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The fauna along the stretch of continental shelf from Cape Cod and Georges Bank to 
Cape Hatteras can be considered transitional between cold temperate and warm tern-

. perate, though zoogeographers differ in their definitions. Some regard the region as a 

distinct faunal province, others as a zone of overlap between northern and southern 
provinces, and still others as a southward extension of a northern, cold-temperate 

province (chapter 26). Within the region there is a great difference over the year be
tween the coldest and warmest water temperatures, a difference beyond the toler
ance of many animal species found north of Cape Cod or south of Cape Hatteras. 
Many of these animals migrate seasonally to cope with the temperature changes. 

Few fish species are confined entirely to this part of the shelf. About half of the 
"trawlable" fishes can be. considered cold-temperate forms that range well north of 

Cape Cod. Many of them range no farther south than Cape Cod and the northern 
flank of Georges Bank, where strong summer temperature gradients bar their pas
sage into the Middle Atlantic Bight. The same gradients also block northward pas- · 

sage of warm-water species. South of these marked temperature gradients the 
proportion of cold-temperate fish species diminishes rapidly. On Georges Bank, de
pending on the season, two-thirds to three-quarters of the fishes are cold-temperate 
species (chapter 30). Between Delaware and Cape Hatteras only about a quarter of 
the fishes belong in the northern group, while south of Hatteras the fauna is totally 
warm temperate. Cold-temperate and warm-temperate species have opposite sea

sonal migration patterns. Codfish, for instance, push southward in the fall and winter 

to the offings of New York and New Jersey, but in the spring and summer they with
draw to the north. As they retreat, bluefish, menhaden, striped bass, and other 
warm-temperate species advance in their wake, remaining in New England or Cana
dian waters until fall. 

The different migratory patterns of Georges Bank fishes can be used to classify 

them. One group remains on top of the bank year-round, and another consists of 
seasonal visitors. Within this second group are two subgroups: one that moves onto 
·the shoals in the warm season and another that moves off into cooler water at that 
time. A third group contains species common in the Middle Atlantic region that mi
grate north as far as Georges by late summer and early fall (species diversity on 
Georges is greatest then). In a fourth group are cold-water species 'from the Gulf of 

Maine and the deeps surrounding Georges Bank; these are never abundant on top of 
the bank, and when they occur at all, it is in the cold season. Finally, there are large 
pelagic predators-tunas, swordfish, and sharks-that visit Georges seasonally in 
the course of their long migrations. These are mainly subtropical or warm-temperate 
species that tend to concentrate along temperature fronts to the south and east of 
the bank or in Gulf Stream rings and meanders. Their distribution is quite variable. 

Cold-temperate species predominate among the adult fishes found on Georges 
Bank, but many southern species occur there as larvae, especially in the fall. Of 
some 200 species of larval fishes, roughly three-quarters are southern and not 
spawned locally. However, these southern larvae occur in small numbers compared 

with the larvae of resident cold-temperate fishes, such as cod, haddock, sand lance, 
and various flounders. 

The seasonal alternation between warm-water and cold-water forms noted 
among fishes is found in other animal groups on Georges Bank. For example, two of 
the six most abundant copepods are cold-water species, abundant in the winter and 
spring, while three are warm-water species, abundant in the summer and fall. Only 

one common copepod is resident year-round. In all, about 100 invertebrate zooplank-

ton species have been reported from Georges, and of these, nearly three-quarters 
can be considered expatriates from oceanic, slope, Gulf of Maine, and coastal 
sources. As with the fishes, however, a small number of residents account for most 
of the numerical abundance and biomass. Zooplankton populations begin their sea
sonal increase on Georges either by "seeding" from adjacent waters or by local ex

pansion of overwintering stocks. Wholly planktonic forms (holoplankton) have less 
well-defined distributions ori the bank than meroplankton, which. are closely associ
ated with the seafloor at some life stage. Many forms have not been investigated as 
closely as their ecologic importance might warrant. For instance, little is known about 
the chaetognaths, jellyfish, and ctenophores, which may compete for food with young 

fish and feed on them as well. 
General studies of the benthos-the bottom invertebrate fauna-on the shelf 

from Nova Scotia to Florida date back many years. Sampling in the Georges Bank 
region intensified recently in connection with proposed oil and gas development. 
These "baseline" investigations concentrated on the southern flank of Georges. Var
ious sampling series have differed in methods and gear, and this has affected esti

mates of numerical abundance, species diversity, and biomass. Theroux and 
Grosslein (chapter 26) report 259 species of benthic "macrofauna"1 for the entire 
bank, but from a more limited area, both Michael (chapter 27) and Maciolek and 
Grassle (chapter 28), who used finer-meshed sieves for sample-processing, report 

about 700 species. 

Theroux and Grosslein (chapter 26) found echinoids and bivalve mollusks to 
make up about four-fifths of the benthic biomass on Georges, but only about 8% of 
the animals numerically. Annelids and amphipods were by far the most numerous 
forms. Biomass generally diminished with depth, falling off sharply below 200m. It 
was relatively high on the northeastern, southeastern, central southern, and western 

parts of Georges and low in patches on the Northeast Peak, Georges Shoals, the 
central part, the southern flank, and the eastern side of the Great South Channel. 
The nature of the sediment appears to be the major determinant of the composition 
and biomass of benthic communities. Coarse sands support the greatest biomass, 
gravel the least. Mollusks are a major fraction of total biomass except where sedi
ments are very fine. Echinoderms favor medium and fine sands, but only in the finest 

sediments is the biomass of annelids and crustaceans significant. 
. Theroux and Grosslein list four species assemblages of macrobenthos for the 

bank as a whole. A Western Basin assemblage lives rather deep, where currents are 
slow and sediments quite fine; it is characterized by small burrowing detritus feeders 
and scavengers. A Northeast Peak assemblage comprises sessile and free-living 

forms within a coarse-grained and cobble-strewn habitat over a wide depth range. A 
Central Georges assemblage, dominated by sand dollars, is widely dispersed in shoal 
waters, where sands are medium-grained and currents strong. Finally, a Southern 
Georges assemblage lives on fine sands, where currents are moderate. Starfish are 
characteristic of this habitat. 

The repeated seasonal sampling of the recent baseline programs has revealed 
the extent to which benthic communities change over time. On the whole the results 
showed the dominant species to be much the same at a given station throughout the 
year. Seasonal differences at a station were always less than differences among sta
tions, suggesting that long-term monitoring of the Georges bank benthos can be use
ful in revealing anomalies due to oil drilling or other disturbances. Only on top of the 

bank, where both abundance and species diversity were relatively low, were the char-



acteristics of the benthos unpredictable from one seasonal sampling series to the 
next. Diversity in general increased with depth, at least from shallow to moderate 
depths. It also increased in spring and summer, though this was less evident in deep 
water and in the canyon heads. Michael (chapter 27) found an overall increase in 
population numbers with depth and an increase from east to west on the bank, 
though Maciolek and Grassle (chapter 28) found no consistent relation between depth 

and average abundance. 
Among the other animal groups discussed in the these chapters-the large pe

lagic predators (chapter 32), the sea turtles and seabirds (chapters 33-35), and the 
whales, dolphins, and porpoises (chapter 36)-significant seasonal migrations are 
common. Thirty-two species of seabirds, belonging to eight families, are found regu
larly on Georges Bank, five of them-northern fulmar and northern gannet, great 
black-backed and herring gulls, and black-legged kittiwake-accounting for more than 
95% of the total abundance. Birds often concentrate along the northern and eastern 
parts of Georges in the frontal regions, where currents may concentrate their food. 
Gulls tend to follow the fishing fleet. 

In winter, temperatures and salinities over Georges differ little from the Gulf of 

Maine, but markedly from the Slope Water to the south. Bird populations, corre
spondingly, are much the same in the gulf and on Georges at that time, but sparser 
to the south. Bird abundance falls off in the gulf with spring warming and stratifica

tion of the water column, but rises over Georges and the slope. By May, migrant 
phalaropes, shearwaters, and storm-petrels have changed the character of the bird 
fauna. During summer on Georges, birds concentrate at the front along the northern 
flank, and their biomass and abundance reach an annual peak. There are two distinct 
bird communities at that time, once again illustrating the faunal discontinuity charac

teristic of the region. A cold-water group is found to the north and east, and a warm
water group, characteristic of the Middle Atlantic, to the southwest. In the fall, bird 
populations peak in the Gulf of Maine as the water column destratifies, apparently 
drawn by the resulting plankton bloom. On Georges, numbers fall off with departure 
of the shearwaters and storm-petrels. 

Sea turtles are presumably of far less ecologic significance in the Georges Bank 
region than birds, though their numbers are not known. Four species are found in 
New England or Canadian waters, always in the warm season. Kemp's ridley and the 
green sea turtle keep inshore as far north as Cape Cod Bay, but two other turtles, 
the loggerhead and the leatherback, are regular migrants to Georges, found there be
tween May and October. Their wintering grounds and migratory routes have yet to be 
discovered. 

For whales and porpoises, Georges Bank serves as both a feeding ground and 
migration route (chapters 36 and 37). Among 18 species or species groups identified 
on the bank, 8 were large whales and the rest were porpoises. Finbacks were most 
common among the large whales and white-sided dolphins among the porpoises. 
Whales and porpoises occur everywhere on Georges Bank, though the large species 
are seldom seen on top of it. Small species are more evenly distributed. Baleen 
whales are more often found over the shelf proper, and toothed whales along the 
shelf edge. Numbers of cetaceans on Georges peak in the spring; winter popula.tions 
are the smallest, with numbers diminishing more on the shelf than at the shelf edge. 
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Secondary and Higher Levels of Production 

Production on Georges Bank has been estimated for -most of the animal groups dis

cussed, though in many cases these estimates are not based on direct measurement 
(chapters 25, 29, 31, 35-37). They are expressed here in thousands of calories (kcal) 
per square meter of sea surface per year and represent the total production of a 
given group, including reproductive products and the fraction consumed by predators. 
The annual average for zooplankton is 487 kcal/m2

• The annual estimate for the ben
thos-though this is quite conjectural-is 111 kcal/m2

• Fish and squid annual esti

mates are more solidly based: 86 kcal/m2 for the early 1960s, before heavy fisheries 
exploitation, and 52 kcal/m2 for the early 1970s. Annual production of large pelagic 
fishes and sharks is put at 0.06-0.15 kcal/m2-very likely too low a value. Annual 
estimated bird production is 0.2 kcal/m2

, and annual marine mammal production 
about 1.0 kcal/m2 ; both are probably underestimates. 

Primary production is very high on Georges Bank, approached or surpassed only 
in nearshore parts of the Middle Atlantic region (see the introduction "Phytoplankton, 

Primary Production, and Microbiology" by Bourne and Yentsch and chapter 21). An
nual particulate primary production by phytoplankton is 3,342 kcal/m2

; annual esti
mated bacterial production is 900 kcal/m2

• Comparison with several other cold
temperate shelf areas (the Middle Atlantic Bight, the Gulf of Maine, the Scotian Shelf, 
the North Sea, and the eastern Bering Sea) indicates a high absolute rate of annual 
microzooplankton production on Georges Bank (285 kcal/m2

), second only to the Gulf 
of Maine. Annual macrozooplankton production (202 kcal/m2

) is roughly equivalent to 
other North Atlantic areas. Relative to primary production, however, rates of zoo

plankton production are low. 
Benthic production on Georges Bank has not been measured directly. What is 

more, biomass data are available only for the benthic macrofauna (animals retained 
by the sampling sieve). When typical production-to-biomass ratios from the literature 
are applied to this macrofauna! data (chapter 37), the estimated absolute rates of 
production for Georges turn out to be fairly high-about the same as in the North 
Sea and on the Scotian Shelf. However, the rates are low relative to primary produc
tion, as was the case for zooplankton. Since there are no data whatever for the 
Georges meiofauna (the component passing through the sampling sieve), both bio
mass and production must be guessed, based on inferred similarities with other 
places. 

How might we account for the bank's apparent low benthic and zooplankton pro
duction rates? Perhaps bacteria and microflagellates consume a significant part of the 
primary production, reducing supplies to the benthos and larger zooplankton, or per
haps production by both the benthos and macrozooplankton is seriously underesti

mated. Where estimated benthic production is high on Georges (on the deeper parts 
of the bank), small crustaceans and worms-amphipods and polychaetes-often are 
responsible for most of it. These _groups are important in the diets of fish living on or 
near the bottom. They have a high food value and relatively high turnover rates, and 
thus may be more important ecologically than their standing stocks indicate. 

With regard to zooplankton, perhaps the "missing" secondary production can be 
traced to water circulation. Some of the water moving over Georges Bank is recircu
lated, but there is also a substantial mean flow off the bank. Large losses of water 

may occasionally result from storms or the passage of warm-core rings (chapter 11 ). 
The interaction between hypothetical plankton populations and the circulation of 
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water over the bank has been studied using a simple residence-time model (chapter 
38). This showed that standing stocks of plankton with short generation times (such 
as phytoplankton) are little affected by discharges of water from the Georges Bank 
system. Zooplankton stocks, however, with their much longer generation times, may 
not be able to sustain themselves on the bank without restocking from outside the 

system. Because of the export of water (other factors being equal), Georges Bank 
may be incapable of supporting the populations of zooplankton, fish eggs, and fish 
larvae that more enclosed environments can support relative to primary production. A 
shifting balance between recirculation and off-bank flow may explain some of the var
iation observed in reproductive success among fishes spawning on Georges Bank. 
On a large geographic scale, of course, some losses of organisms or organic material 
from Georges Bank may be gains in neighboring shelf areas, mainly to the 
southwest. 

On Georges, the abundance of phytoplankton and inorganic nitrogen (nitrate and 
ammonium) is high in the winter and early spring, but falls off with a late spring in
crease in zooplankton. Numerically, summer phytoplankton are at half the winter 

level. Inorganic nitrogen (typically the nutrient whose supply limits production on the 
shelf) is depleted in the productive upper water column over the deeper (> 60 m) part 
of the bank, which becomes stratified. Zooplankton peak in July, but in the fall, when 
the water column destratifies, nitrogen levels and phytoplankton populations increase 

once again and zooplankton decline. 

This cycle has been e·xamined in a numerical model that represents the well
mixed part of Georges in simplified form (chapter 39). The driving physical processes 
are movement of water masses and diffusion. Three variables are incorporated for 
phytoplankton: grazing by the zooplankton, physical export from the system,· and 
"mortality" -a catchall term that refers to certain puzzling phytoplankton losses. The 

need for such a term reflects the peculiar imbalance between phytoplankton and zoo
plankton already noted; available nitrogen and nitrogen assimilated in primary produc
tion appear to exceed substantially the nitrogen removed from the system by grazing 
zooplankton and physical export. 

In winter, according to the model, when zooplankton grazing is negligible, a third 
of the primary production is flushed from the modeled area, leaving about two-thirds 
of the production-the model's "mortality" fraction-unaccounted for. Less than half 
of this fraction .is recycled. Of the total nitrogen required for primary production, al
most a third comes from recycling, and the rest from physical exchanges at the sys
tem boundary. In summer, still according to the model, zooplankton remove a fifth of 
the primary production, while physical exchanges-very low at this season-remove 

about 5%. Recycling of the remainder, much more important now than in winter; sup
plies over half of the phytoplankton nitrogen requirement. Two-thirds of this recycled 
nitrogen derives from phytoplankton detritus, leaving a quarter of the original produc
tion unexplained except as "mortality." Deposition of dead phytoplankton cells and 
the estimated consumption by benthic animals do not sufficiently explain this loss. 

Some Unsolved Problems of Energy Transfer 

Before the heavy fisheries exploitation of the 1960s, Georges Bank had high fish and 
squid production compared with the shelf areas mentioned earlier (the Middle Atlantic 
Bight, the Gulf of Maine, t~e Scotian Shelf, and the North Sea; no data for the Ber
ing Sea are available for this period). After fish stocks declined in the early 1970s, 
Georges still exceeded most areas by a factor of two or more. Production of demer-

sal fish-those living on or near the bottom-was much higher per unit area on 
Georges than in the North Sea, despite similar zooplankton and benthic production in 
both places. (These figures should be used circumspectly, since the absolute area of 
productive fishing ground differs widely among areas.) Annual maximum sustainable 
yields of fish are estimated at 7.5 metric tons/km2 each for Georges Bank and the 

Middle Atlantic Bight, 4.4 metric tons/km2 for the North Sea, and about 3 metric tons/ 
km2 for the other areas (chapter 37). 

These apparently high transfer efficiencies from secondary production to fish on 
Georges Bank do not seem traceable to ecosystem structure (chapter 37). Fish mi
gration may be part of the explanation-some production credited to "Georges 
Bank" fish may have occurred elsewhere, and indeed, estimated total consumption of 

fish and squid (including the fisheries harvest) on Georges Bank exceeds estimated 
production. However, this merely shifts the problem to another locality. Migration is 
costly in energetic terms (subtracting from production), and most migration from 
Georges is to the Middle Atlantic area. If part of the "Georges Bank" fish production 
ought properly to be credited to the Middle Atlantic, then Middle Atlantic production 
becomes inexplicably high relative to lower trophic levels there. 

Quantitative data on fish, derived from the NMFS trawl surveys and commercial
catch records, are the best available for higher trophic levels on Georges Bank, but 
even so, fish production estimates are not yet wholly satisfactory. Budgets do not 

quite balance. The results from a production model for six important commercial 

fishes are interesting in this connection. This model (chapter 31) relates annual pro
duction and consumption values to biomass, using data from the 1960s and the 
1970s. The condition of the fish stocks was quite different in the two periods, but 
under the assumptions of the model it appears that young, " preexploitable" fish con
sumed nearly as much in each period as fish of exploitable size. In the aggregate the 

young fish produced nearly three times as much growth as the exploitable fish, 
though in both periods their biomass was only about a tenth as great. Diet studies of 
predators showed that just two of these (cod and silver hake) consumed more than 
tialf of the preexploitable production. This suggests that predation on young fish is an 
important factor in year-class success, but it also makes us wonder whether preex
ploitable production estimates, high as they are, might still be too low. 

Seabirds apparently benefit from the year-round productivity of Georges-the 
mean biomass of birds there is higher than in the Gulf of Maine or over the slope, 
where seasonal stratification of the water column may keep much of their food out of 
reach. Fish, squid, and euphausiid shrimp make up nearly all of the bird diet. Fulmars 
and greater shearwaters account for more than half the total energy transfer to birds 

at the sea surface. Smaller species, though numerous, account for little energy trans
fer because of their size. In general, rates of transfer to seabirds are high in upwelling 
areas and low in the open ocean; on Georges, transfers are greatest along the 
Northern Edge and lowest on the southern flank. Consumption rates on Georges 
were similar to rates in other high-latitude shelf systems, despite the bank's much 

higher rate of primary production. This may reflect low utilization of available second
ary production, or it may simply illustrate once again the apparent mismatch between 
primary and higher production levels. 

There is one more problem, posed by the marine mammals. Their consumption 
of prey may approach the yield to the fisheries (chapters 36 and 37). Whales and 
porpoises feed substantially on species of no present interest to the commercial fish
eries or on prey low in the food chain (in which case they may compete with commer
cial fish). Nevertheless, removal of biomass on such a scale, if it actually takes place, 



will compel reexamination of all other calculations for energy transfer through the 
Georges Bank ecosystem. 

In conclusion, as Cohen and Grosslein (chapter 37) discuss, we are faced with 
several puzzles-or a single one with several manifestations. There is more primary 
(phytoplankton) production than has been accounted for at present in terms of local 
consumption or export from the Georges Bank system (the "phytoplankton detritus" 
of chapter 39). There is apparently too little zooplankton and benthic production on 
Georges Bank in relation to the very high phytoplankton production, at least in com
parison with other continental-shelf areas. Finally, there appears to be too much pro
duction of fish-particularly of bottom-dwelling fish-for the level of zooplankton and 
benthic production. In other words, there does not seem to be enough production at 
intermediate levels to support all of the higher-level consumers: fish, birds, large pe
lagic predators including the whales and porpoises, and man. 

Note 

1. The delinition of benthic macro
fauna is not precise; the term Is ap
plied to animals retained by the 
sample-processing sieve meshes, 
which in the studies mentioned here 
ranged from 0.3 to 1.0 mm. 
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Zooplankton life cycles reflect the interaction between 
population dynamics (birth, growth, and death) and the 
physical and biologic environment. In this chapter, the 
life cycles of certain zooplankton species endemic to 
Georges Bank will be examined. Endemics are considered 
those species that include Georges Bank within their 
home range, developing and reproducing there; they may 
be found either year-round or seasonally (compare Cox 
and Wiebe, 1979). A synthesis of published and unpub
lished data on seasonality, spatial distributions, and life 
histories will be used to establish which species are en
demic to Georges Bank and to gain insight into factors 
affecting the life cycles and abundance patterns of several 
of these species. 

Data Sources and Methods 

Existing distribution and abundance data for Georges 
Bank zooplankton are based largely on four major plank
ton survey series: (1) 4 cruises from 1912 to 1920 under 
the direction of H. B. Bigelow (Bigelow, 1926); (2) 11 
cruises between September 1939 and June 1941 made by 
the Woods Hole Oceanographic Institution (Clarke, 
Pierce, and Bumpus, 1943); (3) International Commission 
for the Northwest Atlantic Fisheries (ICNAF) Larval Her
ring Survey (LHS) cruises, made in the fall and winter · 
(September-February) from 1969 to 1979 (Lough et al., 
1980); and (4) Marine Resources Monitoring, Assessment, 
and Prediction (MARMAP) cruises (bimonthly, 1976 to 
the present) (Sherman, 1980; see also chapter 25). 

Stations for the first three surveys are shown in figure 
24.1; MARMAP stations are given in chapter 25. Bige
low's sampling avoided shoaler areas of the bank and was 
largely restricted to summer. Coverage shown for Clarke's 
stations is approximate, as these shifted somewhat from 
cruise to cruise. 

Sampling methods varied among surveys. Bigelow's 
(1926) classic account of the Georges Bank/Gulf of 
Maine zooplankton community, based on both stratified 
and integrated hauls with nets of various mesh sizes, was 
essentially .qualitative; it nevertheless has contributed sub
stantially to the present overview, and for some species 
was the only source of data. Flow meters were used on 
all collections subsequent to Bigelow (1926), allowing 
quantitative (per unit volume) estimates to be made. In 
earlier studies, net mesh sizes were generally greater than 
or equal to 0.333 mm, thus undersampling important 
smaller zooplankton species. In the surveys reported by 
Clarke et al. (1943), larger zooplankton (Whiteley, 1948) 
were sampled using stramin nets 1 m in diameter, with 
0.75-mm mesh; integrated hauls were made to the bot
tom or a maximum depth of 200 m. "Smaller" zooplank
ton and chaetognaths (Riley and Bumpus, 1946; Riley, 
1947) were sampled by stratified tows at three depth in
tervals (to 200 m maximum depth) with an opening/clos
ing sampler (12.5-cm-diameter, 0.345-mm-mesh net). In 
ICNAF and MARMAP surveys, two pairs of bongo nets . 
were used on each tow, with four mesh sizes: 0.505 and 

0.333 mm for the large pair (64-cm-diameter mouth), and 
0.253 (or 0.053) and 0.165 mm for the small pair (20-cm 
mouth) (Lough et al., 1980; see also chapter 25). Gener
ally in the ICNAF and MARMAP programs, only the 
0.333- and 0.505-mm-mesh samples have been sorted 
and analyzed. MARMAP data and methods are detailed 
in chapter 25. For ICNAF methods and results see Sher
man and Colton (1976), Sherman and Ejsymont (1976), 
Sherman, Green, and Cohen (1976), and Cohen and 
Lough (1982). Quantitative fine-mesh (0.165-mm) data 
(derived from ICNAF and MARMAP survey tows) are 
given by Davis (1982a,b). 

Zooplankton seasonal cycles presented in this chapter 
are based on fine-mesh (0.165-mm) samples collected on 
central Georges Bank (figure 24.1) during 18 cruises of 
the ICNAF LHS and Northeast Fisheries Center (NMFS/ 
NOAA) between September 1974 and February 1977. An 
analysis of these samples, together with subsampling and 
sorting procedures, will be found in Davis (1982a,b, 
1984a,b,c). Data are plotted as the mean of three to nine 
samples per month (± standard error). The spatial distri
butions shown are from fine-mesh (0.165-mm) data for 
December 1974 and February 1975 (figure 24.1; Davis, 
1982a,b) and from coarser-mesh (0.333-mm) data for 
other months (Cohen and Lough, 1982). 

Species Composition 

Twenty-six zooplankton species endemic to Georges Bank 
were identified from a list of 97 species reported to oc
cur there (table 24.1). This list also includes 35 oceanic 
species (Gulf Stream, Sargasso Sea), 4 coastal species (less 
than 3 km from shore and less than 100 m bottom 
depth), and 16 from the Gulf of Maine proper or the 
Slope Water (greater than 100 m bottom depth); 16 other 
species have uncertain origins. Several taxonomic groups 
not identified to generic level have also been reported, in
cluding heteropods, hydroids, bryozoans, and the mew
planktonic larvae of benthic invertebrates. Endemic 
species, although few in number (26), make up the great 
bulk of zooplankton biomass and abundance on Georges 
Bank (Davis, 1982a; see also chapter 25). 

Dominant Endemic Species 

The leading dominants in terms of abundance (number 
per unit volume) are six species of copepods: Pseudoca
lanus sp., Calanus finmarchicus, Paracalanus parvus, Cen
tropages typicus, Centropages hamatus, and Oithona 
similis (figures 24.2 and 24.3; Davis, 1982a). At any given 
time of the year, these six species collectively make up 
over 80% of total zooplankton abundance. Pseudoca
lanus sp. and Calanus finmarchicus are dominant winter/ 
spring species; Paracalanus parvus, Centropages typicus, 
and Centropages hamatus are dominant in late summer 
and fall; and Oithona similis is always abundant (figure 
24.3; Davis, 1982a). 
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Figure 24.1 
Location of stations sampled by Bi· 
gelow (1926), Clarke, Pierce, and 
Bumpus (1943), and ICNAF. 
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Figure 24.2 
Six dominant zooplankton species 
identified in ICNAF LHS fine-mesh 
(0. 165-mm) samples (Davis, 1982a; 
redrawn from Sars, 1903, and 
Cohen, 1980). The six develop
mental stages, from top to bottom, 
are adult and fifth through first co
pepodites (CV-CI). 



257 Zooplankton Life Cycles 

Table 24.1 
List of zooplankton taxa reported to occur on Georges Banka 

Taxon Referenceb Type Referenceb Taxon Referenceh Type Referenceb Taxon Referenceb Type Referenceb 

Cnidaria Calanoida (cont.) Euphausiacea 
Hydroid colonies 1,6 E 1,6 Mecynocera clausii 6,8 0 ' 1,7,11 Euphausia krohnii 6,9 GP,S 1,6,15,16 
Hydromedusae Metridia lucens 1-6,8 GP,S 1,6,8 Meganyctiphanes norvegica 1,3,4,6,9 E 1,9 

Aglantha digitate 1 E,U 1 Metridia tonga 1,3 GP,S 1,6 N ematocelis megalops 6,9 s 1,7,16 
· Staurophora mertensii 1 E,U 1 N annocalanus minor 2-4,6 0 7,11 Thysanoessa inermis 1,4,6,9 E 1,9 

Siphonophora Neocalanus gracilis 3,6 0 7,11 T. longicaudata 1 GP,S 1 
Nanomia cara 1,6,10 GP,S 1,10 P aracalanus crassirostris 8 E,U 8 T. raschii 1 GP,S 1 

Scyphomedusae P. parvus 1-6,8 E 5,8 T. gregaria 1,6 s,o 1,15 
Cyanea capillata 1 E,U 1 Pleuromamma borealis 6,8 s,o 7,11 Decapoda 

Ctenophora 
P. gracilis 2 0 7,11 Crangon septemspinosa 3,4,6,9 E 9,17 

Pleurobrachia pileus 1,4 E,U 1 
P. robusta 2,3,6 0 7,11 Dichelopandalus leptocerus 4,6,9 E 9,17 Pontellina plumata 4 0 7,11 Geryon quinquedens 6 GP 21 Annelida, Polychaeta Pseudocalanus sp. 1-'6,19 E 1-3,5,8,19 Lucifer faxoni 4,6 0 7,17 Unidentified larvae 2,3,4,6,8 E 6,8 Rhincalanus cornutus 3 0 7,11 P andalus borealis 6 GP 17 T omopteris helgolandicus 1,6 c,u 1,7,11 R. nasutus 3,6 S,O 1,7,11 Pasiphaea sp. 4,6 GP,S 1,17 Scolecithrix danae 6 0 7,11 Spirontocaris spinus 4,6 c 17 Mollusca T emora longicornis 1-4,6,8 E 6,8 

Heteropoda 6 0 1,7,11 T. stylifera 2,6 0 7,11 
S. lilljeborgii 9 GP 17 

Pteropoda T. turbinata 2 c 1,11 
Unidentified larvae 3,4,6,8,9 E 6,8,9 

Clione sp. 1 0 1,6,7,11 T ortanus discaudatus 3,6 c 1,7,11 Chaetognatha 
Limacina retroversa 1-4,6,12 E 1,3,6,7,11,12 Undinula vulgaris 3,4,6 0 7,11 Sagitta elegans 1-4,6,8,18,19 E 1,6,8,18,19 

Gastropoda and Bivalvia Cyclopoida 
S. maxima 4 0 18,20 

Unidentified larvae 2-4,6,8 E 6,8 Corycaeus danae 2,4,6 o,u 7,11 
S. serratodentatac 1,6 0 18,20 

Arthropoda, Crustacea 'l's Oithona similis 2,5,6,8 E 8 Sipuncula 
Cladocera 0. helgolandica 6 u Unidentified larvae 3,4,6 u 

Evadne sp. 1,6 u 1,7,11 0. plumifera 4,6 0 7 
Bryozoa, colonies 6 u 

Podon sp. 6 u 1,7,11 0. setigera 6 0 7 
Oncaea venusta 2,4,6 u Echinodermata 

Ostracoda Unidentified larvae 3,4,6 u 
Conchoecia sp. 6 0 7,8,11 Harpacticoida 

Alteutha depressa 2,4,6,8 E 6,8 Chordata 
. Copepoda Clytemnestra rostrata 6 u Larvacea 8 E 8 

Calanoida C. scutellata 6 0 7 Oikopleura dioica 4,6 E,U 6 Acartia clausii hudsonica 1,4 c 1,6,7,11 Halithalestris croni 1,6 u 
A. danae 2,4,6,8 0 7,11 Microsetella norvegica 4 u Thaliacea 
A. longiremis 1,2,4,6 u 1,7 Cirrepedia Salpa fusiformis 4,6 S,O 6 
Aetideus armatus 2 s 1,7,11 Unidentified larvae 2,4,6,8 E 6,8 Salpa maxima 6 s,o 6 
Anomalocera opalus 1,4 GP,S 1,7,11 a. Literature references reporting occurrence are given next to taxon names. Also 
Calanus finmarchicus 1-6,8,19 E,GP,S 1-8,13,19 Cumacea given are the distribution types of the taxon together with literature references 
C. hyperboreus 1 GP,S 1,7,11 Unidentified larvae 3,4,6 u used in determining these types: 0, oceanic; S, Slope Water; GP, Gulf of Maine 

Calocalanus pavo 6 0 7,11 Mysidacea 
proper; C, coastal; E, endemic to Georges Bank; U, uncertain origin. 
b. Key to references: 1, Bigelow (1926); 2, Sherman, Sullivan, and Byron (1978); 

C. tenuis 6 s,o 7,11 Erythrops erythropthalma 4,9 u 9,13 3, Dube, Lough, and Cohen (1977); 4, Lough and Cohen (1982); 5, Cohen and 
Candacia armata 2-4,6,8 o,u 1,7,8,11 M ysidopsis bigelowi 6 E 13 Lough (1982); 6, ICNAF LHS, unpublished coarse-mesh (0.333-mm) data; 7, 
Centropages bradyi 6 0 7,11 N eomysis americana 3,6,8,9 E 9,13 Grice and Hart (1962); 8, Davis (1982a,b); 9, Whiteley (1948); 10, Rogers (1978); 
C. hamatus 2-6,8 E 5-8 11, Oceanographic Laboratory, Edinburgh (1973); 12, Redfield (1939); 13, Wigley 

C. typicus 1-6,8 E 1-S Isopoda and Burns (1971); 14 Dickinson and Wigley (1981); 15, Mauchline and Fisher 
(1969); 16, Cox and Wiebe (1979); 17, Williams and Wigley (1977); 18, Redfield 

Clausocalanus arcuicornis 6,8 0 6-8,11 Chiridotea sp. 4 u and Beale (1940); 19, Clarke, Pierce, and Bumpus (1943); 20, Cheney (1982). 
C. furcatus 6 0 1,7 Cirolana polita 4 u c. Sagitta serratodentata as described by Redfield and Beale (1940) was likely S. 
Eucalanus attenuatus 6,3 0 3,7,11 I dote a baltica 4 u tasmanica (Cheney, 1982). 

Euchaeta marina 3,4,6 ·0 7,11 . 
Amphipoda 

E. media 1 0 1,7,11 
Gammaridea 

E. norvegica 1,3,4,6,8 GP,S 1,6,8 Calliopius laeviusculus 6 E,U 14 E. spinosa 1 s,o 1,11 
Monoculodes edwardsi 4,9 E 9,14 Euchirella rostrata 1 s,o 1,7,11 Pontogenia inermis 4,6,9 E 9,14 Gaetanus minor 3 0 ·7,11 

Labidocera aestiva 2,6,8 E 6,8 Hyperidea 
Lucicutia sp. 6 0 1,7,11 Themisto gaudichaudii 1,6,9 E 1,9 



258 Biology 

~ 
0 o_ 

X 

~ 
.0 
E 
:l .s 
0) 

" <= 

"' "0 
<= 
:l 
.0 
<{ 

'E 
(3 
Cl 

.s 
C/) 
C/) 
«! 
E 
0 

i:D 

3,---------------------, 
Pseudocalanus sp. 

2 

0 

3 
Calanus finmarchicus 

2 

0 

3 
Centropages typicus 

2 

,.....__, ~ -+'--+--
0 J F M A M J J A S 0 N D 

60 

50 

F M A 

~ Calanus finmarchicus 

!£! Sagitta elegans 

• Centropages hamatus 

M 

Figure 24.3 
Seasonal abundance of dominant 
zooplankton species on Georges 
Bank from transect stations (0.165-
mm mesh). Vertical bars indicate 
± standard error. [Davis (1982a)] 

Figure 24.4 
Seasonal cycle of zooplankton bio
mass (mgC/m3) on Georges Bank 
expressed as cumulative composi
tion by species. Biomass is esti
mated as the product of numerical 
abundance (figure 24.3; Davis, 
1982a) and mean body weight of 
each species (Davis, 1984b and 
unpublished data). 
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The annual cycle of zooplankton biomass (figure 24.4) 
was approximated by multiplying the mean monthly 
abundance of each taxon by an estimate of its mean 
body weight (Davis, 1982a, 1984b, and unpublished 
data). By this approach, Calanus finmarchicus, although 
not the most abundant copepod (figure 24.3), dominated 
the annual biomass cycle because of its large size (figures 
24.2 and 24.4). The other more numerous but smaller 
copepod species had relatively lower biomass (figures 
24.2 and 24.4). The chaetognath Sagitta elegans ranked 
second in biomass (figure 24.4). The mysid Neomysis 
americana, because of its patchy distribution and epi
benthic habits, may not have been sampled adequately 
with the present methods and, therefore, was not in
cluded in the biomass estimates presented here. This spe
cies, however, can dominate the biomass composition in 
certain samples, at times exceeding 30 mgC/m3 (milli
grams of carbon per cubic meter). Owing to the variabil
ity in the data, the July peak in total zooplankton 
biomass (figure 24.4) could well have occurred in May as 
indicated by the coarser-mesh data of both Riley (1947) 
and Sherman et al. (chapter 25). It is clear nonetheless 
that Calanus finmarchicus is largely responsible for the 
spring/summer peak in total zooplankton biomass on 
Georges Bank. 

Pseudocalanus sp. 
This well-studied neritic genus is a boreoarctic one that 
ranges south to the Chesapeake Bay in winter (figure 
24.2; for review see Corkett and McLaren, 1978). Al
though the taxonomy of the genus is presently uncertain, 
only one species appears to range south of Halifax, Nova 
Scotia. North of Halifax a second form is also encoun
tered (B. W. Frost, personal communication). Pseudoca
lanus sp. abundance decreases sharply across the 100-m 
isobath of Georges Bank during its breeding season (De
cember-July) (figure 24.5), and to the south it is always 
more abundant on the shelf than in slope and oceanic 
waters (figure 24.6; Grice and Hart, 1962). 

The life cycle of Pseudocalanus sp. on Georges Bank 
(Davis, 1982a, 1984a) can be summarized as follows: 
Numbers begin to increase on Georges Bank in December 
(figure 24.3) when "oversummering" postdiapause adult 
females leave the deeper layers of the western basin of 
the Gulf of Maine as the seasonal thermocline breaks 
down. Between December and February, females return
ing to the surface are displaced onto Georges Bank with 
the mean water flow, producing eggs in response to 
higher phytoplankton concentrations. The population 
then is carried by the general clockwise circulation 
around the bank. The development time of Pseudoca
lanus sp. from egg to adult at the winter temperatures 
prevailing (5-10°C) is about the same as the cycling time 
of the Georges Bank gyre (about 2 months in winter; 
Butman et al., 1982). In February 1975, the population 
had distinct shifts from younger to older developmental 
stages in a clockwise pattern around the bank (figure 
24.7). Computer simulations have shown that this pattern 
can result from a continuous influx of adult females 
along the western edge of Georges Bank between Decem-
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Figure 24.5 
Spatial distributions of abundance 
N (number/m') of six dominant zoo
plankton species on Georges Bank 
during December 1974 and Febru
ary 1975 from fine-mesh (0.165-
mm) samples. [Davis (1982a)] 



Figure 24.6 
Abundance (number/m3

) of eight 
zooplankton species, characteristic 
of the Georges Bank area, along a 
transect from the New York Bight 
to Bermuda (data from Grice and 
Hart, 1962). 
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ber and February and subsequent interaction of Pseudo
calanus sp. population dynamics with the mean clockwise 
flow of seawater (figure 24.8; Davis, 1984a). The model 
also showed that production by animals on the eastern 
half of Georges Bank in December (figure 24.7) did not 
contribute to the February population, since these were 
lost to the southwest by advection across the Great South 
Channel. At winter temperatures and phytoplankton con
centrations on Georges Bank, growth and reproductive 
rates of Pseudocalanus sp. are not limited by food supply 
(Paffenhofer and Harris, 1976; Corkett and Mclaren, 
1978; Vidal, 1980; Davis, 1984c). By mid-February, as 
the spring diatom bloom begins, large numbers of newly 
molted adult females are transported from the southern 
flank of the bank into the well-mixed region, the area of 
Georges Bank richest in phytoplankton (chapter 21). 
Thus, by increasing its numbers on Georges Bank be
tween December and February, ahead of the spring dia
tom bloom, Pseudocalanus sp. is able to take maximum 
advantage of this food supply. The Pseudocalanus sp. 
population continues to grow on Georges Bank until June 
(figure 24.3), producing two more generations (Davis, 
1984b). Shifts in population structure around the bank 
are not likely to be discernible at this time, however, be
cause adult females are widely distributed and cohorts are 
mixed diffusively along and across isobaths. Between July 
and September, abundance of Pseudocalanus sp. de
creases dramatically on G~orges Bank (figure 24.3). Large 
numbers are consumed by chaetognaths and gelatinous 
zooplankton (Davis, 1984b). However, many may enter 

Figure 24.7 
Spatial distribution of develop
mental stages of Pseudocalanus 
sp. on Georges Bank, December 
1974 (top) and February 1975 (bot
tom). Histograms at each station 
show abundance (number/m') of 
six developmental stages (left to 
right: first through fifth copepodites 
and adults). Areas A-D are regions 
on the bank within which popula
tion structure is similar. 

Figure 24.8 
Comparison of simulated (top) and 
observed (bottom) distributions of 
Pseudocalanus sp. population 
structures over Georges Bank in 
February 1975. Histograms at each 
station show abundances (number/ 
m3) of six developmental stages 
(left to right: first through fifth co
pepodites and adults). Areas A-C 
are regions on the bank within 
which population structure is 
similar. 
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the Gulf of Maine, oversummering there, though verti
cally stratified tows will be necessary to substantiate the 
extent of this. By August, waters outside the ~ell-mixed 
region are strongly stratified and most of the water on 
the southwestern flank flows north through the Great 
South Channel (Butman et a!., 1982). Downward migra
tion by the large number of late-stage copepodids and 
adult Pseudocalanus sp. in this area would move them 
into the cooler deeper layers of the western Gulf of 
Maine; here they may enter a diapause phase until De
cember, when the seasonal thermocline breaks down and 
the annual cycle begins again. 

Evolution of the Pseudocalanus sp. population on 
Georges Bank from its rudimentary state to peak abun
dance covers a long period: December to June. During 
this time the population may suffer major losses when 
storms or the action of warm-core Gulf Stream rings re
place large volumes of Georges Bank water with Gulf of 
Maine or Slope Water (Butman et a!., 1982; Flier! and 
Wroblewski, in press). Pseudocalanus sp. is the most im
portant prey species for spring-spawned fish larvae on 
Georges Bank, such as cod and haddock (Cohen and 
Lough, 1982), so it follows that such population losses 
prior to the spawning period can affect food availability 
and thus growth and survival of the young fish. Weekly
averaged winter wind stress data from 1973 to 1979 
show storms to have been quite common in most years, 
with the winter of 1974-1975 unusually calm (Davis, 
1982a). It appears that conditions in which Pseudoca
lanus sp. can build a large spring population are infre-
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quent. Interestingly, the spring of 1975, which followed a 
calm winter, produced an unusually large year class of 
haddock (Melanogrammus aeglefinus), a species whose 
survival and growth is very sensitive to the zooplankton
prey concentrations characteristic of Georges Bank (Laur
ence, 1974). 

Calanus finmarchicus 
Large and ubiquitous in northern neritic and oceanic 
waters, this species is perhaps the best known of all cope
pods (figure 24.2; Marshall and Orr, 1955; Tande and 
Hopkins, 1981; Colebrook, 1982; Grigg and Bardwell, 
1982; Tande, 1982). Like Pseudocalanus sp., in the west
ern North Atlantic it ranges from the arctic south to the 
Chesapeake Bay in winter. Although primarily a neritic 
species, C. finmarchicus occurs in oceanic regions (Cole
brook, 1982) at higher latitudes and is common, but less 
abundant, in the Slope Water south of Georges Bank as 
well (figure 24.6; Grice and Hart, 1962). It dominates the 
zooplankton of the Gulf of Maine proper, which Bigelow 
(1926) labels as a "Calanus community." 

On Georges Bank in the spring, C. finmarchicus is a 
codominant with Pseudocalanus sp. (figure 24.3) and 
constitutes the bulk of total zooplankton biomass (figure 
24.4). From February to June, abundance of C. finmar
chicus on Georges Bank equals or exceeds that in sur~ 
rounding waters (figure 24.5; see also chapter 25), 
whereas at other times of year it is nearly absent from 
the well-mixed region and relatively high in the Gulf of 
Maine (figure 24.9) (Clarke, Pierce, and Bumpus, 1943; 
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Cohen and Lough, 1982; see also chapter 25). C. finmar
chicus appears to pass the warmest months (and perhaps 
winter as well) at depth in the Gulf of Maine in the fifth 
copepodid stage (Bigelow, 1926; Mullin, 1963; unpub
lished ICNAF LHS data), quite likely in diapause (Mar
shall and Orr, 1955). Typically, with the onset of spring, 
this species molts to the adult stage and rises to the phy
toplankton-enriched surface layer (Marshall and Orr, 
1955). In the Gulf of Maine, C. finmarchicus adults re
turning to the surface would be carried onto Georges 
Bank with the mean flow (Bigelow, 1927). High phyto
plankton concentrations permit maximum growth and re
production (Marshall and Orr, 1955) as the population 
grows to peak abundance in June (figure 24.3). It then 
decreases sharply to low levels by September (figure 
24.3), likely the combined result of food limitation (Mar
shall and Orr, 1952), predation by gelatinous zooplank
ton and chaetognaths (Davis, 1984b), and a seasonal 
migration to deeper Gulf of Maine waters similar to that 
described for Pseudocalanus sp. A significant portion of . 
the July population may be lost from the bank through 
horizontal exchange processes acting together with verti
cal migration, which is extensive in the Gulf of Maine, 
but limited on Georges Bank (Clarke, 1934). Throughout 
the fall, the C. finmarchicus population is largely in resi
dence in the deeper layers of the Gulf of Maine, and 
abundance on Georges Bank is low due to predation and 
limited food (Davis, 1984b). C. finmarchicus, during its 
seasonal cycle on Georges Bank, produces a single gener
ation between March and July (Davis, 1984b), whereas 
two generations are reported for the Gulf of Maine (Fish, 
1936a; Mullin, 1963). 

