car-  

bon deposi t ion and poss ibly  a l s o  of t h e  f a t e  of p a r t i c l e s  during 

t r anspor t  i n  t h i s  ecosystem (Fig. 6 ) .  The average C:N r a t i o  of 

marine b a c t e r i a ,  phytoplankton, copepods, polychaetes,  o the r  zoo- . . 

plankton and ben th ic  organisms, a s  wel l  a s  f i s h  a r e  a l l  l e s s  than 

6,  while land p l a n t s  and aquat ic  vascular  p l a n t s ,  e.g. Zostera 

and Thalass ia ,  a r e  g rea t e r  than 15 (Mtiller, 1977).  Sediments with 

C:N content  <6 may i n d i c a t e  a marine o r i g i n  i f  a l s o  r i c h  i n  car-  

bon (Miiller, 1977) and those >10 would ind i ca t e  a t e r r e s t r i a l  o r  

marine vascular  p l a n t  source. The carbon content  of t he  she l f  

sediments with a C:N r a t i o  <6 i n  the  Middle A t l a n t i c  Bight (Fig.  7 )  

13 
i s ,  i n  f a c t ,  twice those with a >10 C:N r a t i o ,  while 6 C mea- 

surements (Hunt, 1966) suggest t he  surface  sediments with a 

C:N <6 south of Martha's Vineyard (Fig. 7 )  a r e  of marine o r ig in .  

13 
Similar  6 C measurements a r e  no t  ava i l ab l e  f o r  t he  >10 C : N  

sediments o f f  N e w  York and New Jersey  (Fig. 7 ) ,  bu t  t h e  N-alkane 

hydrocarbon f r a c t i o n  of t h e  sediment carbon pool i n  t h i s  region 
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suggests  t h a t  t h i s  mate r ia l  i n s t ead  had both t e r r e s t r i a l  and petro-  

chemical o r i g i n  (Farrington and Tripp, 1977). I n  c o n t r a s t  o f f  

South Carolina,  t he  she l f  sediments have a C : N  r a t i o  <6 (Emery 

and Uchupi, 1972) and an N-alkane hydrocarbon f r a c t i o n  t h a t  

suggests a  marine o r i g i n  (Hathaway e t  a l . ,  1979).  

The C:N r a t i o  of t h e  she l f  edge sediments (Fig. 7 )  thus  suggests  

t e r r e s t r i a l  o r  vascular  p l a n t  carbon deposi t ion,  presumably when 

r e l i c t  sands were deposited during both  t he  l a s t  Wisconsin and 

previous g l ac i a t i ons .  The depth of Ple is tocene sediments on the  

upper s lope i s  -300 m i n  con t r a s t  . t o  only -100 m on t h e  she l f  

(Hathaway e t  a l . ,  1978),  i . e .  average accumulation r a t e s  of re- 

-1 -1 
spec t ive ly  15 cm 1000 yr  and 5 cm 1000 y r  . A s  the  r i v e r  

mouths, marshes, and sea g ra s s  beds r e t r e a t e d  towards the  present  

shore l i n e  during the  Holocene t ransgress ion ,  sediments of >10 C:N 

content  were con t inua l ly  l a i d  down and a r e  s t i l l  observed across  

t he  she l f  i n  some a reas ,  e.g. south of Montauk Point  and e a s t  of 

A t l a n t i c  City (Fig.  7 ) .  In  o ther  a reas ,  e.g.  Georges Bank 

(Hathaway e t  a l . ,  1979),  Nantucket Shoals, the  "mud hole" ,  Hudson 

Canyon, and a t  the  mouth of e s t u a r i e s ,  a  surface  layer  of modern 

(Holocene) biogenic <6 C:N sediments may now overlay the  r e l i c t  

sediments with t h e i r  >10 C:N r a t i o s .  For example, a f t e r  a  sea 



l e v e l  s tand s t i l l  of -1500 y r  a t  -40 t o  -45 m of the  p resen t  

c o a s t l i n e  (Jansen, 1976),  an "allochthonous" sediment of 15-17 

C:N r a t i o  was deposi ted 8700 BOPo i n  t h e  northern North Sea 

(Jansen e t  a l . ,  1979).  This  t e r r e s t r i a l  o r  vascular  p l a n t  

ma te r i a l  i s  over la in  by a  sur face  l a y e r  1.5 m t h i c k  with a  C:N r a t i o  

between 4  t o  10, suggest ing a  b iogenic  deposi t ion r a t e  of 1 7  cm 

-1 
1000 y r  i n  a  system where most of t h e  primary production i s  con- 

sumed by t h e  zooplankton (S tee le ,  1974).  In  c o n t r a s t ,  r ecen t  

d a t i n g  of cores  on nor thern  Georges Bank (Hathaway e t  a l . ,  1979) 

suggested t h a t  t he  depos i t ion  r a t e  of diatoms and organic matter  

-1 
i n  t h i s  region may b e  3 6 3  cm 1000 y r  . 

