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Phytoplankton, Primary 
Production, and Microbiology 
Donald W. Bourne and Charles S. Yentsch 

Marine food chains, which culminate in the larger predatory fishes and sharks, or in 

marine mammals, birds, and a few reptiles, begin with the synthesis of organic matter 

from inorganic raw materials. This is primary production; by far the greater part of it 

is carried out by the phytoplankton-microscopic plants suspended in the sea. The 

abundant fisheries of Georges Bank originate in a rich growth of phytoplankton that 

over the top of the bank is at 3 times the mean rate for world continental shelves 

and almost 1 0 times the open ocean rate. Sunlight reaches all the way to the bottom 

over the shoals of Georges Bank; this ra~iant energy coupled with a large nutrient 

supply supports the bank's exceptional production. 

Phytoplankton primary production is mediated by pigmented proteins in the algal 

cells. The principal pigment common to all algae is chlorophyll a. By means of algal 

pigments, solar radiation is converted to chemical energy, which drives the synthetic 

processes. Chlorophyll concentrations are quite readily measured at sea and may be 

taken as one measure of the quantity or biomass of phytoplankton in a body of 

water. The rate of photosynthetic production is related to chlorophyll concentration, 

but many other factors affect it as well, so that the relation between chlorophyll and 

production is not constant. 
In the course of primary production, some plant tissue is formed, a quantity of 

matter fuels cell respiration, and a quantity of so-called dissolved organic carbon1 or 

_photosynthetic exudate is released into the sea by the phytoplankton cells. Total pri

mary production is the sum of these three quantities. Net production is what remains 

after cell respiration is subtracted from total production. Particulate primary produc

tion refers to tissue formation alone; this is the fraction available for consumption by 

the zooplankton and to some extent by larger animals (for estimates of production by 

these consumers, see chapters 25 and 37). Nutrients taken up by plant cells and in

corporated in organic compounds through photosynthesis may be returned directly to 

the seawater as exudate or as dead tissue called phytoplankton detritus. Much of the 

living phytoplankton tissue, of course, is consumed directly by grazers (principally the 

zooplankton) or indirectly by higher-level consumers. This material is returned in part 

to the environment as organic or inorganic waste and in part, eventually, as dead ani

mal tissue. The photosynthetic exudate, along with the particulate detritus of dead 

phytoplankton cells, becomes an organic substrate for growth of bacteria and other 

microorganisms. 
Primary productivity is most commonly estimated today as the rate at which a 

radioactive carbon isotope, 14C, is incorporated into the particulate organic material. 

There is some question whether this method measures net carbon production, total 

carbon production, or some intermediate. Despite this, 14C measurements are cer

tainly useful in a relative sense, permitting organic carbon production to be compared 

from time to time or from place to place. 

Other factors being equal, productivity falls off with increasing depth and dimin

ishing light level, eventually to the point where it just offsets phytoplankton respira

tion. The depth at which this happens-which varies considerably depending on 

water properties-is the compensation depth. Below this, cell respiration exceeds 

production. Where vertical mixing reaches below the compensation depth, phyto

plankton cells can move repeatedly above and below it, in turn adding to net produc

tion and subtracting from it. In addition to light energy above the compensation level, 

photosynthetic production requires raw materials. Some of these, such as oxygen, 

carbon, or hydrogen in various forms, are effectively in unlimited supply in most ma

rine environments, but there are a number of other essential substances as well, 

more or less abundant. Among these, nitrogen is most likely to be in short supply on 

the continental shelf-at least seasonally-and therefore available nitrogen often lim

its phytoplankton production. 
Bacteria play a major role in the recycling of nutrients, breaking down organic 

products to inorganic constituents that can again be utilized -photosynthetically. Such 

recycling may be relatively swift or greatly protracted, and it may take place locally or 

at a distance from the site of production. Much recycling occurs below the well-illumi

nated level of the water column-the euphotic zone-where primary production is 

possible. This is particularly so when the chemical pathways involved are complex, as 
in the successive oxidation of ammonium (NH4 +) to nitrite (N02 -) and nitrate (N03 -). 

In such cases recycling may be slow, taking place as organic matter settles or is car

ried by currents into deep water. 
From late spring through late fall in temperate latitudes, the upper levels of the 

sea are heated by radiant energy from the sun and by contact with warm air. This 

heating makes the surface waters less dense and therefore buoyant, floating layered 

upon colder water beneath unless mixed by strong winds-infrequent in the warm 

months-or by some other agent, such as tidal currents. In the euphotic zone under . 

stratified conditions, available nutrients can be depleted very quickly by a high rate of 

primary production. Nutrients in limited supply are virtually all incorporated in living 

phytoplankton cells, and if these cells sink out of the upper water column, the nu

trients are lost from the euphotic zone, perhaps for a long time. For production to 

continue or resume, critical nutrients must be resupplied. In the case of nitrogen, the 

requirement is partly met by local recycling; zooplankton graze on the algal cells and 

excrete ammonium, which is promptly used by the algae. Photosynthetic exudate and 

other organic matter is also recycled by bacterial action. Much of the recycled matter 

is promptly bound up once again in living phytoplankton cells or in animals further 

along the food chain. 
. Under stratified conditions, nutrients may also be resupplied to the upper water 

column by local upwelling or vertical mixing. In the fall, surface layers cool and their 

density increases, destablizing the water column. This produces the fall overturn, 

which mixes water and nutrients from deep levels into the surface layers. Where the 

euphotic zone has been nutrient depleted because of phytoplankton uptake in the 

isolated surface layer, the overturn restores production potential. 

Today,_by means of remote sensing from satellites or aircraft, surface concentrations 

of plant pigments can be estimated over large ocean areas (subsurface concentra

tions can be quite different). In one satellite image recorded 500 miles above the 

earth's surface on 14 June 1979 (figure 1 a), Georges Bank stands out in brown, con

trasted with the green and azure blue of the surrounding ocean.2 Over Georges and 

along the coast, the blue components of sunlight are not strongly backscattered as 

they are farther out to sea. Instead, this blue light is largely absorbed by the phyto

plankton chlorophyll (where this is most pronounced, the false color in figure 1 a is 

brown). Chlorophyll concentrations appear to be low in the central Gulf of Maine and 

much lower still offshore (green to blue in figure 1 a). Georges appears in its chloro

phyll concentrations to be an extension of the shallow, coastal environment, and it is 

this shoalness that accounts for much of the bank's high productivity. For one thing, 

where the water is shallow, the sunlight required for primary production can penetrate 

the entire water column .. For another, the deep waters surrounding the bank, driven 

by tides and wind, are forced upward where they encounter this massive obstruction. 

This causes them to mix with the surface layers. 



Evidence for this process is not confined to the chlorophyll concentrations al
ready discussed. A second satellite image (figure 1 b), from an infrared negative made 

on the same day as the chlorophyll image, represents relative sea-surface tempera
tures in false colors. This picture shows broad stretches of moderately warm water 
(light blue) in the central Gulf of Maine, and even warmer water offshore (green, yel
low, brown). What is important for the present discussion is the cold water (dark 

blue) clearly marking the eastern and southern flanks of Georges Bank and the Great 
South Channel/Nantucket Shoals area. This water in summer is 1 ooc cooler than the 
central Gulf of Maine and 15oc cooler than waters offshore. Other cold areas are evi

dent in the figure, most of them coastal. The cold parts are known to be regions of 
intense vertical mixing of the water column. In such regions, cold, deep water is car
ried upward to be partially exchanged with the sun-warmed surface water that in the 
summer and early fall forms a layer in the upper water column. Where mixing forces 
are lacking, this warm layer is quite isolated from the colder, denser, nutrient-rich 
water beneath it. The waters of the open North Atlantic and the Gulf of Maine that 

flank Georges Bank are deep enough so that mixing processes do not destroy the 
warm-season stratified density structure (see the introduction, "Physical Oceanogra
phy" by Butman and Beardsley and chapters 10 and 14). Consequently, where the 
water is too dimly lighted for photosynthesis, nutrients can accumulate unused. The 
dark blue patches in figure 1 b show where deep, nutrient-rich water has been forced 

upward, locally cooling the surface layer while at the same time fertilizing it. 
In the sea off New England, sunlight is strongly attenuated with depth. Vertical 

mixing moves phytoplankton cells up and down in the water column, thus influencing 
not only nutrient supply but also the amount of light that the cells receive. Cells 
spend part of the day at high light intensities and part at lower intensities. There is 
an important relation between the depth of the euphotic zone and the depth to which 
the water column mixes, since if the phytoplankton cells remain proportionately too 
long at low light intensities, there will be no net production. In winter, winds are 

strong and the mixed layer is deep compared with summer. There is less incident 
sunlight as well, and in most New England waters phytoplankton growth is reduced. 
Over Georges Bank, however, the mixing depth is restricted, and sunlight penetrates 
to the bottom. Even though the phytoplankton cells may be intensely swirled about in 
the water column, they remain all day at productive light levels. In short, phytoplank
ton production on Georges Bank remains relatively high both winter and summer, 
which is unusual. 

Over central Georges Bank, in the well-mixed region, the phytoplankton flora is 
distinctive. Here large forms, such as the chain-forming diatoms, predominate through 
most of the year except from October to December. In the Gulf of Maine and over 

the southern flank of Georges and the adjacent slope, where the waters are stratified . 
in the warm season, the smaller, slower-sinking dinoflagellates prevail. Gradients in 
size composition of the phytoplankton from shallow to deep water affect not only the 
rates of primary production but also the nature of the herbivore fauna and the trans
fer rates of energy and matter through the food web. 

Species composition of the phytoplankton on Georges changes with the sea
sons, most strikingly during a spring bloom in which populations can increase a thou
sandfold over winter levels. The bloom is dominated by diatoms of the genus 
Chaetoceros; the greatest numbers occur on the southern flank and in the Northeast 
Channel, apparently associated with a spring flow of water from the Scotian Shelf 

along the bank's southern edge. Throughout the summer, abundance appears to cen
ter near the northern flank, where nutrient-rich subsurface Gulf of Maine Water is dri-

(b) 
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Figure 1 
False-color images of (a) phyto
plankton pigment and (b) surface 
temperature from data collected by 
the Coastal Zone Color Scanner 
and radiometer on NASA's satellite 
Nimbus 7. [NASA (1984)] 
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· ven onto the bank (see the introduction "Physical Oceanography" by Butman and 

Beardsley and chapter 11 ). The Georges bloom is quite different from the Gulf of 
Maine bloom, which comes later. On Georges, diatom abundance after the spring 
bloom remains moderate until October. 

Chlorophyll a and primary production usually decrease from shallow to deep 
water over Georges. In shallow water, chlorophyll is highest in March; in deeper 
water, it peaks a little later, in April. Concentrations are lowest in both shallow and 
deep water during July and August, and in deep water these lows persist through 
September, coinciding with stratification of the water column at the bank's periphery. 

The annual cycle of primary production over the deeper parts of Georges differs 
markedly from the chlorophyll cycle. Though phytoplankton biomass (measured by 
chlorophyll) is lowest during the summer -between a half and a third of the spring 

and fall levels-production is comparable to the spring and fall. Higher production per 
unit of chlorophyll is primarily due to increased solar radiation, but higher physiologic 

efficiency in the smaller-sized phytoplankton prevalent here in the summer may be 
partly responsible. The annual minimum in production comes during December and 
January, when mean light energy throughout the water column is lowest. 

Because of stratification over the deeper parts of the bank in the summer, nu
trients in the surface waters are in short supply and are quickly taken up by the phy
toplankton there. However, much of the production takes place in a pronounced 
subsurface chlorophyll maximum layer that lies in the vicinity of the nutricline-a re
gion where the supply of nutrients sharply increases with depth. Along the southern 
flank of Georges, the chlorophyll concentration in the maximum layer is 80% of the 
year's springtime peak level, whereas at the surface the concentration is only 20% of 
the annual peak. Though the subsurface chlorophyll maximum layer receives only 
1-1 0% of the radiation at the surface, it can account for more than a third of the 
entire daily production within a given part of the water column. Chlorophyll a distribu
tion and the sizes of phytoplankton over the deeper parts of Georges are quite simi
lar to those over the outer part of the Middle Atlantic shelf. Neverthless, chlorophyll 
concentrations and production are not as high. Warm core rings, upwelling, and intru

sions of nitrate-rich slope water onto the outer shelf south of Georges presumably 
account for greater production there. 

Where phytoplankton production on the shelf is nutrient limited, the shortage is 
usually of nitrogen in a usable form. Generally, organic nitrogen compounds released 
from living organisms or incorporated in dead tissue are remineralized by bacteria 
successively from ammonium to nitrite and nitrate. These three inorganic compounds 
are ordinarily taken up preferentially by the phytoplankton before any organic nitrogen 
compounds that may be present, such as urea and amino acids. Oxidation of ammo
nium to nitrite and nitrate can be comparatively slow, and because of this, much of it 
may occur below the euphotic zone or on the bottom, where dead and decomposing 
organisms have settled out of the plankton. 

Both Georges and the shelf immediately to the southwest-the New York Bight 
north of Hudson Canyon-are remote from coastal nutrient sources, but they have 
quite different vertical mixing regimes. Waters on top of Georges Bank are thoroughly 
mixed year-round. Off New York there is intense stratification in the summer and 
early fall; the upper water column is stripped of available nitrogen, its phytoplankton 
quickly taking up locally recycled nitrogen compounds, mainly ammonium. 

According to the nitrogen budget presented in chapter 22, annual nitrogen re

quirements appear to be about 80 g/m2 on Georges Bank and 60 g/m2 in the New 
York Bight. In both ecosystems the zooplankton, the benthic animals, and the mi
crobes {bacteria and protozoa) are direct or indirect sources of remineralized nitrogen. 

Zooplankton excretions return about 1 0% of the annual requirement in each place, 

the bo~tom fauna some 1_4% in the New York Bight and 7% on Georges, and the 
microbes 3% off New York and 9% on Georges. No more than half of a year's partic
ulate production appears to' be consumed on the shelf, with the rest exported to the 

slope as phytoplankton detritus-200-300 times as much production as the fisheries 
remove.3 

Let us assume that these values are roughly correct: that the nitrogen influxes 
from the slope to Georges and the New York Bight are similar and that spring phyto
plankton growth rates and patterns of residual nitrate are similar as well. Why is an

nual primary production greater on the shoals of Georges? Extra summer nitrate 
appears to be part of the answer. In summer-when New York Bight waters are 
stratified and the surface layers are isolated from deeper water -vertical mixing on 

Georges Bank carries about 8% of the annual nitrogen requirement from the slope 
into euphotic conditions. Added to this is extra recycling on Georges, amounting to 
some 20% of the annual nitrogen requirement. Differences in consumption also ap
pear to contribute to the high primary productivity on Georges. On the New York 
shelf in the summer, grazing upon phytoplankton is comparatively intense; zooplank

ton may graze an estimated 1 00-200% of the daily particulate primary production, 
whereas on central Georges the rate is only about 40%. Finally, there are different 
contributions in the two places from the microbes. Consumption and recycling of the 

dissolved component of production (the photosynthetic exudate) by these organisms 
off New York is only a third of that on Georges Bank, according to the budget in 
chapter 22. 

Carbon fixation rates for Georges Bank indicate that the annual primary produc
tion of carbon is about 400 g/m2 (265-455 g/m2 over different parts of the bank), 
which is exceptionally high. In the present view, a plentiful local supply of ammonium 
in the summer with reinforcements of slope-water nitrate at fronts flanking the bank 
fertilizes this high production. The bank's shoalness ensures strong illumination for 
photosynthesis throughout the water column compared with deeper adjacent waters, 
where phytoplankton cells can be carried below the euphotic zone. In summer the 
phytoplankton double every 3 days, yet the biomass remains low. The crop must 
therefore either be grazed by herbivores or exported from the bank in water currents. 
It cannot yet be said for sure how much is exported and how much is consumed lo
cally. The large production of fish on Georges suggests that most of the primary pro
duction is utilized there (chapter 37), but the hydrography suggests that transport off 
the bank is substantial, in which case consumers in coastal waters to the south 
would appear to benefit. 

Notes 

1. This fraction is not all " dissolved" 
in the strict sense-the term is ap
plied for convenience to the organic 
matter that passes through a small
pored filter in the course of labora
tory analysis. In addition to sub
stances in true solution, it may 
include very small particles and colloi-
dal material. · 

2. The colors shown in the figure are 
" false colors" arbitrarily assigned via 
computer to different optical densities 
(shades of gray) in the photographic 
negative. These densities vary with 
the amount of light of a particular 
color (visible or infrared) passing 
through a suitable filter on the satel
lite camera. The false colors make lo
cal differences in density obvious, but 
what is brown or blue or green in the 
figure could have been rendered in 
some other color. 

3. Opinions differ on the extent of lo
cal recycling of nitrogen off the north
eastern coast of the United States 
(Cohen et al., 1982); the higher the 
rate of local nitrogen regeneration, 
the less needed from the slope water 
to balance the budget. No question 
concerning nutrient flux in this envi
ronment can be considered settled. 
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Phytoplankton 
Jerome J. Cura, Jr. 

This chapter is concerned with the distribution, abun
dance, and seasonal succession of phytoplankton species 
on Georges Bank; chlorophyll and primary production are 
addressed in chapter 21. An attempt is made to relate the 
patterns of occurrence and abundance to the physical 
oceanography of the region. Various hydrographic phe
nomena are examined in connection with seasonal 
changes in abundance, with special attention to the spring 
bloom. The approach taken stops short of a detailed 
treatment of individual species. Abundance and species 
composition of phytoplankton in waters surrounding the 
bank are considered briefly, in order to compare such 
populations with those on the bank itself. 

An understanding of the species composition of an 
area, and what determines it, is fundamental to predic
tions of system production at all levels. The attributes of 
an ecosystem follow to some extent from the physiologic 
and ecologic limitations of individual organisms within it. 
The particular importance of phytoplankton lies in its 
photosynthetic function, which converts dissolved matter 
to a form assimilable by grazers. The species of phyto
plankton, not just phytoplankton biomass or production, 
are part of the herbivore niche; the specific nature of the 
phytoplankton has a determining affect on the character 
of the herbivore population. 

Georges Bank is a particularly interesting place for 
studying the relation between phytoplankton species 
succession and the physical and chemical environment in 
which it tak~s place. Fairly sharp bathymetric changes oc
cur over this part of the outer continental shelf. Georges 
waters are well mixed and adjacent to seasonally strati
fied waters in the Gulf of Maine and over the slope to 
the south (chapter 10). The position of Georges Bank on 
the New England Outer Continental Shelf causes inter
actions between its own waters and adjacent water bod
ies: the relatively warm and salty continental slope water, 
and the colder and fresher Scotian Shelf Water. The jux
taposition and mixing of these various water types cause 
strong seasonal fronts (gradients) to form around the pe
rimeter of the bank, and these fronts, in turn, are often 
reflected in the time and place at which various phyto
plankton species occur. The bank is particularly isolated 
by fronts during the summer months, so that changes in 
the phytoplankton at this time are probably biologically 
mediated and not due to advective losses. The influences 
that cause the fronts and other hydrographic features, 
such as stratification, act over seasonal time scales, which 
are long enough for study of the phytoplankton commu
nity's response. Georges Bank provides an ample scale of 
physical variation in space and time that is well suited to 
investigating the effects of different physical regimes on 
phytoplankton composition and abundance. 

For the purposes of this discussion, "Georges Bank" 
will be taken as the shallow, gently sloping area that lies 
generally within the 100-m depth contour. "Georges 
Bank Water," on the other hand, will refer to that well
mixed water mass generally within the 65-m depth con-

tour. The terminology for water types and water masses 
referred to follows Hopkins and Garfield (1981) and 
chapter 10. 

. The Spring Bloom 

Late in the winter or in the early spring on Georges 
Bank, the abundance of phytoplankton .cells reaches a 
pronounced annual peak, and certain species (Chaetoceros 
spp. in particular) characteristically predominate. This 
bloom begins in March or April and declines by late 
April or early May (tables 20.1 and 20.2); this is earlier 
than the cycle in the deep basins of the Gulf of Maine, 
where the spring flowering starts in April or May and 
persists throughout May (Gran and Braarud, 1935; Bige
low, Lillick, and Sears, 1940; Lillick, 1940). 

Let us for the moment ignore the details of species 
succession and spatial distribution and address the ob
served timing and pattern of total phytoplankton cell 
abundance on the bank. During late winter and early · 
spring, phytoplankton cell abundance within the well
mixed Georges Bank Water is, on the average, an order 
of magnitude greater than during the summer, and two 
orders greater than during the winter. This average abun
dance, however, does not reflect the uneven distribution 
of the bloom; the spring maximum does not develop 
with equal vigor throughout the bank region. Particularly 
abundant flowering has generally been found on the 
southern and southeastern flank of Georges, in the Great 
South Channel, and in the Northeast Channel (figure 
20.1). Bigelow (1926, figures 108 and 109) compared 
phytoplankton volumes collected over different parts of 
Georges Bank during standard, half-hour plankton tows. 
Though these data are only relative (they give no absolute 
measure of cell numbers or biomass), Bigelow made use 
of them to document marked local differences in phyto
plankton abundance on Georges. Cell volumes in the 
·Northeast Channel, along the southeastern flank, and in 
the southern approach to the Great South Channel were 
two orders of magnitude greater than cell volumes found 
within the shallow, well-mixed central area of the bank. 

Sears (1941) reported total diatom abundance from 
depth-integrated samples as cells/0.1 m2 (see Bigelow, Lit
lick, and Sears, 1940, for details). In March and April 
1940, she found that total cell abundance was greatest in 
the area s'outh of the 60-m depth contour on Georges 
Bank. Additionally, for different times, she compared av
erage concentrations of diatom cells at stations inside and 
outside the 90-m contour along the southern flank of 
Georges Bank. In March diatom abundance was greater 
at stations inside the 90-m depth contour (235,000 cells/ 
L, station average), compared with stations outside it 
(37,950 cells/L). By mid-April, however, at the height of 
the spring bloom, the greatest abundance of diatoms had 
shifted southward, outside the 90-m contour (1,250,000 
cells/L outside 90 m, compared with 432,000 cells/L in
side). Sears did not report high abundance of cells in the 
Northeast Channel during April, but in the Great South 
Channel concentrations were high. 

20 

Cura (1982) found a center of cell abundance in late 
winter over the western part of Georges Bank and in the 
Great South Channel (2.3 X 106 cells/L maximum, 
March 1979). Furthermore, at locations similar to those 
that Bigelow sampled in 1926, there were order-of-mag
nitude differences between the Northeast Channel and 
the southeastern flank of Georges (104 cells/L) and the 
shallows on the eastern end of the bank (103 cells/L). 

In spring samples, generally from the western end of 
the bank, Falkowski and Von Bock (1979) found a simi
lar, though weaker, tendency for cell abundance to in
crease as one moved southward off the bank. In the 
period of late winter/early spring (March 1978), they 
found phytoplankton concentrations of 300,000 cells/L 
to be nearly evenly distributed over the western part of 
the bank and the northern flank; higher concentrations, 
some 600,000 cells/L, were found on the southern flank 
outside the 100-m depth contour. Concentrations in April 
1978 were similar to those in March. Relatively high 
abundance levels were observed on the western bank 
(186,000 cells/L) and on the southern flank outside the 
100-m contour (300,000 cells/L); inside the 100-m con
tour the flora was relatively impoverished (50,000 cells/ 
L). These observations, made in some cases decades 
apart, reveal that during spring the greatest cell abun
dance on Georges tends to occur in three places: along 
the southern flank, in the region of the Great South 
Channel and the western part of the bank, and· over the 
deep Northeast Channel. 

The timing of the spring bloom on Georges Bank is 
more nearly like that in the western coastal waters of the 
Gulf of Maine, coming earlier than it does in the deep 
basins of the gulf. Bigelow, Lillick, and Sears (1940) indi
cated that in the deep basins the bloom begins in April or 
even May; abundance of the dominant species, Thalassio
sira nordenskioldii, reaches 500,000 cells/L (Gran and 
Braarud, 1935). (For details of the abundance and distri
bution of phytoplankton in the Gulf see Bigelow, 1926; 
Gran and Braarud, 1935; Bigelow, Lillick, and Sears, 
1940; Lillick, 1940.) 

Before considering how hydrographic conditions might 
influence patterns of phytoplankton abundance in the 
spring, it is instructive to look at species distribution at 
that season. The spring bloom in the Gulf of Maine is 
dominated by T. nordenskioldii, accompanied by lesser 
numbers of T. gravida and Porosira glacialis, from late 
April to early May. Chaetoceros spp. (C. debile, C. dia
dema, C. compressus) dominate from middle to late May~ 
Sears (1941) observed that the initiation and domination 
of the spring bloom by Thalassiosira, so characteristic of 
the open gulf, does not occur on Georges Bank. From 
her relatively frequent (monthly) sampling, she found that 
C. debile and C. decipiens dominated the flora at nearly 
all stations from March to late April. In March both spe
cies were well distributed in Georges Bank Water, with a 
slight increase in average abundance in the southern part 
of the water mass. By the April phytoplankton maximum, 
the abundance of the dominant species, C. debile (figure 
20.2), had become very high outside the 90-m contour 
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Table 20.1 
Average abundance for all species of phytoplankton (cells/L) in the well-mixed area of Georges Bank, as observed by various investigators• 

Source Jan Feb Mar Apr May Jun Jul Aug Sep Oct 

Sears (1941) 

Cura (1982) 

Lillick (1938) 
1-m depth 
30-m depth 

Marshall and Cohn (1981a,b) 

Falkowski and Von Bock (1979) 

Gran (1933) 

235,000 

471,162 

328,800 

432,000 95,800 

186,000 14,000 

19,800b 
17,700' 

23,347 

850 

12,932 

30,000 

1,955 
29,590 

5,725 
2,360 

1,874d 
139,777' 

17,000' 
40,000d 

Nov Dec 

15,130 

1,800 

a. Early townet data of Bigelow (1926) and the depth-integrated data of Bigelow, Lillick, and Sears (1940) and Sears (1941 ) are not included. c. 19-27 June. 
b. 1-8 June. 

Table 20.2 
Dominant phytoplankton species found on Georges Bank, January-June, by various investigators• 

Source Jan Mar Apr May Jun 

Sears (1941) 

Cura (1982) 

Lillick (1938)d 
1-m depth 
30-m depth 

Marshall and 
Cohn (1981a,b) 

Falkowski and 
Von Bock 
(1979) 

Lillick (1940) 

Bigelow (1926)h 

Gran (1933) 

T halassionema 
nitzschioides (54%) 

Chaetoceros 
decipiens 
(40%) 

Phaeocystis 
pouchetti' 
(91%) 

Navicula 
sp.s (78%) 
Navicula 
sp.' (22%) 
Chaetoceros 
sociale' 
(29%) 

Navicula 
vanhoeffeni 
(45%) 

Chaetoceros 
sociale 

Chaetoceros 
debile (51%) 

Chaetoceros 
sp. (20%) 
T halassiosira 
gravida 
(19%) 

Chaetoceros 
sp. (55%) 

Chaetoceros 
decipiens 

Chaetoceros 
de bile 
Chaetoceros 
lacinosum 

Chaetoceros 
spp. (20%) 

Leptocylindrus 
minimus (14%) 
Rhizosolenia 
fragilissima 
(18%) 

Chaetoceros 
sp. (60%) 

Chaetoceros 
sociale 

Chaetoceros 
decipiensb (23%) 
L. minimus' (33%) 

Guinardia 
flaccida (18%) 

Coccolithophores (37%) 

a. Where it could be calculated, percentage dominance at stations within the well-mixed area is given in parentheses. 
b. 1-8 June. 
c. 19-27 June. 
d. All data from Northeast Peak area. 

d. Western end of Georges Bank. 
e. Eastern end of Georges Bank. 

Jul 

Melosira 
sulcata (35%) 

Guinardia 
flaccida 

T halassiothrix 
longissima 
Rhizosolenia 
styliformis 

Aug 

Rhizosolenia 
alata (43%) 

Rhizosolenia 
a lata 

Rhizosolenia 
alata (form 
semispina) 

Rhizosolenia 
alata 

e. Western end of Georges Bank. 
f. Eastern end of Georges Bank. 
g. Northern flank of Georges Bank. 
h. Percentage not expressed. 

Sep 

T halassionema 
nitzschioides (40%) 
Guinardia 
flaccida (79%) 

Oct 

Prorocentrum 
micans (43%) 
Prorocentrum 
micans (40%) 

Prorocentrum 
micansl 
Rhizosolenia 
imbricata' (30%) 

Leptocylindrus 
danicusf 
Rhizosolenia 
imbricata (73%) 

Prorocentrum 
micansf (45%) 
Rhizosolenia 
styliformis' (47%) 

Nov 

Prorocentrum 
micans' (31%) 

Leptocylindrus 
danicusf 
(78%) 

Dec 

Asterionella 
bleakeleyi 
(54%) 

Prorocentrum 
micans (20%) 

Prorocentrum 
micans (25%) 
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Figure 20.1 
Areas of greatest cell abundance 
during the spring, based on Bige
low (1926), Sears (1941), Fal
kowski and Von Bock (1979), and 
Cura ( 1982). 

Figure 20.2 
Distribution and abundance of the 
diatom Chaetoceros debile in April 
1940, when it was found to be the 
dominant form on Georges Bank. 
The values mapped are mean 
numbers of cells per milliliter. 
[Sears (1941)] 

62 728 965 

on the southern flank of Georges Bank (an average of 
728,000 cells/L there, compared with 62,000 cells/L on 
the central and eastern parts of the bank). There was a 
second center of abundance of this species, C. debile, in 
the region of the western bank and Great South Channel 
(samples averaged 965,000 cells/L). Although T. norden
skioldii never became dominant during Sears's study, it 
was a plentiful constituent of the phytoplankton (105 

cells/L) on the southern flank outside the 90-m contour 
and on the western bank near the Great South Channel. 