Paracalanus parvus 
This small calanoid copepod reaches the highest popula
tion densities of any zooplankton species on Georges 
Bank (figure 24.2; see also figure 24.3; Davis, 1982a). It 
is a southern neritic species that extends northward to 
about the latitude of the Gulf of Maine in late summer 
and fall (Sars, 1903). Its fall distribution extends across 
the shelf into the Slope Water (figure 24.6; Grice and 
Hart, 1962). 

P. parvus reaches its peak in the Gulf of Maine and on 
Georges Bank in September and October (figure 24.3); it 
is equally abundant in both areas then, with no disconti
nuity in distribution across the 100-m contour (figure 
24.9). Since P. parvus is a warm-water form, it is un
doubtedly confined to layers above the thermocline 
throughout the Gulf of Maine and the stratified regions 
of Georges Bank, though this remains to be demonstrated 
by stratified tows. P. parvus is capable of rapid popula
tion growth at temperatures and food concentrations 
found during early fall on Georges Bank, and despite 
high egg and naupliar mortality from Centropages spp., it 
can reach very large concentrations in a relatively short 
period of time (figure 24.3; Davis, 1982a, 1984b). Phyto
plankton concentrations on Georges Bank are high 
enough throughout the year (chapter 21) not to be limit
ing to growth or reproduction of this species (Checkley, 

1980; Davis, 1984b,c). P. parvus produces at least seven 
generations during its seasonal appearance on the bank 
between July and December, thus accounting for a major 
portion of the annual copepod production there (Davis, 
1984b). 

With the breakdown of the thermocline by December, 
P. parvus largely disappears from the Gulf of Maine, be
coming restricted to Georges Bank and warm Slope 
Water to the south (figure 24.5). On Georges Bank its 
abundance is greatly reduced by this time (figure 24.3) 
due to predation by chaetognaths and Centropages spp. 
and to high egg mortality at the colder temperatures pre
vailing ( <10°C) (Checkley, 1980; Davis, 1984b). By Feb
ruary, P. parvus is virtually absent on Georges (figures 
24.3 and 24.5). 

The origin of the large fall P. parvus population on 
Georges Bank is uncertain. Adults of the species remain 
in the Georges Bank/ Gulf of Maine area through the 
winter but in very low numbers (<501m3; Cohen and 
Lough, 1982); it seems likely that local production by 
this small overwintering population is the source of the 
enormously expanded fall population on Georges Bank. 
Abundance, however, may vary considerably from year to 
year (Fish and Johnson, 1937; Davis, 1982b). 

Oithona similis 
This small omnivorous cyclopoid is primarily neritic, but 
occurs in oceanic waters also (figure 24.2; see also figure 
24.6). Based on the late copepodid (CV) and adult life 
stages sampled by the fine-mesh nets (Davis, 1982a), 0. 
simi/is tended to be most abundant on central Georges 
Bank, but it was also plentiful in adjacent Slope and Gulf 
of Maine waters (figure 24.5). It was equally abundant in 
December 1974 and February 1975 (figure 24.5) and 
shows no apparent seasonal trend in the mixed area (fig
ure 24.3). On the basis of published generation times (Ea
ton, 1971; McLaren, 1978), 0. simi/is should produce 
six to seven generations per year on Georges Bank; three 
to five have been reported from other areas (Fish, 19 3 6b; 
Marshall, 1949; Digby, 1950). The abundance and omni
vorous habits of 0. simi/is make it potentially an impor
tant predator on the eggs and nauplii of other species. 

Centropages typicus 
C. typicus is a warm-water neritic species, distributed 
from New Brunswick, Canada, south perhaps to Florida 
(figure 24.2; Deevey, 1960). It is widely distributed across 
the shelf during fall, reaching into the Slope Water as 
well (figure 2A.6). 

Like Paracalanus parvus, C. typicus is most abundant 
on Georges Bank in fall and is generally distributed 
throughout the Georges Bank/Gulf of Maine area at that · 
time (figures 24.3 and 24.9). C. typicus abundance, how
ever, remains high until later in the season (December; 
figure 24.3). This fall abundance has been reported for 
other shelf areas (Bigelow, 1926; Bigelow and Sears, 
1939; Deevey, 1952a,b, 1960). Vertically, C. typicus is 
restricted to the warm surface layers above the thermae-
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line (Bigelow, 1926; Clarke, 1933), the pattern previously 
postulated for P. parvus. 

Surprisingly, this well-known copepod has been reared 
in the laboratory only once (and this was chiefly for tax
onomic purposes; Lawson and Grice, 1970). On a mixed 
algal diet (the concentration was not reported), the gener
ation time at 18-19°C was 22 days. Bigelow (1926) sug
gested that C. typicus has one chief breeding period 
during summer in the Gulf of Maine, implying one gener
ation per year. This very likely is an underestimate. Many 
copepod species, including C. typicus, can pass from egg 
to adult in less than 1 month at fall temperatures in the 
Gulf of Maine (15-20°C; Landry, 1983). At still colder 
temperatures (12-l3°C; McLaren, 1978), the generation 
time of C. hamatus, a close relative of C. typicus, is esti
mated at 21-25 days. Thus it seems probable that C. 
typicus produces several generations during its fall appear
ance on Georges Bank (August-December; figure 24.3). 
Deevey (1952b, 1960) reports five to six generations per 
year off Delaware Bay and three to four in Block Island 
Sound, including a January breeding period. Digby (1950) 
estimated five generations off Plymouth, England, with 
some reproduction in the spring. 

The seasonal cycle of C. typicus in the Georges Bank/ 
Gulf of Maine area is likely to be largely controlled by 
temperature, its spatial and temporal distribution coincid
ing with the evolution of the seasonal thermocline over 
the area and the warming of the well-mixed region of 
Georges Bank above 10°C (figures 24.3 and 24.9; But
man et al., 1982). Bigelow (1926) also suggested a mini
mum breeding temperature of 8-12 °C for this species. Its 
seasonal cycle in Block Island Sound is largely controlled 
by salinity and not affected by phytoplankton cycles 
(Deevey, 1952a,b). On Georges Bank, however, salinity 

67" 66° 

Figure 24.9 
Spatial distributions of abundance 
N (number/m3) of dominant zoo· 
plankton species in the vicinity of 
Georges Bank in September from 
ICNAF LHS coarse·mesh (0.333-
mm) samples (Cohen and Lough, 
1982). 



never reaches levels unfavorable to its survival ( < 30ppt 
[parts per thousand]; Deevey, 1952a,b; Butman et al., 
1982), and it is uncertain to what degree food limitation 
occurs. 

Because of its relatively large body size and rapid popu
lation growth in the fall, C. typicus likely contributes a 
major part of the annual copepod production on Georges 
Bank. However, its generation time must be reliably mea
sured before its production can be estimated quantita
tively. C. typicus is an omnivore; undoubtedly it preys 
heavily on nauplii of other copepods (and probably on its 
own as well), though this has not been demonstrated. 
Modeling results indicate that, even at relatively low con
sumption rates, C. typicus and C. hamatus together can 
cause large· population declines among other copepod 
species on Georges Bank (Davis, 1982a, 1984b). Thus C. 
typicus is likely to be a most important species in the 
ecology of Georges Bank zooplankton, for not only is it 
potentially a major secondary producer, but it also is im
portant as a self-regulatory component of the zooplank
ton as a whole. 

Centropages hamatus 
This is a temperate neritic species found commonly near
shore and in estuaries (figure 24.2; Bigelow, 1926). Along 
the east coast of North America, it ranges from New
foundland to the Gulf of Mexico (Deevey, 1960). The 
abundance of c. hamatus wherever it occurs is strongly 
seasonal (Bigelow, 1926; Marshall, 1949; Deevey, 
1952a,b, 1960; Digby, 1950; Pertsova, 1974; Davis, 
1982a). Bigelow (1926) found it most abundant from Au
gust to December in coastal Gulf of Maine waters. He 
did not find it on Georges Bank owing largely to lack of 
sampling in the shoaler areas (figure 24.1). 

C. hamatus on Georges Bank is abundant only during 
the fall (August-December), strikingly concentrated in the 
well-mixed region (<60 m; figures 24.3, 24.5, and 24.9). 
Recently, bottom-resting eggs of C. hamatus and Temora 
longicornis have been discovered on Georges Bank (N. H. 
Marcus, personal communication), which may account 
for the well-defined distributions of these species as well 
as their disappearance during the colder months (Mar
shall, 1949; Pertsova, 1974). Such eggs have been found 
in two localities: in the silty sediment of the southern 
flank, where their numbers are moderate, and within the 
shallow well-mixed region, where concentrations are very 
high. In the latter area, the copepodid stages are most 
abundant, and the distribution of eggs is quite patchy. 
Whether the eggs found were of the type that requires a 
resting phase before hatching is not known, but it may 
well be that they were overwintering. 

C. hamatus appears to spend winter and spring in the 
sediment as a resting egg. Then, as the water column 
warms, the eggs hatch, giving rise to the large fall popula
tion. In view of its relatively short generation time 
(21-25 days at 12-13°C; McLaren, 1978), C. hamatus 
should pass through at least five generations between July 
and December on Georges Bank. Thus it is likely a major 
secondary. producer. Like C. typicus, its omnivorous hab-

its make it an important predator of the smaller zoo
plankton (Davis, 1982a, 1984b). 

Since the first three copepodid stages of Centropages 
typicus and C. hamatus are not separable morphologically 
(Lawson and Grice, 1970), the separate seasonal abun
dance cycles for each species (figure 24.3) apply only to 
the fourth copepodid through adult life stages. The sea
sonal cycle of early-stage copepodids (both species com
bined) resembles the pattern for the later stages (figure 
24.3), but the relative abundance of younger animals is 
greater in July. The distribution of young stages is largely 
contained within the 100-m isobath (Davis, 1982b). 

Other Endemic Species 

Other zooplankton species occur in much lower abun
dance on Georges Bank but nonetheless are characteristic 
members of the community. These species include small 
herbivores and omnivores, which contribute little to the 
total zooplankton abundances or biomass, as well as 
larger predators, which can dominate individual samples 
in terms of biomass and are important in controlling pop
ulation growth in the dominant copepod species. 

Labidocera aestiva and Temora longicornis 
Both of these species are coastal forms that overwinter as 
bottom-resting eggs (Pertsova, 1974; Marcus, 1979). The 
distributions of L. aestiva and T. longicornis extend from 
Newfoundland to the Gulf of Mexico and Cape Hat
teras, respectively (Deevey, 1960; Marcus, 1979). 

On Georges Bank, both L. aestiva and T. longicornis 
are concentrated in the shoaler regions (figure 24.10); this 
may reflect local hatching of their bottom-resting eggs, as 
suggested for Centropages hamatus. On the bank both 
species" are most abundant in the fall (Davis, 1982b). In
shore, at Woods Hole (Fish, 1925; Grice and Gibson, 
197 5) and in Block Island Sound (Deevey, 1952a), L. aes
tiva is reported to be primarily a summer/fall species. T. 
longicornis, on the other hand, reaches its peak in early 
summer at Block Island (Deevey, 1952b). At Woods 
Hole, L. aestiva produces resting eggs beginning in Sep
tember, apparently in response to decreasing day length 
(Marcus, 1979). Two to five generations per year have 
been reported for these species in other areas (Marshall, 
1949; Digby, 1950; Deevey, 1952a,b). Concentrations of 
L. aestiva and T. longicornis on Georges Bank are quite 
low ( <25Im3

) even at peak abundance; hence they can
not be considered important contributors to zooplankton 
dynamics and production there. 

Paracalanus crassirostris . 
This is a very small estuarine and neritic species that 
ranges from Brazil to Cape Cod, Massachusetts (Lawson 
and Grice, 1973). It was overlooked in New England 
waters until Deevey (1948)_ and Anraku (1964) found it 
near Woods Hole. A warm-water form, it is most abun
dant on Georges Bank during the fall (figure 24.11), 
within the 100-m isobath; the seasonal cycle is like that 
observed in Block Island Sound, where it was among the 
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most numerous of copepods (Deevey, 1952b). Abun- the concentration on Georges Bank itself was higher than 100 

f (a) Paracalanus crassirostris 
dances for Georges Bank shown in figure 24.11 must be in the surrounding waters (Whiteley, 1948). This group "' "' considered underestimates, since even adult P. crassiros- comprises species of reptantia and natantia, and the sum-
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seasonal cycle of decapod larvae shown here (figure <( 
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The most common harpacticoid found on Georges Bank and Bumpus (1946) noted abundance of decapod nauplii 
was Alteutha depressa, a neritic and littoral species occur- to be greatest in April and May. Whiteley (1948) found 
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ring over sandy or gravelly bottoms (Sars, 1911; Wilson, that decapod larvae on Georges Bank rose into the upper ,.. (b) Harpacticoida 
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1932). Because of its scarcity and affinity for shoaler half of the water column during the day, sinking to lower "' 20 
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to April and absent during the summer (figure 24.11). It likely reflecting their benthic origins. These groups appear 
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occurred only within the 100-m isobath~ It was most at different times of the year, with polychaete larvae F M A M J J A s 0 N D 

abundant in February, in the shoalest areas (figure 24.10), most abundant in the spring and bivalve larvae in the fall 
where it may be able to resist transport off the bank (figure 24.12). 10 

through its epibenthic habits (Fish, 1925). Collectively, 
,.. 
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"' other species of harpacticoids had similar seasonal and Larvacea "' .c 
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spatial patterns, although few were found in March and This group was most abundant on Georges Bank in Feb- ::> .s 
April (figure 24.11). Among these others, two small spe- ruary and in the warmer fall months (figure 24.12) (Davis, "' 5 
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cies, Microsetella norvegica and Clytemnestra rostrata, 1982a). In February, Fritillaria borealis is likely predomi- u 
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were most common. Deevey (1952b) found them plenti- nant (Deevey, 1952a,b; Cox and Wiebe, 1979), and in .c 
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ful in Block Island Sound as well, also in the fall and the fall, Oikopleura dioica (Fish, 1925; Bigelow and 0 
N J F M A M A s 0 D 

winter. Little is known about the life cycles of these Sears, 1939; Deevey, 1952a,b; unpublished ICNAF data). 
small harpacticoids on Georges Bank, since they have The high concentrations of Larvacea found in February 
been greatly undersampled, even with fine-mesh nets (figure 24.12) were confined to Georges Bank itself (fig-
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(0.165 mm; Davis, 1982a). Their contribution to the lo- ure 24.10), while in December abundance was much 
(d) Cyclopoida 
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Bank, but apart from Oithona simi/is, estimates for them ( > 1,0001 m3
) of these organisms were collected on 
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are very low due largely to undersampling. These species Georges Bank (figure 24.10), and they must be consid- 0 
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(chiefly Corycaeus danae and Oncaea venusta) were most ered important both as grazers and as potential prey for 
abundant during fall (figure 24.11) and were distributed larger zooplankton species. 
across the 100-m isobath of the bank in December. 500 

f (e) Copepoda: nauplii 
Limacina retroversa "' 400 Q) 

Larval Forms This common boreal pteropod (Thecosomata) occurs .c 
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Copepod nauplii captured by the fine-mesh nets were along the North American shelf from Newfoundland to .s 
"' mainly Calanus finmarchicus and late-stage Pseudocalanus Cape Hatteras (Redfield, 1939). In the Gulf of Maine, 
0 200 c .. 

sp. Nauplii of other species were greatly undersampled. two populations occur during the year. The first is carried 
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::> 100 .c 

Therefore, the seasonal cycle of this group on Georges in from the Scotian Shelf in December with the prevailing <( 

0 
Bank (figure 24.11) reflects the occurrence of these domi- flow of water, and the second appears in April, either a F M A M J A s 0 N D 

nant spring species. Abundance increased from December new northern immigration or the young of the first group 
to February and, as for older stages of Calanus finmarchi- (Redfield, 1939). As these populations drift counterclock- Figure 24.11 

cus and Pseudocalanus sp., the nauplii were contained wise around the Gulf of Maine, body size increases but Seasonal cycles of abundance of 
nondominant copepod taxa and co-

within the 100-m isobath. population size greatly diminishes. Redfield concluded pepod nauplii on Georges Bank 

Meroplanktonic larvae of the benthic fauna also ap- that although L. retroversa grows and reproduces in the from ICNAF LHS fine-mesh (0. 165-

peared seasonally, though as a group they contributed lit- gulf, it is not endemic there because population growth mm) samples (Davis, 1982b). 

tle to total zooplankton numbers or biomass. Barnacle over a year does not balance mortality. 
nauplii occurred in February and March on central On Georges Bank, Riley and Bumpus (1946) found L. 
Georges Bank, but in very low numbers. retroversa most abundant in June, September, and Janu-

A few decapod larvae were present throughout the ary, and least in the spring (figure 24.12). ICNAF LHS 
year; they were relatively more abundant from April to data show it at more stations in February than in Septem-
September (figure 24.12). In all months except December ber, but in places where it was found the numbers were 



Figure 24.12 
Seasonal cycles of abundance of 
common endemic zooplankton taxa 
on Georges Bank from (a-d, f-h) 
fine-mesh ICNAF LHS samples 
(Davis, 1982b) and (e) coarse
mesh (0.345-mm) samples of Riley 
and Bumpus (1946). 
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similar at both times of the year. A clear seasonal pattern 
has not been detected. If this species does enter the Gulf 
of Maine from the northeast in December, drifting coun
terclockwise thereafter as proposed by Redfield (1939), 
the greatest abundance on Georges Bank would be ex
pected between March and June, exactly when Riley and 
Bumpus (1946) report the lowest numbers. Either the life 
history of L. retroversa is more complex than Redfield 
(1939) supposed or interannual variation in patterns of 
abundance is large. L. retroversa inhabits the Georges 
Bank/Gulf of Maine area throughout the year, reaching 
southward to Chesapeake Bay in winter (chapter 25). 
Though it passes through a complete life cycle in this re
gion and reproduces there, its relatively low abundance 
throughout the year makes it a minor component of the 
Georges Bank zooplankton. 

Mysidacea 
Three species of mysids are endemic to Georges Bank 
(Wigley and Burns, 1971): Neomysis americana, Mysi
dopsis bigelowi, and Erythrops erythropthalma. The first 
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two are temperate to subtropical species restricted to the 
western Atlantic; the latter is an arctic boreal form that 
occurs in European waters as well (Wigley and Burns, 
1971; Williams, Bowman, and Damkaer, 1974; Price, 
1982). 

On Georges Bank, mysids as a group have a well-de
fined distribution within the 100-m isobath, with highest 
concentrations in the shoaler areas (figure 24.10; White
ley, 1948; Wigley and Burns, 1971; Cohen and Lough, 
1982; Davis, 1982b). Mysids are most abundant during 
fall (figure 24.12; Cohen and Lough, 1982; Davis, 
1982b), but may have a spring peak as well (Whiteley, 
1948). 

Neomysis americana is the most abundant mysid in the 
Georges Bank plankton. It lives on or near the bottom 
during the day, but migrates well up into the water col
umn at night (Whiteley, 1948; Wigley and Burns, 1971 ). 
N eomysis americana was rare in spring fine-mesh samples 
(figure 24.12), though some investigators have found it 
plentiful at that time (Whiteley, 1948; Wigley and Burns, 
1971). This may be due to spatial undersampling of the 
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population (which has a patchy distribution) or to inter
annual variation in its spring abundance (Whiteley, 1948). 
In Block Island Sound, N. americana occurred in all 
months except January and was dominant in August and 
September (Deevey, 1952b). In the southern part of its 
range on the North Carolina coast, N. americana is com
mon during the coldest months (February-April; Fulton, 
1982). At its northern-range limit in Passamaquoddy Bay, 
N. americana produces two generations between spring 

. and early fall (Pezzack and Cory, 1979). Females of both 
generations yield several large egg clutches, the quantity 
depending on body size. Two generations are also said to 
be produced each year on Georges Bank; this occurs be
tween March and September, the second generation over
wintering to the following spring (Wigley and Burns, 
1971). Whiteley (1948) postulated a spring breeding pe
riod for N. americana on Georges Bank, although he 
found both fall and spring peaks in abundance. 

Mysids in general are important predators of smaller 
zooplankton (Heinle and Flemer, 1975; Fulton, 1982), 
and their abundance in the well-mixed region of Georges 
Bank indicates that they are major predators there. Since 
mysids are concentrated near the bottom during the day, 
downward vertical migration by planktonic prey at this 
time would increase their vulnerability to mysid 
predation . 

Mysids appear able to maintain spatially well-defined 
populations on Georges Bank through their close associa
tion with the bottom (figure 24.10). Interestingly, N. 
americana, which spends much of its time up in the 
water column, lives primarily in the well-mixed region, 
where advective transport is slight, whereas Erythrops ery
thropthalma, which lives close to the bottom, maintains 
its population on the southern flank of the bank, where 
advective losses are greatest. It is unclear how N. ameri
cana maintains high concentrations within the well-mixed 
region in the face of.strong horizontal exchange pro
cesses. Population growth together with migratory behav
ior must balance such dispersive forces. 

Amphipoda 
Three planktonic amphipods are endemic to the Georges 
Bank zooplankton community: the gammarids, Monocu
lodes edwardsi and Pontogenia inermis, and the hyperiid, 
Themisto gaudichaudii (Whiteley, 1948; Dickinson and 
Wigley, 1981). (Themisto as a replacement for Parathem
isto followsBowman, Cohen, and McGuiness, 1982; see 
also Stephensen, 1924; Sheader and Evans, 1974.) 

M. edwardsi is a shallow-water ( < 100 m) temperate 
species ranging from the Gulf of Saint Lawrence to the 
Gulf of Mexico (Dickinson and Wigley, 1981). P. inermis 
and T . gaudichaudii are arctic and boreal forms extending 
south to Cape Hatteras, the latter circumpolar in both 
the Northern and Southern hemispheres (Dickinson and 
Wigley, 1981; Sheader, 1981; Bowman, Cohen, and 
McGuiness, 1982). 

Although M. edwardsi may be considered a benthic 
species (Fish, 1925; Dickinson and Wigley, 1981), White
ley (1948) found it the most abundant amphipod in his 
Georges Bank plankton collections, more plentiful deep 
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in the water column but also common in the tipper lay
ers, exhibiting limited vertical migration. M. edwardsi is 
largely restricted to within the 100-m isobath on Georges 
Bank, where it is most abundant between · 60 and 100 m 
(Whiteley, 1948; Dickinson and Wigley, 1981). In sum
mer this species was absent from the mixed area (White
ley, .1948). M. edwardsi breeds from May to September, 
producing several broods and completing its life cycle 
within a year (Bousfield, 1973). Whiteley (1948) postu
lates a summer reproductive period for this species in the 
deeper Georges Bank waters (60-100 m). 

P. inermis is considered more planktonic than Monocu
lodes edwardsi, but Whiteley (1948) found it only in the 
deeper str~ta. Like M. edwardsi, it reached peak abun
dance in spring and fall and was most common over the 
deeper southwestern part of the bank (Whitely, 1948). 
Benthic samples, however, have shown it to be a species 
characteristic of the shoalest region (Dickinson and Wig
ley, 1981). At present, reliable information on generation 
times, breeding periods, and feeding habits is lacking for 
this species. . 

T. gaudichaudii is known to be endemic to the 
Georges Bank/Gulf of Maine region, where it maintains a 
year-round population (Bigelow, 1926). From fine-mesh 
samples, amphipods (species not identified) reached peak 
abundance in July (figure 24.12). This peak was likely 
composed principally of T. gaudichaudii, as the other am
phipod species M. edwardsi and P. inermis are rare in 
plankton samples taken in the mixed area at that time 
(Whiteley, 1948). T. gaudichaudii occurs seasonally in the 
North Atlantic, including the Gulf of Maine, between 
June and September (Bigelow, 1926; Williams and Ro
bins, 1981). In the Georges Bank region, it is restricted to 
the deeper waters surrounding the · bank from March to 
June (Whiteley, 1948). Its appearance on the bank coin
cides temporally with strong seasonal stratification out
side the mixed area ( < 60 m) in late summer and early 
fall, and it apparently persists there into the winter, since 
Whiteley (1948) found it still abundant in January. 

This species reproduces year-round, but summer is its 
principal breeding period (Bigelow, 1926; Whiteley, 
1948; Williams and Robins, 1981); reproduction may be 
food dependent (Sheader, 1981). On the basis of labora
tory estimates of the relation between temperature and 
development rate (Evans, 1968; Sheader, 1981), T. gaudi
chaudii should produce two large generations during its 
breeding period on Georges Bank and three to four gen
erations through the rest of the year. 

Larvae and juveniles ofT. gaudichaudii typically re
main above the thermocline (Bigelow, 1926), while the 
adults migrate vertically from their nocturnal habitat in 
the surface layers to considerable depths in the daytime 
(Bigelow, 1926; Whiteley, 1948; Williams and Robins, 
1981). The juveniles associate with hydromedusae (Maclin 
and Harbison, 1977; Sheader, 1981; Williams and Ro
bins, 1981), notably with the medusa Aglantha digitate, 
but the adults are free-living. The seasonal cycles ofT. 
gaudichaudii and the hydromedusae coincide (to be dis-
. cussed),. which may reflect this dependence. 

T. gaudichaudii is a carnivore, feeding voraciously on a 
wide range of zooplankton including copepods, chaetog
naths, euphausiids, fish larvae, and even hydromedusae 
(Sheader, 1981). Although accurate abundance estimates 
forT. gaudichaudii are lacking for Georges Bank, it is 
likely a major predator of other zooplankton species, es
pecially during summer (figure 24.12). 

Other Large Planktonic Crustaceans 
Whiteley (1948) describes four other large planktonic 
crustaceans as important on Georges Bank: the decapod 
shrimps, Crangon septemspinosa and Dichelopandalus lep
tocerus, and the euphausiids, Meganyctiphanes norvegica 
and Thysanoessa inermis. The first two are primarily 
benthic in habit (Smith, 1964; Williams and Wigley, 
1977), and the latter two spend most of the year in deep 
water surrounding the bank (Whiteley, 1948). 

C. septemspinosa and D. leptocerus range from New
foundland to North Carolina and Florida, respectively, 
from the coast out to the shelf edge. They breed in 
spring and summer. On Georges Bank, adults are found 
within the 100-m isobath (Whiteley, 1948). Vertically, 
these decapods are restricted to the lower part of the 
water column both day and night, rarely if ever moving 
more than a few meters off the bottom (Whiteley, 1948). 
Zooplankton prey, however, migrate toward the bottom, 
coming within range of these predators, whose consump
tion may be substantial. 

The euphausiids T. inermis and M. norvegica were 
found by Whiteley (1948) to be abundant on Georges 
Bank in Septemeber, but ICNAF LHS data (Cohen and 
Lough, 1982) from that season show them only in the 
deeper surrounding waters (figure 24.13). Both species are 
comparatively cold-water forms, found in the Middle At
lantic Bight from February to July. M. norvegica persists 
into the fall, presumably in the cold pool of water on the 
bottom in that area (Cox and Wiebe, 1979). On Georges 
Bank in September, both species are relatively abundant 
in the vicinity of the cold pool on the southern flank 
(Whiteley, 1948), but the origin of these populations is 
not known. They may have been brought into this area 
by Slope Water intrusions resulting from the action of 
warm-core Gulf Stream rings or strong winds. Such spo
radic events would account for the intermittent appear
ance of these species on Georges Bank during fall (Cohen 
and Lough, 1982). Both T. inermis and M. norvegica are 
omnivores, and when abundant on Georges Bank, may. be 
important predators on small zooplankton there. 

Sagitta elegans 
This common boreoarctic, neritic carnivore is the only ar
row-worm (chaetognath) endemic to Georges Bank. Its . 
high abundance, especially in the well-mixed region (fig
ure 24.10; Clarke, Pierce, and Bumpus, 1943), makes it a 
major predator of the dominant copepod species (Davis, 
1982a, 1984b). 

In the northernmost part of its range ( 63 ° N), S. ele
gans produces a single generation each year (McLaren, 
1969); two or more are reported from Nova Scotian 
coastal waters (Sameoto, 1971; Zo, 1973). Fine-mesh 
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Figure 24. 13 
Spatial distributions of abundance 
N (number/m' ) of (a) Euphausiacea 
in September 1975 from ICNAF 
LHS coarse-mesh (0.333-mm) sam
ples (Cohen and Lough, 1982); 
(b-d) typical oceanic and (e-h) 
Gulf of Maine/Slope Water zoo
plankton taxa in the region of 
Georges Bank from ICNAF LHS 

· fine-mesh samples (Davis, 1982b). 



Figure 24. 14 
(a,b) Fall/winter spatial distribution 
of abundance N (number/m') of ge
latinous zooplankton (Cnidaria and 
Ctenophora) on Georges Bank from 
ICNAF LHS coarse-mesh (0.333-
mm) samples. (c) Occurrence rec
ords for floating hydrold colonies 
and three species of medusae in 
the Georges Bank area: •· floating 
hydroids; e, Aglantha digitale; t:., 
Staurophora mertensii; 0, Cyanea 
capillata. [Bigelow (1926)] 
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samples from Georges Bank show an abundance peak in 
May (figure 24.12; Davis, 1982a,b, 1984b). These sam
ples contained very small (4.0 mm) individuals not cap
tured by the coarser nets of Clarke, Pierce, and Bumpus 
(1943), who, along with Riley and Bumpus (1946), found 
peak abundance in June of somewhat larger animals. This 
is evidence that S. etegans reproduces in the spring on 
Georges ·Bank, but both Clarke, Pierce, and Bumpus 
(1943) and Davis .(1982a,b, 1984b) found young in Sep
tember also, suggesting a second ge~eration there. Fall 
adults were smaller than spring ones, the result of devel
opment at higher temperatures (Clarke, Pierce, and Bum
pus, 1943; McLaren, 1966). 

Diel (24-hour) migration of S. etegans on Georges Bank 
is pronounced; during the day they are concentrated 
within 5 m of the bottom, but at night they are distrib
uted throughout the water column (Clarke, Pierce, and 
Bumpus, 1943; Lough and Cohen, 1982). High concen
trations of S. etegans in the well-mixed region may be 
achieved, despite large horizontal exchange rates (Loder 
et a!., 1982), because advection there (Redfield and 
Beale, 1940; Clarke, Pierce, and Bumpus, 1943) is low 
compared with such areas as the southern flank (Butman 
et al., 1982). 

Gelatinous Zooplankton 
Bigelow (1926) provides the only information on the spe
cies composition of this important group. Certain species 
occurring on Georges Bank can be considered primarily 
coastal, Mnemiopsis teidyi, for example (Bigelow, 1926). 
Others, such as the Thaliacea (Cohen and Lough, 1982) 
and Nanomia cara (Rogers, 1978), are relatively deepwa
ter forms. Scyphomedusae, hydromedusae, and cteno
phores can be very abundant on Georges Bank within the 
100-m isobath (figure 24.14) and important predators 
upon the zooplankton. Sherman (1979) found that gelati
nous zooplankton reached peak abundance on Georges 
Bank in July and August and were absent from samples 
taken at other times. 

Bigelow found three species of medusae on Georges 
Bank: the scyphomedusa Cyanea capillata (250-1,200 
mm), the large hydromedusa Staurophora mertensii 
(100-200 mm), and the trachymedusa Agtantha digitate 
(20-40 mm). The last two are circumpolar boreal arctic 
species, while varieties of the former range all the way 
from the Arctic to the Gulf of Mexico. Both C. capillata 
and S. mertensii have benthic life stages and consequently 
are neritic in distribution; A. digitate is holoplanktonic 
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and oceanic as well as neritic (figure 24.14). Georges 
Bank is the southern distributional limit of S. mertensii in 
the western North Atlantic. A. digitate ranges further 
south both offshore in deeper (colder) oceanic water 
(Kramp, 1959) as well as along the shelf to the Chesa
peake Bay in winter (Bigelow, 1926). It is unclear at pres
ent whether A. digitate develops a well-defined Georges 
Bank population or is primarily an immigrant from the · 
northeast. This species shows no apparent seasonal cycle 
in the Gulf of Maine or on Georges Bank, but immigrant 
populations from higher latitudes appear to produce one 
or two generations locally within .the area each year (Bi
gelow, 1926). 

Georges Bank appears to serve as a nursery for poly
poid stages of S. mertensii and C. capillata, since small, 
recently released medusae have been collected within the 
100-m isobath (Bigelow, 1926). S. mertensii is most 
abundant there from April through July, although num
bers vary considerably from year to year (Bigelow, 1926). 
C. capillata occurs on Georges Bank between April and 
October, with mature adults appearing in June. In a given 
year there appears to be a single generation of S. merten
sii and C. capillata on the bank. C. capillata may over
winter in the schyphistoma stage, attached to the bottom 
in shoal areas (Bigelow, 1926). 

In addition to medusoid species, Bigelow (1926) found 
several colonial hydroid species floating on Georges Bank 
(figure 24.14). Such hydroids were common in ICNAF 
LHS samples and appear, as noted by Bigelow (1926), to 
be actively growing colonies scoured from the bottom by 
strong currents. 
· The ctenophore Pleurobrachia pileus may contribute 
substantially to the gelatinous component on Georges 
Bank. Although Bigelow (1926) did not find it there, he 
did find high concentrations on adjacent Brown's Bank, 
and ctenophores (probably P. pileus) are commonly abun
dant in.ICNAF and MARMAP collections on Georges 
Bank. The distribution of this species is characteristically 
patchy. It is known to range widely over shelf regions · 
and has been found concentrated in entrainments of shelf . 
water within warm-core Gulf Stream rings in April off 
southern New England (P. H. Wiebe, unpublished data}. 
The contribution of P. pileus to total gelatinous zoo
plankton on Georges Bank, although not known at pres
ent, is expected to be large. 

Expatriate Species 

Oceanic species, expatriated from the Sargasso Sea and 
Gulf Stream, are often encountered in low concentrations 
( < 1.0% of total zooplankton) on Georges Bank (Bige
low, 1926; Colton, Temple, and Honey, 1962; Sherman 
and Schander, 1968), although their distributions are nor
mally sharply demarcated at the shelf/slope break (100-m 
isobath) (figure 24.13). This indicates physical transport 
across the shelf/slope front by small-scale mixing pro
cesses, strong winds, or warm-core Gulf Stream rings 
(Flied and Wroblewski, in press). 
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The calanoid copepod Candacia armata (figure 24.13) . 
is commonly found on Georges Bank in low concentra
tions. It is uncertain, however, whether this species is an 
expatriated oceanic or shelf-water form. Data of Bigelow 
(1926), Bigelow and Sears (1939), and the Oceanographic 
Laboratory, Edinburgh (1973), show primarily an oceanic 
origin for C. armata, but Grice and Hart (1962) found it 
to be a characteristic shelf species (figure 24.6). By all ac
counts its concentration is low on the shelf in relation to 
other species, and for this reason it has been largely 
undersampled. 

In addition to oceanic forms, species that inhabit the 
Gulf of Maine and the Slope Water adjacent to Georges 
Bank (table 24.1) are often found on the bank. The dis
tribution of these forms (figure 24.13) is typified by the 
siphonophore Nanomia cara (Rogers, 1978), and the co
pepods Euchaeta norvegica (Bigelow; 1926), Microcalanus 
sp., and Metridia lucens. 

Metridia lucens is a deeper-water form (figures 24.6 
and 24.13; Bigelow, 1926). Although its distribution 
overlaps the edges of Georges Bank (figure 24.13), its 
abundance in the well-mixed region is quite low through
out the year, with perhaps higher concentrations in sum
mer (Riley and Bumpus, 1946; Davis, 1982b). It is a 
strong diurnal migrator (Clarke, 1933) for which depths 
exceeding 100m appear necessary. High concentrations 
(>100/ m3

) have been found on the Slope Wat~r side of 
the shelf/slope front below the pycnocline (Davis, unpub
lished data). 

Certain species endemic nearshore (for instance, Acartia 
clausii) also have been observed as expatriates on Georges 
Bank (table 24.1), usually in the southwestern region, in
dicating source populations along the New England 
coast. The polychaete Tomopteris helgolandica appears to 
belong to this group (Bigelow, 1926), although Grice and 
Hart (1962) have found it common out to the shelf edge 
south of New York. 

Other less abundant species may be endemic to 
Georges Bank: for instance, cladocerans of the genera 
Evadne and Podon; an ostracod, Conchoecia sp.; the cy
clopoid copepods Corycaeus danae and Oncaea venusta; 
and the harpacticoid Halithalestris croni. However, infor
mation is not now at hand to permit description of their 
life cycles or distributions. ICNAF LHS samples were 
usually not sorted to the generic lev~l for these groups. 
Future analysis of MARMAP samples (chapter 25) may 
help us to explain the role of these less common species 
in the Georges Bank ecosystem. 

Summary 

Published and unpublished evidence indicates that the 
Georges Bank zooplankton community consists of a rela
tively small number of endemic species and a large num
ber of expatriates from oceanic, slope, Gulf of Maine, 
and coastal sources. Endemics, which include holoplank
tonic, meroplanktonic, and demersal/planktonic forms, 
account for more than 95% of the total zooplankton 
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abundance and biomass. The combination of life cycles 
among endemics leads to characteristic patterns in season
ality, spatial distribution, and trophic structure of the 
community. 

Seasonally, winter/spring cold-water species give way to 
warm-water forms in late summer and fall. The cold
water fauna is typified by Pseudocalanus sp. and Calanus 
finmarchicus, cirripede nauplii, and polychaete larvae, 
whereas the warm-water complex includes Paracalanus 
parvus, Centropages typicus, Centropages hamatus, Labi
docera aestiva, T em ora longicornis, P aracalanus crassiros
tris, certain unidentified cyclopoid copepods, bivalve 
larvae, the hyperiid amphipod Themisto gaudichaudii, the 
decapod shrimp Dichelopandalus leptocerus, and the eu
phausiid Meganyctiphanes norvegica. 

Other zooplankton taxa show various annual patterns. 
For one group there are peaks of abundance in both 
spring and fall; in this are Alteutha depressa and other 
harpacticoid copepods, larvaceans, the mysid N eomysis 
americana, the decapod shrimp Crangon septemspinosa, 
the euphausiid Thysanoessa inermis, and the chaetognath 
Sagitta elegans. A second group has a summer peak only; 
this includes decapod larvae, the gammarid amphipod 
Monoculodes edwardsi, and the medusae Staurophora 
mertensii and Cyanea capillata. In contrast, for the small 
and abundant copepod Oithona similis there is no appar
ent seasonal cycle. Finally, seasonal patterns for certain 
species are not well defined; among them are the ptero
pod Limacina retroversa, the mysids Mysidopsis bigelowi 
and Erythrops erythropthalma, the gammarid amphipod 
Pontogenia inermis, and the hydromedusa Aglantha digi
tate. Zooplankton species begin their seasonal population 
expansion on Georges Bank in two ways: by local growth 
of overwintering populations or through "seeding" by im
migrants from surrounding waters and subsequent popula
tion growth. Depending on the species, 1-10 generations 
per year can be produced. 

Spatially, those species closely associated with the sea
floor for all or part of their lives maintain well-defined 
distributions within the 100-m isobath or shoaler regions 
of the bank. These species include copepods that lay bot
tom-resting eggs (Centropages hamatus, Labidocera aes
tiva, and T emora longicornis), demersal zooplankton 
(Neomysis americana, Mysidopsis bigelowi, Erythrops ery
thropthalma; Monoculodes edwardsi, Pontogenia inermis, 
Dichelopandalus leptocerus, and Crangon septemspinosa), 
and meroplanktonic larvae of benthic invertebrates. Hol
oplanktonic species have less well-defined spatial distribu
tions, except for Sagitta elegans and the larvacea, which 
are strongly concentrated on Georges Bank. During 
spring, Pseudocalanus sp. and Calanus finmarchicus build 
large populations on the bank, Pseudocalanus sp. reach
ing its highest concentrations inside the 100-m isobath. In 
the fall, Paracalanus parvus and Centropages typicus are 
plentiful in the warm surface layers above the thermoc
line throughout the Georges Bank/Gulf of Maine area as 
well as in the central mixed region of the bank, while 
Pseudocalanus sp. and C. finmarchicus are largely re
stricted to the deeper and cooler waters of the Gulf of 

Maine itself. Other taxa are distributed broadly through
out the area either seasonally or year-round (Meganycti
phanes norvegica, Thysanoessa inermis, Themisto 
gaudichaudii, Limacina retroversa, and Oithona similis). 
The spatial distribution of gelatinous species is not well • 
known at present. 

Zooplankton species having higher abundance on 
Georges Bank than in surrounding waters overcome losses 
to physical advection and diffusion by increased local 
population growth, diurnal and/or demersal/planktonic 
vertical migration reducing net horizontal displacement, 
and production of new individuals through bottom-rest
ing eggs or by benthic parental populations. 

Trophically, Georges Bank zooplankton production ap
pears to be largely controlled by predation. The herbi
vore/ omnivore component is dominated during spring by 
Calanus finmarchicus, Pseudocalanus sp. and Oithona 
similis, and during fall by Paracalanus parvus, Centro
pages typicus, and Centropages hamatus. Dominant pre
dators include the omnivorous copepods themselves as 
well as Sagitta elegans, Neomysis americana, and uniden
tified species of gelatinous zooplankton. 

There are several species for which distribution and 
abundance data are slight or lacking, and, for most spe
cies, considerably more information on reproduction, 
growth, feeding, mortality, and migration habits, as well 
as physical transport mechanisms, is required before fur
ther assessments of their life cycles can be made. 

Reviewed by George D. Grice 
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The first comprehensive description of zooplankton for 
the northeastern continental-shelf region including 
Georges Bank was presented by Bigelow (1926), based on 
sampling carried out aboard U.S. Fish Commission ves
sels. Fish (1925, 1936a,b) also made early explorations. 
Investigations based at the Woods Hole Oceanographic 
Institution (Clarke and Zinn, 1937; Bigelow and Sears, 
1939; Clarke, 1940; Redfield, 1941; Clarke, Pierce, and 
Bumpus, 1943) were more quantitative in nature. Rela
tively recent studies include Deevey (1952, 1956, 1960), 
Grice and Hart (1962), Sherman (1968, 1970), Malone 
(1977), Judkins, Wirick, and Esaias (1980), Maurer and 
Toner (1983), and Sherman et al. (1983a). The most 
complete zooplankton sampling on Georges Bank was 
conducted between 1977 and 1981 as part of a National 
Marine Fisheries Service (NMFS) research program on 
zooplankton, ichthyoplankton, and fish-stock productiv
ity. This program includes broad-scale surveys that extend 
from the Gulf of Maine to Cape Hatteras as part of the 
Marine Resources Monitoring, Assessment, and Predic
tion (MARMAP) program (Sherman, 1980; Sherman et 
al., 1983b). Most MARMAP cruises during the period 
1977-1981 were conducted by the Northeast Fisheries 
Center, but some were made jointly with scientists and 
vessels from Poland, the Soviet Union, and the German 
Democratic Republic. 

We report here on patterns of abundance of the domi
nant invertebrate zooplankton and the fish larvae (ichthy
oplankton) of Georges Bank and adjacent waters. Among 
the invertebrate zooplankton, our emphasis is on those 
copepods retained in a 0.333-mm mesh net (late cope
podites and adults of the larger species). Such copepods, 
important both as herbivores and as prey of larval, juve
nile, and adult fish, are a key link in the shelf food web. 
The production and ecologic significance of smaller zoo
plankton, not adequately sampled with 0.333-mm nets, 
have also been investigated as part of the MARMAP pro
gram (Colton et al., 1980; Davis, 1984, Laurence et al., 
1984; see also chapter 24). For the larval fish component 
of the Georges Bank MARMAP samples we give species 
composition, distributions for major stocks, and spawning 
times. 

Methods 

MARMAP zooplankton collections were made from Feb
ruary 1977 though October 1981. During that 5-year pe
riod 3,898 samples were collected from the entire Gulf 
of Maine/Cape Hatteras region. Based on differences in 
bathymetry, hydrography, productivity, and the demogra
phy of key populations, the entire region was divided into 
four subregions: the Gulf of Maine, Georges Bank, 
southern New England, and the Middle Atlantic Bight 
(Sherman et al., 1984). Descriptions of invertebrate zoo
plankton in the present report are based on those collec
tions made on Georges Bank and in nearby waters, a 
total of 1,677 samples. Ichthyoplankton samples, a 
slightly smaller number, were all taken on Georges Bank 
itself between 1977 and 1980. 

At each sampling station, oblique hauls were made 
with paired bongo1 samplers fitted with 0.333- and 
0.505-mm mesh nets (Sherman, 1980). These were towed 
at 1.5 knots except for two cruises (February 1977 and 
February 1978) when tow speed was 3.5 knots. Flow me
ters and time-depth recorders furnished data on the water 
volume filtered and the tow profile through the water 
column. 