PELAGIC -DEMERSAL COUPLING 

Input  

-1 
A longshore d r i f t  of 5  cm sec  occurs i n  t he  Mid-Atlantic 

Bight, and regions of <6 C:N content  i n  t h e  sur face  sediments may 

e i t h e r  be downstream of t h e  a reas  where primary production i s  no t  

consumed, o r  be  t he  s i t e s  of deposi t ion near e s t u a r i e s ,  a s  a  r e s u l t  

of entrainment wi thin  sub-surface onshore flow of water. During an 

Apr i l  spr ing bloom of -4 vg ch l  a t  t he  65 m i soba th  near  5 5 ' ~  

i n  t h e  B a l t i c  Sea, long chains of diatoms w e r e  observed (Smetacek 

e t  a l . ,  1978),  d e s p i t e  t h e  presence of Pseudocalanus elonqatus 

with few carnivores ,  thus  with low grazing l o s s  a s  during spr ing 



i n  t h e  N e w  York Bight. The C:N content  of p a r t i c u l a t e  matter  i n  

sediment t r a p s  wi thin  t h i s  water col& var ied  from -5 t o  10, 

with lower values  mainly observed during t h e  f i r s t  18 days of 

ac t i ve  sedimentation. Because of plankton patchiness  and a cu r r en t  

-1 
of 15 cm sec  wi thin  t h e  euphotic  zone, these  sediment t r a p s  may 

have underestimated t h e  l o c a l  d e t r i t a l  f lux ,  b u t  an average down- 

-1 
ward carbon input  t o  t h e  she l f  of 0.2 g C m-* day , o r  15% of 

t he  mean primary production, was found above sediments .containing 

3% carbon. During upwelling a t  700 m on the  upper s lope of f  

-2 -1 
Cal i fo rn ia ,  a s imi l a r  carbon f lux  of 0.1 g C m day was a l so :  

estimated from sediment t r a p s  (Knauer e t  a l . ,  1979),  b u t  a f l ux  

-2 -1 
of only 0.01 g C m day occurs i n  t he  deep ocean (Rowe and 

Gardner, 1979).  I f  only 15% of t h e  annual primary production o f f  

-2 -1 
N e w  York a l s o  s inks  d i r e c t l y  on the  s h e l f ,  i . e .  45 g C m y r  , 

-2 -1 
t h i s  i s  c lose  t o  t he  ben th ic  f lux  of 60 g C m y r  obtained i n  

t he  prel iminary carbon budget (Fig. 6 ) .  

Lonqshore S t ruc ture  

. Assuming sinking v e l o c i t i e s  of 1-10 m day-' (Smayda, 1970) 

-1 
f o r  l i v e  phytoplankton, and a longshore cur ren t  of 5 cm sec  

(-4 km day-'), a bloom could t r a v e l  f o r  6-60 days, over 25-250 km 

along the  60 m i sobath ,  before  sinking t o  t he  bottom i n  t he  Mid- 

A t l a n t i c  Bight. The l a t t e r  i s  the  downstream d is tance  of . t he  
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"mud hole"  from Georges Bank (Fig. a ) ,  while t h e  former i s  c lo se  

t o  t h e  separa t ion d i s tance  between the  "mud hole" and Nantucket 

Shoals. Both upstream a reas  have high chlorophyll  i n  t h e  water 

column a t  a l l  t i m e s  of year  i n  add i t ion  t o  low C:N r a t i o s  i n  t he  

sediments (Fig. 7 ) .  Longshore s tud i e s  i n  May a t  t he  60 m i soba th  

show t h a t  v e r t i c a l  i s o p l e t h s  of chlorophyll  do, i n  f a c t ,  s lope 

downstream from the  sur face  towards t h e  bottom, t o  i n t e r s e c t  t h e  

sediments a t  both t h e  Hudson Shelf Valley and t h e  "mud hole".  

Before t h e  f a l l  overturn i n  October, however, l i t t l e  chloro- 

phyl l  remains above t h e  bottom of t h e  water column i n  t he  New 

York Bight,  Sub-surface n i t r a t e  concentra t ions  along a t r a n s e c t  

a t  t h e  65 m i soba th  ins tead  increase  near  t he  "mud hole"  (Fig. 8 ) .  

The longshore d i f f e r ence  i n  i n t eg ra t ed  chlorophyll  between the  

ea s t e rn  t i p  of Georges Bank and New York Bight (Fig. 8) was 

-2  -2 
-70 mg ch l  m i n  October 1978, o r  about 40 mg-at N m (assuming 

a C:chl of 35:l and a C:N of 5 : l )  i n  c o n t r a s t  t o  t h e  d issolved 

-2 
n i t r a t e  change of 130 mg-at NO3 m . I f  t he  d i f f e r ence  i n  p a r t i -  

c u l a t e  n i t rogen represented by the  phytoplankton i n  t h e  water 

-2 
column (40 mg-at N m ) i s  subtracted from t h a t  of t he  d issolved 

-2 s tocks ,  an es t imate  of 90 mg-at NO3 m i s  obtained f o r  n i t r a t e  

increase  by n i t r i f i c a t i o n  during d r i f t  from Georges Bank t o  New 

York (Walsh e t  a l . ,  1980a).  In  c o n t r a s t ,  ammonium concentrat ion 

-2 a t  each end of t he  65 m i soba th  t r a n s e c t  was 192 mg-at NH m i n  
3 



-2 
t h e  nor th  and 105 mg-at NH m i n  t h e  south. This ammonium de- 

3 
-2 

c rease  independently suggests  t h a t  87 mg-at NH m may have con- 
3 

ver ted  t o  NO3 during t h e  southwesterly d r i f t  along t h e  s h e l f .  