The tendency for Thalassiosira spp. (T. nordenskioldii, 
T. gravida) to reach their greatest population densities to 
the south of the well-mixed area (and also in the North
east Channel) has been observed repeatedly (Bigelow, 
1926; Falkowski and Von Bock, 1979; Cura, 1982). Fig
ure 20.3 shows where Thalassiosira has been found 
abundant in the vicinity of Georges Bank. Bigelow (1926) 
found T. gravida and T. nordenskioldii sharing domi
nance with Chaetoceros in the Northeast Channel and on 
the southeastern flank in April. At the same time, he 
found no Thalassiosira on the bank. Falkowski and Von 
Bock (1979) reported dominance by Navicula sp. and 
Chaetoceros sociale in the well-mixed Georges Bank 
Water (table 20.2). However, on the southern flank, out
side the 100-m contour, they report ·a shift in abundance 
to T. nordenskioldii, based on March 1978 samples (105 

cells/L, 34% of the flora). In April of the same year, they 
found the western bank dominated by Chaetoceros spp. 
inside the 50-m contour. Outside this contour, domi
nance shifted to T. gravida (50,00 cells/L; 19% of the 
flora), and outside the 100-m contour to an unidentified 
species of Thalassiosira. In March 1979 T. nordenskioldii 
and T. gravida were found to be dominant on the south
eastern face of Georges Bank and in the Northeast Chan
nel (Cura, 1982), when a mixed Chaetoceros (C. debile, 
C. decipiens) and Coscinodiscus centra/is flora occurred 
on the eastern end of the bank. At this time, western 
Georges Bank and the Great South Channel were over
whelmingly dominated by Phaeocystis pouchetti; T. nor~ 
denskioldii was abundant as well. Phaeocystis has not 
otherwise been reported on Georges Bank, though it is 
often dominant north of the Great South Channel off 
Cape Cod (Bigelow, 1926). 

To sum up, then, the spring bloom on Georges Bank, 
which begins between late March and early April and 
generally terminates by May, is an annual phytoplankton 
maximum, dominated by diatoms. Maximum abundance 
during this period may exceed 106 cells/L at individual 
stations, but average abundance is usually less. Various 
species of Chaetoceros tend to predominate during the 
spring, although Navicula vanhoeffeni, a second, unidenti
fied species of Navicula, and P. pouchetti on one occa
sion, have also done so. At the peak of the bloom, 
greatest total cell abundance is usually observed on the 
southern flank along the 90-m contour or outside it and 
in the Northeast Channel. In these deeper, stratified 
areas, Thalassiosira spp. are abundant and occasionally 
dominant. 
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Bigelow (1926) and Riley (1942) looked to physical 
factors for help in explaining the phenomena of the 
spring bloom. Riley sought the factors that initiated the 
bloom, and Bigelow explanations for its patterns of abun
dance. Riley proposed "that the rate of increase in popu
lation is a linear function of the reciprocal of the 
thickness of the turbulent zone." That is, comparatively 
more stable or stratifed waters will contain faster-growing 
populations. Riley concluded that the initiation of the 
spring diatom flowering on Georges Bank results from 
the combined effects of increasing solar radiation and 
vertical turbulence, which together control the ecologic 
conditions necessary for a phytoplankton bloom. (Sver
drup, 1953, eventually confirmed the general proposition 
that light intensity and the relation between mixing depth 
and critical depth result in an annual maximum, the 
spring bloom; see chapter 21.) Riley found the relation 
between population growth and the reciprocal of the 
depth of vertical turbulence to be strongly positive in 
April (1940 and 1941), during the spring bloom on 
Georges Bank. 

Bigelow (1926) suggested that the relatively high abun
dance and the dominance of Thalassiosira in the North
east Channel and on the southern flank might be due to 
the dispersal of this species from the northeast; they 
would be carried in a drift of Scotian Shelf Water from 
Browns Bank across the Northeast Channel and along the 
southern edge of Georges. Recent hydrographic evidence 
supports the ideas of both Riley and Bigelow. The 
Northeast Channel and the southern flank generally be
come strongly stratified between winter and spring (fig
ures 10.15c and 10.17c). These seasonal hydrographic 
changes are temporally and spatially consistent with the 
general timing and distribution of the spring bloom and 
with Riley's hypothesis. Furthermore, the annual intrusion 
of Scotian Shelf Water across the · Northeast Channel and 
down the southern flank of Georges Bank (Hopkins and 
Garfield, 1981; see also chapter 10) is consistent with Bi
gelow's remarks on the development of the spring bloom. 
In a recent evaluation of Bigelow's hypothesis, phyto
plankton collected in March 1979 were compared with 
hydrographic data collected concurrently (Cura, 1982). 
The surface hydrography (figure 10.2c) reveals the strong 
intrusion of Scotian Shelf Water at that time. The south
erly movement of this relatively fresh, cold water results 
in strong frontal features in the Northeast Channel and 
along the southern flank. The fronts may account for the 
increased phytoplankton abundance observed in these 
areas. Such hydrographic conditions furnish the vertical 
stability required by Riley's hypothesis, while the flow of 
Scotian Shelf Water is in a direction consistent with Bige
low's "line of dispersal." Species dispersal from the 
northeast need not be occurring, however. The distribu
tion of the bloom along this line may occur because 

· fronts are generally areas of increa~ed phytoplankton 
abundance (Fournier et al., 1977; Bishop, Yoder, and 
Paffenhofer, 1980). Various mechanisms that might con
tribute to enhanced production in frontal zones have 
been suggested. These include imbalances between geos-
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trophic forces (Yentsch, 1974), decreased mixing depth 
(Fournier et al., 1977), tidal stirring of nutrients into sur
face waters (Simpson and Pingree, 1977), and the mixing 
effects of internal tides (Herman and Denman, 1979). It 
is not clear which, if any, of these mechanisms might be 
at work in the Georges Bank region during spring. How
ever, the high cell abundance in the frontal regions there 
and the differences in species distribution across the 
fronts demand our attention; they point to a need for 
more detailed study of the relation between phytoplank
ton distribution and the intrusion of Scotian Shelf Water. 
Riley (1942) recommended sampling at a "broader net
work of stations" at the periphery of the bank, but this 
has yet to be carried out. 

After the Bloom: Spring and Summer 

As the spring bloom dissipates on Georges Bank, the phy
toplankton develop certain characteristics. Cell abundance 
drops from early spring levels. Phytoplankton populations 
in which diatoms are predominant and-relative to areas 
off the bank-abundant become confined, by June, to 
the Georges Bank Water. Finally, there is a change from 
the spring bloom in species composition and dominance. 
Generally, these conditions are maintained until late sum
mer (September). 

The spring bloom terminates in May on Georges Bank, 
with cell concentrations dropping by an order of magni
tude or so from the preceding month. Cell abundances 
on Georges at this time (105 cells/L; see table 20.1) differ 
from abundances in the deeper Gulf of Maine, where the 
bloom, with its characteristic Thalassiosira and Chaeto
ceros species, is still in process, and cell abundances ex
ceed 105 cells/L (Gran and Braarud, 1935). However, by 
the end of May in the gulf, the open basins are nearly 
devoid of diatoms, and cell abundance in some instances 
reaches an annual minimum of only 1,000 cells/ L (Bige
low, Lillick, and Sears, 1940). These sparse Gulf of 
Maine communities have been described as a Ceratium
Pontosphaera flora (Gran and Braarud, 1935). Various 
species of Ceratium (C. longipes, C. tripos, C. buce
phalum, C. {usus, C. lineatum) or Peridinium (P. depres
sum, P. conicum, P. crassipes) dominate this flora 
throughout summer, along with Pontosphaera huxleyi (for 
details see Bigelow, 1928; Gran and Braarud, 1935; Lil
lick, 1940; Cura, 1982). Occasionally small flagellates are 
dominant (Falkowski and Von Bock, 1979). 

Georges Bank, in distinct contrast, remains dominated 
by diatoms throughout late spring and summer. This dia
tom flora does not reach spring levels of abundance, but 
generally the average cell counts range between 10,000 
and 20,000 cells/L in the well-mixed Georges Bank 
Water. In this respect there is a resemblance to coastal 
Gulf of Maine water, but not to the deep water in the 
gulf or the stratified water south of Georges Bank. 

By June diatoms are abundant only in the Georges 
Bank Water, and the distribution of dominant diatom 
species lies more or less entirely within it (that is, within . 

the 65-m isobath). The most extensive data for this time 
of the year are reported in Sears (1941) and Cura (1982). 
During June 1940 Sears found the most abundant diatom 
species to be generally confined to Georges Bank Water. 
(These were an unidentified species of Chaetoceros, C. 
decipiens, Leptocylindrus minimus, and a species of Tha
lassiosira.) In both June and August 1979, Cura (1982) 
found that the distributions of the dominant diatoms re- _ 
fleeted the extent of the Georges Bank Water, based on 
concurrent plankton and hydrographic samples. In June 
Guinardia flaccida was the dominant form, and in August 
Rhizosolenia alata. From the northern to the southern 
flank of Georges Bank there are pronounced changes in 
both total cell abundance and the relative importance of 
dinoflagellates and diatoms in the local phytoplankton 
communities (figure 20.4). 

Within the well-mixed area, the northern and north
eastern parts may be enriched in total cell abundance 
during late spring and summer (figure 20.4). Sears (1941), 
using depth-integrated data (diatom cells/ 0.1 m2 of sea 
surface), found abundances here in late June (109 cells/ 
0.1 m2

) to be an order of magnitude greater than abun
dances in the rest of the well-mixed area 
(3 x 107-4 x 108 cells/0.1 m2). Cura (1982) reported 
total cell abundances over the northern and northeastern 
side of the bank, for June and August, that were three to 
four times the average for the well-mixed area as a 
whole. From more limited data (three stations), Gran 
(1933) reported total phytoplankton in the northern part 
of the Georges Bank Water to be about three times as 
abundant as in the southern part. 

There is, then, during early spring and summer a dia
tom-dominated flora within the Georges Bank Water that 
distinguishes it from the deeper stratified waters to the 
north and south. Total cell abundance is at least 10 times 
that in the Gulf of Maine and the slope water to the 
south. In moving off the bank across the northern flank, 
the change from a relatively rich diatom flora to a sparse 
dinoflagellate flora is quite abrupt. This marked geo
graphic break in the character of the flora develops as 
seasonal fronts are established along the northern flank 
(figure 10.19c) and a so-called northern-flank jet intensi
fies (Magnell et al., 1980; see also chapter 12). Hopkins 
and Garfield (1981) have suggested that the front/ jet sys
tem provides a barrier to lateral intrusions of surface 
water onto the bank across the northern flank. This sug
gested barrier, along with the net southerly flow of sur
face water on the bank (Butman et al., 1982), is 
consistent with and explains the abrupt discontinuity 
across the northern flank in the abundance and composi
tion of the flora. Additionally, Hopkins and Garfield sug
gest that the northeasterly jet current along the northern 
flank isopycnally draws water up from levels beneath the 
Maine surface water, mixes and transports this water, and 
discharges it at the surface onto the northeastern part of 
Georges Bank. Replenishment of nutrient-rich water from 
deep levels by such a mechanism may explain the ob
served center of phytoplankton abundance on the north
ern side of Georges Bank. 

Figure 20.3 
Areas where Chaetoceros is the 
dominant form of phytoplankton 
during the spring bloom and where 
Thalassiosira is most abundant. 

Figure 20.4 
General distribution and abundance 
of dominant phytoplankton in the 
Georges Bank region from late May 
through July. [Cura (1982)] 
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The transition from a diatom-dominated flora to a di
noflagellate flora across the southern flank is probably 
due to sinking of nonmotile diatom cells where the water 
becomes increasingly stratified. In June a diatom, Guinar
dia flaccida, predominates in the well-mixed water on top 
of Georges Bank; to the south, where the water column 
becomes stratified in the summer, Guinardia gives way in 
the surface layers to the dinoflagellates Ceratium and Per
idinium (figure 20.5). However, under the pycnocline, 
Guinardia dominates the flora along the transect until the 
most southerly station is reached. Gran (1933) found a 
similar pattern of vertical distribution along a north/ 
south transect across the eastern part of Georges Bank 
(table 20.3). During the season of stratification, in August 
1932, he found a relatively even vertical distribution of 
the diatom Rhizosolenia alata in the mixed water on the 
northern side of Georges Bank. However, in his more 
southerly stations, concentrations of this species were 
greater by an order of magnitude at 10-20 m compared 
with the surface. These observations suggest that in the 
summer, diatoms sink from the surface as they are carried 
along in a net southerly flow from the top of Georges 
Bank into stratified waters over its southern flank. Under 
stratified conditions, diatoms tend to sink and dinoflagel
lates tend to predominate near the surface (Margalef, 
1967). 

The particular hydrographic conditions and current 
flow on and around Georges Bank in late spring and 
summer help to explain the confinement and develop
ment of a distinct diatom flora within the Georges Bank 
Water. Within this water mass there are no marked 
changes in cell abundance through the summer. However, 
there is a succession of dominant species (table 20.2). 
During May and June Chaetoceros spp. (often C. com
pressum or C. sociale) or L. minimus dominate. A little 
later, in June and July, Guinardia flaccida often becomes 
the dominant form-or at least it is very common then 
(Bigelow, 1926; Gran, 1933; Cura, 1982); it has been ob
served to be a dominant as late as September (Lillick, 
1940). Most regularly, however, Rhizosolenia dominates 
the bank's summer phytoplankton (Bigelow, 1926; Gran, 
1933; Braarud, 1934; Lillick, 1940; Cura, 1982), usually 
R. alata (table 20.2), accompanied by R. styliformis, R. 
shrubsolei, and R. hebatata. Although most abundant in 
Georges Bank Water (where it averages 10,000-50,000 
cells/L), R. alata often dominates the sparsely populated 
flora (1,000 cells/L) in Gulf of Maine and southern flank 
waters as well (Bigelow, 1926; Gran, 1933; Cura, 1982). 
Why does this succession occur? There are no obvious 
hydrographic changes accompanying it. Perhaps it reflects 
biologically mediated chemical shifts that result from the 
relative isolation of Georges Bank Water in the summer. 
Such speculation will only be set to rest through concen
trated multidisciplinary study. 

Autumn and Winter 

No extensive autumn or winter data exist that can be 
compared with Sears's time series from late winter and 

spring of 1940. Scattered observations on Georges Bank 
made from October to January by various investigators 
reveal the lowest phytoplankton abundance of the year 
during this period. In October abundance falls to less 
than 10,000 cells/L except when species of Rhizosolenia 
(R. imbricata, R. styliformis) persist from summer as co
dominants (table 20.2). The most characteristic bank spe
cies in autumn, repeatedly found to be a · dominant then, 
is Prorocentrum micans (table 20.2). There are excep
tions, but these are not pronounced. During December 
1978, a sparse Georges Bank flora was dominated by As
terionella bleakelyi, a species normally rare on the shelf. 
Even then, P. micans was secondarily dominant (12% of 
the flora, which measured 1,800 cells/L). Lillick (1940) 
reported that Coscinodiscus spp. shared dominance with 
P. micans in October. The dinoflagellate Prorocentrum, 
often accompanied by Thalassionema nitzschioides, is per
sistent on Georges Bank from October to November (Lil
lick, 1940). This is the only time of the year on Georges 
Bank when a dinoflagellate dominates. Lillick (1940) in
dicates that by January diatoms again become ascendant; 
in January 1934 she reported that T. nitzschioides com
prised 54% of the flora on the eastern end of Georges 
Bank. Navicula species are apparently common in late 
winter. Lillick found N. vanhoeffeni to be dominant in 
March 1934, while Falkowski and Von Bock (1979) 
found an unspecified Navicula to be so in March 1978. 

During autumn and winter, waters in the Gulf of 
Maine and to the south of Georges Bank are impover
ished (500-1,000 cells/L). The basins of the gulf north 
of Georges Bank display a mixed flora dominated by R. 
imbricata, R. setigera, N. pungens, C. centra/is, T. nitz
schioides, P. micans, and Cyclococcolithus leptoporus (Lil
lick, 1940; Falkowski and Von Bock, 1979; Marshall 
and Cohn, 1981a,b). The waters south of the bank out
side the 100-m contour are dominated by Emiliania hux
leyi, Distephanus speculum, Gymnodinium simplex, and 
Skeletonema costatum (Falkowski and Von Bock, 1979; 
Marshall and Cohn, 1981a,b). · 

Impoverishment of the flora over the deeper· parts of 
Georges Bank during autumn and winter is probably due 
to both low light intensity and complete vertical mixing. 
Within the shallower region, incident light is probably the 
controlling factor, since here the waters are well-mixed 
year-round (chapter 10). 

Summary 

There is a distinct seasonality in the cycle of phytoplank
ton cell abundance and species dominance on Georges 
Bank. Sparse winter communities of diatoms, containing 
as few as 1,000 cells/L, are succeeded by abundant pop
ulations during the pronounced spring maximum, often in 
excess of 106 cells/L. This bloom is dominated by var
ious Chaetoceros spp. A prolonged postbloom period of 
diatom dominance and moderate cell abundance (104 

cells/L) prevails from late spring and summer until Octo
ber. From October to December dinoflagellates are domi
nant, the only time of the year in which diatoms are not. 
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Figure 20.5 
Shelf/slope density profile across 
the southern flank of Georges 
Bank, showing distributions of 
dominant phytoplankton forms 
in June 1979. Key: G, Guinardia 
flaccida (diatom); C, Ceratium 
(dinoflagellate); P, Peridinium 
(dinoflagellate); S, Syracosphaera 
(coccolithophore); T, transitional 
(mixed flora). Density curves show 
u,, density at in situ temperature, 
corrected to atmospheric pressure. 
Hourly production in milligrams of 
carbon per square meter is shown 
at the top in parentheses above 
station numbers. · 

Concentrations (cells/L) of the diatom Rhizosolenia alata at three stations on Georges Bank during 
August 1932• 

Station location 

Depth Well-mixed area, Southern flank 

(m) 42° N, 66°54' W 41 °26' N, 66°53' W 40°57' N, 67°49' W 

1 27,880 3,080 440 
10 29,720 4,320 1,750 
20 47,920 23,620 4,040 
30 49,800 12,720 1,660 
40 27,360 7,660 2,720 
50 30,120 8,220 1,720 
75 (60) 15,860 5,720 660 

a. Adapted from Gran (1933). 
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The year's most striking changes in phytoplankton 
abundance and species composition occur during the 
spring bloo~. The bloom on Georges Bank begins in late 
March or early April and persists for some 6 weeks. 
Chaetoceros debile and C. decipiens tend to predominate. 
Maximum cell abundance occurs on the southern flank 
and in the Northeast Channel, apparently associated with 
stratified hydrographic conditions established by an an
nual spring intrusion of Scotian Shelf Water along the 
southern edge of the bank. Patterns of abundance are 
probably explained by the conjunction of increasing inci
dent light with hydrographic circumstances more or less 
favorable to phytoplankton increase. The bloom on 
Georges is quite different from the bloom in the Gulf of 
Maine, which is later and dominated by species of 
T halassiosira. 

Diatom dominance in Georges Bank Water during late 
spring and summer clearly distinguishes this water from 
the Gulf of Maine and the southern flank and slope. Un
like the stratified waters surrounding the bank, where di
noflagellates predominate, the tidally well-mixed Georges 
Bank water allows a succession of diatoms, including C. 
compressus, L. minimus, G. flaccida, and Rhizosolenia 
populations. Abundance during summer appears to be 
centered near the northern flank, where nutrient-laden, 
subsurface Gulf of Maine Water is supplied to the bank 
through seasonal intensification of the front/ jet system. 
The late-summer occurrence of Rhizosolenia spp. persists 
into September and October, until the light-limited au
tumn period, which is characterized by the dominant, P. 
micans. 

The geographic distribution, abundance, and succession 
of phytoplankton on Georges Bank have been quite well 
described since the first research on these issues in the 
early twentieth century. Future research should address 
the mechanisms that sustain the distributions and drive 
the succession of species. Three large questions come to 
mind that must be explored cooperatively by biologic, 
physical, and chemical oceanographers. Two concern the 
southern and northern flanks at the periphery of Georges 
Bank, where Riley (1942) early recognized a need for de
tailed study; the third concerns the top of the bank. 

On the southern flank, there is the question of spatial 
and temporal coupling between the spring intrusion of 
Scotian Shelf Water and · initiation of the spring bloom; 
how closely does the second phenomenon depend on the 
first? Finding out will require a time series of closely 
spaced hydrographic and biologic samples across the 
southern flank during spring. 

The question on the northern flank concerns the nu
trients supplied to the top of Georges Bank by the jet 
that forms along the flank in late spring and summer. 
What are the quantities of these nutrients, and how 
quickly does phytoplankton in the Georges Bank Water 
respond to their injection? We need physical measure
ments of the jet's relation to the front and the water 
mixing that takes place on the northern flank. There 

must also be biologic sampling of the phytoplankton, to 
determine its course of development along the front. 

Finally there is the chemical nature of the Georges 
Bank Water itself: How is this related to the maintenance 
of diatoms and the succession of diatom species over the 
course of a summer? Water-column chemistry, species 
physiology, rates of nutrient cycling, and relations be
tween zooplankton and phytoplankton will each contrib
ute to the answer to this difficult problem. 

Reviewed by Edward M. Hulburt and Theodore]. 
Smayda 
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Do Seaweeds Occur on Georges 
Bank? 

James R. Sears 

We know very little about the occurrence and 
nature of benthic algae from offshore loca
tions in the western North Atlantic, and vir
tually nothing about algae on Georges Bank. 
Most of the continental shelf along our north
east coast is without benthic seaweeds, be
cause either there is too little light for them or 
the bottom is unstable, abrasive, or otherwise 
unsuitable for attached plants. 

Attached algae have been found, however, at 
two places in the Gulf of Maine: on Pigeon 
Hill, at the southwestern end of Jeffreys 
Ledge (42°46.5' N, 70°14.5' W), and on 
Cashes Ledge (42°53.7' N, 68°56.5' W) 
(Sears and Cooper, 1978). At these sites, re
spectively 37 and 117 km from the nearest 
shore, two species of r~d algae have been 
provisionally identified that are unknown on 
the nearby American coast but common in 
the European flora (Sears, unpublished data). 
Similarly, at submerged erosional carbonate 
banks 1 00 km offshore from Onslow Bay, 
North Carolina, there are algae not found on 
the nearest coast but common in tropical 
waters to the south (Schneider, 1976). Pre
sumably, comparatively warm and stable con
ditions offshore favor a northerly range 
extension for these plants that is blocked in
shore by more rigorous conditions. 

Might seaweeds occur on Georges Bank 
then? I have found no reports in the literature 
that they do, nor any evidence of algal attach
ment on rock specimens collected from 

. Georges. Two scallop fishermen well ac
quainted with the bank have told me that they 
know of no seaweed there. Such evidence, 
however, may not be conclusive. Bottom tem
peratures on Georges are more stable than 
temperatures in New England coastal waters 
(Davis, 1978). Such moderate conditions and 
the relative isolation of the bank suggest that 
Georges might be a refugium for seaweeds 
not found inshore. It is unlikely that kelps, be
cause of their large size, have escaped notice, 
but less conspicuous forms may have done 
so. Small, coarse filamentous turf algae and 
larger cartilaginous algae come to mind, as 
well as encrusting forms, such as the calcified 
corallines, which are able to withstand occa
sional burial and abrasion by shifting sands. 
If seaweeds do occur on Georges Bank, it 
must be within the photic zone, where the 
plants will find physiologically useful levels of 
light. At the lower limit of this zone (the com
pensation depth), a plant can just sustain 

life-photosynthesis exactly offsets metabo
lism. For phytoplankton, light intensity at the 
compensation depth typically is about 1% of 
surface intensity, but certain benthic algae 
can survive where the light is weaker still. For 
instance, at Helgoland in the North Sea, light 
at the greatest depths where seaweeds were 
found (15 m) was about 0.05% of the surface 
light (LUning and Dring, 1979). 

Georges Bank waters are generally much 
clearer than Helgoland waters (table 1 ); if 
there were suitable bottom therefore, sea
weeds might reasonably be expected to grow 
deeper than 15m. A clue to the potential 
maximum depth for seaweeds on Georges 
may be found at Pigeon Hill, not far away in 
the Gulf of Maine. There the compensation 
depth, the greatest at which benthic algae are 
found, is 47 m (Sears and Cooper, 1978); ir
radiance levels measured at this depth are 
comparable to those at Helgoland. 

It happens quite fortuitously that submarine ir
radiance at Pigeon Hill and on Georges Bank 
may be compared for one specific time: mid
day on 4 March 1982 (Sears, unpublished 
data; O'Riley, personal communication). By 
linear extrapolation from the 1 , 3, and 1 0% 
light-penetration depths measured on Georges 
on that date (at 41 °51' N, 66°46' W), 0.05% 
light penetration would be expected at 55 m, 
about 1 0 m deeper than at Pigeon Hill. Water 
clarity on Georges Bank varies; by taking cer
tain measurements of this variation into ac
count, 53 m seems a reasonable estimate of 
the greatest depth at which any attached 
benthic algae might grow there. 

Light penetration to the bottom on Georges 
seems demonstrably sufficient for growing 
seaweeds. What about the physical character 
of the bottom itself? Most sediments within 
the predicted photic zone are shifting and ab
rasi\re sands, unsuitable for algal attachment. 
Cultivator Shoal and Georges Shoal are ex
ceptions. There the bottom, well within the 
photic zone, is more than half composed of 
gravel (Schlee, 1973), which in places may be 
stable enough to support seaweeds. Boulders 
have also been found (Sanders, Emery, and 
Uchupi, 1969); if their tops are not exces
sively scoured by water-borne sand, they too 
may provide an anchorage for seaweeds. 

But the question remains whether seaweeds 
occur at all on Georges Bank. If they are to 
be found, it will probably be at the deepest 
reaches of the photic zone. Crustose, filamen-

Table 1 
Compensation depths and corresponding submarine irradiance for three communities of marine 
algae• 

Maximum lrradiance at 
Location and type of (compensation) compensation depth 
algal community depth (m) (%of surface value) 

Gulf of Maine (Pigeon Hill)b 
Ptilota association 38 0.1 
Lithothamnium association 47 0.02-0.05 

North Sea (Helgoland)c 
Deepest Laminaria 8 0.7 
Deepest red crusts 15 0.05 

Georges Bankd 
Deepest foliose forms 48 0.1 
Deepest crustose forms 53 0.05 

a. Values for Pigeon Hill and Helgoland are based on field measurements. Values for Georges Bank are 
theoretical. 
b. Based on field data collected 4 March 1982 at 11:20 A.M. using LICOR underwater sensor and a quantum 
meter. For extinction depths and community description, see Sears and Cooper (1978). 
c. Based on continuous integrated year-round monitoring (Liining and Dring, 1979). 
d. Theoretical parameters for algal growth at one Georges Bank station (41 ° N, 66°46' W). Listed maximum 
depths are based on linear extrapolation from depths measured in the field (4 March 1982; 11:15 A.M.) at 
which submarine irradiances were 1, 3, and 10% of surface light level; data are from J. O'Riley (personal com
munication). Submarine irradiance levels have been assumed: for foliose algae, 0.1% of surface irradiance; and 
for crustose forms, 0.05%. On 4 March 1982, water at Pigeon Hill approximated Jerlov's Coastal Water Types 
1-2, and on Georges Bank, Oceanic Water Type III Gerlov, 1976). Transmittance at Georges Bank fell between 
Coastal Water Types 2-4 at other times of the year. 

tous, or thin foliose forms are most likely, per
haps turf-forming red algae able to survive 
low light levels and occasional burial by shift
ing sands. 

What might the taxonomic affinities of these 
hypothetical algae prove to be? Will the tem
perature regime of Georges, moderate and 
stable compared with inshore New England 
waters, permit an offshore northerly reach 
there of less hardy species from the middle 
Atlantic region? Or will there be connections 
with European. forms, the pattern found at 
Cashes Ledge? Without specimens we can 
only speculate. But answers to the questions 
put here would substantially enrich our knowl
edge of this great offshore bank and supply 
important clues to the ways in which sea
weeds have dispersed in the North Atlantic. 
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Continental-shelf ecosystems are important to us because 
their living resources are generally abundant, highly pro
ductive, and accessible. Roughly 99% of the global fish 
harvest is taken from continental-shelf waters, though 
these make up only about 10% of the ocean (Ryther, 
1969; Walsh, 1981). The rich fishery on continental 
shelves is due in part to relatively high primary produc
tion. In the Atlantic, Pacific, and Indian oceans, the con
tinental shelf underlies only about 6% of the total area, 
but over 15% of each year's estimated total primary pro
duction occurs in shelf water (Platt and Subba Rao, 
1975). 

Primary production is the photosynthesis of organic 
matter from inorganic carbon (carbon dioxide, bicarbon
ate, carbonate), water, macronutrients (for example, ni
trogen, phosphorus, silicon, magnesium, potassium, and 
calcium), trace elements (for example, iron, copper, and 
manganese), and trace growth factors, such as vitamins. 
Only about 1% of the visible solar energy striking 
Georges Bank is harnessed by the primary producers {ta
ble 21.1). This conversion of solar energy is the begin
ning of the marine food web, and however modest the 
efficiency may seem, the resulting primary production is 
comparatively great (O'Reilly and Busch, 1984). In tum, 
the abundant fishery on Georges Bank is in part traceable 
to the high primary production (chapter 37). On Georges, 
phytoplankton account for practically all primary produc
tion, since the role of attached seaweeds, if indeed there 
are any, can at most be minor (see the vignette "Do 
Seaweeds Occur on Georges Bank?" by Sears). 

The purpose of this chapter is to describe the distribu
tion of phytoplankton on Georges Bank and the patterns 
of primary production-photosynthesis by the phyto
plankton. We shall look at the pigment chlorophyll a, an 
index of phytoplankton abundance, and phytoplankton 
production both spatially and over time, examining some 
of the reasons why the bank is comparatively so produc
tive. Our generalizations here about spatial and temporal 
distribution can be considered "coarse scale" in the clas
sification of Haury, McGowan, and Wiebe (1978). They 
are based on a series of National Marine Fisheries Service 
(NMFS) surveys, 9 or 10 each year, made in the shelf 
water between Cape Hatteras and Nova Scotia. Between 
October 1977 and June 1982, 4,467 stations were sam
pled. At most of these, chlorophyll a was measured at 1, 
5, 10, 15, 20, 25, 30, 35, 50, and 75 m (figure 21.1). At 
1,089 of these stations, primary production was measured 
throughout the euphotic layer. 