All samples were sorted and identified by personnel at 
the Plankton Sorting Center, Szcecin, Poland. Invertebrate 
zooplankton were taken from the samples of the 0.333-
mm mesh net and ichthyoplankton from the samples of 
the 0.505-mm mesh net. Before the invertebrate samples 
from the 0.333-mm mesh net were sorted and identified, 
organisms larger than 2.5 em were removed (normally, 
this was a very small fraction of the whole). The dis
placement volume of the sample was then determined, 
and aliquots (quantitative subsamples) were taken for 
identification and counting of the plankton. Zooplankton 
volumes have been expressed as cm3/100 m3 of water 
strained, and abundance as numbers/100 m3

• Ichthyo
plankton data, based on samples from the 0.505-mm 
mesh net, have been standardized to numbers of larvae 
under 10 m2 of sea surface area. The delta distribution 
(Aitchison, 1955), previously applied to MARMAP survey 
data (Berrien, Naplin, and Pennington, 1981; Pennington, 
1983), was used for estimating sample means for both 
zooplankton and ichthyoplankton abundance. 

Seasonality and water-column depth are known to in
fluence the abundance and composition of zooplankton 
communities (Glover, 1957; Glover, Cooper, and Forsyth, 
1961). The Georges Bank samples were classified into 
eight seasons (tables 25.1A-25.1D) and four geographic 
subareas according to depth (figure 25.1): (1) central 
shoal (depth~ 60 m); (2) intermediate water (60-100 m); 
(3) northern deep water (depth > 100 m); and (4) south
ern deep water (depth > 100 m). Much of the northern 
deep subarea lies in the Gulf of Maine, but samples taken 
there also characterize zooplankton communities found 
along the Northern Edge of Georges in waters more than 
100 m deep. Although some samples were taken on that 
portion of Nantucket shoals shown in figure 25.1, sam
pling frequency was insufficient for rigorous analysis, so 
this area has not been considered here. 

Invertebrate Zooplankton 

Biomass 
Based on the pooled 1977-1981 data, the seasonal pat
tern of zooplankton displacement volume (a measure of 
biomass) was similar in all of the Georges Bank subareas 
(figure 25 .2). There was a peak in biomass in the late 
spring, followed by a sharp decline through summer. 
After that there was a more gradual decrease through fall 
to an annual winter low. In the northern deep area the 
pattern differed slightly. The sharp increase in biomass 
came later than it did in the other subareas, and there 
was a small secondary peak in late fall. 

Zooplankton Production 
and the Fisheries of the 
Northeastern Shelf 
Kenneth Sherman, Wallace G. Smith, John R. Green, 
Edward B. Cohen, Mark S. Berman, Karen A. Marti, 
and Julien R. Goulet 

Table 25.1A 
Seasonal mean zooplankton volumes (cm'/100 m3

) on the central shoal of Georges Banka 

Day 
Year 

Season Date number 1977 1978 1979 1980 1981 

Late winter 1 Jan-23 Mar 1-83 60.1 31.6 10.9 16.1 
(1) (14) (6) (8) 

Early spring 24 Mar-4 May 84-125 83.5 55.0 120.8 80.7 60.4 
(8) (1) (6) (11) (5) 

Late spring 5 May-22Jun 126-174 165.0 133.82 127.8 37.1 48.4 
(15) (8) (7) (4) (6) 

Early summer 23 Jun-22 Jul 175-204 64.2 68.1 
(7) (6) 

Late summer 23 Jul-12 Sep 205-256 64.6 52.1 31.3 24.5 
(6) (6) (6) (8) 

Early autumn 13 Sep-9 Nov 257-314 27.0 43.5 51.0 32.2 41.4 
(8) (7) (6) (8) (17) 

Late autumn 10 Nov-12 Dec 315-347 31.1 35.0 30.4 
(6) (8) (7) 

Early winter 13 Dec-31 Dec 348-365 24.1 18.4 
(2) (8) 

a. The number of observations for each case is in parentheses. 

Table 25.1B 

5-year 
mean 

29.7 
(29) 

82.1 
(31) 

102.4 
(40) 

66.1 
(13) 

43.1 
(26) 

39.0 
(46) 

32.2 
20 

21.3 
(10) 

Seasonal mean zooplankton volumes (cm'/100 m3
) in the intermediate water of Georges Banka 

Day 
Year 

5-year 
Season Date number 1977 1978 1979 1980 1981 mean 

Late winter 1 Jan-23 Mar 1-83 16.0 16.8 46.0 18.7 11.5 21.8 
(2) (13) (3) (11) (14) (43) 

Early spring 24 Mar-4 May 85-125 105.0 64.7 94.0 77.1 59.1 80.0 
(10) (7) (11) (15) (10) (53) 

Late spring 5 May-22 Jun 126-174 197.6 81.6 112.7 51.3 76.9 104.0 
(22) (7) (10) (6) (11) (56) 

Early summer 23 Jun-22 Jul 175-204 35.1 64.0 49.6 
(5) (7) (12) 

Late summer 23 Jul-12 Sep 205-256 57.8 40.0 49.6 46.5 48.5 
(7) (9) (8) (7) (31) 

Early autumn 13 Sep-9 Nov 257-314 53.3 30.5 34.1 43.1 23.2 36.8 
(8) (56) (15) (13) (20) (112) 

Late autumn 10 Nov-12 Dec 315-347 24.5 32.5 25.7 29.6 28.1 
(11) (7) (8) (4) (40) 

Early winter 13 Dec-31 Dec 348-365 29.0 7.2 18.1 
(5) (8) (13) 

a. The number of observations for each case is in parentheses. 
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Table 25.1C Figure 25.1 

Seasonal mean zooplankton volumes (cm'/100 m3
) in the northern deep water of Georges Banka Representative distribution of sam-

piing stations (dots) on Georges 
Year 

Day 5-year 
Bank and depth strata. Key: blue, 

Season Date number 1977 1978 1979 1980 1981 mean 
southern deep water; brown, north-
ern deep water; green, intermedi-

Late winter 1 Jan-23 Mar 1-83 20.8 19.0 45.6 14.3 10.9 22.1 ate water; yellow, central shoal. 

(2) (2) (1) (3) (3) (11) 

Early spring 24 Mar-4 May 84-125 20.4 52.1 30.6 40.6 27.0 34.1 
Figure 25.2 
Mean zooplankton displacement 

(1) (2) (1) (3) . (1) (8) volumes (cm'/100 m') for each 

Late spring 5 May-22 Jun 126-174 82.7 62.4 62.1 100.2 60.2 73.7 
Georges Bank subarea (1977-

(2) (1) (2) (2) (11) (56) 
1981): (a) central shoal; (b) inter-
mediate water; (c) northern deep 

Early summer 23 Jun-22 Jul 175-204 34.0 54.2 44.1 water; (d) southern deep water. 

(1) (2) (3) 
Bars show one standard error. 

Late summer 23 Jul-12 Sep 205-256 23.5 24.1 34.0 40.9 30.6 
(1) (3) (1) (1) (6) 

p 0 50 

Early autumn 13 Sep-9 Nov 257-314 9.3 25.5 35.5 16.2 21.6 ,,5,000,000 40' 

(10) (3) (3) (16) (22) /f.'"" 
Late autumn 10 Nov-,12 Dec 315-347 23.7 34.8 30.1 31.5 30.0 

(3) (1) (1) (1) (6) 

Early winter 13 Dec-31 Dec 348-365 2.6 12.3 7.4 ISO ISO 

(5) (2) (4) 

a. The number of observations for each case is in parentheses. f f 
0 12S 0 12S 

0 0 
~ 

~ 

;;- ;;-
E E 
~ ~ 

Table 25.1D Ql 100 Ql 100 

E E 
Seasonal mean zooplankton volumes (cm'/100 m3

) in the southern deep water of Georges Banka ::J ::J 

0 0 
> > 

Day 
Year c 7S 

c 75 
5-year ~ ~ 

Season Date number 1977 1978 1979 1980 1981 mean c c ., ., 
c. c. 

Late winter 1 Jan-23 Mar 1-83 3.3 1.5 2.4 
0 0 
0 so 0 50 
N N 

(5) (4) (9). c c ., ., 
Ql Ql 

Early spring 24 Mar-4 May 84-125 42.7 40.1 78.9 32.9 48.7 ::E ::E 
25 25 

(1) (5) (4) (4) (13) 

Late spring 5 May-22 Jun 126-174 129.4 60.9 65.6 30.5 71.6 
(7) (4) (2) (5) (18) 

Early summer 23 Jun-22 Jul 175-204 17.1 73.1 45.1 
(2) (3) (5) (a) Day (b) Day 

Late summer 23 Jul-12 Sep 205-256 22.3 14.5 20.1 26.4 20.8 
(6) (3) (4) (4) (17) 

Early autumn 13 Sep-9 Nov 257-314 20.0 12.1 25.1 25.6 7.8 18.1 !50 ISO 

(3) (4) (5) (5) (5) (22) 

Late autumn 10 Nov-12 Dec 315-347 15.5 10.8 6.7 3.1 9.0 f !25 f 125 

(4) (4) (3) (1) (12) 0 0 
0 0 
~ 

~ Early winter 13 Dec-31 Dec 348-365 6.8 6.4 6.6 
;;-
E 

(1) (5) (6) 
~ I 00 ~ !DO 
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a. The number of observations for each case is in parentheses. 
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Total biomass was highest on the central shoal and in 
the intermediate water, where spring peak values were 
about 100 cm3/100 m3

• In contrast, in the two deepwa
ter areas, spring peak zooplankton volumes were about 
7 5 cm3 /100 m3

• A difference in biomass persisted 
through the annual cycle, with winter lows of about 20 
cm3/100 m3 in the shallow and intermediate areas and 
less than 10 cm3/100 m3 in the deeper water. Year-to
year variation was greater in shoal and intermediate 
depths and in spring and summer, when biomass levels 
were relatively high (tables 25.1A-25.1D). 

Composition and Abundance of Copepod Populations 
The most abundant zooplankters were identified using 
the Fager and McGowan (1963) index of dominance. 
Pooled 5-yeilf data reduced bias introduced by small sam
ple sizes in some subareas in one or more years. On the 
basis of the MARMAP samples for the 0.333-mm mesh, 
the following five copepod species were found to be 
dominant on Georges Bank: Calanus finmarchicus, Pseu
docalanus minutus, Centropages typicus, Centropages ha
matus, and Metridia lucens. 

From January to June, Pseudocalanus minutus and Cal
anus finmarchicus dominated the zooplankton communi
ties in all four subareas. Initially, the species were present 
in equal numbers and together made up 60-90% of all 
copepods in our samples (figure 25.3). As the year pro
gressed the two species continued to predominate, but 
their relative proportions changed; by late spring C. fin
marchicus alone accounted for 60-70% of all copepods 
sampled. An exception to this pattern was found in the 
southern deep water, where in the period from January to 
February species diversity exceeded that in the other su
bareas. There was a large percentage of Metridia lucens. 
Later, in this subarea as in the others, the C. finmarchicus 
population increased rapidly to the high levels of spring 
and early summer. 

In the second half of the year, dominance shifted to 
Centropages typicus, which in our samples accounted for 
65% of all copepods from late summer to early fall. On 
the central shoal, C. typicus shared dominance with the 
congeneric C. hamatus; together these species accounted 
for about 75% of the copepod community. In the fall, 
the southern deep area was more diverse than the other 
subareas, though C. typicus remained dominant. It was 
also more diverse in late winter. 

Seasonal patterns of abundance among dominants were 
examined for each area to determine maximum concen
trations. Estimates of mean abundance and standard error 
(figures 25.4-25.8) were calculated using the delta mean 
statistic (Pennington, 1983). Calanus finmarchicus abun
dance largely accounted for the spring maximum in zoo
plankton volume. During late spring C. finmarchicus was 
most numerous in the intermediate and northern deep 
subareas of Georges (approximately 85,000-100,000/100 
m3

) and lowest in the central shoal and southern deep 
areas (approximately 60,000/100 m3

) (figure 25.4). Num
bers decreased sharply in each area following the spring 

peak, except in the northern deep water, where they ex
ceeded 10,000/100 m3 from early spring to late fall. 

Among the dominant copepods considered here, abun
dance of Centropages hamatus varied the most (figure 
25 .5). It was greatest in shoal water. Peak abundance var
ied among subareas by some two orders of magnitude, 
from about 100,000/100 m3 on the central shoal to 
1,000/100 m3 in deep water. C. hamatus peaked later 
than C. finmarchicus. In the shoal and intermediate areas 
this peak came in early summer, while in deep water the 
pattern varied. The maximum came in late spring on the 
southern edge of Georges and in late summer in the 
northern deep subarea. When C. hamatus was at a maxi
mum in other areas in late spring and early summer, it 
was absent in the northern deep water. 

Centropages typicus (figure 25.6) reached maximum 
abundance during early fall in all but the southern deep 
area, significantly later than C. hamatus. In the southern 
deep,water, the peak was in early winter, coinciding with 
C. hamatus. C. typicus was most numerous in the shoal 
areas of the bank and was absent in late spring in the 
northern deep area. Maximum abundance ranged from 
about 100,000/100 m3 in shoal water to 75,000/m3 in 
the intermediate subarea and 29,000/m3 in the deep 
subareas. 

Abundance of Pseudocalanus minutus (figure 25.7) was 
relatively stable from early spring through early fall at 
levels of about 10,000/100 m3

, declining thereafter in 
the central shoal, intermediate, and northern deep suba
reas. The seasonal abundance of this species was more 
variable in the southern deep water. The maximum came 
in late spring and the minimum in early fall. Metridia lu
cens (figure 25.8) remained at low abundance levels-ap
proximately 5,000/100 m3-through most of the year in 
the intermediate and deep areas. In shoal waters its num
bers were lower and seasonally more variable. 

Abundance of Other Taxa 
Among other important planktonic groups (figure 25 .9), 
chaetognaths were found to predominate in the central 
shallows and the intermediate waters throughout much of 
the year, except for a low in early spring. In deeper water 
they showed a different pattern. To the north of the cen
tral gyre they were a minor part of the community until 
late summer, when their numbers increased. By late fall 
they approached 50% of the noncopepod plankton. In 
winter their numbers declined. In the southern deep 
water from late winter to early spring the pattern for 
chaetognaths was similar to that in the shoal and inter
mediate areas. Later in the year in this deep water, the 
percentage of chaetognaths was relatively low. 

Amphipods were present in all subareas throughout the 
year, but only in the northern deep water did they at any 
time become a major component of the community. In 
this northern subarea they accounted for about 40% of 
the noncopepod plankton in our late-winter and early
spring samples (benthic amphipods, of course, are not to 
be expected in these samples). Euphausiids were numer-

;? a.. 
~ 
c: 
<U 
'0 
c: 
:::> 
.0 
<( 
Q) 
> 
~ a; 
a: 

~ 
"' 0 
c: 
<U 
'0 
c: 
:::> 
.0 
<( 
Q) 
> 
~ 
a; 
a: 

l 
Q) 
0 
c: 
<U 
'0 
c: 
:::> 
.0 
<( 
Q) 
> 
~ a; 
a: 

l 
Q) 
0 
c: 
<U 
'0 
c: 
:::> 
.0 
<( 
Q) 
> :; 
a; 
a: 

100 

II 
90 m 
eo 

70 

so 

so 

40 

30 

~0 

10 

0 

3 s 9 

(a) 
0 1 9 0 

100 

90 

70 

so 

so 

40 

30 

~0 

10 

1 
3 s 9 2 

(b) 0 1 9 0 0 

100 

90 

eo 

70 

60 

so 

40 

30 

20 

10 

0 

1 
3 s 9 2 

(c) 
1 9 0 0 

100 

90 

60 

so 

40 

30 

20 

10 

1 
3 s 9 2 

(d) 
1 9 0 0 

==="'= 

1 
s 
1 

I Will 
ijl 

JITIJ lllilli!IT I n Ifill !I mmnJilill 
1 ~ 
a 1 
1 ~ 

Day 

1 ~ 2 
e 1 4 
1 2 3 

Day 

1 2 2 
e 1 4 
1 2 3 

Day 

1 2 2 e 1 4 
1 2 3 

Day 

2 3 3 :3 
7 0 3 6 
3 4 4 5 

2 3 3 3 
7 0 3 6 
3 4 4 s 

2 3 3 3 
7 0 3 6 
3 4 4 s 

2 3 3 3 
7 0 3 6 
3 4 4 s 

Figure 25.3 
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100 ous only in the deep water. In the northern deep area in Three chaetognath species occur on Georges Bank. The Other 
so late summer and early fall they made up 25-50% of the most numerous, Sagitta elegans, maintained nearly con-

~ 
Other crustaceans 

so 
noncopepod community. In the southern deep water they stant populations of 1,000/100 m3 in shallow and inter-a.- Coelenterates 

Q) 70 
0 Cladocera were present year-round, peaking in early spring at about mediate depth areas throughout the year. In the northern c 

"' 60 
"0 Pteropods 40% of the noncopepod fraction. and southern deep waters its numbers were more variable c so ::> 
.0 Cirripede larvae On the central shoals and at intermediate depths, ap- and lower, rarely exceeding 100/10 m\ and with a <( 

40 
Q) Appendicularia 

pendicularia at their peak of abundance in early spring marked summer minimum. S. serratodentata was found at > 
~ 

30 

Cii 
Euphausiids 

accounted for about 25% of the noncopepod commu- low densities in the deepwater stations. There was a a: Amphipods 
10 nity; at other seasons they were only a minor component. strong seasonal cycle in the northern deep water, where 

Chaetognaths 
In the northern deep water the peak came earlier, in late winter concentrations of this species reached 100/100 

1 1 1 2 2 2 3 3 3 
3 s s 2 s 8 1 4 7 0 3 6 

winter, when they made up about 30% of the commu- m\ but none were found in the summer. In the interme-· 1 s 0 0 1 1 2 3 3 . 4 5 

(a) Day 
nity. In the southern deep subarea, the pattern was more diate waterS. serratodentata peaked in early spring, with 
like that in shallower water. a density of about 1000/m3

• In shallow water it was vir-
100 Barnacle (cirripede) larvae were present in the winter tually absent throughout the year. The third chaetognath 

so and spring in all subareas except the southern deep water, species found on Georges, S. enflata, was present mainly 
~ where they were never numerous. Pteropods were a mi- in the warm months except in the northern deep water, a.-
Q) 

" nor component of the noncopepod zooplankton except where it was rarely found. In the shallow central area its c 

"' 60 
"0 in the northern deeps. There, they made up over 80% of peak density was approximately 300/100 m3

, and in the c s o ::> 
.0 noncopepods in late spring and early summer. intermediate and southern deep waters about one order <( 40 
Q) Relative abundance of cladocerans increased from of magnitude less. > so 
~ 
Cii 20 north to south in summer and early fall. In the northern Coelenterates and appendicularians each rose to their a: 

deep water they accounted for no more than about 10% greatest abundance, 10,000/100 m3
, in early spring from 

I I I • • • ~ 3 3 
of the noncopepod zooplankton sampled, while on the winter lows of less than 10/100 m3

; these peaks were 
3 5 s 2 5 8 1 4 7 0 3 6 central shoals they approached 20%. In the intermediate found in the shallow subarea. In northern deep water 1 s 0 0 1 1 2 3 3 . 4 s 

(b) Day area, which is mostly to the south of the shoals, they coelenterates were absent until the latter half of the year, 
reached 25% of the noncopepod fraction, and in the but in the southern deep area they occurred in varying 

100 southern deep water, 45%. numbers from spring to early winter; there was a late-
90 Patterns of coelenterate dominance varied. In shallow spring peak of 1,000/100 m3

• Appendicularians occurred 
~ 80 and intermediate water they were present most of the in spring and again in early fall in the northern deep area a.-
Q) 

" 
70 year and a major component from early spring through at about 100/100 m3

, but were absent from late spring c 

"' 60 "0 summer. Peak abundance was 25% of the noncopepod through summer. In the southern deep water they were c 
::> so 
.0 zooplankton in the shallow water and 15% at intermedi- present throughout the year in concentrations of <( 

40 
Q) 

ate depths. In deep water peak abundance came later, 10-1,000/100 m3
, with an early summer peak. > 

30 ~ 
Cii 20 reaching 25% of the noncopepod plankton in the north- The most common pteropods, of the genus Spiratella, a: 

10 ern deep water, but no more than 15% in the southern showed a marked seasonality in the Georges Bank region. 

1 1 1 2 2 2 · 3 ,. deep water. In waters less than 60 m deep they reached a maximum 
" 5 s 2 s 8 1 4 7 " 6 The absolute abundance of taxa other than copepods abundance of 3,000/100 m3 in early spring. In other 1 s 0 0 1 1 2 3 3 4 s 

(c) Day is summarized in table 25 .2. Among the crustaceans, areas highest densities were in late spring, ranging from 
gammarid amphipods were most abundant in the shallow more than 10,000/100 m3 in the north to about 100/ 

100 and intermediate areas, with summer peaks of about 100 m3 in the southern deep waters. 
90 1,000/100 m3 and 100/100 m\ respectively. They were 

~ rarely found in the deep waters to the north of Georges Zooplankton of Georges Bank Compared with Other 
Q) 

" 70 Bank, while to the south their numbers were variable. Northeastern-Shelf Areas c 

"' "0 Hyperiid amphipods varied less with season and area than Zooplankton standing stocks, dominance patterns, and c 
::> so 
.0 gammarids, maintaining a mean abundance of about 100/ the abundance of the principal species on Georges Bank <( 

40 
Q) 

100 m3 throughout the year. Euphausiids may not have are unique compared with other parts of the region dis-> 
~ 30 

Cii been sampled quantitatively because of net avoidance; the cussed here (figure 25.10). On Georges, zooplankton a: 
10 catch was most likely biased toward immature stages. peaks in midspring and declines precipitously in summer. 

0 Their mean abundance was relatively consistent through- Prior to the spring peak, 80% of the dominance is shared 
1 1 1 2 2 3 3 3 

out most of the year at 100/100 m3
, with a decline to between P. minutus and C. typicus. By spring, P. minutus 3 5 s 2 s 8 . 7 0 3 6 

0 1 9 0 0 1 1 3 3 . . s 
(d) Day less than 10/100 m3 in winter. Meroplanktonic barnacle dominance declines and C. finmarchicus accounts for 

(cirripede) larvae peaked in early spring, most plentifully 70% of the dominance. In contrast, to the north in the 
Figure 25.9 in shallow and intermediate depths. For cladocerans, the Gulf of Maine, the spring increase in standing stock is 
Relative abundance(%) of nonco-

season of peak abundance was highly variable: late spring followed by a far more gradual decline in abundance to a pepod taxa in each Georges Bank 
subarea (1977-1981): (a) central in intermediate water, early summer in the southern deep winter low. From early spring through early fall the cope-
shoal; (b) intermediate water; (c) water, and late summer in the central shallows. Except in pod community is dominated by C. finmarchicus, sue-
northern deep water; (d) southern 

the northern deep water, peak densities exceeded 1,000/ ceeded by C. typicus in early fall. After that, in winter, deep water. See table 25.1 for the 
definition of the eight seasons. 100m3

• dominance is shared by Metridia lucens, C. finmarchicus, 



and P. minutus. In southern New England waters, the 
zooplankton standing stock increases in spring and de
clines gradually to a winter low in a pattern similar to the 
Gulf of Maine; however, the dominance pattern is differ
ent. Early in the year, P. minutus dominates the copepod 
community. By spring, dominance is shared with C. fin
marchicus. By late summer, C. typicus has succeeded to 
50% of the dominance, and for a time there is a strong 
representation as well of cladocerans and salps. These 
then decline in the fall, leaving the dominance to C. 
typicus. In the Middle Atlantic Bight, in the offings of 
Delaware Bay and Chesapeake Bay, there is again a char
acteristic pattern, different from the other three subareas. 
Tht;re the standing stock of zooplankton increases gradu
ally from spring to a fall peak, followed by a winter low. 
During the early part of the year (late winter/ early spring) 
dominance is shared between C. typicus and P. minutus. 
By late spring, P. minutus is succeeded by C. typicus and 
Temora longicornis. Through the summer C. typicus 
yields its dominance to a cladoceran community, which 
in turn is succeeded in late fall by C. typicus as the domi
nant zooplankter. The seasonal pulses in abundance of 
the three principal copepod species are shown in figure 
25.10. 

Secondary Production 
Zooplankton production on Georges Bank was calculated 
by two methods. One was based on production-to-bio
mass (P : B) ratios and the other on primary productivity. 
For the P : B method, Georges Bank zooplankton vol
umes for each MARMAP cruise, 1977-1981, were con
verted to dry weight/m3 using the following equation 
from Wiebe, Boyd, and Cox (1975): 

log10(dry weight) = log10(volume + 1.828)/0.848. 

Macrozooplankton production was then estimated from 
biomass using a conversion factor of 5.25 kcal/ g (Laur
ence, 1976), and a P: B ratio of 7 (Steele, 1974; Crisp, 
1975). This value is appropriate for zooplankton popula
tions in which large copepods, such as Calanus finmarchi
cus, are dominant (Banse and Mosher, 1980; Tremblay 
and Roff, 1983). 

Microzooplankton production was calculated similarly. 
Microzooplankton biomass was estimated to be 43% of 
macrozooplankton biomass (Beers and Stewart, 1969), 
and a P : B ratio of 25 was applied (Banse and Mosher, 
1980; Tremblay and Roff, 1983). Because this ratio is 
based on growth rates of small copepods only and does 
not include protozoans, it can be expected to underesti
mate microzooplankton production. No information is at 
hand for protozoan biomass on Georges Bank. However, 
Fournier et al. (1977) present data from Johansen (1976) 
showing that on the Scotian shelf, protozoans make up 
only about 1% of the total zooplankton biomass, agree
ing with Beers and Stewart (1969) that the microzoo
plankton are dominated by copepods. From this, we infer 

· that the bias in our Georges Bank production estimate 
due to protozoans is probably minimal. 
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Table 25.2 
Seasonal abundance (5-year mean ± standard error) of noncopepod zooplankton by subareas of Georges Bank' 

Group 

Hyperiid 
amphipods 

Gammarid 
amphipods 

Euphausiids . 

Coelenterates 

Appendicularians 

Cirri pede 
larvae 

Pteropods 

Cladocerans 

Sagitta elegans 

S. enflata 

Area 

Central shoal 
Intermediate 
Northern deep 
Southern deep 

Central shoal 
Intermediate 
Northern deep 
Southern deep 

Central shoal 
Intermediate 
Northern deep 
Southern deep 

Central shoal 
Intermediate 
Northern deep 
Southern deep 

Central shoal 

Season 

Late winter 

681 ± 270 
351 ± 198 

359 ± 192 

61 ± 37 

93 ± 9 
14 ± 6 

8 ± 6 
0±0 

8 ± 5 
151 ± 117 
34 ± 21 

106 ± 60 

4±4 
4±4 

0±0 
0±0 

0±0 
Intermediate 267 ± 180 

Northern deep 375 ± 366 
Southern deep 25 ± 14 

Central shoal 887 ± 754 

Intermediate 304 ± 181 

Northern deep 118 ± 48 
Southern deep 0 ± 0 

Central shoal 38 ± 36 
Intermediate 77 ± 62 

Northern deep 92 ± 77 

Southern deep 95 ± 91 

Central shoal 
Intermediate 
Northern deep 
Southern deep 

Central shoal 
Intermediate 
Northern deep 
Southern deep 

Central shoal 

0±0 
2±2 
4±4 

0±0 

1,166 ± 591 

1,530 ± 405 

7±5 
424 ± 424 

0±0 

Early spring 

321 ± 122 

361 ± 151 

52 ± 29 
287 ± .144 

187 ± 111 
26 ± 11 

0±0 
16 ± 14 

159 ± 106 

1,611 ± 660 

189 ± 58 
4,573 ± 2,744 

13,190 ± 12,791 

3,558 ± 3,551 

0±0 
0±0 

13,721 ± 12,116 

5,269 ± 2,806 

280 ± 258 

1,947 ± 658 

6,841 ± 3,977 

6,871 ± 3,393 

924 ± 590 

268 ± 152 

5,451 ± 5,433 

362 ± 153 

51± 28 
599 ± 390 

0±0 
29 ± 22 
39 ± 39 

0±0 

866 ± 400 
602 ± 298 

57 ± 43 

85 ± 72 

0±0 
Intermediate 0 ± 0 0 ± 0 
Northern deep 0 ± 0 0 ± 0 

Southern deep 0 ± 0 0 ± 0 

S. serratodentata Central shoal 0 ± 0 5±5 
Intermediate 3 ± 1 

Northern deep 10 ± 9 

Southern deep 26 ± 12 

885 ± 881 

2±2 
14 ± 11 

a. Subareas are shown in figure 25.1, and seasons are defined in table 25.1 

Late spring 

753 ± 598 

817 ± 444 

907 ± 578 

300 ± 114 

591 ± 111 

143 ± 20 

0±0 
144 ± 131 

253 ± 110 
763 ± 380 

69 ± 69 

498 ± 257 

4,320 ± 2,455 

3,320 ± 2,205 

0±0 

0±0 

149 ± 114 

1,632 ± 1,036 

0±0 
215 ± 168 

302 ± 173 
462 ± 394 

69 ± 69 
38 ± 38 

160 ± 108 
2,578 ± 1,978 

21,344 ± 21,333 
631 ± 412 

17 ± 11 

1,859 ± 1,766 

32 ± 32 
259 ± 257 

3,229 ± 354 

3,258 ± 1,452 

103 ± 93 
121 ± 121 

0±0 
17 ± 17 

0±0 
23 ± 23 

0±0 
0±0 

0±0 
11±11 

Early 
summer 

578 ± 360 

430 ± 128 

1,088 ± 1,088 

276 ± 247 

1,436 ± 626 

181 ± 103 

0±0 
0 ± 0 

101 ± 64 
678 ± 178 

351 ± 351 

2,509 ± 1,268 

4,765 ± 1,981 
3,5 63 ± 2,449 

0±0 
1,607 ± 1,579 

835 ± 749 

Late summer 

78 ± 45 

263 ± 109 

56± 56 

75 ±50 

862 ± 321 

250 ± 171 

0 ± 0 
10 ± 10 

292 ± 96 
1,222 ± 440 

353 ± 324 

908 ± 675 

789 ± 479 

240 ± 172 

0±0 
26 ± 26 

131 ± 102 

Early fall 

295 ± 115 

666 ± 229 
397 ± 224 

175 ± 97 

745 ± 608 
71 ± 28 

14 ± 8 
2±2 

166 ± 89 

391 ± 137 
394 ± 91 

344 ± 91 

368 ± 208 

88 ± 60 
250 ± 218 

14 ± 9 

784 ± 388 568 ± 491 

900 ± 312 
1,162 ± 539 

237 ± 180 

366 ± 230 
0±0 0±0 
1,796 ± 849 1,102 ± 877 

11 ± 11 41 ± 41 175 ± 175 

4±4 32 ± 20 9 ± 9 

0±0 0±0 1 ± 1 

0±0 22 ± 22 275 ± 275 

218 ± 151 0 ± 0 173 ± 136 
131 ± 74 

293 ± 229 
175 ± 124 

1,271 ± 723 59 ± 43 

3,197 ± 3,197 0 ± 0 
367 ± 215 78 ± 39 

856 ± 572 

5,824 ± 3,522 
354 ± 354 

3,858 ± 2,731 

4,858 ± 3,369 

4,489 ± 2,462 

0±0 
677 ± 633 

0±0 
6±6 

0±0 
15 ± 15 

0±0 
19 ± 18 

0±0 
5±5 

5,321 ± 3,955 348 ± 183 

4,506 ± 1,925 467 ± 213 

99±58 287±175 
6,557 ± 6,244 43 ± 40 

2,160 ± 443 2,246 ± 840 

4,433 ± 1,929 3,402 ± 765 

0 ± 0 197 ± 174 

0±0 4±4 

282 ± 282 43 ± 43 

5 ± 5 18 ± 13 

0±0 4±4 
29 ± 29 22 ± 22 

0±0 0±0 
16 ± 10 59± 34 

0±0 9±8 
48 ± 45 104 ± 61 

Late fall 

151 ± 20 

697 ± 401 

417 ± 132 

85 ±51 

280 ± 78 
48 ± 25 

0±0 

9±9 

47 ± 25 

159 ± 102 

24 ± 24 

156 ± 71 

63 ± 63 

7±7 

0 ± 0 
0±0 

94 ± 94 

94 ± 80 

0±0 
74 ± 74 

0±0 

0±0 

0±0 
25 ± 25 

324 ± 324 
470 ± 434 

165 ± 165 

84 ± 84 

26 ± 26 
266 ± 256 

0±0 
32 ± 22 

727 ± 727 

1,169 ± 437 

151 ± 134 
14 ± 7 

0±0 

5±5 

0±0 
1 ± 1 

0±0 
24 ± 21 
48 ± 28 

20 ± 20 

Early winter 

580 ± 44 

143 ± 72 
89 ± 13 

374 ± 301 

725 ± 674 

33 ± 21 

0±0 
21 ± 16 

25 ± 25 

45 ± 1 

104 ± 77 
177 ± 30 

0 ± 0 
11 ± 11 

0 ± 0 

0 ± 0 

58± 58 
11±11 

0±0 
28 ± 8 

0±0 
0±0 

0±0 
12 ± 12 

920 ± 920 

637 ± 634 

306 ± 271 
169 ± 159 

0 ± 0 
28 ± 28 

6 ± 6 

0 ± 0 

1,640 ± 126 
2,348 ± 1,558 

0±0 
14 ± 14 

0±0 

0 ± 0 

0 ± 0 
24 ± 24 

28 ± 28 
32 ± 8 

103 ±54 

56± 56 
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Figure 25.1 0 
Seasonal zooplankton patterns in 
the Gulf of Maine, Georges Bank, 
southern New England, and the 
Middle Atlantic Bight from the 
MARMAP time series (1977-1981): 
(a) mean zooplankton standing 
stock (cm'/100 m'); (b) dominance 
of zooplankters as a percentage of 
the samples with a dominant taxon 
(seasons are defined in table 25.1 ); 
(c) pulses in abundance of three 
dominant copepods-Ca/anus fin
marchicus, Pseudocalanus minutus, 
and Centropages typicus (number/ 
100m'). In (a) and (c) the solid line 
indicates mean abundance, the two 
inner dashed lines one standard 
error, and the two outer longer
dashed lines the range. [Sherman 
et al. (1984)] 

Mean zooplankton biomass derived from 1977-1981 
MARMAP data for Georges Bank was 4.7 g/m2 dry 
weight, using a 78-m average tow depth. In the Gulf of 
Maine the mean was 7.9 g/m2 dry weight, with an aver
age tow depth of 15 5 m. Production values based on 
these figures are shown in the column of table 25.3 
under method 1. 

Results from the second method of estimating zoo
plankton production, based on primary production values 
and assumptions about zooplankton grazing efficiency, 
are given in the column of the table 25.3 under method 
2. It was assumed that 50% of the particulate primary 
production was grazed by the zooplankton (Dagg and 
Turner, 1982; Walsh, 1983) and that transfer efficiency 
was approximately 32% (Steele, 1974). Particulate pri
mary production was partitioned into size fractions 
greater and less than 20 !lm. It was then assumed that the 
smaller particles were consumed by microzooplankton 
and the larger by macrozooplankton. Zooplankton pro
duction was thus divided into macro- and microzooplank
ton components. O'Reilly, Evans-Zetlin, and Busch 
(chapter 21) found that 57% of the primary production 
on Georges Bank and 70% in the Gulf of Maine were 
due to nanoplankton. Annual particulate primary produc
tion was about 293 gC/m2 for Georges Bank and 225 
gC/m2 for the Gulf of Maine (O'Reilly and Busch, 1984; 
see also chapter 21). This was converted to kcallm2 an
nually using 1 gC = 11.4 kcal (Platt and Irwin, 1973). 

Mean values of secondary production (the average of 
the two methods) are given in the last column of table 
25 .3. Annual mean microzooplankton production is esti
mated to be about 285 kcallm2 on Georges Bank and 
367 kcallm2 in the Gulf of Maine. Average annual ma
crozooplankton production is a little over 200 kcallm2 in 
both areas. Recently, Davis (1984) has estimated the pro· 
duction of three copepods in the well-mixed area of 
Georges Bank, using a simulation model of their popula
tion dynamics. For Paracalanus parvus annual production 
was 158.3 mgC/m\ for Pseudocalanus sp. 70.0 mgC/m3

, 

and for Calanus finmarchicus 64.1 mgC/m3
• These values 

can be converted to kcallm2 annually, assuming that the 
average depth was 50 m and that 1 gC = 10 kcal. On 
this basis, minimum annual microzooplankton production 
(P. parvus and Pseudocalanus spp.) is 115 kcallm2 on 
Georges Bank, and minimum annual macrozooplankton 
production (C. finmarchicus) about 33 kcallm2

, micro
zooplankton accounting for roughly 7 5% of the total. 
Results from the P : B and the primary production tech
niques are broadly consistent with these estimates. Ap
proximately 60% of zooplankton production in each area 
is attributable to the microzooplankton fraction (table 
25.3). The values in table 25.3 thus seem reasonable and, 
perhaps more important, underscore the importance of 
microzooplankton in the ecology of Georges Bank. 

Larval Fish 

Sherman et al. (1984) describe the distribution and abun
dance of fish larvae based on 1977-1980 MARMAP sur-

veys of the entire shelf from Cape Hatteras to western 
Nova Scotia. More than 200 species are represented. Of 
these, fewer than half occur regularly on Georges Bank, 
and only about a quarter are known definitely to spawn 
there. Certain eggs and larvae found in the Georges Bank 
ichthyoplankton, particularly in the fall, belong to slope 
or oceanic species; they have been carried in relatively 
small numbers onto the bank through shelf/slope water 
exchanges. However, the ichthyoplankton on Georges de
rives mainly from resident stocks of cold temperate spe
cies which constitute most of the fish biomass on the 
bank (chapter 30). The station distribution on which this 
discussion is based is similar to that shown for zooplank
ton in figure 25 .1. 

In winters during the 1977-1980 period, sand lance 
(Ammodytes sp.) accounted for 64% by number of all 
fish larvae. Cod (Gadus morhua) accounted for 21 %; 
haddock (Melanogrammus aeglefinus) 7%; witch flounder 
(Glyptocephalus cynoglossus) 2%; and pollock (Pollachius 
virens) 1% (table 25 .4). In the spring, 58% of the larvae 
were haddock and 20% were cod. In summer, silver hake 
larvae (Merluccius bilinearis) made up 60% of the total, 
and other bakes (Urophycis spp.) 28%; 4% were yellow
tail flounder (Umanda ferruginea). By fall, larval abun
dance had become quite low, but there was a large 
number of species, mostly strays from slope and oceanic 
waters. Although the Georges Bank herring stock (Clupea 
harengus) in 1977-1980 was at extremely low levels, 
with spawning confined largely to Nantucket Shoals, her
ring nevertheless accounted for 49% of the fish larvae on 
Georges in fall, followed by lanternfish (Myctophidae) 
and 67 other forms (tables 25.4 and 25 .5). Considering 
all four seasons, larvae from 93 different taxa (some indi
viduals could not be identified to species) were recorded 
on Georges Bank during the 1977-1980 period (table 
25 .5). Some spawning occurs in every month of the year 
on Georges Bank, but the largest numbers of larvae are 
found in spring and summer (table 25 .5). This coincides 
with maximum ·abundance of copepods, the main food of 
fish larvae. 

Most fish species spawn pelagic eggs that drift freely 
and separately. These hatch into yolk-sac larvae after in
cubation of a few days to a few weeks, depending on the 

Table 25.3 
Annual secondary production estimates (kcal/m2

) calculated 
from P: B ratios (method 1) and from primary production 
estimates (method 2) for Georges Bank and the Gulf of Maine 

Method 

1 2 Mean 

Georges Bank 
Macrozooplankton 173 230 202 
Microzooplankton 265 305 285 

Gulf of Maine 
Macrozooplankton 290 123 207 
Microzooplankton 446 287 367 



species and the water temperature. The larval stage usu
ally lasts a few months, after which the larvae transform 
into juveniles that quite closely resemble adults in form. 
Survival to this metamorphosis depends upon predator 
abundance, food supply, and such environmental factors 
as water circulation and temperature. 

The stimuli that trigger and control fish-spawning 
cycles are not well understood, but it is believed that in 
temperate waters, changes in temperature and photoper
iod are strong influences. In any case, reproductive cycles 
of most fish species in the Georges Bank region are 
closely linked to seasonal climatic changes. Each species 
spawns on the bank during a certain period each year, 
and the peak spawning interval usually occurs about the 
same time of the year, although unusual temperature con
ditions may shift it significantly. Spawning seasons and 
peaks for major fish species on Georges Bank and the ad
jacent shelf (Smith, 1983) are shown in table 25.6. Geo
graphic distributions of selected fish larvae are shown in 
figures 25.11-25.18. The whole spawning season for 
most species usually spans 4-6 months, with the peak 
occurring during the middle 1-3 months. A few species 
have two distinct spawning peaks (some skates, for in
stance), but for most there appears to be a single, quite · 
regular rise and fall in production each year (Berrien, 
1981; Berrien, Naplin, and Pennington, 1981; Penning
ton, 1983). For spring and summer spawners, spawning 
generally begins first in the southern part of the region, 
progressing northward with seasonal warming. For some 
fall and winter spawners (for example, Atlantic herring 
and sand lance) the pattern is reversed. Some species 
show virtually no latitudinal shift in spawning time re
gardless of season, though small shifts in timing may be 
missed when sampling intervals are as long as they were 
for these studies. 

Phytoplankton-Zooplankton-Ichthyoplankton Linkages 

Zooplankton grazing studies on Georges Bank and in the 
Middle Atlantic Bight suggest that among the dominant 
herbivorous copepods-C. finmarchicus, P. minutus, and 
C. typicus-availability of phytoplankton is not a limiting 
factor in survival (Dagg and Turner, 1982). Only about 
half of the annual particulate primary production on the 
northeastern shelf is grazed by the copepod community 
(Walsh, 1981, 1983; Cohen et al., 1982). The high levels 
of primary production on Georges Bank reported by 
O'Reilly and Busch (1984) and O'Reilly, Evans-Zetlin, 
and Busch (chapter 21) appear adequate to support the 
production of C. finmarchicus, P. minutus, C. typicus, C. 
hamatus, and M. lucens. 

Laboratory studies of the food requirements of cod 
and haddock larvae after the first-feeding stage show that 
average density of suitable zooplankton on Georges is 
normally high enough to support larval growth and sur-

. viva! (Laurence and Lough, 1984). Field studies, more
over, have shown that concentrations of fish larvae are 
ordinarily too low to affect prey concentrations signifi
cantly (Laurence and Lough, 1985). Recent theoretical 

and empirical studies suggest that postlarval mortality 
exerts a major influence on recruitment (Cohen and 
Grosslein, 1982; Sissenwine, 1984), which is probably 
influenced by both food supply and predation, each 
modified by other environmental factors and operating 
throughout the first year of life. 

Two separate spawning strategies have evolved that 
take advantage of annual patterns of secondary produc
tion on Georges Bank and in surrounding waters (Sher
man et al., 1984). The first is a shelf-gyre spawning 
pattern that leads to the maintenance of concentrations 
of fish larvae in high densities of their zooplankton prey. 
It is exemplified by cod and haddock on Georges Bank 
and redfish in the Gulf of Maine (Sherman et al., 1984). 
Cod and haddock larval production on Georges Bank 
is in synchrony with the spring peak in zooplankton 
production (figure 25 .19). At least two of the species 
dominating the spring peak-C. finmarchicus and P. 
minutus-are important prey of cod and haddock larvae 
(Marak, 1960; Sherman et al., 1981a; Kane, 1984). 

The spring-spawning cod and haddock on Georges 
Bank take advantage of the gyre circulation, which en
hances retention of larvae within an area of high prey 
density and decreases the risk of advection to areas of 
low food availability. No evidence of large-scale advec
tion of cod and haddock off Georges Bank has yet been 
demonstrated (Colton and Byron, 1977; Cohen et al., 
1982; Laurence and Burns, 1982), although this mecha
nism has been hypothesized as a possible source of had
dock mortality (Walford, 1938). It has been established 
that mortality among first-feeding larvae in the sea is 
large. However, our studies of mortality of cod and had
dock larvae on Georges Bank, recently summarized by 
Laurence and Lough (1984), suggest that starvation mor
tality is not population limiting. The density field of zoo
plankton prey is high enough to ensure normal growth of 
late larval and postlarval stages. It appears, therefore, that 
variable recruitment in Georges Bank cod and haddock 
stocks is more a function of predation mortality than 
starvation (Laurence and Lough; 1984). 