This  longshore ni t rogen budget thus  impl ies  t h a t  p a r t i c u l a t e  

mat te r  on the  bottom must also be remineral ized t o  ammonium and 

then t o  nitrate with a C:N r a t i o  of -5:l wi th in  t h e  bottom water.  

- d  
Direc t  observations of a bottom flux o t  ZL rng NH m day-' 

3 
- 2  

(Rowe e t  a l . ,  1975) and an oxygen consumption of 360 m l  0 m 
2 

day-' (Thomas e t  a l . ,  1979),  suggest a ben th ic  carbon r e s p i r a t i o n  

-2  -1 
of 148 mg C m day , and a C:N r a t i o  of  c7 f o r  carbon r e s p i r -  

a t ion:ni t rogen regenerat ion i n  t h e  New York Bight. The a r eas  

of sediment C:N content  >10 may thus  i n d i c a t e  regions  where 

marine biogenic  deposi t ion has  no t  ove r l a in  r e l i c t  sediments on 

t h e  s h e l f ,  t h a t  i s  t o  say t h e  southern and offshore  boundaries 

of p re sen t  carbon depos i t ion  and decomposition (Fig. 7 ) .  P r e -  

sumably high C:N values  do not  i n d i c a t e  a r eas  of the she l f  where 

d i f f e r e n t i a l  n i t rogen recyc l ing  on the  bottom might occur with 

r e spec t  t o  carbon mineral iza t ion.  The impl ica t ion i s  t h a t  during 

longshore t r anspor t  t h a t  carbon which s inks  t o  the  bottom i s  

ass imi la ted  by the  benthos with l i t t l e  accumulation i n  t he  sedi-  

ments; i n  f a c t ,  t h e r e  i s  a suggest ion of a dec l in ing  downstream 

g rad ien t  i n  sediment carbon and macrobenthos populat ions from 



Georges Bank t o  Cape Hat te ras  (Walsh e t  a l . ,  1980a) . What then 

i s  t h e  f a t e  of the  seasonal  spr ing pu lses  of phytoplankton input  

t o  t h e  bottom (Fig. 6 ) ,  i f  t h e  "mud hole"  and northern Georges 

Bank a r e  t he  only major downstream (offshore)  consequences of 

continuous d e t r i t a l  inpu t  from t h e  t i d a l l y  mixed p a r t s  of t h i s  

she l f  ecosystem? 

Cross-Shelf Exchanqe 

Away from t h e  "mud hole" ,  a  composite t r a n s e c t  of C:N sedi-  

ment content  from land t o  t h e  deep ocean bas in  of t h e  North 

A t l a n t i c  (Fig.  9)  suggests  two a reas  of low C:N r a t i o s .  The 

nearshore region i s  loca ted  o f f  t h e  e s t u a r i e s  (Fig. 7) and re- 

f l e c t s  s inking and onshore entrainment of phytoplankton beneath 

surface  offshore  r i v e r  plumes (Malone and Chervin, 1979). The 

second region of low C:N values  i s  a t  800-900 m, beyond t h e  high 

C:N zone a t  t h e  shelf-break ( i - e .  the  presumed area  of r e l i c t  

deposi t ion of ter r igenous  and/or vascular  p l a n t  mate r ia l )  and 

represen ts  o f f shore  t r a n s p o r t  of biogenic mate r ia l  from t h e  she l f  

t o  t he  slope (Schubel and Okubo, 1972; Hay and Southam, 1977) . 
Off North Carolina,  h a l f  a s  many meiofauna a r e  found a t  400 m a s  

a t  800 m (Coull e t  a l . ,  1977) , a t  which depth t he  of fshore  

t r a n s i t i o n  from sandy t o  muddy sediments occurs (T ie t jen ,  1971). 

This organic mat ter  a t  800-900 m has e i t h e r  bypassed t h e  n a t u r a l  
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sedimentary t r a p s  a t  t he  mouths of e s t u a r i e s  o r  has  o r ig ina ted  

a t  mid-shelf; w e  r e c a l l  t h a t  es t imates  of p a r t i c l e  f l ux  t o  t he  

bottom of t h e  she l f  and t h e  upper s lope a r e  s imi l a r  (Smetacek 

e t  a l . ,  1978; Knauer e t  a l . ,  1979),  bu t  accumulation of p le i s tocene  

sediments i s  g r e a t e r  on the  upper s lope.  

The v e r t i c a l  d i s t r i b u t i o n  of p a r t i c u l a t e  and dissolved 

organic carbon i n  the  sea i s ,  i n  f a c t ,  homoqeneous below 200-300 m 

i n  the  A t l a n t i c  and P a c i f i c  Oceans (Menzel and Ryther, 1970).  

