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ABSTRACT

An analysis of the food chain dynamics of the Oregon,
Alaskan, and New York shelves is made with respect to dif--
ferences in physical forcing of these ecosystems. The
world's shelves are 10% of the area of the ocean, yield
99% of the world's fish catch, and may be a major sink in
the global CO, budget.



INTRODUCTION

"Several years ago I climbed overboard into the
clear waters of Haiti, and after a copper helmet had
been lowered over my head and shoulders I slid slowly
down a rope two, four, eight, ten fathoms and finally
at sixty-three feet my canvas shoes settled into the
soft ooze near a coral reef. I made my way to a steep
precipice, balanced on the brink, and looked down, down
into the green depths where illumination like moonlight
showed waving sea-fans and milling fish far beyond the
length of my hose. As I peered down I realized I was
looking toward a world of life almost as unknown as
that of Mars or Venus ... Modern oceanographic know-
ledge ... is comparable to the information of a student
of African animals, who has trapped a small collection
of rats and mice but is still wholly unaware of ante-
lope, elephants, lions, and rhinos. The hundreds of
nets I have drawn through the depths of the sea, from
one-half to two miles down, have yielded a harvest
which has served only to increase my desire actually
to descend into this no-man's zone."

- Beebe, 1934 -

Fifty years ago, Beebe's direct observations of tropical
continental shelves and Bigelow's more traditional shipboard
analyses of temperate shelves marked the beginning of modern
studies of this ecosystem (Allee, 1934). Today these regions,
which comprise 10% of the area of the world's ocean, yield 99%
of the global fish catch. The physical extent of the present
shelf ecosystem is about 75 km wide reaching 130 m depth at the

shelf-break (Shepard, 1963), and has a most recent origin of




about 15,000 years (Milliman and Emery, 1968; Edwards and Merrill,
1977). Glacial retreat and rising sea level are the major factors
in the submergence of modern shelves (Shepard, 1963).. During each
of the four recent ice ages of the Pleistocene period (l.8xlO6 yr

B.P.) the continental slope each time may have adjoined the coast-
line, without much of An intervening shelf which was then dry

land (Hay and Southam, 1977).

The probable absence of most continental shelves during the
lxlo5 yr of the last Wisconsin (Wirm) glaciation thus raises danubts
about the evolutionary unigueness or greater intrinsic ecological
efficiency of the species of the food web of this rich coastal
ecosyétem. Because marine speciation takes a minimum of about
5xlO5 yr (Day, 1963), some epipelagic and benthic species of the
Pleistocene coastal zone, i.e. the upper 200 m of slope waters,
probably just radiated onshore during the last Holocene reappear-
ance of the shelves. The high yield of present shelves is instead
attributed to their shallow depths, which both concentrate fish
for economic harvesting and allow greater nutrient recycling to
the overlying water column. Seasonal wind mixing is able to reach
the decomposing organic matter on the shelf bottom, with consequent
rapid return of nutrients to the euphotic zone. In‘contrast, the
widely dispersed fish of the open ocean, except for tuna, have

yet to be commercially exploited and the deep permanent thermocline
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inhibits rapid return of nutrients to the surface waters,‘which
only occurs during winter overturn. As a result, both the nutrient
content and daily primary production of shelf waters are usually

an order of magnitude higher than surface waters of the open ocean
(Table 1), e.g. the Sargasso Sea (Menzel and Ryther, 1960). 1In
some oceanic areas such as the North Pacific (Anderson and Munson,
1972) and the equatorial divergence (Walsh, 1976) where nutrients
are high, the primary production is always low because of constant
grazing stress and no spring bloom occurs.

The yield of individual continental shelves (Table 1) varies
as a function of their width, the duration of wind induced nutrient
input and available light (wWalsh, 1974), the seasonal temperature
cycle which may affect the ability of planktonic herbivores to .
crop the primary production, the subsequent input of food to the
benthos, and the utilization of these pelagic and demersal re-
sources by the fish, through a varied number of steps in each
shelf food web. Before overfishing, for example, the Peru up-
welling ecosystem yielded about 20% of the world's annual fish
catch as a single species yield - anchoveta (Walsh et al., 1979).
At Peruvian latitudes, light and temperature are conducive to
high rates of primary production throughout the year. Upwelling
adds nutrients all the year to the euphotic zone off Peru to

maintain a level of carbon fixation, sufficient to support
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Table 1

A comparison of habitat variability and food chain

productivity withn shelf ecosystems at ~20°, 40¢, and 60° latitude

Peru (10-1598)

Temperature At of the s°¢c yeauc—1
inshore mixed layer

Cumulative nitrate within 7.0 g-atom m—3
the euphotic zone (30 m) year"1 ¢H)

Primary production of 500--1000 ngnzyear_1

.continental shelf

Organic carbon content >2.07%
of shelf sediments

Fish yield of the ~100 tons km~2
shelf ecosystem year

Oregon (42-47°N) New York (37-42°N) Bering S=2a (55-60°N)

5°¢C yeai:_l 20°C year“l 10°C year™1
-3 , -3 _ -3
2.5 g—-atom m 1.0 g-atom m 2,5 g-atom m
year~1 year'l year~1 (2)
- - - - -2 -
200-250 gCm™ > 200-3C0 glm~2yezr~!  200-250 gCm “year™1
year
<0.5% <0.5% to 1% <0.5% to 1.5%
~ 10 tons kn™>  ~ 10 toas km 2 ~ 1-2 tons km™2
year ~1 year—1l year

(1) Sargasso Sea cumulative nitrate

0.1 g-atom n~3 year™

1

(2) Station Poppa cumulative nitrate = 3.5 g-atom m~3 year-1
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annual pelagic fish léndings that used to be two orders of magni-
tude larger, per unit area, than the present Bering Sea demersal
fishery at high latitudes.

In contrast to Peru, the Bering Sea has less annual primary
production (McRoy and Goering, 1976) because ice reduces incident
radiation by covering most of the shelf until March each year,
when the spring bloom of phytoplankton begins, water temperatures
are 10°C lower, and surface nutrients become exhausted by the end
of summer as'wind mixing declines. The yield of Alaska pollock
(Pruter, 1973) from the Bering Sea is about 3% of the world fish
catch, and the adult fish are restricted to the outer shelf (150-
200 m). If the annual pollock harvest is derived only from this
area of the total shelf (10-20%), however, then the fish yield.
km_2 of the Bering Sea is similar to that of other mid-latitude
shelves, e.g. New York, Oregon, or the North Sea.

The annual primary production and the carbon content of the
sediments {(Sharma, 1974: Gross, 1968; Milliman, 1573) do not vary
between these mid-latitude shelves (Table 1). Similar carbon in-
puts and outputs (as fish and sediment carbon) suggest that the
greater width of the Bering Sea shelf (~500 km), in contrast to
New York (~100 km) and Oregon (~25 km), may allow éegregafion of
the benthic and pelagic food webs between the inner and outer

parts of the high latitude shelf. With low incident radiation,




the inshore (<100 m) benthic secondary production appears to be
transferred to long-lived mammals and large invertebrates in the
Bering Sea rather than to demersal fish as at lower latitudes.

A detailed comparison of two shelf ecosystems at about the same
latitude, Oregon and New'York—Georges Bank, can thus provide in-
sight into how wind forcing and shelf width can structure the

‘physical habitat, leading to different coupling between similar

species in continental shelf systems having similar light regimes.

ENVIRONMENTAL VARIABLES

wWind Forcing

Wind events are an important source of habitat variability
on the continental shelf in contrast to the open écean (Walsh,
1976; Beardsley et al., 1976) and are responsible for both the
generation of currents and for vertical mixing. Because of the
north-south alignment of the North American continent, a south-
erly wind tends to favor offshore surface flow as a result of
Coriolis force on the east coast of the United States (i.e. to
the right) in contrast to a northerly wind on the west coast.
Nutrient rich, cold subsurface water then moves onshore and up-
wells at the coast to replace the warmer, nutrient impoverished
surface water transported offshore by winds favorable ﬁo upwelling

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

{
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sinking at the coast) occurs when winds are from the respective
opposite directions off New York and Oregon. Coastal upwelling
is a boundéry process and most of the water is upwelled within a
zone only 10-20 km from the coast, with offshore secondary cross-
shelf flows set up as a function of the shelf width (Walsh, 1977).
Finally, under conditions of weak §tratification and strong winds,
vertical mixing of the water column also occurs in addition to
the upwelling/downwelling cross-shelf circulation pattern (Walsh.
‘et al., 1978).
A progressive vector diagram (Fig. 1) shows wind forcing

(in km) for a year at the Ambrése Light Tower off New York, aﬂa
at the Newport jetty off Oregon. This analysis was compiled by
plotting, head to tail, the successive vectors of wind speed and
direction, every 3 h throughout April 1974-March 1975. The
average offshore wind speed between Cape Hatteras and Rhode
Island rises from 5 m secml in July to 8 m sec_l in January,
thoﬁgh winds of >20 m sec“l have been recorded during each month
over the last 50 years at New York City (Léttau et al., 1976).
Spec£rél analysis (O'Brien and Pillsbury, 1974) of these two

sets of wind data indicates that the dominant frequencies of
variability of the seasonal wind forcing within the two eco-
systems are similar. Wind events, or storms, are more frequent

in the winter, for example, and decline within the New York Bight



from 5-6 in January to half that number by September (Walsh et al.,
1978). The cross-shelf advective input of nutrients (Table 1) also
involves about the same period of 4-5 months of favorable spring-
summer upwelling winds off both New York and Oregon (Fig. 1).

At a level of ecological compiexity corresponding to trophic
levels, the two shelves appear to have the same biological
structure and productivity despite their differences in width.
Their annual primary production is of the same order of magnitude,
with a 5 year mean of 193 m_2 yr.l at the edge of the shelf off
Oregon (Small et al., 1972), in contrast to a 5 year estimate of
200-300 g C m-2 yr—l witﬁin the whole New York Bight (Walsh et
al., 1980a). The diversity of nearshore zooplankton species i;
also the same within 18-25 km of the coast; using a similar si%g
of'net~mesh, 29 and 26 species of copepods respectively were |
found to be abundant in the New York Bight (Judkins et al., 1979)
and off Oregon (Peterson and Miller, 1975). The abundance of
estuarine-dependent fish is similar (McHugh, 1976), constituting
44.,1% by weight of the U.S. commercial catch in the Middle Atlantic
Bight, in contrast to 45.2% off Oregon-Washington, bdth in 1970.
Finally, the number of common fish species on the slope and
shelf is the same (~200) off Oregon (Pearcy, 1972; Alton, 1972)

and New York (Hennemeuth, 1976), while the annual fish yield is

also similar (Table 1).
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However, the timing of species succession and energy flow
off Oregon and New York are different, because upwelling processes
dominate the whole narrow west coast shelf but are confined to a
relatively small region on the broad shelf off the east coast.
The upwelling and downwelling responses are mainly confined to
_waters <30 m depth on the New York shelf, thus within 10-20 km
of thé coast (Scott and Csanady, 1976). A residual flow of 5 cm
sec ~ to the south is present at most times of year deeper on
the New York shelf due to a longshore pressure gradient and
thermohaline forcing. Similarly, off Oregon, the equatorward
California Current flows throughout the year in deeper waters

but is replaced on the shelf by the poleward Davidson Current

during the winter downwelling situation.