The second strategy employed by some species involves 
a ubiquitous spawning pattern in which eggs are produced 
over the entire northeastern shelf through a protracted 
period (figure 25 .20). This allows a larval fish population 
to grow rapidly in response to brief, unpredictable abun
dances in prey species during times when few competitors 
are present. The ubiquitous spawners include sand lance, 
silver hake, and other hakes (Colton et al., 1979). Sand 
lance eggs are produced throughout the winter; the eggs 
of silver hake are common from April through November 
over the entire shelf, as are the eggs of other hakes. This 
is in contrast to the gyre species, such as haddock, which 
spawns for less than 60 days on Georges Bank (Bigelow 
and Schroeder, 1953). Correspondence between zoo
plankton production and peak larval abundance does not 
hold for the ubiquitous shelf-spawning species (figure 
25 .19). The maximal abundance of larvae of the ubiqui
tous species does not, therefore, reflect peak spawning, 
but rather is a reflection of an adaptation to more local-
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Table 25.4 
Abundance of larval fish species and percentage composition in MARMAP collections from 
Georges Bank, 1977-1980 

Seasonal ranking of species Mean number/10 m2 

Winter (26 species recorded) 
1 Sand lance, Ammodytes spp. 55.2 
2 Atlantic cod, Gadus morhua 18.6 
3 Haddock, Melanogrammus aeglefinus 5.9 
4 Witch flounder, Glyptocephalus cynoglossus 1.5 
5 Pollock, Pollachius virens 0.9 

Spring (32 species recorded) 
1 Haddock, Melanogrammus aeglefinus 95.7 
2 Atlantic cod, Gadus morhua 35.8 
3 American plaice, Hippoglossoides platessoides 8.4 
4 Lanternfish, Benthosema glaciate 8.5 
5 Redfish, Sebastes spp. 3.2 
6 Yellowtail flounder, Limanda ferruginea 3.0 
7 Sculpins, Cottidae 3.3 
8 Sand lance, Ammodytes spp. 5.0 
9 Winter flounder, Pseudopleuronectes americanus 2.0 

10 Snailfishes, Cyclopteridae 1.8 

Summer (35 species recorded) 
1 Silver hake, Merluccius bilinearis 377.5 
2 Hakes, Urophycis spp. 173.0 
3 Yellowtail flounder, Limanda ferruginea 25.2 
4 Offshore hake, Merluccius albidus 22.3 
5 Four-spot flounder, Hippoglossina oblonga 9.8 

Fall (69 species recorded) 
1 Atlantic herring, Clupea harengus 25.9 
2 Lanternfish, Ceratoscopelus maderensis 5.9 
3 Hakes, Urophycis spp. 4.3 
4 Windowpane, Scophthalmus aquosus 4.2 
5 Silver hake, Merluccius bilinearis 3.3 
6 Offshore hake, Merluccius albidus 1.1 
7 Gulf Stream flounder, Citharichthys arctifrons 0.8 
8 Flounders, Bothus spp. 0.7 
9 Barracudinas, Paralepididae 0.7 

10 Cusk eels, Ophidiidae 0.7 

Percent 

63.51 
21.40 

6.79 
1.75 
1.03 

58.39 
19.61 
4.99 
4.69 
1.84 
1.72 
1.60 
1.24 
1.16 
1.03 

60.10 
27.53 

4.02 
3.54 
1.55 

49.41 
11.37 

8.24 
7.93 
6.24 
2.14 
1.50 
1.39 
1.31 
1.27 
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Table 25.5 
Seasonal occurrence of larval fish taxa in MARMAP collections from Georges Bank, 1977-1980, listed in order of abundance 

Winter Spring Summer 

Ammodytes spp. 

Gadus morhua 

Melanogrammus aeglefinus 

Glyptocephalus cynoglossus 

Pollachius virens 

Cottidae 

Pholis gunnel/us 

Clupea harengus 

Sebastes spp. 

Paralepididae 

Benthosema glaciate 

Myoxocephalus scorpius 

Myctophidae 

Cyclopreridae 

.Ceratoscopelus maderensis 

Benthosema suborbitale 

Anarhichas lupus 

N ansenia groenlandica 

Merluccius bilinearis 

Macrozoarces americanus 

Vinciguerria spp. 

Lampanyctus spp. 
Congridae 

Cynoglossidae 

Melanogrammus aeglefinus 

Gadus morhua 

H ippoglossoides platessoides 

Benthosema glaciate 

Sebastes spp. 

Limanda ferruginea 

Cottidae 

Ammodytes spp. 

Pseudopleuronectes americanus 

Cyclopteridae 

Pollachius virens 

Glyptocephalus cynoglossus 

Liparis spp. 

Ceratoscopelus maderensis 

Pholis gunnellus 

Merluccius albidus 

Brosme brosme 

Paralepididae 

Pleuronectidae 

Ceratoscopelus warmingi 

Protomyctophum arcticum 

Lumpenus lumpretaeformis 

Agonidae 

Myctophidae 

Cyclothone spp. 

Lampanyctus spp. 

Synodontidae 

Anarhichas lupus 

Citharichthys arctifrons 

Lophius americanus 

Merluccius bilinearis 

Urophycis spp. 

Limanda ferruginea 

Merluccius albidus 

H ippoglossina oblong a 

Scophthalmus aquosus 

Ceratoscopelus maderensis 

T autogolabrus adspersus 

Peprilus triacanthus 

Sebastes spp. 

Glyptocephalus cynoglossus 

Merluccius spp. 

Bothus spp. 

Ophidiidae 

Citharichthys arctifrons 

Enchelyopus cimbrius 

Hippoglossoides platessoides 

Gadidae 

Lophius americanus 

Myctophidae 

Labridae/ Scaridae 

Brosme brosme 

Scomber scombrus 

Pleuronectidae 

Lampanyctus spp. 

Argentinidae 

Ophichrhidae 

Cyclopteridae 

Gobiidae 

Melanogrammus aeglefinus 

Gonichthys cocco 

Stromateidae 

Anguilliformes 

Engraulidae 

Fall 

Clupea harengus 

Ceratoscopelus maderensis 

Urophycis spp. 

Scophthalmus aquosus 

Merluccius bilinearis 

Merluccius albidus 

Citharichthys arctifrons 

Bothus spp. 

Paralepididae 

Ophidiidae 

Gobiidae 

Labridae/ Scaridae 

Peprilus triacanthus 

Myctophidae 

Apogonidae 

Syacium spp. 

Synodontidae 

Cyclothone spp. 

Carapidae 

Paralichthys dentatus 

Etropus!Citharichthys spp. 
Enchelyopus cimbrius 

Symbolophorus veranyi 

Gonostomatidae 

Ophichthidae 

Cerarioidea 

Glyptocephalus cynoglossus 

Muraenidae 

Diaphus spp. 

Lestidium altanticum 

Clupeidae 

Cyclopteridae 

H ippoglossina oblonga 

Engraulis eurystole 

Ariosoma balearicum 

Bathylagidae 

Lestidiops affinis 

Macrouridae 

Leiostomus xanthurus 

Gonostoma atlanticum 

Benthosema glaciate 

Syacium papillosum 

Anguilliformes 

Diogenichthys at/anticus 

Lampanyctus spp. 

Maurolicus muelleri 

Diaphus holti 

Ichthyococcus ovatus 

Scorpaenidae 

Congridae 

Sparidae 

Stromateidae 

Nansenia spp. 

Anguilla rostrata 

Symphurus spp. 

Monacanthus ciliatus 

Lophius americanus 

Notolychnus valdiviae 

Gadidae 

Pisodonophis cruentifer 

Pollachius virens 

Merluccius spp. 

Limanda ferruginea 

Liparis spp. 

T etraodontidae 

Syngnathidae 
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Table 25.6 
Spawning seasons for principal fish and mollusk species in five regions off the northeas·tern United States and eastern Canada (peak spawning period in parentheses) 
-

Southern 
Spawner" Middle Atlantic New England Georges Bank Gulf of Maine Scotian Shelf 

I. Common Georges 
Bank species 
Yellowtail flounder Mar-Aug (May) Apr-Aug (May-Jun) Apr-Aug (May-Jun) Apr-Aug (Jun)< Jun-Aug (Jun) 
Winter flounder May-May (May) Feb-May (Feb-Mar) Mar-May (Apr) Apr- May (Apr Apr-May (May) 
Windowpane May-Nov (May, Sep) May-Nov (Sep Jun-Oct (Jul-Aug) Jun-Oct (Jul-Aug) Jun-Oct (Jul) 
Longhorn sculpin None reported Nov-Feb (Dec-Jan) Nov-Feb (Dec-Jan) Nov-Feb (Dec-Jan) Nov-Feb (Dec-Jan) 
Little skate All year (Nov-Jan, Jun-Jul) All year (Nov-Jan, Jun-Jul) All year (Nov-Jan) All year (Oct-Jan) All year (Oct-Jan) 
Winter skate None reported All year (Apr-May, All year (Apr-May, Aug-Nov (Sep) Aug-Nov (Sep) 

Nov-Feb) Nov-Feb) 
Sand [al).ce Nov-Mar (Jan-Feb) Nov-Mar (Jan-Feb) Nov-Mar (Jan-Feb) Dec-Apr (Feb-Mar) Nov-Feb (Nov- Feb) 
Sea raven None reported Oct-Dec (Nov-Dec) Oct-Dec (Nov) Oct-Dec (Nov) Oct-Dec (Nov) 
Sea scallop Jul- Sep (Aug) Jul-Sep (Aug) Sep- Oct (Sep-Oct) Aug-Oct (Aug- Sep) Sep- Oct (Sep) 
Atlantic cod Nov-Apr (Mar-Apr)h Nov-May (Nov-Mar)b Nov-May (Feb-Mar) Nov-May (Mar- May) Nov-Mar (Mar-Apr) 
Haddock None reported Jan-May (Mar-Apr) Jan-May (Mar-Apr) Feb-May (Mar-Apr) Mar-May (Mar- Apr) 
Spiny dogfish Nov-Feb (Jan) Nov-Feb (Jan) Sep-May (Jan-Mar)< None reported None reported 
Atlantic herring None reported Oct-Dec (Oct) Sep-Dec (Sep-Oct) Aug-Dec (Sep-Oct) Aug-Nov (Sep-Oct) 
Ocean pout None reported Sep- Oct (Oct) Sep- Oct (Sep) Sep-Oct (Sep) Sep-Oct (Sep) 
Goosefish Mar-Aug (May-Jun) Apr-Aug (Jun) Jun-Aug (Jun-Jul) Jun-Sep (Jun-Jul) Jun-Sep (Jul) 
Northern lobster May-Aug (May-Jun) May-Aug (May-Jul) Jun-Aug (Jul-Aug) Jul-Aug (Jul-Aug) Jui-Aug (Jul-Aug) 
Silver hake Apr-Oct (May) Apr-Oct (Jun) Apr-Oct (May-Aug) Jun-Oct (Jul-Aug) Jul-Sep (Aug-Sep) 
White hake Oct-Apr (Dec-Feb) Oct-Mar (Dec-Feb) Oct-May (peak unknown) Nov-Apr (peak unknown) Sep-Nov (Sep) 
Red hake Mar-Oct (Jun-Jul) Mar-Oct (Aug-Sep) May-Sep (Jun-Jul) May-Sep (Jun-Jul) Jun-Aug (Jul) 
Fourspot flounder May-Sep (Jul) Jun-Aug (Jul) Jun-Aug (Jui-Aug) None reported None reported 
Butterfish May-Sep (Jun-Jul) May-Sep ()Jul) Jun-Sep (Jul) Jun- Sep (Jul) None reported 
Shortfin squid Aug-Dec (Aug-Sep) Aug-Dec (Aug-Sep) Sep-Dec (peak unknown) None reported None reported 
Longfin squid Apr-Sep (Jun, Sep) Apr-Sep (Jun) Apr-Jul (Jun) Jul (Jul) None reported 
Pollock Oct-Mar (Dec-Jan) Oct-Mar (Dec-Jan) Oct-Mar (Dec-Jan) Oct-Mar (Dec-Jan) Oct-Mar (Nov-Dec) 
American plaice None reported Feb-Jun (Apr-May)< Feb-Jun (Apr-May) Feb-Jun (Apr-May) Mar-Jun (Apr-May) 

II. Common Middle 
Atlantic species 
Summer flounder Sep-Dec (Oct-Nov) Aug-Nov (Oct) Sep-Nov (Oct) None reported None reported 
Bluefish May- Aug (Jul) May-Aug (Jul) None reported None reported None reported 
Scup May-Aug (May-Jun) May-Aug (May-Jun) None reported None reported None reported 

III. Common Gulf of 
Maine species 
Redfish None reported Apr-Jul (May-Jun)< Apr-Aug (Jun-Jul)< Apr- Aug (Jun-Jul) May-Sep (Jun-Jul) 
Thorny skate None reported Probably none All year (Apr-Sep) All year (Apr-Sep) All year (Oct-Dec) 
Smooth skate None reported None reported None reported Jun-Sep (peak unknown) None reported 
Cusk None reported Apr-Jul (Apr- May) Apr-Jul (Apr-May) Apr-Jul (Apr-May) May- Aug (Jun) 
Witch flounder Apr-Aug (May-Jun) Apr-Aug (May-Jun) Apr-Aug (May-Jun) Apr-Aug (May-Jun) Apr-Sep (May- Jun) 

a. For scientific names see table 30.2. 
b. Spawning limited, peak difficult to determine with available data. 
c. Eggs and/ or larvae or young scattered, spawning considered insignificant. 
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Figure 25. 11 
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Yellowtail flounder (Limanda ferru
ginea) spawn from March to Sep- -
tember (Bigelow and Schroeder, 
1953}, but 90% of the spawning in 
New England waters occurs be
tween mid-April and late June 
(Royce, Buller, and Premetz, 1959). 
Eggs and larvae are pelagic. The 
time of peak spawning becomes 
later with increasing latitude. Col-
ton et al. (1979) reported spawning 
from April through August in the 
Middle Atlantic area, with peak ac
tivity in May. The season off South· 
ern New England and on Georges 
Bank is similar, but the peak does 
not begin until mid-May and usually 
persists through mid-June (Royce, 
Buller, and Premetz, 1959; Berrien, 
1981 ). Spawning is light in the Gulf 
of Maine, where the peak occurs in 
June. On the Scotian Shelf spawn
ing begins in May and continues 
into August (Colton et al., 1979}, 
with peak spawning limited to June 
(Scott, 1954). In coastal waters be
tween Cape Cod and Chesapeake 
Bay, 98% of yellowtail flounder 4.1 
mm long collected by Smith, Si· 
bunka, and Wells (1975) were 
taken where bottom temperatures 
ranged between 4.1 and 8.9·c, and 
over depths of 30-80 m. Data are 
from 6-29 May 1979. 

Larvae(10 m• Surface Area 
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10H,OOJ 

Figure 25. 12 
Winter flounder (Pseudop/euro
nectes americanus) spawn demer
sal eggs in shallow waters in late 
winter and spring. South of Cape 
Cod, most spawning takes place in 
coastal estuaries from January to 
April, with the seasonal peak in 
March. The pelagic larvae have 
been found in coastal waters dur
ing spring, mostly in depths less 
than 20 m (Smith, Sibunka, and 
Wells, 1975). Spawning on the Sco
tian Shelf is also limited mostly to 
shallow coastal waters, with the 
seasonal peak usually occurring in 
May (Leim and Scott, 1966). In the 
Georges Bank/Gulf of Maine re
gion, spawning peaks in April when 
bottom temperatures are between 
3.3 and 5.5"C (Bigelow and Schroe
der, 1953). Data are from 16 April-
12 May 1980. 

{a) 

Figure 25. 13 
Sand lance (Ammodytes spp.) lay 
demersal eggs in sandy substrates 
from fall through winter. Larvae are 
pelagic and occur in coastal waters 
from Cape Hatteras to Maine from 
November through March. Peak 
spawning occurs along the inner 
half of the shelf in December and 
January (Richards and Kendall, 
1973}, and the eggs do not hatch 
until temperatures drop below 9·c 
(Wheatland, 1956; Norcross, Mass
mann, and Joseph, 1961). Sand 
lance abundance on Georges Bank 
generally peaks during February 
and March. Abundance increased 
dramatically from 197 4 to 1976. 
Data are from 11 February-22 
March 1974 (a) and 10 February-24 
March 1976 (b). 
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Figure 25.14 
The spawning season of Atlantic 
cod (Gadus morhua) begins in late 
fall and continues into spring. Prin
cipal spawning grounds off the 
northeastern United States are over 
the eastern part of Georges Bank 
(Walford, 1938; Smith et al., 1979; 
Smith, McMillan, and Wells, 1981). 
From southern New England, over 
Georges Bank, and along the coast 
of the Gulf of Maine, spawning 
usually begins in November and 
may continue into June. Through
out this area the time of peak 
spawning can vary widely from 
year to year. It seems related to 
environmental conditions (Bigelow 
and Schroeder, 1953). In warm to 
moderate winters, the peak can oc
cur as early as December, but dur
ing unusually harsh winters it can 
be delayed until the end of March 
(Smith, McMillan, and Wells, 1981). 
Cod eggs and larvae are pelagic. 
Data are from 14 April-19 May 
1977. 
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Haddock (Melanogrammus aeglefi
nus) spawn in shelf waters north 
and east of Nantucket Shoals. For 
the past 50 years the eastern third 
of Georges Bank has been the 
principal spawning ground off New 
England. The major spawning ag
gregations are shown in (a),which 
indicates the composite distribution 
of eggs during the 1979-1980 
spawning seasons; (b)-(d) show 
the average distribution patterns of 
three sizes of larvae [for (b), <;;4.2 
mm; for (c), 4.3-8.2 mm; for (d), 
;::;,8.2 mm] for the 1977-1982 sea
sons and westward dispersal of 
arvae with time. Spawning is 
inked directly to bottom tempera
ture, with a peak occurring at 
1-S'C (Colton, 1968; Marak and 
_ivingstone, 1970). The eggs and 
arvae are pelagic. Walford (1938) 
·eported that haddock spawned on 
:Oeorges Bank from February to 
\/lay, but Smith, McMillan, and 
Neils (1981) found that during the 

(b) 
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unusually mild winter of 1980 it had 
started in January. Peak spawning 
occurs on the bank in March or 
April (Walford, 1938; Marak and 
Livingston, 1970; Smith et al., 1979; 
Smith, McMillan, and Wells, 1981). 
In the Gulf of Maine, spawning is 
principally near the coast, from 
February to May. O'Boyle et al. 
( 1982) found significant numbers of 
haddock eggs on the Scotian Shelf 
only in April and May, with concen
trations over Emerald, Western, 
and Browns banks. Data are from 
April 1979 and 1980 (a); 1977-
1982 (b,c,d). 
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(a) 

Figure 25. 16 
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Spawning of stocks of Atlantic her
ring ( C/upea harengus) in the Gulf 
of Maine region typically pro
gresses in a southwesterly direc
tion,' from the Scotian Shelf and the 
eastern Gulf of Maine in Au
gust-November to the western Gulf 
and Georges Bank in Septem
ber-December (Lough and Bolz, 
1979; Smith, McMillan, and Wells, 
1980, 1981; Smith et al., 1981). Be
fore 1977, t-y which time the 
spawning stock on Georges Bank 
had collapsed, the spawning period 
there extended from September to 
December, with a peak spawning in 
late September and early October. 
Part of the Georges Bank stock 
also spawns on Nantucket Shoals, 
from October through December, 
with an October peak (Smith, Mc
Millan, and Wells, 1980). Recent 
surveys indicated no spawning on 
Georges or on Nantucket Shoals. 
The general north-to-south spawn
ing pattern is presumably keyed to 

(b) 
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declining temperatures during fall, 
although other factors, such as 
photoperiod, may operate. Herring 
spawn demersal eggs; their larvae 
are pelagic. lies and Sinclair (1982) 
proposed that stable hydrographic 
features define stock boundaries 
and serve as physical isolating 
mechanisms for larval stages. Data 
are from 15 October-1 November 
1973 (a) and 15 September-11 No
vember 1982 (b). 
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Figure 25.17 
Silver hake (Merluccius bilinearis) 
begin to spawn in late April off the 
Middle Atlantic states and succes
sively later to the north and east; 
the spawning peak follows the 
same trend. Most eggs are pro
duced at water temperatures be
tween 7 and 13°C (Bigelow and 
Schroeder, 1953). In southern New 
England and Georges Bank waters 
the first eggs are found in April or 
May. In the Gulf of Maine they are 
found in May or June, and on the 
Scotian Shelf in July (Sauskan and 
Serebryakov, 1968; Fahay, 1974; 
Berrien, 1983; O'Boyle et al., 1984). 
Although spawning takes place as 
far south as Chesapeake Bay, the 
southernmost major grounds are 
off New Jersey (Silverman, 1982; 
Berrien, 1983). The principal 
grounds on Georges are along the 
southern slopes in depths up to 
200 m, although some spawning 
takes place along the northern 
edge of the bank as well. Major 
spawning areas in the Gulf of 
Maine include coastal waters shal
lower than 90 m from Cape Cod to 
Grand Manan Island, with Massa-

chusetts Bay the most important 
(Bigelow and Schroeder, 1953). On 
the Scotian Shelf, major egg con
centrations occur over Browns, Em
erald, Western, Banquereau, and 
Sable Island banks (Noskov, Vino
gradov, and Sherstyukov, 1982; 
O'Boyle et al., 1984). Data are from 
11 August-4 September 1978. 

(a) 

Figure 25.18 
Red and white hake (Urophycis 
spp. ). Red hake constitute the bulk 
of Urophycis larvae in our samples. 
The spawning season is pro-

. tracted, beginning in March in the 
Middle Atlantic region, in May on 
Georges Bank and the Gulf of 
Maine, and in June on the Scotian 
Shelf. Major spawning grounds are 
located in southern New England 
waters east of Block Island and on 
the southwest part of Georges 
Bank (Musick, 1974) in depths of 
about 1 00-120 m. Typical larval 
distributions are illustrated by the 
survey results for 1978 and 1980, 
covering the July-September pe
riod. Eggs and larvae are pelagic. 
In the Gulf of Maine spawning oc
curs in coastal waters from Cape 
Cod to the Bay of Fundy, usually in 
depths less than 60 m, although 
red hake eggs have occasionally 
been taken in deep basins of the 
eastern gulf (Bigelow and Schroe
der, 1953). Spawning on the Sco
tian Shelf is along southeastern 
Nova Scotia (Leim and Scott, 
1966). Data are from 12 August- 4 
September 1978 (a) and 16 July- 9 
August 1980 (b). 
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ized optimal conditions for survival. For example, in the 
Gulf of Maine, silver hake spawn from late May to late 
October, with a peak around the first of September (fig
ure 25 .20). Despite this spawning pattern, hake larvae 
reach a maximum in early July, during a slow decline in 
zooplankton abundance. 

Sand lance larvae are distributed over a wide area of 
the shelf during the winter low in biologic production 
(Sherman et al., 1981b). Their large size at hatching and 
their ability to maintain themselves without food for 20 
days (Smigielski et al., 1984) allow them to exploit the 
early-spring zooplankton bloom before larval cod and 
haddock are of a size to compete. 

Spawning strategies based on distributions of fish larvae 
appear to vary with geographic location. The gyre-associ
ated spawning strategy reported for cod and haddock on 
Georges Bank has been reported also for the Scotian 
Shelf (O'Boyle et al., 1984). However, though silver hake 
spawning strategy has been described as gyre-associated 
on the Scotian Shelf (O'Boyle et al., 1984), the species is 
reported as a ubiquitous spawner off the U.S. northeast 
coast (Sherman et al., 1984). On the European side of the 
Atlantic, currents play an important role in transporting 
Arctic/ Norwegian cod larvae from spawning grounds to 
nursery areas (O'Boyle et al., 1984). On the Scotian Shelf 
and Georges Bank, the spawning and nursery grounds for 
haddock and cod are contained within gyre systems (Sher
man et al., 1984). 

Long-Term Trends: Zooplankton and Fish 

Observations of zooplankton abundance and species com
position based on MARMAP data have been compared 
recently with the results of other, earlier studies (Sherman 
et al., 1983a). From this comparison, it was concluded 
that over the past 70 years there has been no long-term 
decline in zooplankton abundance in the Northwest At
lantic similar to that reported for the Northeast Atlantic 
(Colebrook, 1978a,b). The biomass and species composi
tion of zooplankton of Georges Bank and the adjacent 
shelf have not changed substantially over the past 70 
years. Within this region, the greatest variation in biomass 
from year to year is on Georges Bank itself; this is attrib
uted to variable retention of zooplankton resulting from 
the seasonal formation and decay of the Georges Bank 
gyre (Sherman et al., 1983a). 

When Henry Bigelow in 1912 began the first system
atic survey of zooplankton in the "mare incognitum" off 
the northeast coast, he laid the foundations of modern 
fisheries ecology in the United States. The available evi
dence indicates that zooplankton species composition, 
distribution, and abundance are substantially the same as 
they were when Bigelow took his samples early in the 
century. Since then, however, the abundance of tradi
tional foodfish species has declined. From 1968 through 
197 5 this decline was drastic-50% of the foodfish bio
mass (Clark and Brown, 1977). The relative stability ob
served in the zooplankton leads us to conclude that fish 
stocks are not declining due to prey shortages low in the 



Figure 25.19 
Seasonal larval abundance (num-
ber/m' ) of some dominant fish spe-
cies on Georges Bank 
(1977-1980)--haddock,cod,sand 
lance, silver hake, and other 
hakes--with mean seasonal zoo-
plankton biomass (all depths, cm3/ 

1 00 m3). The light dashed lines in-
dicate one standard error for 
zooplankton. 

Figure 25.20 
Estimated daily egg production by 
silver hake [(eggs/day) x 10'] in 
1979 in the MARMAP survey area 
and four regions within it. [Berrien 
(1983)] 
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food chain, but, rather, that fishing is the cause (Sherman 
et al., 1983a). However, the systematic long-term quanti
tative sampling necessary for describing subtle changes in 
plankton communities in the Maine-to-Hatteras region 
has only been under way for a few years. MARMAP sur
veys will keep track of changes in the zooplankton as de
pleted fish stocks recover, and contribute to our 
knowledge of the overall productivity of the ecosystem 
that includes Georges Bank. 
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Note 

1. Bongo samplers consist of a pair of 
open cylinders joined by a yoke to 
which the towing warp is attached. A 
plankton net is fastened to the rear rim 
of each cylinder; the forward rim-the 
net mouth- is not obstructed by a 
towing bridle as it is in nets of the 
conventional type. 
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Table 26.1 

Figure 26.1 
Locations of quantitative-sampling 
stations selected for analysis (red 
dots), additional sampling stations 
in adjacent areas, and limits of 
area studied. 

Mean biomass, mean population density, percentage composition, and frequency of occurrence of 
the four dominant taxonomic groups of macrobenthic invertebrates on Georges Bank 

Taxon 

Wet weight Population density Frequency of · Number of 
Mean g/m2 Total(%) Mean number/m1 Total(%) occurrence(%) samples 

Annelida · 12.3 
Crustacea 8.7 
Mollusca 119.1 
Echinodermata 139.9 
Others 27.0 

4.9 
3.8 

38.7 
42.9 

9.7 

527 
946 
79 

159 
297 

26.3 90 242 
51.2 97 262 

3.2 73 196 
6.1 69 185 

13.2 80 215 

The earliest investigations of bottom-dwelling animals in 
waters off the northeastern United States were carried out 
mainly under the auspices of various academic institutions 
and private scientific societies. The scope of inquiry was 
expanded in 1871 when the U.S. Fish Commission was 
established to determine the causes of decline in certain 
fisheries; a comprehensive biologic inventory was basic 
to the commission's work, and this extended to the sea
floor. After 1900 or so the commission's researches were 
greatly curtailed, and it was not until the years after 
World War II that extensive benthic investigations were 
resumed with a new emphasis on quantitative population 
estimates. The successors of the old Fish Commission
the Bureau of Commercial Fisheries and the present Na
tional Marine Fisheries Service-continued this work 
along with other government agencies and various private 
research institutions. Interest in present or potential ef
fects of expanded fisheries, oil drilling, marine mining, 
and ocean dumping has supported an enormous expan
sion in the scope of benthic research in recent years. This 
history is detailed in chapter 1. 

There are several current programs concerned to some 
extent with the benthic environment of Georges Bank. 
Among these are the National Oceanic and Atmospheric 
Agency's Northeast Monitoring Program (NEMP), which 
includes a Georges Bank Monitoring Program; the Na
tional Marine Fisheries Service's Marine Mapping Assess
ment and Prediction Program (MARMAP); the Ocean 
Pulse Program (OP) of the Northeast Fisheries Center 
(NEFC); and the Woods Hole Oceanographic Institution's 
Georges Bank Study Group. 

A broad investigation of the feeding habits of commer
cially important groundfish led to studies of the bottom
dwelling organisms upon which they subsist; this benthic 
work is summarized here. Other reports have also been 
based on data from these studies (Wigley, 1956, 1959, 
1960, 1961a,b, 1965; Wigley and Theroux, 1965; Burns 
and Theroux, 1967; Wigley, 1968; Burns and Wigley, 
1970; Wigley and Burns, 1971; Williams and Wigley, 
1977; Plough, 1978; Theroux and Wigley, 1979; Dickin
son and Wigley, 1981; Theroux, Wigley, and Murray, 
1982; Theroux and Wigley, 1983; Theroux and Wigley, 
unpublished manuscript). Major groups of macrobenthic 
invertebrates are considered. (Macrobenthic animals are 
defined here as those retained by a 1.0-mm-mesh screen; 
meiobenthos passes through such a screen.) 

The account is based on 269 samples collected at 221 
stations within the area outlined in figure 26.1. (Other 
benthic stations nearby that are included in the Northeast 
Fisheries Center's data base are shown as well.) Quantita
tive information was sought on taxonomic composition, 
distribution, standing crop biomass, and numerical popu
lation density of benthic animals. Supporting data on 
such abiotic factors as sediment size and temperature 
were also recorded. Most of the field work was carried 
out on five cruises between August 1956 and August 
1965. Additional samples came from three cruises made 
in 1963 during a joint investigation of the geology and 
biology of the continental shelf by the U.S. Geological 

Survey, the Woods Hole Oceanographic Institution, and 
the National Marine Fisheries Service (Emery and Schlee, 
1963; Emery, 1966). 

Two bottom-sampling gears were used. Most samples 
(244) were taken with a 0.1-m2 Smith/Mcintyre bottom 
sampler (Smith and Mcintyre, 1954), and the rest (25) 
with a 0.56-m2 Campbell grab sampler (Menzies, Smith, 
and Emery, 1963). Samples were washed at sea in 1-mm
mesh sieves; retained material was preserved in formalde
hyde solution. Organisms sorted out in the laboratory 
were identified to the lowest taxonomic level practicable, 
to the species level in the case of the most important 
groups. Those in each taxon were counted and collec
tively weighed (mollusk shells included) and finally, for 
future reference, preserved in alcohol in a collection 
maintained at the Northeast Fisheries Center (NEFC). 
Subsamples taken for geologic analysis at the U.S. Geo
logical Survey and the Woods Hole Oceanographic Insti
tution (WHOI) are the source of sediment data given 
here. (More detailed results from this work will be found 
in Hathaway, 1966, 1967, 1971.) 

Raw data from different samples were made compara
ble by standardizing them: g/m2 for biomass, and num
bers of individuals/m2 for population density. This 
allowed for differences in area sampled by the two gears 
and for material removed for geologic and other studies. 
(For details of sample treatment, see Wigley and Ther
oux, 1981; Theroux and Wigley, unpublished 
manuscript.) 

Water depths, measured by depth sounder, were 
grouped into several ranges. Field measurements of bot
tom temperature were judged inadequate for the study's 
purposes, so long-term temperature maxima and minima 
were substituted; these derive from published sources and 
from files at NEFC and WHOI. 

Faunal Composition 

Limited resources available for taxonomic work made it 
necessary to concentrate upon the groups that are the 
most prominent in terms of biomass or numerical abun
dance. A moderate number of species-259, representing 
16 phyla-appear in the NEFC list from Georges Bank 
upon which this account is based, though this number is 
at best a rough one. For one thing, the 1.0-mm-mesh 
screens used for sorting in the work described here tend 
to retain fewer species than the 0.5-mm-mesh screens 
currently in general use. For another, concentration on 
abundant forms can lead to taxonomic bias; more species 
are identified among the arthropods, mollusks, annelids, 
and echinoderms, for example, than among the sponges, 
coelenterates, ctenophores, nematodes, platyhelminthes, 
and nemerteans. Nevertheless, with these reservations in 
mind, it may still be reasonably said that the Georges 
benthic fauna shows a moderate diversity typical of bo-
real/temperate waters. -

On Georges Bank, among 39 major groups of macro
benthic invertebrates, 4 predominate: annelids, crusta
ceans, mollusks, and echinoderms (table 26.1). These 
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dominants are characteristic of the New England region 
as well as the Middle Atlantic Bight (Wigley and Ther
oux, 1981; Theroux and Wigley, unpublished manu
script). Among the four groups, however, dominance 
ranking differs substantially depending upon which of 
two measures is used: biomass or numerical abundance. 

Thirty-nine taxa are listed in table 26.2 with their per
centage contributions to biomass and numerical density. 
The first 5 taxa collectively contribute more -than 80% to 
each of these two measures of abundance. Echinoids and 
bivalves dominate total biomass, together making up 79% 
of the whole; annelids add another 5%. Numerically, 
however, amphipods prevail, with 45% of the total. 
(Their contribution to biomass was only 2%.) Annelids 
are second by this measure, contributing 26%. Echinoids 
and bivalves are among the 5 most numerous groups, but 
their contributions to total numbers (5 and 3%, respec
tively) are much smaller than their contributions to bio
mass. Chaetognaths add another 3%. Three of the 5 
leading taxa are common to both measures of 
abundance. 

Six subdominant taxa, individually contributing be
tween 1 and 3.5% to total biomass, collectively add 
12%. Amphipods are among these 6; numerically, as 
noted, this is the leading group overall. The remaining 5 
biomass subdominants are numerical subdominants as 
well. In all there are 9 of the latter, contributing between 
1 and 2.2% to total numbers, collectively some 14%. 
Seventeen taxa add between 0.1 and 1.0% to total bio
mass; for population density, 13 taxa are found within 
this range. 

At a more detailed level of classification, 10 genera ac
counted for 86% of total biomass. The 10 genera most 
abundant numerically, however, accounted for only 58% 
of total population density; 21 additional genera were re
quired to make up 80%. Dominance at the genus or spe
cies level is, on the-whole, similar to the pattern at higher 
levels such as order or class; biomass and density mea
sures, particularly the former, are dominated by a small 
to moderate number of taxa. Table 26.3 shows the rank
ing for many of the more important genera found on 
Georges. 

Total Macrobenthos: All Taxonomic Groups Combined 

Geographic Distribution of Biomass and Numbers 
The general distribution of biomass and numbers of indi
viduals on Georges is the subject of this section; data for 
all taxonomic categories have been combined for each 
station and used to prepare figure 26.2. Figure 26.2a 
shows high levels of biomass ( > 100 g/ m2

) in four areas: 
the northeastern, southeastern, central southern,and west
ern parts of the bank. Patches of intermediate biomass 
(50-100 g/ m2

), except for one patch to the northwest, 
are nearly all adjacent to high-biomass areas; these 
patches are generally rather small. Large areas of low bio
mass (< 50 g/m2

) are found on Georges Shoals, the Cen
tral Part, and the Northeast Peak, as well as on the 
southern flank and eastern side of the Great South Chan-

Table 26.2 
Rank order of major taxonomic groups occurring on Georges Bank by 
percentage of total biomass and by percentage of total population density 

Taxon Total biomass(%) Taxon Total density (%) 

Echinoidea 41.3 Amphipoda 45.1 
Bivalvia 37.8 Annelida 26.3 
Annelida 5.0 Echinoidea 4.7 
Ascidiacea 3.5 Chaetognatha 2.8 
Ceriantharia 3.1 Bivalvia 2.5 

Amphipoda 2.1 Cumacea 2.2 
Decapoda 1.2 Actiniaria 1.9 
Ophiuroidea 1.1 Ascidiacea 1.7 
Bryozoa 1.0 Ceriantharia 1.5 
Gastropoda 0.8 Decapoda 1.5 

Hydrozoa 0.6 Thaliacea 1.4 
Asteroidea 0.4 Ophiuroidea 1.3 
Nemertea 0.3 Bryozoa 1.3 
Thaliacea 0.3 Nemertea 1.0 
Holothuroidea 0.2 Isopoda 0.9 

Porifera 0.2 Zoantharia 0.7 
Sipunculida 0.1 Gastropoda 0.6 
Chaetognatha 0.1 Mysidacea 0.5 
Cirripedia 0.1 Copepoda 0.5 
Zoanthidea 0.1 Euphausiacea 0.4 

Isopoda 0.1 Hydrozoa 0.3 
Actiniaria 0.1 Sipunculida 0.2 
Pennatulacea 0.1 Cirripedia 0.1 
Cumacea 0.1 Schaphopoda 0.1 
Scaphopoda 0.1 Nematoda 0.1 

Euphausiacea 0.1 Scyphozoa 0.1 
Scyphozoa < 0.1 Asteroidea 0.1 
Zoantharia < 0.1 Porifera < 0.1 
Mysidacea < 0.1 Pycnogonida < 0.1 
Copepoda < 0.1 Zoanthidea < 0.1 

Pycnogonida <0.1 Holothuroidea < 0.1 
Ctenophora < 0.1 Brachiopoda < 0.1 
Platyhelminthes < 0.1 Pennatulacea < 0.1 
Nematoda < 0.1 Ctenophora < 0.1 
Arachnida < 0.1 Platyhelminthes < 0.1 

Insecta < 0.1 Amphineura < 0.1 
Amphineura <0.1 Arachnida < 0.1 
Cephalopoda < 0.1 Insecta < 0.1 
Brachiopoda < 0.1 Cephalopoda < 0.1 

Table 26.3 
Rank order of some of the more important genera in the major taxonomic 
groups on Georges Bank by percentage of total biomass and by percentage of 
total population density 

Taxon Total biomass (%) Taxon Total density (%) 

Echinoidea Amphipoda 
Echinarachnius 40.9 Unciola 15.6 
Brisaster 0.4 Ampelisca 6.7 

Erichthonius 2.9 
Bivalvia Leptocheirus 1.9 
Arctica 25.7 Corophium 1.0 
Modiolus 8.4 Aeginina 0.8 
Cyclocardia 1.8 Protohaustorius 0.5 
Astarte 1.1 
Anomia 0.3 Annelida 
Cerastoderma 0.1 Filograna 9.6 
Placopecten 0.1 Scalibregma 0.6 

N ephtys 0.5 
Annelida Maldane 0.2 
Ophioglycera 0.8 Lumbrineris 0.2 
Nephtys 0.7 
Sternaspis 0.1 Echinoidea 
Lumbrineris 0.1 Echinarachnius 4.5 
Scali bregma 0.1 Strongylocentrotus 0.1 
Nereis 0.1 

Chaetognatha 
Ascidiacea Sagitta 2.8 
Molgula 2.7 
Amaroucium 0.6 Bivalvia 

Yoldia 0.3 
Coelenterata Thyasira 0.3 
Cerianthus 3.1 Nucula 0.2 
Pennatula 0.1 Arctica 0.2 
Epizoanthus 0.1 Dacrydium 0.2 

Cerastoderma 0.1 
Amphipoda 
Unciola 0.7 Cumacea 
Leptocheirus 0.4 Diastylis 1.5 
Ampelisca 0.2 
Erichthonius 0.1 Coelenterata 

Cerianthus 1.4 
Decapoda 
Pagurus 1.0 Ascidacea 
Hyas 0.1 Molgula 1.2 

Amaroucium 0.2 
Ophiuroidea 
Ophiura 1.0 Thaliacea 
Amphioplus < 0.1 Salpa 1.4 
Ophiopholis < 0.1 

Decapoda 
Gastropoda Crangon 0.2 
Buccinum 0.2 Pagurus 0.2 
Lunati a 0.2 
Co/us 0.1 Ophiuroidea 

Ophiura 0.6 
Asteroidea Ophiocten 0.2 
Astropecten 0.2 Axiognathus 0.1 
Asterias 0.1 
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Figure 26.2 
(a) Geographic distribution of ma
crobenthic invertebrate biomass 
{wet weight, g/m') on Georges 
Bank for all taxonomic groups com
bined. (b) Geographic distribution 
of macrobenthic invertebrate den
sity (individuals/m2) on Georges 
Bank for all taxonomic groups 
combined. 
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nel. High-population densities of macrobenthos (> 2,500 
individuals/ m2

) are found mainly to the southwest (figure 
26.2b). On the eastern half of Georges there are only 
four parches with such populations: two on the Northern 
Edge, one southwest of the Northeast Peak, and a small 
patch on the Southeast Part. The largest high-density area 
extends northward from the southwestern corner, skirting 
the edge of the Central Part and Georges Shoals. As with 
biomass, moderate densities (1,000-2,500 individuals/ m2

) 

are generally found next to high densities. Low densities 
( < 1,000 individuals/m2

) are typical over large expanses of 
the Northeast Peak, the Southeast Part, the Central Part, 
Georges Shoals, and the northwestern corner. 

Bathymetric Distribution 
Taking all species together, one sees that biomass and 
population density tend to diminish with increasing depth 
on the bank proper, in depths less than 200 m (figure 
26.3). (The data discussed here are confined to depths in 
the range 25-250 m. No samples were taken from bot
toms shoaler than 25 m due to the difficulties of manag
ing a large ship on Georges in such depths; below 250 m, 
too few samples were taken to give a reliable picture.) 

Benthic biomass is greatest in depths between 25 and 
150 m, with a mean of 407 g/ m2 at the shallow end of 

. this range and 110 g/m2 at the deeper end. Biomass is 
moderately great below this down to the continental 
shelf break at 200 m, averaging 91 g/ m2

• Values fall off 
sharply below 200 m in upper-continental-slope depths, 
declining to very low values between 350 and 400 m 
(Wigley and Theroux, 1981; Theroux and Wigley, un
published manuscript). 

In contrast with biomass, population density of the col
lective macrobenthos is greatest (>2,100 individuals/ m2

) 

at midshelf depths (50-99 m). It is quite high (> 1,700/ 
m2

) in waters shoaler than 50 m and at depths between 
100 a~d 150 m. Below this, on the upper continental 
slope at 250 m, population density declines to a moder
ate level (< 700/ m2

), reaching quite a low level (<200/ 
m2

) at depths of 350-399 m (Wigley and Theroux, 1981; 
Theroux and Wigley, unpublished manuscript). 

Relation to Bottom Sediments 
Bottom sediments are major determinants of the distribu
tion of bottom-dwelling invertebrates. Various adapta
tions have ensured their successful colonization and 
survival in one form or another in nearly all substrates. 
The physiography and surficial geology of Georges Bank 
are treated in detail in chapters 3 and 4. The discussion 
here of the relation between macrobenthos as a whole 
and bottom sediments is based on NEFC samples (Wig
ley, 1961a; Dickinson and Wigley, 1981). Figure 26.4 
shows the geographic distribution of predominant sedi
ment fractions used for this analysis. (More detailed sedi
mentologic analysis of these samples will be found in 
Hathaway 1966, 1967, 1971.) 

Sands, coarse to fine, predominate on Georges and 
support the highest macrobenthic biomass, which tends 
to diminish with particle size. Coarse-sand bottom, 
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though there is not much of it, supports the highest mean 
biomass (371 g/ m2

; figure 26.5). Medium sand, the most 
widely distributed type, sustains a mean biomass of over 
230 g/ m2

• Areas of fine sand, chiefly on the northern 
and southern flanks, with some on the Central Part, yield 
a mean biomass slightly over 220 g/ m2

• Very fine sands, 
found in limited areas in the Western Basin and South
west Part, sustain a mean biomass of 163 g/ m2

• Silt and 
clay, the finest of all sediments, are confined to the 
Western Basin; these support a moderately high biomass 
of about 200 g/ m2

• Gravel, the coarsest substrate, found 
on the Northeast Peak, with a few patches elsewhere at 
middepths on the bank, yields the lowest macrobenthic 
biomass (85 g/ m2

) , though this is by no means negligible. 
The three sediment types that support the greatest bio

mass also support the greatest average number of individ
ual organisms (figure 26.5). Mean densities are greatest in 
coarse and fine sand, exceeding 2,000 individuals/ m2

; 

medium sands contain more than 1,800 individuals/ m2
• 

Densities in gravel are also relatively high (over 1,500/ 
m2

); this contrasts with biomass, which is moderately low 
in this coarse bottom. The finer-grained substrates, very 
fine sand and silt and clay, contain moderate densities, 
835 and 775 individuals/ m2

, respectively. 