The e n t i r e  biochemical cyc le  of organic mat ter ,  including production, 

decomposition and so lu t ion ,  thus  appears t o  occur mainly above 

these  depths: beyond the  shelves t h e r e  may be  l i t t l e  amount of 

d i r e c t  inpu t  of carbon t o  t h e  bottom from t h e  water column above. 

For example, l i t t l e  change occurs i n  C:N r a t i o  of t he  sediments 

from 1500 t o  5000 m (Fig. 9 ) ,  and t h i s  intermediate C:N r a t i o  of 

t he  deep sediment r e f l e c t s  t he  long residence time of open ocean 

source mate r ia l  and thus  slow reworking of ni trogen compounds i n  

t he  overlying waters  ( ~ G l l e r ,  1977; Knauer e t  a l . ,  1979).  Any 

lowering of t he  C:N r a t i o  of sediments on the  upper s lope (Fig. 9) 

would thus  requ i re  a  modern biogenic she l f  source and some 

mechanism fo r  r e l a t i v e l y  f a s t  l a t e r a l  seaward t r anspor t  p a s t  

t he  she l f  -break. 

A s  a  r e s u l t  of upwelling and low s a l i n i t y  water i n f l u x  a t  

t h e  coas t  (Ketchum and Keen, 1955) ,  t he re  i s  a  cont inual  t r anspor t  

i 



of sur face  water seaward i n  t he  New York Bight. Seabed d r i f t e r s  

(Bumpus, 1974) and a simple physical  model (Csanady, 1976) , a l s o  

suggest  a bottom l a y e r  flow seaward of t h e  60 m i sobath .  Hence, 

t h e r e  may be  of f shore  flow a t  t h e  bottom a s  w e l l  a s  a t  t h e  surface  

on t h e  ou te r  p a r t  of t h e  s h e l f ,  with a r e t u r n  onshore flow i n  t h e  

middle of the  water column t o  maintain t he  s a l t  balance,  Organic 

mat ter  tends t o  be  co-transported with f inegra in  sedi.ment. f r a c t i o n 5  

(Gross, 1968).  A simple advection-diffusion model of t he  t r anspor t  

of f inegra in  inorganic  matter  ac ross  t h e  nor theas t  con t inen ta l  

she l f  (Schubel and Okubo, 1972) thus  provides i n s i g h t  i n t o  t h e  

o r i g i n  of low C:N values  on t h e  upper s lope (Fig. 9 ) .  For example, 

-1 
with  an offshore  advective and d i f f u s i o n  "ve loc i ty"  of 2 cm sec  

-1 
and a f i n e  g ra in  s inking ve loc i ty  of -1 m day , t h e i r  ca l cu l a t i ons  

suggest t h a t  any f i n e  g r a i n  sediment which had escaped the  

e s t u a r i e s  would bypass t h e  she l f  and h e  deposi ted on the  upper 

s lope ,  within 100 k m  of t h e  she l f  edge, 

The mid-shelf bloom during Mar& off  Long I s land  occurs 

between. the  60 m isnbabh, -60 km from shore, and t h e  shelf-break 

-1 
(Walsh e t  a l . ,  1978).  Assuming an of f shore  flow of 2 cm sec  , 

-1 an average depth of 250 m and a s inking ve loc i ty  of 1-10 m day , 

a l g a l  c e l l s  wi thin  t h e  bloom would t r a v e l  seaward 40-400 km, o r  

0-360 km p a s t  the  shelf-break before  reaching t h e  bottom. With 

-1 
weaker offshore  flow, of 0.5 cm sec  , which i s  1/10 of t h e  



-1 
longshore flow, and a s inking ve loc i ty  of 2 m day , a phytoplankton 

could s ink  t o  t h e  bottom a t  only 10 km seaward of t he  shelf-break. 

In  t h i s  a rea ,  t h e  bottom topography decreases from 200 t o  2000 m 

within -40  km of t he  New York s h e l f ,  and, i n  f a c t ,  t h e  lowest C:N 

r a t i o s  a r e  found a t  800-900 m (Fig,  9 ) ,  while 2-3% carbon sediments 

a r e  observed a t  t h e  head of t he  Hudson Canyon i n  Waters of 200- 

300 m depth. Off Oregon, t he  she l f  width i s  - 1/4 t h a t  of N e w  York, 

and depos i t s  with 2-3% organic carbon occur a t  1000-2500 m (Gross, 

1968),  roughly t h e  same d i s t ance  (125 km) a s  o f f  t h e  coas t  a t  New 

York . 
In  c o n t r a s t ,  t he  Bering Sea she l f  i s  about f i v e  t i m e s  wider 

than t h a t  off  New York with a s imi l a r  weak flow regime (-1-5 cm 

-1 
sec  ) which i s  dominated by t i d a l  mixing (Coachman and Charnell ,  

1979).  The p le i s tocene  sediments a r e  genera l ly  l e s s  than 100 m. 

th ick  on the  Bering Sea s h e l f ,  with l i t t l e  quar ternary  (P l e i s to -  

cene + Holocene) depos i t s  found nearshore (Nelson e t  a l . ,  1974).  