Temperature

‘Consequently, the annual temperature cycle at the 60 m iso-
bath, 60 km off New York (Fig. 2A) is that of a typical boreal
shelf; 10 km off Oregon, at the 60 m isobath, it is that of a
summer upwelling regime (Fig. 2B). The vernal heating cycle,
river runoff, and a decline in wind events leads to stratifi-
cation of surface waters by August in the New York Biéht with
an annual temperaﬁure range of ~20°C (Table 1) in the mid-shelf
region. Because of the persistent westerly wind component in

both ecosystems, temperatures of the well-mixed water on the



shelf in winter is lowered by wind off the land on the east coast
and raised by wind off the ocean on the west coast. Higher winter
temperatures, and the summer upwelling over most of the Oregon
shelf together lead to an annual temperature range at the mid-

shelf of only ~5°C (Table 1).

Tidal Mixing

On some shelves, tidal motion is an important factor in
vertical mixing in addition to wind. Large tidal velocities of
55 cm sec-l maximum amplitude, for example, can lead to roughly
-the same vertical mixing as a 13 m sec_l wind (Pingree et al.,
1978); tidal mixing energy is applied from below as opposed to
the wind energy from above. Maximal tidal velocities at >30 m
depth are ~15-25 cm sec-l in the New York Bight and ~55-110 cm
sec ~ on Georges Bank. The latter velocities are similar to thoée
of 1 m sec-l around the British Isles (Simpson and Pingree, 1978),
where an index of the tidal mixing (Simpson and Hunter, 1974) has
been formulated as the ratio of depth (h) to the cube of the

amplitude (u) of the tidal stream, i.e. h u-3. The reciprocal

of this ratio and a constant drag coefficient, C h_l u3, is the
mean tidal energy dissipation rate per unit mass (Pingree et al.,
1978) . Because of the large range of values in both parameters,
a log scale is used to estimate areas of stratification (log h

-3 - .
u =22 or log h 1 u3 £ =2), transitional areas or fronts (1.5 or

-10-



-1.5), and tidally well-mixed areas (<1 or 2 -1). Larger tidal
velocities and/or shallower depths favor increased tidal mixing.
At depths of 40-60 m in the Néw York Bight the tidal velocity
of 0.25 m sec—l suggest values of 3.41-3.59 for log h u_3, and
stratification 6f the water column. A tidal velocity of 1.10 m
sec ~ at similar depths on Georges Bank, however, suggest values
of 1.48-1.65 and an area of tidal mixing. The seasonal teﬁperature
cycle at 60 m on seorges Bank does, in fact, reflect tidal mixing
with an isothermal vertical structure at all times (Fig. 2C).
Because of tidal and wind mixing on Georges Bank, the winter
temperature minimum is about the same as that of the New York

shelf but the summer temperature maximum is similar to that off

Oregon.

Light

Because'light penetration.decays exponentially with depth in
£he ocean, phytoplankton which are mixed over the whole water
column on Georges Bank experience less light than those in
surface layers of stratified deeper waters (Riley, 1942). Thus,
less chlorophyll is found in the highly mixed shallow regions of
Georges Bank despite high nutrient concentraﬁions at the beginning
of the spring bloom. Similarly on the European shelf, higher
chloréphyll concentrations occur on the stratified side of a

shelf front rather than on the tidally mixed side (Pingree et al.,

-11~-



though higher concentrations occur at the front between two such
regions.

The relation between vertical mixing, light intensity, and
phytoplankton growth was quantified as a critical depth concept
(Sverdrup, 1953), belo& which the 24 hr respiration of the water
column exceeds the integrated daily photosynthesis. This critical
depth is hC = 0.2 IO (k IC)-l, where Io is the incident radiation,
k is the extinction coefficient, and IC is the compensation light
inténsity at which algal photosynthesis equals respiration (~0.3 1y
hril). Sverdrup's concept is that if hc < h, the depth to which
the phytoplankton are mixed as a result of wind and/or tidal stir-
ring, no bloom will occur even in the presence of high nutrient
content,

In turbid, seasonally well-mixed shelf waters with chlorophyll
concentrations of ~2.0 uyg chl &—l (Fig. 3), Secchi disk depth is
~1ll m at the 60 m isobath in the New York Bight. Empirically, k
is related to either the Secchi depth, hs’ by k = 1.44 hs—l (Holmes,

1970), i.e. 1.44 (ll)—l = 0.131 m_l, and/or to chlorophyll content

by k = 0.04 + 0.0088 chl + 0.054 ch1?/3 (Riley, 1956), i.e. 0.143 m *°

1

If the average illumination of a mixed water column I, = IO (kh) -,

h
increases to an intensity at which gross photoplankton pro-

duction is greater than loss rates from respiration, grazing, and

sinking, then a bloom will ensue. Riley (1967) and Hitchcock and.

-12-



Smayda (1977) found that above an in situ threshold of ih =
40 g cal cmm2 day—l (ly day—l) phytoplankton blooms occurred
in Long Island Sound and Narragansett Bay.

At the beginning of March off New York and Oregon at the
60 m isobath, the incident radiation is <250 g cal cm_2 day—l and
ih is thus 32 g cal cm—2 day“l within the well mixed 60 m water
cdlumn; the critical depth is also too shallow at 53 m. However,
incident illumination increases to over 300 g cal cm_2 day-l by
the end of March off New York (Walsh et al., 1978) and Oregon
(Small et al., 1972), with associated increases in critical depth
and average in situ light intensity. Similar changes in spring
light intensity and critical depth have been calculated for the

-1
2 day

Irish Sea, with mean IO and hn increasing from 250 g cal cm~
and 60 m in mid-March to 430 g cal cm_2 day-l and 100 m in mid-

April (Pingree et al., 1976).

PELAGIC FOOD WEB

Phytoplankton

At this time of year, the isothermal March water column con-

tains more than 4-5 pyg-at NO &-l off both New York (wWalsh et al.,

3
1978) and Oregon (Stefansson and Richards, 1964), as well as around
the British Isles (Pingree et al., 1976). Having an appropriate

combination of light and nutrients, the spring bloom thus begins

~13-



at the 60 m isobath in the New York Bight and oﬁ Georges Bank (Fig. 3)
before the onset of seasonal_stratification in the former, and de-~
spite tidal mixing in the latter (Fig. 2). Bloom conditions also
occur after a surface light intensity of 300 g cal cm—2 day—l in
the Sargasso Sea (Steele and Menzel, 1962). Sporadic nearshore
blooms of phytoplankton occur at the 18 m isobath, within 2 km of
the Oregon coast, from March to June (Petersen and Miller, 1977);
up to 6 uyg chl L—l are found even earlier at the 30 m isobath off‘
New York in December, but these populations are relicts of the fall
bloom. In contrast, mid-shelf chlorophyll concentrations, similar
to the east»coast spring bloom, are not found at the 60 m isobath
off Oregon until July-August during the middle of the upwelling
season (Fig. 3).

During summer stratified conditions in the New York Bight,
nitrate is undetectable in the euphotic zone, while only 0.1-0.2
Mg-at Nb3 L_l occur in tidally mixed areas of Georges Bank and the
English Channel. High chlorophyll concentrations (4-5 ug chl £-l)
are then found only in subsurface maxima within the 10 km nearshore
upwelling zone of the New York Bight, and on the surface, at the
edge of fronts, on Georges Bank and in the English Channel. After
1

the fall overturn in October, there is more than 2.5 jg-at NO3 L-

throughout the water column off New York, Georges Bank, the English

-l4-
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Channel, and Oregon. This nitrogen input is partially consumed by
a small fall bloom in New York, the English Channel, and Georges
Bank, but again not off Oregon. By October, incident light is less
than 300 g cal cm-'2 day-l‘in all four areas, with the critical depths
<50 m: the decline in both chlorophyli and light then continues
towards their winter minima.

Downwelling begins off Oregon in October and ends in May
(Fig. 1), with an intervening upwelling seéson of varying inter-
annual intensity (Petersen and Milier, 1975). Despite sufficient
light and nutrients off Oregon in March and October, a bloom is not
observed perhaps because the sinking water entrains phytoplankton
onshore and below the euphotic zone. For example, the zooplankton
species at these times suggests that the water on the shelf has
come from the south as part of the downwelling circulation (Petersen
and Miller, 1977). Similarly during the upwelling season off Oregon,
cross-shelf distributions of phytoplankton and suspended material
(Small and Ramberg, 1971) also suggest Siuking within a convergence
front at mid-shelf (Moocers et al., 1976). Downwelling has been ob-
served during "northeasters" (March, July, and October storms) in-
the New York Bight, but phytoplankton loss is restricted to the
inner part of this wider shelf. At mid-shelf depth, chlorophyll

appears to be resuspended from the sediments particularly during

~15-



strong southwesterly winter-spring winds in the New York Bight

(Walsh et al., 1978).

Nitrogen Demand

Unlike Oregon, however, nutrients limit phytoplankton popu-
lation growth over most of the Mid-Atlantic Bight during summer,
when nitrogen demand must be supplied by recycling by zooplankton,
bacterigplankton, and benthos (Walsh et al., 1978). A phytoplankton
C:N ratio of 5:1 and an annual primary production of 300 g C m

yr suggests an annual nitrogen demand of 60 g N m—? yr—l, or ~71
Mg-at N L—l yr_l at the 60 m isobath, part of which is supplied by
biological regeneration of nitrogen as ammonium and part by physical
input of nitrate.

In a recent nitrogen budget (walsh et al., 1980a) for the
shelf between Cape Hattefas and Georges Bank (the Mid-Atlantic

Bight) , the estimated sources of nitrogen are 11.0 ug-at N L-l‘

yr- from zooplankton excretion, 7.0 from bacterioplankton, 11.0
from benﬁhos, 3.0 from nitrification, 0.5 from rainfall, 3.0 from
estuarine input, 9.0 from the upstream boundary across the shelf
to the nqrﬁh, and 26.0 from the longshore bounda;y at the edge of
the.shelf. Approximately 46% of'the nitrogen demand of the annual
primary production of the New York Bight may be supplied by re-

cycling, which suggest that the pelagic food web of this shelf

ecosystem may be more tightly coupled in a biological sense to
the demersal food web than'those of the upwelling system off

Oregon;
-16-



Copepods

The seasonal pulses of copepod biomass off New York, Georges
Bank, and Oregon (Fig. 4) reflect regional differences in both
temperature cycles and the timing of phytoplankton blooms. For

example, Pseudocalanus minutus and Centropages typicus are the

dominant copepods off New York and Georges Bank (Judkins et al.,
1979; Sherman, 1978; Grice and Hart, 1962; Clark., 1940: Sears and
Clarke, 1940; Bigelow and Sears, 1939) with the former found acrosé
the shelf in the winter-spring and the latter inshore during summer-

fall; Calanus finmarchicus is also abundant offshore after the spring

bloom. Thé New York offshore peak of these zooplankters (>50 m)
occurs during May-June, as offshore waters warm about one month
after the offshore phytoplankton bloom (>50 m) in March-April. In-
shore zooplankton (<50 m) becomes abundant during the even warmer
period of July-August, following by one month the inshore phyto-
plankton growth period (<50 m) of May-June (Walsh et al., 1980a).
The peaks of zooplankton biomass on Georges Bank and in the
Gﬁlf of Maine (Fig. 4C) have similar spatial and seasonal patterns
(Bigelow, 1926; Redfield, 1941;: Riley, 1947) to the respective in-
shore and offshore copepod commun;ties within the New York Bight
(Fig. 4A). The cross-shelf distribution of the same genera of

copepods is also similar off Oregon:; Pseudocalanus sp. is found

across the shelf, Calanus marshallae offshore and Centropages

abdominalis inshore (Fig. 4B) during the summer upwelling period

-17-
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{Petersen et al., 1979). However, only Pseudocalanus sp. dominates

both the single offshore (>50 m) summer peak of zooplankton in July-
August, that coincides with the mid-shelf phytoplankton bloom, and
the smaller cross-shelf peaks of copepods that occur in the absence
of high chlorophyll during October (Petersen and Miller, 1975, 1977).