Relation to Bottom-Water Temperature 
Figure 26.6 shows the seasonal extremes of bottom-water 
temperatures on Georges Bank; figure 26.7 shows the an
nual range, which varies between 4 and 16°C. Average 
biomass of Georges macrobenthos ranges between 69 
and 434 g/ mZ, tending to be greater where the annual 
range in temperature is high (figure 26.8). The figure indi
cates, however, that the smallest average biomass is not 
found in the most stable zones, where temperatures vary 
less than 4°C annually, but instead in the zone of 8°C 
variation. This is explained by the proximity of one 4 °C 
zone, the northwestern one, to the rich fauna of the 
Great South Channel and the nearby Gulf of Maine, 
which has the effect of elevating average biomass. In the 
thermally stable region of the lower shelf and upper slope 
to the south and southeast of Georges, average biomass is 
low, conforming to the expected trend (Wigley and Ther
oux, 1981; Theroux and Wigley, unpublished 
manuscript). 

No clear relation is evident between population density 
and annual temperature range except that numbers are 
low where temperatures are most stable; 910 individuals/ 
m2 are recorded where temperatures fluctuate by no more 
than 4°C. Highest densities (2,415/ m2

) occur where the 
annual range is between 8 and 12 °C. Where ranges are 
4-8 °C and 12-1 6°C, population densities are found to 
be about equal: 1,562 and 1,514 individuals/ m2

, 

respectively. 

Dominant Components of the Macrobenthos 

We have been looking at the whole of the macrobenthos. 
Next we consider patterns among the four dominant tax
onomic groups on Georges. Biomass and numerical popu-
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Figure 26.3 
Mean biomass (wet weight, g/m') 
and mean density (individuals/m') 
on Georges Bank for all taxonomic 
groups combined, and the percent
age composition of the major tax
onomic groups of macrobenthic 
invertebrates for each measure in 
relation to range of water depth. 

Figure 26.4 
Geographic distribution of sediment 
type on Georges Bank. [Wigley 
(1961a) and Dickinson and Wigley 
(1981), modified] 

Figure 26.5 
Mean biomass (wet weight, g/m') 
and mean density (individuals/m') 
on Georges Bank of all taxonomic 
groups combined, and the percent
age composition of the major tax
onomic groups of macrobenthic 
invertebrates for each measure in 
relation to bottom sediment type. 
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lation density of annelids, mollusks, crustaceans, and 
echinoderms will be related to geographic distribution, 
water depth, bottom sediments, and water temperature. 

Geographic Distribution 
Figure 26.9 shows the geographic distribution of the 
combined four dominant groups by biomass and popula
tion density. Figures 26.10-26.13 show distributions for 
the individual groups. Crustacea dominate numerically 
nearly everywhere on the bank, but in terms of biomass, 
they are surpassed in, many areas by annelids, mollusks, 
or echinoderms. These historical data can be compared 
with more recent data obtained by similar means to test 
the long-held belief that both species composition and 
abundance of benthic populations are quite stable over 
long time intervals, especially in places undisturbed by 
man. Short-term seasonal or annual changes in faunal 
characteristics are evident locally, reflecting the influence 
of climate or certain population processes (chapters 27 
and 28), but over longer periods (decades), only slight 
shifts are detectable. Maurer (1983) spoke of "continuity 
of occurrence" and biomass stability in his review of 
Georges Bank benthos. Comparing data collected be
tween 1957 and 1963 (some of that used here) with data 
from 1977, he inferred that species composition and bio
mass had changed little during the interval. 

Bathymetric Distribution 
Figure 26.3 shows the relative contribution, at various 
depths, of the four dominant groups to total biomass and 
total numbers of benthic invertebrates. Due to the effect 
of individual size, the contribution that a group makes to 
total biomass may differ greatly from its contribution to 
total numbers. 

Relation to Bottom Sediments 
Mollusks, chiefly the bivalves Arctica and Modiolus, are 
major contributors to total biomass in nearly all sediment 
types; echinoderms, mainly Echinarachnius, are also im
portant, but exhibit somewhat greater affinities for partic
ular sediments. Specifically, mollusks dominate biomass 
in gravel and in coarse and very fine sand (figure 26.5). 
There are significant quantities in medium and fine sands, 
but biomass is low in silt and clay. Echinoderms are the 
main contributors to biomass in medium and fine sand. 
They furnish a moderate fraction of the total in very fine 
sand and gravel, but little in coarse sand or silt and clay. 
Biomass of annelids and crustaceans is small in most sedi
ments; in the finest substrates however, where most of 
the biomass is composed of miscellaneous nondominant 
taxa, annelids contribute significantly. 

Numerically, on the other hand, one or the other of 
these two groups dominates in all sediment types. Crusta
ceans, mainly amphipods, outnumber other forms in 
every kind of sand. At the extremes of coarseness or fine
ness of sediment texture, in gravel and in silt and clay, 
the annelids prevail. Small bivalves are numerous but by 
no means dominant in finer substrates: 17% of the total 
in very fine sand and 19% in silt and clay. 

(a) 

{b) 

Figure 26.6 
(a) Distribution of average minimum 
bottom-water temperature CCJ dur
ing February. (b) Distribution of av
erage maximum bottom-water 
temperature ('C) during September. 
[Dickinson and Wigley (1981), 
modified] 
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Figure 26.7 
Annual range of bottom-water tem
perature CCJ. 

Figure 26.8 
Mean biomass (wet weight, g/m') 
and mean density (individuals/m') 
of all taxonomic groups combined, 
and the percentage composition of 
the major taxonomic groups of ma
crobenthic invertebrates, for each 
measure, in relation to the annual 
range of bottom-water temperature 
on Georges Bank. 
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Figure 26.9 
Geographic distribution at each 
sampling site of dominant taxa in 
relation to their (a) total biomass 
(g/m') and (b) number (individuals/ 
m'). 

Figure 26. 10 
Geographic distribution lor Anne
lida on Georges Bank of (a) bio
mass (g/m') and (b) density 
(individuals/m'). 

Figure 26. 11 
Geographic distribution lor Mol
lusca on Georges Bank of (a) bio
mass (g/m') and (b) density 
(individuals/m'). 

Figure 26. 12 
Geographic distribution for Crusta
cea on Georges Bank of (a) bio
mass (g/m' ) and (b) density 
(individuals/m'). 

Figure 26. 13 
Geographic distribution for Echi
nodermata on Georges Bank of (a) 
biomass (g/m') and (b) density (in
dividuals/m2). 
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Relation to Annual Range in Bottom-Water Temperature 
Among the four dominant taxa, the influence of bottom 
temperature on distribution of biomass and numbers is 
less marked than the influence of depth or substrate. 
Echinoderms lead in biomass where the temperature 
range is broadest (12-16°C), followed by mollusks. Crus
tacean and annelid contributions in such places are rela
tively low. Mollusks have the greatest biomass in the 
other three temperature ranges. Biomass both of annelid 
worms and the "others" category increases with diminish
ing temperature range. The echinoderm share is rather in
dependent of annual temperature range, and the 
crustacean share even more so. 

Numerically, crustaceans predominate in all but the 
0-4 °C range, yielding there to mollusks. The proportion 
of annelids rises sharply in those same rather stable 
waters. Echinoderms, in contrast, favor bottoms with the 
most variable temperatures. 

Faunal Assemblages 

Defining communities or assemblages of benthic marine 
organisms is difficult, especially for large geographic re
gions. Due to a number of variables, assemblages often 
cannot be adequately characterized without extensive 
sampling. Populations vary with rates of reproduction and 
death, food availability, competition, predation, and 
other biologic factors. They are also subject to natural 
and man-induced changes in the physical and chemical 
environment. For such reasons, sampling over long time 
intervals may be required to describe populations ade
quately. Small-scale patchiness in the distribution of bot
tom-sediment types causes further sampling problems, 
since it can confuse our perception of larger patterns. 

Despite these difficulties, enough is known of the 
Georges Bank benthos to give us some idea of its faunal 
assemblages. A first attempt to define what they termed 
"communities" was made by Wigley and Haynes (1958), 
based on dredge samples from 56 sites on and adjacent 
to Georges. Using abundance and geographic distribution 
of specimens as criteria, they postulated four communi
ties on the bank. 

What they termed community I, in the upper Great 
South Channel region at the northwestern corner of 
Georges, comprised an abundance of brittlestars, cope
pods, and annelid worms, certain crustaceans unique to 
this area, and chaetognaths. As members of the benthic 
fauna, chaetognaths are perhaps surprising; nevertheless, 
they have repeatedly been taken at or near the bottom by 
a variety of samplers (Sameoto, 1978; Hesthagen and 
Gjermundsen, 1979; Wright and Lough, 1979; Lough 
and Cohen, 1982). 

Community II, occupying the Northern Edge and 
Northeast Peak, was characterized by coelenterate, anne
lid, and brittlestar species different from those of com
munity I, and by euphausiids, brachiopods, and barnacles. 
Community III, the largest, extended over most of the 
bank proper in waters shallower than 100 m; it contained 
many unique crustaceans and an abundance of chaetog-
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naths, echinoids, and gastropods. Finally, in community 
IV, located on the southern part and southwestern slope 
of the bank, many southern forms of crustaceans arid 
echinoderms were found. 

The present characterization is based on samples avail
able to Wigley and Haynes, and on a large additional 
number collected sin<:e 1958. These samples are both 
quantitative, taken by grab sampler, and qualitative, taken 
by dredge or trawl. Analysis of this expanded store of 
data supports the earlier interpretation: Georges Bank 
benthos is divided into four major assemblages. Within 
each, there are characteristic constituent animals, typical 
patterns of distribution, and certain common features in 
living habits. 

There appears to have been little change in species 
composition since the analysis by Haynes and Wigley, 
and the areas occupied by each of the four assemblages 
(figure 26.14A-26.14D) remain substantially as they were 
defined before. Though it is impossible to draw definite 
boundaries for any one area due to considerable inter
grading among its peripheral components, the areas are 
nevertheless distinguishable. There is a Western Basin as
semblage, one on the Northeast Peak, and separate as
semblages on central and southern Georges. 

Western Basin Assemblage 
The Western Basin is comparatively deep (150-200 m). 
Currents are fairly slow there, and bottom sediments fine 
in texture: principally silt, clay, and muddy sand. The 
constituents of its faunal assemblage (figure 26.14A), 
mainly small burrowing detritivores and deposit feeders 
preyed upon by carnivorous scavengers, are well adapted 
to existence in this muddy environment. Common con
stituents are Thyasira flexuosa forma gouldii, Nucula 
tenuis, Musculus discors (Bivalvia); Nephtys incisa, Par
amphinome pulchella, Onuphis opalina, Sternaspis scutata 
(Annelida); Ophiura sarsi (Ophiuroidea); Brisaster fragilis · 
(Echinoidea); Munnopsis typica (Isopoda); Geryon quin
quedens (Decapoda); and Hap/oops tubicola (Amphipoda). 

Northeast Peak Assemblage 
Depths vary considerably over the slope along the North
ern Edge and Northeast Peak that this assemblage inhab
its (figure 26.14B). Sediments are coarse, chiefly gravel 
and coarse sand interspersed with rafted boulders, cob
bles, and pebbles of different size. Currents may be 
strong. Adapted to these circumstances is an abundance 
of sessile coelenterates, brachiopods, barnacles, and tubi
ferous annelids. Free-living forms include carnivorous 
brittlestars, crustaceans, and errant polychaetes. An ab
sence of burrowers in this hard substrate is characteristic. 
Common members of the fauna include Acanthonoto
zoma serratum, Tiron spiniferum (Amphipoda); Racine/a 
americana (lsopoda); Balanus hameri (Cirripedia); Har
mothoe imbricata, Eunice pennata, N othria conchylega, 
Glycera capitata (Annelida); Placopecten magellanicus (Biv
alvia); Ophiacantha bidentata, Ophiopholis aculeata 
(Ophiuroidea); Psolus phantapus (Holothuroidea); and 
Primnoa resedaeformis, Paragorgia arborea (Coelenterata). 

Figure 26.14A 
The macrobenthic invertebrate 
faunal assemblages of Georges 
Bank, Western Basin: A, Thyasira 
flexuosa forma gouldii ( x 4); B, Nu
cu/a tenuis ( x 2); C, Musculus dis
cars ( x 3); 0 , Nephtys incisa 
( x 0.6); E, Sternaspis scutata ( x 1 ); 
F, Paramphinome pulchel/a ( x 2); 
G, Onuphis opa/ina ( x 1 ); H, 
Ophiura sarsi ( x 0.3); I, Brisaster 
tragi/is ( x 1 ); J, Munnopsis typica 
( x 1.5); K, Geryon quinquedens 
( x 0.3); L, Hap/oops tubico/a ( x 3). 

Figure 26. 14B 
The macrobenthic invertebrate 
faunal assemblages of Georges 
Bank, Northeast Peak: A, Acan
thonotozoma serratum ( x 4); B, Ra
cine/a americana ( x 0.6); C, Tiron 
spiniferum ( x 4); 0, Balanus hameri 
( x 0.3); E, .Harmothoe imbricata 
( x 2); F, Eunice pennata ( x 2); G, 
Nothria conchylega ( x 1 ); H, Gly
cera capitata ( x 1 ); I, Placopecten 
magellanicus ( x 0.3); J, Ophiacan
tha bidentata ( x 0.6); K, Pso/us 
phantapus ( x 0.3); L, Ophiopholis 
aculeata ( x 0.6); M, Primnoa rese
daeformis ( x 0.3); N, Paragorgia ar
borea ( x 0.3). 



Figure 26. 14C 
The macrobenthic invertebrate 
faunal assemblages of Georges 
Bank, Central Georges: A, Neomy
sis americana ( x 1 ); B, Chiridotea 
tuftsi ( x 2); C, Leptocuma minor 
( x 1.5); 0, Mysidopsis bigelowi 
( x 2); E, Protohaustorius wigleyi 
( x 2}; F, Sthenelais limicola ( x 1 ); 
G, Goniadella gracilis ( x 2}; H, Lun
atia heros ( x 0.6); I, Nassarius tri
vittatus ( x 0.6); J, Scalibregma 
inflatum (x0.6); K, Echinarachnius 
parma ( x 0.3); L, Asterias vulgaris 
( x 0.6); M, Crangon septemspinosa 
( x 0.6); N, Cancer irroratus ( x 0.3). 

Figure 26. 140 
The macrobenthic invertebrate 
faunal assemblages of Georges 
Bank, Southern Georges: A, Ampe
lisca compressa ( x 4}; B, Ericthon
ius rubricornis ( x 4); C, Diastylis 
quadrispinosa ( x 1.5); o, Syncheli
dium americanum. ( x 3.5); E, 
Aglaophamus circinata ( x 1 ); F, 
Nephtys squamosa ( x 1 ); G, Apis
tobranchus tullbergi ( x 4 ); H, Cadu
lus agassiz/ ( x 1 ); I, Euprognatha 
rastellifera ( x 0.6); J, Astropecten 
america nus ( x 0.6); K, Munida iris 
( x 0.3); L, Catapagurus sharreri 
(x0.6). 
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Central Georges Assemblage 
This assemblage occupies the largest area of the four, the 
entire upper and central portion of the bank shoaler than 
100m (figure 26.14C). Medium sands predominate, 
often shifting, especially on Georges Shoals. Large num
bers of small to moderately large burrowing and motile 
organisms occupy this area of strong currents. A variety 
of crustaceans, chaetognaths, and echinoids predominate; 
significant numbers of sea stars, errant polychaetes, and 
various snails are. also present. The sand dollar Echinar
achnius parma is most characteristic of this assemblage, 
so abundant in many places that its beds resemble a mo
saic pavement (figure 26.15). Other common constituents 
include Neomysis americana, Mysidopsis bigelowi (Mysi
dacea); Chiridotea tuftsi (Isopoda); Leptocuma minor (Cu
macea); Protohaustorius wigleyi (Amphipoda); Sthenelais 
limicola, Goniadella gracilis, Scalibregma inflatum (Anne
lida); Lunatia heros, N assarius trivittatus (Gastropoda); 
Asterias vulgaris (Asteroidea); and Crangon septemspinosa, 
Cancer irroratus (Decapoda). 

Southern Georges Assemblage 
This assemblage occupies the southern and southwestern 
flanks of the bank at depths between 80 and 200 m (fig
ure 26.14D); fine sands predominate and currents are 
moderate. There is a high percentage of southern forms 
there, many at the northernmost limit of their distribu
tion. Amphipods, copepods, and euphausiids are domi
nant, along with echinoderms, mainly starfish of the 
genus Astropecten. Decapods, annelids, and certain mol
lusks are also characteristic of this group. Burrowers, 
rube dwellers, and errant forms pursue a variety of feed
ing strategies: scavenger, carnivore, detritivore, and so on. 
Besides the starfish mentioned, common members of the 
assemblage include Ampelisca compressa, Ericthonius rub
ricornis, Synchelidium americanum (Amphipoda); Diastylis 
quadrispinosa (Cumacea); Aglaophamus circinata, N ephtys 
squamosa, Apistobranchus tullbergi (Annelida); Cadulus 
agassizi (Scaphopoda); and Euprognatha rastellifera, Mun
ida iris, Catapagurus sharreri (Decapoda). 

Zoogeography 

Classification of the Atlantic coast of North America into 
zoogeographic regions or faunal provinces was first at
tempted in the 1800s. Despite many subsequent studies 
(for historical reviews see Hazel, 1970; Briggs, 1974), 
zoogeographic analysis of the shelf from Cape Hatteras 
to Cape Cod and Georges Bank continues to provoke 
disagreement. The fauna of this region is complex, due 
largely to the wide annual temperature range found there 
(Parr, 1933; Briggs, 1974), and hence difficult to classify. 
Early zoogeographic studies focused on the fauna in
shore, where seasonal temperature extremes exceed the 
tolerances of many species found just to the north of 
Cape Cod or to the south of Cape Hatteras. Conse
quently, these capes have been considered by many zo
ogeographers to mark major ecologic barriers in the shelf 
environment. More recent studies have included the off-
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Figure 26.15 
A pavement of the sand dollar 
Echinarachnius parma on the 
coarse sands of the top of Georges 
Bank. 

Figure 26.16 
Distribution of quantitative grab 
samples in the survey, 1955-1971. 
[Wigley and Burns ( 1971)] 
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shore fauna, making it clear that Georges Bank must be 
included in this faunally complex region as well (figure 
26.16). Here we shall briefly consider the zoogeographic 
characteristics of Georges Bank and its neighboring re
gions in terms of their benthic invertebrates. The fish 
fauna is discussed in chapter 30. 

In his historical review, Hazel (1970) noted that the re
gion from Cape Hatteras to Cape Cod (35 ° N to about 
42° N, which offshore includes most of Georges Bank) 
was usually placed in one of three biogeographic 
categories: · 

1._ a separate faunal province or subprovince (Virginian) 
lymg between a cold-temperate province (Nova Scotian 
or Boreal) north of Cape Cod and a warm-temperate 
province (Carolinian) south of Cape Hatteras; 

2. an area of overlap or transition without a unique 
fauna, lying between the Nova Scotian and Carolinian 
provinces; and 

3. a cold-temperate province (Boreal) extending all the 
way to Cape Hatteras, south of which is the warm-tem
perate Carolinian Province. 

With some revised terminology, these three biogeo
graphic concepts are still broadly representative of current 
thinking: the region is considered either a separate prov
ince with a mild-temperate fauna, an area of overlap with 
a mixture of cold-temperate and warm-temperate fauna, 
or simply the southern part of a cold-temperate or Boreal 
Province. Several recent zoogeographic works illustrate 
the range in opinion and suggest the nature of the classi
fication problem in the region. 

Stephenson and Stephenson (1954) studied the inter
tidal biota of the Cape Cod/Cape Hatteras region and 
concluded that the fauna was not unique; it was a mix
ture of cold-temperate animals found north of Cape Cod 
and warm-temperate animals from south of Cape Hat
teras. Coomans (1962), considering the distribution of 
mollusks, felt that the region was part of the Boreal 
Province, since only about 10% of the species were en
demic and most of the rest were of boreal origin. Hall 
(1964) also studied molluscan distributions, but in rela
tion to temperatures required for successful reproduction; 
he concluded that the Cape Cod/Cape Hatteras region 
belonged in a separate Virginian Province. In a study of 
ostracods, Hazel (1970) noted that the warm summer and 
fall temperatures off Cape Cod, the depth of the North
east Channel, and the high summer temperatures on 
Georges Bank were all barriers to the southward exten
sion of many cold-water (cryophyllic) species; similarly he 
found that a number of warm-water (thermophyllic) spe
cies reached their northern limit on eastern Georges Bank 
or off Cape Cod. Like Hall, Hazel (1970) placed the 
Cape Cod/Cape Hatteras region in the Virginian Province 
and considered the region north and east of Georges 
Bank to Newfoundland (approximately 47° N) to be in 
the Nova Scotian Province. Briggs (1974) took a different 
view. After reviewing all available data on invertebrates 
and fishes and using a minimum criterion of 10% ende
mism for province status, he concluded that the entire re
gion from Cape Hatteras to the Strait of Belle Isle should 

be considered an entity, the Western Atlantic Boreal Zo
ogeographic Region. However, in a later study on amphi
pods of the region, Watling (1979) showed that 18% of 
those found from Cape Hatteras to Georges Bank were 
endemic. Consequently, although he noted significant 
overlap of different faunal groups, he recognized the Vir
ginian Province. 

On the basis of an analysis of errant (free-living) poly
chaetes, Kinner (1978) suggested that the Georges Bank/ 
Cape Hatteras region should be considered an overlap 
zone containing both northern and southern species. 
Bowen et al. (1979) studied the benthic crustacea of the 
Middle Atlantic Bight and came to a similar judgment; 
the fauna was not sufficiently peculiar to the region to 
warrant provincial status. There were "extensions at var
ious depths of faunal zones from both the north (Boreal) 
and south (Carolinian)." These authors concluded that 
"Cape Hatteras is a more effective barrier than Cape Cod 
for most boreal peracarids and decapods, although Cape 
Cod is the northern range limit for numerous warm-tem
perate groups." Mollusk distribution patterns in the Mid
dle Atlantic Bight were analyzed by Franz and Merrill 
(1980), who found a mixture of northern and southern 
species with fewer than 4% endemics. The northern 
forms were associated with two faunal groups, Arctic/Bo
real and Boreal, which reach no farther south than the 
Middle Atlantic, whereas the southern species were 
placed in a Transhatteran faunal group, since many of 
these were found both north and south of Cape Hatteras. 
Franz, Worley, and Merrill (1981) studied the distribu
tions of seastars from Cape Hatteras to the Gulf of 
Maine (including Georges Bank) and found most of the 
Georges Bank and Gulf of Maine starfish to be related to 

boreal/subarctic faunal groups. Nevertheless, they noted 
that for many species in these groups, southern-range lim
its were associated with pronounced bottom-temperature 
gradients along the margins of Georges Bank and Nan
tucket Shoals. 

Dist~ibutions of a number of crustacean and bivalve 
mollusk species, derived from the extensive NEFC 
benthic-survey series (figure 26.16, based on Wigley and 
Burns, 1971; Williams and Wigley, 1977; Theroux and 
Wigley, 1983), show marked discontinuities along the 
northern and eastern margins of Georges Bank and Nan
tucket Shoals, undoubtedly associated with the strong 
thermal gradients there. Figure 26.17 shows distributions 
of six cold-water species, and figure 26.18, six warm
water species. 

Most benthic invertebrates of the Georges Bank region 
have yet to be studied in zoogeographic terms. It seems 
clear that most of them are associated with cold-water 
faunal groups whose ranges extend chiefly to the north; 
nevertheless, there are significant associations to the 
southward. Whether we agree with one zoogeographic 
criterion or another, Georges Bank is clearly within a 
zone of rapid transition. 

Reviewed by]. Frederick Grassle, Don Maurer, and 
Eric L. Mills 



(a) 

Figure 26.17 
Six cold-water benthic inverte
brates that illustrate a common dis
tributional pattern in which Georges 
Bank and Nantucket Shoals are the 
southern-range limit: the decapods 
(a) Panda/us borealis and (b) Leb
beus polaris (Williams and Wigley, 
1977); the mysids (c) Pseudomma 
affine and (d) Amblyops abbreviata 
(Wigley and Burns, 1971 ); and the 
bivalves (e) Chlamys islandica and 
(f) Cyclopecten pustulosus (Ther
oux and Wigley, 1983). 

(b) (c) 
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(d) (e) (f) 
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(a) 

Figure 26.18 
Six relatively warm-water benthic 
invertebrates for which the 
Georges Bank/Nantucket Shoals 
region is either the northern-range 
limit-the decapods (a) Catapagu
rus sharreri and (b) Munida iris 
(Williams and Wigley, 1977) and 
the mysid (c) Mysidopsis bigelowi 
(Wigley and Burns, 1971)-or a 
marked interruption in the north
ward extension of populations off
shore-the mysid (d) Neomysis 
americana (Wigley and Burns, 
1971) and the bivalves (e) Ensis 
directus and (f) Spisula solidissima 
(Theroux and Wigley, 1983). 
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The benthos of Georges Bank is of interest partly because 
it contributes directly and indirectly to the highly produc
tive fisheries there (Grosslein, Brown, and Hennemuth, 
1979). It is of further current interest because benthic en
vironments are potential sinks for materials discharged in 
the course of oil and gas drilling. Benthic organisms, be
cause of their relative immobility, are especially suscepti
ble to exposure and hence suitable for monitoring the 
effects of contaminants. In its shallower parts the envi
ronment of Georges Bank is highly dynamic; strong tidal 
currents and storm-generated waves can alter bottom sed
iment composition-and therefore the substrate for 
benthic animals-markedly in a relatively short time (But
man, 1980). The question naturally arises, can "baseline" 
estimates of faunal, sedimentologic, or other characteris
tics in a dynamic environment be practically useful in as
sessing possible environmental disturbance from such 
operations as oil drilling? That general question underlies 
this chapter. 

In 1977 the New England Outer Continental Shelf En
vironmental Benchmark Program was established by the 
U.S. Department of the Interior for assessing the effects 
of offshore oil and gas exploration and production. This 
was an extensive project in which 42 stations on and 
near Georges Bank were sampled quarterly (February/ 
March, May/June, August/September, and November 
1977). Data collected prior to 1977 were not sufficient 
to provide an adequate benchmark for comparisons. 
Benchmark is defined as the "before" phase in a "before 
and after" experimental approach to impact assessment. 
Quantitative and qualitative data are collected for com
parison with data collected after impact. There has been 
some criticism in the scientific community as to the effec
tiveness of benchmark programs in the marine environ
ment because of the range of natural variability, and as a 
result of this criticism (National Academy of Sciences, 
1978), the program was terminated in March 1978. 

In 1980 a Biological Task Force for Outer Continental 
Shelf lease sale 42 on Georges Bank was established to 
advise the U.S. Geological Survey's (USGS) Supervisor of 
Oil and Gas Operations in the North Atlantic. The Task 
Force was to specify "design of environmental studies 
and surveys as well as periodic sampling of environmental 
conditions to provide warning of adverse effects" of oil 
and gas exploration. A field monitoring program ad
dressed primarily to the benthos and the chemistry and 
geology of the sediments was proposed. 

Fifteen long-term regional stations were established for 
a new monitoring program, initiated in July 1981. Eleven 
of these stations either coincided with or were very close 
to stations sampled in the 1977 benchmark program. 
TAXON, Inc., undertook analysis of the 1977 samples 
from these 11 stations; the results of this analysis (Mi
chael et al., 1983) are the basis for the discussion here. 

Benthic Faunal Studies 

Of the many publications concerned with New England 
benthic fauna, few address specifically the Georges Bank 

region. Areas closer to shore, such as Vineyard Sound, 
Cape Cod Bay, Nantucket Sound, and Buzzards Bay, are 
better known (for example, Sumner et al., 1913; Rhoads 
and Young, 1971; Michael, 1976; Sanders et al., 1980). 
Sanders, Hessler, and Hampson (1965) did include a few 
continental-shelf stations in their study of benthic fauna 
along a transect from Gay Head to Bermuda. Much of 
the available work has been done by Roland Wigley of 
the National Marine Fisheries Service (NMFS) and var
ious coworkers. A major summary of the benthos of the 
Middle Atlantic Bight, including the Great South Channel 
and Nantucket Shoals, was presented by Wigley and 
Theroux (1981). An equivalent report dealing with the 
benthos of Georges Bank and the Gulf of Maine is al
most complete (Theroux, personal communication). 

There are important differences between these various 
surveys and the benchmark work to be discussed here, 
however. In the benchmark series, stations were sampled 
repeatedly over four seasons, with replication (four or six 
replicates). Further, the sieve used to separate organisms 
from the sediments in the samples was of smaller mesh 
than sieves used in earlier studies; our equipment typically 
yields higher density estimates and more juveniles from a 
given sample. 

To date, the only publications based on the benchmark 
data are three papers by Maurer and Leathem (1980, 
1981a,b) on polychaete systematics and ecology and one 
by Larsen and Lee (1978) on the abundance, distribution, 
and growth of juvenile scallops. These publications are 
based on data from the first two cruises only. 

Methods 

In 1977 four sampling cruises were made to the Georges 
Bank region: cruise 1 (winter, 7 February-8 March); 
cruise 2 (spring, 2 May-2 June); cruise 3 (summer, 15 
August-4 September); and cruise 4 (fall, 8 November-20 
November). Quantitative sediment samples were taken at 
10 stations shown in figure 27.1 using a modified Van 
Veen grab (0.1 m2

) to which a weight of approximately 
100 kg had been added to improve penetration in firm 
sediments. Six replicates were collected at each station on 
the first two cruises, four replicates on cruises 3 and 4. A 
subsample for grain-size analysis was removed from each 
replicate sample, and the remainder was sieved in the 
field through a 0.5-mm mesh Nitex® screen. Material re
tained on the sieve was then placed on a 0.5-mm sieve 
cloth, inserted in a muslin bag, and immersed in a 6% 
MgC12 solution for approximately 30 minutes. The bag 
was then placed in a buffered 10% solution of formalin 
in seawater and sealed in 30-gallon metal drums for ship
ment to the laboratory. 

In the laboratory, samples were carefully resieved 
through a 0.5-mm stainless-steel sieve to reduce sample 
volume further. Prior to sorting, samples were stained 
with rose bengal to increase visibility of the organisms. 

Variability of the Benthic 
Fauna, I: The New England 
Outer Continental Shelf 
Environmental Benchmark 
Program, 1977 
Allan D. Michael 

Results 

Sediments 
Results of sediment analyses for all cruises are summa
rized in table 27.1. Grain-size composition of the samples 
differed significantly through the year only at station 23, 
where the percentage of silt/ clay in the cruise 4 samples 
was much higher (25%) than those for cruises 1-3 
(1 0-14%). Depth records suggest an explanation; the 
cruise 4 samples at this station were taken from a deeper 
part of the canyon head (274-384 m) than the other 
quarterly samples (150-200 m). The center of the bank 
and the southern flank consist of medium sands with low 
silt/clay content (less than 3%). Station 40, in the Gulf of 
Maine, had a slightly higher percentage of silt/clay, but 
because of the gravel component there, the mean particle 
size, in ¢ (phi) units, was the lowest of any station 
(0.5-1)) Station 23 in the canyon head had a silt/clay 
content of 14%. At station 8, to the west, the silt/ clay 
content was 5%, and at the Mud Patch (station 6) it 
ranged from 37.5 to 41.7%. 

Organic-carbon levels proved to be directly correlated 
with the percentages of silt/ clay (correlation coefficient 
r = 0.93); they were lowest at station 37 on top of 
Georges Bank (0.44-1.07 mg/g) and highest at station 6 
in the Mud Patch (8.47-10.57 mg/g). At station 23, 
where silt/ clay content was much higher in cruise 4 sam
ples than in earlier samples, there was an equivalent 
change in organic carbon. Both silt/clay (25.3%) and or
ganic-carbon (9.21 mg/g) levels were double the average 
values for the other three seasons. All the remaining sta
tions on the bank where silt/clay content was low (6.1% 
maximum) had organic-carbon values lower than 4 mg/g. 
Between winter and summer, organic carbon increased 
significantly (significance level p < 0.001) at all stations 
except station 6. The increase began in the spring and 
was still evident in the fall, probably reflecting buildup of 
organic detritus on the sediment surface (Butman and 

Figure 27.1 
Selected benchmark stations (dots) 
sampled in the Georges Bank re· 
gion in 1977. These correspond ap
proximately to later Benthic lnfauna 
Monitoring Program stations (see 
chapter 28). 



Table 27.1 
Georges Bank sediment properties: range of values through four cruises 

Station 

6 8 11 a 19a 20 

Gravel(%) 0 0.0- 0 0.0- 0.0-
0.1 0.2 1.4 

Sand(%) 58.3- 93.8- 98.4- 95.9- 97.5-
62.5 95.1 99.0 97.1 98.6 

Silt(%) 28.2- 2.9- 0.8- 3.4- 1.1-
30.3 4.1 1.0 18.0 2.2 

Clay(%) 9.3- 1.4- 0.0- 0.7- oa 
11.5 2.1 0.3 1.0 

Silt/clay(%) 37.5- ' 4.9- 1.0- 2.8- 1.1-
41.7 6.1 1.1 4.1 2.2 

Mean¢ 4.1- 1.5- 2.47- 2.0- 0.7-
4.39 2.1 2.5 2.51 1.4 

Sorting¢ 1.88- 0.64- 0.18- 0.44- 0.57-
2.04 1.03 0.20 0.46 0.8 

Carbon (mg/g) 8.47- 1.88- 0.78- 1.67- 0.61-
10.57 3.41 2.25 2.21 1.40 

Nitrogen (mg/g) 1.01- 0.26- 0.16- 0.25- 0.11-
1.85 0.44 0.33 0.38 0.25 

C:N 5.7- 5.9- 5.0- 4.4- 5.4-
8.4 8.3 6.8 8.8 6.4 

a. Data available for two cruises only. 

Folger, 1979). Though our method of sampling could de
tect changes in organic carbon, it was not sensitive 
enough to reflect any possible seasonal increase in silt/ 
clay on the sediment surface. Presumably the scouring ac
tion of winter storms (Butman and Folger, 1979) removes 
fine fractions rich in organic matter from the sediment 
surface. 

At station 6 there was a significant seasonal change in 
organic carbon, but it was opposite to the change at all 
other stations. Winter values were highest (10.57 mg/ g); 
those for other seasons ranged from 8.5 to 8.9 mg/ g. 
There was some decrease in mean particle size (increase 
in ¢), but it is not clear whether this would account for 
the change in organic carbon. 

Like organic carbon, organic nitrogen was correlated 
with the silt/ clay content of the sediments and was there
fore highest at station 6 in the Mud Patch (1.01-1.85 
mg/g), at station 23 in Lydonia Canyon (0.46-0.91 mg/ 
g), and at station 40 in the Gulf of Maine (0.38-0.75 
mg/g). All other values were less than 0.5 mg/ g. There 
were no significant changes in organic-nitrogen levels 
through the year. 

Because of seasonal increases in organic carbon, the ra
tio of carbon to nitrogen (C : N) increased through the 
year from winter lows at all stations except station 6. 
Winter C : N values ranged from 3.1 to 8.2. Highest val
ues occurred in the fall, at stations 23 and 25 (10. 1 and 
14.6, respectively); this may reflect high productivity at 
these stations, and also the accumulation of detritus often 
associated with ocean frontal systems. 

23 25 28 29 37 40 

0.0- 0.0- 0 0.0- 1.2- 3.2-
0.5 1.5 1.9 19.1 17.2 

74.6- 96.4- 96.8- 97.1- 65.7- 76.7-
89.1 98.1 97.3 98.3 98.1 91.9 

7.3- 1.8- 2.7- 0.9- 0.7- 2.3-
17.1 2.9 3.1 1.7 1.0 4.5 

2.2- 0' 0.0- 0' oa 2.6-
8.2 0.4a 4.7 

10.5- 1.8- 2.7- 0.9- 0.7- 4.8-
25.3 2.9 3.2 1.7 1.0 8.9 

2.3- 1.46- 2.1- 0.9- 0.87- 0.55-
3.6 1.6 2.2 1.4 1.54 1.0 

1.15- 0.7- 0.37- 0.61- 0.52- 1.3-
1.7 0.75 0.51 0.80 1.43 2.1 

2.2- 0.88- 1.82- 0.44- 0.44- 3.13-
9.2 3.7 3.14 1.17 1.07 4.32 

0.46- 0.12- 0.29- 0.10- 0.14- 0.38-
0.91 0.26 0.38 0.19 0.22 0.75 

3.6- 6.4- 5.7- 4.3- 3.1- 5.7-
10.1 14.6 8.3 7.2 6.7 8.2 

Benthic Fauna 
Our taxonomic list for this study contains some 700 cate
gories. There are 318 polychaete taxa, 13 6 amphipod, 63 
crustacean (excluding amphipods), 76 bivalve, and 62 gas
tropod taxa. Twenty species of echinoderms were re
ported. Miscellaneous groups, most not identified to the 
species level, accounted for another 26 taxa. 

Species Richness 
The number of species found in any one replicate sample 
ranged from a low of 10 at station 37 on top of Georges 
Bank to 92 at station 40 in the Gulf of Maine. There 
was a tendency at all but three of the deeper stations for 
the number of species to increase during spring and sum
mer. The following discussion (see figures 27 .2A-27 .2C) 
is based on average numbers of species per replicate; the 
average is for either four or six replicates. 

At station 6 in the Mud Patch, 7 5 m deep, the average 
number of species per replicate was 28 in the spring, 37 
in the summer, and 36 in the fall. Variability within repli
cates was low throughout the year. At the station down
current from the lease area (station 8), the average 
number of species was significantly higher, ranging from 
49 in the winter to a maximum of 78 in the spring. The 
number declined by the fall to 63 species. The low win
ter number may not entirely represent a seasonal change. 
Data on depth and sediment type for station 8, cruise 1, 
differ somewhat from subsequent cruises, suggesting that 
in this case sampling locality might be a factor in species 
richness as well. 
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Figure 27.2A 
Number of species at stations 6, 8, 
11, and 19. Vertical bars indicate 
one standard deviation on each 
side of the mean. 

Figure 27.28 
Number of species at stations 20, 
23, 25, and 28. Vertical bars indi
cate one standard deviation on 
each side of the mean. 

Figure 27.2C 
Number of species at stations 29, 
37, and 40. Vertical bars indicate 
one standard deviation on each 
side of the mean. 
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Along the transect through the lease-sale area (stations 
11-25), the shallowest station, station 11, had the fewest 
species per replicate: 28 in winter, increasing to 35 in 
summer (no fall samples were taken). Station 20, at 80 m 
near the center of the lease-sale area, was much richer in 
species, with 47 per replicate in winter and 63 in sum
mer. Station 19, also near the center of the lease sale, 
was located just to the south of station 20 in more heter
ogeneous sediments. Species richness was nominally 

-greater here than at station 20-5 4 species per replicate 
in winter and 71 per replicate in spring-but the differ
ences are not statistically significant. 

At station 23 at the head of Lydonia Canyon, samples 
from the first three cruises were fairly consistent at about 
55 species per replicate; the fall samples yielded only 46 
per replicate. (As discussed, sediment and depth data indi
cate that these samples were taken in a different and 
deeper part of the canyon head.) At station 25, 145 m 
deep on the canyon flank, there was a similar lack of sea
sonality, though there were fewer species; the maximum 
number was 48, found in the fall. In general the canyon 
seems less subject to the seasonal influences evident up 
on the bank. 

At the stations upcurrent from the lease area (stations 
28 and 29), there were marked seasonal trends. Lowest 
species -richness occurred in winter, when 40-46 species 
were recorded. At station 28 the maximum occurred in 
summer, when 74 species per replicate were found, while 
at station 29 a maximum of 59 was found in the spring. 
Because of sampling variability, the differences between 
these two stations are not statistically significant. Station 
28 showed lower variance in sediment composition, yet 
rather surprisingly it was more variable in numbers of 
species in individual replicates. 

Station 37 on top of Georges Bank had the lowest 
number of species per replicate throughout the year, 
fewer than 25 in three of the four sampling series. There 
was a significant increase only in the spring, to 35 species 
per replicate. In contrast, station 40 in the Gulf of Maine 
had high numbers of species in all samples. There was, 
however, considerable variability among replicates, due 
no doubt to local variation in sediment texture. Station 
40, at 117 m, was one of the deeper stations, and the 
seasonal trends seen at shallow stations could not be 
demonstrated statistically. The apparent reduction in spe
cies richness from the winter high level (82 per replicate) 
through spring and summer ( 65 and 62 per replicate, re
spectively) is not statistically significant. Apparently there 
are two factors operating that our data cannot unravel: 
the tendency to seasonal uniformity because of great 
depth and the tendency to variation due to local sedi
ment/habitat differences. 

The tendency for the number of species at shallow sta
tions to reach a maximum in the spring and summer is 
probably related to annual temperature changes and 
cycles ·of reproduction. Temperatures in areas shallower 
than 100m may vary 10-15°C annually, whereas those 
at greater depths may vary only 1-5°C (Michael et al., 
1983). Many benthic species found on Georges Bank are 

also found nearshore. Long-term data in Buzzards Bay 
(Sanders et al., 1980; Michael et al., 1983) show that 
peaks in species richness for most years occur during the 
period from spring to late summer. Quarterly samples I 
have collected at a shallow station (10 m) in Cape Cod 
Bay over an 8-year period show similar trends (Michael, 
unpublished), though even at this single station the timing 
and magnitude of annual peaks are not highly predict
able. Perhaps most predictable is the fact of a winter 
minimum in species richness. 

Life histories for most benthic animals are poorly 
known, but the data that do exist suggest that most spe
cies found on Georges Bank and in adjacent nearshore 
shallow areas breed in the spring or summer. For in
stance, virtually all amphipod species listed in Bousfield 
(1973) for which life data are reported breed then. Settle
ment of recently produced larvae may account for the 
seasonal species-richness peaks observed; some species 
settling each year may not survive to the next year be
cause of competition or the physical disturbance of win
ter storms. Benthic stations deeper than 100 m are not 
subjected to the physical stresses (large annual tempera
ture range and scouring by storms) that characterize shal
low areas, and this may contribute to the relative 
uniformity in species richness found over a year at the 
deeper stations. Moreover, where temperatures are more 
uniform over the seasons, breeding activity may be more 
consistent as well. 

Faunal Density 
Mean population density for all species taken together 
ranged from 1,000 individuals/m2 in the winter at station 
37 on top of Georges Bank to over 40,000/m2 at station 
40 in the Gulf of Maine (figures 27.3A-27.3C). Densities 
at most stations on the bank itself ranged between 
4,000/m2 and 14,000/m2

• Overall there was an increase 
with depth and an increase from east to west. Stations 28 
and 29 on the eastern flank had lower densities than sta
tions 19 and 20 at equivalent depths in the lease-sale 
area; these stations in turn had lower densities than sta
tion 8 to the southwest. As with species richness, there 
were suggestions of seasonal trends in population densi
ties at the shallower stations. 

Station 6 in the Mud Patch had the lowest density of 
all stations except station 37 on top of the bank. There 
was a steady increase in numbers from 3,000 individuals/ 
m2 in winter to 6,000/m2 in the fall. Station 8, downcur
rent from the lease-sale area, had the highest densities of 
any station on Georges Bank itself. A low value of 4,000 
individuals/m2 was reported in the winter samples, but as 
previously indicated, this may due to inaccurate station 
location in cruise 1. The data as collected suggest a maxi
mum of 12,000 individuals/m2 in the spring. 

Station 11, the shallowest in the lease-sale area, 
showed a marked increase from 2,000 individuals/m2 in 
winter to 20,000/m2 in the summer, due primarily to a 
very large increase in Spiophanes bombyx, an opportunis
tic polychaete. No fall samples were taken. Haustoriid 
amphipods were the most consistent of the dominant spe-
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Figure 27.3A 
Mean faunal densities (individuals 
per 0. 1-m2 replicate) at stations 6, 
8, 11, and 19. Vertical bars indi
cate one standard deviation on 
each side of the mean. 

Figure 27.38 
Mean faunal densities (individuals 
per 0. 1 -m' replicate) at stations 20, 
23, 25, and 28. Vertical bar indi
cates one standard deviation on 
each side of the mean. 

Figure 27.3C 
Mean faunal densities (individuals 
per 0.1-m' replicate) at stations 29, 
37, and 40. Vertical bar indicates 
one standard deviation on each 
side of the mean. 



cies. There was a wide variation in overall counts among 
replicates, but this does not seem traceable to spatial het
erogeneity in the sediments, since sediment results were 
very consistent. Contagious distributions of some of the 
dominant species seem a more probable explanation. 

Station 19 had faunal densities of 4,000/m2 in the win
ter and 6,000-7,000/m2 in the spring and summer. No 
fall samples were collected. Station 20 was fairly consist
ent throughout the year at 7,000-8,000 individuals/m2

• 

Standard deviations among replicates in each sampling pe
riod were large, however, probably reflecting spatial het
erogeneity of the sediments. This was particularly evident 
in the proportion of fine sand, which ranged from 0 to 
26%. 