Chlorophyll a was measured fluorometrically on ship
board shortly after sample collection, following the 
method of Yentsch and Menzel (1963). Concentrations 
of chlorophyll a (mg/m3

) in netplankton {phytoplankton 
retained by a 20-~m mesh) and in nanoplankton {phyto
plankton passing through such a mesh) were determined 
for each depth sampled. Concentrations for netplankton 
and nanoplankton were summed to give "total chloro
phyll a." (Additional methodologic details are given in 
Evans and O'Reilly, 1983.) 

Rates at which the radioactive isotope 14C were assimi
lated were measured twice each day at sea (O'Reilly and 
Thomas, 1983). The attenuation of diffuse downwelling 
irradiance (between 400 and 700 nanometers in wave
length) was determined with a LICOR 192S Quantum 
Sensor. Using this light profile, sampling depths were 
found where subsurface irradiance corresponded to 69, 
46, 25, 10, 3, and 1% of the irradiance measured just 
below the sea surface. Duplicate "light bottles" and one 
"dark bottle" were filled with seawater from the surface 
and from each subsurface sampling depth, excluding zoo
plankton retained by a 300-~m nylon mesh. Approxi
mately 25 ~Ci (microcuries) of 14C-bicarbonate were 
added to each bottle, and samples were incubated on 
deck under ambient light at sea-surface temperature for 5 
hours in neutral-density transmission tubes that matched 
the light intensity at collection depths. Morning stations 
ended and afternoon stations commenced at approxi
mately local solar noon. 

Following sunlight incubation, the 14C uptake in light 
and dark bottles was size-fractionated through a 20-~m
mesh nylon filter and a 0.45-~m-mesh Millipore filter to 
determine the production by netplankton and nanoplank
ton as well as the dissolved organic 14C-labeled carbon 
( <0.45 ~m) released by the phytoplankton. Dark uptake 
for each fraction was subtracted from light uptake. 

Estimates of daily production beneath the sea surface 
(mgC/m2

, where mgC is milligrams of carbon) were made 
by integrating data over the seven sampling depths and 
then extrapolating the 14C uptake for 5 hours of incuba
tion to a "light-day." To extrapolate, the 5-hour uptake 
was multiplied by the ratio of total daily photosyntheti
cally active radiation (PAR) to PAR measured during 
incubation. 

Horizontal, Vertical, and Seasonal Distributions of 
Chlorophyll 

Chlorophyll a concentrations usually decrease progres
sively, about fivefold, from the shoal area ( ~ 60 m) on 
Georges Bank to the slope (200-2,000 m) flanking the 
bank (figure 21.2). Phytoplankton volume also decreases 
from shallow to deep water (Marshall, 1984). This pat
tern of decreasing concentrations of phytoplankton with 
increasing water column depth has also been discerned 
on the west coast of the United States off Washington 
and Oregon (Anderson, 1964), in the Southern California 
bight {Eppley, Sapienza, and Renger, 1978), and off the 
coast of Georgia (Haines and Dunstan, 1975). 

Relatively high concentrations of chlorophyll occur 
over the shallows of Georges Bank and in the coastal 
waters of the Middle Atlantic shelf between Long Island 
and Cape Hatteras (figure 21.3). The lowest chlorophyll 
concentrations in this region are usually found in deep 
water in the Gulf of Maine and over the continental 
slope flanking Georges Bank and the Middle Atlantic 
shelf. 

Primary Production 
John E. O'Reilly, Chris Evans-Zetlin, and 
Donna A. Busch 

Table 21.1 
Efficiency (%) of utilization of photosynthetically active radiation (PAR) incident on Georges 
Bank•·h 

January-March April-June July-September October-December 

Average 1.08 0.98 0.71 
Minimum 0.15 0.06 0.14 
Maximum 3.57 5.86 2.13 
Standard deviation 0.83 0.97 0.42 
Number of observations 52 91 107 

a. With the abbreviations cal for calories and E for einstein, 

• . 
0 

_ [(gC/m2/day) x (11,400 callgC)] X 100 
efficiency ( Vo) - [(E/m2/day) X (52,000 cal/E)] 

b. Conversion coefficients are from Parsons, Takahashi, and Hargrave (1977). 
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Figure 21.1 
Sampling frequency on the conti
nental shelf off the northeastern 
United States between March 1977 
and June 1982. Inset shows gen
eral sampling area between Nova 
Scotia and Cape Hatteras. 
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Figure 21.2 
Distribution of total chlorophyll over 
Georges Bank as a function of bot
tom depth. (Top) Chlorophyll a (mg/ 
m') [mg/m' = (mg/m2)/deepest 
depth sampled]; numbers of hydro
casts included in the average are 
indicated above the bars. (Bottom) 
Chlorophyll a (mg/m2) (mg/ 
m• = chlorophyll a integrated to 75 
m or to the bottom if the depth was 
less than 75 m) for four quarters of 
the year. 

Figure 21.3 
Seasonal distribution of chlorophyll 
a and nanoplankton in the upper 75 
m, in continental-shelf water off the 
northeastern United States, 
1977-1982. Nanoplankton percent
ages represent the fractions of to
tal chlorophyll contained in 
phytoplankton passed through a 
20-JLm filter. Contouring is based on 
depth-weighted average concentra
tions of chlorophyll at stations 
(dots) sampled three or more times 
per season. Heavy dashed lines 
are based on a sampling frequency 
less than this. 
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On Georges and the Middle Atlantic shelf, isopleths of 
chlorophyll a roughly parallel depth contours. Chloro
phyll a is usually more abundant along the northern flank 
of Georges, compared with the southern flank, reflecting 
the northward eccentricity of the shallow part of the 
bank. A comparable gradient from shallow to deep water 
can be found in the size frequency and species composi
tion of the phytoplankton. In the shallower waters of 
Georges, netplankton are at least as plentiful as nano
plankton; in deep water the smaller nanoplankton 
predominate. 

Shelf-wide patterns in the size composition of the phy
toplankton parallel patterns of chlorophyll abundance, 
correlating with depth (figure 21.3). Looking at the outer 
shelf from Georges Bank to the Middle Atlantic region at 
depths between 70 and 200 m, one finds a high degree 
of coherence in seasonally averaged chlorophyll levels 
and phytoplankton size composition (figure 21.3; this is 
also evident in data from individual surveys). The coher
ence in hydrographic properties along the mid- to outer 
shelf and the persistence of the shelf/ slope salinity front 
from the southern flank of Georges through the New 
York bight were described by Beardsley, Boicourt, and 
Hansen (1976) and Beardsley and Winant (1979). Low 
chlorophyll a concentrations along the 200-m isobath 
(between 0.2 and 0.5 mg/m3

) and the predominance of 
nanoplankton (80-95% of total chlorophyll) reflect the 
shelf/ slope water interface. 

To examine the richness of Georges Bank phyto
plankton further, chlorophyll concentrations there are 
compared with concentrations elsewhere over the north
western Atlantic continental shelf. To make the compari
sons, the shelf was partitioned into 14 subareas (figure 
21.4) based on recurrent patterns in our shipboard mea
surements of chlorophyll a, satellite imagery of plant pig
ments in surface waters (Thomas et al., 1982), and 
hydrography (Beardsley, Boicourt, and Hansen, 1976; 
Bumpus, 1976; Wright, 1976; Brown and Beardsley, 
1978; Hopkins and Garfield, 1979; Butman et al., 1982). 
Georges Bank does not top the list of subareas ranked by 
concentrations of chlorophyll a. An inshore band in the 
Middle Atlantic region (MAS 1) is first (table 21.2); this 
band receives the discharge from the Hudson, Delaware, 
and Chesapeake estuaries as well as other runoff (Garside 
et al., 1976; Mueller, Johnson, and Jeris, 1976; Wong 
and Todd, 1981; Mueller, Gerrish, and Casey, 1982). It 
is also enriched during the summer by upwelling, tides, 
and winds, which episodically mix nutrient-rich water 
from below the thermocline offshore with the weakly 
stratified water inshore (Walsh et al., 1978; Hicks and 
Miller, 1980; Ingham, 1982; Warsh, 1982). 

The shallowest of the subareas on Georges Bank (GB 
1) is second highest in chlorophyll concentration. Average 
chlorophyll a for the water column here is 2.58 mg/m3, 

slightly greater than the average in subarea MAS 2 on the 
Middle Atlantic shelf, though depths within the latter are 
a little shallower. At bottom depths between 40 and 60 
m, values for the Middle Atlantic shelf (MAS' 3) and the 
"offshore Nantucket" subarea (NT) are similar. So are 
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Figure 21.4 
Subareas of the continental shelf 
off the northeastern United States 
used for analysis of production: 
Gulf of Maine (GM), western Sco
tian shelf (SS), Georges Bank (GB), 
offshore Nantucket (NT), and Mid
dle Atlantic shelf (MAS). Heavy 
dashed line defines limits of area 
sampled. 
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values from GM 1, inshore in the Gulf of Maine, and su
barea GB 2 of Georges, though it should be noted that 
GM 1 excludes certain chlorophyll-rich water found 
along the coast (Yentsch and Garfield, 1981). Offshore in 
the Gulf of Maine (GM 2) mean concentrations are 
lower, but the waters poorest in chlorophyll a are found 
over the slope flanking Georges Bank, along the southern 
edge of Georges Bank (GB 3), and over the western Sco
tian Shelf (SS). This last subarea, however, excludes some 
chlorophyll-rich upwelling in the shallow water off Yar
mouth (Garrett and Loucks, 1976; Thomas et al., 1982). 

These generalizations about chlorophyll distribution are 
supported by earlier measurements: in the New Y ark 
bight by Ryther and Yentsch (1958) and Yentsch (1961, 
1977); in the apex of the New Y ark bight by Malone 
(1976a,b); and on the western Scotian Shelf and Georges 
Bank and in the Gulf of Maine by Colton et al. (1968) 
and Colton (1972). By using data of Colton et al. (1968), 
an average concentration of 2.22 mg/m3 of chlorophyll a 
was computed for the water column at a shallow station 
on Georges Bank (41 °30' N, 67°30' W). This value 
compares favorably with our study mean (table 21.2). At 
stations along the 200-m isobath from the Northeast 

Peak of Georges to Hudson Canyon (GB 4 and MAS 6), 
the average was 0.52 mg/m3

; and for deeper stations in 
the Gulf of Maine (GM 2), 0.35 mg/m3

• On the western 
Scotian Shelf (SS) the concentration was 0.36 mg/m3

• 

Broadly speaking, within the geographic area consid
ered we may deduce from table 21.2 that netplankton 
abundance slightly exceeds nanoplankton where chloro
phyll a concentrations are highest. In areas of middle 
rank, netplankton and nanoplankton are equally plentif~l, 
while in chlorophyll-poor waters, nanoplankton predomi
nates strongly. 

On Georges Bank, the seasonal cycle of chlorophyll a 
concentrations follows the pattern expected for temperate 
continental shelves (Henrich, 1962). Concentrations are 
highest during spring and autumn "blooms" (figure 21.5). 
They are lowest in July and August in shallow water, and 
during July, August, and September in deeper water, 
when vertical stratification is most pronounced. The 
spring bloom occurs in March in shallow water and April 
in deeper water. The autumn bloom in deeper water fol
lows destratification in October, but in the shallow, un
stratified water, chlorophyll may begin to increase as 

· early as September, remaining at a high level through 
November. 

Major differences in the vertical distribution of chloro
phyll a (and presumably phytoplankton) are found be
tween shallow and deep waters on Georges Bank. In the 
shallow areas, monthly composite netplankton and nano
plankton profiles are relatively uniform throughout the 
water column during any given month (figure 21.5). In 
deeper water, there is a similar uniformity among depths, 
month by month, from late autumn through spring; but 
pronounced subsurface chlorophyll maxima become evi
dent in the warm season, from June through September. 

This vertical uniformity in the shallows is characteristic 
also of temperature and salinity. Here, because of strong 
tidal and wind mixing, the thermocline found seasonally 
in the bank's deeper waters cannot form. Between 70 
and 200 m, tidal and wind mixing are reduced and the 
thermocline becomes increasingly pronounced with in
creasing bottom depth (Colton et al., 1968). Similar pat
terns are found in the distribution of major plant 
nutrients. Over the shallow parts of Georges Bank, con
centrations are quite uniform throughout the water col
umn. I~ deeper water, nutrient stratification is evident 
during the summer (Draxler, Matte, and Waldhauer, 
1982; see also chapter 22). 

In general, the depth of the subsurface chlorophyll 
maximum increases with bottom depth (generally follow
ing the depth of the thermocline). The July composite 
profiles illustrate this (figure 21.5). A pronounced subsur
face chlorophyll maximum is not evident in shallow 
water (GB 1), but in the adjacent, deeper water (GB 2), a 
maximum can be seen, centered at 25 m. Along the 
southern flank, where the depth of water is still greater, 
the depth of the chlorophyll maximum is also greater, be
tween 25 and 30 m. Finally, over the continental slope 
flanking Georges Bank, the maximum in July is located at 
35m. 
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Figure 21.5 
Distribution of chlorophyll a in net
plankton and nanoplankton, plotted 
by month, depth stratum (1-75m), 
and subarea (GB 1-GB 4). The 
height of each bar represents total 
chlorophyll a (netplank-
ton + nanoplankton). Labeled 
depths correspond to a range, as 
follows: 1 m (0-2 m), 5 m (3-7 m), 
10m (8-12 m), 15m (13-17 m), 20 
m (18-22 m), 25m (23-27 m), 30m 
(28-32 m), 35 m (33-37 m), 50 m 
(38-60 m), and _75 m (61-90 m). 
The number of depths sampled is 
indicated below each monthly set 
of bars. 
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Figure 21.6 
Daily values of the annual cycle of 
phytoplankton production for four 
subareas of Georges Bank (GB). 
Daily values greater than 3 gC/m' 
are circled. The dashed lines rep
resent the moving averages of 
seven adjacent values. 



Table 21.2 
Ranking of 14 subareas• (Georges Bank, the Gulf of Maine, and the Middle Atlantic shelf) based on 5-year averageb water-column concentration of chlorophyll a (chla) 

Average Total number Chla in 
Coefficient of variationd of Coefficient of variation among 

Depth or Subarea chla of stations nanoplankton' 
monthly chla means (%) all stations sampled (%) 

Subarea description code (mg/m3
) sampled (%) Total NET NAN Total NET NAN 

Middle Atlantic shelf <20m MAS 1 4.38 246 45 39 54 37 84 111 91 
Georges Bank <60 m GB 1 2.58 181 41 48 65 29 80 101 77 
Middle Atlantic shelf 20-40 m MAS2 2.31 753 42 42 58 33 93 120 88 
Middle Atlantic shelf 40-60 m MAS3 1.80 419 43 58 65 74 86 116 70 
Offshore Nantucket 40-60 m NT 1.75 243 41 53 92 39 97 147 79 
Georges· Bank 60-100 m GB 2 1.18 569 47 35 58 25 94 139 68 
Gulf of Maine Inshore GM 1 1.18 210 55 33 68 51 102 146 137 
Middle Atlantic shelf 60-80 m MAS4 1.07 265 50 58 104 28 96 154 55 
Middle Atlantic shelf 80-200 m MAS 5 0.93 178 52 54 96 21 86 149 50 
Gulf of Maine Offshore GM2 0.84 824 62 45 81 37 89 183 73 
Middle Atlantic shelf "Slope" MAS 6 0.77 168 57 70 133 32 100 190 59 
Georges Bank 100-200 m GB 3 0.67 187 67 30 82 38 74 176 69 
Scotian shelf' Western ss 0.65 87 82 57 83 72 71 145 81 
Georges Bank "Slope" GB 4 0.49 137 82 35 89 38 64 170 59 

a. See figure 21.4 for locations of subareas. 
b. Measurements of chlorophyll a were averaged over the upper 75 m of the water column by dividing the arithmetic integral by the deepest depth sampled; then data were averaged by 
month; and finally monthly means were averaged to yield the study average for each subarea. 
c. Nanoplankton = phytoplankton passing through a 20-~tm mesh. 
d. 100 x (standard deviation among monthly means)/(average chla). Note that NET is an abbreviation for netplankton, and NAN for nanoplankton. 
e. Does not include upwelling, chlorophyll-rich area ( <60 m) off Yarmouth, Nova Scotia. 

The subsurface chlorophyll maximum also appears to 
follow the seasonal deepening of the thermocline. This is 
evident in subarea GB 2, for instance, where the depth of 
the maximum moves from 10m in June to about 25m 
in September, roughly following the seasonal deepening 
of the thermocline (Colton et al., 1968; see also chapter 
10). 

Over deeper waters, where stratification is evident in 
various properties, seasonal variation in chlorophyll con
centration is considerably greater at the surface than at 
the depths (20-35 m) where the summer, subsurface 
maxima are found. For example, in surface waters over 
outer Georges Bank (GB 3), monthly averages of chloro
phyll a range between 1.37 mg/m3 (April) and 0.17 mg/ 
m3 (August), an eightfold difference. At 30 m there is less 
than a twofold difference between seasonal extremes: 
1.12 mg/m3 (April) and 0.73 mg/m3 (August). 

Annual Cycle of Primary Production 

High daily rates of primary production, exceeding 1 gC/ 
m2

, are found at individual stations sampled on. Georges 
Bank during most months, not only during the "spring 
bloom" (figure 21.6). In the deeper waters on the bank 
(GB 2, GB 3), daily primary production is sustained at 
about 1 gC/m2 between May and September when the 
water is stratified. In fact, some of the year's highest rates 
occur during the stratified period. Vigorous daily produc
tion, exceeding 2 gC/m2

, also occurs in the fall months, 
September and October. January sampling on Georges has 
been insufficient for a good picture of productivity then, 
but it seems probable that production is at a low point in 
December and January, since this is the case for adjacent 
shelf areas, where sampling was adequate. A highly gener-

alized annual cycle for Georges Bank shows a long inter
val of high productivity between May and September, a 
minimum from late December into February, with the 
whole punctuated by bursts of high productivity in 
March and again in October. 

Production Compared with Other Parts of the 
Northwestern Atlantic Shelf 

Annual primary production on Georges Bank, estimated 
by integrating the curves in figure 21.6, ranges between 
455 gC/m2 in the shallowest sector (GB 1) and 265 gC/ 
m2 along the southern margin (GB 3). Annual production 
over the shallow water on Georges Bank exceeds produc
tion in all other areas of the northwest Atlantic shelf ex
cept for the Middle Atlantic coastal band (MAS 1). 
There, annual production is 505 gC/m2

• (There also, as 
we have seen, the region's highest concentrations of chlo
rophyll occur; see table 21.2 and figure 21.7.) 

Annual production is 310 gC/m2 between the 60- and 
100-m isobaths on Georges Bank. This is comparable to 
production bordering Nantucket Shoals south of Cape 
Cod and production between the 20- and 60-m isobaths 
on the Middle Atlantic shelf. Along outer Georges Bank, 
roughly between 100 and 200 m, annual production at 
the sea surface is 265 gC/m2

, slightly less than produc
tion over the slope flanking Georges Bank (305 gC/m2

), 

and similar to production inshore and offshore in the 
Gulf of Maine and on the western Scotian Shelf. 

On the Middle Atlantic shelf, annual production de
creases from shallow to deep water, as it does on 
Georges Bank. Annual production over the slope flanking 
these two shelves is also similar. However, on the outer 
shelf in the Middle Atlantic region, production is ele-
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vated. This is not true over outer Georges. The differ
ences in outer-shelf production parallel differences in the 
5-year mean for chlorophyll. Annual primary production 
is 31% greater and chlorophyll a concentrations 39% 
greater on the outer Middle Atlantic shelf, compared 
with outer Georges Bank. Nanoplankton is also less dom
inant on the outer Middle Atlantic shelf (table 21.2). 

Off eastern Nova Scotia, Mills and Fournier (1979) 
measured higher annual production over the slope (128 
gC/m2

) than on the shelf (102 gC/m2
). Fournier et al. 

(1977) observed increased concentrations of chlorophyll 
and ATP at the shelf break off eastern Nova Scotia and 
postulated that sporadic additions of nitrogen-rich slope 
water and enhanced vertical transport of nutrients were 
responsible. A similar mechanism may be operating along 
the Middle Atlantic shelf break and on outer Georges 
Bank, but more strongly in the former area. 

There may be several factors producing the observed 
difference between the two outer-shelf areas. They do 
not have the same orientation to the_ prevailing winds, for 
instance, and this affects the degree of upwelling of nu
trient-rich water. Furthermore, they are situated differ
ently with respect to the average path of warm-core rings, 
eddies with clockwise circulation pinched off from the 
inner margin of the Gulf Stream (chapter 10). In general, 
the warm-core eddy positions are closer to the 200-m 
isobath of the Middle Atlantic shelf than they are to 
Georges Bank (Celone and Chamberlin, 1980). Well-de
veloped warm-core rings are found more frequently in 
the vicinity of Georges than to the south; they are larger 
near Georges, and their circulation is stronger. However, 
because they pass closer to the edge of the Middle Atlan
tic shelf than to outer Georges Bank (Ingham, 1982), 
more of the nitrate-rich slope water may be driven onto 
the shelf in the Middle Atlantic region. There is some in
dication that interaction of rings with the outer shelf is 
an important nutrient-enrichment mechanism. To balance 
river-water inputs to the Middle Atlantic shelf, about half 
the necessary salt flux may be supplied by shoreward, iso
pycnal transfer of slope water. The remaining half may 
come from intrusions that result from warm-core-ring 
interaction with the shelf (Gordon and Aikman, 1981). 
Oceanographic processes over the outer parts of Georges 
Bank and the Middle Atlantic shelf combine to produce 
a dynamic environment for phytoplankton by affecting 
the stability, nutrient content, and hence productivity of 
the euphotic layer (Marra et al., 1982). However, the 
separate influences of these processes-the warm-core 
rings, upwelling, and intrusions of nitrate-rich slope water 
under the influence of winds and tides-have yet to be 
unraveled (see chapter 14). 

Comparison with Other Continental Shelves 

Estimates of annual phytoplankton production (both par
ticulate and dissolved) for subareas of Georges Bank 
range between 265 and 455 gC/m2

• These estimates 
place Georges Bank among the most productive shelf 
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Estimated annual total primary pro
duction (gC/m2) by subarea. Total 
production includes particulate pro
duction and dissolved organic car
bon released by phytoplankton. 
Heavy dashed line defines limits of 
area sampled. 

Figure 21.8 
Percentage of daily particulate pro
duction contributed by nanoplank
ton within four subareas of 
Georges Bank (GB 1-GB 4). The 
dashed lines represent the moving 
averages of seven adjacent values. 
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ecosystems in the world (table 21.3; see also chapter 37). 
By comparable methods based on phytoplankton assimi
lation of inorganic 14C, annual phytoplankton particulate 
production has been estimated to be 102-128 gC/m2 for 
the eastern Scotian shelf (Mills and Fournier, 1979); 127 
gC/m2 for the northern Baltic (Wulff, 1979); 154-194 
gC/m2 for the Baltic proper (Ackefors and Lindhal, 
1979); 250 gC/m2 for the central North Sea and 
200-250 gC/m2 for the southern bight of the North Sea 
{Fransz and Gieskes, 1984); and 434 gC/m2 off the coast 
of India {Quasim, 1979). Platt and Subba Rao (1975) de
veloped a compendium of worldwide rates of phyto
plankton production and computed a mean annual value 
of 183 gC/m2 for world continental shelves and 149 gC/ 
m2 for Atlantic shelves. The area-weighted mean annual 
primary production for Georges Bank (333 gC/m2

) is 
nearly twice the mean for world shelves. Production over 
the shallow portion of Georges Bank is three times the 
world mean. 

Production by Netplankton and Nanoplankton 

The smaller phytoplankton, nanoplankton, are the domi
nant photosynthesizers in many estuarine, coastal, and 
oceanic ecosystems (Pomeroy, 1974; Malone, 1980b). 
This is true for Georges Bank, but there are distinct dif- · 
ferences in the size distribution of phytoplankton among 
seasons and localities. During the spring and fall 
"blooms," the larger netplankton, primarily the diatoms, 
are the major producers. However, for the year as a 
whole, nanoplankton account for most of the primary 
production (figure 21.8). 

The transition from netplankton dominance to nano
plankton dominance within the phytoplankton communi
ties of Georges Bank occurs in April and May (figures 
21.5 and 21.8), when water-column stability increases in 
the deeper waters and it is less likely that the euphotic 
layers there will be reseeded by the fast-sinking diatoms. 
These settle out of the upper layers following the spring 
bloom, leaving the euphotic zone to more buoyant or 
motile smaller phytoplankters. The transition in the New 
York Bight occurs at the same time and coincides with 
increasing water-column stability and maximum grazing 
on netplankton (Malone, 1980b): Perhaps this is true on 
Georges Bank as well, since standing stocks of zooplank
ton (Sherman et al., 1982), and presumably grazing rates, 
reach their annual peak there in April and May. 

There are major differences in the size distribution of 
primary producers between shallow and deep water on 
Georges Bank, and of course this means equally major 
differences in species composition. In the shallow water 
(GB 1), which is unstratified year-round, nanoplankton 
account for 49% of the annual particulate carbon pro
duction, while in GB 2 this rises to 64%. Over still 
deeper water, in GB 3, nanoplankton produce 79% of 
total particulate carbon and in GB 4 they produce 87%. 
This cross-bank gradient is also evident in the size-frac
tionated chlorophyll a data {table 21.2). Such patterns 
have been found by Bishop, Yoder, and Paffenhofer 
(1980) south of Cape Hatteras in the Georgia bight, and 

by Marshall (1976, 1978) over the northwest Atlantic 
shelf, where diatoms predominated inshore and phyto
flagellates in deep water. 

Primary Production of Dissolved Organic Carbon 

Studies of primary productivity using the 14C method re
veal that phytoplankton release some photosynthesized 
carbon into their extracellular environment (Berman, 
1973; Raymont, 1980). This component is not retained 
on a 0.45-ttm filter with phytoplankton and other "par
ticulate" matter and hence is defined operationally as 
dissolved organic carbon (DOC). Because this DOC com
ponent was not measured, primary production in marine 
ecosystems has often been underestimated (Thomas, 
1971). 

Dissolved organic carbon is an important component 
of primary production on Georges Bank (figure 21.9). 
The percentage of total production {particulate plus dis
solved organic carbon) released as DOC in the euphotic 
layer (euphotic percent extracellular release, EPER) in
creases from shallow to deep water. Mean EPER is 14% 
in the phytoplankton-rich shallow water, increasing to 
16% in subarea GB 2. Still deeper, in GB 3 and over the 
slope, EPER is 21 °/o. 

This cross-bank gradient in EPER may reflect differ
ences in the abundance, size, and species composition of 
the primary producers. Usually, EPER increases from 
coastal to offshore water, from eutrophic to oligotrophic 
water, and with decreasing population de,nsities of phyto
plankton (Anderson and Zeutschel, 1970; Thomas, 1971; 
Ignatiades and Fogg, 1973; Mague et al., 1980; Ray
mont, 1980). Mean water-column concentrations of chlo
rophyll a are usually at least five times greater in shallow 
water than they are in deep water. Also, as we have seen, 
the ratio of netplankton to nanoplankton decreases as we 
move to deep water. Size differences imply species differ
ences, and Hellebust (1967) has shown that extracellular 
release of DOC can vary among species even when grow
ing conditions are similar. Possibly, the gradient in EPER 
is related to shoal-water/deep-water shifts in the quantity, 
activity, and kinds of heterotrophic bacteria present, or to 
differing proportions of labile and refractory DOCs re
leased by phytoplankton. 

We must emphasize that our EPER values are quite 
certainly underestimates. Heterotrophic bacteria can 
assimilate up to 30% of the dissolved organic carbon 
released by phytoplankton during relatively short incuba
tions, such as those used in our study (Derenbach and 
Williams, 1974; Williams and Yentsch, 1976; Iturriaga 
and Hoppe, 1977; Wiebe and Smith, 1977; Lancelot, 
1979). Certain labile carbon compounds assimilated in 
this way quickly reenter the "particulate food web" 
through a bacteria/microzooplankton grazing pathway 
(Pomeroy, 1974; Sieburth, Smetacek, and Lenz, 1978). 
The relative importance of this energy pathway on 
Georges Bank is not well known (chapter 23), though it 
has been shown to be very significant in the trophodyn
amics of other continental-shelf ecosystems (Ducklow, 
1983). 



Table 21.3 
Comparison of our estimates of annual primary production for Middle Atlantic shelf, Georges 
Bank, and the Gulf of Maine with annual estimates for other ecosystems 

Area gC/m2 Reference 

Oceanic 
North Sea 
Coastal water, Japan 
Northern Baltic 
Eastern Scotian shelf 
Washington and 

Oregon coast, USA 
New York Bight 
Hanu Bight (Baltic proper) 
North Sea (central, 
southern bight) 

Georgia Bight, USA 
Off Long Island coast, 20 m 
Coastal water off India 
Gulf of Maine 
Georges Bank 
Middle Atlantic shelf 
New York Bight apex 
Georgia coast off 

Altamaha River 

a. P = particulate production. 

55-70 pa 
90-100 p 
90 p 

127 p 
120-128 p 

60-152 p 

100-160 p 
154-194 p 
200-250 p 

132-285 p 
343 p 
434 p 

260-270 1\ 220-230 p 
265-455 T, 210-390 P 
260-505 T, 210-450 P 

370-480 p 
547 p 

Steeman-Nielsen and Jensen (1957) 
Steele (1974) 
Hogetsu (1979) 
Wulff (1979) 
Mills and Fournier (1979) 
Anderson (1964) 

Ryther and Yentsch (1958) 
Ackefors and Lindahl (1979) 
Franz and Gieskes (1984) 

Haines and Dunstan (1975) 
Mandelli et al. (1970) 
Quasim (1979) 
This study 
This study 
This study 
Malone and Chervin (1979) 
Thomas (1966) 

b. T = particulate and dissolved organic carbon production. 
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Figure 21.9 
EPER (euphotic percent extracellu
lar release) for Georges Bank, the 
fraction of total production in the 
euphotic zone released as DOC 
(dissolved organic carbon); the 
number of samples was 301 . 