Pseudocalanus is a cold water form (Corkett and MclLaren, 1978),

which grows well at low temperatures (Vidal, 1978) and intermittent

food supply (Dagg, 1977), in ¢ontrast to Centropages. The summer

At between Oregon and New York is ~10°C, a full Qlo range, and

Pseudocalanus would thus be metabolically favored during both sum-

mer upwelling off Oregon and in the colder spring waters off New

York. Pseudocalanus females also lay fewer eggs than Centropages,

yet adult abundance is similar off New York (Dagg, 1979), sug-
gesting that predation may be less during the growth phase of the
cold water form. The increase (Fig. 5) of inshore (<50 m) chae-

tognath biomass after the spring peak of Pseudocalanus minutus may

allow the slower growing Centropages to succeed Pseudocalanus off

New York during the summer. Moreover, Centropages is also an omni-

vore, in contrast to Pseudocalanus, and may thus partially subsist

on its own or other invertebrate nauplii within the summer food

web off New York.
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Invertebrate Predators

Clarke et al. (1943) have suggested that two to three gener-
ations of chaetognaths are produced each year on Georges Bank.
There are, in fact, indications of maturation in May-June, September-
October, and November-December of three broods, or cohorts, of these
predators in all three systems (Fig. 5). The main chaetognath peak
is smaller and later in the year off Oregon, however, in contrast
to those off New York and Georges Bank (Redfield and Beale, 1940).
Similarly, major pulses of ctenophore preaators occur in the fall
off both California (Hirota, 1974) and New Yérk (Malone 1977),

after the peak of Centropages typicus, compared to the summer bloom

of ctenophores off Oregon (Petersen and Miller, 1976). The low
temperature, lack of fall bloom, and different timing of predator

stress may thus all act to prevent Centropages from succeeding

Pseudocalanus as the dominant copepod off Oregon. Conversely, the

continued existence of a herbivore off Oregon during summer and
fall may not allow a fall bloom to develop in October, similar to
the manner in which the lack of a spring bloom in the North Pacific

is due to constant grazing pressure of Calanus cristatus (McAllister

et al., 1960).

Ichthvoplankton

Seasonal cycles of larval fish (Fig. 4) tend to follow those

of the invertebrate herbivores and carnivores. The May-June peak
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| of larval fish in the New York Bight comprises mainly yellowtail
flounder and mackerel, while the smaller winter peak on Georges
Bank is of cod, haddock, and sand lance following the herring
maximum; data were not available for the summer period on Georges
Bank but yellowtail and mackerel spawn in this area as well (Colton
et al., 1979). Similarly off Oregon, the winter peak of larval
fish represents sand lance, butter sole, and english sole, while
the summer maximum comprises capelin (Richardson and Pearéy, 1977).
Although the larval survival of fish may be the critical fac-
tor in determining fluctuations of adult abundance (Lésker, 1975;
Walsh, 1978), icthyoplankton probably have little direct impactvon
energy flow through.lower trophic levels. For example, daily res-
piration within the summer water column of the New York Bight of
peak larval fish populations represents a maximum oxygen demandgpf

in contrast to 48 ml O m_'2 day"l for the

2
chaetognaths, 360 ml 02 m-2 day-lfor the benthos, and 500 ml O2 m-2

only 1.6 ml O2 m—2 day
day— for the copepods (Walsh et al., 1980b). Furthermore, a ni-
trogen budget for the New York shelf (Walsh et al., 1978) suggests
that 53% of the nearshore phytoplankton biomass in August is con-
sumed daily by the copepods, whereas only 6% of the inshore bloom
is grazed in May, and 7% of the mid-shelf bloom (Fig. 3) in Ma:ch,

when few chaetognaths and larval fish are present.



Pteropods

With an incident radiation of 150 g cal cm_2 day—l at the
end of January, the critical depth is 32 m and the average light
intensity of the well-mixed water column at the 30 m isobath is
38.5 g cal cm-2 day_l. Without downwelling, an inshore phyto-
plankton bloom at the 30 m iscbath should occur in the New York
Bight after the February increase of incident radiation. In fact,
phytoplankton blooms (~10 pg chl L-l) are then observed nearshore
(Evans et al., 1979) despite the presence of the hérbivorous‘ptero-

pods (mainly Limacina retroversa). These are the third most abun-

dant zooplankters, with a peak occurrence (Fig. 5) before Pseudo-

calanus minutus in February-March (Judkins et al., 1979) within

60 km of the Long Island coast (Walsh et al., 1978).
These pteropods are as ubiquitious as calanoid copepods
within the Mid-Atlantic Bight. Redfield (1939) described the

growth of a population of Limacina retroversa during a 7 month

drift from its possible winter spawning area on the Nova Scotian
shelf until it was entrained southward within the gyre around the
Gulf of Maine, and pteropods have also been used to delimit long-
shore shelf habitat changes at Cape Hatteras (Myers, 1967). Al-
though abundance within the copepod maxima off Oregon and New York
are of the same order (Fig. 4), the Oregon pteropod maximum of

Limacina helicina is only 2% of that off New York and occurs
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during October (Fig. 5) at the same time as the Pseudocalanus sp.

fall peak. Thus downwelling appears to prevent a winter bloom of
phytoplankton and zooplankton off Oregon, whereas off New York the
February inshore primary production is cropped before mid-March by
both pteropods and tintinnids: This is indicated by diatom chain

length, fo:fo ratios, and PN:chl ratios (Walsh et al., 1976).

DEMERSAL FOOD WEB
Benthos
As a result of different shelf width and similar wind forc-

ing, an inshore zooplankton species succession of Limacina

retroversa, Pseudocalanus minutus, and Centropages typicus occurs

in the New York Bight, while Pseudocalanus sp. remains the dominant
shelf herbivore off Oregon. The nearshore winter and summer pri-
mary production~(~lQO g cC m_2 yr_ ) is thus transferred to protozoa
and zooplankton off New York, while the production of the March-
May spring bloom at mid-shelf (~200 g C m—'2 yr— ) is apparently
transferred instead to the bottom (Fig. 6). A regression of ben-
thic macrofaunal biomass on average chlorophyll of the March-May
euphotic zone, in fact, yields an r2 of 0.80 for cher areas in

the Canadian coastal zone, the North Sea, and Long Island Sound
(Mann, 1976). In contrast, the lack of a spring Eloom'on most of

the Oregon shelf, suggests that little transfer of carbon to the

bottom occurs at this time of year.
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In the preliminary carbon budget for Cépe Hatteras-Georges
Baﬁk already discussed, the utilization of the primary prbduction
by the herbivorous zooplankton (growth efficiency 20% and assimi-
lation efficiency 60%) leads to an annual secondary production of

20 g cC m_2 yr available for consumption by the pelagic food web
and a fecal pellet flux of 40 g C m_2 yr_l to the demersal food
web (Fig. 6). Flux of fecal pellets and phytodetritus to the bot-
tom (~240 g C m-2 yr_l) can be partitioned into the larger macro-
benthic invertebrates (detritovores, herbivores and omnivores)
and the smaller more abundant heterotrophic organisms, the meiof
fauna and microbiota (Fig. 6). Finally, the food requirements of
the pelagic and demersal fish and the yield to man from all com-
mercial living resources, are independent estimates (Edwards and
Bowman, 1978; Sherman et al., 1978) at the output side of this
carbon budget.

The number of meiobenthic organisms in some areas, south of
Martha's Vineyard (0.1-1.0 x lO6 animals m—2; Wigley and MciIntyre,
1964) for example, far outnumber the macrobenthos‘(l.4 x 103'ani-
mals m_2; Wigley and Theroux, 1979). They appear-to be.responsi—
ble, along with the bacteria and protozoa, for remineralization
of material on the bottom rather than serving as much of a path-

way to higher trophic levels (Fenchel, 1969;'McIntyre et al., 1970;
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Coull, 1973; Tenore, 1977). The detritus flux is thus assumed to
be either buried, exported, or mine:alized by both the meiobenthos
and the microbenthos in this carbon budget. It is possible that
meiobenthos production is consumed by brittle stars and poly-
chaetes, as well as by other deposit feeders. An inverse spatial
distribution has been observed between the meiofauna and macro-
fauna bioméss in the New York Bight, with perhaps as much as 50%
of the meiobenthic production consumed by the macrobenthos (J.
Tietjen, personal communication). A similar budget of benthic
interactions has been constructed for the Baltic Sea (Ankar and
Elmgren, 1976).

Some phytodetritus and fecal matter would be used as an energy
source by all three size categories of benthos, and several studies
have estimated total community metabolism off New York; for example,
Thomas et al. (1979) measured nearshore bottom oxygen utilization
by incubating cores aboard ship at in situ temperatures. Their

=2

"results of 360 ml O2 m day_l (or 54 g C m‘=2 vr 1 with an R.Q.

of 0.75) were similar to seasonal oxygen demand of the bottom biota
(Smith et al., 1974), within in situ bell-jar incubations. Florek
and Rowe (in prep.) have fecently made core incubations over a
broader area of the shelf of the Middle Atlantic Bight, and their
data suggest levels of infaunal utilization of organic carbon in

different parts of the shelf:
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l

Nearshore (<30 m depth) - 70 g C m 2 yr-l
Central shelf depths - 43 g C m_2 yr-l
. =2 -1
Georges' Bank - 27 g Cm yr
: -2 -1
Outershelf margin - 20gCm yr

If an average value for inner shelf respiration measurements
of ~50'g C m-_2 yr_ is assumed to be representative of all the
Middle Atlantic Bight, only about 25% of the total direct loss
(about 240 g C m_2 yr_l) from the water column éan be attributed
to utilization by microfauna, meiofauna, and macrofauna. If this
is the case, either the fecal.pellets and phytoplankton carbon pro-
duced during the winter-spring bloom is buried and exported, or it
must be utilized by organisms not considered in these assumptions.
Another approach to this enigmatic carbon loss is independently to
estimate carbon utilization from known macrofaunal biomass (Wig}ey
and Theroux, 1979). J

Large areas of the,Mid-AtlanticAshelf have a wet weight ben-
thic biomass of more than 100 gm m“2 (~6 g C m—2), most of which
is composed of the long-lived macrobenthos with low rates of sec-
ondary productioﬁ (Warwick and Price, 1975; Buchanan and Warwick,

1974). 1If the average macrofaunal biomass on the shelf is on the

order of 100 g m—2 and a P/B of 0.5 is assumed, then their pro-
-1

. - -2 .
duction would be about 50 g m 2 yr , or 3 gCm yr ~. With a
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growth efficiency of 15%, total carbon consumption by the macro-
fauna would be about 20 g C m_2 yr-'l (Fig. 6). This is reasonable,
because attempts to partition carbon flow through benthic com-
munities in the past have shown that only a small portion is used
by larger organisms (Smith et al., 1973; Smith, 1973). If the

benthic fluxes of the carbon budget (40 g C m_2 yr to small

=2 -
organisms and 20 g C m yr to macrofauna, see Fig. 6) are in
fact reasonable estimates, then the benthic community on the shelf

of the Middle Atlantic Bight does not consume much of the annual

carbon flux to the bottom, and there must be burial or carbon export.