Af te r  a sea l e v e l  stand s t i l l  a t  -40 t o  -45m of t h e  p resen t  coast-  

l i n e  -10-12,000 B O P o  i n  t h e  Chukchi (Creager and McManus, 1965) 

and Laptev (Holmes and Creager, 1974) Seas, t he  holocence sedi-  

mentation r a t e  of nearshore Bering Sea a reas ,  e.g. Norton Sound, 

has been l e s s  than 20 cm 1000 yr-l (Nelson e t  a l . ,  1974).  The 

C:N content  of t he  surface  sediments i n  the  t i d a l l y  mixed near- 

shore a reas  (<50 m) i s  >10 i n  con t r a s t  t o  a C:N  r a t i o  of <6 



f o r  t h e  middle and ou te r  she l f  a r ea s  ( L i s i t z i n ,  1966; R. Iversen,  

personal  communication). Within a 200 km wide a rea  of t he  middle 

she l f  where Pseudocalanus i s  the  major herbivore,  a carbon budget 

f o r  t h e  southeas t  Bering Sea (McRoy, Walsh, and Iversen ,  i n  prep.)  

suggests  t h a t  50% of t h e  annual primary production i s  bur ied  with- 

i n  o r  exported from t h i s  region. Less than 0.5% carbon i s  found 

wi thin  surface  sediments of t h e  middle she l f  ( L i s i t z i n ,  1966; 

Sharma, 1974),  however, whereas >1% carbon i s  found ~ 1 2 5  k m  sea- 

ward i n  t h e  <6 C:N sediments of the  ou te r  she l f  (Gershanovitch, 

1962; R ,  Iverson,  personal  communication), Because of a g rea t e r  

she l f  width, t h e  carbon export  of t h e  ~ e r i n ~  Sea appears t o  be  

deposi ted  on t h e  ou te r  she l f  r a t h e r  than on t h e  upper s lope of f  

N e w  York and on the  lower slope off  Oregon. 

CONSEQUENCES 

These examples suggest t h a t  t he  ocean ' s  con t inen ta l  shelves,  

with an average width of 75 km, may represen t  a major carbon s ink 

from t h e  water column, and source fo r  t h e  export  of phytode t r i tus  

and f e c a l  p e l l e t s  t o  the  p resen t  adjacent  s lopes.  An important 

aspect  of carbon export  t o  t h e  s lope  from t h e  New York Bight,  

however, i s  t h a t ' a  mass balance of t h e  elements must presumably 

be maintained, i n  an annual s teady s t a t e .  I f  CO does no t  l i m i t  
2 



p l a n t  production i n  t he  ocean, t h e  same amount of n i t rogen (Rgther 

and Dunstan, 1971) must b e  returned each year  t o  t h e  shel f  a s  i s  

-2 -1 
l o s t  i n  t h e  proposed d e t r i t a l  f lux ,  i .e.  -180 g C m y r  (Fig. 6), 

-2 -1 
o r  -36 g N m y r  assuming a C:N r a t i o  of 5. The f a c t  t h a t  our 

independent n i t rogen budget (pg. ) i n d i c a t e d ' t h a t  about 33 g N 

-2 -1 
m y r  must be supplied from t h e  upstream, offshore ,  and coas t  

boundaries, suggests  t h a t  a mass balance of n i t rogen i s  apparently 

maintained on the  New York s h e l f .  

The n i t r a t e - r i c h  pool of upper s lope water a t  t h e  shelf-break 

-L 
i s  l a r g e  and seasonally constant  a t  -9500 mg-at N m down t o  500 m, 

t h e  maximum depth of the  winter  mixed l aye r  (Leetma, 1977).  I n  

comparison, t h e  whole she l f  water column has a maximum winter  

-L 
n i t r a t e  content  of 400 mg-at N m a t  t h e  60 m i soba th ,  over an 

order  of magnitude l e s s  than the  offshore  source water. N i t r a t e  

may thus  be  supplied t o  t h e  she l f  from intermedia te  offshore  depths,  

while p a r t i c u l a t e  n i t rogen i s  l o s t  t o  t h e  slope bottom, with a 

s i g n i f i c a n t  time delay (years  t o  decades; Broecker e t  a l . ,  1979) 

between n u t r i e n t  remineral iza t ion on t h e  bottom of t h e  slope 

(1000-2000 m )  and replenishment of n i t r a t e  s tocks  t o  t h e  offshore  

surface  l aye r  by v e r t i c a l  mixing o r  d i f f u s i o n  through the  deep 

thermooline. In  t h i s  mass balance,  carbon could a l s o  be  removed 

from t h e  she l f  i n  t he  form of f ixed C02, and s tored deep on t h e  



t h e  s lope  a s  d e t r i t a l  carbon, forming a  CO s i nk  i n  t h e  ocean 
2 

wi thout  n i t r ogen  l i m i t a t i o n .  