Estimates of Net Primary Production 

Most measurements of marine primary productivity have 
been made using the 14C method (Steeman-Nielsen, 1952; 
Strickland, 1960). It has been debated from the start, 
however, whether it is net or gross photosynthesis that is 
approximated by measuring 14C uptake. The current"view 
is that with 5-6 hours of sunlight incubation, the rate es
timated is intermediate: less than gross photosynthesis but 
somewhat greater than net. Ryther et al. (1971) con
cluded that "data obtained by the 14C technique, as used 
in routine oceanographic exploration, is useful as a rela
tive index of organic production, but cannot be expected 
to provide accurate absolute values." Nevertheless, values 
for net primary production (corrected for daytime and 
nighttime phytoplankton respiration) are wanted for use 
in trophic and nutrient models (chapters 37 and 22). 

In the present state of the art, based on work of Ep
pley and Sharp (1975) and Peterson (1978), the factor for 
converting measured 14C uptake into net photosynthesis 
can range between 0.5 and 0.9. Using the 14C method, 
net photosynthesis is measured only when the 14C in all 
intracellular carbon pools (including genetic material) is in 
isotopic equilibrium with the 14C added to the seawater 
medium. This is considered not to happen until cell divi
sion occurs and a generation has been completed. (In a 
personal communication, T. Berman has pointed out that 
the major intracellular carbon pools may be turning over 
even when there is no cell division, so that cell division is 
not necessary in order to approach isotopic equilibrium.) 
Conversely, gross photosynthesis is estimated by using in
cubation periods that are a very small fraction of a gener
ation, periods too short ( <0.5 hours) for significant 
respiratory and excretory losses of 14C. It follows that the 
relation between the incubation period and the genera
tion time of the phytoplankton community largely gov
erns whether the measured uptake of 14C is closer to net 
or to gross photosynthesis. 

On Georges Bank, evidently, generation times for phy
toplankton in the euphotic layer are short, between 0.7 5 
and 3 days; this is based on data in table 21.4 and an as
sumed ratio of carbon to chlorophyll a of 30 to 1 (Ep-. 
pley, 1968). The high variability of carbon-to-chlorophyll 
ratios makes such estimates of generation time extremely 
crude (Banse, 1977; Cullen, 1982). Nevertheless, the ra
tios of production to chlorophyll are greater and inferred 
generation times are much shorter on Georges Bank than 
in the oligotrophic water studied by Eppley and Sharp 
(1975). 

For instance, in one experiment, when plankton-poor, 
oligotrophic water from the central North Pacific was in
cubated for 6 hours (about half the daylight period), 14C 
uptake was comparable to 24-hour incubations (Eppley 
and Sharp, 1975). Evidently, a large part of the 14C pho
toassimilated by phytoplankton was respired not only at 
night, but during the day, when production was occur
ring. On the other hand, where waters are fertile, the 
fraction of production that is surplus to respiratory re
quirements can become very large (Peterson, 1978). Five-
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hour, daylight incubations of plankton-rich, highly pro
ductive water (such as that found on Georges Bank) may 
overestimate net photosynthesis by only 10-20%. 

A recurring criticism of the 14C method is that 14C up
take rates measured in vitro are usually artificially low. 
Bottle effects (Gieskes and Kraay, 1979; Carpenter and 
Lively, 1980), losses from grazing, unrealistic simulation 
of turbulence and light variability (Marra, 1978), and 
other unnatural incubation conditions are thought to 
contribute to this (Peterson, 1980). It is even possible, 
considering these artifacts, that conventional 14C incuba
tions (5-6 hours) in bottles may underestimate actual, in 
situ, net photosynthesis. 

We have not systematically applied a conversion factor 
to our 14C data to estimate net primary production in the 
euphotic layer. The range in theoretical conversion fac
tors to choose from is large, and the proper choice both 
uncertain and controversial. But we believe, on the basis 
of the previous arguments, that the appropriate factor for 
Georges Bank is probably at the high end of the 0.5-0.9 
range mentioned. 

In an earlier study of Georges Bank, Riley (1941) esti
mated gross and net photosynthesis in the euphotic layer 
by measuring the production and consumption of dis
solved oxygen in surface water; samples were incubated 
for 24 hours in light and dark bottles on shipboard. Ri
ley's estimates of gross production for Georges Bank (Ri
ley, 1941) and net production for subareas of Georges 
Bank and the Gulf of Maine (personal communication, 
1983) are compared with our own daily and annual esti
mates of 14C primary production (table 21.5, "gross," 
"net," and " 14C," respectively). Out of 22 possible 
monthly comparisons, 11 of our 14C estimates of daily 
production are lower than Riley's estimates of daily net 
production; 7 of our estimates lie between Riley's net 
and his gross, and 4 exceed his estimates of gross produc
tion. On an annual basis, our 14C estimates lie between 
Riley's oxygen-method estimates of annual net and gross 
photosynthesis in three of the four localities considered. 
The factor required to convert our 14C annual production 
estimates to Riley's values for net production ranges be
tween 0.7 and 1.1 (table 21.5). 

We have been speaking so far of net production in the 
euphotic layer. We have not taken into account those 
respiratory losses of photosynthesized carbon by healthy 
phytoplankton that, as a result of vertical mixing, spend 
part of the time below the euphotic layer. When these 
losses of photosynthesized carbon are accounted for, esti
mates of net carbon production become lower per square 
meter of sea surface. Thus the production that might be 
available to herbivores or exported to adjacent waters is 
reduced. 

A very crude estimate of such respiratory losses can be 
made for the well-mixed shallow water on Georges Bank. 
Here phytoplankton are uniformly distributed throughout 
the water column, the upper half of which lies within the 
euphotic zone. Let us assume that respiration of light-sat
urated phytoplankton is 11% of net photosynthesis (Stee
man-Nielsen, 1975) and that net photosynthesis at light 
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Table 21.4 
Ratios' of primary production to chlorophyll a (chla) in the euphotic zone for various subareas of Georges Bank at different seasons 

Size fraction January-March April-June July-September Octo her-Decem her 

by region Mean S.D.b n Mean S.D. n Mean S.D. n Mean S.D. n 

GB1 
Netplankton 15.0 4.8 9 32.6 24.0 16 30.3 12.3 15 13.4 9.3 15 
Nanoplankton 10.9 4.3 23.8 17.3 43.8 26.4 18.5 13.3 

GB2 
Netplankt~n 11.8 7.1 25 46.2 38.7 46 19.5 11.1 40 14.7 11.7 39 
Nanoplankton 11.2 6.1 33.0 27.1 37.2 21.3 23.7 19.7 

GB3 
Netplankton 15.2 9.8 10 26.2 19.2 9 24.5 16.0 24 19.7 14.0 19 
Nanoplankton 12.8 2.4 22.5 10.4 36.6 18.4 25.0 17.2 

GB4 
Netplankton 15.8 7.5 3 38.5 37.2 8 24.2 16.9 8 29.2 18.6 10 
Nanoplankton 16.1 8.2 34.9 22.2 41.3 12.5 27.7 18.8 

a. (gC/m2/day)/(gChla/m2). 

b. S.D. = standard deviation. 

Table 21.5 
Comparisons (in gC/m2) among daily and annual estimates of gross production,' net production,b and 14C productionc in the euphotic 
layer on Georges Bank and in the Gulf of Maine 

Georges Bank 
Gulf of 

<60 m 61-100 m 101-200 m Maine 

Daily 

September Gross 1.57 0.53 0.86 1.16 
Net 1.13 0.35 0.12 0.48 
1•c 2.29 (2)d 1.14 (10) 0.84 (6) 0.95 (18) 

January Gross 0.10 0.17 0.15 0.09 
Net -0.08 0.12 0.12 0 .33 
1•c (0) 0.36 (2) (0) 0.24 (4) 

March Gross 2.61 1.77 1.18 1.39 
Net 1.91 1.40 0.88 1.17 
1•c 1.43 (9) 0.85 (19) 0.69 (10) 0.61 (12) 

April Gross 4.44 4.29 3.51 1.14 
Net 3.10 3.39 2.67 0 .88 
1•c 1.10 (4) 0.87 (14) 0.30 (1) 0.80 (4) 

May Gross 1.14 3.64 1.61 1.20 
Net 0.80 3.21 1.01 0.82 
~·c 1.21 (9) 1.41 (30) 1.18 (3) 1.01 (24) 

June Gross 2.63 1.13 1.09 1.18 
Net 2.12 0.88 0.80 0.84 
1•c 0.94 (3) 0.99 (4) 0.90 (5) 1.17 (22) 

Annual Gross 530 360 340 290 
Net 370 270 280 190 
~ ·c 455 310 265 270 
Net/14C 0.81 . 0.87 1.06 0.70 

a. 0 2 method, surface water, 24-hour incubation, data obtained in 1939-1940 (Riley, 1941). 
b. 0 2 method, surface water, 24-hour incubation, data obtained in 1939-1940, using graphs published by Ryther and Yensch (1957) relating chloro
phyll, light intensity, and photosynthesis (Riley, personal communication, 1983). 
c. 14C method, simulated in situ incubation (5 hours) of plankton collected at seven light depths throughout the euphotic layer (present study). 
d. Numbers in parentheses are numbers of observations. . 

saturation is 90% of our average daylight 14C primary 
production (0.113 gC/m3 daily, or 41.2 gC/ m3 annually). 
Annual phytoplankton respiration beneath the euphotic 
zone is 92 gC/m2

• (Average depth of stations sampled 
over shallow Georges was 45 m, half of which was be
low the euphotic zone.) If this is subtracted from our es
timate of annual net production for the euphotic zone 
(455 gC/m2 X 0.8), then our estimate of annual net car
bon production (corrected for phytoplankton respiration) 
for the water column over shallow Georges Bank is 272 
gC/ m2

• Estimates of net production in the seasonally 
stratified water could also be made, but these would re
quire even more assumptions-or knowledge-about res
piration and physiology of different phytoplankton 
assemblages above and below the pycnocline. 

Empirical studies of both phytoplankton respiration 
and photosynthesis on Georges Bank are needed to de
velop accurate estimates of net carbon production. New 
techniques and approaches are required. The major meth
odologic problem is our inability to separate autotrophic 
from heterotrophic respiration using methods that mea
sure changes in carbon or oxygen. There are other prob
lems as well-for instance, the complications that arise 
from photorespiration near the surface, day/ night differ
ences in respiration, and bottle enclosure effects. 

Phytoplankton Production in the Stratified Water on 
Georges Bank 

In the deep water on Georges Bank, during the summer 
stratified season, daily primary production beneath the 
sea surface is sustained at about 1 gC/ m2• This contrib
utes significantly to the annual total and is one reason 
why Georges Bank is so productive overall. The pattern 
differs somewhat from that described by Ryther and 
Yentsch (1958) for annual production cycles on tem
perate continental shelves. They suggested that reduced 
primary production in the summer results from a ther
mocline that restricts upward transport to the euphotic 
layer of nutrients regenerated beneath the thermocline. 
Indeed, standing stocks of inorganic nutrients are very 
low above the thermocline on Georges Bank; inorganic 
nitrogen, for instance, cannot supply the daily nitrogen 
requirement of the phytoplankton there. Therefore, recy
cling of nutrients through mineralization of dissolved and 
particulate organic matter by bacteria, zooplankton, and 
other heterotrophs must be the major nutrient source in 
the summer. Ammonium production by bacteria and mi
croflagellates may satisfy a significant part of the daily ni
trogen demand (chapter 23). Walsh et al. (chapter 22) 
have estimated that 40% of the annual nitrogen demand 
of Georges Bank phytoplankton is met through recycling. 
Thomas, O'Reilly, and Robertson (1978) and Thomas et 
al. (1979) have pointed out that mineralization of organic 
matter in the water column represents the major source 
of recycled nutrients on Georges Bank; the seabed sup
plies less than 10%. 

Standing stocks of chlorophyll a are lowest during the 
stratified season, one-half to one-third of the spring and 



autumn levels, but rates of primary production are quite 
high, comparable to the spring and autumn (see figures 
21.5 and 21.6). One explanation for this apparent 
paradox is the high photosynthetic efficiency during the 
stratified season. During the summer, PAR (the photosyn
thetically active radiation) and temperature are at high 
levels. Furthermore, nanoplankton predominate. In these 
minute forms, the ratios of chlorophyll content and cell 
surface area to cell volume are high, facilitating high rates 
of nutrient uptake and photosynthesis per cell (Eppley, 
1972; Taguchi, 1976; Malone, 1980b). The ratio of pro
duction to chlorophyll is an index of production effi
ciency (Bannister, 1974a,b; Platt and Subba Rao, 1975; 
Falkowski, 1981). The overall annual curve of produc
tion per unit chlorophyll for Georges Bank generally fol
lows the annual curve for PAR, being lowest in 
December, January, and February and generally high from 
May through October (figure 21.10). 

Relatively high rates of primary production also occur 
during the stratified season, despite the meager concentra
tions of nutrients in the surface layers, because much of 
the production takes place deeper down, in the subsur
face chlorophyll maximum layer next to the thermocline 
and nutricline (the zone of rapid increases and strong gra
dients in plant nutrients). Nutrients are more available to 
phytoplankton in the thermocline than in surface waters, 
where rates of heterotrophic mineralization probably limit 
nutrient supply. Light is also adequate for growth, since 
the subsurface chlorophyll maximum is centered approxi
mately at the 3% light level above the 1% light depth or 
compensation depth (table 21.6). 

The importance of the summer subsurface chlorophyll 
maximum layer to primary productionin the deeper 
water on Georges Bank is seen in figure 21.11. Rates of 
primary production between the 10 and 1% light depths 
in GB 3 are greater during the July-September period 
than during the other periods. The subsurface chlorophyll 
maximum, increased solar radiation (figure 21.10, top), 
and deeper light penetration (figure 21.12) combine to 
make this lower part of the euphotic layer so productive 
in summer. For example, from July through September, 
when the subsurface chlorophyll maximum layer is most 
pronounced, the thermocline community between 20 and 
43 m (corresponding to the 10 and 1% light depths) is re
sponsible for 0.357 gC/m2

, 37% of the daily production. 
During the unstratified season, production at these depths 
is only 25% of the total production beneath each square 
meter. Similar observations on the importance of the sub
surface chlorophyll maximum layer have been made for 
other temperate continental-shelf waters. Phytoplankton 
in the thermocline of the western English Channel, for 
instance, were responsible for 30-80% of daily summer 
production, contributing perhaps as much as the spring 
bloom to annual production (Halligan, 1978). 

Subsurface chlorophyll layers in which significant pro
duction takes place, of course, confound estimates of 
production based on remote sensing of surface pigment 
concentrations, such as that done from satellites. Using 
remote measurements of surface temperature and pig-
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Figure 21 .10 
(Top) Daily incident photosyntheti
cally active radiation (PAR; E/m2

) 

on Georges Bank by month. (Bot
tom) Ratio (P: B) of total produc
tion to chlorophyll [(gC/m2/day)/ 
(gChla/m2

)] by month for all sam
ples on Georges Bank. The dashed 
lines represent the moving average 
of fifteen adjacent values. 

Figure 21.11 
Vertical profiles of daily primary 
production (mgC/m3) for shallow 
Georges Bank (GB 1) and outer 
Georges Bank (GB 3) for four pe
riods. Dots on each curve repre
sent total production at the 
following light levels (in percent, 
from the surface downward): 1 00, 
69, 46, 25, 1 0, 3, and 1. 

Figure 21.12 
Plots of the 1% light depth (m) by 
month (1977-1982) for four sub
areas of Georges Bank. A LICOR 
1925 Quantum Sensor was used 
for light measurement. Readings 
made just below the surface are 
considered 100%. The dashed 
lines represent the moving aver
ages of seven adjacent values. The 
arithmetic means (lower right cor
ners) represent all observations 
within a subarea. 

Relative positions of the subsurface chlorophyll a maximum• and the 1% light depth, h 

July-September 

Subsurface 1% light depth Depth or Subarea chlorophyll a 
Subarea description code maximum (m) Mean S.D.' nd 

Gulf of Maine Inshore GM 1 20-25 21.9 6.5 10 
Gulf of Maine Offshore GM2 20- 25 28.9 4.3 57 
Scotian shelf Western ss 10< 32.5 12.9 2 

Georges Bank < 60 m GB 1 None 22.5 2.9 14 
Nantucket Offshore NT 15-25 29.3 6.7 17 
Georges Bank 60-100 m GB 2 25-30 32.3 8.7 41 
Georges Bank 100-200 m GB 3 25-35 43.1 12.7 26 
Georges Bank "Slope" GB4 35 59.6 18.5 8 

Middle Atlantic shelf <20m MAS 1 None 11.5 3.4 22 
Middle Atlantic shelf 20-40 m MAS2 20< 23.7 6.6 48 
Middle Atlantic shelf 40-60 m MAS 3 25 31.1 9.3 28 
Middle Atlantic shelf 60- 80 m MAS 4 30 36.1 9.3 26 
Middle Atlantic shelf 80- 200 m MAS 5 30-35 49.3 13.2 15 
Middle Atlantic shelf "Slope" MAS 6 30-35 52.5 13.1 10 

a. Based on composite profiles shown in figure 21.5. 
b. 1% of subsurface light (400-700 nm, quantum cosine sensor). 
c. S.D. = standard deviation. 
d. n = number of observations. 
e. Weak subsurface maximum. 
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ment, Yentsch and Garfield (1981) estimated that 30% of 
the Gulf of Maine/Georges Bank region could be charac
terized as strongly mixed by tidal action; the shallow 
waters of Georges Bank are in this category. Surface 
chlorophyll was five times more abundant in the stongly 
mixed water than it was in the adjacent stratified water, 
so the authors concluded that the mixed regions were re
sponsible for two-thirds of the area's total primary pro
duction. Given our own composite profiles of chlorophyll 
a and measurements of 14C assimilation, we feel that their 
estimate should be modified. There are large differences 
in surface chlorophyll and surface primary production 
found between shallow waters and deeper, stratified 
waters. (In fact, we find the ratio to be nearly 7 to 1 for 
chlorophyll, and nearly 5 to 1 for production; see table 
21.7.) Despite this, average chlorophyll a in the euphotic 
layer is only three to four times greater over shallow 
Georges Bank than over the deeper parts. Strong subsur
face chlorophyll maxima over the outer bank account for 
this and bring summer primary production in this region 
up to more than half the rate in shoal water (table 21.7). 
The revised estimate of primary production in Y entsch 
and Garfield's well-mixed areas falls from two-thirds of 
the region's total during the stratified season to only 
about four-tenths. 

Why Is Shallow Georges Bank So Productive? 

Notwithstanding the sizable subsurface concentrations of 
chlorophyll in deep, seasonally stratified waters, and the 
consequent subsurface production, it remains true that 
annual phytoplankton production and average chlorophyll 
a concentrations over shallow Georges Bank are compar
atively greater (figures 21.5 and 21.7 and table 21.2). 
The shallowness, vertical mixing, and circulation on the 
central bank favor high concentrations of phytoplankton 
and high primary production. A few of the environmental 
factors that, we feel, explain why the shallow water is 
more productive than the deeper water and so productive 
in absolute terms are availability of nutrients, light, and 
the relative depths of the euphotic and mixed layers. 
Greater light availability throughout the shallow mixed 
layer probably accounts for the higher productivity in the 
shallow water between October and March, whereas 

greater nutrient availability probably accounts for it be
tween April and September, when the deeper water is 
stratified. 

Light Availability 
During the unstratified season, beginning in October, the 
mixed layer spreads out from the shoal parts of Georges 
Bank, extending to the seabed over most of the bank. 
Concentrations of phytoplankton and nutrients are high 
and vertically uniform (figures 21.5 and 21.13). Never
theless, the spring bloom on Georges occurs first in the 
shallows and is more intense there than in deeper water 
because in shoal water the average light intensity through
out the mixed layer (the whole water column) is compar
atively greater (Riley, 1943, 1957; Gieskes and Kraay, 

1975; Hitchcock and Smayda, 1977; also see figures 21.5 
and 21.14). Similarly, following the fall overturn in Octo
ber, plant nutrients are plentiful throughout Georges 
Bank waters, but mean water-column light intensity
PAR-is greater in the shallow water column, and so is 
primary production. During the unstratified season, de
creases in chlorophyll concentration from shallow to 
deep water parallel decreases in mean water-column light 
intensity (figure 21.14). Even though the euphotic layer is 
deeper over the outer bank than over the shallows (figure 
21.12), the ratio of the euphotic depth to the well-mixed 
depth still decreases from 0.58 over shallow Georges 
Bank to 0.29 over the outer Bank. Consequently, phyto
plankton in the sballow water spend more time photosyn
thesizing in the euphotic layer and less time respiring than 
phytoplankton mixed throughout the deep-water column 
over the outer bank. 

Over shallow Georges, the bottom of the well-mixed 
zone-in this case the seabed-is well above the critical 
depth most of the year, which is to say, above the depth 
at which total photosynthesis in the overlying water col
umn is offset by total respiration (Sverdrup, 1953). This is 
true except, possibly, in December, when average light in
tensities throughout the water column are lowest (figure 
21.14). When the depth of the upper mixed layer extends 
below the critical depth, phytoplankton respiration pre
vails over photosynthesis and concentrations of phyto
plankton will decline within a given column of water. 
When the upper mixed layer is shallower than the critical 
depth, as on shallow Georges Bank, photosynthesis pre-. 
vails over phytoplankton respiration and stocks of phyto
plankton can increase, provided that other factors, such 
as grazing intensity and nutrient supply, do not limit phy
toplankton growth. 

The critical depth over shallow Georges Bank may be 
estimated using the model of Parsons, Takahashi, and 
Hargrave (1977): 

Dcr = Io/(IcK). 

Dcr is the critical depth in meters; 10 is daily incident pho
tosynthetically active radiation (PAR, measured in ein
steins, E, per square meter); Ic is the chosen 
compensation intensity at which plant respiration matches 
net photosynthesis; and K is the vertical extinction coeffi
cient for PAR. For shallow Georges Bank, K = 0.20 m- 1 

(n, the number of samples, is 56). Daily compensation in
tensities reported for temperat~ seas range between 3 and 
13 langleys/ day (Parsons, Takahashi, and Hargrave, 
1977). If 50% of this total radiation is PAR and 15% is 
lost by reflection at the sea surface (Strickland, 1958), 
then this daily range in compensation intensities is equiva
lent to 0.25-1.06 E/m2

• By the upper value, incident 
PAR from the top part of figure 21.10, and the model 
just given, D cr over shallow Georges Bank ranges between 
39 min December to 236m in June. 

It should be pointed out, however, that a single value 
for I"' the compensation intensity, is unlikely to apply to 
varied plankton communities over a year. This, in turn, 
affects the calculation of critical depth. Measured during 

Table 21.7 
Mean chlorophyll a and daily primary production in the surface and euphotic zone of the shallow 
(unstratified) and deep (stratified) waters on Georges Bank, June-September 

GB1 (<60 m) 

Mean S.D." 

Chlorophyll a 
in the surface 
layer (mg/m3

) 1.90 1.01 

Chlorophyll a 
in the euphotic 
layer (mg/m3

) 1.93 0.97 

Daily primary production 
of the surface layer 
(gC/m') 0.059 0.048 

Daily primary production 
of the euphotic layer 
(gC/mz) 1.49 0.49 

a. S.D. = standard deviation. 
b. n = number of observations. 
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Figure 21.13 
Nitrate concentrations by month for 
upper and lower layers of the water 
column over shallow Georges Bank 
(GB 1} and outer Georges Bank 
(GB 3). Lines connect median 
points of data clusters. (Data pro
vided by R. Waldhauer, Sandy 
Hook Laboratory, National Marine 
Fisheries Service.) 

Figure 21.14 
Daily mean photosynthetically ac
tive radiation (PAR; E/m2} for the 
water column by month for areas of 
Georges Bank (solid lines} and off
shore in the Gulf of Maine (dotted 
line). 
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short incubations, compensation intensity can vary by 
four orders of magnitude depending on the phytoplank
ton species (Falkowski and Owens, 1978), although the 
daily compensation intensity for a mixture of species will 
probably vary less. Respiration during the warmer months 
is probably at least twice that of the late winter and early 
spring (Riley, 1942). As a result, the compensation inten
sity-the light required merely to support respiration
will also be greater, which is to say, the critical depth 
will be shallower. Yentsch (1981) has illustrated this. As
sume that the euphotic layer is 30 m and respiration is 
10% of maximum photosynthesis; the calculated critical 
depth will be 200 m. Increase respiration to 30% of 
maximum photosynthesis in this case and the critical 
depth will be reduced sharply, to 58 m. The critical 
depth in summer on Georges Bank, then, will be some
what shallower than the previous estimates because tem
perature, and therefore phytoplankton respiration, will be 
greater than in the cooler months. Nevertheless, our 
"first-order" estimates of critical depth for shallow 
Georges indicate highly favorable light conditions for 
photosynthesis and growth throughout the water column 
for most of the year. 

Nutrient Availability 
During the stratified season, shoal-water! deep-water dif
ferences in mean PAR in the mixed layer are small and 
do not explain the decrease in chlorophyll and produc
tion that occurs with increasing depth. In the upper 
mixed layer of deep, stratified water, if light is averaged 
from the surface to just below the chlorophyll maximum 
layer at the thermocline, it is found that mean PAR is ac
tually slightly higher than it is over the shoals. Thus it ap
pears that light is not the major factor responsible for the 
chlorophyll and production gradients across the bank in 
summer. 

The trend may be related to a greater nutrient supply 
in shallow, tidally mixed water. These nutrients do not 
appear to derive from advection of surface waters, since 
in the warm months concentrations of inorganic nutrients 
at the surface are low, both over the bank and in the 
deeper, surrounding waters (Draxler, Matte, and Wald
hauer, 1982) because primary production and nutrient 
uptake rates are high everywhere. Over the deeper parts 
of the bank (GB 2, 3, and 4) in the stratified season, phy
toplankton in the euphotic layer receive their supply of 
inorganic nutrients mainly by in situ recycling, diffusion 
and mixing from below across the pycnocline, and by ep
isodic upwelling events. In contrast, the euphotic layer 
over the shallows of Georges has much more rapid and 
direct access to nutrient-rich subthermocline water be
cause it is well-mixed vertically. The enrichment probably 
occurs in the lower half of the ~ater column along a 
front that separates vertically well-mixed water from 
weakly stratified water. This coincides approximately 
with the 60-m isobath. 

Cross-shelf nutrient measurements made during several 
summer surveys of Georges Bank usually revealed nu
trient-rich slope water on the southern flank of Georges 

Bank and nutrient-rich Gulf of Maine intermediate water 
(Hopkins and Garfield, 1979) on the northern flank 
(Magnell et al., 1981; Draxler, Matte, and Waldhauer, 
1982; Pastuszak, Wright, and Patanjo, 1982). The shapes 
of nutrient profiles closely paralleled thermal and density 
profiles across the bank. Strong thermoclines and nutri
clines were found between the 100- and 200-m isobaths. 
In waters about 70-80 m deep, tidal mixing causes weak
ening of the thermocline and nutricline. Finally, at ap
proximately 60 m, tide and wind effectively erode any 
vertical gradients, so that isopleths of temperature, salin
ity, nutrients, and chlorophyll are all nearly vertical (Col
ton et al., 1968; Magnell et al., 1981; Draxler, Matte, 
and Waldhauer, 1982; see also chapter 22). 

Tide and wind effectively supply the energy to entrain, 
mix, and lift nutrient-rich subthermocline water from the 
weakly stratified region into the euphotic layer over shal
low Georges Bank and reciprocally to mix and enrich 
weakly stratified water with phytoplankton produced in 
the unstratified shallow water. This is indicated in the 
chlorophyll data. Although concentrations of chlorophyll 
(per cubic meter) on Georges Bank usually decrease from 
shallow to deep water, the highest standing stocks (per 
square meter of sea surface) are measured along this mix
ing front between the 45- and 65-m isobaths (compare 
the top and bottom parts of figure 21.2). 

Yentsch and Garfield (1981) described the mechanism 
of tidal stirring along the 60-m isobath on Georges Bank. 
From analyses of satellite images of surface temperature, 
they found that thermal fronts between stratified and 
mixed waters occurred at about this depth in a number 
of places: on Georges Bank and Nantucket Shoals, off 
western Nova Scotia, over Jeffreys Ledge, in the Bay of 
Fundy, and in certain areas along the coast in the Gulf of 
Maine. Remotely sensed images of chlorophyll-like pig
ments taken in March-August 1979 revealed high pig
ment concentrations in these tidally mixed regions. Low 
pigment levels were found in the deeper, stratified water 
of Georges Bank and the Gulf of Maine, confirming our 
shipboard observations (Thoinas et al., 1982). 

Proceeding from the well-mixed water to the stratified 
region, the flux of nitrogen and other nutrients across the 
pycnocline and the resulting stimulation of phytoplankton 
may be much greater in the weakly stratified water 
(70-100 m) than in the strongly stratified water over 
outer Georges Bank and the slope. This may explain the 
continuous character of the chlorophyll gradient from the 
shallow water to the weakly and strongly stratified water 
around the bank's perimeter. Vertical mixing across the 
pycnocline is proportional to tidal activity, and this de
creases in its effect with increasing water depth. Riley 
(1967) reports a fivefold decrease from shallow to deep 
coastal water. 