Sediments

Most of the sediment on the Mid-Atlantic shelf is relict sand
with <0.5% carbon (Emery and Uchupi, 1972), however, deposited
during or soon after the last Wisconsin glaciation, when the shelf
was.dry land 15,000 years ago. Seaward of the 60 m isobath, the
sediments contain more silt (Freeland and Swift, 1978), and, be-
yond the shelf-break, the organic content finally ipcreases to
1-2% carbon, but still lower in organic content thanthe >4% car-
bon muds (Table 1) off the Peru coast (Rowe, 1971).] The Hudson
Canyon, areas of Georges Bank (Hathaway et al., 1979), and the
"mud hole," a region of 4 x lO3 km2 southwest of Martha's Vineyard

between the 50-100 m isobaths, are the exceptions where 1-2% carbon
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. . 4
muds are found on the Mid-Atlantic shelf. 1In these areas, . C

and 2lon dating suggest modern deposits with a sedimentation

rate of at least 50-100 cm 1000 yr_l (Drake et al., 1978; Bothner

"et al., 1980) in contrast to about 15 cm 1000 yr"l on the slope

(MacIlvaine, 1973) and 3 cm 1000 yr"l on the rise (Milliman, 1973
The C:N ratio (Fig. 7) of Mid-Atlantic shelf sediments
(Milliman, 1973) can be used as an index of areas of modern car-
bon deposition and possibly also of the fate of particles during

transport in this ecosystem (Fig. 6). The average C:N ratio of
marine bacteria, phytoplankton, copepods, polychaetes, other zoo-
plankton and benthicAofganisms, as well as fish are all less than

6, while land plants and aquatic vascular plants, e.g. Zostera

) .

and Thalassia, are greater than 15 (Miller, 1977). Sediments with

C:N content <6 may indicate a marine origin if also rich in car-
bon (Miller, 1977) and those >10 would-indicate a terrestrial or
marine vascular plant source. The carbon content of the shelf
sediments with a C:N ratio <6 in the Middle Atlantic Bight (Fig.
is, in fact, twice those with a >10 C:N ratio, while 613C mea-
surements (Hunt, 1966) suggest the surface sediments with a

C:N <6 south of Martha's Vineyard (Fig. 7) are of marine origin.

Similar 613C measurements are not available for the >10 C:N

sediments off New York and New Jersey (Fig. 7), but the N-alkane

hydrocarbon fraction of the sediment carbon pool in this region

-27-
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suggests that this material instead had both terrestrial and petro-
chemical origin (Farrington and Tripp, 1977). In contrast off
South Carolina, the shelf sediments have a C:N ratio <6 (Emery

and Uchupi, 1972) and an N-alkane hydrocarbon f;action that

suggests a marine origin (Hathaway et al., 1979).

The C:N ratio of the shelf edge sédiments (Fig. 7) thus suggests
terrestrial or vascular plant carbon deposition, presumably when
relict sands were deposited during both the last Wisconsin and
previous glaciations. The depth of Pleistocene sediments on the
upper slope is ~300 m in contrast .to only ~100 m on the shelf
(Hathaway et al., 1978), i.e. average accumulation rates of re-
spectively 15 cm 1000 yr-l and 5 cm 1000 yr—l. As the river
mouths, marshes, and sea grass beds retreated towards the present
shore line during the Hélocene transgressidn, sediments of >10 C:N
coﬁtent were continually laid down and are still observed aéross
the shelf in some areas, e.g. south of Montauk Point and east of
Atlantic City (Fig. 7). 1In other areas; e.g. Georges Bank
(Hathaway et al., 1979), Nantucket Shoals, the "mud hole", Hudson
Canyon, and at the mouth of estuaries, a surface layer of modern
(Holocene) biogenic <6 C:N sediments may now overlay the relict

sediments with their >10 C:N ratios. For example, after a sea



level stand still of ~1500 yr at -40 to -45 m of the present
coastline (Jansen, 1976), an "allochthonous" sediment of 15-17

C:N ratio was deposited 8700 B.P., in the northern North Sea

(Jansen et al., 1979). This terrestrial or wvascular plant

material is overlain by a surface layer 1.5 m thick with a C:N ratio
between 4 to 10, suggesting a biogenic deéosition rate of 17 cm

1000 yr-l in a system where most of the primary production is con-
sumed by the zooplankton (Steele, 1974). In contrast, recent
dating of cores on northern Georges Bank (Hathaway et al., 1979)
suggested that the deposition rate of diatoms and organic matter

in this region may be 363 cm 1000 yr—l.

PELAGIC-DEMERSAL COUPLING

Input

A longshore drift of 5 am sec_l occurs in the Mid-Atlantic
Bight, and regions of <6 C:N content in the surface sediments may
either be downstream of the areas where primary production is not
consumed, or be the sites of deposition near estuaries, as a resul£
of entrainment within sub-surface onshore flow of water. During an
April spring bloom of ~4 ug chl {_l at the 65 m isobath near 55°N
in the Baltic Sea, long chains of diatoms were ocbserved (Smetacek

et al., 1978), despite the presence of Pseudocalanus elongatus

with few carnivores, thus with low grazing loss as during spring
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in the New York Bight. The C:N content of particulate matter in
sediment traps within this water column varied from ~5 to 10,

with lower values mainly observed during the first 18 days of
active sedimentation. Because of plankton patchiness and a current
of 15 cm sec_l within the euphotic zone, these sediment traps may
have underestimated.the local detrital flux, but an average down-
ward carbon input to the shelf of 0.2 g C m_2 day-l, or 15% of

the mean primary production, was found above sediments containing
3% carbon. During upwelling at 700 m on the upper slope off
California, a similar carbon flux of 0.1 g C m-2 déy- was also:
estimated from sediment traps (Knauer et al., 1979), but a flux

of only 0.01 g C m-2 day- occurs in the deep ocean (Rowe and
Gardner, 1979). If only 15% of the annual primary production off
New York also sinks directly on the shelf, i.e. 45 g C m"2 yr—l,

this is close to the benthic flux of 60 g C m'-2 yr_l obtained in

the preliminary carbon budget (Fig. 6).

Longshore Structure

Assuming sinking velocities of 1-10 m day-l (Smayda, 1970)
for live phytoplankton, and a longshore current of 5 cm sec—l
(~4 km day-l), a bloom could travel for 6-60 days, over 25-250 km
along the 60 m isbbath, before sinking to the bottom in the Mid-

Atlantic Bight. The latter is the downstream distance of the
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"mud hole" from Georges Bank (Fig. 8), while the former is close
to the separation distance between the "mud hole" and Nantucket
Sheals. Both upstream areas have high chlorcophyll in the water
column at all times of year in addition to low C:N ratios in the
sediments (Fig. 7). Longshore studies in May at the 60 m isocbath
show that vertical isopleths of chlorophyll do, in fact, slope
downstream from the surface towards the bottom, to intersect the
sediments at both the Hudson Shelf Valley and the "mud hole".
Before the fall overturn in October, however, little chloro-
phyll remains above the bottom of the water column in the New
York Bight. Sub-surface nitrate concentrations along a transeét
at the 65 ﬁ isobath instead increase near the "mud hole" (Fig. 8).
The longshore difference in integrated chlorophyll between the
eastern tip of Georges Bank and New York Bight (Fig. 8) was
~70 mg chl m—2 in October 1978, or about 40 mg-at N m—2(assuming
a C:chl of 35:1 and a C:N of 5:1) in contrast to the dissolved
nitrate change of 130 mg-at NO3 m—2. If the difference in parti-
culate nitrogen represented by the phytoplankton in the water
column (40 mg-at N m—2) is subtracted from that of the dissolved
stocks, an estimate of 90 mg-at NO3 m-2 is obtained for nitrate
increase by nitrification during drift from Georges Bank to New
York (Walsh et al., 1980a). In contrast, ammonium concentration
at eaéh end ofAthe 65 m isobath transect was 192 mg-at NH m—2 in

3
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the north and 105 mg-at NH3 m—2 in the south. This ammonium de-

-2
crease independently suggests that 87 mg-at NH3 m may have con-

verted to NO3 during the southwesterly drift along the shelf.
This longshore nitrogen budget thus implies that particulate
matter on the bottom must also be remineralized to ammonium and
then to nitrate with a C:N ratio of ~5:1 within the bottom water.
Direct observations of a bottom flux ot 21 mg NH3 m-2 day_:—L
(Rowe et al., 1975) and an oxygen consumption of 360 ml O2 m_2
day_l (Thomas et al., 1979), suggeét a benthic carbon respiration
of 148 mg C m—2 day-l, and a C:N ratio of <7 for carbon respir-
ation:nitrogen regeneration in the New York Bight. The areas
of sediment C:N content >10 may thus indicate regions where
marine biogenic deposition has not overlain relict sediments on
the shelf, that is to say the southern and offshore boundaries
of present carbon deposition and decomposition (Fig. 7). Pre-
sumably high C:N values do not indicate areas of the shelf where
differential nitrogen recycling on the bottom might occur with
respect to carbon mineralization. The implication is that during
longshore transport that carbon which sinks to the bottom is
assimilated by the benthos with little ;ccumulation in the sedi-

ments; in fact, there is a suggestion of a declining downstream

gradient in sediment carbon and macrobenthos populations from
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Georges Bank to Cape Hatteras (Walsh et al., 1980a). What then
is the fate of the seasonal spring pulses of phytoplankton input
to the bottom (Fig. 6), if‘the "mud hole" and northern Georges
Bank are the only major downstream (offshore) consequences of
continuous detrital input from the tidally mixed-parts of this

shelf ecosystem?

Cross—-Shelf Exchange

"Away from the "mud hole", a composite transect of C:N sedi-
ment content from land to the deep ocean basin of the North
Atlantic (Fig. 9) suggests two areas of low C:N ratios. The
nearshore regipn is located off the estuaries (Fig. 7) and re-
flects sinking and onshore entrainment of phytoplankton beneath
surfacevoffshore river plumes (Malohe and Chervin, 1979). The
second region of low C:N values is at 800-900 m, beyond the high
C:N zone at the shelf-break (i.e. the presumed area of relict
deposition of terrigenous and/or vascular plant materiai) and
represents offshore transport of biogenic material from the shelf
to the slope (Schubel and Okubo, 1972; Hay and Southam, 1977).
Off North Carqlina, half as many meiofauna are found at 400 m as
at 800 m (Cdull et al., 1977), at which depth the offshore
transition from sandy to muddy sediments occurs (Tietjen, 1971).