The f l u x  of C 0 2  from p a s t  f o s s i l  f u e l  burning,  cement pro- 

duc t ion ,  and d e f o r e s t a t i o n ,  i t s  p r e sen t  s to rage  pools  ( i n  t h e  

atmosphere, on l and ,  o r  i n  t h e  s e a ) ,  and the impact of our  f u t u r e  

use  of  f o s s i l  carbon a r e  poor ly  understood processes.  A t  t h e  

-1 p r e s e n t  r a t e  of i nc r ea se  i n  f u e l  consumption of 4.3% y r  , a  

doubling of t h e  atmospheric C02 and a  2 - 3 ' ~  i nc r ea se  i n  temperature 

from t h e  "greenhouse" e f f e c t  ( ~ h a m b e r l i n ,  1899) could occur by 2035; 

p r e s e n t  ocean temperatures a r e ,  i n  f a c t ,  only  -2 .3 '~  warmer than 

dur ing t h e  l a s t  Wisconsin g l a c i a t i o n  (CLIMAP, 1976).  Up t o  1950, 

most o f  t h e  C02 emit ted  from f o s s i l  f u e l  burning and from t h e  use 

of l imestone  f o r  cement was thought t o  have been absorbed i n  t h e  

ocean with l i t t l e  accumulation i n  t h e  atmosphere (Revelle  and 

Suess,  1957).  Although t h e  amount of C 0 2  i n  t h e  atmosphere has  

s t e a d i l y  increased s i nce  t h e  i n d u s t r i a l  r evo iu t ion  from many 

9 
sources ,  t h e  cumulative add i t i on  of 70-80 x 10 t ons  C t o  t h i s  

pool  i s  only  equ iva len t  t o  about h a l f  of  t h e  CO produced by 
2 

burning f o s s i l  f u e l ,  a  g r e a t  d e a l  of which h s s  occurred i n  j u s t  

t h e  l a s t  two decades (Bolin,  1977).  F ina l l y ,  though land b i o t a  

were a t  one t i m e  thought t o  b e  a  s ink  f o r  CO t h e  t e r r e s t r i a l  
2 

ecosystem now i n s t e a d  may be  a  source of CO a s  a  r e s u l t  of de- 
2 

f o r e s t a t i o n .  The r a t e  of carbon f l u x  from t h e  land t o  t h e  



atmosphere o r  ocean i s  a sub jec t  of some controversey, (Woodwell 

e t  a l . ,  1978; Ralston, 1979; Broecker a t  a l . ,  1979),  comparable 

t o  e a r l i e r  disagreements about t h e  amount of harves table  carbon 

from t h e  sea (Ryther, 1969; Alverson e t  a l . ,  1970) . 
Without considera t ion of marine photosynthesis  a s  a  ne t  l o s s  

term, a  g lobal  budget f o r  t he  inorganic  s to rage  of CO i n  t h e  
2  

ocean from 1850 t o  1950 (S tuv ie r ,  1978) overestimated t h e  i n i t i a l  

9 
amount of carbon i n  t h e  p re - indus t r ia l  atmosphere by -50x10 tons  

(Keeling, 1978) , suggesting t h a t  a t  l e a s t  0 .5~10 '  tons  C y r  
-1 . 

might have been l o s t  t o  a  b i o t i c  s ink.  Models of a b i o t i c  s torage 

of C 0 2  i n  t he  ocean by v e r t i c a l  mixing over j u s t  the  l a s t  few de- 

cades can account f o r  only 37% of the  CO emitted from f o s s i l  
2  

f u e l  burning and s imi l a r ly  ignored b io log ica l  f i x a t i o n  of carbon 
-- 

i n  t h e  sea;  they a l s o  cannot account f o r  t h e  missing C02  presumably 

emitted from de fo re s t a t i on  (Siegenthaler  and Oeschger, 1978).  

Furthermore, chemical considera t ions  (Bacastow and Keeling, 1973) 

of t h e  b u f f e r  capac i ty  of sur face  sea water suggest t h a t  wi th  an 

increased CO content  leading t o  more a c i d i c  condi t ions ,  t he  upper 
2 

mixed l aye r  might become an increas ing ly  e f f e c t i v e  b a r r i e r  t o  CO 
2 

absorption by the  deep ocean. Spec i f ic  considera t ions  of CO 
2  

emitted from j u s t  wood burning (Wong, 1978) suggests ,  i n  f a c t ,  t h a t  

9 -1 
almost a l l  of t h i s  C02  source, i . e .  1 . 2 ~ 1 0  tons  C yr  could be 



l o s t  i n  t h e  form of d e t r i t a l  carbon depos i t ion  on the  con t inen ta l  

shelves.  

Of t h e  t h r e e  major inorganic  n u t r i e n t s  u t i l i z e d  by marine 

phytoplankton, n i t rogen i s  most l i k e l y  t o  be  l imi t i ng .  Despite  

i t s  low concentra t ion i n  sea water,  phosphate recyc les  very  

r ap id ly  i n  the marine environment, and does not appear t o  l i m i t  

s i g n i f i c a n t l y  t h e  p roduc t iv i ty  of the world 's  oceans. Silicate 

recyc les  slowly, b u t  i s  no t  required by a l l  marine phytoplankton; 

when it i s  l imi t i ng ,  t he  primary e f f e c t  i s  probably on phyto- 

plankton species  composition r a t h e r  than t o t a l  primary production. 