Mean population density in Lydonia Canyon (station 
23) was fairly constant at 6,000-9,000 individuals/m2

• 

The lowest density was in the fall, and this may reflect 
the shift in sampling locality discussed earlier. Station 25 
on the flank of Lydonia Canyon had moderate densities 
of 3,000-4,000 individuals/m2. 

On the eastern flank of Georges, at station 28, mean 
population densities increased steadily from 3,500 indi
viduals/m2 in winter to over 7 ,OOO/m2 in fall. Variation 
between replicates was particularly high in spring and 
summer. At the somehat shoaler station nearby, station 
29, where sediments were coarser, densities ranged from 
4,000 individuals/m2 in winter to over 10,000/m2 in 
summer, decli~ing in the fall. 

Station 40 in the Gulf of Maine had the highest popu
lation densities. There was no apparent change through 
the year until fall, when mean density changed from 
about 15,000 individuals/m2 to 45,000/m2

• This change 
was primarily due to one faunal component-sabellid po
lychaetes. Densities of this group increased from 7,0001 
m2 to 31,000/m2

• We do not have sediment or replicate 
locality data available for the fourth cruise, when these 
high counts were found, so we cannot determine whether 
they reflect a difference in sampling locality. 

Faunal Composition 
For each of our 11 stations, the six numerically dominant 
species are listed in tables 27.2-27.7. Densities, averaged 
for either four or six 0.1-m2 replicates, are listed sepa
rately for each season's cruise. An annual mean density 
(or a mean for three seasons in some cases) is also calcu
lated. Coefficients of variation are reported for each den
sity estimate. 

The striking features of these results are that, for most 
stations, the dominant species were the same throughout 
the year and variation among replicates in any one season 
was low. Coefficients of variation were frequently in the 
0.11-0.5 range, indicating low intersample variability. 
Georges Bank is a physically dynamic environment; the 
persistence of the dominant benthic infauna is therefore 
surprising. Exceptions to this general finding were in 
some cases due to station mislocation-for instance, sta
tion 8, cruise 1; and station 23, cruise 4 (Michael et al., 
1983). 

There were three cases in which abundant sets of juve
niles influencep dominance patterns. This could be seen 
at station 11 in the results from cruises 2 and 3, when 
populations of the polychaete Spiophanes bombyx and 
the sand dollar Echinarachnius parma became sharply el
evated. A parallel increase in E. parma was found at sta
tion 29. Only at station 37 on top of the bank, a station 
characterized by low species richness and low population 
densities, was the predictability of benthic infaunal char
acteristics poor from one sampling series to another. 
Most of the coefficients of variation at this station 
ranged from 1.0 to 2.0, indicating that the standard de
viations were 100% or more of the mean values. 

Several species were dominant at more than one sta
tion; among these are the amphipods Ampelisca agassizi 
and Trichophoxus epistomus and the polychaetes Exogone 
brevicornis and Exogone hebes. A. agassizi in fact was a 
dominant at 6 of the 11 stations sampled. This species is 
distributed broadly over the southern flank of Georges 
Bank, where fine sand (most common mean particle 
size = 2 or 3 rf>) predominates and there is from 3 to 
20% silt/ clay (Michael et al., 1983). 

Statistical Sensitivity of the Data 
The possible effects of oil and gas exploration on 
Georges Bank have become a matter of public concern, 
and thus our ability to detect changes in that environ
ment is of more than scientific interest. Space does not 
permit a full discussion of monitoring in the marine envi
ronment and the problems of determining cause and ef
fect (but see National Academy of Sciences, 1978). In 
simplest terms, our ability to detect change is directly re
lated to the variance of data. If natural variation is high, 
that ability is greatly reduced-and in extreme cases can 
become negligible. In the present instance, the results of 
repeated sampling at stations on Georges Bank were en
couraging. The fauna appeared quite persistent, and the 
variance between replicates was low despite limitations in 
our ability to relocate sampling sites precisely. Figure 
27.4 shows the spacing of replicates at stations 6 and 8; 
the radius of the sampling field ranged from about 160 
to 625 m. In most cases, a radius of 400-500 m encom
passed all replicates. At station 6 the full year's sampling 
(4 cruises) took place within about 2.6 km2, which may 
be considered typical. 

Whether or not a change can be demonstrated, in the 
statistical sense, from one set of sample data to another 
depends on the variability (variance) within each set. 
Given a measure of this variability, the minimum detecta
ble change can be determined by the following relation: 

n ~ 2(~Y[ta(v) + t2(1-P)(v)F, (1) 

where n = number of replicates, s = population standard 
deviation, o = smallest detectable true difference, 
v = degrees of freedom for a group with n replicates per 
group [v = cx(n - 1)], ta(v) and t2(l-PJ(vl = values from a . 
two-tailed t table with v degrees of freedom and proba-
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bilities of ex and 2(1 - P), respectively, and P = desired 
probability that the difference will be detected. 

Since the purpose of this presentation is to analyze sen
sitivity within a certain sampling configuration, the 
expression may be rearranged to 

8 = [2s2
(ta(v) : t2(1-P)(v)l

2r2 

(2) 

Finally, we may substitute the coefficient of variation 
(CV) for the standard deviation (s); this expresses o as a 
percentage of the mean, more useful for our purposes 
than a numerical value. 

Certain terms in this formula are dictated by the data; 
others are set at the discretion of the investigator. The 
value of the standard deviation (or coefficient of varia
tion) is fixed once the samples have been taken and ana
lyzed; it has a profound effect on sensitivity. The analysis 
assumes that variability will remain fairly constant 
through successive collections. 

In determining appropriate degrees of freedom, the 
comparison could be made between two collections only. 
This is representative of the situation encountered when 
comparing one station with another, or with itself at an
other time. It is conservative in the sense that additional 

Figure 27,4 
Geographic spacing of replicates 
at stations 6 (top) and 8 (bottom) 
for four different cruises: filled 
square, cruise 1; open circle, 
cruise 2; filled triangle, cruise 3; 
cross, cruise 4. Spacing at other 
stations was approximately within 
this range . 
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Table 27.2 
Domina nt species at stations 6 and 8 

Species 

Station 6 

Ninoe nigripes 

Paraonis sp. 

Ampelisca aga~sizi 

Cossura longodrrata 

Oligochaeta 

Leptocheirus pinguis 

Station 8 

Ampelisca agassizi 

Thyasira (lexuosa 

Undo/a irrorata 

Spiophanes wigleyi 

Notomastus 

latericeus 

Scalibregma 
inf/atum 

Cruise 

2 

4 

I 
2 
3 
4 

2 

3 
4 

I 
2 
3 
4 

I 
2 

4 

1 
2 

4 

2 

4 

2 

4 

I 
2 

4 

2 

2 

4 

2 

4 

117.3 
78.0 
94.6 

204.3 
120.0 

35.3 
92.5 
54.8 
53.0 
56.2 

65.3 
20.8 
21.3 
74.3 
4S.O 

16.5 
61.5 
28.5 
89.8 
43.8 

10.8 
47.2 
20.0 
50.7 

28.8 

1.0 
45.7 
36.2 

6.5 
21.6 

21 1.8 
653 .3 
457.0 
479.0 
415.2 

40.0 
90.8 
49.3 
66.5 

63.2 

8.3 
44.5 
52.2 
21.2 
31.3 

27.5 
21.3 
19.3 
21.5 
22.6 

0.5 
30.7 
35.0 
20.0 

20.8 

0.0 
30.2 
41.7 

0.2 
18.6 

a. Number~ in iralics are annual figures. 
b. x = mean per 0 .1 m 1

• 

c. CV = coefficient of variation. 

0 .11 
0 .36 
0 .53 
0.48 
0.48 

0.33 
0.23 
0.53 
0.22 
0.49 

0.38 
0.52 
0.46 
0.41 
0.69 

1.08 
0.48 
1.69 
0.59 
1.05 

0.89 
0.79 
0.85 
0.71 

1.00 

0.90 
1.34 
0.88 
0.73 
1.66 

0.37 
0.17 
0.11 
0.18 
0.42 

0.66 
0.29 
0.63 
0.33 
0.48 

0.66 
0.74 
0.46 
0.49 
0.85 

0.50 
0.39 
0.32 
0.46 
0.44 

1.60 
0.74 
0.30 
0.49 
0.89 

0.57 
0 .57 
2.50 
1.29 

Table 27.3 
Dominant species at stations 11 and 19 

Species Cruise x' 

Station 11 

Spiophanes bombyx 

Protohaustorius wig/eyi 

Archiannelida 

Tell ina agilis 

Echinarachnius parma 

Trichophoxus 

epistomus 

Station 19 

Ampelisca agassizi 

N otomastus latericeus 

Erichthonius rubricornis 

1 
2 

2 

3 

1 
2 

2 

1 
2 

2 

2 

3 

2 

3 

2 

3 

Exogone hebes 1 

Astarte undata 

2 

3 

Exogone brevicornis 1 

2 

1.3 
496.8 

1,191.5 
508.3 

77.3 
192.6 
79.2 

111 .9 

17.3 
3.0 

185.3 
72.4 
14.7 

45.6 
119.7 

60.8 

0.3 

70.4 
109.2 

59.4 

53.1 
39.0 
47.2 

46.9 

143.2 
222.0 
220.7 
191.6 

33.7 
42.5 
54.7 
43.7 

80.8 
48.3 

1.7 
43.0 

12.3 
25.5 

18.7 
18.0 

4.2 
17.5 
23.3 
!4.7 

16.2 

10.5 
10.3 
12.6 

a. Numbers in italics are seasonal figures. 

cv· 

0.77 
1.66 
0.60 
1.49 

0.38 
0.51 
0.67 
0.72 

1.45 
1.67 
1.43 
2.38 
1.57 

1.11 

0.83 
1.28 

1.67 
0.63 
0.73 
1.17 

0.46 
0.45 
0.34 
0.41 

0.43 
0.41 
0.25 
0.39 

0.28 
0.30 
0.26 
0.34 

1.06 
0.46 
0.71 
1.43 

1.61 
1.25 

0.69 
1.13 

0.62 
0.72 
0.41 
0.81 

0.86 
0.16 
0.81 
0.78 

Table 27.4 
Dominant species at stations 20 and 23 

Species 

Station 20 

Exogone brevicornis 

Euclymene collaris 

Maldanidae 

Archiannelida 

Exogone hebes 

U ndola inermis 

Station 23 

Ampelisca agassizi 

T hyasira flexuosa 

Oligochaeta 

Spiophanes wigleyi 

Anobothrus gracilis 

Aricidea suecica 

Cruise 

1 

2 

3 
4 

1 
2 

4 

2 

4 

2 

4 

2 

4 

1 
2 

4 

1 

2 
3 
4 

I 

2 

3 
4 

2 

3 
4 

1 
2 

4 

2 

4 

2 

3 
4 

x • 

141.0 
61.0 
74.8 
60.3 
89.0 

83.3 
55.8 
58.0 

121.0 
77.8 

3.2 
96.0 

110.0 
36.0 

60.3 

26.8 
43.5 
63 .2 
54.7 
46.6 

57.8 
31.5 
39.2 
46.8 
44.7 

23.5 

29.3 
58.3 
70.3 
44.4 

363.2 
286.3 
270.6 

0 .5 

311.0 

83.2 
48.7 
60.5 

5.5 

49.5 

16.7 
2.7 
4 .8 

190.0 
45.0 

42.0 
37.7 
23.2 

0.7 
27.2 

0 .0 
1.7 
0 .0 

100.2 
20.8 

28.7 
26.7 
12.1 

0.0 
17 .6 

a. Numbers in italics are annual figures. 

cv· 

0.58 
0.52 
1.07 
0.79 

0.79 

0.47 
0.64 
0.52 
0.52 
0.72 

1.47 

0.37 
0.65 
1.51 
1.08 

0.74 

0.45 
1.05 
1.02 
0.97 

0.53 
0.33 
0.90 
0.43 
0.62 

0.59 
0.55 
0.72 
0.83 
0.87 

0.59 
0.47 
0.36 
1.20 
0.51 

0.31 
1.29 

0.94 

1.76 
1.08 

0.56 
1.81 
1.44 

0.95 
2.3 ! 

0.31 
0.12 
0.99 

2.14 
0.76 

1.29 

0.93 
2.74 

1.18 

0.84 
2.44 

1.55 

Table 27.5 
Dominant species at statio ns 25 and 28 

Species 

Station 25 

Ampelisca agasshi 

Palpate Cirratulidae 

Aricidea sp. 

Nothria conchylega 

Lumbrineris sp. 

Aricidea catherinae 

Station 28 

Archiannelida 

Scalibregma inflatum 

Ampelisca agassizi 

N otomastus latericeus 

T richophoxus 

epistomus 

4 

4 

2 

4 

4 

2 

3 
4 

4 

I 

2 

4 

2 

4 

2 

3 
4 

2 

106.7 
201.5 
211.8 
115.3 
158.9 

31.8 
33.8 
30.2 
69.5 
39.3 

23.0 
13.0 

7.7 
24.3 
16.7 

12.2 

15.8 
19.5 

6.5 
!3.9 

9.0 
8.8 

11.2 

30.3 
13.8 

12.0 
9.0 

8.0 
16.2 
11.0 

152.8 
34.0 
75 .0 

125.5 
100.2 

17.3 
13.7 
74.0 
33.0 
41.2 

21.3 
22.8 
24.7 
85.3 
35.4 

6.2 

11.5 
25.3 
99.0 
30.8 

21.2 

16.7 
14.3 
19.2 

17.8 

Erichthonius rubricornis 9.8 
2 14.8 

30.2 
4 1.0 

15.1 

a. Numbers in italics are annual figures. 

cv· 

0.79 

0 .47 
0 .47 
0 .82 
0.62 

0.17 
0.10 
0.27 

0.14 
0.43 

0.36 
0.33 
0.18 
0.25 
0.54 

0.51 
0.27 
0.66 
0.81 
0.66 

0.45 
0.82 
0.68 
0.21 
0.75 

0.60 
0.52 
0.62 
0.22 
0.55 

0.69 
2.00 
1.36 
0.25 
0.93 

0.49 
0.92 
0.67 
0.23 
0.92 

0.56 
0.17 
0 .28 
0.58 
0.94 

0.85 

0.33 
0.62 
0.19 

1.20 

0.11 
0.42 
0.52 
0 .31 
0.34 

0.74 
0.75 
0.81 
1.40 
1.17 

Table 27.6 
Dominant species at stations 29 and 37 

Species Cruise x ... cv· 
Station 29 

Echinarachnius parma 

Parapio1l5yllis longicirrata 

Exogone hebes 

Aricidea sp. 

Exogone brevicomis 

Salibregma inf/atum 

Station 37 

Exogone hebes 

S piophanes bombyx 

Leptochelia savignyi 

Echinarachnius parma 

P arapionosyllis 

longicirrata 

I 

2 

3 
4 

1 

2 

3 
4 

1 
2 

4 

2 

3 
4 

2 

4 

I 
2 

4 

2 

3 
4 

I 

2 

3 

4 

1 
2 
3 
4 

2 

3 
4 

1 

2 

3 
4 

Scolelepis squamata I 

2 
3 
4 

1.2 
422.0 
381.7 

25.3 
204.3 

45.5 
72.0 

157.7 
35.5 
85.4 

60.3 
70.5 

84.5 
31.5 
63.8 

14.2 

26.0 
26.7 
10.0 
19.5 

14.5 
17.8 
30.2 
10.0 

18.9 

5.0 
2.0 

12.2 
37.3 
13.0 

1.00 
0.49 
0.88 
0.87 
1.35 

0.70 
0.58 
0.48 
1.81 
0.84 

0.39 

0.45 
0.45 
0.46 
0.52 

1.12 

0.86 
0.43 
1.37 
0.83 

0.90 
0.44 
0.27 
0 .33 

0.62 

1.36 
0.60 
0 .66 
0 .64 
1.31 

10.2 1.69 
106.0 1.21 
23.0 1.43 
33.0 1.44 
41.7 1.61 

0.5 1.60 
28.3 0.80 
69.3 2.43 

0.0 0 .00 
26.6 3.46 

16.2 0.67 
23.5 1.35 

25.8 1.45 
35.5 1.07 
24.4 1.18 

20.0 2.07 
19.0 1.63 
15.5 1.55 

0 .3 1.67 
15.4 1.84 

2.8 

26.8 
14.3 
13.3 
13.1 

1.5 
25.0 
7.3 
3 .8 
8.4 

1.96 
0.78 
1.59 
0.98 

1.35 

1.56 
0 .51 
2.46 
1.12 
1.65 

a . Numbers in italics are annual figures. 

Table 27.7 
Dominant species a t station 40 

Species 

Sabellidae 

Spiophanes kroyeri 

Exogone brevicornis 

M elinna elisabethae 

Bathyarca pectuncuLoides 

Y oidia sopotil/a 

Cruise x~ cv· 

4 

4 

2 

3 

I 

2 

3 
4 

I 

2 

4 

245.8 1.05 
855.3 1.07 
753 .8 0.75 

3,117.8 0.22 
1.094.5 1.1 0 

187.6 
213.8 
194.8 
226.0 
202.7 

114.0 
148.5 
204.3 
350.8 
19.i . .l 

102.8 
87.8 
43 .7 
64.5 
74.4 

26.3 

22.0 
14.8 
32.0 
23. 1 

22.8 
10.0 

6.8 

0.99 
1.41 
0.86 
0.66 
0.92 

1.00 
0.38 
0.62 
0.40 
0.70 

0.64 
1.37 
0 .84 
0 .43 
0.9 1 

0.87 
1.54 
1.05 
0.18 
0.90 

4 13.8 

0.94 
1.74 
1.04 
0 .89 
1.1 6 13.6 

a. Numbers in italics are annual figures. 



information is gained through repeated sampling, and this 
can be used to increase the degrees of freedom and 
thereby to increase sensitivity. However, the variability of 
the collection will almost certainly increase as the future 
collections are considered, offsetting these gains 
somewhat. 

Sensitivity of the analysis increases with increasing de
grees of freedom, the number of which is a function of 
the number of samples in question. A representative ele
mentary comparison might be made between replicates at 
one station and replicates at another for a given cruise or, 
alternatively, between samples from a single station taken 
on different cruises. In such cases, the degrees of freedom 
and hence the sensitivity are rather minimal; in effect the 
test for a difference between sample sets would be con
servative-only a large difference would be demonstra
ble. Additional samples imply greater sensitivity. 
However, the variability among samples will almost cer
tainly increase as they are taken over different seasons, 
and this to a greater or lesser extent will offset sensitivity 
gains. 

The choice of values for a and P is arbitrary. For a, it 
seems reasonable to adopt 0.05, a value commonly used, 
but 0.1 and 0.01 could be defended. Similarly, one might 
argue for various values of P, though in this case there is 
no conventionally accepted value. A value for P of 0.8 
was somewhat arbitrarily selected for the computations 
here. The formula is not overly sensitive to changes in P, 
and the effect of this choice is far less critical than the 
choice of a and s. 

The coefficients of variation for three community attri
butes (numbers of species, total number of individuals, 
and density of a dominant species) and mean sediment 
grain size are shown in table 27.8. On the assumption of 
six replicates and certain levels of variability (coefficients 
of variation) among them, application of the formula in
dicates that differences between sample sets will be de
tectable (table 27 .9). 

The detection limits for number of species range from 
better than 8% (CV = 0.04) to approximately 50% 
(CV = 0.39). More than a third of the coefficients of 
variation were 0.10 or less; in these cases, changes in the 
mean number of species no greater than 18% would be 
detectable. 

Changes in overall population densities at a station or 
densities of a given dominant species were less discernibl~ 
because the coefficients of variation typically were higher. 
These two population measures are much more variable 
than species numbers in virtually any benthic data set. In 
table 27.8, ,the dominants listed are those showing the 
lowest intersample variation for each station. Many of 
the coefficients of variation fall between 0.1 and 0.3, 
which allows a change of about 18-50% in the mean to 
be detected. Such detection limits are fairly wide, but 
they are still acceptable and useful for environmental 
monitoring. It should be pointed out that the data dis
cussed here were collected in a broad-scale sampling pro
gram. More precise navigation would almost certainly 

Table 27.8 
Coefficients of variation for three biologic parameters and mean 
sediment grain size 

Dominant 
Station Species Individuals species Sediment• 

6 0.17 0.23 0.11 0.06 
0.22 0.38 . 0.36 0.03 
0.10 0.26 0.53 0.04 
0.20 0.04 0.48 0.03 

8 0.11 0.15 0.37 0.09 
0.05 0.16 0.17 0.10 
0.09 0.18 0.11 0.19 
0.16 0.26 0.18 0.06 

11 0.30 0.44 0.38 0.01 
0.29 0.90 0.51 0.01 
0.08 0.47 0.67 ND 

19 0.15 0.16 0.28 0.19 
0.12 0.18 0.30 0.17 
0.16 0.24 0.26 ND 

20 0.15 0.43 0.58 0.29 
0.10 0.36 0.52 0.15 
0.08 0.32 1.07 0.16 
0.04 0.51 0.43 0.17 

23 0.10 0.24 0.59 0.23 
0.10 0.31 0.47 0.13 
0.26 0.43 0.36 0.36 
0.12 0.35 1.20 0.11 

25 0.10 0.40 0.17 0.15 
0.18 0.39 0.10 0.09 
0.16 0.24 0.27 0.13 
0.21 0.43 0.14 0.04 

28 0.18 0.34 0.49 0.08 
0.22 0.64 0.92 0.03 
0.08 0.37 0.67 o:o3 
0.08 0.16 0.23 0.03 

29 0.16 0.56 0.39 0.50 
0.09 0.18 0.45 0.18 
0.06 0.55 0.45 0.22 
0.14 0.71 1.35 0.53 

37 0.39 0.65 0.67 0.12 
0.19 0.71 1.35 0.53 
0.37 0.96 1.45 0.60 
0.24 0.24 1.07 ND 

40 0.17 0.42 1.00 ND 
0.29 0.71 0.38 ND 
0.29 0.64 0.62 ND 
0.09 0.22 0.40 ND 

a. ND = no data. 
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Table 27.9 
Sensitivity of sampling at various coefficients of variation• 

Coefficient of Percent change in the mean 
variation detectable at P = 0.05 

0.05 
0.10 
0.15 
0.20 
0.25 
0.50 
1.00 

a. Based on equation (2). 

Table 27.10 

8.97 
17.94 
26.91 
35.87 
44.84 
89.67 

179.38 

Minimum change(±% of mean) detectable at P = 0.05 for 
selected dominant species 

Detection 
Station Species cv· level 

6 N inoe nigripes 0.48 43.59 
8 Ampelisca agassizi 0.42 38.14 
11 Rhepoxynius hudsoni 0.41 37.23 
19 Ampelisca agassizi 0.39 35.42 
20 Exogone brevicornis 0.79 71.75 
23 Ampelisca agassizi 0.51 46.32 
25 Ampelisca agassizi 0.62 56.31 
28 Rhepoxynius hudsoni 0.34 30.88 
29 Exogone hebes 0.52 47.22 
37 Exogone hebes 1.61 146.22 
40 Exogone brevicornis 0.70 63.57 

a. CV = coefficient of variation. 
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reduce intersample variability, which in turn would make 
true differences between sample sets more readily 
discernible. 

Coefficients for mean sediment particle size were very 
low. In part this is an artifact of the mathematical treat
ment; mean particle size is expressed in terms of ¢ units 
whose calculation involves a logarithmic transformation. 

Table 27.10 shows the change in the mean density de
tectable for some particular dominant species at each sta
tion. In 7 of the 11 cases listed, the single most dominant 
species also had the lowest CV. In the remaining 4 cases, 
the species shown was the one with the lowest CV 
among the top five dominants. The single most dominant 
was not chosen in these cases because sampling variance 
was relatively high. The number of replicates used (n) was 
either 20 or 18, the total for the year. In most cases 
changes within 50% of the mean would be detectable. 
(An exception was station 37 on the crest of the bank, 
where, as already noted, faunal predictability was low.) 

Faunal Persistence and Environmental Monitoring 
Monitoring may take a before/after approach or a con
troll experiment approach; ideally both are combined. In 
the first approach, samples are taken before and after an 
event supposed to threaten environmental impact. A limi
tation is that some natural change may occur in the inter
val that makes it difficult to isolate effects of the 
disturbance under study. In the second approach, a con
trol site is sought that resembles as closely as possible the 
place where a supposed disturbance will occur. The con
trol and experimental sites should be physically and bio
logically similar, and close enough geographically to be 
subject to the same weather and oceanographic factors. 
The control site, of course, must be isolated from the 
source of possible impact. 

Several attributes of the Georges Bank fauna indicate 
that sampling of the type described here should be useful 
for monitoring the effects of such activities as oil and gas 
drilling: 

1. Some of the many different commu~ity types that exist 
oh Georges Bank are to be found on dtfferent parts of 
the bank (for instance, the Ampelisca agassizi-dominated 
community, which is found along the southern flank). 
Suitable pairings of control and experimental sites may 
thus be found, at considerable distance from each other 
(1 0 km or more) if particular research criteria make this 
necessary. 

2. Replicate sampling within Georges Bank benthic com
munities (except those on the crest of the bank) shows 
low variability. This makes it easier to detect change; 
fewer samples are required to show a statistically signifi
cant effect from some exceptional influence. This is criti
cal for both the before/ after and control! experiment 
approaches to monitoring. 

3. The persistence (as defined by Harrison, 1979) of 
Georges Bank infaunal communities is high. Repeated vis
its to each station throughout .1977 showed the fauna to 
be consistent with descriptions for the same sites based 
on previous cruises. Such persistence is essential for the 
success of a before/ after monitoring approach, and it 
makes a control! experiment approach more effective. 
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Reviewed by Don Maurer and Eric L. Mills 

Note 

1. The 4> scale, which is commonly 
used to report sediment panic1e size, is 
a negative logarithm series. A 4> value 
of 0 equals 1 mm; increasing 4> values 
of 1, 2, 3, ... represent decreasing 
sizes of 0.5 mm, 0.25 mm, 0.125 
mm, ... ; negative <P values represent 
particle sizes greater than 1 mm. 
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Figure 28.1 
Long-term region'al stations for 
Georges Bank Benthic lnfauna 
Monitoring Program. 

Variability of the Benthic 
Fauna, II: The Seasonal 
Variation, 1981-1982 
Nancy J. Maciolek and J. Frederick Grassle 

This description of the Georges Bank benthos is based on 
the first 4 of 12 projected seasonal sampling cruises. 
These are part of the Georges Bank Benthic Infauna 
Monitoring Program, sponsored by the Minerals Manage
ment Service of the U.S. Department of the Interior and 
carried out under contract by the Battelle New England 
Marine Research Laboratory (BNEMRL) and the Woods 
Hole Oceanographic Institution (WHOI). The program 
began in July 1981, just before the start of exploratory 
drilling for oil and gas on Georges Bank in the area of 
lease sale 42. Its main purpose is to determine the fate of 
discharges from exploratory oil rigs (primarily drilling 
fluids and cuttings) and to assess the effects of such dis
charges on the benthic infauna. In the course of the pro
gram, extensive basic information is being developed on 
benthic infaunal species, their patterns of dominance, and 
their life-history patterns at both individual and popula
tion levels. 

Earlier quantitative surveys of benthic populations on 
Georges Bank are few, and among those that do exist 
comparisons are difficult to make because sample-pro
cessing techniques differed, notably in the mesh size 
through which samples were sieved. In early work, mainly 
that of Wigley (1956, 1961, 1965, 1968), a 0.1-m2 

Smith/Mcintyre grab was used for sampling, and coarse 
screens of 1.0 mm or more were used for sieving samples 
(chapter 26). In the more recent New England Outer 
Continental Shelf Benchmark Study, sponsored by the 
Minerals Management Service (chapter 27), and the 
Northeast Monitoring Program, sponsored by the Na
tional Oceanic and Atmospheric Administration and the 

42" 

50 100km 
I I I I I I I I 

1:4,000,000 

70" 

National Marine Fisheries Service, a 0.1-m2 grab was 
used for sampling, and a 0.5-mm mesh for screening sam
ples. The Benthic Infauna Monitoring Program to be dis
cussed here incorporated gear and methods originally 
used by Grassle (unpublished) at three stations on 
Georges Bank: small grabs that sample a surface area of 
0.04 m2 and sieves with meshes of 0.3 and 0.5 mm. Deli
cate organisms are separated from the sediment before 
preservation. The six replicate samples at each sampling 
site are taken within 100 m of the station. Collectively, 
these techniques have furnished improved estimates of 
density and seasonal fluctuations at the population and 
community levels. 

Methods 

The program was designed to assess both the near-field, 
short-term and the regional, long-term environmental im
pacts of oil exploration in the area of lease sale 42. To 
assess the potential broader regional impact, 18 regional 
stations (figure 28.1, table 28.1) were established in July 
1981, just before drilling began. Nine of the regional sta
tions were arranged across the southern flank of Georges 
Bank in three transects of 3 stations each: 1 through the 
middle of the block 312 drilling site within the area of 
lease sale 42, and 1 each to the east and west of it (figure 
28.1 ). On each transect, stations were located at approxi
mately the 60-, 80-, and 100-m depth contours. Other 
regional stations were located in nearby canyon heads 
(station 7, Lydonia Canyon; station 9, Oceanographer 
Canyon), at the shelf/slope break (station 8), in the so-

~ Transect lines 

3 e Regional sampling 

5.& Site-specific sampling 

c:CJ Lease sale 42 

66" 

40" 

called Mud Patch south of Cape Cod (station 13), at the 
top of the bank (station 15), and in the Gulf of Maine 
(station 14). This last Gulf of Maine station was dropped 
early in the study and will be discussed only briefly. Sta
tion 16 is at another drilling site, and stations 17 and 18 
are 2 km upstream and downstream, respectively, from 
the site. Table 28.1 gives the coordinates for these Moni
toring Program stations and the nearest 11 Benchmark 
stations discussed by Michael (chapter 27). 

To assess the near-field impact of drilling discharges, 
two g'roups of sampling stations were established in close 
proximity, to two exploratory drilling rigs. Three stations 
were aligned on the 140-m depth contour in block 410 
within lease sale 42. Station 16 was located within 200m 
of the rig, station 17 approximately 2 km upcurrent of it, 
and station 18 at a similar distance downcurrent. 

A larger site-specific array of 28 stations was centered 
around regional station 5 in block 312 (figure 28 .2). Sta
tions were located within 200 m of the rig and at dis
tances of 0.5, 1, 2, 4, and 6 km from it. Samples were 
taken from all 28 stations; samples were analyzed for 18 
of these and archived for the remaining 10. Of these site
specific stations, station 5-1 has been selected for de
tailed discussion here. 

All stations were sampled four times a year. The series 
covered here began in July 1981, with subsequent sam
pling in November 1981 and February and May 1982. 
At each station, six replicate samples of 0.04 m2 each 

Table 28.1 
Relation between Georges Bank monitoring stations and New 
England OCS Benchmark stations 

Georges Bank 
monitoring 
stations 

1 (41 °13.0' N, 67°15.3' W) 

2 (40°59.0' N, 66°55.8' W) 

3 (40°53.7' N, 66°46.5' W) 

4 (40°50.7' N, 68°00.2' W) 

5 (40°39.5' N, 67°46.2' W)' 

6 (40°34.3' N, 67°45.3' W) 

7 (40°28.8' N, 67°43.2' W) 

8 (40°27.1' N, 67°37.4' W) 

9 (40°26.7' N, 68°09.8' W) 

10 (40°42.0' N, 68°35.3' W) 

11 (40°30.8' N, 68°33.7' W) 

12 (40°22.2' N, 68°30.2' W) 

13 (40°29.5' N, 70°12.6° W) 

14 (41°34.2'N, 68°59.0'W) 

15 (41 °27.5' N, 68°00.7' W) 

16 (40°34.2' N, 67°12.3' W)d 

17 (40°35.0' N, 67°11.7' W) 

18 (40°33.5' N, 67°13.7' W) 

a. Block 312 rig site. 
b. Near station 5. 
c. Near station 13. 
d. Block 410 rig site. 

Benchmark 
stations 

29 (40°59'N, 66°56'W) 

28 (40°55' N, 66°48' W) 

11 (40°51' N, 68°00' W) 

20 (40°36' N, 67°45' W)b 

19 (40°34' N, 67°45' W) 

23 (40°29' N, 67°43' W) 

25 (40°27' N, 67°37' W) 

8 (40°22' N, 68°30' W) 

6 (40°25' N, 70°03' W)' 

40 (4!D34'N, 68°59'W) 

37 (41 °27' N, 68°00' W) 
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Figure 28.2 
Site-specific sampling array around 
regional station 5 in block 312. 
This was the location of one of the 
exploratory wells drilled on 
Georges Bank. 
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were collected with a modified VanVeen grab. Subsam
ples were removed and frozen for analysis of carbon (C), 
hydrogen (H), and nitrogen (N) and sediment grain size. 
Bottom photographs were taken at each station using a 
Benthos® Model 372 bounce-type camera. Samples for 
biologic analysis were partially sieved at sea, resulting in a 
low-density fraction containing most of the organisms 
and a high-density sediment fraction. Both were preserved 
in 10% buffered formalin. In the laboratory, samples 
were resieved through two nested screens, 0.5-mm mesh 
on top and 0.3-mm mesh underneath;which yielded two 
fractions, kept separate throughout the remaining analy
sis. This permitted direct comparisons with results from 
earlier studies in which the 0.5-mm mesh only was used. 
All organisms were identified to species level and 
counted. 

For analysis of sediment grain size, the gravel, sand, 
and silt/ clay fractions were first separated by a coarse
sieving technique. This was followed by pipette analysis 
of the silt and clay and separation of the sand fraction 
into cf> intervals with a Rapid Sediment Analyzer (Gibbs, 
1974). 

Samples were compared statistically using an agglomer
ative-clustering technique (Williams, 1971) in conjunction 
with a similarity measure, NESS (normalized expected 
species shared; Grassle and Smith, 197 6), which is more 
sensitive to less-common species than other widely used 
methods. Clustering was based on flexible sorting with (3 
set at -0.25 (Williams, 1971; Boesch, 1977). We also 
used the Bray/Curtis or percent similarity coefficient 
(Boesch, 1977) as a similarity measure, with group-aver
age sorting. Hurlburt's modification (1971) of the rare
faction method (Sanders, 1968) was used to predict the 

number of species to be expected in a random sample 
without replacement. 

General Patterns 

Sediments 
Except at station 13 in the Mud Patch, the sand fraction 
in the sediments analyzed exceeded 95%. Station 13 sedi
ments, in July 1981, were 50% very fine sand and 50% 
silt/clay. The distributions of sediment types at our var
ious stations, based on the average of six replicates taken 
at each station in May 1982, are shown in figures 28.3 
and 28.4. Similar curves (not shown) for the site-specific 
stations centered around regional station 5 indicated that 
most stations had a sediment composition similar to that 
of station 5. Station 5-29, 6 km downstream from station 
5 (figure 28.2), was an exception; compared with other 
site-specific stations, this station had higher percentages 
of finer sediments. The composition and species diversity 
of the benthos at this station also differed from that re
corded at the other 17 site-specific stations. 

Bottom photographs at many regional stations often 
showed the sediment surface covered by a dense biologic 
mat. This mat, composed partially of amphipod tubes, 

. was generally most evident in July and least so in Febru
ary. Ripples on the sediment surface were most evident in 
February, as a result of winter storms (Aaron et al., 
1980). (See the vignette "The Effect of Winter Storms on 
the Bottom" by Butman.) 

Station Similarities 
The most notable feature of the cluster analyses of the 
regional stations was that for all of the four sampling 
dates, all of the replicate samples of one station clustered 
with each other before joining with those of another sta
tion. The only exceptions were to be found at stations 16 
and 17, located only 2 km apart. For the station array as 
a whole, species composition of the infauna changed very 
little over the four sampling periods, and differences 
among sampling dates were always less than differences 
among stations (figures 28.5-28.8). 

Using NESS with m set at 200 individuals and flexible 
sorting, two stations were distinct: the Mud Patch sta
tion, 13, and station 15 on the top of the bank. Also evi
dent were five station groups (figures 28.5 and 28.6). 
Stations 8, 16, 17, and 18 made up an eastern deepwater 
group (140-150 m) and stations 6, 7, 9, and 12 a west
ern deepwater group (100-150 m). There was a low-simi
larity fusion of station 11 (80 m) with station 3 (1 00 m). 
Stations 2 and 5 (70-80 m) joined together, as did sta
tions 1, 4, and 10 along the 60-m contour. Within these 
groups, the easternmost deep stations, 16 and 17, sepa
rate from stations 8 and 18, while the 100-m stations, 6 
and 12, are distinct from the deeper canyon stations 7 
and 9. 

If the basis for the similarity measure, NESS, is 
changed somewhat, with m set at 50 individuals, and 
flexible sorting used for clustering, the results are similar 
(figure 28.7), except that now the three stations at about 
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Figure 28.3 
Cumulative sediment curves for the 
average of six replicates from each 
regional station for regional sta
tions 1, 2, 3, 4, 5-1, 6, 7, and 10, 
cruise M4 (May 1982). 

Figure 28.4 
Cumulative sediment curves for the 
average of six replicates from each 
regional station for regional sta
tions 8, 9, 11, 12, 13, 13A, 15, 17, 
and 18, cruise M4 (May 1982). 
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Figure 28.5 
Summed replicates of regional sta
tions (1-13, 15-18) for cruises M1, 
M2, M3, and M4 clustered by NESS 
at 200 individuals and flexible 
sorting. 
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Figure 28.6 
Major clusters of summed regional 
stations ( 1-13, 15-18) as delimited 
by NESS at 200 individuals and 
flexible sorting. 

Figure 28.7 
Major clusters of summed regional 
stations (1-13, 15-18) as delimited 
by NESS at 50 individuals and flex
ible sorting. 

Figure 28.8 
Major clusters of summed regional 
stations ( 1-13, 15-18) as delimited 
by NESS at 50 individuals and 
group-average sorting. 
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100 m (stations 3, 6, and 12) cluster together, leaving 
station 11 (80 m) distinct from all others. If group-aver
age sorting is used instead of flexible sorting, with NESS 
at 50 individuals (figure 28.8), the first major division 
separates all shallow stations except 11 and 13 from the 
rest, and the next division separates these two from all 
stations at 100-m depth or more. In the first shallow 
grouping, the 60-m-contour stations form a cluster, leav
ing stations 2, 5, and 15 as another group. The deeper 
stations divide into a 100-m cluster (stations 3, 6, and 
12) and a 140-150-m cluster. 

Species Patterns 

Taxonomic Composition 
Altogether, in the four series of samples discussed here, 
783 taxa were identified. Of these, 7 4, including the por
iferans, hydrozoans, and ectoprocts, may be considered 
entirely epifaunal. Others, such as the 5 fish species re
corded, are considered to be accidental in the benthos, 
clearly not members of the infauna. Polychaetes were 
represented by 306 species, or 43% of all infaunal spe
cies. Of these, at least 8 represent undescribed genera, 
and at least 30 represent undescribed species (BNEMRL 
and WHOI, 1983). Of the 46 polychaete families re
corded, the Spionidae, Paraonidae, and Syllidae were best 
represented, with 30, 26, and 24 species, respectively. 
These three families accounted for 26% of all polychaete 
species recorded. The next most abundant families were 
the Maldanidae (20 species), Phyllodocidae (18 species), 
Ampharetidae (18 species), and Cirratulidae (15 species). 
In our samples, several polychaete species were rare, with 
only one or two specimens collected in over 800 samples 
analyzed. Many of these rare species, for example, Mala
coceros indicus, Apoprionospio dayi, Prionospio aff. cirro
branchiata, and N ematonereis unicornis, were previously 
unknown north of Cape Hatteras; in our Georges Bank 
collections, they were found mainly at stations on the 
southern slope, at depths greater than 100 m. Two speci
mens of the polychaete Cirrodoce cristata are the second 
and third ever to have been collected. 

Arthropods were represented by 159 species, 22% of 
all infaunal species identified. Amphipods were clearly the 
dominant group, with 7 6 species-nearly half of all ar
thropod species recorded. Ampelisca agassizi was the 
most abundant of all invertebrate species collected. At 
least two undescribed amphipod species are present in the 
collections, and our records include four range exten
sions. We collected larvae of the brachyuran Ocypode 
quadrata and juveniles of the pycnogonid Anoplodactylus 
petiolatus, neither known previously north of Cape Hat
teras. The amphipod Epimeria obtusa and the isopod] an
aria alta that we collected on · the bank have been 
generally considered typical of slope depths. 

Mollusks, represented by 132 species, accounted for 
19% of all infaunal speCies recorded. We record two 
range extensions and at least one new species. Tellina 
agilis is the most common infaunal bivalve and was the 
dominant mollusk at several stations. The sizes of mol-

lusks in our samples tended to fall below the published 
size ranges. 

Two species of mollusk, Arctica islandica and Spisula 
solidissima, are potentially commercially important (chap
ter 47). Arctica islandica was most abundant at stations 3, 
6, and 11, between 80- and 100-m depths. There was a 
marked dichotomy in the size distribution of A. islandica 
in our samples; specimens were either juveniles between 
0.5 and 2.0 mm in diameter or adults over 80 mm in di
ameter. (Sexual maturity is attained at an average diame
ter of 39 mm-Ropes and Murawski, 1980.) The high 
proportion of juveniles to adults in our samples implies 
sporadic recruitment or high juvenile mortality. 

Dominant Species 
The dominant species at each regional station, for sam
ples summed over all four cruises, are presented in table 
28.2. Stations located along the same depth contour were 
clearly similar in their dominant species. Stations 1, 4, 
and 10, approximately 60 m deep, were dominated by an 
archiannelid, Polygordius species A; a bivalve, T ellina 
agilis; and two arthropods, Pseudunciola obliquua and 
Protohaustorius wigleyi. Bottom photographs at these sta
tions showed large numbers of the sand dollar Echinar
achnius parma distributed very patchily over a sandy, 
rippled surface (figure 28.9). 

Stations 2 and 5, at approximately 80-m depth, were 
dominated by syllid polychaetes and an oligochaete, Peo
sidrilus biprostatus. The amphipods Unciola inermis and 
Erichthonius rubricornis were dominant at station 5, but 
they were replaced by Byblis serrata at station 2. Small 
asteroids, Leptasterias tenera and Asterias vulgaris, were 
common in bottom photographs (figure 28.10). Species 
composition at all site-specific stations appeared similar. 

Figure 28.9 
Regional station 4, 60 m (July 
1981 ): large numbers of the sand 
dollar Echinarachnius parma are 
patchily distributed on a sandy, rip· 
pled sediment. A data record ap
pears in the frame, and in some 
cases (see following figures) a 
compass. 