This organic matter at 800-900 m has either bypassed the natural
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sedimentary traps at the mouths of estuaries or has originated

at mid-shelf; we recall that estimates of particle flux to the
bottom of the shelf and the upper slope are similar (Smetacek

et al., 1978; Knauer et al., 1979), but accumulation of pleistocene
sediments is greater on the upper slope.

The vertical distribution of particulate and dissolved
organic carbon in the sea is, in fact{ homogeneous below 200-300 m
in the Atlantic and Pacific Oceans (Menzel and Ryther, 1970).
The entire biochemical cycle of organic matter, including production,
decomposition and solution, thus appears to occur mainly above
these depths: beyond the shelves there méy be little amount of
direct input of carbon to the bottom from the water column above.
For example, little change occurs in C:N ratio of the sediments
from 1500 to 5000 m (Fig. 9), and this intermediate C:N ratio of
the deep sediment reflects the long residence time of open ocean
source material and thus slow reworking of nitrogen compounds in
the overlying waters (Miller, 1977; Knauer et al., 1979). Any
lowering of the C:N ratio of sediménts on the upper slope (Fig. 9)
would thus require a modern biogenic shelf source and séme
mechanism for relatively fast lateral seaward transport past
the shelf-break.

As a result of upwelling and low salinity water influx at

the coast (Ketchum and Keen, 1955), there is a continual transport

\
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of surface water seaward in the New York'Bight. Seabed drifters
(Bumpus, 1974) and a simple physical model (Csanady, 1976), also
suggest a bottom layer flow seaward of the 60 m isobath. Hence,
there may be offshore flow at the bottom as well as at the surface
on the outer part of the shelf, with a return onshore flow in the
middle of the water column to maintain the salt balance. Organic
matter tends to be co-transported with finegrain sediment. franmtions
(Gross, 1968). A simple advection-diffusion model of the transport
of finegrain inorganic matter across the northeast continental
shelf (Schubel and Okubo, 1972) thus provides insight into the
origin of low C:N values on the upper slope (Fig. 9). For example,
with an offshore advective and diffusion "velocity" of 2 cm sec
and a fine grain sinking velocity of ~1 m day-l, their calculations
suggest that any fine grain sediment -which had escaped the
estuaries would bypass the shelf and he deposited on the upper
élope, within 100 km of the shelf edge,

The mid-shelf bloom during March off Long iIsland océurs
between the 60 m iscobabh, ~60 km from shore, and the shelf—break
(Walsh et al., 1978). Assuming an offshore flow of 2 cm sec-l,
an aVerage depth of 250 m and a sinking velocity of 1-10 m day-l,
algal cells within the bloom would travel seaward 40-400 km, or
0-360 km past the shelf-break before reaching the bottom. With

weaker offshore flow, of 0.5 cm sec_l, which is 1/10 of the
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longshore flow, and a sinking velocity of 2 m day—l, a phytoplankton

could sink to the bottom at only 10 km seaward of the shelf-break.
In this area, the bottom topography decreases from 200 to 2000 m

within ~40 km of the New York shelf, and, in fact, the lowest C:N

ratios are found at 800-900 m (Fig. 9), while 2-3% carbon sediments

are observed at the head of the Hudson Canyon in waters of 200-

300 m depth. Off Oregon, the shelf width is ~ 1/4 that of New York,

and deposits with 2-3% organic carbon occur at 1000-2500 m (Gross,
1968) , roughly the same distance (125 km) as off the coast at New
York. |

In contrast, the Befing Sea shelf is about five times wide{
than that off New York with a similar weak flow regime (~1-5 cm
4 sec—l) which is dominated by tidal mixing (Coachman and Charnell,
1979). The pleistocene sediments are generally less than 100 m.
thick on the Bering Sea shelf, with little quarternary (Pleisto-
cene + Holocene) deposits found ﬁearshore (Nelson et al., 1974).
After a sea level stand still at -40 to -45m of the present coést—
line ~10-12,000 B.,P, in the Chukchi (Creager and McManus, 1965)
and Laptev (Holmes and Creager, 1974) Seas, the holocenee sedi-
mentation rate of nearshore Bering Sea areas, e.g. Norton Sound, -
has been less than 20 cm 1000 yr—l (Nelson et al., 1974). The
C:N content of the surface sediments in the tidally‘mixed néar-

shore areas (<50 m) is .>10 in contrast to a C:N ratio of <6
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for the middle and outer shelf areas (Lisitéin, 1966; R. Iversén,
personal communication). Within a 200 km wide area of the middle

shelf where Pseudocalanus is the major herbivore, a carbon budget

for the southeast Bering Sea (McRoy, Walsh, and Iversen, in prep,)
suggests that 50% of the annual primary production is buried with-
in or exported from this region. Less than 0.5% carbon is found
within surface sediments of the middle shelf (Liéitzin, 1966;
Sharma, 1974), however, whereas >1% cafbon is found ~125 km sea-
ward in the <6 C;N sediments of the outer shelf (Gershanovitch,
1962; R; Iverson, personal communication). Because of a greater
shelf width, the carbon export of the Berihg Sea appears to be
deposited on the outer shelf rather than on the upper slope off

New York and on the lower slope off Oregon.

CONSEQUENCES
These examples suggest that the ocean's continental shelves,
with an average width of 75 km, may represent a major carbon sink
from the water column, and source for the export of phytodetritus
and fecal pellets to the present adjacent slopes. An important
aspect of carbon export to the slope from the New York Bight,
however, is that'a mass balance of the elements must presumably

be maintained, in an annual steady state. 1If CO2 does not limit

-37-~



plant production in the ocean, the same amount of nitrogen (Ryther
and Dunstan, 1971) must be returned each year to the shelf as is
lost in the proposed detrital flux, i.e. ~180 g C rn.2 yr_l (Fig. o),
or ~36 g N m_2 yr— assuming a C:N ratio of 5. The fact that our
independent nitrogen budget (pg. __) indicated that about 33 g N
m_2 yr_l must be supplied from the upstream, offshore, and coast
boundaries, suggests that a mass balance of nitrogen is apparently
maintained on the New York shelf.

The nitrate-rich pool of upper slope water at the shelf-break

is large and seasonally constant at ~9500 mg-at N m“2 down to 500 m,

the maximum depth of the winter mixed layer (Leetma, 1977). In
comparison, the whole shelf water column has a maximum winter
nitrate content of 400 mg-at N m—2 at the 60 m isobath, over an
~order of magnitude lesé than the offshore source.water. Nitrate
may thus be supplied to the shelf from intermediate offshore depths,
while particulate nitrogen is lost to the slope bottom, with a
significant time delay (years to decades; Broecker et al., 1979)
between nutrient remineralization on the bottom of the slope
(1000-2000 m) and replenishment of nitrate stocks to the.offshore
surface layer by vertical mixing or diffusion through{the deep
thermocline. In this mass balance, carbon could also be removed

from the shelf in the form of fixed C02, and stored deep on the
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the slope as detrital carbon, forming a 002 sink in the ocean

without nitrogen limitation.

The flux of CO2 from past fossil fuel burning, cement pro-

duction, and deforestation, its present storage pools (in the
atmosphere, on land, or in the sea), and the impact of our future

use of fossil carbon are poorly understood processes. At the

present rate of increase in fuel consumption of 4.3% yr—l, a

doubling of the atmospheric CO, and a 2-3°C increase in temperature

2
from the "greenhouse" effect (Chamberlin, 1899) could occur by 2035;
present ocean temperatures are, in fact, only ~2.3°C warmer than
during the last Wisconsin glaciation (CLIMAP, 1976). Up to 1950,
most of the CO2 emitted from fossil fuel burning and from the use
of limestone for cement was thought to have been absorbed in the
ocean with little accumulation in the atmosphere (Revelle and _
Suess, 1957). Although the amount of 002 in the atmosphere has
steadily increased since the industrial revolution from many
sources, the cumulative addition of 70-80 x lO9 tons C to this

pool is only equivalent to about half of the CO produced by

2
burning fossil fuel, a great deal of which has occurred in just
the last two decades (Bolin, 1977). Finally, though land biota

were at one time thought to be a sink for CO the terrestrial

2,
ecosystem now instead may be a source of CO2 as a result of de-

forestation. The rate of carbon flux from the land to the
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atmosphere or ocean is a subject of some controversey, (Woodwell
et al., 1978; Ralston, 1979; Broecker at al., 1979), comparable
to earlier disagreements about the amount of harvestable carbon
from the sea (Ryther, 1969; Alverson et al., 1970).

Without consideration of marine photosynthesis as a net loss

term, a global budget for the inorganic storage of CO2 in the

ocean from 1850 to 1950 (Stuvier, 1978) overestimated the initial
amount of carbon in the pre-industrial atmosphere by ~50xlO9 tons
(Keeling, 1978), suggesting that at least O.5x109 tons C yr—l

might have been lost to a biotic sink. Models of abiotic storage

- of CO2 in the ocean by vertical mixing over just the last few de-

cades can account for only 37% of the’CO2 emitted from fossil

fuel burning and similarly ignored biological fixation of carbon

in the sea; they also cannot account for the missing CO presumaﬁly

2
emitted from deforéStation (Siegenthaler and Oeschger, 1978).
Fﬁrthermore, chemical considerations (Bacastow and Keeling, 1973)
of the buffer capacity of surface sea water suggest that with an
increased 002 content leading to more acidic conditions{ the upper
miged layer might become an increasingly effective barrier to CO2
absorption by the deep ocean. Specific considerations of 002
emitted from just wood burning (Wong, 1978) suggests, in fact, that

almost all of this CO2 source, i.e. l.2xlO9 tons C yr-l could be
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lost in the form of detrital carbon deposition on the continental
shelves.

Of the three major ihorganic nutrients utilized by marine
phytoplankton, nitrogen is most likely to be limiting. Despite
its low concentration in sea water, phosphate recycles very
- Yapidly in the marine environment, and does not appear to limit
significantly the productivity of the world's oceans. Silicate
recycles slowly, but is not required by all marine phytoplankton;
when it is limiting, the primary effect is probably on phyto-
plankton species composition rather than total primary production.

Current theory suggests that it is the rate of supply of
nitrogen to the euphotic zone which limits primary production,
with the input rate of nitrate as an estimate of the "new"
production of the system (Chapter ). Since co2 presumably
does not limit marine primary production, although it has been
observed to stimulate photosynthesis in lakes (Schindler et al.,
1972), the extent to which marine food chains may act as a sink

for atmospheric CO, thus depends upon the rates of nitrogen re-

2

cycling and the removal of carbon which is not associated with
respiratory costs of the nitrogen recycling.

From an early CO, model of the atmosphere and an ocean with-

2

out continental shelves (Keeling and Bolin, 1967), approximately
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2.7xlO9 tons C yr-l, or about 10% of the global marine primary
production (~25xlO9 tons C yr_l; Woodwell et al., 1978) was
estimated to sink to the sediments. Based on a more recent
nitrogen budget for "new" production of offshore waters (Eppley
and Petersen, 1980) and again ignoring the coastal zone, the same
flux of carbon was assumed to occur in the open ocean. Most of
this carbon apparently does not leave the upper'BUO m of the sea
(Menzel and Ryther, 1970), however, and below 300 m, sediment

trap studies of the oceanic detrital carbon flux suggest a loss-

of 0.005-0.010 g C n2 day"l (Wiebe et al., 1976; Rowe and Gardher,
1979; Knauer et al., 1979); over the whole 2.6xlO8 km2 of open
ocean, this is equivalent to a yearly carbon sink of only 0.5-
l.OxiO9 tons C yr-l.