A similar depth effect in stratified water has been ob
served elsewhere. In the Southern California bight, five
fold onshore/ offshore gradients in chlorophyll a were 
related to onshore/ offshore differences in the depth of 
the nitrate concentration gradient and followed the major 
pattern predicted by Riley's model (Eppley, Sapienza, and 
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Renger, 1978). Water columns with relatively deep ther
moclines and nitroclines had relatively low rates of pro
duction. In the Middle Atlantic bight, the rate of nitrate 
diffusion across the thermocline was also related directly 
to integral primary production and inversely to water-col
umn depth (Harrison et al., 1983). It appears to us that 
this mechanism is also operating on Georges Bank and 
that it explains the cross-isobath gradients in chlorophyll 
and production that are found where the water is 
stratified. 

During the warm season, on Georges Bank, the Middle . 
Atlantic shelf, and in the Gulf of Maine, surface chloro
phyll concentrations are inversely related to the ratios of 
chlorophyll in the subsurface maximum layer to surface 
chlorophyll (figure 21.15). Lowest concentrations of sur
face chlorophyll are found in the deepest subareas. There 
the thermoclines and nitroclines are very deep, the flux 
of nitrate across the thermocline is likely small, and the 
ratios of subsurface to surface chlorophyll are high. Per
haps, where waters are stratified, we should conceptualize 
an upper and a lower region of the euphotic zone. In the 
lower of these, light intensity is between 1 and 10% of 
incident PAR, phytoplankton chlorophyll is high, and in
organic nutrients-particularly nitrate-are readily avail
able through upward diffusion into the thermocline. In 
the upper euphotic zone, phytoplankton biomass is low, 
PAR is high, and inorganic nitrogen (ammonium) is sup
plied primarily through recycling of organic matter within 
the upper zone itself. Nitrate that is not assimilated by 
the thermocline plankton may mix into the upper zone, 
providing a secondary and intermittent nutrient supply. 

The idea that it is the availability of nutrients that 
makes the shallow parts of Georges Bank so productive 
in the summer compared with the deeper parts is indi
rectly supported by the work of Dugdale (1976) and Ep
pley and Peterson (1979). Primary production generally 
increases as the ratio of "new" production to total pro
duction increases. New production is based on nutrients 
that have not come merely from local recycling but have 
been "imported" through such processes as upward diffu
sion of nitrate across seasonal thermoclines or upwelling. 

Extensive direct measurements of "new" primary pro
duction have not been made for Georges Bank. However, 
we can apply the results from studies of the Southern 
California bight to Georges Bank. In the California 
coastal waters, primary production rates were measured 
concurrently with assimilation rates for ammonium and 
nitrate (Eppley, Renger, and Harrison; 1979). Daily pro
duction measurements during stratified conditions, in 
June 1975, averaged 1.4 gC/m2 (n = 10). The mean ratio 
of new to total production (the ratio of N03 assimilation 
to N03 + NH4 assimilation) was 0.63. However, since 
28% of total N assimilation was from urea, this ratio 
should be reduced to 0.45. On Georges Bank, mean rates 
of integral daily primary production for subareas GB 1, 2, 
3, and 4 are 1.48, 1.14, 0.89, and 0.99 gC/ m2

, respec
tively, for the period from June through September. If the 
form of the relation developed by Eppley, Renger, and 
Harrison (1979) applies to Georges Bank, then new pro-
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duction in summer over the shallows (GB 1) is about 
49% of total production and decreases to approximately 
29% over outer Georges Bank (GB 3). 

Between November and February, nitrate is abundant 
(figure 21.13), zooplankton are scarce (Sherman et al., 
1982), and rates of mineralization and ammonium forma
tion are probably low. Therefore, the percentage of total 
production that is new should be much greater than it is 
during the stratified season. The percentage of annual 
production that is new will be greater as well. These esti
mates of new production imply a nitrate input that is 
plausible, given certain estimates that we have for annual 
exchange of nitrate-rich Atlantic slope water with 
Georges Bank and Middle Atlantic shelf water: 10% ex
change per year (Hopkins and Garfield, 1979); 20-25% 
(Wright, 1976); 71% (Fairbanks, 1982). In their nitrogen 
budget for Georges Bank, Walsh et al. (chapter 22) esti
mate that the phytoplankton there receive 60% of their 
annual nitrogen requirement from the slope water. Our 
estimate of new production for the shallow parts of 
Georges for the warmer months agrees with an estimate 
of nitrate supply to these waters made by Loder et al. 
(1982). 

In the deeper water on Georges Bank, the concentra
tions of nitrate, ammonium, and other inorganic nutrients 
are high throughout the water column during the unstra
tified season, but are quite low between May and Octo
ber above the seasonal pycnocline (figure 21.13). 
Similarly, throughout the water column over shallow 
Georges Bank, nitrate is abundant between October and 
May, but scarce between June and September. In the 
warm months, in the upper layer over deeper Georges 
Bank and throughout the water column over shallow 
Georges Bank, the ratio of ammonium to ammonium and 
nitrate approaches unity (figure 21.16). This may indicate 
that during the summer, recycling supplies much of the 
nitrogen demand in both areas, or alternatively, that ni
trate is assimilated preferentially over ammonium, though 
this would be very unusual (Glibert, 1982). 

In Vineyard Sound, near Georges Bank on the Massa
chusetts coast, autotrophic uptake of ammonium, mostly 
by phytoplankton less than 10 ,urn in size, was found to 
be closely coupled to heterotrophic production of ammo
nium throughout the year (Glibert, Goldman, and Car
penter, 1982). The ratio of nitrate uptake to the 
combined uptake of ammonium and nitrate was relatively 
high (0.6), indicating that nitrate itself was also important 
in the nitrogenous nutrition of these phytoplankton. Ep
pley, Renger, and Harrison (1979) have noted that "in
puts of new nitrogen into the euphotic zone stimulated 
the concurrent heterotrophic production of ammonium 
and its utilization by the phytoplankton." 

Present nutrient measurement techniques often show 
low or undetectable nitrogen concentrations at times 
when primary production is high. McCarthy and Gold
man (1979) have proposed that such techniques may be 
mismatched to the space and time scales of heterotrophic 
nutrient production and autotrophic consumption. They 
suggest that the nitrogen that permits the high growth 

rates observed may be taken up rapidly by the phyto
plankton, during brief intervals, from nutrient-rich micro
patches produced by heterotrophic bacteria and 
zooplankton. If this is the case, it becomes clear that the 
relative importance of new and recycled nitrogen to phy
toplankton production cannot be determined through 
conventional "coarse-scale" oceanographic sampling (the 
kind of sampling upon which figure 21.16 is based). 

Nor will such sampling serve to test the hypothesis that 
high summer production over shallow Georges Bank is 
traceable to its superior nitrate supply. According to this 
hypothesis, the influx of nitrate at the front between 
well-mixed and weakly stratified waters exceeds the verti~ 
cal upward flux through the thermocline in deeper, well
stratified water. The difficulty lies in measuring these 
fluxes. Standing stocks of phytoplankton, rates of primary 
production, and nutrient assimilation are all persistently 
high during the summer over shallow Georges Bank. Be
cause of this, pulsed injections of nitrate are assimilated 
rapidly. If these injections occur at intervals of hours or 
days, they will often be missed by conventional oceano
graphic sampling, which is monthly at best. Sampling that 
is fine scale in both its spatial and temporal dimensions 
will be required to demonstrate this postulated difference 
in nitrate flux. 

Mixing 
Factors other than greater nitrate and light availability 
contribute to highly favorable conditions for phytoplank
ton growth over shallow Georges Bank. There, on the 
central portion, residence time for water is longer than 
residence times in the surrounding region (Butman et al., 
1982; Loder et al., 1982). This results, in part, from a 
clockwise circulation of the deeper water on the bank. 
Therefore, water and plankton over the center of the 
bank are isolated somewhat from the processes of dilu
tion that occur in the deeper reaches at the periphery. 

Strong vertical mixing over shallow Georges Bank may 
stimulate primary production and govern the species and 
size composition of the phytoplankton. Munk and Riley 
(1952) proposed that mixing or increased vertical move
ment of plankton might stimulate growth by enhancing 
diffusion of nutrients into phytoplankton. Further, com
plete vertical mixing should minimize losses to the seabed 
in shallow water, compared with the deeper, seasonally 
stratified water, where cells sinking below the pycnocline 
are less likely to be resuspended. Small, slow-sinking phy
toplankton forms (nanoplankton) have an advantage in 
maintaining themselves within the euphotic zone in strati
fied water (Smayda, 1970), compared with larger forms 
(netplankton), but vigorous vertical mixing may negate 
any size-related advantages. Artificial stirring and mixing 
have been shown to influence the species and size com
position of phytoplankton in large tanks. When vertical 
mixing was strong in these experiments, larger species
mostly diatoms- prevailed, whereas in unmixed systems 
smaller, flagellated species predominated (Eppley, Koeller, 
and Wallace, 1978; Oviatt, 1981). Such "mesocosm" ex
periments support an inference that biomass and produc-

6 z 
+ 
::i 
z 
'=;; 
I 
z 

6 z 
+ 
£ 
z 
'=;; 
I z 

8 

2 

N 

M 
N 
N M 

DCMLL 
K 

NC kK 
DO C L K 

ML E 
GG 

BC 

1 
F 

G 
E 

• 
• 0 

G J 
F Bf' A F HJ 

• 
• 

Region 

A GB 1 H ss 
B GB 2 I MAS 1 
c GB3 J MAS 2 
D GB4 K MAS3 
E NT L MAS4 
F GM 1 M MAS5 
G GM 2 N MAS 6 

"A 

f-rlh 

• June 
• July 
& August 
0 September 

•• 0 •• 

I 
~ • • ·~· ..... 

o+-----rl -----~r----.1-----.----~----~ 

.... . 0 • ... 
0 

I I I /f-r/h 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.7 5.5 

1.0 

0 .8 

0.6 

0.4 

0 .2 

0.0 

1.0 

0 .8 

0.6 

0.4 

0.2 

GB 1 

o---o -

JAN FEB 

GB 3 

Surface Chlorophyll a (mg/m') 

~ ~-
I 
I 

I 
Upper water column I 

I 
Lower water column I 

I 
I 

I 
I 

I 
I 

I , 
lo 

I 
I 

I 
I 
I 

I ., 
I . 
I 

I 
I 

I 0 I 
I 
I 0 

I 
/, 

MAR APR MAY JUN 

0 

if "" .... ___ , 
~ 

o' \ 
\ 
\ 0 
\ 
\ 
\ 
\ 0 

" ~' 
i I 

I 
I 
I 0 I 
I 
I 
I 

~ \ 0 0 

~ . 0 

0 
l 0 
I 

~--
,., 

0 ... 
~ . . 

JUL I AUG I SEP I OCT I NOV I DEC I 

@~ 0 

'?f", 0 
0 

0 
o ---o 0-35m 

p ', 0 

I ', 0 
___. 35- 75m I ' oo o 

I I 
I I 
I I 

0 

I \ 0 o 
I o \ o 8 
I I 0 
I \0 ,.. 

o o I ' ..., .... o\ 
{0)0 / \ /;"0 \ 

,rJ t .... "' 00 \ 0 
0 I 

0 
\ 

I o \ C o 
/ 00 \ O • 0 

100 0 \ (' 

/~0 0 00 8 ·'~ 
/ s· x ()o 

/ ~ ()J 0 ~'o 
'8 o

1
/ :. o • Q " .:. : ·· <> ~ 

00 

O.O JAN FEB A APR MAY JUN U AUG SEP OC 

Figure 21.15 
The ratio between chlorophyll con
centrations at the subsurface maxi
mum and at the surface compared 
with surface concentrations: (top) 
by subarea; (bottom) by month. Ra
tios are based on composite pro
files such as those in figure 21.5. 

Figure 21.16 
The ratio of ammonium (NH4) to 
ammonium + nitrate (NH4 + N03) 

by month for shallow Georges Bank 
(GB 1) and outer Georges Bank 
(GB 3). Lines connect the median 
points of data clusters. (Data pro· 
vided by R. Waldhauer, Sandy 
Hook Laboratory, National Marine 
Fisheries Service.) 



tion of larger phytoplankton-netplankton-are relatively 
high over the shallow parts of Georges Bank because of 
vertical mixing, particularly during the summer. 

Decades ago, Lillick (1940) reported the special nature 
of the Georges Bank plankton: "On Georges Bank dia
toms may continue to dominate the flora throughout the 
summer, though sporadically as to dominant species and 
as to numerical distribution." On the basis of more re
cent surveys in December 1978, May and June 1979; and 
August 1979, it appears that large diatoms and chain
forming diatoms constitute the shallow-water netplankton 
of Georges (Magnell et a!., 1981; see also chapter 20). A 
similar phytoplankton flora has been described for other 
well-mixed waters in the region. In Casco Bay, Maine, 
netplankton rich in diatoms was found from late winter 
through the end of summer. This too was ascribed . to 
tidal mixing, turbulence, and consequent nitrate enrich
ment (Hulburt and Corwin, 1970). 

Over a year, netplankton account for 59% of chloro
phyll and 51% of annual particulate production in the 
shallow area of Georges Bank. In the summer, netplank
ton also play a larger role in primary production there 
than in deeper water (figure 21.8 and table 21.2). In gen
eral, netplankton-dominated communities prevail where 
the stability of the water column is low; pronounced ver
tical mixing usually supplies most of the nitrogen . demand 
with "new" Pitrate nitrogen. Nanoplankton-dominated 
communities are found where the water column is stable 

. and where nitrogen is provided mainly through recycling 
(Malone, 1980a). 

Phytoplankton Size and Abundance, and Their Relation 
to the Fisheries 

Major differences in the phytoplankton communities exist 
between shallow and deep waters on Georges Bank. 
There are higher phytoplankton concentrations in the 
shallow water, netplankton are relatively more important 
to standing stocks and production compared with nano
plankton, and the "new" fraction of total primary pro
duction is greater. It seems reasonable to suppose that 
these differences are reflected in food web structure, 
ecologic transfer efficiency, and fishery productivity. 

In the shallow water of Georges, annual primary pro
duction per square meter of sea surface is 1.7 times that 
in deeper water. However, if values are expressed per cu
bic meter of water, the differences between deep and 
shoal regions are much greater. In these terms, where 
both the water depth and the euphotic depth (figure 
21.12) are relatively shallow, standing stocks of chloro
phyll (table 21.2), primary production, and food concen
tration for herbivores may be four to five times greater 
than at the bank's perimeter. 

By itself, the amount of primary production does not 
determine an area's capacity to support a productive food 
web and fishery. The size structure of the primary pro
ducers must also be considered (Ryther, 1969; Parsons 
and LeBrasseur, 1970). Ryther (1969) suggested that in 
oceanic food chains supported by nanoplankton, there 

are typically five trophic transfer steps between primary 
producers and harvestable fish. Netplankton-supported 
food chains, however, are shorter and therefore more ef
ficient. In coastal areas there might be three transfer lev
els between larger netplankton and fish, and in upwelling 
areas two such levels. Ryther postulated that the greater 
fishery yield of coastal and upwelling areas, compared 
with oceanic areas, is due to shorter food chains as well 
as higher transfer efficiencies in the former. Steele and 
Frost (1977) stated, "Size structure is at least as impor
tant and probably more significant than total biomass of 
a population, in understanding the exchange of energy 
between trophic levels." 

The nature of trophic connections was explored on the 
nearby Scotian Shelf, using the ratios between 13C and 12C 
in various biologic components of the ecosystem (Mills, 
Pittman, and Tan, 1982). Considerable overlapping could 
be demonstrated among trophic " levels." In fact, "food 
web" better described the connections among planktonic 
constituents than "food chain," which suggests a simple, 
linear, sequential relation. For example, several of the 
major zooplankton species were not exclusively herbivo
rous, carnivorous, or detrivorous. Instead, they combined 
all three of these modes of feeding. Fransz and Gieskes 
(1984) found that in the summer, most of the oxygen 
(organic matter) consumed by the community is con
sumed by very small forms: protozoa, ciliates, and bacte
ria passing through a 50-~m sieve. It appeared that the 
flux of organic matter through the "small food web can 
be, and probably is more often than not, more pro
nounced than the flux from algae directly to copepods." 
Mills and Fournier (1979) also indicated that microzoa
plankton represent an important link between nanophyto
plankton and larger zooplankton. 

Considering only the size of the primary producers, one 
might conclude that areas rich in netplankton, such as the 
shallow water on the bank, will support a greater fishery 
than the deeper areas, where nanoplankton predominate. 
However, the timing of events (the match or mismatch 
between periods of production and abundance of net
plankton or nanoplankton and their respective grazers) 
will also greatly influence fishery production, to some ex
tent directing primary production toward the pelagic or 
benthic communities. For instance, the success of the an
chovy on the west coast was shown to be highly depend
ent upon the well-matched occurrence of anchovy larvae 
and phytoplankton in suitable concentrations of the right 
size and species (Lasker, 1975, 1978). Conversely, on 
temperate shelves, there is growing evidence of a mis
match between the spring diatom (netplankton) bloom 
and peak zooplankton abundance. The phytoplankton are 
not efficiently cropped by the zooplankton but instead 
sink to the seabed to supply the benthic food web or be 
carried to the continental slope (Walsh, 1981; Smetacek 
et al., 1984; see also chapter 22). Fransz and Gieskes 
(1984) also give evidence that most of the spring net
plankton bloom in the North Sea is not grazed by cope
pods. This too may be the case for Georges Bank. The 
median displacement volume of copepods (Sherman et 
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al., 1982) is at its lowest point in the annual cycle in 
February (13 cm3/ 100 m3

). It increases slowly during 
March and April and peaks markedly in late May (81 
cm3/ 1 00 m3

), long after the spring bloom. 
Malone (1980a) suggested that nanoplankton biomass 

varies less than netplankton biomass because of close 
temporal coupling between the nanoplankton and certain 
fast-growing herbivores, such as ciliates, that graze upon 
it, responding quickly to changes in phytoplankton abun
dance. In comparison, relatively slow-growing compo
nents of the macrozooplankton respond sluggishly to 
increases in netplankton. Georges Bank fits this apparent 
ecologic pattern for temperate continental shelves: greater 
constancy over time in nanoplankton biomass than in 
netplankton biomass (figure 21.5). The coefficients of 
variation for chlorophyll a in netplankton and nanoplank
ton, based on monthly means, show netplankton to be 
twice as variable as nanoplankton (table 21.2). Netplank
ton abundance is very low in the warmer, stratified pe
riod, and high during the unstratified period (figure 21.5). 
On Georges Bank, temporal netplankton variability in
creases from shallow to deeper water, and this in turn re
flects greater seasonal changes and variability in the 
structure of the deeper water. 

This suggests that the lower temporal variability and 
implied tighter coupling between nanoplankton and their 
grazers may offset any benefits of fewer trophic steps 
(and associated energy losses) from the larger netplankton 
to fish. Clearly, further studies of the relation between 
phytoplankton size, grazers, and fishery production are 
necessary before we can generalize about relative contri
butions to the shelf food web by netphytoplankton and 
nanophytoplankton. 

Summary 

Georges Bank is among the most productive continental
shelf ecosystems in the world. Annual phytoplankton 
production in the tidally mixed shallow water is three 
times the mean for world continental shelves. 

Chlorophyll a and primary production usually decrease 
from shallow to deep water over Georges Bank. Within 
the range of depths on the bank, seasonal stratification of 
the water column, which takes place in the warmer 
months, is found only where it is relati~ely deep. High 
production in shallow water during the summer is proba
bly due mainly to an influx of " new" nitrate nitrogen 
into the euphotic layer there, at the front between unstra
tified water on top of the bank and stratified water to
ward the periphery. During the colder, unstratified 
season, the relatively higher production in the shallows is 
probably related to higher water-column average light in
tensities experienced by phytoplankton as they are mixed 
vertically throughout the shallower water column. 

Phytoplankton biomass, approximated by chlorophyll 
a, varies over the year in what appears to be a character
istic pattern for temperate continental-shelf ecosystems. 
In shallow water, chlorophyll concentrations are highest 
in March. In deeper water the peak is reached a little 
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later, in April. Concentrations are lowest in both shallow 
and deep waters during July and August, and these lows 
persist through September in deep water. Low chloro
phyll coincides with well-established stratification of the 
water column. 

The annual cycle of primary production on Georges 
Bank differs markedly from the chlorophyll cycle. A 
rather broad maximum in production occurs from March 
through October, when daily rates commonly exceed 1 
gC/m2

• The production minimum occurs during Decem
ber and January, a time when mean light energy within 
the mixed layer (surface to seabed) is lowest. 

It is the high summer rate of primary production that 
explains much of the overall annual productivity of 
Georges Bank. Though phytoplankton biomass, estimated 
by chlorophyll, is lowest during the summer (one-half to 
one-third the spring and fall levels), summer production is 
comparable to the spring and fall "blooms." An explana
tion for this apparent paradox lies in production per unit 
of chlorophyll; this ratio is higher during the warm, strat
ified season, when nanoplankton are dominant and inci
dent solar radiation is highest. Over the year, the curve of 
production per unit chlorophyll roughly parallels the 
curves for photosynthetically active radiation (PAR) and 
temperature, thus compensating for reduced summertime 
stocks of phytoplankton. 

Also important to summer productivity in deep, season
ally stratified water is a pronounced subsurface chloro
phyll maximum layer. This layer, located in the 
pycnocline and nutricline, receives from 1 to 10% of the 
photosynthetically active radiation penetrating the surface 
water, but it is responsible for 37% of daily production. 
Along the southern flank of Georges Bank, chlorophyll 
concentrations in the subsurface maximum layer are 80% 
of the annual maximum there in April, whereas in the 
surface water they are only 20% of the annual maximum. 
Because the subsurface chlorophyll maximum layer is 
productive and persists throughout the stratified season, it 
is a potentially important, highly localized site for the 
transfer of energy, matter, and contaminants to the pe
lagic and demersal food webs. 

In their coarse-scale features, both the distribution of 
chlorophyll a and the size composition of phytoplankton 
communities are quite similar over outer Georges Bank 
and the Middle Atlantic shelf. This is less true when 
Georges is compared with the Gulf of Maine. One nota
ble difference between Georges Bank and the Middle At
lantic shelf is that annual primary production and the 5-
year mean chlorophyll concentration are about 30% 
higher along the outer Middle Atlantic shelf. The relative 
importance of several oceanographic mechanisms respon
sible for these differences needs examination. Warm-core 
rings, upwelling, and wind and tidally induced intrusions 
of nitrate-rich slope water onto the shelf create a dy
namic plankton environment at the shelf break by affect
ing the stability, nutrient content, and production of the 
euphotic layer. 

Major gradients in the size composition of the primary 
producers are found between shallow and deep waters on 

Georges Bank. In the deeper, less productive water on the 
Bank, nanoplankton strongly dominate primary produc
tion and chlorophyll stocks. In the highly productive 
shallow water, netplankton is equal to nanoplankton or 
slightly more plentiful. These differences in size com
position reflect differences in species; diatoms are more 
abundant in the shallow water. Such differences are eco
logically significant because in addition to the amount of 
primary production, the abundance, species, and size 
composition of phytoplankton communities strongly de
termine the nature of the herbivore fauna and the trans
fer rate of energy, matter, and contaminants through the 
food webs on Georges Bank. 
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It is impossible at present to make a satisfactory analysis 
of the effects of horizontal water movements on the nu
trients of Georges Bank . ... with both nutrients and the 
photosynthetic rate extremely favorable, there would un
doubtedly have been a bloom crop in May had it not been 
for certain unfavorable factors: indirect evidence derived 
from study of the nitrate and salinity indicates that much 
of the April crop must have been swept away by horizon
tal movements of water masses . ... In the deep water sur
rounding the bank, living plankton was found at all depths 
down to at least two hundred meters. 
Gordon A. Riley, nearly 40 years ago 

The continental shelf off the northeastern United States 
supports large annual primary production (~350-450 
gC/ m2

; gC = grams of carbon), approximately 10 times 
that in the open ocean. This is true offshore near the 
shelf break, in such regions as Georges Bank, and near
shore, in the Hudson River plume, for instance. In 
coastal areas, primary production has increased markedly 
in recent decades due to runoff from deforested and cul
tivated lands and sewage effluents. Postma (1978), for in
stance, reported a threefold increase from such causes in 
the Waddensee over 20-30 years. This cultural eutrophi
cation has increased steadily since the Industrial Revolu
tion (Walsh et al., 1981) and is now partly responsible 
for large phytoplankton blooms at the mouths of major 
U.S. rivers, such as the Hudson (Malone and Chervin, 
1979), the Altamaha (Thomas, 1966), and the Mississippi 
(Fucik, 1974). Anthropogenic nutrients are insufficient, 
however, to meet the requirements of the phytoplankton 
shelfwide (Ketchum and Keen, 1955; Riley, 1967; Walsh, 
Premuzic, and Whitledge, 1981; Yoder et al., 1981). 

Onshore intrusions of nutrient-rich slope water supply 
the coastal zone at time scales consistent with wind 
events (Walsh et al., 1978; Hicks and Miller, 1980), ed
dies (Morgan and Bishop, 1977; Bishop, Yoder, and Paf
fenhofer, 1980), and diffusive processes (Riley, 1967). 
Such water may move long distances over horizontal, iso
pycnal surfaces (Iselin, 1939). Nutrients stored in pore 
water within shelf sediments reflect previous inputs where 
the shelf meets the slope or the coast; these nutrients are 
released to the shelf water at rates varying with thermal 
destratification, tidal mixing, and the effects of wind 
(Fanning, Carder, and Betzer, 1982). Given the observed 
levels of primary production on the Middle Atlantic 
shelf, estimation of the amount of nutrients recycled in 
the water column or shelf sediments and subsequently 
carried vertically into the euphotic zone will (by subtrac
tion) give an upper bound to the amounts required from 
runoff and intrusions of slope water. In order to analyze 
the mechanisms of shelf-break nutrient exchange, we 
have chosen to compare two areas where the vertical 
mixing regimes (Falkowski, 1983) are quite different: 
Georges Bank, a well-mixed area, and the New York 
shelf north of the Hudson Canyon. Because both places 
are remote from estuarine influences (figure 22.1), they 
can be examined on the assumption that cultural eutro
phication is at most a minor factor in the processes 
observed. 

John J. Walsh, Terry E. Whitledge, John E. O'Reilly, 
William C. Phoel, and Andrew F. Draxler 

The data on which this discussion is based come from 
a number of sampling series. Principal sources were 14 
research cruises on Georges Bank in the 1977-1980 pe
riod and 7 6 cruises on the New York shelf south of 
Long Island, carried out over two intervals, 1957-1961 
and 1974-1982. Temperatures, salinities, nutrients, and 
chlorophyll were routinely measured during these cruises; 
variously manned by the Woods Hole Oceanographic In
stitution (WHOI), the Brookhaven National Laboratory 
(BNL), and the NMFS-Sandy Hook Laboratory (SHL). 
For Georges Bank, additional hydrographic and chloro
phyll data are available from 6 cruises in 1939-1940 (Ri
ley, 1941), 8 cruises in 1964-1966 (Colton et al., 1968), 
and 9 cruises in 1975-1976 (Pastuszak, Wright, and Pa
tanjo, 1982); nutrient data are also available from the 
1939-1940 and 1975-1976 series (Riley, 1941; Patu
szak, Wright, and Patanjo, 1982; see also chapter 21). 
We also draw upon data from the Pacific coast for com
parison. These data were collected at a similar latitude 
from the coastal waters of Oregon during 18 cruises 
made between 1961 and 1963 (Stefansson and Richards, 
1964) and will be used here to illustrate differences in 
the vertical transfer of nutrients effected by coastal up
welling off Oregon, tidal mixing on Georges Bank, and 
convective overturn of the water column off Long Island. 

Nutrient samples were frozen at sea, except for the 
early ones collected by Gordon Riley and more recent 
BNL samples, and returned to laboratories ashore for 
analysis by various hand and AutoAnalyzer methods. To 
assess possible sources of error within BNL and SHL data 
collected since 1974, two interlaboratory cruises, in July 
1980 and August 1981, focused on the question ofbias 
introduced by methods of sampling and analysis. There 
were certain differences in equipment and chemistry be
tween the two groups and a major difference in the han
dling of samples at sea. The BNL group analyzed 
unfiltered water samples immediately after collecting 
them. The SHL group collected two sets of samples, one 
of which was filtered and the other left unfiltered; both 
were frozen and taken ashore for later analysis. To ascer
tain the effect of this difference in procedure, coefficients 
of determination, r 2

, for the BNL and SHL sample series 
were derived. These were based on approximately 150 
sample pairs, comparing the measurements of inorganic 
nutrients from fresh, unfiltered samples at sea with those 
from frozen, filtered samples taken ashore. The coeffi
cients were 0.91 for nitrate (N03), 0.98 for nitrite (N02), 

0.90 for ammonium (NH4 ), 0.69 for phosphate (P04), 

and 0.82 for silicate (Si04), suggesting little inherent bias 
in the data pooled for the present analysis. This was par
ticularly true of the nitrogen species, in which the maxi
mum difference between BNL and SHL measurements 
was 0.2 ~g-atN/L (microgram-atoms of nitrogen per 
liter). 

The seasonal distribution of nutrients in the Middle 
Atlantic Bight (Cape Hatteras to Georges Bank) varies 
from year to year, depending on the severity of the win
ter and the intensity and frequency of wind events, such 
as storms at other seasons. Nevertheless, it is possible to 
describe general trends in nutrient supply and utilization 

Nitrogen Cycling on Georges 
Bank and the New York Shelf: 
A Comparison between Well
Mixed and Seasonally Stratified 
Waters 

42° 42 

·------ ' ; '. ______ ... ···'' .. ·· 

~~ 
0 50 100 150 200 

Kilometers 

66° 

Figure 22.1 
Nutrient-supply regimes of the Mid
dle Atlantic Bight with respect to 
tidal mixing, slope exchange, and 
estuarine discharge. Sampling sta
tions are indicated by dots. 



and to characterize yearly nutrient cycles by combining 
data from several years. In this chapter, such trends and 
cycles are described for nitrogen. Nitrogen has been 
made an example because of its chemical complexity, 
which includes gaseous forms, and because it is the limit
ing nutrient on the continental shelf at recent (Ryther and 
Dunstan, 1971) or interglacial (Walsh, 1984) time scales. 
Other nutrients tend to follow the same patterns. The 
cross-shelf pattern of nutrient distribution on the New 
York shelf has been described previously by Ketchum, 
Vaccaro, and Corwin (1958), Vaccaro (1963), Riley 
(1967), and Walsh et a!. (1978); the structure on Georges 
Bank has been described by Riley (1941), Draxler, Matte, 
and Waldhauer (1982), and Pastuszak, Wright, and Pa
tanjo (1982). Here we shall focus on the temporal as
pects of nitrogen cycling on the New York shelf and 
Georges Bank and the spatial linkages between the two 
areas in order to explore the question of carbon export 
from Georges Bank (Walsh, 1983) originally posed by Ri
ley (1941). 