Current  theory suggests  t h a t  it i s  t h e  r a t e  of supply of 

n i t rogen  t o  t h e  euphotic  zone which l i m i t s  primary production, 

with t h e  input  r a t e  of n i t r a t e  a s  an es t imate  of t h e  "new" 

production of t h e  system (Chapter ) Since 60 presumably 
2 

does not  l i m i t  marine primary production, although it has  been 

observed t o  s t imula te  photosynthesis  i n  bakes (Schindler  e t  a l . ,  

1972) ,  t h e  ex ten t  t o  which marine food chains may a c t  a s  a s ink 

f o r  atmospheric CO t hus  depends upon the r a t e s  of n i t rogen re- 
2 

cyc l ing  and the  removal of carbon which i s  not  associa ted with - 
r e s p i r a t ~ r y  c o s t s  of t h e  n i t rogen recycl ing.  

From an e a r l y  CO model of t h e  atmosphere and an ocean with- 
2 

ou t  con t inen ta l  shelves  (Keeling and Bolin,  1967),  approximately 



9 -1 
2 . 7 ~ 1 0  t ons  C y r  , o r  about look of t h e  g loba l  marine primary 

9 -1 
production (-25x10 t ons  C y r  ; Woodwell e t  a l . ,  1978) was 

est imated t o  s ink  t o  t h e  sediments. Based on a more r ecen t  

n i t rogen  budget f o r  "new" production of o f f shore  waters  (Eppley 

and Petersen ,  1980) and again ignoring t h e  c o a s t a l  zone, t h e  same 

f l u x  of carbon was assumed t o  occur i n  t h e  open ocean. Most of 

t h i s  carbon apparent ly  does not  Leave t h e  upper 3U0 m of t h e  sea  

(Menzel and Ryther, 1970),  however, and below 300 m, sediment 

t r a p  s t u d i e s  of t h e  oceanic d e t r i t a l  carbon f l u x  suggest a  l o s s .  

-2 -1 
o f 0 . 0 0 5 - 0 . 0 1 0 g C m  day ( W i e b e e t a l . , 1 9 7 6 ; R o w e a n d G a r d n e r ,  

8  2 
1979; Knauer e t  a l . ,  1979);  over t he  whole 2 . 6 ~ 1 0  km of open 

ocean, t h i s  i s  equivalent  t o  a  yea r ly  carbon s ink  of vrily 0.5- 

9 -1 
1 . 0 ~ 1 0  t ons  C y r  . 

The major organic  carbon s ink  i n  t h e  g loba l  CO budget : ' , ,  
2 

(Keeling and Bolin,  1967) probably occurs  i n s t ead  on t h e  con t i -  

-2 
nen ta l  shelves ,  With a  minimum primary product ion of 200 g C m 

-1 7 2 
y r  (Table l ) ,  a t o t a l  she l f  a r ea  of 2 . 6 ~ 1 0  k m  (Hay and Southam, 

1977),  and a 60% r a t i o  of carbon expor t  t o  product ion ( i . e .  180/ 

-1 9 -1 
300 g C m-2 y r  , see  Fig. 6) , 5 . 2 ~ 1 0  tons  C y r  would be f ixed  

9 -1 
and 3x10 t ons  C y r  l o s t  t o  t h e  con t inen t a l  s lope.  Curren.t CO, 

9  
budgets  r equ i r e  a  p r e sen t l y  unknown s ink ,  i n  f a c t ,  of - 3 ~ 1 0  tons  

C yr-' dur ing t h e  l a s t  decade (Bolin,  1977) t o  account f o r  t h e  



missing CO which must have been re leased by increased f o s s i l  
2 

f u e l  burning and de fo re s t a t i on ,  b u t  not  observed i n  t h e  atmosphere 

o r  apparent ly  mixed t o  t h e  deep sea i n  such a s h o r t  time. 

The sedimentation r a t e  a t  t h e  head of t he  Hudson Canyon has  

doubled over t h e  l a s t  few thousand years  (Drake e t  a l . ,  1978),  

and n i t rogen  conten t  of r a i n  has doubled i n  r ecen t  decades, 

l a r g e l y  by the  conibustion of f o s s i l  f u e l  (Hal l  e t  a l . ,  1978) . 
R a i n f a l l  contr ibuted less than 1% of t h e  a n n ~ ~ a  1- ni t rogen demand 

of primary production i n  t h e  New York Bight,  however; more import- 

a n t l y  t h e  amount of organic carbon t o  be  exported from the  she l f  

i s  f ixed during the spr ing  bloom when n u t r i e n t s  a r e  no t  l im i t i ng .  