The major organic carbon sink in the global CO2 budget
(Keeling and Bolin, 1967) probably occurs instead on the conti-
nental shelves. With a minimum primary production of 200 g C m
yr_l (Table 1), a total shelf area of 2.6xlO7 km2 (Hay and Southam,
1977), and a 60% ratio of carbon export to production (i.e. 180/
300 g C m—2 yr— , see Fig. 6), 5.2x109 tons CAyr-l would be fixed
and 3xlO9 tons C yr_l lost to the continental slope. Current CO

2

budgets require a presently unknownlsink, in fact, of ~3x109 tons

C yr during the last decade (Bolin, 1977) to account for the
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missing CO,, which must have been released by increased fossil

2
fuel burning and deforestation, but ﬁot observed in the atmosphere
or apparently mixed to the deep sea in such a short time.

The sedimentation rate at the head of the Hudson Canyon has
doubled_ovér the last few thousand years (Drake et al., 1978),
and nitrogen content of rain has doubled in recent decades,
largely by the combustion of fossil fuel (Hall et al., 1978).
Rainfall contributed less than 1% of the annnal nitrogen demand
of primary_production in.the New York Bight, however; more import-
antly the amount of organic carbon to be exported from the shelf
is fixed during the spring bloom when nutrients are not limiting.'
The total yield to man as commercial fish from the New York
continental shelf over the last 10 years has been only ~0.63 g
C m_2 yr-l, while the carbon export may be at least 180 g C m.-2
yr-'—L (Fig. 6); the former provides food, but the latter may, by
reducing the "greenhouse" effect, actually be of greater import-
ance to us. This chapter presents a preliminary, but a reasonably
consistent proposal for steady state carbon fluxes which could
both support the 99% of the global fish catch which is produced
by the shelf ecosystem and, at the same time, serve as a major

sink in the global CO, budget.

2
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Major alteration of carbon flow througﬁ any one of the shelf
food web components (Fig. 6) can be attributed to interannual
changes of species survival patterns as a function of external
perturbations. For example, because of their proximity, the
continental shelves have tended to become the refuse pit of
industrialized maritime nations. We are coming to realize, how-
ever, that dilution of waste material in the sea can no longer
be considered a permanent removal process in either the open
ocean or nearshore waters. The increasing utilization of the
continental shelf for oil drilling and transport, cooling of
nuclear power plants, planned and inadvertent waste disposal, as
well as for food and recreation, require carcful management of
man's future activities in this ecosystem. Certainly aé we
continue to learn more about the organisms and control functions
of the shelf-sea ecosystem, ﬁan will be able to more rationally
manage the coastal zone by avoiding overfishing and carefully
selecting sites of industrial activity. The assimilatory capacity
of this ecosystem to store toxicants must now be considered,
however, with respect to its preéent resiliency (Holling, 1973)
to withstand perturbations at much shorter time scales than

either glacial or evolutionary events.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Figure Legends

Progressive vector diagram (km) of the seasonal wind

forcing off A) New York and B) Oregon.

Annual cycle of temperature (°C) at the 60 m isobath

off A) New York, B) Oregon, and C) Georges Bank.

Annual cycle of chlorophyll (ug &_l) at the 60 m
isobath off A) New York, B) Oregon, and C) Georges

Bank.

Annual cycle of copepods and larvél fish on the inner
(<50 m) and outer (>50 m) continental shelf off A) New

York, B) Oregon, and C) Georges Bank: Gulf of Maine.

Annual cycle of pteropods and chaetognaths on the
inner (<50 m) and outer (>50 m) continental shelf off
a) New York, B) Oregon, and C) Georges Bank: Gulf of
Maine.

A carbon budget of both yield to man and a biological
sink for atmospheric Co2 on the northeast continental
shelf.

The distribution of relict (C/N >10) and modern

(C/N <6) sediments between Cape Hatteras and Georges

Bank (modified from Milliman, 1973).
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Fig. 8. The Octcber longshore distribution of temperature (°cy,
- -1
chlorophyll (ug ¢ l)’ and nitrate (ug-at 2 "), at the

65 m isobath between New York and Georges Bank.

Fig. 9 . A composite of sediment C/N ratios on 1) the north-
east continental shelf away from the "mud hole" and
2) from the continental slope to the ocean basin

between 24° to 44°N in the western Atlantic.

—46-



Literature Cited

Allee, W.C., 1934. Concerning the organization of marine coastal
communities. Ecol. Monogr; 4:541-554,

Alton, M.S. 1972. Characteristics of the demersal fauna in-
habiting the outer continental shelf and slope off the
northern Oregon Coast. In "The Columbia River Estuary
and adjacent waters", eds. A.T, Pruter and D.L., Alversen,
University of Washington Press, pp. 583-636.

Alversen, D.L., A.R, Longhurst, and J.A, Gulland. 1970. How
much food from the sea? Science 168: 503-505.

Anderson, G.C., and R.E, Munson. 1972. Primary productivity-
studies using merchant vessels in the North Pacific Ocean.
In "Biological oceanography of the northern North Pacific
Ocean", ed. A.,Y. Takenouti, Idemitsu Shoten, pp. 245-252.

Ankar, S. and R. Elmgren. 1976. The benthic macro- and meio-
fauna of the Asko-Landsort area (Northern Baltic Proper).
Contr. Askd Lab. 11:1-115.

Bacastow, R. and C.D. Keeling. 1973. Atmospheric carbon dioxide
and radiocarbon in the natural carbon cycle. II. Changes
from A.D, 1700 to 2070 as deduced from a geochemical model.
In "Carbon and the Biosphere", eds. G.M, Woodwell and E.V.

Pecan, AEC Symp. Ser. 30: 86-135.

=47-



Beardsley, R.C., W.C., Boicourt, and D.,V. Hansen. 1976. Physical
oceanography of the middle Atlantic Bight. ASLO Spec. Symp.
2: 20-34.

Beebe, W. 1934. "Half mile down", Harcourt,'Brace, and Co.,

New York, pp. 1-344.

Bigelow, H.B. 1926. Plankton of the offshore waters of the
Gulf of Maine. Bull. Bur. Fish., Wash., 40 (Part II):
1-509.

Bigelow, H.B, and M. Sears. 1939. Studies of the waters of
the continental shelf, Cape Cod to Chesapeake Bay. III.

A volumeﬁric study of the zooplénkton. Mem. Comp. ZooO.
54: 183-378.

Bolin, B. 1977. Changes of land biota and their importance for
the carbon cycle. Science 196: 613-615.

Bothner, M.,H.,, E. Spiker, and P.P. Johnson. 1980. 14C and

210Pb profiles in the "mud patch" on the continental shelf
off southern New England: evidence for modern accumulation.
Geol. Soc. Amer. Abstract.

Broecker, W.S., T. Takahashi; H.J. Simpson, and T.H., Peng. 1979.

Fate of fossil fuel carbon dioxide and the global carbon

budget. Science 206: 409-418.

Buchanan, J.B. and R.M, Warwick. 1974. An estimate of benthic
macrofaunal production in the offshore mud of the north-

umberland coast. J. Mar. Biol. Assn. UK. 54: 197-222.

-48—-



Bumpus, D.F, 1974. A description of the circulation on the
continental shelf of the east coast of the United States.
Prog. Oceanogr. 6: 111-157.

Chamberlin, T.C. 1899. An attempt to frame a working hypothesis
of the cause of glacial periods on an atmospheric basis.

J. Geol. 7: 575, 667, 751.

Clarke, G.L, 1940. Compargtive richness of zooplankton in
coastal and offshore areas of the Atlantic. Biol. Bull.
78: 226-255.

Clarke, G.L., E.L., Pierce, and D,G. Bumpus. 1943. The distri-

bution and reproduction of Sagitta elegans on Georges Bank

in relation to hydrographic conditions. Biol. Bull. 85:
201-226.

CLIMBP Project members, 1976. The surface of the ice-age earth.
Science 191: 1131—1137. |

Coachman, L.K. and R.L., Charnell. 1979. On lateral water mass
interactioﬁ - a case study, Bristol Bay, Alaska. J. Phys.
Oceanogr. 9: 278-297.

Colton, J.B., W.G. Smith, W,A. Kendall, P.L. Berrien, and M.P.
Fahay. 1979. Principal spawning areas and times of marine
fishes, Cape Sable to Cape Hatteras. Fish Bull. 76: 911-915.

Corkett, C.J. and I.A, McLaren. 1978. The biology of Pseudo- |

calanus. Adv. Mar. Biol. 15: 1-231.

=49~



Coull, B.C. 1973. Estuarine meiofauna: a review: relation-
ships and microbial interaction. 1In "Estuarine microbial
ecology", eds. L;Ho Stevensen and R,R, Colwell, Univ. of

South Carolina Press, pp. 499-512.

Coull, B.C.,, R,L, Ellison, J.W, Fleeger, R.,P, Higgins, W.D. Hope,

W.D, Hummon, R.M., Rieger, W.E, Sterrer, H. Thiel, and J.H.
Tietjen. 1977. Quantitative estimates of the meiofauna
from the deep sea off North Carolina, USA. Mar. Biol. 39:
233-240.

Creager, J.S. and D.A. McManus. 1965. Pleistocene arainage
patterns on the floor of the Chukchi Sea. Mar. Geol. 3:

279-290.

Csanady, G.T. 1976. Mean circulation in shallow seas. J.
Geophysl Res. 81l: 5389-5399.

Dagg, M. 1977. Some effects of patchy food environments on
copepods. Limnol. Oceanogr. 22: 99-107.

Dagg, M.J. 1978. Estimated, in situ, rates of egg production

for the copepod Centropages typicus (Krgyer) in the New

York Bight. J. exp. mar. Biol. Ecol. 34: 183-196.
Day, J.H. 1963. The complexity of the biotic environment. In

“Speciation in the Sea", Syst. Assoc. Publ. 5: 31-49,

-50~-



Drake, D.,E., P. Hatcher, and G. Keller. 1978. Suspended '

particulate matter and mud deposition in upper Hudson

Submarine Canyon. In "Sedimentation in submarine canyons,

fans and trenches", eds. D.J. Stanley and G. Kelling.

Dowden, Hutchinson, and Ross, pp. 33-41.

~

Edwards, R.,L. and A.S., Merrill. 1977. A reconstruction of the

continental shelf area of eastern North America for the
times 9,500 B,P, and 12,500 B.P. Archeology of Eastern

North America 5: 1l=44,

Edwards, R.,L. and R.E., Bowman. 1978. An estimate of the food

consumed by continental shelf fishes in the region between
New Jersey and Nova Scotia. Proc. Intern. Symp. on
Predator-Prey Systems in Fish Communities and Their Role
in Fisheries Management. Sport Fish. Instit. (in press).
Emery, K.O, and E. Uchupi. 1972. Western North Atlantic chan
Topography. Rocks, Structure, Water Life and Sediments.
Amer. Assoc. Petrol. Geol. Mem. 17: 1-532.