The New York Shelf Seasonal Nitrogen Cycle 

Wind events are an important source of habitat variability 
on the continental shelf, in contrast with the open ocean 
(Beardsley, Boicourt, and Hansen, 1976; Walsh, 1976), 
and are responsible for both the generation of currents 
and vertical mixing (see the introduction "Physical 
Oceanography" by Butman and Beardsley). The average 
wind speed between Cape Hatteras and Georges Bank 
drops from about 9 m/ sec in January to about 5 m/sec 
in July; the frequency of wind events drops as well, from 
5-6 in January to half that number by September (Walsh 
et al., 1978). The decline in the frequency and strength 
of wind events combines with river runoff and increased 
solar heating to produce marked stratification of surface 
waters by August on the New York shelf, with an annual 
temperature range of about 20°C (figure 22.2) in the 
midshelf region. 

Because of the persistent westerly wind fields over 
North America, temperatures of the well-mixed water 
column on the Middle Atlantic shelf in winter are low
ered by polar outbreaks of wind off the land on the east 
coast, while the waters remain warm from wind off the 
open ocean on the west coast. Higher winter tempera
tures and the summer upwelling over most of the Oregon 
shelf together lead to an annual temperature range within 
the upper 30 m at the midshelf of only about 5°C (figure 
22.2). Consequently, the annual temperature cycle at the 
60-m isobath, 60 km off New York (figure 22.2a), is that 
of a typical boreal shelf, while 10 km off Oregon, at the 
60-m isobath, it is that of a summer upwelling regime 
(figure 22.2b). 

In January and February, winter isothermal conditions 
prevail on both the New York and Oregon shelves, and 
both are typified by relatively high concentrations of ni
trate and low amounts of ammonium at the 60-m iso
bath. This results from reduced uptake by phytoplankton, 

nutrient renewal by onshore entrainment of slope water, 
and vigorous vertical mixing on the shelf. Concentrations 
of nitrate at the 60-m isobath (figure 22.3) are as high as 
7 Mg-atNO/ L at all depths, reflecting the homogeneous 
conditions of the well-mixed water column and the low 
phytoplankton biomass (as measured by chlorophyll, ab
breviated chi) of each ecosystem (figure 22.4). After a 
daily seasonal minimum of about 100 gcal!cm2 in De
cember, daily incident radiation is still less than 250 gcal! 
cm2 by the beginning of March off New Y ark and Ore
gon, and the critical depth is still too shallow to allow 
initiation of a bloom at the 60-m isobath. However, daily 

. incident radiation increases to over 300 gcal/ cm2 by the 
end of March off New York (Walsh eta!., 1978) and 
Oregon (Small, Curl, and Glooschenko, 1972), with asso
ciated increases of critical depth, average iri situ light in
tensity, and phytoplankton production, leading to a 
seasonal maximum in biomass (figure 22.4). Off New 
York, the major bloom occurs in March and April, and 
off Oregon in August and September. 

In May off New York, stratification of the water col
umn begins and the number of wind-induced intrusions 
of nutrient-rich slope water diminishes (figure 22.5). Sur
face waters become stripped of nitrate. Postbloom spring 
surface concentrations are, at first, about 0.5 Mg-atNO/ L 
over the New York shelf. By late summer, however, un
detectable nitrate concentrations are often observed as 
deep as 30 m, that is, at the bottom of the euphotic zone 
(table 22.1). In contrast, concentrations of nitrate deep 
within the summer aphotic zone at 50-60-m depths off 
New York (figure 22.2) can be as high as 10 Mg-atNO/ L 
(Walsh et al., 1978), cofl)pared with the same amount at 
the bottom of the euphotic zone off Oregon (figure 
22.3). 

Because the concentration of nitrate in surface waters 
is low, the high chlorophyll concentrations are restricted 
to subsurface, summer maxima (figure 22.4) above the 
nutricline on the New Y ark shelf. In the summer, phyto
plankton off New York are thus mainly dependent on 
sources of recycled nitrogen, such as amino acids and 
ammonium, derived from remineralization of particulate 
nitrogen by zooplankton, bacteria, or benthos. Uptake at 
this time, determined by incubation with the tracer 15N, 
consists of as much as 80% ammonium (Harrison et al., 
1983), compared with about 50% at the end of the 
spring bloom (Conway and Whitledge, 1979). Ammo
nium concentrations are highest (:::::4-5 ,ug-atNH4/ L) near 
the bottom (figure 22.6), amounting to more than 15 ,ug
atNH4/L during August 1976, and precede the buildup 
of nitrate in subsurface waters during the late summer 
(figure 22.3). 

At the time of the fall phytoplankton bloom, in Octo
ber and November (figure 22.4), the shelf water off New 
Y ark destratifies; mixing of nutrient-poor surface water 
with rich deep water results in a nitrate concentration of 
some 2 ,ug-atNO/ L throughout the water column (figure 
22.3). The 5-,ug-atNO/ L minimal increment front fall to 

· winter is presumably supplied from either alongshore 
transport of shelf water from Georges Bank or onshore 
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advection of. slope water (Gordon, Amos, and Gerard, 
1976) during fall and winter upwelling events. With ces
sation of seasonal upwelling off Oregon, the greater input 
of nitrate to this ecosystem is curtailed by fall. 

In both the Oregon and the New York shelf systems, 
biologic influence on the nitrogen cycle is diminishing by 
the end of October; daily incident radiation falls below 
300 gcall cm2 in both places, and the critical depth is re
duced to less than 50 m. From this point, levels of pri
mary production, nutrient uptake, and light continue to 
decline toward winter minima (chapter 21). Within the 
annual cycle of nutrient concentrations off New York, 
nitrate resupply to shelf waters is generally the same from 
year to year; about 400 mgNO/m2 have been found at 
the 60-m isobath in January-February for the past 30 
years (figure 22.7). 

Apparently, a seasonal nitrate cycle also occurs in slope 
waters near the edge of the shelf that serve as a source 
for the shelf water. These waters in May generally have 
only 8-10 .ug-atNO/ L at the 100-m depth along the en
tire shelf edge from Cape Hatteras to the Northeast 
Channel, including the Gulf of Maine. Then, at the New 
York shelf break, between late spring and summer, the 
nitrate content of deep water at the 100-m isobath in
creases from 11-12. to about 15 .ug-atNO/ L, possibly in
dicating nitrification in these offshore waters of 
particulate nitrogen exported from the shelf. For exam
ple, after the spring bloom in May until the fall overturn 
in October, we have consistently observed nitrite maxima 
below the euphotic zone in deeper waters of the Gulf of 
Maine, which may reflect initial microbial oxidation of 
ammonium obtained from plant detritus(Ward, Olson, 
and Perry, 1982). 

Presumably, some particulate nitrogen exported from 
the shelf returns seasonally as dissolved nitrogen, mani
fested, for instance, in the approximately 6 gN03/ m2 ob
served at the 60-m isobath each January-February (figure 
22.7). Our recent estimates for the annual productivity in 
the Middle Atlantic Bight, however, suggest an annual 
mean of about 300 gC/ m2 at the 60-m isobath (table 
22.1). This implies an annual nitrogen demand of 60 gN/ 
m2

, 10 times the supply measured at the beginning of 
winter. Either the shelf food web is structured like the 
open-ocean web, with 90% of algal nitrogen demands 
met by the recycling processes of heterotrophs or, alter
natively, additional nitrogen is supplied from the slope 
water during other seasons. To estimate the importance 
to the nutrient budget over the Middle Atlantic continen
tal shelf of physical exchange processes at the seaward 
shelf boundary, we must evaluate other possible sources 
of nitrogen. 

The Georges Bank Seasonal Nitrogen Cycle 

On some continental shelves, in addition to wind, the 
tide is an important factor in vertical mixing of the water 
column (see the introduction "Physical Oceanography" 
by Butman and Beardsley; see also chapter 9). A tidal ve-
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Figure 22.2 
A composite of the annual temper
ature ('C) cycle at the 60-m iso
bath: (a) off New York, (b) off 
Oregon, arid (c) on Georges Bank. 
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Figure 22.3 
A composite of the annual nitrate 
(J.tg-at/L) cycle at the 60-m isobath: 
(a) off New York, (b) off Oregon, 
and (c) on Georges Bank. 
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Figure 22.4 
A composite of the annual chloro
phyll (J.tg/L) cycle at the 60-m iso
bath: (a) off New York, (b) off 
Oregon, and (c) on Georges Bank. 

s 

s 

s 

0 

15 

30 

45 

60 

0 N D 

0 

15 

I 
30 

.r: a. 
Q) 

Cl 

45 

60 
0 N D 

0 

15 

30 

45 

60 
0 N D 

Station 
1 2 3 4 6 10 11 12 13 14 15 

0 

I 
.r: 50 a. 
Q) 

Cl 75 

45 46 47 48 
0 

_] I 25 

.r: 50 a. 
Q) 

Cl 75 

100 

58 57 56 55 

I 
.r: a. 
Q) 

Cl 75 

103 102 101 100 99 98 97 96 95 94 93 

I 
.r: a. 
Q) 

Cl 

4 Q F3 R s 
0 

I 25 

.r: 50 a. 
Q) 

75 Cl 

75 100 125 150 

Distance Offshore (km) 

Figure 22.5 
Cross-shelf exchange of nitrate 
(J.tg-at/L) at the "wind event" time 
scale on the New York shelf during 
March-May 1976. 



Table 22.1 
Primary production, euphotic-zone depth, herbivore consumption, and detrital loading at the 60-m isobath off New York and on Georges Bank 

Area 

New York Bight 

New York Bight 

Georges Bank 

Georges Bank 

Area 

New York Bight 
Georges Bank 

Number 
Season of stations 

::::; Stratified 16 
(April-September) 

::::; Unstratified 11 
(October-March) 

::::;Stratified 11 
(April-September) 

::::;Unstratified 12 
(October-March) 

Annual production 
(gC/m2

) 

301 
380 

a. S.D. = standard deviation. 
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Figure 22.6 
A composite of the annual ammo
nium (l'g-at/L) cycle at the 60-m 
isobath: (a) off New York and (b) 
on Georges Bank. 

Figure 22.7 
Interannual fluctuations of the inte
grated nitrate stocks (mg/m2

) at the 
60-m isobath on the New York 
shelf from (a) 1956-1961 and (b) 
197 4-1979. Alternate months are 
indicated, beginning with January. 
Estimated values are indicated by 
dashed lines. 
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locity of 55 em/sec maximum amplitude, for example, 
can lead to roughly the same vertical mixing as a 13-m/ 
sec wind (Pingree, Holligan, and Mardell, 1978). On 
Georges Bank, maximum tidal velocities are roughly four 
times those in the New York Bight: 55-110 em/sec at a 
depth less than 30 m, compared with 15-25 em/sec. 
Water-column temperatures at the 60-m isobath on 
Georges Bank reflect this strong tidal mixing; they are 
uniform surface to bottom at all times of the year (figure 
22.2c). The annual minimum temperature on Georges 
Bank in late winter is similar to that of the New York 
Shelf. However, because of the strong mixing effect of ti
des and winds combined, the annual maximum in the 
summer on Georges Bank is much lower, close to tem
peratures found off Oregon, where there is upwelling of 
cool, deep water. 

The effective rate of continuous vertical mixing by 
tides on Georges Bank has been estimated (Falkowski, 
1983) to be about 10- 1 em/sec, about 10 times the sea
sonal upwelling velocity off Oregon, and 100 times the 
vertical mixing rate over the New York shelf after the 
onset of stratification in the summer. Despite these differ
ences in vertical mixing between Georges Bank and the 
New York shelf, evident in the thermal structure, sea
sonal nitrate patterns in the upper 30 m (figure 22.3) are 
remarkably similar for most years. Until the onset of the 
spring bloom on Georges Bank (figure 22.4c), the nitrate 
contents of isothermal winter water in January 1940 (Ri
ley, 1941) and February 1976 (Patuszak, Wright, and Pa
tanjo, 1982) were 6.5-7.5 ~g-atNO/L, the same as off 
Oregon and New York. 

Based on chlorophyll data from the three periods 
1939-1940 (Riley, 1941), 1964-1966 (Colton et al., 
1968), and 1977- 1980 (figure 22.4), winter and summer 
phytoplankton crops are a vertically homogeneous l-2 
~gChl!L on Georges Bank. The fall bloom is somewhat 
larger (::::; 2-4 ~gChl!L), and the spring bloom in 
March-April much larger still (::::;10-15 ~gChl!L). Spring 
production ordinarily has stripped the nitrate from the 
upper 30 m of water on Georges Bank by the end of 
April (figure 22.3c). During May and June 1940, there 
appears to have been an exception. That year, the nitrate 
concentrations found in the upper waters over the 60-m 
isobath (6-12 ~g-atNO/L; see Riley, 1941) were an or
der of magnitude greater than concentrations found in 
1976 (Pastuszak, Wright, and Patanjo, 1982) and 
1977-1980 (figure 22.3) at the same season. We believe, 
as Riley (1941) proposed, that the unusually large nitrate 
stocks on Georges Bank in May and June 1940 were due 
to atypically strong, wind-induced upwelling in April of 
that year. In comparison, upwelling observed (Walsh et 
al., 1978) on the New York shelf during most of April 
1976 was weak (figure 22.5). 

Within the Middle Atlantic Bight, the mean winter 
wind direction is from the northwest, influenced by re
peated polar outbreaks during February and March (Diaz, 
1979). April is the transition month between the north
erly regime of winter and the southerly regime of sum-
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mer, with the winds weakly predominant from the west; 
in April on Georges Bank, tenfold variations in offshore 
Ekman transport may occur from year to year (Walsh, 
1983). The winter of 1939-1940 was anomalously cold 
along the eastern seaboard (O'Connor, 1958); at its end, 
in April 1940, offshore Ekman transport at 60 m on 
Georges Bank may have been greater than normal. During 
20-24 April 1940, the research vessel Atlantis hove to 
for 4 days during a westerly gale (G. Riley, personal com
munication); winds of over 20 m/ sec were then recorded 
at Logan Airport in Boston. As a result, the April sea-sur~ 
face temperature on Georges Bank in 1940 was 2°C 
colder than the long-term mean over the same isobath 
off New York, while the April 197 6 temperature in this 
region was 2°C warmer (Diaz, 1979). An increase of off
shore Ekman transport due to anomalous wind forcing in 
April 1940 could have led to the increase. in nutrient lev
els that .was observed on Georges Bank that year; it 
would have led, as well, to an unusual export of phyto
plankton, as postulated by Riley (1941). 

Some of the particulate nitrogen fixed in phytoplank
ton on Georges Bank must normally remain in this sys
tem as food for pelagic or benthic herbivores. Uptake 
studies of 15N there indicate that the persistence of ho
mogeneous, moderate levels of chlorophyll (1-2 ~-tgChl!L) 
throughout the summer water column (figure 22.4c) re
sults from tidal mixing of ammonium through the water 
column (figure 22.6), with less buildup of nitrate in sub
surface waters (figure 22.3c). Ammonium is the dominant 
form of nitrogen on Georges Bank between July and Sep
tember, constituting more than 90% of the inorganic ni
trogen pool in both the surface and bottom layers. 
Higher phytoplankton uptake rates of ammonium within 
the euphotic zone on Georges Bank in summer, rather 
than additional use by nitrifying bacteria of this substrate 
as in the New York aphotic waters, contributes to the 
greater annual primary production of :;;:.400 gC/ m2 (table 
22.1) on Georges Bank-twice as much nitrate (figure 
22.3) and ammonium (figure 22.6) are found in summer 
bottom waters of the New York shelf as a result of the 
stratified water-column conditions there. 

At the beginning of the fall overturn, concentrations of 
nitrate in deep water in the Gulf of Maine and on the 
continental slope off Georges Bank (figure 22.9) and 
New York (figure 22.8) are similar. At the end of fall, on 
the shelf itself at the 60-m isobath, a similarity in con
centrations is still to be found (figure 22.3). This similar
ity in seasonal nitrate cycles at 60 m and within offshore 
source waters in the two localities suggests that cross-iso
bath gradients and fluxes of nitrate across the slope 
boundary must also be much the same in both cases. 

Why, then, is primary production greater on Georges 
Bank (table 22.1)? This results mainly from the greater 
annual input of recycled nitrogen there, 48.4 gN/ m2

, 

about half again as much as is recycled off New York-
32.9 gN/m2 (table 22.2). On the assumption of a car
bon : nitrogen (C : N) ratio of 5 : 1, this extra recycled 
nutrient (15.5 gN/ m2

) can support an annual production 
of 77.5 gC/ m2

• Since the alongshore gradient in nitrate 

between the surface waters on Georges Bank and those 
off New York is small (figure 22.3), there can be little 
net input of dissolved nitrate to the euphotic zone on 
New York shelf from the upstream shelf boundary of 
Georges Bank under normal wind forcing (unlike 1940). 
Additional nitrogen may be imported to the New York 
shelf from the north, however, in the form of varying in
terannual export from Georges Bank of particulate 
phytoplankton nitrogen, advected southward to be remi
neralized downstream as amino acids, ammonium, 
nitrite, or nitrate. 

Alongshore Coupling 

Circulation within the Gulf of Maine has been described 
as a large counterclockwise gyre (Bigelow, 1927; Bumpus, 
1974), with influxes of water from several sources (see 
also chapters 10 and 11). Coastal water moves in from 
the Scotian shelf (1.7 X 105 m3/sec; Smith, 1983) and 
deep slope water through the Northeast Channel 
(2.8 X 105 m3/sec; Ramp, Schlitz, and Wright, 1980); a 
third major source is freshwater runoff along the coast 
from the Bay of Fundy to Cape Cod (2.4 X 103 m3/ sec; 
Bue, 1970). The resultant Gulf of Maine Surface Water 
(MSW) is about 50 m deep and is formed in spring by 
buoyancy increase (thermal and freshwater runoff) from 
the winter mixed layer (;:::::120m deep). At times, this 
MSW exits over Georges Bank in a net southwesterly di
rection; it also passes through the Great South Channel, 
or from the Northeast Channel along the southern side 
of the bank toward the New York shelf (Hopkins and 
Garfield, 1979). Additional water is supplied to Georges 
Bank from upwelling of subsurface water: from the 
northern side, the relatively deep Maine Intermediate 
Water (MIW), from 50-210m in the Gulf of Maine 
(Magnell et al., 1981), and from the southern side, slope 
water at the shelf-break front (Metcalf, 1958; Worthing
ton, 1958; Crist and Chamberlin, 1980). Although the 
circulation on Georges Bank changes seasonally, and may 
vary from year to year under the influence of wind stress 
and passing Gulf Stream eddies, the major features in 
spring and summer are the elliptical tidal oscillations 
(about 3 by 6 miles). Superimposed on these high-fre
quency motions, a clockwise circular drift of 2-3 miles 
per day encompasses the entire bank (Bumpus, 1974), in
cluding the well-mixed area within the 60-m isobath. Re
cent calculations (Hopkins and Garfield, 1981) suggest 
that the residence time of water on the bank is only 2 
months during winter and 5 months during the rest of 
the year. 

For a year during 1979-1980, six current-meter moor
ings were maintained by NMFS and WHOI across the 
shelf and slope south of Martha's Vineyard, close to 
where one of our nutrient sections was sampled each 
month (figure 22.1). The southward flux of water to the 
New York shelf past these array~ was 3.9-4.3 x 105 m 3

/ 

sec from March to August 1979 (Dorkins, 1980), which 
is in fair agreement with the 4.5 X 105 m3/ sec transport 
estimated previously for water entering the Gulf of 
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Figure 22.8 
The distribution of nitrate (!lg-at/L) 
in the Slope Water and New York 
shelf "cold pool" before the fall 
overturn in October 1978. 

Figure 22.9 
The distribution of nitrate (!lg·at/L) 
in the Gulf of Maine and off 
Georges Bank before the fall over
turn in October 1978. Numbers at 
top are stations. 



Table 22.2 
The contribution of recycled nitrogen to the annual nitrogen 
demand of primary production on Georges Bank and the New 
York shelf 

Annual demand' 

Inputs 
· By recycling 

Microbial nitrification 
Benthic ammonification 
Sediment organic nitrogen 
Zooplankton excretion 
Bacterioplankton and 
protozoan remineralization 
Phytoplankton release 
Total 
(Required slope input)h 

Estimated advective inputc 
Estimated diffusive input 

180 days unstratified 
water column 

. 180 days stratified 
water column 

Total advective and diffusive 
Total recycled, advective 
and diffusive 

Losses 
Phytoplankton export 
Fishing 

. Estimated net inputd 

Georges Bank 
(gN/m1

) 

80 

1.5 
0.6 
4.8 
5.3 

28.7 
7.5 

48.4 
31.6 
34 

30.6 

6.1 

70.7 
119.1 

44.0 
0.1 

75.0 

New York shelf 
(gN/m1

) 

60 

3.0 
1.2 
6.4 
6.8 

14.0 
1.5 

32.9 
27.1 
34 

30.6 

0 

64.6 
97.5 

31.0 
0.1 

66.4 

a. From measurements of primary production. See text. 
b. Obtained by subtracting total recycled from annual demand. 
c. From 20 storms during 180 days of unstratified water column. 
d. To be compared with the independently derived annual demand. 

Maine. Most of the summer cold pool water on the New 
York shelf is thought to be derived from the Gulf of 
Maine (Hopkins and Garfield, 1979); revised estimates of 
the residence time of water in the Middle Atlantic Bight 
(Fairbanks, 1982) suggest that shelf waters move from 
Georges Bank to Cape Hatteras in about 1 year. 

On the assumption of a sinking velocity for live phyto
plankton of 1 m/day (Smayda, 1970) and an alongshore 
current of 5 em/sec (~4 km/Bay), a bloom could travel 
for 60 days-240 km-before sinking to the bottom in 
waters 60 m deep. Tidal or wind mixing would keep it in 
suspension still longer. The distance from the Great 
South Channel or the western part of Georges Bank to 
the New York shelf between eastern Long Island and 
Martha's Vineyard is of this order. Ekman transport of 
surface water under the influence of westerly winds 
would give a seaward component to the course of an al
gal cell making a southwesterly passage from Georges 
Bank. With an offshore component of 0.5-5.0 em/sec 
added to the alongshore transport, phytoplankton origi
nating at the 60-m isobath would take 10-100 days to 
reach the shelf-break region at 100-m depth (40 km is 
the typical distance offshore from the 60-m to the 100-m 

isobath off Long Island). Depending on seasonal changes 
in wind forcing, algal cells might be carried from the 
shelf to the slope in winter, but remain on the shelf, 
available for consumption, in summer. 

In 1978-1979, we sampled along a number of tran
sects at 60-65 m (figure 22.1), from Georges Bank to the 
New York shelf, to determine the fate of carbon ex
ported from Georges Bank in different seasons, under 
varying conditions of water transport. The winter bloom 
is spatially homogeneous in the alongshore direction (fig
ure 22.10) within the Middle Atlantic Bight; it is appar
ently consumed neither by zooplankton in the water 
column nor by the benthos. Instead, as much as 90% of 
the primary production may be exported to the continen
tal slope by wind-driven offshore water transport (Ma
lone et al., 1983; Walsh, 1983). 

With a decline in strong winds in the spring, the water 
begins to stratify. The tendency for phytoplankton to re
main in suspension is reduced, along with the offshore 
component of water transport. A greater part of the phy
toplankton biomass is retained on the shelf. Alongshore 
profiles in early May 1979 along the 60-m isobath (figure 
22.11) indicated that at that time isopleths of chlorophyll 
in fact sloped downward from the upper water column 
on Georges Bank toward the bottom over the New York 
shelf, downcurrent from Georges. Later that month, near
bottom ammonium concentrations in the Middle Atlantic 
Bight were found generally to increase from Virginia to 
Long Island and to decrease from Long Island to Georges 
Bank. The highest concentration in the water column 
(6.2 ,ug-atNH/L) was found at midshelf off Shinnecock 
Inlet (eastern Long Island), near the bottom. 

Throughout the Middle Atlantic Bight during May 
1979, ammonium concentrations were generally much 
greater below the developing pycnocline than above it. 
Such data, from 1979 and other years, make clear that 
what we see here is the onset of extensive subpycnocline 
ammonium production south of Georges Bank, following 
the sinking, retention on the shelf, and decomposition of 
spring-bloom phytoplankton from Georges Bank. By the 
end of summer, before the fall overturn in October, little 
chlorophyll remains in the bottom sediments of the New 
York shelf (P. Falkowski, personal communication). 

Subsurface nitrate concentrations near the 60-65-m 
isobaths increased from early to late summer from the vi
cinity of Martha's Vineyard southward (figures 22.12 and 
22.13). Integrated for the water column, nitrate increased 
by about 1.8 gN03/m

2 alongshore between the eastern 
tip of Georges Bank and the New York Shelf-a distance 
of 600 km-in October 1978 (figure 22.13). This rise 
partly reflects the greater uptake of nitrogen by phyto
plankton on Georges Bank, and partly the high rate at 
which bacteria nitrify ammonium available off New York 
in the spring. We can estimate this nitrification. Assume 
that on Georges Bank phytoplankton took up nitrogen 
only in the form of nitrate. From the alongshore incre
ment of nitrate observed in 1978 between Georges Bank 
and New York (~1.8 gN03/m

2
) subtract a quantity of 

particulate nitrogen (~0.6 gPN/m2
) to compensate for 
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the greater abundance of Georges phytoplankton stocks. 
The result, about 1.2 gN03/m

2
, is a minimum estimate 

of the nitrogen resupplied through nitrification during a 
hypothetical drift of water over 150 days Gune-October). 
There was a comparable but opposite trend in the quan
tity of NH4 along the Martha's Vineyard-to-New York 
transect in October 1978. It decreased from 2.7 gNH/ 
m2 in the north to 1.5 gNH4/m

2 in the south. This inde
pendently suggests that a minimum of 1.2 gNH4-N/m2 

(NH4-N = ammonium-nitrogen) may have been con
verted to N03-N (nitrate-nitrogen) during the southwes
terly drift along the shelf. Conversely, let us assume that 
summer phytoplankton take up only ammonium on 
Georges Bank, as indicated by 15N measurements. If we 
add the particulate nitrogen difference between ends of 
the transect to the dissolved ammonium difference, we 
obtain an alongshore decrease, north to south, of 1.8 
gNH4-N/m2

, the same quantity by which N03-N was ob
served to increase. This simple alongshore budget of dis
solved and particulate nitrogen implies that nitrifying 
bacteria might have converted about 8-12 mgNH4/m2 to 
8-12 mgN03/m

2 daily over 150 days. 
Daily direct estimates of nitrification and ammonifica

tion on other shelves range from 4-20 mgN03/m
2 and 

37-50 mgNH4/m
2 off the Danish coast (Henriksen, Han

sen, and Blackburn, 1981; Blackburn and Henriksen, 
1983) to 22-48 mgN03/m

2 and 34-74 mgNH4/m2 in 
shallow waters off the Belgian coast (Billen, 1978). As 
much as 50% of the N03 produced in these shelf sedi
ments may have been consumed during denitrification, 
however (Henriksen, Hansen, and Blackburn, 1981), leav
ing only 10-20 mgN03/m2 to be released daily into the 
shallow overlying water. At this same rate of nitrate re
lease on the New York shelf, over a period of 150 days 
when the water is strongly stratified Gune-October), 
1.5-3.0 gNO/m2 would be contributed in situ annually 
to the 60 gN/m2 nitrogen demand (table 22.2) of the an
nual primary production of 300 gC/m2 (table 22.1). 

If we further assume that off New York, bacterial ni
trification occurs in the lower 30 m of the cold pool 
water-below the seasonal pycnocline but not in the sed
iments-then annual resupply of N03 to the euphotic 
zone by summer nitrification works out to some 
0.05-0.10 gN03/m

3
• This is similar to annual water-col

umn rates of 0.02-0.35 gNO/m3 off California and . 
other regions (Ward, Olson, and Perry, 1982). For this 
analysis, we have assumed an annual input of nitrate off 
New York of 3.0 gNO/m2 from nitrification in both the 
sediments and water column and an annual input for 
Georges Bank of 1.5 gNO/m2 from the water column 
alone (table 22.2). The precursor of this nitrogen resupply 
process on the shelf, ammonification, involves a diversity 
of organisms: zooplankton, benthos, and bacterioplank
ton. Both their relative importance and the ability of phy
toplankton to compete with nitrifiers for ammonium 
depend on the degree of vertical stratification in the 
water column. 
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Figure 22. 1 0 
The alongshore gradients of (a) 
temperature ('C), (b) chlorophyll 
(~tg/L), and (c) nitrate (~tg-at/L) be
tween Georges Bank and the New 
York shelf during the winter bloom, 
25 March-7 April 1978. 
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Figure 22. 11 
The alongshore gradients of (a) 
temperature ( ' C), (b) chlorophyll 
(~tg/L), and (c) nitrate (~tg-at/L) be
tween Georges Bank and the New 
York shelf during a spring phyto
plankton sinking event and initia
tion of seasonal ammonification, 
1-6 May 1979. 
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Figure 22.12 
The alongshore gradients of (a) 
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(~tg /L), and (c) nitrate (~tg-at/L) be
tween Georges Bank and the New 
York shelf during a strong summer 
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Regeneration by the Zooplankton 

Zooplankton are generally assigned great importance as 
consumers of phytoplankton on continental shelves 
(Walsh, 1983) and, in particular, on Georges Bank 
(Schlitz and Cohen, 1984; see also chapters 25 and 37). 
For this reason, specific studies of zooplankton grazing, 
respiration, . excretion, and abundance were conducted on 
the New York shelf and Georges Bank, from 1974 to 
1978 (Dagg and Grill, 1980; Judkins, Wirick, and Esaias, 
1980; Vidal and Whitledge, 1982). Annual species 
succession and pulses of copepod biomass in these locali
ties reflect seasonal temperature cycles and phytoplankton 
blooms (Walsh, 1981). On the shelf off New York and 
on Georges Bank, Pseudocalanus minutus and Centro
pages typicus are the dominant copepods (Bigelow and 
Sears, 1939; Clarke, 1940; Sears and Clarke, 1940; Grice 
and Hart, 1962; Sherman, 1978; Judkins, Wirick, and 
Esaias, 1980), while Calanus finmarchicus predominates 
offshore in the slope water and within the Gulf of Maine 
(Bigelow, 1926; Redfield, 1941; Riley, 1947). Zooplank
ton biomass peaks offshore (> 50 m) during May and 
June as waters there warm, following the March-April 
phytoplankton bloom on the outer shelf. Zooplankton 
inshore (<50 m) become abundant during the even 
warmer period of July-August, after the lower phyto
plankton biomass periods of May-June. 