The t o t a l  y i e l d  t o  man a s  commercial f i s h  from t h e  New York 

con t inen ta l  she l f  over t h e  l a s t  10  years  has  been only -0.63 g 

-2 -1 -2 
C m y r  , while t he  carbon export  may be  a t  l e a s t  180 g C m 

-1 
y r  (Fig. 6 ) ;  t h e  former provides food, b u t  t h e  l a t t e r  may, by 

reducing the  "greenhouse" e f f e c t ,  a c t u a l l y  be o f ' g r e ' a t e r  import- 

ance t o  us. This chapter  p resen ts  a  prel iminary,  b u t  a  reasonably 

c o n s i s t e n t  proposal  f o r  s teady s t a t e  carbon f luxes  which could 

both support t h e  99% of t h e  g loba l  f i s h  ca tch  which i s  produced 

by the  she l f  ecosystem and, a t  t h e  same time, serve  a s  a  major 

s ink  i n  t he  g loba l  C02 budget. 



Major a l t e r a t i o n  of carbon flow through any one of t h e  she l f  

food web components (Fig. 6) can b e  a t t r i b u t e d  t o  in terannual  

changes of species  surv iva l  p a t t e r n s  a s  a  function of ex t e rna l  

per tu rba t ions .  For example, because of t h e i r  proximity, t h e  

con t inen ta l  shelves have tended t o  become t h e  re fuse  p i t  of 

i n d u s t r i a l i z e d  maritime nat ions .  W e  a r e  coming t o  r e a l i z e ,  how- 

ever,  t h a t  d i l u t i o n  of waste mate r ia l  i n  t h e  sea can no longer 

be considered a  permanent removal process i n  e i t h e r  t h e  open 

ocean o r  nearshore waters.  The increas ing u t i l i z a t i o n  of the  

con t inen ta l  she l f  f o r  o i l  d r i l l i n g  and t r anspor t ,  cooling of 

nuclear  power p l a n t s ,  planned and inadver ten t  waste d i sposa l ,  a s  

well  a s  for food and rec rea t ion ,  requ i re  c a r c f u l  management of 

man's fu tu re  a c t i v i t i e s  i n  t h i s  ecosystem. Cer ta in ly  a s  we 

continue t o  l ea rn  more about t h e  organisms and con t ro l  funct ions  

of t h e  shelf-sea ecosystem, man w i l l  be  ab l e  t o  more r a t i o n a l l y  

manage t h e  c o a s t a l  zone by avoiding overf ishing and c a r e f u l l y  

s e l e c t i n g  s i t e s  of i n d u s t r i a l  a c t i v i t y .  The ass imi la to ry  capaci ty  

of t h i s  ecosystem t o  s t o r e  t ox i can t s  must now be  considered, 

however, with respec t  t o  i t s  presen t  r e s i l i e n c y  (Holl ing,  1973) 

t o  withstand per tu rba t ions  a t  much shor te r  t i m e  s ca l e s  than 

e i t h e r  g l a c i a l  o r  evolut ionary events .  



Figure Legends 

Fig. 1. Progress ive  vec to r  diagram (km) of t h e  seasonal  wind 

fo rc ing  o f f  A )  New,York and B )  Oregon. 

Fig.  2.  Annual cyc l e  of temperature ( O C )  a t  t h e  60 m i soba th  

o f f  A)  New York, B )  Oregon, and C )  Georges Bank. 

Fig.  3 .  Annual cyc l e  of chlorophyl l  (pg 4,-') a t  t h e  60 m 

i soba th  o f f  A )  New York, B )  bregon, and C )  Georges 

Bank, 

Fig. 4. Annual cyc le  of  copepods and l a r v a l  f i s h  on t h e  i nne r  

( ~ 5 0  m) and o u t e r  (>50 m) con t i nen t a l  she l f  o f f  A )  New 

York, B )  Oregon, and C )  Georges Bank: Gulf of Maine. 

Fig.  5. Annual cyc le  of pteropods and chaetognaths on t h e  

i nne r  ( 4 0  m) and o u t e r  (>50 m )  con t i nen t a l  she l f  o f f  

a )  New York, B )  Oregon, and C )  Georges Bank: Gulf of 

Maine. 

Fig. 6. A carbon budget of both  y i e l d  t o  man and a b i o l o g i c a l  

s ink  f o r  atmospheric CO on t h e  no r theas t  con t inen ta l  
2 

s h e l f .  

Fig.  7 .  The d i s t r i b u t i o n  of r e l i c t  (C/N > lo )  and modern 

(C/N <6) sediments between Cape Ha t t e r a s  and Georges 

Bank (modified from Milliman, 1973) . 



Fig. 8. The October longshore d i s t r i b u t i o n  of temperature ('c), 

-1 
chlorophyll  (pg 4,-l) , and n i t r a t e  (vg-at L 1, a t  t he  

I 65 m i sobath  between New York and Georges Bank. 

Fig. 9 . A composite of sediment C/N r a t i o s  on 1) the  north- 

e a s t  con t inen ta l  she l f  away from t h e  "mud hole" and 

2 )  from the  con t inen ta l  s lope t o  t he  ocean bas in  

between 24' t o  4 4 ' ~  i n  t h e  western At lan t ic .  
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