., 

Table 28.2 
Ten most abundant species at regional stations for all four seasonal sampling periods• 

Station 1 . 
1. Polygordius sp. A 
2. T ellina agilis 
3. Pseudunciola obliquua 
4. Tanaissus lilljeborgi 
5. Echinarachnius parma 
6. Protohaustorius wigleyi 
7. Capitella spp. 
8. Bathyporeia quoddyensis 
9. Rhepoxynius hudsoni 
10. Schistomeringos caeca 

Station 2 
1. P arapionosyllis longicirrata 
2. Exogone hebes 
3. Exogone verugera 
4. Sphaerosyllis cf. brevifrons 
5. P eosidrilus biprostatus 
6. Byblis serrata 
7. Echinarachnius parma 

. 8. Streptosyllis arenae 
9. Syllides benedicti 
10. Polygordius sp. A 

Station 3 
1. Notomastus latericeus 
2. Polygordius sp. A 
3. Filograna implexa 
4. Ampelisca agassizi 
5. Protodorvillea gaspeensis 
6. Arctica islandica 
7. Uncia/a inermis 
8. Erichthonius rubricornis 
9. Paraonis n. sp. A 
10. Scalibregma inflatum 

Station 6 
1. Ampelisca agassizi 
2. Erichthonius rubricornis 
3. Polygordius sp. A 
4. Exogone hebes 
5. Protodorvillea gaspeensis 
6. Notomastus latericeus 
7. Aglaophamus circinata 
8. Paraonis n. sp. A 
9. Filograna implexa 
10. Exogone verugera 

Station 7 
1. Lumbrineris latreilli 

· 2. Tubificidae sp. A 
3. Eclysippe sp. A 
4. Protodorvillea gaspeensis 
5. Chane duneri 
6. Polygordius sp. A 
7. Aricidea (Acmira) neosuecica 
8. Tharyx marioni 
9 . . Aricidea (Acmira) catherinae 
10. Tharyx acutus 

Station 16 
1. Paradoneis n. sp. A 
7.. Polycirrus sp. A. 
3. Notomastus latericeus 
4. P eosidrilus biprostatus 
5. Tharyx nr. monilaris 
6. Tharyx marioni 
7. Protodorvillea gaspeensis 
8. Enteropneusta sp. E 
9. Ampelisca agassizi 
10. Polygordius sp. A 

Station 4 
1. Polygordius sp. A 
2. T ellina agilis 
3. Protohaustorius wigleyi 
4. Rhepoxynius hudsoni 
5. Pseudhaustorius carolinensis 
6. Echinarachnius parma 
7. Erichthonius rubricornis 
8. Pontogeneia inermis 
9. Spisula solidissima 
10. Cirolana polita 

Station 5 
1. Exogone verugera 
2. Sphaerosyllis cf. brevifrons 
3. Exogone hebes 
4. Uncia/a inermis 
5. Erichthonius rubricornis 
6. Peosidrilus biprostatus 
7. P arapionosyllis longicirrata 
8. Euclymene sp. A 
9. Aricidea (Acmira) catherinae 
10. Tharyx sp. A 

Station 11 
1. Polygordius sp. A 
2. Aglaophamus circinata 
3. Tubificoides n. sp. A 
4. Nucula proxima 
5. Levensenia gracilis 
6. Protodorvillea gaspeensis 
7. Echinarachnius parma 
8. Nucula delphinodonta 
9. Rhepoxynius hudsoni 
10. Ninoe nigripes 

Station 9 
1. Ampelisca agassizi 
2. Protodorvillea gaspeensis 
3. Aricidea (Acmira) catherinae 
4. Eclysippe sp. A · 
5. Polygordius sp. A 
6. Paraonis n. sp. A 
7. Lumbrineris lattreilli 
8. Tharyx marioni 
9. Euchone hancocki 
10. Tubificoides n. sp. A 

Station 8 
1. Ampelisca agassizi 
2. Lumbrineris latreilli 
3. Aricidea (Acmira) catherinae 
4. Tharyx nr. monilaris 
5. Aricidea (Acmira) neosuecica 
6. Tharyx marioni 
7. Polygordius sp. A 
8. Chane duneri 
9. Paraonis n. sp. A 
10. Nierstrassis fragile 

Station 17 
1. Paradoneis n. sp. A 
2. Notomastus latericeus 
3. Tharyx nr. monilaris 
4. P eosidrilus biprostatus 
5. Polycirrus sp. A 
6. Polygordius sp. A 
7. Tharyx marioni 
8. Tharyx annulosus 
9. Aricidea (Allia) n. sp. A 
10. Protodorvillea gaspeensis 

a. Stations are grouped according to major clusters as delimited by NESS. 

Station 10 
1. Polygordius sp. A 
2. Echinarachnius parma 
3. T anaissus lilljeborgi 
4. Protohaustorius wigleyi 
5. Rhepoxynius hudsoni 
6. Exogone hebes 
7. T ellina agilis 
8. Streptosyllis varians 
9. Nemertea sp. A. 
10. Paraonis n. sp. A 

Station 15 
1. Exogone hebes 
2. Spisula solidissima 
3. Polygordius sp. A 
4. Echinarachnius parma 
5. P eosidrilus biprostatus 
6. T anaissus lilljeborgi 
7. Crania n. sp. A 
8. Tharyx sp. A 
9. Streptosyllis websteri 
1 0. P arapionosyllis longicirrata 

Station 13 
1. Cossura longocirrata 
2. Levinsenia gracilis 
3. Tubificoides n. sp. A 
4. Euchone inca/or 
5. Ampelisca agassizi 
6. Ninoe nigripes 
7. Mediomastus fragilis 
8. Aricidea (Acmira) catherinae 
9. Aricidea (Allia) suecica 
10. Lumbrineris impatiens 

Station 12 
1. Ampelisca agassizi 
2. Polygordius sp. A 
3. Ophelina cylindricaudata 
4. Protodorvillea gaspeensis 
5. Ex agone hebes 
6. Notomastus latericeus 
7. Paraonis n. sp. A 
8. Aricidea (Acmira) catherinae 
9. Aricidea (Allia) suecica 
10. Exogone naidena 

Station 18 
1. Ampelisca agassizi 
2. Tharyx annulosus 
3. Paraonis n. sp. A 
4. Thyasira sp. B 
5. Aricidea (Acmira) catherinae 
6. Notomastus latericeus 
7. Lumbrineris latreilli 
8. Aricidea ( Acmira) neosuecica 
9. Prionospio cirri( era 
10. Protodorvillea gaspeensis 



Station 15 at the top of Georges Bank is slightly shal
lower than stations 2 and 5, but the sediments and spe
cies composition at all three stations were similar; syllid 
polychaetes and P. biprostatus predominated in sediments 
that were primarily medium sands. 

Species composition at station 3, approximately 100 m 
deep, was similar to that at the other 100-m stations, 6 
and 12, but also had some faunal affinity with station 11 
at 80 m. Dominant species included Ampelisca agassizi, 
Polygordius species A, and Protodorvillea gaspeensis. Typ
ically there were large amounts of shell hash at the 100-
m stations (figure 28.11). 

Sediments at station 13, in the Mud Patch, were finer 
than at most other regional stations. The community here 
was dominated by polychaetes, including Cossura longo
cirrata, Levinsenia gracilis, and Euchone incolor, and an 
oligochaete, Tubificoides new species A. Ampelisca agas
sizi was the dominant arthropod at this station. Station 
13 shared two dominants with station 11, Tubificoides 
new species A and the polychaete Ninoe nigripes. 

The deeper stations below the 100-m contour on the 
southern slope of the bank include station 7 in Lydonia 
Canyon, station 8 at the shelf/slope break, station 9 in 
Oceanographer Canyon, and stations 16, 17, and 18 at 
140-145 m. Ampelisca agassizi was dominant at stations 
8, 9, and 18, but only a few individuals occurred at sta
tions 7, 16, and 17. This amp hi pod is most common at 
stations below 100 m, but at any given depth its abun
dance may vary markedly. For instance, it is far more nu
merous at station 18 at 145 m than at station 16 or 17 
at the same depth. At station 18 the sediments are con
siderably finer than at the other two stations. At station 
18, gravid females and recently hatched young were most 
abundant in February, which was also the sampling pe
riod with the highest densities, indicating that recruitment 
of young is important to the seasonal population fluctua
tions of this species. There was a cover of biologic mat at 
station 18 that was most apparent in July (figures 28.12 
and 28.13). Several species of paraonid and cirratulid po
lychaetes were common at these stations. 

As mentioned, several polychaete species typical of the 
slope fauna cataloged by Hartman (1965) and Hartman 
and Fauchald (1971) occur at stations 16, 17, and 18, as 
well as several as yet undescribed genera and species and 
species more typical of southern latitudes. 

Station 14, in the Gulf of Maine, was dropped after 
three July samples and three November samples had been 
analyzed. These were dominated by large numbers of sa
bellid polychaetes, including an undescribed species of 
Euchone resembling E. elegans, and an undescribed spe
cies of Chane. 

Faunal Density 
Average numbers of individuals per 0.04-m2 sample are 
graphed in figures 28.14-28.16 for individual stations 
and seasonal sampling periods. Numbers retained on the 
two sieve meshes used for sample processing may be dis
tinguished. On average, the 0.5-mm screen retained from 

Figure 28. 1 0 
Site-specific station 5-1. (a) July 
1981. Sandy sediments are cov
ered by a dense biologic mat, and 
there are many small asteroids. 
(Leptasterias tenera and Asterias 
vulgaris are typical of this station.) 
(b) February 1982. Starfish are 
fewer in number, and the bottom is 
characterized by irregular, discon
tinuous ripples. 

Figure 28. 11 
Station 3, 100-m depth, showing 
the large amount of shell hash typi
cally present. 

Figure 28. 12 
Regional station 18. (a) July 1981. 
Sediment appears to be sand over
lain by biologic mat, mostly Ampe
lisca tubes. (b) November 1981. 
Biologic mat is less evident, but 
several small depressions are no
ticeable. A hake (Urophycis sp.) 
sits in the center of one such 
feature. 

Figure 28. 13 
Regional station 18. (a) February 
1982. Bottom shows high relief, 
with irregular discontinuous ripples 
and depressions. Shell hash has 
been deposited in depressions and 
sediment is slightly coarser than 
that in November 1982 (cruise M2) 
and May 1982 (cruise M4) photo
graphs. (b) May 1982. Bottom ap
pears flat, with Arctica valves in 
irregular rows. Several small Aster
ias vulgaris are present. 
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Figure 28. 14 
Average numbers of individuals re
tained by the 0.3-mm and 0.5-mm 
mash screens per 0.04 m2 ± one 
standard deviation at regional sta
tions 1-4, 5-1, and 6. The shaded 
portion of each bar is the fraction 
retained by the 0.5-mm screen. The 
four bars at each station are (left 
to right) for July, November, Febru
ary, and May. 

Figure 28. 15 
Average numbers of individuals at 
regional stations 7-12. See caption 
for figure 28. 14. 

. Figure 28.16 
Average numbers of individuals at 
regional stations 13 and 15-1 B. 
See caption for figure 28.14. 

63 to 94% of all individuals retained by the 0.3- and 0.5-
mm meshes together. 

Average faunal densities at regional stations are plotted 
in figure 28.17. Densities were highest at stations 5, 12, 
and 13, averaging about 25,500, 21,750, and 30,000 in
dividuals/m2, respectively. There was no clear relation be
tween faunal densities, averaged for the whole year, and 
water depth, except that stations 16 and 17, at 140-144 
m, had two of the lowest average densities of all stations 
sampled. This pattern (or lack thereof) holds even if only 
the contents of the 0.5-mm screen are considered. Al
though our reported densities are understandably higher 
than those recorded in studies using a coarser mesh 
screen, some differences cannot be explained solely by 
sieve size. For instance, Michael (chapter 27) reported 
that his Mud Patch station (number 6) had the lowest 
densities among the 11 stations that he analyzed, while at 
our own Mud Patch station, number 13, we found the 
highest densities. This was the case even if the 0.5-mm 
densities alone are considered. This may indicate small
scale spatial or year-to-year differences at the Mud Patch. 
However, we cannot exclude the possibility that the dif
ferences are primarily methodologic. 

At the Mud Patch station, number 13, the pattern of 
seasonal changes in density was clearly different from the 
pattern recorded at most stations on Georges Bank itself; 
average density increased over the first three sampling pe
riods Quly, November, and February) and then fell in 
May to less than one-third of the February level (figure 
28.16). No other station showed so pronounced a 
change. The only other significant fluctuations in abun
dance were the increase in numbers at station 11 in May 
and the very low winter numbers at station 15 on top of 
the bank. These are the only two stations that have an 
overall low in abundance in the winter followed by 
spring and summer recruitment. Little seasonal fluctua
tion in population number of any species was seen at sta
tions other than at station 13 in the Mud Patch. 

Species Diversity 
Hurlburt's (1971) rarefaction or number of species ex
pected per 1,000 individuals averaged over all four sam
pling periods is mapped in figure 28.18. The pattern 
represented here of increasing diversity with depth was 
also seen when the Shannon/Wiener diversity index (H') 
and rarefaction to number of species per 100 individuals 
were calculated (BNEMRL and WHOI, 1983). In figure 
28.19, species density (number of species per six repli
cates = number of species per 0.24 m2) is presented. Sta
tion 15 on top of the bank showed a winter reduction in 
diversity. Other stations, at greater depths, showed no 
winter decline and little variation throughout the year. 
Although direct comparisons with other continentalcshelf 
studies based on 0.1-m2 grab samples are not possible, it 
is worth noting that the numbers of species per 0.04 m2 

in our samples are close to the numbers reported by Mi
chael for the larger (0.1-m2) grabs. Unfortunately, a more 
detailed account of the polychaete communities at 
Georges Bank Benchmark stations by Maurer and 

Leathem (1981) is difficult to use for comparison; in 
some cases they count juveniles and fragments not specif
ically identifiable as if belonging to undescribed species, 
while in other cases they lump together valid species. Few 
studies are directly comparable; however, similar methods 
were used at a mud patch on the continental shelf at 35-
m depth north of Cape Lookout, North Carolina. The 
Georges Bank Mud Patch station, number 13, has 97 
species per 0.24 m2, and the Cape Lookout mud patch 
has 82 species per 0.20 m2 (Grassle, 1967). 

Discussion 

Comparison with Benchmark Study Dominants 
The six dominant species reported by Michael (chapter 
27) at his 11 corresponding stations (table 28.1) generally 
agree with the dominant species recorded in our study. 
For most stations, at least four dominants are reported in 
common by both studies. Some differences between the 
two studies are taxonomic: for example, Michael's Eucly
mene collaris (station 1 0) is our Euclymene new species A. 
Michael's Euclymene specimens have been compared with 
ours; we believe them to be the same and undescribed. 
Further, Michael uses the older names Exogone brevicor
nis (a polychaete), Trichophoxus epistomus (an amphi
pod), and Leptochelia savigny (a tanaid) for animals we 
have called, respectively, Exogone verugera, Rhepoxynius 
hudsoni, and T anaissus lilljeborgi. Some higher taxa re
ported by Michael are identified with species in our data, 
including Archiannelida, Oligochaeta, and bipalpate Cirra
tulidae. Some parallels between the two studies can be in
ferred. For instance, Michael reports Oligochaeta as 
dominant at the Mud Patch (his station 6), and consistent 
with this, we have recorded Tubificoides new species A at 
our corresponding station 13. In other cases, parallels be
tween the two studies are not evident. For example, an 
ampharetid polychaete, Eclysippe new species A, is a 
dominant at our station 7, while Michael reports another 
ampharetid, Anobothrus gracilis, as a dominant at his cor
responding station 23. The specimens in question must be 
directly compared to see whether they belong to the 
same species. 

Finally, some real differences do exist in the results of 
the two studies. Michael (chapter 27) reports Spiophanes 
bombyx as a dominant at his station 11 (our station 4). 
In four collections (24 samples) at station 4, we found a 
total of only four specimens of S. bombyx, amounting to 
0.0004% of all individuals collected at that station. At 
Michael's station 8 (our station 12), only Ampelisca agas
sizi and N otomastus latericeus are reported in common. 
At Michael's station 23 (our station 7), there were no 
corresponding dominant species reported, while for his 
station 25 (our station 8), there were only two. Again, 
differences in taxonomy and method may account for 
some discrepancy. The effect of the smaller mesh size is 
clearly reflected in the densities of infauna to be re
ported. The smaller screen retains not only more individ
uals, including juveniles, of those species found on the 
0.5-mm screen, but also retains small-bodied species that 



Figure 28. 17 
Average numbers of individuals per 
square meter based on regional 
station data summed over all 
cruises. 

Figure 28.18 
Average numbers of species per 
1,000 individuals based on regional 
station data summed over all 
cruises. 

Figure 28. 19 
Average numbers of species per 
0.24 m' based on regional station 
data summed over all cruises. 
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are not present at all, or only rarely, on the larger 
screens. The dominant species reported at stations 16 and 
17, Paradoneis new species A, is such a species. Over 
95% of all individuals collected were found on the 0.3-
mm screen. 

Seasonal Variation and Distribution 
Two remarkable features of our data are the high degree 
of similarity between replicate samples at a given station 
and the seasonal uniformity in species composition. This 
seasonal uniformity was evident despite obvious bottom 
disturbances in the winter, apparent in photographs 
showing sediments with short-wavelength ripples. The 
benthic population survives despite the disappearance of 
fine-scale biologic structures, such as Ampelisca tubes 
during the winter. 

The high replicability of our data set is due at least in 
part to a combination of gentle sieving of smaller samples 
at sea, 0.3-mm sieves, more precise navigation (samples 
within 100 m of station), and more precise taxonomy. 

As reported in other shallow-water benthic studies; 
communities differed according to depth and sediment 
type. There does not seem to be a barrier to the distribu
tion of benthic animals where the front between shelf 
and slope water impinges on the bottom, at about 100 m 
(see chapter 10). The gradient of change in communities 
at these depths is not sharp. 

Many abundant species on the outer shelf off Georges 
Bank are to be found at similar depths off the Middle 
Atlantic region (Boesch and Bowen, in press). However, it 
is difficult to compare our present results with those 
from other studies in which different sampling methods 
were used. Similarities and differences between the 
Georges Bank environment and other continental-shelf re
gions will be difficult to assess until comparable studies 
are made elsewhere. Within our limited sampling area on 
Georges Bank, however, the first year's results dispel con
cern that any long-term monitoring of the bottom fauna 
would be confused by seasonal fluctuations, the effects 
of winter storms, and the complexity of sediment pat
terns. When our projected 3-year program has been com
pleted, we expect to have established the spatial extent 
and characteristic year-to-year variation of infaunal 
benthic communities at several stations on Georges Bank. 
These communities can then be reexamined at any time 
to see whether they remain within the range of variability 
observed. 
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Marine invertebrates are important to humans as a food 
source, both directly and indirectly too, since many fish 
that prey on them are in turn harvested. The abundant 
yields of shellfish on Georges Bank, and of bottom-feed
ing fish, such as haddock, cod, and various flounders, are 
a measure of the ecologic and economic importance of 
benthic invertebrates. The scientific study of this fauna, 
which began on Georges more than a century ago (Smith 
and Harger, 1874), has been concerned mainly with spe
cies composition and, more recently, standing stocks. 

There have been broader, ecologic studies of the ben
thos, examining, for example, its role in the diets of 
fishes (Edwards and Bowman, 1979). In general, how
ever, such aspects have been addressed only recently in 
Georges Bank studies. Broad investigations are increas
ingly necessary because of the close attention now being 
paid to multispecies approaches to fishery management; 
most of these studies treat the benthic invertebrate fauna 
as a principal component of the ecosystem. 

Energy-budget models are one approach to understand
ing an ecosystem. Crisp's model for the North Sea is one 
(Crisp, 1975), and another was evolved for Georges Bank 
in preliminary form (Cohen et al., 1982). These models 
are based upon community energy pools and energy-flow 
rates within an ecosystem-for instance, upon rates of 
biomass or carbon production-though such rates are 
often difficult to define in practice. Productivity of the 
benthic fauna on Georges Bank has not been measured 
directly, but provisional estimates can be derived from 
existing data on other North Atlantic localities-for ex
ample, from ratios of measured production to biomass. 
In this chapter productivity for Georges is estimated by 
first converting benthic biomass to an energy equivalent, 
and then applying various ratios of production to biomass 
(P : B) taken from the literature. 

The benthic fauna is often sorted into three groups of 
organisms distinguished roughly by size: megafauna, ma
crofauna, and meiofauna. The megafauna are large sur
face dwellers, such as crabs (table 29.1) and scallops. 
Macrofauna! animals are smaller but still visible, while 
the meiofauna is microscopic; these two groups may be 
found both on top of the sediments and within them. 
The criteria for each group are variously defined and 
somewhat arbitrary, but can usually be referred to some 
aspect of the collecting or processing method-for in
stance, whether the animals are taken in trawls or grabs 
or whether a particular sieve mesh size retains them. 

Here the megafauna will not be considered separately 
from the macrofauna. In biomass data available from 
Georges Bank, it is difficult to segregate one group from 
the other, particularly since relatively few species of me
gafauna avoid collection in a grab sampler (though sea 
scallops and some decapod crustaceans may do so). 

Macrofauna (Including Megafauna) 

Two extensive quantitative surveys of Georges Bank ben
thos have yielded estimates of the biomass (wet weight) 
of the invertebrate macrofauna (animals retained on 

either a 0.5- or 1.0-mm-mesh sieve). The first survey was 
conducted intermittently between 1956 and 1965 by 
Wigley (1961, 1968) and Theroux (chapter 26). Over 200 
widely distributed stations were sampled on Georges 
Bank during this comprehensive survey, generally in the 
summer or fall. Mean biomass (wet weight) was 234 g/ 
m2 (range: 1-5,272 g/m2

) within the 200-m bathymetric 
contour, based on material retained on a 1.0-mm sieve 
and preserved in formaldehyde. Generally, echinoderms, 
especially the sand dollar Echinarachnius parma, and biv
alve mollusks, particularly the ocean quahog Arctica is
/andica, dominated this biomass (table 29.2). Distribution 
was patchy (chapter 26), usually highest in the central 
areas where E. parma dominated, and to the south and 
west, where Arctica and other bivalves did so. 

The second quantitative macrofauna! survey was con
ducted in 1977 to provide baseline data prior to explora
tory oil and gas drilling (Maurer, 1982). Thirty-three 
stations were sampled on Georges Bank, concentrated on 
the southern part, where most petroleum lease tracts 
were then located. Though samples were taken at four 
seasons, biomass data are available only for the winter se
ries at present. A 0.5-mm mesh was used to screen the 
samples, which were preserved in alcohol. Biomass (wet 
weight) ranged from 7 to 2,556 g/ml, with a mean of 
313 g/m2

• The greatest biomass generally was found on 
the central southern portion of Georges, but distribution 
was very patchy (Maurer, 1982). The mollusks, especially 
Arctica, dominated the high-biomass areas as well as 
mean total biomass (table 29.3). 

This total was greater by some 80 g/m2 for the second 
survey in comparison with the first, but there was proba
bly no true increase in the intervening decade. Areas con
taining Arctica were perhaps given too much weight for a 
fair comparison in the sampling design for 1977, inflating 
biomass in consequence. Differences in sieve mesh size, 
sampler type, preservation technique, and season of sam
pling also complicate the comparison. For instance, sev
eral recent studies (for example, Mills, Pittman, and 
Munroe, 1982) indicate that variables of preservation and 
storage may alter biomass estimates by as much as 15%. 

Meiofauna 

The benthic meiofauna on Georges Bank has not been 
investigated except for a 1977 study of foraminifera 
(Maurer, 1982). However, biomass values for both ma
crofauna and meiofauna have been calculated for a line 
of stations south of Martha's Vineyard and approximately 
100 km west of Georges Bank (Wigley and Mcintyre, 
1964). Dominant species at these stations were similar to 
those on Georges. On the assumption that this similarity 
is general, an estimate of mean meiofaunal biomass for 
Georges Bank can be reasonably derived by applying the 
ratio of meiofauna biomass to macrofauna biomass from 
the more westerly location to the Georges Bank macro
fauna. Eight of the Martha's Vineyard stations to the 
west of Georges were in depths less than 200 m, ranging 
from 40 to 179 m. At these stations, mean total biomass 
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Table 29.1 
Abundance and frequency of occurrence of several common 
decapod crustaceans, averaged from four seasonal tows made at 
eight locations on Georges Bank• 

Species 

Cancer borealis 
Cancer irroratus 
Crangon septemspinosus 
Dichelopandalus leptocerus 
H yas coarctatus 
P a gurus acadiensis 
P a gurus arcuatus 

a. Based on Maurer (1982). 

Mean number 
per towb 

0.7 
2.5 
4.4 
1.8 
0.5 

23.5 
46.0 

Mean number 
of stations 
where present 

3 
4 
1.7 
3.7 
3.2 
5 
4.2 

b. Each tow sampled a strip approximately 0.3 km in length using either 
a rocking-chair dredge or a Blake trawl. 

Table 29.2 
Mean biomass of the benthic macrofauna of Georges Bank 
from 1957-1964 data, wet weights with equivalents in 
kilocalories• 

Mean biomass 

Taxon g/m2 kcallm2 

Porifera 0.47 0.05 
Coelenterata 3.68 1.82 
Nemertea 0.83 0.99 
Annelida 7.93 5.92 
Sipunculida 0.46 0.27 
Mollusca 79.54 15.11b 
Arthropoda 9.75 7.31 
Bryozoa 2.64 0.26 
Echinodermata 119.99 49.20 
Tunicata 8.41 1.84 
Total 233.75 82.77 

a. Based on Theroux and Wigley (unpublished manuscript). 
b. Energy equivalents for this group are based on unpublished data indi
cating that for bivalves, the dominant form, 50% of the wet weight bio
mass is shell. 

Table 29.3 
Mean biomass of the benthic macrofauna of Georges Bank 
from 1977 data, wet weights with equivalents in kilocalories• 

Mean biomass 

Taxon g/m2 kcallm2 

Annelida 14.10 10.51 
Mollusca 281.90 53.56b 
Arthropoda 5.50 4.70 
Echinodermata 8.40 3.44 
Miscellaneous 3.10 1.34 
Total 312.80 93.56 

a. Based on Maurer (1982). 
b. Energy equivalents for this group are based on unpublished data indi
cating that for bivalves, the dominant form, 50% of the wet weight bio
mass is shell. 



(wet weight) of the macrofauna was 250 g/m2
• This is 

similar to values for macrofauna from Georges itself: 234 
g/ m2 for the survey cited earlier and 313 g/ m2 for the · 
later one. 

Biomass of the meiofauna from the eight Vineyard sta
tions ranged from 1.7 to 4.6 g/m2

, with a mean of 2.5 
g/m2

, about 1% of the macrofauna! biomass. Meiofaunal 
biomass in some North Atlantic localities (table 29.4) can 
be as much as 30% of the macrofauna! biomass, al
though most estimates are less than 8%. The value of 1% 
derived here is low compared with other studies, perhaps 
minimal; when applied to Georges Bank, by using the fig
ures for macrofauna given above, it leads to an estimated 
meiofaunal biomass of 2.3-3.1 g/m2

• 

Conversion of Biomass Data into Energy Values 

Since the ratio of available energy to biomass differs sig
nificantly from one taxon to another, the energy equiva
lent of biomass must be calculated separately for each 
and then combined in a weighted total. Tables 29.2 ·and 
29.3 summarize these data for major groups of benthic 
invertebrate macrofauna. Energy equivalents (determined 
for the most part by oxygen-bomb calorimetry) have been 
summarized from Cummings and Wuycheck (1971), 
Thayer et al. (1973), Tyler (1973), and original unpub
lished data. The converted mean macrofauna! .biomass, in 
energy terms, for the 1956-1965 study is 82.8 kcallm2 

(table 29.2) and for the 1977 study, 73.1 kcallm2 (table 
29.3). Using a 0.7 kcal/g wet-weight conversion factor 
enables meiofaunal biomass to be converted to 1.6 and 
2.2 kcallm2, respectively, for the two study periods. (The 
mean conversion factor for polychaetes and amphipods 
has been applied here to estimate conversions for nema
todes and small crustacea, common meiofaunal constitu
ents for which specific biomass/ energy data are lacking.) 

Production Estimates Based on Turnover Rates P: B 

For more than half a century; efforts have been made to 
relate organic production of benthic populations or com
munities to some other attribute-for instance, to size of 
the standing stock. Petersen (1918) estimated minimum 
production of the benthos from the difference between 
spring and fall stock sizes; Boysen Jensen (1919) sought a 
relation between production and fish predation. Results 
have improved in the last three decades through the work 
of, among others, Harvey (1950), Sanders (1956), and 
Zenkevitch (1963). 

Diverse information is necessary for good estimates of 
the ratio of production to biomass P : B. Allen (1971) 
discusses the importance of growth and mortality data, 
and Waters (1979) such factors as life span, spawning fre
quency, and trophic relations. Given such requirements, it 
is not surprising that production estimates are more com
mon for individual species than they are for entire com
munities. Still, there is enough information at hand for 
rather speculative estimates of turnover rates for the 
Georges Bank benthic macrofauna. 

Macrofauna! Production 

There are two common ways of estimating production in 
animal communities: a total community P : B ratio can be 
derived or individual ratios, calculated for each major 
taxonomic group within the community, can be 
combined. 

In table 29.5, turnover rates (P: B) for entire benthic 
macrofauna communities are compared for several marine 
and estuarine environments in the North Atlantic region. 
The average value of the ratio for estuaries (1.6), where 
there is high primary production, is more than twice the 
value for marine communities (0.6). Is turnover on 
Georges Bank more likely to resemble an estuary or a 
truly marine environment? Factors in some measure pecu
liar to estuaries contribute to high productivity within 
them, such as large input of nutrients from adjacent land 
and populations of short-lived but fast-growing and fe
cund species (so-called r-selected species). The situation 
of Georges Bank can hardly be considered estuarine; nor 
can its fauna. However, Mann (1976) and Wolff (1977) 
report a good correlation between phytoplankton bio
mass and benthic biomass. Primary production on 
Georges is relatively high for shelf waters; without more 
specific information, it therefore seems reasonable to pos
tulate a production-to-biomass value there that is halfway 
between the marine and estuarine averages from table 
29.5, namely, a value of 1.1. Applying this to biomass 
data from the 1956-1965 and 1977 surveys (83 and 73 
kcallm2

, respectively), annual production of macrofauna 
on Georges might lie between 91 and 80 kcallm2

• 

Let us turn now to the second approach, by which 
overall community production is obtained by summing 
separately calculated production rates for different taxa. 
Most work concerned with secondary production by 
benthic invertebrates has been done on populations of in
dividual species. Species makeup can differ considerably 
even between areas that are geographically close and per
haps quite similar in total biomass. Consequently, it can
not be assumed that a higher-level taxon that is 
dominated at one site by some particular species will 
have the same production rate at another site where an
other species predominates. A problem, therefore, in car
rying out this taxon-by-taxon approach for Georges Bank, 
a site that is relatively little studied, is to find pertinent, 
specific production data in the literature for groups found 
there, or, alternatively, to find substitute data from com
parable taxa studied elsewhere. Unfortunately, production 
data are lacking for some entire, major taxonomic cate
gories- for example, sponges, coelenterates, nemerteans, 
sipunculids, bryozoans, brachiopods, and tunicates. Even 
for relatively well-investigated groups, such as annelids, 
mollusks, and arthropods, production or turnover is 
found to vary inversely with age structure or life span 
within populations of a species (Zaika, 1973; Robertson, 
1979). Thus for these problematical taxa, reasonable 
rates have to be assigned until appropriate research can 
be carried out. The rates used here represent a refinement 
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Table 29.4 
Ratio of meiofaunal biomass to macrofauna! biomass 

Area 

Buzzards Bay, U.S. 
Locke Nevis, Scotland 
Off Martha's Vineyard, U.S. 
Wadden Sea, Netherlands 
Ythan Estuary, Scotland 
Bay, Helgoland, W. Germany 
English Channel 
Fladden Grounds, North Sea 
Landsort, Sweden 
Landsort, Sweden 
North Sea 
West coast of Scotland 
Western Baltic 

a. Includes microfauna biomass. 

Table 29.5 

Meiofauna : macrofauna 
(%) 

y 

6.6' 
4.2' 
4 
7.8' 
2.5 
1.1 
2.5 
2 (sand) 

20 (mud) 
15 
30 

2 

Source 

Sanders (1960), Wieser (1960) 
Mcintyre (1961) 
Wigley and Mcintyre (1964) 
Beukema (1976) 
Baird and Milne (1981) 
Stripp (19.69) 
Mare (1942) 
Mcintyre (1961) 
Ankar and Elmgren (1975) 
Ankar and Elmgren (1975) 
Mcintyre (1978) 
Mcintyre and Murison (1973) 
Arntz (1978) 

Community production rates (P: B ) for benthic macrofauna at various North Atlantic localities 

Locality P : B Source 

Estuarine 
Tamar Estuary, England 
Grevelinger Estuary, Netherlands 
Wadden Sea, Netherlands 
Northern Baltic Sea 
Ythan Estuary, Scotland 
Long Island Sound, U.S. 
Average value 

1.0 
1.6 
1.0 
1.8 
1.9 
2.4' 
1.6 

Warwick and Price (1975) 
Wolff and deWolf (1977) 
Beukema (1976) 
Cederwall (1977) 
Baird and Milne (1981) 
Sanders (1956) 

Marine 
North Sea 
Bristol Channel, England 
Kiel Bight, W . Germany 
English Channel 

0.4 
0.6 
0.7 
0.6 
0.6 

Buchanan and Warwick (1 974) 
Warwick, George, and Davis (1978) 
Arntz (1971) 
Harvey (1950) 

Average value 

a. Excludes larger organisms. 

Table 29.6 
Estimates of annual benthic macrofauna) production for major taxonomic groups on Georges Bank 

Annual production (kcal!m2
) Annual biomass (kcal!m2) 

Taxon 1957-1964 1977 1957-1964 1977 

Porifera <0.1 0.1 
Coelenterata 0.5 1.8 
Nemertea 0.3 1.0 
Annelida 10.6 18.9 5.9 10.5 
Sipunculida 0.1 0.3 
Mollusca 15.1 53.6 15.1 53.6 
Arthropoda 25.6 16.5 7.3 4.7 
Bryozoa 0.1 0.3 
Echinodermata 49.2 3.4 49.2 3.44 
Tunicata 0.5 1.84 
Miscellaneous 0.4 1.3 
Total 102.0 93.6' 82.8 73.6 

a. Assumed values are based on closely related taxa. 
b. Age structure value based on those species that dominate biomass, such as Arctica islandica. 

Annual 
P:B 

0.1' 
0.3' 
0.3' 
1.8b 
0.3' 
l.Ob 
3.5b 
0.1' 
l.Ob 
0.3' 
0.3' 

c. Possibly an underestimate; smaller sieve size used in 1977 may have increased the proportion of small organ
isms having relatively high rates of production. 
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of earlier estimates given in Cohen et al. (1982) and are 
listed in table 29 .6. 

The results are annual collective productivities of 102 
kcallm2 for the earlier survey and 93 kcallm2 for the 
later one; these values are slightly higher than the esti
mates given previously, which were based on mean bio
mass for the community as a whole (91 and 80 kcallm2

, 

respectively, for the two surveys), but are remarkably 
close to it. Macrofauna! production, based on the taxon
by-taxon method, has been plotted for each sampling sta
tion and each survey in figure 29.1. In the distribution 
map of 1956-1965 data (figure 29.1a) there are three 
areas of high production: along the northwestern shoul
der of the bank; on central southern Georges; and to 
some extent on the Northeast Peak. (Note that benthic 
production on most shallower portions of Georges Bank 
is low, due likely to the scouring effect of winter and 
spring storms.) Despite the reduced number of stations in 
the 1977 survey, a similar pattern of production is evi
dent (figure 29.1b); high values were again found on cen
tral southern Georges, on the Northeast Peak, and along 
the western flank. 

Meiofaunal Production 

Choosing a representative turnover rate P : B for the mei
ofauna of Georges Bank requires further assumptions. 
Rates reported in the literature for meiofaunal communi
ties or taxa (for instance, nematodes) vary by an order of 
magnitude, from 4·.6 to 65 (see table 29.7). All but one 
of the turnover rates shown in table 29.7 fall between 4 
and 10. Most available information is from estuaries, 
where typically productivity is high, for reasons discussed 
previously for macrofauna. Thus there is a risk of adopt
ing a rate too high for more offshore environments. With 
this in mind, a moderate rate of 7 : 1 has been assumed 
here. By applying this to the estimated annual meiofaunal 
biomass for Georges Bank developed earlier (1.6 kcallm2 

for the 1956-1965 period; 2.2 kcallm2 for 1977), annual 
meiofaunal production is estimated for the two intervals 
at 11.2 and 15.4 kcallm2

, respectively. 

Comparisons with Other North Atlantic Estimates 

Within the last decade or so several authors have at
tempted to estimate or to measure by various methods 
the production of benthic macrofauna! communities in 
the North Atlantic (table 29.8). Most of these estimates 
are for estuarine or coastal areas; a variety of turnover 
rates or other production estimators have been used in 
preparing them. As might be expected, macrofauna! pro
duction appears to be generally lower offshore than in es
tuaries or along the coast. The mean annual macrofauna! 
production estimate for Georges Bank (93-102 kcallmZ, 
based on summed values for different taxa) is higher than 
reported estimates for most of the nonestuarine or 
coastal areas listed, as well as for many of the estuarine 
areas. 

There are very few estimates of meiofaunal productiv
ity, and most are based not on actual measurement but 
on some assumed relation between productivity (P) and 
biomass (B) or respiration (R) (table 29.9). The 11-15-
kcallm2 annual estimate for Georges Bank appears to be 
low or intermediate compared with estimates for other 
places. 

Benthic Production and the Georges Bank Ecosystem 

At least from the human perspective, the most important 
role of the Georges Bank benthos is probably as a food 
source for demersal fish, both juveniles and adults (table 
29.10). Though benthic invertebrates are major constitu
ents, or at least significant, in most demersal fish diets, 
their importance varies. Some, for instance, are too large 
or well protected to be eaten; adult ocean quahogs and 
sea scallops are examples. Others, such as many echino
derms, are low in food value, though they may be regu
larly preyed upon by a few fish species. 

Two benthic groups, polychaete annelids and crustacea 
(especially amphipods and shrimp), appear to be especially 
valuable in fish diets (table 29.10). Turnover rates P: B 
for both groups are relatively high (between 2 : 1 and 
5 : 1), as is their food energy value (0.75 kcallg, wet 
weight). Extensive predation on these two groups, to
gether with their high turnover rate and energy content, 
suggests that they may be more important ecologically 
than their standing stocks alone indicate. Aggregate pro
duction of polychaetes and crustaceans on Georges Bank, 
based on 1956-1965 and 1977 data, is particularly high 
in the Great South Channel and on the central southern 
part of the bank; a third productive area seems to exist 
on the Northeast Peak. At many stations where annual 
total production exceeded 100 kcallm2 for the period 
1956-1965 (figure 29.1a), these two prey groups contrib
uted over 90% of the estimated total macrofauna! pro
duction. Even where the biomass of echinoderms 
predominated most strongly, the polychaete/ amphipod 
contribution to total production was 14%. The biomass 
of a taxon, therefore, even when it is measured in terms 
of energy or carbon content, in many cases may not be 
the best estimator of the group's value in an ecosystem. 
Groups with comparatively low biomass but high rates of 
productivity may be far more significant. 

Food availability can influence distribution of fish spe
cies and also their well-being. The diverse diets of many 
fish, generally determined by prey size more than any
thing else, indicate that they digest almost anything they 
can ingest. Still, diet influences fish growth and fecundity, 
which may thus vary locally with benthic production; the . 
question should be explored further. 

So far as the meiofauna is concerned, we know little of 
its contribution to the energy budgets of fish or macro
fauna. Its biomass is relatively small, and some authors 
suggest that the meiofaunal subsystem is not closely 
linked with the macrofauna! food web except through 
the medium of bacteria (Mcintyre, 1969, 1973; Gerlach, 
1978); others dispute this generalization (Elmgren, 1976; 

(a) 

(b) 

70" 

50 100km 

567- 678 1,70 
170-387 

"Hg oooOO 
91- 141 

53- 82 

. 567-678 

170-387 0 
91-141 0 

53-820 0 
1-49 0 

Figure 29.1 
Distribution of annual benthic ma
crofauna! secondary production 
(kcal/m') for (a) 1956-1965 and 
(b) 1977. 

An assortment of benthic animals, 
including the ten-armed starfish 
So/aster earli, the five-armed Hip
pasterias phrygiana and Asterias 
vulgaris, shells of the mahogany 
quahog Arctica islandica, and 
some collapsed sea anemones. 
[Courtesy of the National Marine 
Fisheries Service/Roger B. 
Theroux] 



Table 29.7 
Community production rates (P: B) for benthic meiofauna in various North Atlantic coastal areas 

Area 

Wadden Sea, Netherlands 
Kiel Bay, W. Germany 
Ythan Estuary, Scotland 
Northern Baltic 
North Sea 
Lynher Estuary, England 

Table 29.8 

P:B 

65 
6 
9.5 
4.6 

10 
8.6 (nematodes) 

Source 

Beukema (1976) 
Arntz (1978) 
Baird and Milne (1981) 
Cederwall (1977) 
Mcintyre (1964) 
Warwick and Price (1979) 

Secondary productivity (P) of benthic macrofauna at selected North Atlantic localities 

Annual P 
Area (kcallm2

) Source and method (when known) 

A. Continental shelf 
Nova Scotia, Canada 28-31.5' Mills and Fournier (1979); 

P : B = 2.0-2.5 
North Sea 60 Gerlach (1978); various 
North Sea 50 Steele (1974); P: B = 2.5 
North Sea 9' Buchanan and Warwick (1974); cohort 

analysis 
Locke Ewe, Scotland 30' Mcintyre and Eleftheriou (1968); 

P:B = 2 
Kiel Bight, W. Germany 108' Arntz (1971) 
Bristol Channel, England 103 Warwick, George, and Davis (1978); 

cohort analysis 
English Channel 44 Harvey (1950) 
Delaware, U.S. 19 Howe and Leathem (1982); cohort analysis 
Nova Scotia, Canada 84 Miller, Mann, and Scarett (1971); P : R 

B. Estuarine 
· Tamar Estuary, England 66' Warwick and Price (1975); cohort analysis 
Long Island Sound, U.S. 118' Sanders (1956); mortality estimates 
Grevelingen Estuary, Netherlands 250-290' Wolff and deWolf (1977); cohort analysis 
Northern Baltic 36 Cederwall (1977); cohort analysis 
Middle Baltic 54 Ankar and Elmgren (197 5) 
Wadden Sea, Netherlands 130' Beukema (1976) 
Ythan Estuary, Scotland 537' Baird and Milne (1981); cohort analysis 
Delaware, U.S. 69-103 Howe and Leathem (1982); cohort anlaysis 

a. kcal estimates based on the following conversion factors for original published data: grams dry weight (X 4); 
ash-free dry weight ( x 5; based on Crisp, 1971); gC ( x 11; Salonen eta!., 1976). 

Table 29.9 
Secondary productivity (P) of benthic meiofauna at selected North Atlantic localities 

Area Annual P (kcallm2
) Source and method 

Northern Baltic 

Western Baltic 
Scottish estuary 
English estuary 
North Sea 

Baltic 

5.6 

16.5 
214.5 
222.2 

20 

26.3 

Cederwall (1977), Ankar and Elmgren 
(1976); P: B = 4.6 
Arntz (1978); P : B = 6.0 
Baird and Milne (1981); various P : B 
Warwick, Joint, and Radford (1979); various 
Steele (1974); assumed 40% of 
macrofauna production 
Elmgren (1976); P: B 
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Table 29.10 
Relative importance of the major groups of benthic macrofauna in the diet of common demersal 
fishes, both juvenile and adult, on Georges Bank' 

Juvenile fish Adult fish 

Percentage of Percentage of 
Species Prey total diet Prey total diet 

Atlantic cod Crustaceans 47 Crustaceans 10 
Amphipods 23 Decapods 9 
Decapods 11 Mollusks 16 
Mysids 13 

Haddock Annelids 14 Annelids 23 
Crustaceans 39 Crustaceans 16 

Amphipods 28 Amphipods 7 
Decapods 11 

Red hake Crustaceans 84 Crustaceans 57 
Amphipods 19 Decapods 48 
Decapods 42 Mollusks 18 

Yellowtail Crustaceans 94 Coelenterates 10 
flounder Amphipods 39 Annelids 47 

Cumaceans 10 Crustaceans 32 
Mysids 34 Amphipods 28 

Winter Annelids Coelenterates 10 
flounder Crustaceans Annelids 15 

Mollusks Mollusks 20 

American Annelids Echinoderms 91 
plaice Polychaetes 72 

Crustaceans 21 
Amphipods 17 

Witch Annelids 87 
flounder 

Silver hake Crustaceans 40 
Decapods . 30 

a. Based on Bowman (1981) and Langton and Bowman (1980, 1981). 
b. Relative importance highly variable among areas. 
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Albeit and Scheibel, 1982). Data good enough to prove 
one view or the other are simply lacking. 

Summary 

In the absence of data from Georges Bank itself on sec
ondary production of benthic invertebrates, estimates 
have been developed here based on other information. 
These include biomass-measured for the macrofauna 
and estimated for the meiofauna; biomass-to-energy con
versions; and production or turnover rates for various 
major taxa. 

During the first study period (1956-1965), estimated 
annual mean production of macrofauna was 83 kcallm2 

based on the whole-community approach, and somewhat 
greater, 102 kcallm2

, using the taxon-by-taxon summa
tion of separate production rates. Corresponding values 
for the 1977 survey were 73 and 93 kcallm2

• These esti
mates are higher than those reported for most nonestuar
ine areas, as well as for many coastal or estuarine areas. 
For meiofauna during the same periods, estimated annual 
mean production ranged from about 11 kcallm2 (1956-
1965 data) to 15 kcallm2 (1977 data). These rates are 
within the range of other reported meiofaunal production 
estimates, though much lower than rates reported for 
some estuaries (annually more than 200 kcallm2

). 

Most of the indicated production was by three or four 
major taxonomic groups. In the 1956-1965 survey, bi
valve mollusks, crustaceans, and echinoderms were most 
productive, and in 1977, mollusks, crustaceans, and poly
chaete worms. The areas of high macrofauna! production 
(50 kcallm2 or more annually) were about the same for 
both surveys: along the western edge of Georges Bank, in 
the central southern region, and to a lesser degree on the 
Northeast Peak. At many highly productive stations, am-

-phipods and polychaetes, two taxa very common in 
groundfish food webs, together contributed more than 
90% of total production. 
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Fishes and Squids 
Thomas R. Azarovitz and Marvin D. Grosslein 

Much of the research on Georges Bank fishes has been 
carried out in connection with the fisheries. There is a 
considerable body of knowledge about commercially im
portant species in the region, though only a few studies 
have treated the fauna as a whole. The present chapter is 
concerned with those species regularly caught in otter 
trawls-with their relative abundance, geographic distri
bution, and seasonal migratory patterns.1 While the dis
cussion is mainly of fishes, a few invertebrates are 
included, species of commercial importance taken in 
trawl gear. 