Grazing stress upon phytoplankton in relation to its 
seasonal abundance was calculated for Georges Bank and 
the New York Bight, using 1978 data. Weight-specific 
grazing rates (Mullin and Brooks, 197 6) were applied for 
a number of abundant copepods: Calanus finmarchicus, 
Centropages typicus, Pseudocalanus minutus, Paracalanus 
parvus, Temora longicornis, Acartia spp., Penilia aviros
tris, and Oithona simi/is. All were assumed to be herbi
vores. Seasonal changes in biomass were based on tows 
made with 102-.u-mesh nets (Dagg and Turner, 1982). 
After a time lag in development of the offshore zoo
plankton cohorts during late spring, 30% of the daily 1.0 
gC/ m2 primary production of the declining spring bloom 
was removed by zooplankton on Georges Bank and 28% 
in the New Y ark Bight (figure 22.4 ). Before this time, the 
grazing stress was a seasonal minimum of 1-7% of the 
late-winter-bloom daily production of 2-3 gC/ m2 on 
Georges Bank (Riley and Bumpus, 1946; see chapter 21) 
and at midshelf off Long Island(Walsh et a!., 1978). 

With intense stratification of the water column in early 
summer, daily primary-production rates of 1.5-2.5 gC/ m2 

are confined to shallow waters within the NewYork 
Bight, either where rivers discharge or coastal upwelling 
occurs. In such places, as much as 28-53% of the daily 
production can be consumed by zooplankton (Dagg and 
Turner, 1982; Walsh eta!., 1978). Summer consumption 
is proportionately much less on Georges Bank. There, 
tidal stirring continually mixes recycled nutrients into the 
system (figure 22.6), and only 5- 10% of the 0.8-1.6 gC/ 
m2 daily summer production is consumed. In late summer 
on the New Y ark shelf, before the fall overturn and 
physical resupply of nutrients, zooplankton consumed 

118% of the primary production off Long Island (Dagg 
and Turner, 1982) and 206% at the 65-m isobath (Fal
kowski et a!., 1983) on a cross-shelf section south of 
Long Island (figure 22.1). In both places, annual produc
tion at this time was about 0.3 gC/ m2

• In contrast, only 
38% of the 0.8 gC/m2 daily fall production on Georges 
Bank was consumed by the zooplankton there (Dagg and 
Turner, 1982). 

We estimate from seasonal data that each year 83 gC/ 
m2 are consumed by pelagic herbivores on Georges Bank, 
which amounts to 21% of annual primary production 
there; this compares with 103 gC/ m2 annually on the 
New York shelf, or 34% of annual primary production. 
Assuming a ratio of excretion to ingestion of 0.33 : 1.00 
(Walsh, 1975) and a C : N ratio of 5 : 1, we obtain an
nual excretory inputs by macrozooplankton (> 103 .u in 
size) of 5.5 gN/ m2 to the Georges Bank system and 6.8 
gN/m2 to the New York shelf (table 22.2), about 10% 
of the annual nitrogen demands. By using biomass esti
mates of zooplankton caught with 333-.u and 165-.u nets 
on Georges Bank in 1978 and 1979 and (based on this 
biomass) respective estimates of daily excretion of 0.38 
and 0.10 mgNH/m3 for the two size classes, Schlitz and 
Cohen (1981) suggested that a total annual input of recy
cled nitrogen of 13.8 gNH4/ m2 might come from cope
pods there. Their estimates, however, neglected seasonal 
temperature effects on plankton metabolism. 

Daily zooplankton excretion rates measured on the 
Nova Scotian shelf (0.35 mgNH4/ m3

; Fournier et a!., 
1977), are quite similar in August-September to those on 
the New York shelf (0.41 mgNH/ m3

; Harrison eta!., 
1983). Rates on the Scotian shelf have been found to 
vary considerably, however, reflecting seasonal changes in 
temperature and zooplankton biomass. Measurements in 
March, May, and November, for instance, yielded daily 
estimates of 0.03, 0.22, and 0.15 mgNH/ m\ respec
tively (Fournier et a!., 1977). Applying a conservative an
nual mean value of 0.20 mgNH/ m3 for daily return of 
nitrogen by zooplankton to the New York shelf or 
Georges Bank at the 60-m isobath, we obtain an inde
pendent annual estimate of 4.3 gN/ m2

• This is in reason
able agreement with the calculated nitrogen input from 
our more numerous, seasonal ingestion measurements, 
which also reflect ambient temperature changes. 

The slope waters that serve as a source for Georges 
Bank (figure 22.9) contain less nitrate than coastal up
welling water at the same latitude off Oregon (figure 
22.3). N evertheless, the relatively continuous tidal flux of 
recycled nutrients (figure 22.6) together with seasonal ni
.trate input from the slope water permit annual primary 
production at the 60-m isobath of about 400 gC/ m2 (ta
ble 22.1); this contrasts with the 200-300 gC/ m2 annual 
primary production on the Oregon and New York shelves 
(Walsh, 1981). Grazing by copepods on Georges Bank 
consumes only about 21% of the annual primary produc
tion there; excretion supplies only about 1 0% of the ni
trogen demand (table 22.2), allowing a possible annual 
detrital input of about 64 gN/ m2 to the benthos. Simi
larly, in the nitrogen budget for the New York shelf 
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(table 22.2), the meager utilization of the primary pro
duction there by the herbivorous zooplankton leads to an 
annual secondary production, available for consumption 
by the pelagic food web, of 4 gN/ m2

, as well as an an
nual fecal pellet flux of 8 gN/m2 to the demersal food 
web. The rest of the annual plant production of nitrogen 
( ~40 gN/ m2

) is presumably transferred to the shelf sedi
ments in particulate form, either to be consumed and re
mineralized or to be resuspended and exported to the 
continental slope. 

Regeneration by the Benthos 

Meiobenthic organisms in some areas of the Middle At
lantic Bight are far more numerous than macrobenthos. 
For instance, south of Martha's Vineyard, meiobenthos 
ranges from 0.1 X 106 to 1.0 X 106 animals/ m2 (Wigley 
and Mcintyre, 1964), while the macrobenthos numbers 
about 1.4 X 103 animals/ m2 (Wigley and Theroux, 1979; 
see also chapters 26-28). The meiobenthos appears to 
serve less as a trophic step to higher-level consumers than 
for remineralization of material on the bottom, a func
tion shared with the bacteria and protozoa (Fenchel, 
1969; Tenore, 1977). In our analysis, therefore, detritus 
from production in the water column is assumed to be 
buried, exported, or substantially remineralized by the 
meiobenthos and the microbenthos; studies that attempt 
to partition carbon flow through benthic communities 
show that the larger macrobenthos accounts for only a 
small fraction (Smith, 1973; Smith, Rowe, and N ichols, 
1973; see also chapter 29). 

Some plant detritus and fecal matter must be used as 
an energy source by the two smaller-size categories of 
benthos. Several studies have estimated their community 
metabolism off New York. Thomas eta!. (1979), for ex
ample, estimated nearshore bottom oxygen utilization 
from measurements within sediment cores incubated 
aboard ship at in situ temperatures. Daily oxygen con
sumption in shallow water off New York was 360 
mL02/ m2 (equivalent to 54 gC/ m2 annually with a respi
ratory quotient of 0.75), a rate similar to seasonal oxygen 
demand by the inshore bottom biota, measured in situ 
(Smith, Rowe, and Clifford, 1974). During 1977-1979, 
by means of core incubations, we measured oyxgen de
mand over a broad area of shelf within the Middle At
lantic Bight. Results from the midshelf off New York 
suggested that the average annual use of organic carbon 
by meiobenthos and microbenthos there might be about 
43 gC/ m2

; this contrasts with about 27 gC/ m2 on 
Georges Bank (Florek and Rowe, 1983). Since little re
fractory organic matter accumulates on the Middle Atlan
tic shelf, with a high C : N ratio as a result of selective 
release of dissolved nitrogen from the sediments (Walsh 
et a!., 1985), we assume a C : N ratio of 5 : 1 for benthic 
metabolic processes. This suggests that of the annual ni
trogen demand, about 8.6 gN/ m2 might be attributed to 
recycling by benthic organisms off New York and about 
5.4 gN/ m2 on Georges Bank. 
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Direct rates of ammonium and nitrate flux from sedi
ments of the Middle Atlantic Bight to the overlying water 
column were also estimated from about 17 5 cores col
lected during two cruises in August and September 1980 
to quantify the potential role that the seabed plays as a 
source of nutrients (Rowe et al., 1975). The other nu
trients (phosphate and silicate) were also measured but 
will not be discussed here. Potential ammonium flux at 
the seabed during September is presented for the shelf 
between Cape Hatteras and the Gulf of Maine in figure 
22.14. Rates shown are averaged from two to four cores; 
they range from a maximum daily release of about 166 
mgNH4/m2 in the nearshore sewage sludge dumping 
ground off New York to 0.5 mgNH4/m

2 at the shelf 
edge. 

Except for such special areas as estuaries, shelf valleys, 
and dump sites, daily ammonium release rates on the 
shelf were higher between Cape Cod and Delaware (3.4 
mgNH4/m

2
) than to the north or south. The daily rate 

on Georges Bank was 1.7 mgNH4/m
2

; off Virginia, 
· where nitrification may have been dominant, the daily 

ammonium flux was -1.0 mgNH4/m
2
·• Similarly, the 

shelf macrobenthic biomass declines in a north/ south 
gradient, from the Great South Channel off southern 
New England to Cape Hatteras within the Chesapeake 
Bight (Wigley and Theroux, 1979). In fact, there appears 
to be an order of magnitude less benthic biomass on 
most of Georges Bank, and on the shelf south of Cape 
May, compared with the bottom off Martha's Vineyard 
(Emery and Uchupi, 1971). Several factors influence the 
rate of ammonium release from the sediment, such as the 
amount and nature of oxidizable organic matter, temper
ature, ambient oxygen concentrations, the amount of ma
crobenthic and meiobenthic fauna, and the activity of 
bacteria present in the sediments. All affect the rate of 
nitrogen conversion and also the type, whether dissolved 
organic nitrogen (DON), ammonium, N 2, N 20, nitrite, or 
nitrate is the major product formed from decomposition 
of the particulate organic nitrogen. 

Our estimates of midshelf ammonification are an order 
of magnitude lower than NH4 releases observed in shal
low waters off the Danish and Belgian coasts (Billen, 
1978; Henriksen, Hansen, and Blackburn, 1981; Black
burn and Henriksen, 1983). Our daily measurements in 
Buzzards Bay (18 mgNH/m2

), New York Harbor (77 
mgNH4/m2

), and the Hudson Shelf Trough (94 mgNH4 / 

m2
), however, exhibit a range similar to that encountered 

in European waters, so that we believe our estimates of 
ammonium release from the 60-m isobath are reasonable. 
It is possible that our shelf values represent a relatively 
high point in the seasonal cycle of ammonium flux as 
well, since bottom temperatures are approaching the an
nual maximum by September (figure 22.2). We expect, 
for example, that ammonification in winter will be at an 
annual minimum. At this time, detrital fallout has just be
gun, fluxes of particulate nitrogen off the shelf may be at 
their highest, and bottom-water temperatures may be at 
their lowest. 

Assuming that the September 1980 ammonification 
rates (figure 22.14) are applicable throughout the year, 
we estimate annual benthic ammonification to be 1.2 
gNH4/m2 off New York and 0.6 gNH4/ m2 on Georges 
Bank (table 22.2). The regional difference in annual re
lease of ammonium by the benthos estimated from the 
oxygen measurements were 8.6 gNH4-N / m2 off New 
York, and 5.4 gNH4- N I m2 on Georges Bank. Thus far in 
our discussion, however, only inorganic forms of dis
solved nitrogen have been considered. In winter, daily re
lease of dissolved organic nitrogen from Buzzards Bay 
sediments (98 mgDON/ m2

) can be 10 times the inor
ganic-nitrogen flux (Christensen, Rowe, and Clifford, 
1983), while in the summer, in Narragansett Bay, daily 
release of organic nitrogen (34-136 mgDON/m2

) and in
organic forms may be of the same order (Nixon, Oviatt, 
and Hale, 1976). 

We have assumed that the remaining annual benthic ni
trogen release, estimated from 0 2 measurements, is in the 
form of DON: 4.8 gN/ m2 on Georges Bank and 6.4 gN/ 
m2 off New York. It is equally possible that oxidation of 
organic matter within the incubated cores partly reflects 
nitrification rather than decomposition of DON; we may 
thus be overestimating the importance of recycled-nitro
gen sources by adding a separate organic-nitrogen term in 
the budgets. Before the fall overturn, however, at the 60-
m isobath, it is only in the tidally mixed area of Georges 
Bank that significant quantities of DON could be carried 
from the benthos to the euphotic zone. In fact, it has 
been shown that in New York shelf and Georges Bank 
waters (Thomas et al., 1978, 1979), bacterial reminerali
zation of organic matter in the upper water column, 
above the seasonal thermocline, may be a major source 
of recycled nutrients. 

Regeneration by the Microplankton 

In March 1977, and again in July 1977, respiration was 
measured in the water column and seabed of Georges 
Bank (Thomas et al., 1978). On the assumption of a res
piratory quotient of 1, these measurements suggested that 
in March, 4 7% of the nitrogen required for primary pro
ductivity could be met by nitrogen remineralization in the 
water column, and in July, 70%. These quantities com
pare with benthic inorganic nitrogen inputs of 7% in 
March and 3% in July. Over the past 6 years, we have 
attempted to trace the course of this nitrogen reminerali
zation in the water column, to determine how much can 
be attributed to the larger microplankton ( < 100 J.L), such 
as protozoa, and how much to bacterioplankton ( < 2 J.L). 
We have used size-fractionation studies based on uptake 
of amino and nucleic acids labeled with 14C and 3H 
(Walsh et al., 1978; Ducklow, Kirchman, and Rowe, 
1982) or dilution of ammonium sulfate labeled with 15N 
(Harrison et al., 1983). 

Assuming that dissolved amino acids were the only 
substrate for ammonifying bacteria, we made an initial es
timate of the minimum daily regeneration rate, using 
May-September 1976 data from the New York shelf; 
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this amounted to 0.21 mgNH/m3 (Walsh eta!., 1978). 
Subsequent studies off New York of the ammonium re
leased daily through remineralization by microplankton of 
all dissolved and particulate organic substrates suggested a 
"potential" regeneration rate of 4.8 mgNH4/m3

, with 
74% of the flux attributed to bacteria in August 1980 
(Harrison eta!., 1983). At this time on the New York 
shelf, the zooplankton was estimated to contribute 30% 
of the recycled nitrogen in the water column, the benthos 
only 8%, the protozoa 16%, and the bacterioplankton 
46% (Harrison et a!., 1983). 

A previous carbon budget for summer conditions on 
the New York shelf (Falkowski, Hopkins, and Walsh, 
1980) had also indicated the important role of bacteria. 
Above the pycnocline, their consumption of dissolved or
ganic matter accounted for 50% of respiration demands, 
other plankton accounting for 25%. During March 1981, 
however, the bacterial productivity on the New York 
shelf was as little as 1% of the phytoplankton productiv
ity (Ducklow, Kirchman, and Rowe, 1982), similar to the 
secondary production of the zooplankton at this season 
(Walsh eta!., 1978), representing an annual minimum of 
metabolic activity within both the sapro~ore and herbi
vore components of the food web. 

On the basis of bacterial uptake of 14C- and 3H-labeled 
organic compounds, protozoan grazing estimates, DOC 
release rates of phytoplankton, and biomass estimates of 
the bacteria and protozoans, the seasonal maximum of 
daily ammonium production by these organisms on 
Georges Bank is estimated to be 10.2 mgNH4/ m3 in Au
gust-September, with the protozoans contributing 71% at 
this time ·(chapter 23). Higher daily rates, of course, have 
been observed in nearshore summer waters, such as 29 
mgN/m3 in August within Vineyard Sound (Glibert, 
1982). When bacteria on Georges Bank are not abundant 
enough prey for the protozoa, however, the daily mini
mum input of nitrogen from the microplankton might be 
0.1 mgNH4/m3 during other seasons (chapter 23). If we 
assume that the protozoan and bacterial remineralization 
fluxes parallel seasonal changes in their biomass (chapter 
23) as well as the metabolic fluxes of the phytoplankton 
and zooplankton, seasonally adjusted daily estimates of 
4.8, 0.1, 0.1, and 0.1 mgNH/m3 each quarter over the 
upper 30m off New York and 10.2, 0.1, 0.1, and 0.1 
mgNH4/ m3 each quarter on Georges Bank would yield 
annual recycled nitrogen inputs of, respectively, 14.0 and 
28.7 gNH4/m2 from these microbial components of the 
pelagic food web (table 22.2). 

An annual bacterial input of 74% off New York 
(~10.4 gNH/ m2

) and 29% on Georges Bank (8.3 
gNH4/m2

) implies consumption of a similar amount of 
dissolved organic nitrogen (DON), either intercepting 
some of the dissolved organic matter released from the 
sediments or the extracellular loss of phytoplankton 
DON during photosynthesis. On the basis of 838 mea
surements of primary production in the Middle Atlantic 
Bight, we estimate that about 16.5% of the total carbon 
photoassimilated by phytoplankton is excreted as dis
solved organic carbon, or 11.9 gDON/ m2 annually on 

the New York shelf and 15.8 gDON/m2 annually on 
Georges Bank, with a C : N ratio of 5 : 1 and the respec
tive differences in annual particulate primary production 
(table 22.1). The metabolic demands of the bacteria im
ply that most of the photosynthetic exudate of nitrogen is 
consumed heterotrophically on the New York shelf, leav
ing only 1.5 gN/ m2 annually for autotrophic utilization, 
compared with 7.5 gN/ m2 annually on tidally mixed 
Georges Bank (table 22.2). 

Approximately 55-61% of the annual nitrogen demand 
of the New York shelf and Georges Bank is thus supplied 
by regenerated nitrogen at the 60-m isobath from marine 
organisms, mainly during the spring and summer, with the 
rest (;:::~30 gN/ m2

), in the form of nitrate, required from 
offshore sources. The outer-shelf food web receives less 
of its nitrogen supply from the biologic cycling processes 
as the depth of the water column increases (Harrison, 
1980)-note the seaward decline in near-bottom ammo
nium fluxes in figure 22.14-and thus requires more 
from the cross-shelf boundary exchange. For example, 
Ramp, Schlitz, and Wright (1980) estimated that the 
amount of nitrogen that enters the Gulf of Maine 
through deep slope water in the Northeast Channel rep
resents about 40% of the total amount needed for pri
mary production on Georges Bank. They emphasize, 
however, that the flow field inside the Gulf of Maine is 
not yet fully understood and that the nutrients entering 
through the Northeast Channel cannot all be used to 
support primary production on just Georges Bank, 
thereby requiring additional inputs across the shelf-break 
front from Atlantic Slope Water. 

Slope/Shelf Exchange 

We have estimated that 110 gC/ m2 of the Georges Bank 
primary production is consumed annually by pelagic and 
demersal herbivores (table 22.1), compared with 145 gC/ 
m2 annually off New York, while the bacterial/protozoan 
food chain is supported by phytoplankton exudates, so 
that annually 270 gC/m2 are available as phytodetritus on 
Georges Bank and 156 gC/ m2 off New York. Modern 
carbon may be accumulating at a rate of 0.36 em per 
year within 2% (dry weight) carbon deposits at 17 4 m on 
the Georges Bank shelf (Hathaway et al., 1979), or 50.5 
gC/m2 annually with a specific gravity of 2.6 and a po
rosity of 0.73 for these sediments; little phytodetritus is 
thought to be accumulating on most of the New York 
shelf (Walsh et a!., 1985). On the assumption that the 
shelf carbon storage on Georges Bank is phytodetritus, as 
much as 219 gC/m2 from this ecosystem and 156 gC/ m2 

off New York may exit the shelf annually as particulate 
export (Walsh, 1983). With a C : N ratio of 5 : 1 for liv
ing phytoplankton, these fluxes reflect annual shelf nitro
gen losses of about 44 gN/ m2 from Georges Bank and 
about 31 gN/ m2 from the New York system (table 22.2). 

An annual export of 30-40 gN/m2 of phytoplankton 
particulate nitrogen, from either the N ew York shelf or 
Georges Bank to the adjacent continental slope, requires 
an influx of at least the same amount of dissolved nitro-
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gen from deeper slope waters to maintain an annual mass 
balance of shelf nitrogen from one year to the next (fig
ure 22.7). The dissolved nitrate pool of upper slope 
water is large (~130 gN/ m2

) , compared with winter con
centrations of about 6 gN/ m2 on the shelf (figure 22.7), 
and appears to be seasonally invariant at 500 m, the 
maximum depth of the . winter mixed layer (Leetma, 
1977). Nitrate might thus be supplied to the shelf from 
offshore intermediate depths, while particulate nitrogen is 
lost to slope sediments, with a time delay of years to dec
ades before replenishment of the slope-water nitrate 
stocks is required from remineralization of nitrogen dur
ing early diagenesis in slope sediments. The nitrogen bur
ied on Georges Bank, in contrast, is subject to wind 
mixing, tidal resuspension, and bioturbation (Fanning, 
Carder, and Betzer, 1982; Walsh et a!., 1985) and may 
be returned to the water column on a much shorter time 
scale. 

Such an input of nitrate from the slope waters is appar
ently either "advected" onshore at the event time scale 
(Walsh, 1976) in response to upwelling favorable winds, 
as in April 1940 and April 1976 (figure 22.5), or "dif
fused" onshore at longer time scales by turbulent motion, 
as in the shoreward penetration of nitrate beneath the 
seasonal pycnocline during April-September 1981 (figure 
22.15; see also chapter 14). Wind-induced variations of 
the cross-shelf nitrate distribution have been observed 
over relatively short time periods during winter-spring. 
Over a 2-month period, for example, the 1 ~tg-at/L iso
pleth of nitrate appeared to move shoreward across 50 
km of the New York shelf. It then evidently retreated 
seaward nearly 70 km (figure 22.5), raising questions 
about how much nitrogen actually remained on the shelf, 
as in the case of eddy-induced nitrate intrusions in the 
South Atlantic Bight (Bishop, Yoder, and Paffenhofer, 
1980). Surface winds and nearshore currents, observed at 
these times, showed close coupling with an upwelling cir
culation and midshelf changes in nitrate concentration, 
suggesting a nitrogen input per storm of 1.7 gN/ m2

, 

when weak stratification allowed mixing of this influx 
over the euphotic zone at the New York 60-m isobath 
(Walsh eta!., 1978). 

Cross-shelf sections of nitrate on Georges Bank suggest 
upwelled inputs of nutrients from both the Gulf of 
Maine and the Atlantic slope water as well (figure 22.9). 
The peak cyclone activity within the Middle Atlantic 
Bight is during January (5-6 storms), and a total of 20 
wind events, favorable to upwelling between November 
and May, could possibly supply the rest of the annual ni
trogen demand at the 60-m isobath from the slope 
boundary off New York and Georges Bank (table 22.2). 
In fact, between February and June alone, an average of 
15 cyclones were encountered each year during 
1950-1970 within the Middle Atlantic Bight (Reitan, 
1974). These same wind events, which might allow nu
trient imports from slope water, also favor phytoplankton 
exports from shelf water (Walsh, 1983). 



244 Biology 

Alternative attempts to estimate the longer-term ex-
change of nutrients, salinity, and other dissolved com-

. pounds across the shelf break have averaged over the 
above wind events by relying on the usual eddy flux para-
meterization of horizontal mixing. Recent (Stommel and 
Leetma, 1972) and earlier (Ketchum and Keen, 1955) sal-
inity budgets of the freshwater input to the Middle At-
!antic Bight, for example, derived a lateral eddy 
coefficient of KY ~ 3 X 106 cm2/sec on the shelf. This 
value is what Riley (1967) essentially used to estimate 
horizontal nutrient fluxes across the New York shelf. Ad-
ditional considerations of drogue dispersion within sur-
face waters (EG&G, 1979), temperature patterns (Loder 
et al., 1982), and vertical shear of tidal currents (chapter 
39), all on Georges Bank, suggest respective ranges inKY 
of 1.0-4.0 x 106

, 1.5-3.8 x 106
, and 3.0-5.5 x 106 

cm2 I sec as well. 
During unstratified water-column conditions in Novem

ber and April (figure 22.2), a maximum cross-isobath gra
dient per kilometer of 0.4 Jtg-atN03/L (0.4 X 10~5 Jtg
atN03/ cm4

) is found within the near-bottom 60 m of the 
outer shelf/slope waters of the Middle Atlantic Bight; 
during February-March a minimum horizontal, seasonal 
gradient per kilometer of 0.1 Jtg-atNO/L is observed. 
With a mean of the above horizontal eddy coefficient, KY 
of 3 X 106 cm2 I sec and an average seasonal gradient per . 
kilometer of 0.2 Jtg-atN03/L, we calculate an onshore 
flux of about 34 Jtg-atN03/cm per second over the 
60-120-m depth interval at the shelf break. On the as
sumption of a well-mixed water column from November 
through April (figure 22.2), that is, a vertical eddy coeffi
cient Kz ~ 5 cm2/sec, compared with 0.05-0.50 cm2/sec 
in summer off New York (Falkowski, Hopkins, and 
Walsh, 1980; Harrison et al., 1983), about 0.2 Jtg
atN03/L would be added daily to the upper 60 m of the 
shelf water column, within 25 km of the shelf break off 
New York or Georges Bank. At the 60-m isobath in both 
regions, the integrated daily resupply· flux from Atlantic 
slope water might be 0.17 gN03/m

2
, or 30.6 gN/m2 an

nually over 180 days of destratification from November 
to April (table 22.2). 

Since Georges Bank is vertically mixed year-round by 
the tidal currents, which produce the horizontal disper
sion as well, nitrate could also be introduced into the eu
photic zone during the other 180 days of the year, unlike 
the situation off New York (figure 22.15). With develop
ment of seasonal stratification of the slope water column 
and thermal fronts (Beardsley and Flagg, 197 6; Voorhis, 
Webb, and Millard, 1976; Horne, 1978; Herman and 
Denman, 1979; see also chapter 10) at the edge of 
Georges Bank along the 60-75-m isobaths, however, the 
apparent KY across the slope/shelf boundary is reduced to 
about 3 X 105 cm2/sec (chapter 39). Using the maximum 
cross-isobath gradient of 0.4 X lo-s Jtg-atNO/cm\ 
which reflects impoverished nutrient conditions on the 
shelf, and the seasonally reduced KY of 3 X 105 cm2/sec, 
we obtain an estimated flux of 7.2 Jtg-atNO/cm per sec
ond over the 60-120-m depth of the summer shelf-break 
front off Georges Bank. At such a reduced onshore flux, 
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about 0.04 Jtg-atN03/L might be introduced daily into 
the well-mixed water column at the 60~m isobath from 
May to October on Georges Bank, or an additional 6.1 
gN03/m

2 annually (table 22.2). 
Finally, in a third approach to estimating cross-shelf 

eddy fluxes of nitrate, Houghton, Smith, and Fournier 
(1978) used regressions of nitrate, oxygen, temperature, 
salinity, and a current-meter record of velocity, tempera
ture, and salinity from December 1975 to April1976 at 
the Nova Scotian shelf break, that is, during destratified 
water-column conditions and presumably including the 
period of high nitrogen demands of the spring bloom. 
Their mean horizontal eddy fluxes per second, excluding 
tidal and inertial scales of motion, were an onshore tur
bulent transfer of 38 Jtg-atN03/m

2 at 50 m, an offshore 
transfer of 10.7 Jtg-atN03/m

2 at 150 m, and zero trans
fer at 230 m. If their flux estimate is applied over the 
50-110-m depth interval of the Scotian shelf water col
umn, where evidently most of the onshore flux of N03 
occurred (Houghton, Smith, and Fournier, 1978), an on
shore eddy transfer of 23 Jtg-atN03/cm per second is ob
tained, similar to our previous average of 34 Jtg-atN03/ 
em per second over the same 60-m depth-and-time inter
val at the Middle Atlantic shelf/slope boundary. 

Station 
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Conclusions 

Analysis of data from 113 cruises in the Middle Atlantic 
Bight has allowed us to refine a previous budget of nitro
gen cycling, made 10 years ago for the southern part of 
this shelf ecosystem. We now find that 40-50% of the 
nitrogen . demand of the primary production off New 
York and Georges Bank must still be supplied by physical 
fluxes of N03 as slope input at the shelf boundaries. This 
is not significantly different from the 4 7% estimated on 
the basis of 30 earlier cruises taken in 1974-1976 (Walsh 
et al., 1978). Furthermore, an independent seasonal anal
ysis of the nutrient supply to Georges Bank (chapter 39) 
similarly suggests that recycling of nitrogen contributes to 
only 28% of the winter production and 60% of the sum
mer primary production. Another recent study of the ni
trate supply to Georges Bank (Loder et al., 1982) 
concludes as well that about 50% of the nitrogen de
mand during spring, summer, and fall is supplied from 
external sources. 