Eppley, R.W. and B.J. Petersen. 1980. The flux of particulate

matter to the deep ocean. Submitted to Nature.
Evans, C.A., J.E., O'Reilly, and J.P. Thomas. 1979. Report on
chlorophyll measurements made on MARMAP surveys between

October 1977 - December 1978. N.E.F.C. Sandy Hook Lab.

Rept. No. SHL 79-10: 1-247.

-51-



Farrington, J.W., and B.W, Tripp. 1977. Hydrocarbons in western
North Atlantic surface sediments. Geochim. Cosmochim.

Acta 41: 1627:1641.

Fenchel, T. 1969. The ecology of the marine microbenthos. 1IV.
Structure and function of the benthic ecosystem, its chemical
and physical factors and the microfauna communities with
special reference to the éiliated protozoa. Ophelia 6: 1-182.°

Freeland, G.L., and D.J., Swift. 1978. Surficial sediments. MESA
New York Bight Atlas Monogr. 10: 1-93.

Gershanovitch, D.,E. 1962. New data én recent sediments of thé
Bering Sea. In "Issledovanye po Progrome Mezhdunarodenovof
Geofizicheskovo Goda", eds. L.G, Vinogradova and M.V,
Fedosova, Pishchem Promizdat, Moscow, pp. 123-164.

Grice, G.,D, and A.,D, Hart. 1962. The abundance, seasonal oc-
currence, and distribution of the epizooplankton between
New York and Bermuda. Ecol. Monogr. 32: 287-309.

Gross, M.G, 1968. Organic carbon in surface sediment from the
northeast Pacific Ocean. Int. Oceanol. Limnol. 1l: 46-54.

Hall, C.S., G.T. Rowe, J.,H, Ryther, and G.,M. Woodwell. 1978.

Acid rain, zooplankton fecal pellets and the global carbon

budget. Biol. Bull. 153: 427-428.

-52-



Hathaway, J.C., C.W, Poag, P.C. Valentine, R,E. Miller, D.M,
Schultz,AF.,T° Manheim, F,A, Kohout, M,H, Bothner, D.,A,
Sangrey. 1979. U.S. Geological Survey core drilling on
the Atlantic shelf. Science 206; 515-527.

Hay, W.W. and J.R. Southam. 1977. Modulation of marine sedi-
mentation by the continental shelves. 1In "The fate of
fossil fuel CO2 in fhe oceans", eds. N.R. Andgrson and A.
Malahoff, Pleﬁum Press, pp. 569-604.

Hennemeuth, R.C. 1976. Fisheries and renewable resources of
the Northwest Atlantic Shelf. In "Effects of energy
related activities on the Atlantic‘Continental Shelf",

ed. B. Manowitz, BNL 50484: 146-166.

Hirota, J. 1974. Quantitative natural history of Pleurobrachia

bachei in La Jolla Bight. Fish. Bull. 72: 295-352.
Hitchcock, G.L., and T.J. Smayda. 1977. The importance of light
in the initiation of the 1972-1973 winter-spring diatom bloom

in Narragansett Bay. Limnol. Oceanogr. 22: 126-131.

Holling, C.S. 1973. Resilience and stability of}ecological
systems. Annl Rev. Ecol. 4: 1-23.

Holmes, M.L. and J.S. Craeger. 1>74. Holocene history of the
Laptev Sea éontinental shelf. In "Marine geology and
oceanography of the Arctic Séas, (ed.) Y. Herman, Springer-

Verlag, pp. 211-229.

-53-



Holmes, R.,W., 1970. The Secchi disk in turbid coastal waters.
Limnol. Oceanogr. 15: 688-694.

Hunt, J.M, }966. The significance of carbon isotope variations
in marine sediments. In "Advanaes in organic geochemistry", .
ads. S.D. Hobson and G.C. Speers, Pergamon Press, pp. 27-35.

Jansen, J.H.F., 1976. Late pleistocene and holocene history of
the northern North_Sea, based on acoustic,reflection records.
Neth. J. Sea Res. 10: 1-43.

Jansen, J.H.F., J.W.C., Doppert, K. Hoogendoorn-Toering, J. De
Jong, and G. Spaink. 1979. Late pleistocene and Holocence
deposits in the Witch and Fladen Ground area, northern North

Sea. Neth. J. Sea Res., 13: 1-39.

Judkins, D.C., C.D, Wirick, and W,E. Esaias. 1979. Composition,
abundance, and distribution of zooplankton in the New York
Bight, September 1974 - September 1975. Fish. Bull. 77
(in press).

Keeling, C.D. 1978. Atmospheric carbon dioxide in the 19th
century. Science 202: 1109.

Keeling, C.D. and B. Bolin.. 1967. The simultaneous use of -
chemical tracers in oceanic studies. I. General theory
of reservoir models. Tellus 19: 566-581.

Ketchum, B.H., and D.J., Keen. 1955. The accumulation of river

| water over the continental shelf between Cape Cod and

Chesapeake Bay. Deep-Sea Res. 3 (Suppl.): 346-357.

~54-



-

Knauer, G.A., J.H, Martin, and K.W, Bruland. 1979. Fluxes of
particulate carbon, nitrogen, and phosphorous in the upper
water column of the northeast Pacific. Deep~Sea Res. 26:

97-108.
Lasker, R. 1975. Field criteria for survival of anchovy larvae:

the relation between inshore chlorophyll maximum layer and
successful first feeding. Fish. Bull, 73; 453-462.

Leetma, A. 1977. Effects of the winter of 1976-1977 on the
northwestern Sargasso Sea. Science 198: 188-189.

Lettau, B., W.A. Brower, and R.G. Quayle. 1976. Marine
climatology. MESA New York Bight Monogr. 7: 1-239.

Lisitzin, A.P., 1966. Recent sedimentary processes in the
Bering Sea, M. Nauka, Moscow, pp. 1-300.

MacIlvaine, J.C. 1973. Sedimentary processes on the conti-
nental slope off New England. Ph.D. dissertation, MIT
pp. 1-210.

Malone, T.C. 1977. Plankton systematics and distribution.
MESA New York Bight Monogr. 13: 1-45.

Malone, T.C. and M.B, Chervin. 1979. The production and fate
of phytoplankton size fractions in the plume of the Hudson

"River, New York Bight. Limnol. Oceanogr. 24: 683-696.

-55-



Mann, K.H. 1976. Production on the bottom of the sea. 1In

"Ecology of the Sea", eds. D.H. Cushing and J.J. Walsh,

McAllister, C¢.,D., T.R. Parsons, and J.D.H. Strickland. 1960.
Primary productivity and fertility at station "p" in the

northeastkPacific Ocean. J. Cons. Explor. Mer 25: 240-259.

McHugh, J.L. 1976. Estuarine fisheries: are they doomed?
Proc. Third Estuar..Res. Conf., Academic Press, in press.
McIntyre, A,D., A.L.S. Muro, and J.H. Steele. 1970. Energy
flow in a sand ecosystem. In "Marine Food Chains", ed.
J.H. Steele, Oliver and Boyd, pp. 19-31.
McRoy, C.P, and J.J. Goering. 1976. Annual budget of primary
production in the Bering Sea. Mar. Sci. Comm. 2: 255-267.
Menzel, D.W. and J.H. Ryther. 1960. The annual cycle of primary
production in the Sargasso Sea off Bermuda. Deep-Sea Res.

6: 351-367.

an

Menzel, D,W, and J.H. Ryther. 1970. Distribution and cycling
of organic matter in the oceans. 1In "Organic matter in
natural waters", ed. D,W, Hood, Inst. Mar. Sci. Occ. Pub.

1: 31-54.

Milliman, J.D. 1973. Marine Geology. In "Coastal and Offshore
Environmental Inventory, Cape Hatteras to Nantucket Shoals",
ed.ASQP. Saila, Mar. Pub. Ser. No. 3, Univ. Rhode Island
pp. 10-1 to 10-91.

Milliman, J.D, and K.O. Emery. 1968. Sea levels during the past

35,000 years. Science 162: 1121-1123.

-56~-



Mdoers, S.N.K., C.,A, Collins, and R.L. Smith. 1976. The dynamic
structure of the frontal zone in the coastal upwelling

region off Oregon. J. Phys. Oceanogr. 6: 3-21.

Miller, P.J. 1977. C/N ratios in Pacific deep-sea’ sediments:
effect of inorganic ammonium and organic nitrogen com-
pounds sorbed by clays. Geochim.‘Cosmochim. Acta 41:
765-776.. ;

Myers, T.D, 1967. Horozontal and vertical.distribution of

Theécosomatous pteropods off Cape Hatteras. Ph.D. dis-

serﬁation, Duke University, pp. 1-244.

Nelson, C.H., D.M. Hopkins, and D.W. Schqll. 1974. Cenozoic
sedimentary and tectonic history of the Bering Sea. In
"Oceanography of the Bering Sea with emphasis on renewable

resources", ed. D.W, Hood, Vail-Baillou Press, pp. 485-516.

O'Brien, J.J. and R.D. Pillsbury. 1974. Rotary wind spectra

in a sea breeze regime. J. Apl. Meteor. 13: 820-825.

Pearcy, W.G. 1972. Distribution and ecology of oceanic animals
off Oregon. In "The Columbia River Estuary and adjacent
waters", eds. A,T. Pruter and D.L. Alversen, University
of Washington Press, pp. 351-377.

Petersen, W.T. and C.B, Miller. 1975. Year-to-year variations
in the planktology of the Oregén upwelling zone. Fish.

Bull. 73: 642-653.

- -57-



Petersen, W. and C. Miller. 1976. Zooplankton along the conti-
nental shelf off Newport, Oregon 1969-1972: distribution,
abundance, seasonal cycle, and year-to-year variations.
0SU Sea Grant Program Pub. ORESU-T—76-002, pp. 1-111.

Petersen, W.T. and C.B, Miller. 1977. Seasonal cycle of zoo-
plankton abundance and species composition along the
central Oregon coast. Fish. Bull. 75: 717-724.

Petersen, W;T., C.B. Miller, and A, Hutchinson., 1979. Zonation
and maintenance of coﬁepod populations in the Orgeon upwell-
ing zone. Deep-Sea Res. 26: 467-494,

Pingree, R.,D,, P.M. Holligan, G.T. Mardell, and R.N. Head. 1976.
The influence of physical stability on spring, summer, and
autumn phytoplankton blooms in the Celtic Sea. J. Mar. Biol.
Ass. UK 56: 845-873.

Pingree, R,D., P.M., Holligan, and G.T., Mardell. 1978. The
effects of vertical stability on phytoplankton distribution
in the summer on the northwest European shelf. Deep-Sea.
Res. 25: 1011-1028.

Pruter, A.T. 1973. Development and present status of bottom
fish resources in the Bering Sea., J. Fish. Res. Bd.

Canada 30: 2373-2385.
Ralston, C.W. 1979. Where has all the carbon gone? Science

204: 1345-1346.



Redfield, A.C. 1939. The history of a population of Limacina

retroversa during its drift across the Gulf of Maine.

Biol. Bull. 76: 26-47.

ﬁedfield, A.C, 1941. The effect Qf the circulation of water on
.the distribution of the calanoid community in the Gulf of
Maine. Biol. Bull. 80: 86-110.

Redtield, A.C. and A. Beale. 1Y40. Factors determining the
distribution of populations of chaetognaths in the Gulf of
Maine. Biol. Bull. 79: 459-487.