As a result of the similar fluxes of nitrate from the 
slope boundary and the similar phytoplankton growth 
rates during the spring, there also appears to be little dif
ference in the seasonal cycles of residual nitrate left be
hind in the water column on Georges Bank and the New 
York shelf. The higher annual production of Georges 
Bank is instead attributed partly to more efficient vertical 

Figure 22.15 
Cross-shelf exchange of nitrate 
(!'g-at/L) at the "diffusive" time 
scale on the New York shelf: (a) 
April; (b) June; (c) August; (d) Sep
tember. Dots show sample 
locations. 



resupply of recycled nitrogen to the euphotic zone by 
tidal mixing throughout the spring and summer. Our cal
culations (table 22.2) suggest that an additional 15.5 gN/ 
m2 of recycled nitrogen and 6.1 gN/m2 of nitrate from 
slope water (21.6 gN/m2

, or 108 gC/m2
) is supplied an- . 

nually to the euphotic zone of Georges Bank during the 
stratified season off New York, and this accounts for the 
difference in annual primary production between the two 
ecosystems (table 22.1). 

Consumption of the· algal particulate production by 
zooplankton and benthos as well as of the photosynthetic 
exudate by bacterioplankton and protozoans during sum
mer and fall provide the sources of remineralized nitro
gen to both ecosystems, 32.9-48.4 gN/m2 annually. 
These heterotrophic activities, however, do not remove 
more than 50% of the annual particulate primary produc
tion, especially that formed during the winter-spring 
bloom (Walsh, 1983). Instead, annual exports of 30-40 
gN/m2 evidently settle to the bottom of the continental 
slope as shelf phytoplankton detritus, in contrast with the 
annual removal of 0.13 gN/m2 as commercial fish and 
invertebrate harvest (Walsh, 1981). Such an export may 
be essentially balanced by an annual boundary resupply 
of at least 31-37 gN/m2 of dissolved nitrate from the 
slope upper water column. 

Since phytoplankton biomass is higher on continental 
shelves than in the open ocean, carbon/nitrogen export 
can be parameterized as a "diffusive" or "advective" pro
cess, similar to our nitrate-supply analyses. Diffusive 
flushing times of particulate nitrogen on Georges Bank 
might be 12 days in winter and 100 days in summer 
(chapter 39); both are models of improperly understood 
physical processes, however. Time series on nutrient ex
change at the shelf break and on the fate of the spring 
bloom of fixed nitrogen, including measurements of con
sumption, denitrification, and slope burial, are the most 
urgently required data sets for further revision of these 
budget estimates. If the biologic-flux measurements in
volving recycled nitrogen are incorrect, so that more of 
the annual demand is met by remineralization, inorganic 
inputs and organic losses of nitrogen to and from the 
shelf might be less. Furthermore, we have tried to ignore 
riverine inputs of nitrogen, whose real fate is also un
known (Walsh et al., 1981; Walsh, 1984). A concerted 
multidisciplinary research effort over the next decade is 
required to address these still unanswered questions con
cerning the nutrient sources for coastal productivity and 
their fate, posed over 40 years ago (Iselin, 1939; Riley, 
1941). 
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Micro biology 
John E. Hobbie, Thomas J. Novitsky, 
Parke A. Rublee, Randolph L. Ferguson, and 
Anthony V. Palumbo 

Early interest in marine microbiology was directed toward 
the isolation and characterization of species. Now the 
emphasis is on determining total amounts of microbial 
biomass, its rate of production, and the rates of related 
processes, such as the production of ammonia and the 
grazing rates of protozoans and other animals. Along 
with the change of emphasis has come the realization 
that isolation techniques, such as the plate count, give 
population numbers that are a negligible fraction of the 
true population of bacteria ( < 0.1 %). The early work, 
therefore, is of little help in answering ecologic questions. 

There have been practically no systematic studies of 
the microbiology of Georges Bank except for a study by 
Reuszer (1933) of the plate-count numbers in sediment. 
Some nearby measurements on the continental shelf are 
summarized by Jones (1978). Measurements with modern 
techniques have been few; Sieburth, Smetacek, and Lenz 
(1978) include data from a few Georges Bank stations. 

Much of the data used here comes from four cruises 
carried out in 1977 by Energy Resources Company, Inc., 
as part of the New England Outer Continental Shelf En
vironmental Benchmark of the Bureau of Land Manage
ment (BLM). The study encompassed surface-sediment 
geology and chemistry, water chemistry, physical ocean
ography, benthic biology, and plankton biology. One of 
us (TJN) was principal investigator for microbiology. 
Other Georges Bank data were gathered by the last three 
authors on a transect of Atlantis II (cruise AN0-099) in 
April 1978 that was sponsored by the National Oceanic 
and Atmospheric Administration and the Department of 

[':, 1977 water-column and macroben
thos stations 

0 1978 water-column stations 

66° 

40° 

Energy. Unpublished data from these last two sources are 
used in the rest of this chapter. 

While we have tried to use state-of-the-art methods 
and interpretations, we warn the reader that the art is 
none too good in the field of microbial ecology. Every 
method includes untested assumptions, and every calcula
tion includes constants that may not be completely suita
ble for Georges Bank. The field is still method limited; 
the best methods do not work well in oligotrophic and 
offshore waters of the oceans. In spite of these difficul
ties, the data presented here do let us compare microbial 
numbers and activity on Georges Bank with other marine 
systems. 

Locations of Samples 

Month-long cruises were made in February, May, Au
gust-September, and November 1977 in the BLM study. 
Forty-two stations (1-42, figure 23.1), 30 of which were 
on Georges Bank, were occupied on each cruise; at 12 
stations, 5 of which were on Georges Bank, samples were 
taken for both water-column and sediment microbiology, . 
while sediment samples only were collected at the re
ttlainder. In the plankton, samples were taken routinely 
of the surface film, at a depth of 1 m, and at 1 m above 
the bottom. The surface-film data have been reported in 
part by Passman, Novitsky, and Watson (1979). Thirteen 
stations were occupied during the 1978 transect by Atlan
tis II (N33-N47, figure 23.1). 

Microbial Species 

The heterotrophic bacteria are the microbes discussed 
here. Fungi have not been reported from Georges Bank, 
but C. Lee (Woods Hole Oceanographic Institution) has 
determined that ergosterol is below the detection limits 
of 1 ng/L. This compound is unique to fungi, so an up
per limit on fungal C (carbon) of 0.25 ,ugC/L is estab
lished; since, as will be argued, bacterial Cis 1-22 ,ugC/L 
in the surface waters, fungi are likely to be unimportant 
in these waters. 

The heterotrophic species composition was determined 
with isolates grown on marine agar. A total of 306 colo
nies were identified from the first three cruises. Of the 
bacterial colonies that grew on the agar, 30-50% were 
Pseudomonas species. The next most abundant genus was 
Aeromonas. Other genera were less abundant-Flavobac
terium, Micrococcus, Planococcus, Bacillus, Enterobacter, 
Vibrio, Photobacterium, Alcaligenes, and Lucibacterium. 
These are all well-known heterotrophic bacteria and 
probably, like Pseudomonas, are capable of breaking 
down a large number of organic compounds. 

These findings agree in general with the literature sur
vey of Jones (1978), who found the most abundant gen
era over the continental shelf off eastern United States to 
be Pseudomonas, Vibrio, Flavobacterium, Arthrobacter, 
Caulobacter, Hyphomicrobium, Cytophaga, Acinetobacter, 
and Photobacterium. As noted, these colony formers ac-

count for less than 1% of the bacterial biomass; we 
know nothing about the identity of the remaining 99%, 
although they could be the same as those identified. 

Numbers and Biomass of Heterotrophic Bacteria in 
the Plankton 

The numbers and biomass of heterotrophic bacteria in 
the plankton were measured by direct counts of cells 
stained with acridine orange (Hobbie, Daley, and Jasper, 
1977); biomass was measured also by the Limulus ame
bocyte lysate assay (LPS) for lipopolysaccharide (Watson 
et al., 1977). The direct-count method gives the total 
number of cells per milliliter and can be converted to cell 
volume from the size of the cells and to cell carbon by 
the conversion factors of Ferguson and Rublee (1976). 
The direct-count technique does not give any information 
on kinds of bacteria and is an overestimate of active cells 
as some are dormant or even recently dead. The LPS 
technique measures the amount of LPS in the cell wall of 
gram-negative bacteria, which have been shown to com
prise most of the bacteria in the ocean. Although LPS is 
also found in cyanobacteria, direct counts of cyanobac
teria gave such low numbers that all of the LPS measured 
is thought to be bacterial. 

Direct cell counts of bacteria for the five cruises re
ported here ranged from 0.2 to 1.5 x 106 cells/mL; LPS 
biomass ranged from 1.3 to 22 ,ugC/L. The cell counts 
are intermediate between the low numbers of the Sar
gasso Sea and the high numbers of estuaries (table 23.1) 
and agree with data from Sieburth (1984), who found 
0.9 X 106 cells/mL in the shelf and nearshore parts of a 
transect between Narragansett Bay and Bermuda. Sie
burth calculated cell C from estimated cell volumes and 
found 9 ,ugC/L on the shelf and nearshore. If we assume 
a similar value for carbon per cell (for a cell diameter of 
slightly more than 0.4 ,urn), then the direct-countbiomass 
on Georges Bank ranges from 1.2 to 9 ,ugC/L, slightly 
less than the LPS values. 

Bacterial numbers were highest in spring and summer, 
lowest in fall and winter (table 23.2 and figure 23.2). 
The transect of April 1978 gave the only consistent geo
graphic pattern-numbers were highest in shallowest 
water and decreased as water deepened. There was signif
icant variability from station to station in the BLM data, 
especially during spring and summer, and some variation 
with depth; the near-bottom samples from deeper stations 
on the bank had lower counts than near-surface samples 
(table 23.2), while station N33 had 0.6 X 106 cells/mL 
at the surface and 0.01 X 106 cells/mL at 1,000 m (fig
ure 23.2). 

The LPS biomass (table 23.3) generally agreed with the 
biomass determined by direct count, with high amounts 
in the spring and summer and low amounts in fall. How
ever, the February samples show higher LPS values for 
the shallow stations than were expected judging from the 
numbers of bacteria (table 23.2). It is likely that sediment 
bacteria, with higher LPS per cell, were suspended in the 
water at this time. 
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Table 23.1 
Numbers of planktonic bacteria by direct count 

Location 

Georges Bank 
February 
April 
May 
August 
November 

Baltic, Kiel Bight 
Neuse River (NC) Estuary 
Coastal NC 
Narragansett Bay 
Shelf 
Gulf Stream cold-core ring 
Gulf Stream 
Sargasso Sea 
S. California Bight 

Coastal S. California 
Coastal Georgia 
New York Bight 
Caribbean Sea 

33 34 

0 

I 
.<::: a. 
Q) 

0 

Figure 23.2 

35 36 

Numbers of bacteria in millions per 
milliliter in the water column of 
Georges Bank, April 1978. Dots are 
observation points. 

Mean 
(cells X 106/ mL) 

0.4 
1.2 
1.0 
1.0 
0.6 
:1,.5 
7.8 
0.7 
2.3 
1.0 
0.3 
1.8 
0.6 
0.5 

Range 
(cells X 106/ mL) 

1.0-1.5 
3.0-10.0 
1.0-2.0 
0.2-1.4 

Station 
39 40 41 42 

Georges Bank 

43 

Reference 

This chapter 
This chapter 
This chapter 
This chapter 
This chapter 
Zimmermann (1977) 
Palumbo (1980) 
Ferguson and Rublee (1976) 
Sieburth (1984) 
Sieburth (1984) 
Sieburth (1984) 
Sieburth (1984) 
Sieburth (1984) 
Furhman, Ammerman, and 
Azam (1980) 

Reference 

Furhman and Azam (1980) 
Newell and Fallon (1982) 
Ducklow and Kirchman (1983) 
Burney et al. (1982) 

44 45 46 47 

Numbers and Biomass of Heterotrophic Bacteria in 
Sediment 

The sediments sampled1 mostly varied from very poorly 
to very well-sorted fine-to-medium sands. Sediments at a 
few stations were poorly sorted coarse sand and gravel 
(stations 36 and 40) or fine sand, silt, and clay (stations 
6, 4~ , and 42). Ba.cterial numbers in the surface sediment 
(figure 23.3) varied a great deal at any one station, but 
were consistently high at the stations with fine sediments 
(stations 6, 41, and 42). These stations also had the high
est concentrations of total organic carbon (TOC). For ex
ample, in the fall station 42 had 15.3 mgTOC per gram 
of dry sediment, whereas the average value for all sta
tions was 3.2 mgTOC. 

Average TOC values per gram dry weight were highest 
in summer (3.5 mg) and lowest in winter (2.4 mg), but 
bacterial numbers and biomass followed a different sea
sonal pattern. Mean numbers of cells per gram dry 
weight were highest in winter (11. 7 X 1 08), lowest in 
spring (3.0 X 108

) , and intermediate in summer and fall 
(4.6 and 9 .0 X 108

). The mean LPS biomass per gram 
dry weight also peaked in winter and decreased regularly 
with the seasons-with means of 8.9, 5.7, 3.6, and 1.6 

Table 23.2 
Numbers of planktonic bacteria (cells X 105/ mL) by direct 
count, Georges Bank, 1977a 

Depth 
Station (m) February May August November 

1 1 6.6 9.8 13 5.8 
30 5.6 

4 1 4.0 7.5 19 5.3 
60 5.0 21 10 6.7 

7 1 6.2 5.0 
80 5.3 5.1 

13 1 4.3 14 2.6 7.4 
70 4.2 5.8 

18 1 8.3 6.4 7.2 8.1 
50 6.0 6.7 

26 1 4.8 27 5.9 6.2 
120 1.7 3.5 

32 1 4.0 10 14 7.0 
65 4.9 

35 1 2.7 11 5.3 
230 2.4 2.6 2.6 

36 1 2.4 10 9.4 6.5 
140 2.1 7.1 5.1 5.0 

37 1 7.1 10 6.9 8.2 
20 4.4 11 5.2 

39 1 1.9 6.6 15 6.4 
80 2.6 7.3 4.9 

42 1 6.8 8.6 7.1 
180 3.8 

Mean 4.3 10.5 9.8 5.8 

a. Samples were preserved in glutaraldehyde. 

,ugC for winter, spring, summer, and fall, respectively. 
Bacterial numbers for Georges Bank sediments are sim

ilar to those from elsewhere for the same type of sedi
ment (table 23.4). Higher numbers have been found in 
organic muds in other places (up to 500 X 109 cells), but 
the low numbers for Georges Bank are perhaps the low
est values ever reported. These occurred at stations with 
sand waves on the bottom-places where strong tidal 
currents are continually winnowing fine material from the 
sediment. Such a spot is station 32, where the bottom 
was gravel and medium sand and the lowest bacterial 
count per gram dry weight in sediment was made 
(0.011 x 109 cells). 

Interactions of Bacteria and Algae 

All the energy for heterotrophic bacteria ultimately comes 
from photosynthesis by planktonic algae. A part of the 
energy is released as dissolved organic carbon during pho-
tosynthesis; the rest is released during the decomposition 
of the algal cells. Peaks in bacterial numbers following al-
gal blooms by several weeks or months are well known 
in marine systems, for example, in the Baltic Sea (Larsson 
and Hagstrom, 1982). 

Table 23.3 
Biomass of planktonic bacteria (,ugC/ L) determined by LPS, 
Georges Bank, 1977a 

Depth 
Station (m) February May .August November 

1 1 6 8 10 4 
30 0.3 

4 1 10 11 18 4 
60 9 14 9 2 

7 1 5 3 
80 5 0.4 

13 1 8 14 3 3 
70 10 2 

18 1 14 15 13 3 
50 23 1 

26 1 10 17 6 5 
120 4 0.6 

32 1 12 11 16 3 
65 5 

35 1 4 11 5 
230 4 3 0.8 

36 1 4 13 21 
140 3 7 6 

37 1 12 9 13 3 
20 11 11 4 

39 1 5 10 19 3 
80 4 6 2 

42 1 4 12 18 4 
180 1 

a. Samples were preserved in sodium azide and LPS (lipopolysaccharide) 
converted to carbon by multiplying nanograms per liter by 6. 



There is indirect evidence that an algal bloom occurred 
on Georges Bank between the February and May cruises 
in 1977. For particulate organic carbon (POC), there was 
an average of 50 Mg/L in February, but this had increased 
to 85 Mg/L by May and remained at that level in August 
and November. Bacterial numbers changed in much the 
same way. The mean cell count was 0.43 X 106 cells/mL 
in February and 1.05, 1.0, and 0.6 in May, August, and 
November, respectively. Mean chlorophyll (Chl) concen
tration at the five Georges Bank stations for May, Au
gust, and November were 1.6, 0.62, and 2.7 MgChl!L, 
respectively. These indicate that algae were abundant but 
not at bloom level. 

The April cruise of Atlantis II did find an algal bloom; 
chlorophyll had a mean of 5.3 MgChl/L and peaked at 17 
MgChl/L. Chlorophyll and algal biomass were highest in 
shallow water (figure 23.4). For the most part the bacte
rial numbers paralleled the chlorophyll values, hinting at 
the close link between·primary production and bacterial 
growth. · 

The presumed relation can be carried a step further 
based on data for primary production (chapter 21). A to
tal annual primary production of 265-455 gC/m2 is esti
mated, of which 56-64 gC/m2 was released as dissolved 
organic carbon (DOC) and the remainder as particulate 
carbon. It is known that bacteria use this DOC and, in 
fact, use it so rapidly that the DOC production measure
ments are underestimates. If we assume that all of this 
DOC production occurs in a 30-m water column and 
takes place in 100 days, then from an annual measure of 
60 gC/m2 we get 2 gC/m3 annually, or 20 MgC/L daily. 
Some of this, probably 10% or less, is not used by bacte
ria. If we make the assumption that all of the DOC pro
duced is taken up and that conversion efficiency is 50%, 
then daily bacterial production on Georges Bank is 
around 10 MgC/ L. This value is undoubtedly a minimum 
because microbes also break down the particulate matter 
after algae die. The amount of this particulate matter that 

· is available to microbes on Georges Bank is unknown be
cause some is removed by zooplankton grazing or is 
moved off the bank by currents. 

Interaction of Bacteria and Protozoa 

Small flagellated protozoans. are relatively abundant in the 
ocean and are important predators on bacteria (Fenchel, 
1982). These flagellates, which apparently make up most 
of the nanoplankton (table 23.5), were counted in sam
ples from the August-September and November cruises.2 

Their numbers ranged from 0.18 to 3.1 X 103 cells/ mL. 
Most of the near-surface counts were from 1 to 2 X 103 

cells/mL. This agrees well with Sieburth (1984), who 
found that the number of nanoplankton cells per millili
ter was 6.1 X 103 on the continental shelf off Rhode Is
land, 3.0 X 103 in a cold-core Gulf Stream ring, 
1.8 X 103 in the Gulf Stream, and 1.4 x 103 in the Sar
gasso Sea. Sieburth found that the nanoplankton was 
made up of equal portions of algae and heterotrophic 
flagellates; the proportion reported as autotrophic cells in 

(c) 

Figure 23.3 
Numbers of bacteria per gram of 
dry sediment on Georges Bank in 
1977: (a) February, (b) March, (c) 
August, and (d) November. 
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Table 23.4 
Numbers of bacteria in marine sediments determined by direct 
count 

Locality Number Reference 

Nova Scotia tide flats 
Mud 10 X 109 L. Cammen (in 

Rublee, 1982) 
Sand 0.1 X 109 Dale (1974) 

Georges Bank 0.01-14.4 X 109 This chapter 

Panama Basin 
Mud, 3,790 m 100 X 109 J. Cole, personal 

communication 

a. Numbers in this column are in cells per gram of dry sediment. 
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Figure 23.4 
Numbers of bacteria (solid line) 
and chlorophyll concentrations 
(dashed line) at depths of 0.1-5 m 
in 1978. 
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table 23.5 is very likely an underestimate because the 
weakly red-fluorescing cells could not be seen very well 
at low magnification and because some cells may have 
lost their chlorophyll. (This possible error does not affect 
the total nanoplankton counts.) 

If we use Sieburth's value of 24 ,um3 for the volume of 
each heterotrophic nanoplankter, a liter of water having 
2 X 103 cells/ mL has a carbon content from this source 
of 8.3 ,ugC.3 The bacterial food of these flagellates had a 
mean concentration of 1.0 X 106 bacterial cells per mil
liliter, or 3.3 ,ugC/ L, in August and 0.58 X 106 bacterial 
cells per milliliter, or 1.9 ,ugC/L, in November. While a 
close comparison is not possible, it is evident that the 
flagellates and bacteria had about the same biomass. Sie
burth (1984) found that flagellates and bacteria had ap
proximately the same biomass in offshore waters, but his 
samples contained higher numbers of bacteria. 

The rate of flagellate grazing on bacteria can be 
roughly calculated from these numbers of flagellates and 
the clearing rates per cell measured by Fenchel (1982). 
On Georges Bank all of the bacteria could be grazed 
every 3.8 days in summer and every 7.3 days in fall (1.3 
,ugC/ L daily). Another way to calculate grazing rate origi
nates from Fenchel's (1982) and Sieburth's (1984) obser
vations that flagellates in laboratory culture consume 
about one bacterial cell per minute. This rate occurs 
under optimal conditions and with large bacteria, but if 
we cautiously apply it, the calculated result is a complete 
removal of bacteria every 8 hours on Georges Bank in 
August, or 20 ,ugC/ L daily. The range of estimates of 
daily bacterial production calculated from the flagellate 
data, 1-20 ,ugC/ L, compares well with the daily rate (10 
,ugC/ L) calculated from the algal productivity data on 
Georges Bank (chapter 21) and with the general level of 
values assembled by Ducklow (1983). 

Microbial Activity 

The relative activity of the heterotrophic microbes was 
measured on the August BLM cruise as the respiration of 
14C-labeled glutamate and acetate.4 This technique gives 
the turnover time, that is, the days required to completely 
take up all of the organic compound. (Turnover time is 
altered by changing the uptake rate or the concentration 
of the organic compound.) 

The range of turnover times was 2.5-453 days for the 
· acetate and 5.0-174 days for the glutamate (table 23.6). 
This is a very large range; individual values did not corre
late with bacterial number or biomass, but there was a 
systematic falloff of activity from northeast to southwest. 
Since there is ample evidence that concentrations of glu
tamate and acetate vary only by a factor of two or so 
from place to place in the ocean, it must have been the 
uptake per bacterial cell that changed from station to 

station. 
The only other activity measurements are from the 

April 1978 cruise (table 23.6), when 3H-amino acids were 
added to samples.5 The turnover times are quite uniform 
compared with the 1977 data: 14-37 days. The 1978 

cruise took place during the peak of algal abundance, a 
time of potentially high bacterial activity. Yet the bacte
rial activity was relatively low because of the low water 
temperatures in April. These turnover times (table 23.6) 
are very slow compared with 0.08-0.6 days for glutamate 
in a North Carolina estuary during the summer (Craw
ford, Hobbie, and Webb, 1974). They are closer to the 
2-15 days for acetate and 0.5-1.0 days for an amino
acid mixture in the western Baltic (Gocke, 1977). In the 
English Channel, Andrews and Williams (1971) found a 
range of 9-100 days for amino acids. Nevertheless, the 
activity data confirm that at least some of the microbes 
that were microscopically counted and assayed by LPS . 
were actively metabolizing organic compounds and sug
gest that the rates of growth calculated from flagellate 
grazing rates are reasonable. Exact microbial production 
rates cannot be calculated at this time. 

Because the production rate for bacteria is largely un
known, the role of bacteria in cycling nutrients can only 
be approximated. From the grazing rate estimated earlier, 
a daily production rate for bacterial C of 1-20 ,ugC/ L 
was calculated. This equals a daily production rate for ni
trogen of 0.1-3 ,ugN/ L (if C: N is 7). Protozoa release 
ammonia (NH4), and flagellates (in the laboratory) re
leased hourly 0.6-1.2 ,uM of NH4-N per milligram dry 
weight of flagellates (B. Sherr, personal communication). 
If we assume that carbon makes up 50% of protozoan 
dry weight and that each liter of water has 8.3 ,ugC of 
protozoan carbon, then 0.1-0.3 ,ugN/ L is produced 
hourly, or 2.4-7.2 ,ugN/ L daily. Independent measure
ments of ammonia regeneration have been made in Vine
yard Sound (Glibert, 1982), where a daily rate of 29 
,ugN/L was found in August. Thus bacteria and flagel
lates may account for a significant amount of ammonia 
regeneration. 

Summary 

The microbes of Georges Bank and surrounding waters 
appear to be dominated by heterotrophs such as Pseudo
monas. Total numbers in the plankton (0.2-1.5 X 106

/ 

mL) are typical of productive coastal waters, and the to
tal bacterial biomass is 1.3-22 ,ugC/ L. The highest num
bers and biomass occurred in spring and summer, and 
quantities were highest in the surface waters. 

The number of bacteria in the sediment ranged from a 
mean of 11.7 X 108 cells per gram dry weight in winter 
to a low of 3.0 X 108 in spring. Abundance within sta
tions at any date was positively correlated with the or
ganic carbon in the sediments. 

Small heterotrophic flagellates are likely an important 
grazer of bacteria. During late summer and early fall they 
ranged from 0.18 to 3.1 cells/ mL ( ~8 ,ugC/ L). These 
grazers remove bacteria at daily rates of 1-20 ,ugC/ L. Be
cause the bacteria numbers change very slowly, the popu
lation numbers appear to be in steady state, and the daily 
rate of 1- 20 ,ugC/ L can be taken as one estimate of bac
terial production. 



Table 23.5 
Numbers (cells X 103/mL) of nannoplankters (2-20 ,urn), 
Georges Bank, 1977• 

Depth November 

Station (m) August-September H A 

1 1 0.9 2.5 0.09 
30 0.6 

4 1 2.79 1.7 
72 1.6 0.4 

7 1 1.5 0.02 
80 0.5 

13 1 1.1 2.1 
70 1.3 0.02 

18 1 0.8 3.1 
62 0.9 

26 1 0.4 1.7 0.01 
120 0.7 

32 1 0.9 1.9 
62 0.6 1.4 

35 1 1.6 0.8 
230 0.2 

36 1 1.5 1.8 0.8 
105 0.4 1.2 0.002 

37 1 0.9 1.0 
30 1.3 

39 1 1.0 1.7 0.4 
1.0 

42 1 0.9 2.2 0.04 
0.2 

a. The organisms in the November samples were divided into hetero-
trophic (H, colorless) and autotrophic (A, chlorophyll-containing) forms. 

Table 23.6 
Microbial activity (turnover, days), Georges Bank 

Acetate" Glutamateb 

Station 5°C 20°C 5°C 20°C Amino acidsb 

1 26 7.1 
13 233 41 21 
18 55 64 62 39 
26 453 310 174 
37 187 36 65 23 
39 47 75 25 11 
42 2.5 2.5 7.9 5.0 

N33 16 
N41 17 
N43 37 
N45 14 
N47 17 

a. Samples collected at a depth of 1 m in August 1977; see note 4. 
b. Samples collected at the surface in April 1978 and incubated at 
3-4°C; see note 5. 

At least some of the bacteria measured as total num
bers are active. Acetate and glutamate added to samples 
in low concentrations were respired rapidly enough to 
give turnover rates of 2.5-453 days during a summer 
measurement. The range within stations was remarkably 
large, leading to the conclusion that although the num
bers of bacteria present are similar near and on Georges 
Bank, they vary drastically in activity. 

The production of bacteria and grazing of flagellates 
could lead to a daily nitrogen recycling rate of 0.1-7 
,ugN/L, but the estimate is based on several assumptions 
and is not a direct measurement. 

Reviewed by Hugh Ducklow, Galen E. Jones, Craig D. 
Taylor, and RichardT. Wright 

Notes 

· 1. Sediment was collected with a 0.5-
m' Smith-Mcintyre grab. A small core 
was taken of the undisturbed sediment, 
and the top 1 cm3 was preserved with 
glutaraldehyde. For the LPS measure
ments, 10 cm3 of a 3% NaCI solution 

(LPS-free) was also added. The deter
minations were made at the shore lab
oratory within 2 weeks of sampling, 
using the techniques of Watson et al. 
(1977). Bacteria were removed from 
the sediment (mostly sand) by a 1-min
ute treatment with a vortex mixer. This 
technique gives incomplete removal 
and an underestimate of bacteria. 

2. The counting t~chnique for flagel
lates is similar to the one for bacteria 
previously described. Fifty milliliters of 
the glutaraldehyde-preserved (0.1 %) 
sample were stained with acridine or
ange and filtered through a 0.2-~tm 
pore Nuclepore filter previously stained 
with Irgalan black. One hundred cells 
or 50 fields were counted at X 160. 
This procedure gave a count of total 
nanoplankton (2-20 ~tm; Sieburth, 
Smetacek, and Lenz, 1978). The auto
fluorescent algae in the nanoplankton 
were counted in a separate preparation, 
similarly preserved, but unstained. All 
counts were made within a week of 
sample collection. 

3. This assumes a specific gravity of 
1.07 g/ cm3 and that each ~tg of wet 
weight contains 0.162 ~tgC (Fenchel, 
1982). 

4. Uniformly "C-labeled glutamate and 
acetate (0.65 and 1.11 ~tgC/L, respec
tively) were added to several subsam
ples and the samples incubated in the 
dark for 4 hours at 5 and 20°C. The 
"C02 ("C-labeled carbon dioxide) was 
collected, and the turnover of each 
compound due to mineralization calcu
lated. Only the mineralized material 
was measured, so the turn_over ac
counts for only about 50% of the total 
removal of substrate. 

5. Very low levels of a mixture of 3H
amino acids were added (about 40 
nmole/L final concentration) and the 
samples incubated for 30 minutes. 
Only the incorporated amino acid was 
measured, so the turnover accounts for 

only a fraction of the total removal 
(50%). 
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