Revelle, R. and H.E. Suess. 1957. Carbon dioxide exchange
between étmosphere and ocean and the question of an increase

of atmospheric CO, during the past decades. Tellus 9: 18-27.

2

Richardson, S.L. and W.G. Pearcy. 1977. Coastal and oceanic
fish larvae in an area of upwelling off Yaguina Bay,
Oregén. Fish. Bull. 75: 125-145.

Riley, G.,A. 1942. The relationship of vertical turbulence and
spring diatom flowerings. J. Mar. Res. 5: 67-87.

Riley, G.A. 1947. A theoretical analysis of the zooplankton
population of Georges Bank. J. Mar. Res. 6: 104-113.

Riley, G.A. 1956. Oceanography of Long Island Sound. 1II.
Physical oceanography. Bull. Bingham Oceanogr. Coll.
15: 15-46.

Riley, G.A. 1967. The plankton of estuaries. In "Estuaries",

ed. G.H., Lauff, pPubl. Am. Assoc. Adv. Sci. 83: 316-326.

-59-



Rowe, G,T. 1971l. Benthic biomass in the Pisco, Peru upwelling.

Invest. Pesqg. 35: 127-135.

Rowe, G.T., C.,H., Clifford, K,L,vSmith, and P.L. Hamilton. 1975.

Benthic nutrient regeneration and its coupling to primary
productivity in coastal waters. Nature 225: 215-217.

Rowe, G.T. and W.D. Gardner. 1979. Sedimentation rates of organic
carbon and carbonate in the slope water of the northwest Altantic
Ocean measured directly with sediment traps. J. Mar. Res. (in press).

Rythere J.H. 1969. Photosynthesis and fish production in the

sea. Science 166: 72-76.
Ryther, J.H. and W.M. Dunstan. 1971. Nitrogen, phosphorus,

and eutrophication in the coastal marine environment.
Science 171: 1008-1013.

Schindler, D.W., G.J. Brunskill, S. Emerson, W.S. Broecker,
and T.H. Peng. 1972. Atmospheric carbon dioxide: its
role in maintaining phytoplankton standing crops. Science
177: 1192-1194.

Schubel, J. and A. Okubo. 1972. Comments oh the disposal of
suspended sediment across continental shelves. 1In "Shelf
sediment transport: process and pattern', eds. D.J. Swift,
D.B. Duane, and O.H., Pilkey, Dowden, Hutchinsoﬁ, and Ross,
pp. 333-346.

Scott, J.T. and G.T. Csanady. 1976. Nearshore currents off

Long. Island. J. Geophys. Res. 81l: 5401-5409.

-60-



Sears, M. and G.,L. Clarke. 1940. Annual fluctuations in the
abundance of marine zooplankton. Biol. Bull. 79: 321-328.

Sharma, G.D. 1974. Contemporary sedimentary regimes of the
eastern Bering Sea. In "Oceanography of the Bering Sea
with emphasis on renewable resources", eds. D.W. Hood
and E.J. Kelley, Vail-Baillou Press, pp. 517-540.

Shepard, F.S. 1963. "Submarine Geology". Harper and Row,

pp. 206-278.
Sherman, K. 1978. MARMAP, a fisheries ecosystem study in the

NW Atlantic: fluctuations in ichthyoplankton-zooplankton
components and their potential for impact on the system.
Proc. Workshop on Advanced Concepts in Ocean Measurements,
24-28 October 1978, Belle W. Baruch Institute for Marine
Biology and Coastal Reséarch, U. South Carolina, pp. 1-38.
Sherman, K., E. Cohen, M. Sissenwine, M. Grosslein, R. Langton,
and J. Green. 1978. Food requirements of fish stocks in
the Gulf of Mailne, Géeorges Bank, and adjacent waters.
Unpublished ICES ms., C.M., 1978/Gen: 8, pp. 1l-12.
Siegenthaler, U. and H. Oeschger. 1978. Predicting future
atmospheric carbon dioxide levels. Science 199: 288-295.
Simpson, J.H. and J.R. Hunter. 1974. Fronts in the Irish Sea.
Nature 250: 404-406.
Simpson,_JoH° and R.D., Pingree. 1978. Shallow sea fronts
produced by tidal stirring. In "Oceanic Fronts in coastal
processes", eds. M.J. Bowman and W.E, Esaias, Springer-

Verlag, pp. 29-42,
-61-



Small, L,F, and D,A, Ramberg. 1971. Chlorophyll a, carbon
and nitrogen iﬁ particles from a unique coastal environ-
ment. In "Fertility of the Sea", Vol. II, ed. J.

CostloQ, Gordon and Breach, pp. 475-492.

Small, L.F., H. Curl, and W.,A., Glooschenko. 1972. Eséimates
of primary proauction off Oregon using an imprdved chloro-
phyll light technique. J. Fish. Res. Bd. Canada 29:
1261-1267.

Smayda, T.J. 1970. The suspénsion and sinking of phytoplankton
in the sea. Oceanogr. Mar. Biol. Ann. Rev. 8: 353-414.

Smetacek, V., K. von Brockel, B. Zietzschel, and W.‘Zenk. 1978.
Sedimentation of particulate mattér during a phytoplankton
spring bloom in relation to the hydrographical regime.
Mar. Biol., 47: 211-226.

Smith, K.,L. 1973. Respiration of a sublittoral community.
Ecology 54: 1065—10757

Smith, K.L.,, G,T. Rowe, and J.,A, Nichols. 1973. Benthic
community respifation near the Woods Hole sewage outfall.
Estuar. Coast. Mar. Sci. 1l: 65-70.

Smith, K.L., G.T. Rowe, and C.H, Clifford. 1974. Sediment
oxygen demand in an outwelling and upwélling area. Tethys

6: 223-230.

-62~-



Steele, J.H. 1974. "The structure of marine ecosystems."
Harvard Univ. Press, pp. 1-178.

Steele, J.H, and D.,W., Menzel. 1962. Conditions for maximum
primary production in the mixed layer. Deep-Sea Res. 9:
39-49,

Stefansson, U. and F.,A, Richards. 1964. Distributions of
dissolved oxygen, .density, and nutrients off the Washington
and Oregon coasts. Deep-Sea Res. 11l: 355-380.

Sﬁuvier, M. 1978. Atmospheric carbon dioxide and carbon reservoir
changes. Science 199: 253-258.

Sverdrup, H.U. 1953. On conditions for the vernal blooming of
phytoplankton. J. Cons. ﬁxplor. mer 18: 287-295. |

Tenore, K.,R. 1977. Food chain pathways in detrital feeding
benthic communities, a review, with new observations on
sediment resuépension and detrital recycling. In "Ecolagy
of Marine Benthos", ed. B.,C, Coull, Univ. S. Carolina
Press, pp. 37-54.

Thomas, J.C., J.E. O'Reilly, A. Draxler, J‘,_A° Babinchak, C.N.
Robertson, W.,C. Phoel, R. Waldhauer, C,A., Evans, A. Matte,
M. Cohn, M. Nitkowski, and S. budley. 1979. Biological
processes: productivity and respiration. In "Oxygen
depletion and associated mortalities in the New York Bight,
1976", eds. C,J. Sindermann and R.L. Swanson, NOAA Prof.

Pap. (in press).

-63-



Tietjen, J.H. 1971. Ecology and distribution of deep-sea meio-

benthos off North Carolina. Deep-Sea Res. 18: 941-957.

vidal, J. 1978. Effects of phytoplanktoh concentration, temper-
ature, and body size on rates of physiological processes
and production efficiency of the marine planktonic copepods,

Calanus pacificus Brodsky and Pseudocalanus sp. Ph.D.

dissertation, Univ. of Washington, pp. l-208;
Walsh, J.J. 1974. Primary production in the sea. Proc. First
Int. Congxr. Ecology, PUPQC, Wageningen, pp. 150-154.
Walsh,lJoJ° 1975. A spatial simulation model of the Peru up-
welling ecosystem. Deep-Sea Res. 22: 201-236.
Walsh, J.J. 1976. Herbivory as a factor in patterns of
nutrient utilization in the sea. Limnol. Oceanogr. 21:

1-13.

Walsh, J.J. 1977. A biological sketchbook for an eastern boundary
current. In "The Sea, Vol. 6, eds. J.H. Steele, J.,J, O'Brien,
E.O0., Goldberg, and I.N, McCave, Wiley Interscience, New York,

PP. 923-968.

Walsh, J.J. 1978. The biological consequences of interaction
of the climatic, El Nino, and event scales of variability
in the Bastern Tropical Pacific. Rapp. P.-V. Reun. Cons.

int. Explor. Mer 173: 182-192.

—-64-



Walsh, J.J., T.E. Whitledge, S.0. Howe, C.D, Wirick, L.J,
Castiglione, and L.A. Codispoti. 1976. Transient forcings
of the lower trophié levels during the spring bloom within
the New York Bight. ASLO Spec. Symp. 2: 273-274.

.Walsh, J.J., T.E. Whitledge, F.W. Barvenik, C.D., Wirick, S.0,
Howe, W.E. Esaias, and J.T., Scott. 1978. Wind events and
food chain dynamic¢s within the New York Bight. Limnol.
Oceanogr. 23: 659-683.

Walsh, J.J., T.E. Whitledye, W.E. Esaias, R.L. Smith, S.A.
Huntsman, H. Santander, and B.R. DeMendiola. 1979. The

spawning habitat of the Peruvian anchovy, Engraulis ringens.

Deep-Sea Res. (in press).

Walsh, J.J., M.J. Dagg, D.A. Dietefle, P.G. Falkowski, T.S.
Hopkins, G.T. Rowe, A.G. Tingle, J. Vvidal, and T.E.
Whitledgef 1980a. Carbon fluxes of the Mid-Atlantic
Bight Ecosystem. In "Continental shelves of eastern

North America", ed. R. Fournier, Elsevier (in press).
Walsh, J.J., P.G. Falkowski, and T.S. Hopkins. 1980b.

Climatology, phytoplankton species succession, and

oxygen depletion within the New York Bight. Submitted

to J. Mar. Res,

-65-



Warwick, R.M. and R. Price. 1975. Macrofauna production in an

estuarine mud-flat. J. Mar. Biol. Assn. UK 55: 1-18.

Wiebe, P.H., S.H. Boyd, and C. Winget. 1976. Particulate
matter sinking to the deep-sea floor at 2000 m in the
tongue of the ocean, Bahamas, with a description of a

new sedimentation trap. J. Mar. Res. 34: 341-354.

Wigley, R.L. and A.D. McIntyre. 1964. Some quantitative
comparisons of off;hore meiobenthos and macrobenthos south
of Martha's Vineyard. Limnol. Oceanogr. 9: 485-493.

Wigley, R.L. and R.B., Theroux. 1979. Macrobenthic inverte-
brate fauna of the middle Atlantic Bight region: Part II. i
Faunal composition and quantitative distribution. Uos;
Geol. Survey Prof. Pap. (in press).

Wong, C.S. 1573. Atmospheric input of carbon dioxide from
burning wood. Science 200: 197-200.

Woodwell, G.M,, R.H. Whittaker, W.A. Reiners, G.E. Likens,

C.C. Delwiche, and D.B. Botkin. 1978. The biota and

the world carbon budget. Science 199: 141-146.

-66—