Life histories of most of the fishes that occur on 
Georges will be found in two works. The classic is Fishes 
of the Gulf of Maine, first published in 1925 by H. B. Bi
gelow and W. W. Welsh, and revised by Bigelow and W. 
C. Schroeder (1953). This is a discursive book, full of 
natural history and anecdotal information sifted with 
such judgment that no later work has fully replaced it. 
The second work is Fishes of the Atlantic Coast of Can
ada by A. H. Leim and W. B. Scott (1966). This is more 
succinct, and in some respects more up to date. Both 
books contain keys and bibliographies. The definitive tax
onomic work for fishes of the region, still incomplete, is 
Fishes of the Western North Atlantic, which is being pub
lished in many volumes; eight are available so far (Sears 
Foundation for Marine Research, 1948-1982). These 
volumes also include life histories and distributional 
information. 

The most recent comprehensive work on the region's 
fish fauna (Grosslein and Azarovitz, 1982) updates life 
histories and distributions of principal fish species and de
scribes the current status of fish populations and fisheries 
in the Middle Atlantic Bight. There is a brief zoogeogra
phy of the shelf from Cape Hatteras to Nova Scotia and 
a species list. Faunal data were derived from the spring 
and fall bottom-trawl surveys conducted by NMFS be
tween Cape Hatteras and Nova Scotia. 

In the present chapter we have used the trawl survey 
data to focus particularly on Georges Bank and fish dis
tributions there. Although not all species recorded histori
cally from Georges have been taken in the surveys, 
patterns of occurrence and relative abundance are evident 
for those species regularly found there that are available 
to the gear. The surveys are useful for showing seasonal 
movements as well, since they are made in the spring and 
fall, when water temperatures are near their annual mini
mum or maximum. 

Data Base 

In 1963 the first of a systematic and continuing series of 
fall bottom-trawl surveys was begun by the Woods Hole 
Laboratory of the Bureau of Commercial Fisheries (now 
the National Marine Fisheries Service-NMFS); in 1968 
a spring series was added. Each series has been uninter
rupted since it started; coverage has extended from Cape 
Hatteras to western Nova Scotia since fall 1967 and 
from Hudson Canyon to Nova Scotia before then. Meth
ods and gear used throughout the series have been stand-

ardized, permitting comparisons from one time to 
another. The surveys are multispecies oriented; in most 
cases the entire catch is sorted by species, weighed, and 
measured. The series permits statistical analysis of long
term population trends, and it gives a general quantitative 

·picture of the distribution and seasonal movements of 
fishes found in the study area. Its value increases with 
every year's data. 

The surveys encompass the Atlantic shelf from Western 
Nova Scotia to Cape Hatteras (figure 30.1), including the 
Gulf of Maine and Georges Bank (for details of survey 
history and methods see Grosslein, 1969, 1974; Azaro
vitz, 1981; Grosslein and Azarovitz, 1982; Sissenwine, 
Azarovitz, and Soumala, 1983). Depths are from 27 to 
366m. (Since 1972 waters shallower than 27 m have 
been sampled in the Middle Atlantic region and southern 
New England, but these inshore data have not been used 
here.) Stations are selected on a stratified random basis; 
all areas are equally likely to be sampled, and in fact, 
over the time series, virtually all trawlable areas have 
been sampled. Mean sampling density amounts to one 
station for every 300 square nautical miles, approxi
mately, in the survey area of 72,000 square nautical 
miles. 

Trawl hauls are at 3.5 knots for 30 minutes, in the di
rection of the next station; this randomizes tow direction 
and reduces steaming time. Trawling proceeds around the 
clock. Modified commercial otter trawls are used. In the 
fall, the trawl is a No. 36 Yankee, with a 10.4-m wing
spread and 3 .1-m vertical opening. In the early years of 
the spring series, to catch pelagic species, such as herring 
and mackerel, a larger, No. 41 Yankee trawl was used; 
this has a wingspread of 11.8 m and a height of 4.6 m. 
(As of 1983 the smaller, No. 36 Yankee trawl has been 
used in fall and spring, but all of the spring data used in 
this report are based on the No. 41 trawl.) Both trawls 
have a roller-rigged sweep for fishing on rough bottom 
and a 1.3-cm-stretch mesh liner in the cod end to retain 
small fish. Two fishery research vessels have been used 
on the surveys, Albatross IV and Delaware II. 

Zoogeography of Fishes in the Georges Bank Region 

The marine climate of the Georges Bank region and its 
relation to the zoogeographic characteristics there have 
been described by Theroux and Grosslein (chapter 26). 
Briefly, the fauna of Georges Bank is primarily cold tem
perate, but from the bank southward a transition takes 
place, culminating in a truly warm-temperate fauna south 
of Cape Hatteras. Cape Cod and Cape Hatteras are gen
erally recognized by zoogeographers as marking signifi
cant faunal changes, although at Cape Hatteras there is a 
more definitive boundary between cold-temperate and 
warm-temperate faunas. A number of recent zoogeo
graphic studies (Hazel, 1970; Briggs, 1974; Kinner, 1978; 
Franz, Worley, and Merrill, 1981) have concluded that 
the strong thermal gradients found along the margins of 
Georges Bank and Nantucket Shoals are significant bar
riers for both cold- and warm-water species. Although 

most of these studies have been concerned with benthic 
invertebrates, the same faunal boundaries are significant 
for fish. 

Shallow waters from Cape Hatteras to Cape Cod are 
characterized by unusually large seasonal temperature 
fluctuations that force many fishes to migrate seasonally 
to stay within their range of tolerance (Parr, 1933; Gross
lein and Azarovitz, 1982). Similar temperature changes 
occur on Georges Bank, and among some fish species 
there is significant seasonal movement. Because of these 
extremes of temperature, there are very few fish that are 
endemic to the shelf between Cape Hatteras and Georges 
Bank. Briggs (1974) noted that about three-fourths of the 
250 shore fish species recorded from this area were tropi
cal or warm-temperate forms that migrated there primar
ily in the warm months or were carried there by the Gulf 
Stream. The proportion of warm-temperate fish species 
drops significantly in the cold part of the year, and also 
as one moves northward from Cape Hatteras. 

The first comprehensive analysis of this transition, 
based on extensive sampling of offshore fishes (Grosslein 
and Azarovitz, 1982), showed that the fish fauna is domi
nated by cold-temperate species in the northern part of 
the region and by warm-temperate species in the southern 
part (at least in the warm months). Georges Bank and the 
Northeast Channel marked the northern distributional 
limit for a number of warm-temperate species and a few 
species endemic to the Cape Hatteras/Georges Bank por
tion of the shelf. Typically, warm-temperate forms retreat 
south during the cold months-bluefish (Pomatomus sal
tatrix), for instance, a highly migratory warm-temperate 
species (figure 30.2). Conversely, some cold-temperate 
(boreal) species, such as cod (Gadus morhua), retreat 
northward during the warm months (figure 30.2). 

For this chapter, we have pooled catch records from 4 
years of bottom-trawl surveys (1968, 1974, 1978, and 
1981) and compared the Georges Bank fish fauna with 
adjacent faunas to the north (Gulf of Maine, western 
Nova Scotia) and west (Nantucket Shoals); boundaries are 
shown in an inset to figure 30.1. Throughout these four 
regions, northern (cold-temperate) species are dominant, 
but there is a steady decline in that dominance from 
northeast to southwest; in western Nova Scotia in the 
fall, 90% of the species are northern, while off Nan
tucket in the fall, only about 50% of them are (table 
30.1). The proportion continues to drop going south
ward; in the region from Delaware to Cape Hatteras in 
the fall, only 27% of the species are northern (Grosslein 
and Azarovitz, 1982). 

Seasonal shifts in species composition between spring 
and fall also illustrate the transition in faunal st(Jlcture 
that occurs in the Georges Bank area. There is a 10% 
change in species composition from spring to fall on 
Georges Bank, and an 11% change on Nantucket Shoals 
(table 30.1). The seasonal change is less than 7% in the 
Gulf of Maine and less than 1% off western Nova Scotia 
(table 30.1). 
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Figure 30. 1 A 
NMFS bottom-trawl survey area 
showing sampling strata. 
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Figure 30. 1 B 
Regions used in faunal 
classification. 

; Table 30.1 
Percent composition of the fish fauna in four regions, Nantucket Shoals to western Nova Scotia' 

Western Scotian 
Nantucket Shoals Georges Bank Gulf of Maine Shelf 

Season MA&S N MA&S N MA&S N MA&S N 

Spring 35.2 64.8 23.5 76.5 13.8 86.2 9.5 90.5 
Fall 46.2 53.8 33.7 66.3 20.5 79.5 10.2 89.8 

a. For each region, percentages are given for each of two species groups: Middle Atlantic and Southern (MA & S) 
and Northern (N). Northern species (cold temperate) are those whose principal occurrence is from Georges 
Bank northward. The southern group (warm temperate) is found mainly from Georges Bank southward, and the 
Middle Atlantic species are those endemic or largely confined to the Georges Bank/Cape Hatteras region. Data 
are from the combined spring and fall bottom-trawl surveys in 1968, 1974, 1978, and 1981. 

The Fishes .of Georges Bank 

All fish species caught on Georges Bank during the spring 
(1968~1981) and fall (1963-1981) survey series are listed 
in table 30.2, along with certain invertebrates: lobster 
(Homarus americanus), squids (Illex illecebrosus and Lo
ligo pealei), and scallop (Placopecten magellanicus). The 
inventory of fish species cannot be considered complete 
for Georges Bank because some are not vulnerable to the 
otter trawls and some are quite rare. For example, large 
pelagics, such as tuna and billfish, are missing (chapter 
32); so are small or elusive pelagic forms, such as sauries 
and sargassum fish, which live near the surface and which 
often stray northward, carried by the Gulf Stream. The 
spring and fall series represent 822 and 1,177 trawl sta
tions, respectively. There are more than 100 species 
listed-all of those taken within sampling strata 13, 14, 
16, 17, and 19-23 on Georges Bank (figure 30.1). The 
strata cover depths down to 100 fathoms (183 m). Stra
tum 23 includes part of the Great South Channel and ex
tends north along Cape Cod; it is not, strictly speaking, 
wholly on Georges Bank, but its depths and faunal com
position are not significantly different. 

Species are arranged in order of decreasing frequency in 
the fall survey samples, and for each, the percentage of 
all survey stations at which it was found is given. Fre
quency of occurrence in trawl surveys is not an accurate 
index of true abundance, however. Fast-swimming, pe
lagic, schooling species, such as herring (Clupea harengus) 
and mackerel (Scomber scombrus), are undersampled by 
bottom trawls to a far greater extent than the more 
widely dispersed demersal species are. This is especially 
important when fishery locations are selected at random, 
as is the case for the trawl surveys. Thus herring and 
mackerel show much lower frequencies of occurrence in 
table 30.2 than little skate (Raja erinacea) or longhorn 
sculpin (Myoxocephalus octodecemspinosus)-second and 
third in the table-but actual abundance of herring and 
mackerel is usually many times that of the skate and scul
pin. Nevertheless, there is a rough correspondence be
tween frequency of occurrence and abundance, in that 
the bulk of the fish biomass on Georges Bank is repre
sented by the top 30 species or so in table 30.2, species 
whose frequency of occurrence is 10% or more. 

In some instances in table 30.2, where identification to 
species is difficult or unsure, only family names are given, 
The myctophids (lanternfishes) often present this prob
lem. On Georges Bank, these fishes are found most fre
quently at the edges, seldom in the shallow areas. 

In the fall, the fish fauna on Georges Bank is more di
verse than in the spring: there are 97 identified species of 
fish and, in addition, 5 families with unidentified species. 
In the spring list there are 7 6 identified species and 1 
family with unidentified species. Combined, the spring 
and fall samples have yielded 113 identified fish species 
and 5 families with unidentified species. Within the entire 
area from Cape Hatteras to Nova Scotia, 180 species 
were recorded in the spring and fall of 1974 (Grosslein 
and Azarovitz, 1982). 



Figure 30.2 
General distribution of cod, a cold
temperate species, and bluefish, a 
warm-temperate species: (a) spring; 
(b) fall. Cod (purple) moves south in 
winter, bluefish (blue) north in 
summer, and vice versa. 
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Table 30.2 
Percent of all Georges Bank sampling stations at which certain fishes and invertebrates occur, based on NMFS 
bottom trawl surveys' 

Species Percentage of stations 

Common name . Scientific name Fall Spring 

Caught in fall and spring or in fall only 
Silver hake Merluccius bilinearis 82 44 
Little skate Raja erinacea 72 66 
Longhorn sculpin Myoxocephalus octodecemspinosus 72 69 
Red hake Urophycis chuss 63 32 
Haddock Melanogrammus aeglefinus 62 64 
Winter skate Raja ocellata 62 48 
Yellowtail flounder Limanda ferruginea 59 60 
Shortfin squid Illex illecebrosus 55 .8 
Spiny dogfish Squalus acanthias 53 66 
Atlantic cod Gadus morhua 49 72 
Sea raven. Hemitripterus americanus 44 43 
Northern lobster H omarus americanus 42 17 
Butterfish Peprilus triacanthus 40 6 
Longfin squid Loligo pealei 40 17 
Windowpane Scophthalmus aquosus 39 35 
Fourspo.t flounder Paralichthys oblongus 37 14 
White hake Urophycis tenuis 36 14 
Winter flounder P seudopleuronectes americanus 33 32 
Sea scallop Placopecten magellanicus 30 27 
Thorny skate Raja radiata 30 25 
Goosefish Lophius americanus 25 13 
American plaice H ippoglossoides platessoides 24 39 
Ocean pout Macrozoarces americanus 21 35 
Atlantic herring Clupea harengus harengus 18 22 
Alewife Alosa pseudoharengus 15 17 
Sand lance Ammodytes americmius 21 35 
Gulf Stream flounder Citharichthysarctifrons 17 7 
Pollock Pollachius virens 14 28 
Moustache sculpin Triglops murrayi 13 9 
Atlantic mackerel Scomber scombrus 13 9 
Barndoor skate Raja laevis 13 3 
Witch flounder Glyptocephalus cynoglossus 10 13 
Smooth skate Raja senta 8 6 
Redfish Sebastes fasciatusb 8 5 
Cunner T autog.olabrus adspersus 7 5 
Bluefish Pomatomus saltatrix 7 
Blackbelly rosefish H elicolenus dactylopterus 7 4 
Fawn cusk-eel Lepophidium cervinum 6 4 
Alligatorfish Aspidophoroides monopterygius 4 4 
Summer flounder Paralichthys dentatus 3 3 
Cusk Brosme brosme 3 4 
Atlantic hagfish Myxine glutinosa 3 3 
Atlantic wolffish Anarichas lupus 3 9 
. Four beard cockling Enchelyopus cimbrius 2 2 
Spotted hake Urophycis regia 2 <1 
Atlantic halibut Hippoglossus hippoglossus 2 3 
Hookear sculpin Artediellus uncinatus 2 2 
Longfin hake Phycis chesteri 2 <1 
Lanternfishes Myctophidae' 2 1 
American shad Alosa sapidissima 2 
Atlantic saury Scomberesox saurus 2 
Atlantic argentine Argentina silus 2 <1 
Planehead filefish Monacanthus hispidus 2 
Northern pipefish Syngnathus fuscus 2 <1 
Northern searobin Prionotus carolinus 1 1 
Round herring Etrumeus teres 1 
Pearlsides Maurolicus muelleri 1 <1 
Offshore hake Merluccius albidus 1 <1 
Blueback herring Alosa aestivalis 1 2 
Rock gunnel Pholis gunnellus 1 <1 

Species Percentage of stations 

Common name Scientific name Fall Spring 

Seasnail Liparis atlanticus 1 3 
Margined snake eel Ophichthus cruentifer -· 1 <1 
Shortnose greeneye Chlorophthalmus agassizi 1 1 
Radiated shanny Vivaria subbifurcata 1 2 
Grubby Myoxocephalus aeneus 1 1 
Bay anchovy Anchoa mitchilli <1 
Conger eel Conger oceanicus <1 <1 
Lumpfish Cyclopterus lumpus <1 <1 
Rough scad Trachurus lathami <1 
Scup Stenotomus chrysops <1 <1 
Smooth dogfish Mustelus canis <1 
Atlantic torpedo Torpedo nobiliana <1 <1 
Clearnose skate Raja eglanteria <1 
Marlinspike Nezumia bairdi <1 <1 
Snakeblenny Lumpenus lumpretaeformis <1 <1 
Halfbeak Hyporhamphus unifasciatus <1 
Striped anchovy Anchoa hepsetus <1 
Threespine stickleback Gasterosteus aculeatus <1 
Atlantic menhaden Brevoortia tyrannus <1 
Atlantic moonfish Selene setapinnis <1 
Bigeye scad Selar crumenophthalmus <1 
Cardinalfishes Apogonidaec <1 
Daubed shanny Lumpenus maculatus <1 1 
Deepwater boarfish Antigonia capros <1 
Longnose batfish Ogcocephalus vespertilio <1 
Mackerel scad Decapterus macarellus <1 
Rainbow smelt Osmerus mordax <1 
Weymouth Cryptacanthodes maculatus <1 <1 
Atlantic batfish Dibranchus atlanticus <1 
Banded rudderfish Seriola zonata <1 
Big eye Priacanthus arenatus <1 
Black sea bass Centropristis striata <1 
Blue hake Antimora rostrata <1 
Blue runner Caranx crysos <1 
Gray triggerfish Batistes capriscus <1 
Horned lanternfish Ceratoscopelus maderensis <1 
Jacks Carangidaec <1 
Lizardfishes Synodontidaec <1 
Look down Selene vomer <1 
Oyster toadfish Opsanus tau <1 
Pilotfish Naucrates ductor <1 
Rosette skate Raja garmani <1 
Round scad Decapterus punctatus <1 
Searobins Triglidaec <1 
Shorthorn sculpin Myoxocephalus scorpius <1 <1 
Slime eel Simenchelys parasiticus <1 

Caught in spring only 
Slender snipe eel Nemichthys S(olopaceus 2 
Octopuses Octopodidae< 1 
Sea lamprey Petromyzon marinus <1 
Striped seasnail Liparis liparis <1 
Wolf eelpout Lycenchelys verrilli <1 
Buckler dory Zenopsis ocellata <1 
Armored searobin Peristedion miniatum <1 
Atlantic silverside Menidia menidia <1 
Brief squid Lolliguncula brevis <1 
Shortnose batfish Ogcocephalus nasutus < 1 
Striped cusk-eel Ophidion marginatum <1 
Tilefish Lopholatilus chamaeleonticeps <1 
a. There were 1,177 fall survey stations, 1963-1981, and 822 spring survey stations, 1968-1981. Common and scientific names of fishes here and 
in the text conform to Robins (1980). 
b. On the basis of recent taxonomic work (Ni, 1982), we have concluded that redfish in the Gulf of Maine are probably S. fasciatus. 
c. Specimens identified by family only. 



Certain important invertebrates are included in table 
30.2 with the fishes (but not in the totals cited previ
ously) because of their habits and resulting availability to 
our trawls. Longfin squid (Loligo pealei) and shortfin 
squid (Illex illecebrosus) are seasonally abundant; both are 
commercially exploited and biologically important both 
as predators and prey. Other cephalopods (squids and oc
topus) are found in the Georges Bank region (Roper, in 
preparation), but they are far less abundant. The northern 
lobster is also listed; lobsters are caught in the survey 
trawls and are seen to move seasonally. The sea scallop, 
one of the most valuable resource species found on 
Georges, is also listed because trawl catches are repre
sentative of its distribution. 

Seasonal Distribution of Fishes on the Bank 

To describe the seasonal distribution and movement of 
fishes and migratory invertebrates on Georges Bank, we 
have classified 33 of the more abundant species into four 
groups (table 30.3). The groups are based on seasonal 
movements within the 60-fathom (110-m) contour, since 
the ~pajor seasonal temperature changes occur in depths 
shoaler than that. Although the groups are somewhat ar
bitrary, they are useful for illustrating general seasonal 
patterns. 

The most common species have been placed in one of 
two groups. Group 1 includes residents, species found on 
the bank in all seasons; within this are two subgroups: 
1a, species moving very little seasonally; and 1b, species 
that shift seasonally yet remain on the bank. In group 2 
are the seasonal visitors; these species are consistently 
found on the bank during one or two seasons; small 
numbers may remain there at other times. This group 
also has been subdivided: 2a includes species that live on 
the bank when the water is warmest, mostly moving off
shore or south when it cools; species in 2b do the oppo
site-they live mainly within the 60-m isobath on 
Georges when it is cold, moving north or eastward into 
deeper water in the summer or early fall. 

Species listed in group 3 are common in the southern 
Middle Atlantic area; they migrate to Georges Bank dur
ing late summer or early fall, usually in low numbers. 
Group 4 includes species common in the Gulf of Maine 
or the deep, cold water surrounding Georges Bank. These 
are not usually very abundant on the bank, and when 
they do occur, it is in the cold season. The abundance of 
groups 3 and 4 has varied greatly on the shoal part of the 
bank over the years. They are primarily visitors, and their 
occurrence depends on relative population strength or un
usually extended warm or cool periods (Grosslein and 
Azarovitz, 1982). 

To illustrate these distribution patterns, we have plot
ted combined catches from the 1980 and 1981 spring 
and fall bottom-trawl surveys. (The large number of 
points for the entire survey series are illegible when plot
ted.) Figure 30.3 shows all stations for the 1980 and 
1981 surveys. The combined catches in most cases clearly 

show the seasonal patterns on the shoal parts of Georges 
Bank; the patterns for earlier years are similar. 

Figures 30.4-30.10 show the group 1a species from ta
ble 30.3. These were quite plentiful in both surveys and 
show little seasonal movement. Spring and fall distribu
tions are shown for two species in this group, yellowtail 
flounder (Limanda ferruginea) and sand lance (Ammody
tes americanus). For the rest, only the fall distribution is 
shown, The apparent slight seasonal difference in sand 
lance abundance reflects seasonal availability of the spe
cies to our trawl more than an actual population change 
(Grosslein and Azarovitz, 1982). Scallops were included 
here because of their importance; our catches in trawls 
are a good indicator of their general distribution. 

Figures 30.11-30.17 show the group 1b species from 
table 30.3. Spring and fall plots are given for cod, had
dock (Melanogrammus aeglefinus), spiny dogfish (Squalus 
acanthias), ocean pout (Macrozoarces americanus), and 
lobster, and in these, seasonal shifts are apparent. Only a 
spring plot is given for herring. Historically, spawning 
herring gathered in great numbers on Georges Bank in 
the fall, but since the late 1970s the Georges herring 
population has virtually disappeared (chapter 47). Before 
then, herring were likely to be missed by the fall survey 
tows even when they were present because they were 
tightly clustered on limited spawning grounds near the 
northern edge. The probability of hitting such a school of 
spawners is very small in a random survey. Goosefish (Lo
phius americanus) are never caught in great numbers; the 
13% frequency of occurrence in spring (table 30.2) com
pared with 25% in the fall suggests a seasonal distribu
tion shift. 

Group 2a species, warm-season residents, are shown in 
figures 30.18-30.24. There are five fish in this group: sil
ver, red, and white hake (Merluccius bilinearis, Urophycis 
chuss, U. tenuis), fourspot flounder (Paralichthys obion
gus), and butterfish (Peprilus triacanthus); and two squid: 
shortfin I. illecebrosus and longfin L. pealei. Spring and 
fall plots are given for all of these species. Distribution 
shifts are clearly evident, except perhaps for silver hake, 
but if distribution were plotted by age, the shift among 
silver hake would be obvious. In the spring, our tows on 
Georges Bank catch mainly young of the year; in the fall, 
they catch adults that have moved back onto the bank 
(Almeida, 1982). 

Group 2b includes only two species, pollock (Pollach
ius virens) and American plaice (Hippoglossoides plates
soides), for which both spring and fall distributions are 
given (figures 30.25 and 30.26). Group 3 species are 
common to the warmer waters of the Middle Atlantic 
region, occurring infrequently on Georges Bank. Figure 
30.27 shows spring and fall distributions for summer 
flounder. Fall distributions only are shown for bluefish 
and scup (Stenotomus chrysops) (figures 30.28 and 30.29) 
because in the spring the species have moved south of 
our survey area. 

Group 4 species are on Georges Bank in the spring; fig
ures 30.30-30.34 show the distributions at that season of 
smooth skate (Raja senta), thorny skate (R. radiata), red-
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Table 30.3 
Seasonal distribution of certain abundant fish and invertebrate 
species on Georges Bank, based on bottom-trawl surveys · 

Group 1: residents found on the bank in all seasons 

Little seasonal Seasonal shifts 
movement (la) on the bank (lb) 

Little skate 
Winter skate 
American sand lance 
Sea raven 
Longhorn sculpin 
Windowpane 
Yellowtail flounder 
Winter flounder 
Sea scallop 

Spiny dogfish 
Atlantic herring 
Goosefish 
Atlantic cod 
Haddock 
Ocean pout 
Northern lobster 

Group 2: seasonal migrants found only during the warm or 
cold time of the year 

Common in the 
warm season (2a) 

Silver hake 
Red hake 
White hake 
Butterfish 
Fourspot flounder 
Shortfin squid 
Longfin squid 

Common in the 
cold season (2b0 

Pollock 
American plaice 

Group 3: Middle Atlantic species that migrate to the bank in 
small numbers during warmer seasons 

Summer flounder 
Bluefish 
Scup 

Group 4: cold-water species common in the Gulf of Maine or 
deep water but rare on the bank 

Smooth skate 
Thorny skate 
Redfish 
Cusk 
Witch flounder 
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Combined station locations for the 
1980 and 1981 bottom-trawl sur
veys: (a) spring; (b) fall. 
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Figure 30.4 
(a) Little skate (Raja erinacea) and 
(b) winter skate (Raja ocellata), in 
the fall. These species are difficult 
to distinguish, especially when 
young, and are often confused by 
fishermen and scientists. The win
ter skate grows to a greater adult 
size. Skates are seldom sought by 
fishermen, but they are abundant 
and ecologically important as com
petitors with other species through
out the Middle Atlantic/Georges 
Bank region. Both of these skates 
subsist mainly on benthic inverte
brates. Because of their size and 
bottom-dwelling habits, they are 
not often eaten themselves, though 
occasionally they are found in 
stomachs of goosefish and other 
large predators. Both species are 
year-round residents on Georges 
Bank, moving little from season to 
season. The surveys indicate that 
winter skates are scarce south of 
Georges Bank and little skates 
quite common as far as Cape 
Hatteras. 

~\.~ 
v~~ ·IS' 

. " \_..-" 
",/ 

46" 

70' 

44' 

n: 

42' 

74' 

76' 

,~· 

38" 

Kilograms 

• ;.0;10'-<10 

• <>1(}'-< 100 

• 2" 100~<1,006 

• ;;.1,000 

100km 
I I I I 

36' 
1:7,500,000 

(a) 

I 42" 

64" 

40" 

66" 

68' 

38" 

-~ 

70" 

36" 
Q 

~ 
n · 

34" 

~atteras 

74' 

16' 

321 Fishes and Squids 

eo· <~6" 

" .;;;.,~ 
v'~o. 

'<s:''~ 
\ _ _..., 

' ./ • ~ <$>, l ,,. ... ~Q) ~ 
-6& o Q:J!I~Sable 

~ v. ~~ 0 '-..,<ft. 0 ~:<> 64" 

"' -~~f$fq;, 0 ~-~ 

~~ ~~~1.f? g o o>o • .~~ 
~co B-bo 0~~ 0 . coo ~ 
' 0 °8 ~ • •o' ,. '',~o l~~ o 4 

0 00~ , .. 
~ • ~ oo ,. 

- 0~ 0 co ..,. f 0 

.oo • oo =a~v 
dage Cod.~ J 

.,. ~ ~0 (j 

frO qp 0 
o • co c 

:.,o 0 o o 9>~ 
" / ct o 

0 w 0 # ~ 0 0 / . 68' 

42" 
'tl 0 / -" 

0 0 0 
74' t 0 00 

38" 

0 0 

0 g, 0 0 f 
<P c o 

0 ~ 0 0 0 '6 
o o'b o o ~ 

0

~ 
00, oi 0~~ 10" 

7fj' o o'<o 
40' 

oo ~ 
'"" 

36' 

E 0~ ~ o o 
oCOob 

Oooo ~\ 
:00:\ 2 72' 

o o 
78' 0 
38' o# "-. 

~ :1 34' 

Kilogram;; 

• >"().i1l'-<1Q ) '"rH·-• ;;;."!(l.'-<100 

• ... t00~<1,00(J • • ;.,1;()1)0 

74' 

36' 78' 76" 

(b) 



322 Biology 

46' 

o· 

i' 

42' ... 

1£" 

· 40-. 

7&' , .. 
Kilograms 

• ;;>0.1()-< 10 

• :;, t!J-< 100 

• ;;> 100- < 1,000 

• ::;,1,000 

100km 

I I I I 

'W 1:7,500.000 

(a) 

7 . 

) 

l 

..r' 
['I 

( 

I ". 
/ 

64' 

r D( 
Q< 

) 

( 
' 

( 
68 ' 

38' 

I 
I 
I 

70' 

36' 

~ 
72' 

\ 34' 

) 

) 
! 
\ 
\ 

74' 

\ 

44' 

72' 

42' ,.. 

76 ' 

40" 

78' 

38" 

Kilograms 

• :;,0.10-<10 

• :;, 10-<100 

• :;, 100- < 1,000 

• ;,1,000 

36 ' 78 ' 

(b) 

D 

{ 
I 

I 

' ~ 
I 

? 
? 

\ 

68' 

38" 

70' 

36' 

72' 

34" 

74' 

Figure 30.5 
American sand lance (Ammodytes 
americanus): (a) spring; (b) fall. 
These small, eel-like fish average 
less than 25 em in length, but are 
of great ecologic importance as 
both predators and prey. Popula
tions fluctuate widely. Adults feed 

. on a host of small organisms, pri
marily copepods, but also fish 
eggs and larvae. Sand lance in turn 
are important food for many spe
cies: bluefish, cod, pollock, spiny 
dogfish, silver hake, and others. 
Whales consume great quantities 
(Overhohz and Nicolas, 1979). 
Changes in the distribution of 
whale populations in Middle Atlan
tic and New England waters have 
been attributed to sand lance 
abundance (Payne et al., in press). 
It has been suggested that the 
drastic decline in Atlantic herring 
on Georges Bank and in other New 
England waters from the late 1970s 
may be related to an increase in 
sand lance (Sherman et al., 1981 ). 
In Europe sand lance are fished 
commercially for food; in the United 
States they are only occasionally 
taken, usually for bait. Their distri
bution is patchy because of their 
dependence upon sandy bottom, in 
which they bury themselves for 
protection. Sand lance do not mi
grate extensively, and there is little 
seasonal change in geographic dis
tribution, though our spring and fall 
plots suggest seasonal differences 
in availability to our trawl. 
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Figure 30.6 
(a) Longhorn sculpin (Myoxoce
phalus octodecemspinosus and (b) 
sea raven (Hemitripterus ameri
canus), in the fall. Longhorn scul
pins and sea ravens are the 
commonest members of their fam
ily on Georges Bank. The group is 
of little commercial importance; 
some are taken for lobster bait, but 
most often they are considered a 
nuisance by fishermen. They are 
more important from an ecologic 
perspective, however, since they 
eat almost anything they can find 
on the bottom, including most in
vertebrates, fish eggs, and juve
niles of important fish species. 
They are quite tolerant of tempera
ture change, and there is little sea
sonal movement apparent in our 
distribution data. Longhorn sculpins 
frequent all types of bottom, 
whereas the sea ravens are asso
ciated more particularly with hard 
rocky bottom. 
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Figure 30.7 
Windowpane (Scophthalmus aquo-
sus), in the fall. This is a small 
flounder whose name, and others, 
such as "daylight," derives from 
the thinness of its body. Until re-

~ 
72' cently the species was of little 

commercial value, but shortages of 
other flounders in the mid-1970s 

78' made them worth landing. Window-
38 ' 

pane are active feeders and often 
34' take fishermen's lures close to the 

Kilograms bottom. They feed primarily on in-

• <>0.10-<10 vertebrates; their consumption of 

• <>1Q--<100 fish is not great. Windowpane are 

• <>100-<1,000 
infrequently caught deeper than 80 
m. In the Middle Atlantic region • <>1,000 they tend to move offshore a little 

74' in the fall, but on Georges Bank 
100km there is little seasonal movement. 

I ' I I I 
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Windowpane prefer sandy bottom 
throughout their range. 
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Figure 30.8 
Winter flounder (Pseudopleuro-
nectes americanus), in the fall. 
These fish, also known as black-
back, are of great importance to 
New England commercial and sport 
fishermen, both along the coast 
and on Georges Bank. The species 
is quite sedentary; on Georges, 
there is little difference between 
the spring and fall distributions of 
the sizable population. Local 
coastal populations move from a 
short distance off the coast into 
estuaries or very shallow waters in 
winter to spawn. Georges fish grow 
to a greater size than those in-
shore and at one time were thought 
a separate species. Commercial 
fishermen distinguish the two vari-
eties, calling the offshore one 
"lemon sole." Winter flounder feed 
by day, primarily on small inverte-
brates, and prefer soft muddy or 
sandy bottom. 
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Figure 30.9 
66' 46" 

"' " 
Yellowtail flounder (Limanda ferru-

" c s'i'-~-:> 
ginea): (a) spring; (b) fall. Yellowtail 

~\. ~-;. are a very important commercial 
":~"' v'-~a: 

'<!> "' ·<l''-"' species in New England, sold fil-. \ . ' ,_ ... "' \ _ ..... , leted both fresh and frozen. 

"'-.,!' '-../ Catches have varied greatly over 

46' 
the last half-century because of the 
wide range in recruitment success. 
There are indications that in years 
when the water is relatively cool, 

I 64' 
J 

64' good year classes are more likely, 

7CJ' l 70' 
though this is difficult to substanti-
ate with recent data because 
heavy fishing has strongly affected 
spawning populations. Adult yel-
lowtail prefer sandy or sandy-mud 
bottom, avoiding soft mud or hard 
rocky bottom. Young of the year 
seek rough bottom, presumably for 

•4' 44' 40: shelter. These flounders can ex-
66' ceed 65 em or so in length, but 

z: 72' 
~\ most caught today are less than 50 

D 
em. According to NMFS surveys, 
the seasonal distribution does not 

0 
o'1 Boston • 

change significantly on the bank, 
c though in the fall these flounder 
1 may avoid the shoalest and warm-

est areas. A small percentage of 
the western Georges Bank popula-
tion moves westward off the bank 

68' 68' in spring, returning in the fall. 
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Figure 30. 1 0 
Sea scallop (Piacopecten magel
lanicus), in the fall. In recent years 
only Pacific salmon, tuna, gulf 
shrimp, and king crab have pro
duced more revenue for U.S. fisher
men than sea scallops; since the 
late 1930s many of these scallops 
have come from Georges Bank. 
Currently the scallop population 
there is small due to heavy fishing 
and poor recruitment; the total 
1983 catch was less than half the 
1981 catch. The price roughly dou
bled, and high prices kept the fish
ing pressure from abating. Most 
bivalve mollusks can burrow into 
the bottom to some extent, but 
scallops swim. They move around 
their own beds, though tagging 
studies show that they do not go 
far, and distribution on Georges 
Bank does not change seasonally. 
The catches plotted here (not 
quantitative) are from roller-rigged 
otter trawls, which are far less effi
cient than scallop dredges, but 
they adequately show the general 
distribution of scallops on Georges 
Bank and in the Middle Atlantic 
area. 
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66" 40" 
Figure 30. 11 

" 
Spiny dogfish (Squalus acanthias): 

' a ' (' 
(a) spring; (b) fall. These small 

ee'\~~ '"" .,-:1 

~<¥'"'~ 
c-' .,Q', sharks average about 1 m in length 

,j·~ -~'~ and about 8 kg in weight. Used lit-

\_.---..... ( 
\ _ .---..... tie in the United States, some are ,_/....., 

I '- .... /' exported to Europe and Great Brit-
42' ain. Spiny dogs are voracious pre-

<1>" r· 46' 

I dators on any prey smaller than 
,/ themselves, and since they occur 

in great numbers, their impact upon 
64' mackerel, herring, scup, cod, silver 

10' 70' hake, and haddock is unquestiona-
bly significant. Though numerous 
and long-lived (up to 30 years), 

I they have a low reproductive po-

I tential. Females do not mature until 

I age 14, gestation is 2 years, and 
the average number of pups only 

401 

four to six. On our coast, spiny 
44' 

66\ 
44' dogfish are found from Labrador to 

o\ 
Florida, but they are most abundant 

1X ()! 72' between Nova Scotia and Cape 

D Hatteras. In the southern part of 
their range they migrate exten-

c:;) Q sively. They are very abundant in 

\ the Middle. Atlantic area in spring 

I and virtually absent there in the 

/ summer and early fall. They remain 

( in the Gulf of Maine and on 

! ( 
Georges Bank year-round, but they 

68~ 68' avoid the shallows of Georges 

# 

{ 
42' Bank when they are warm. 

1•!! 38' 74' 38' 

I .I 

I I 
( ~ 

I 

~ < 70" 76" 

I 
.,;• 

"" 
76' 

. ~fr I, 40' 

\ 
,,. 

i 
36" 

I 
\ 
I 

J 

~ I 
' ~ 

72' 

~ 
72' 

7a" ~ 78" \ 38" 38 ' 

\ 

) 34. 

Kilograms 

{ 
Kilograms f 

• ;;oQ,10-<10 • ;>0.1D-< 10 ! 

• ;.10-< 100 s • ;> 1D-< 100 

·~ • ;;. 10D-< 1,000 { • ;>10D-< 1,000 

• :;>1,000 \ • :;> 1.000 

\ 
74' 74' 

0 100~m 

I I I I I 
. -36" 1:7,500,000 

36' 78 ' 34' 

(a) (b) 



328 Biology 

! 
I .,. 

46' 

64' 

10' 

,,. 40' 

66' 

2' 
l) 

72' 

a 

~I Boston • 

\ Figure 30. 12 

I Atlantic herring (Ciupea harengus), 
I il1 the spring. Two centuries ago 

! 
herring were taken for bait on 

68' Georges Bank (Grosslein and Aza- 68' 

/ 
rovitz, 1982). This was the extent 

42' 

38' of their utilization on Georges until ,.. 38' 

I the 1960s, when the Soviet Union 
I 

I and then Poland began to fish her- I 
I ring for food. They were soon 
I joined by the East and West Ger-

,. I mans. Overall effort peaked in 
) 

~ 1972, well after the peak in 
) ) catches in 1968. By 1977 the 

I 

j 
(" Georges Bank herring stock had 
I 
~ 70' totally collapsed, and today survey- 70' 

I I trawl catches of a single herring 

I < are rare. There are infrequent re- 76' 

·~ ports from fishermen of herring io· 
i 

36' catches on Georges, but these are 
'-; 36' 

\ H 
l 

scattered, and it may be many I 
Figure 30.13 

years before the herring population ' \ 
Goosefish (Lophius americanus), in 

( there approaches previous levels. / 

~ 
the fall. These fish, sometimes 

I 
Their demise seems directly re- \ called monkfish, belong to a unique 

l J lated to fishing, although in some and interesting group, the angler-

\, ) years poor reproduction may have fishes, which have their first dorsal 

!,,, 
\ 

72' been a factor. Currently along the 72' spine modified to serve as a sort 

., ~ Maine and Nova Scotia coasts sue- ~ of baited fishing rod, to attract 

\ ~ cessful fisheries exist for young prey. Goosefish are solitary, lying 

' " sardine" herring. Although herring 78 ' in wait on the bottom for fish or ( 
) 

are widely distributed and migra-
38' 

other quarry that can be nearly as \ 

' 34' tory, they maintain discrete popula- 34' large as the goosefish itself, so 

Kilograms tions, and there has been no Kilograms enormous is its mouth. Goosefish 

• ;;.0.10- < 10 indication that Georges Bank is • ? 0.10-<10 grow to well over 1 00 em in length. 

• ;;< 10-<:100 
being restocked by these neighbor- • ;;>10-- < 100 

The trunk meat-sometimes called 

• ;;. 100-< 1,000 
ing Maine and Nova Scotia groups • • ;;< 1QO- < 1,000 

" poor man's lobster" -is very good 
Herring feed on copepods, euphau- to eat, but until recently it has sel-

• ? 1,000 siids, mollusk larvae, and fish eggs • ;;>1,000 dom been found in U.S. markets. 

74' and are themselves a principal 74' Goosefish remain on Georges Bank 
100km food of many fish as well as sea \ all year, avoiding the warmest and 

I I I I 

ss 1·7 ,&Xl,OO() 
'~; 

birds, seals, porpoises, and 
78' 1~' 

shallowest parts to some extent in 
whales. 

36' late summer and fall. 

(a) (b) 
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Figure 30. 14 
Atlantic cod (Gadus morhua): (a) 
spring; (b) fall. Cod have been a 
key species in the New England 
fishery since the beginning be-
cause of their abundance and wide 
distribution, their catchability, and 
their good keeping and eating 

46' qualities. Their abundance over the 
years has been quite consistent 
despite heavy fishing. Cod can 

64' grow to more than 90 kg, but fish 

70' 
rarely approach that size today-
most average around 7 or 8 kg. 
Cod prefer rocky and pebbly bot-
tom, foraging there for clams, 
crabs, shrimp, worms, squid, 
fishes, and almost anything else 
that they can ingest. Larger cod 
will take skates, flatfish, and even 

44' 40' spiny fishes, such as sculpin and 
66' searobins. Size, apparently, is the 

2' 
main criterion. Cod prefer cool tern-
peratures; they live on Georges 
Bank year-round, but in summer 
and early fall their abundance 
shifts to the north and east. In win-
ter and spring they are found all 
over the bank and throughout 
southern New England waters. The 
cod found on Georges Bank are 

68' considered a separate stock from 

42' 
those in the Gulf of Maine and 

38' 74' 38' southern New England, For man-
agement purposes, however, the 

.t I southern New England and 
Georges groups have been treated 
as one (Resource Assessment Divi-
sion, 1983). 

70' 70' 

76' 

40' 

"' 
36' 

H 
36' 

~ 
l I 

72' 

34' 34' 

KilOgrams 

• ;>il.10-<10 

• ;;.1(}-<100 

• ;;.100-<1,000 

~atteras 
Kilograms 

• ;.0.10-< 10 

• ;><_1(}-< 100 

• ;.100-<1.000 

• ?>1,000 • :><1.000 
74' 74' 

0 :~,········ l t_:t I :;;--.--

1;7 .aJO.ooo' :.:· . 
34' 76' 36' 78" 

(a) (b) 



330 Biology 

66' 46' 
Figure 30. 15 

"' a 
Haddock (Melanogrammus aeglefi-

;;;,""<$:. 
nus): (a) spring; (b) fall. For a cen-

flit\.~~ 

(/ 
tury or more, haddock have been (/" ~Q; (/' ~Q; ·&" ~ ·&'., the most· highly prized commercial . ' . ' \ \_..--, species on Georges Bank. They _-.-, 

-~?· -.... j I consistently bring a high price be-
42' 42' cause of their quality and ease of 4!> 46' 

/ processing; small haddock are 
often sold as " scrod." From the 

1 64' 
1930s to the 1960s haddock abun-

64' 
dance on Georges Bank remained 

()' 70' fairly constant, but thereafter it has 

~ varied widely. The fishery col-
lapsed totally in the early 1970s 
and has recovered only slightly. 
Georges haddock, considered a 
distinct stock, grow more quickly 
than haddock on the Nova Scotian 
and Newfoundland banks. They 

44' feed primarily on the bottom, upon 
crabs, worms, clams, and some-

'2' 72' times fishes. Haddock are found on 

D D Georges Bank in all seasons, but 
preferring cool water, they tend 

C) C) away from the western and south-
western parts in the summer and 
fall, and beyond the bank to the 
south they are always rare. 
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Figure 30. 16 
Ocean pout (Macrozoarces ameri
canus): (a) spring; (b) fall. These 
are soft, slimy-skinned, eel-like 
fish, one of the underutilized spe
cies in New England and in Can
ada, where they are common from 
the Gulf of St. Lawrence south to 
the Middle Atlantic region. The 
meat is palatable but not prized. 
Adults average about 75 em and 
less than 2 kg. They do not migrate 
any great distance, but there are 
local movements, apparently in re
sponse to temperature. These may 
explain reduced trawl catches of · 
pout in the fall compared with other 
t imes of the year. 
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Figure 30. 17 
Northern lobster (Homarus ameri
canus): (a) spring; (b) fall. Lobster 
support valuable coastal fisheries 
from Newfoundland and southern 
Labrador to New Jersey. Offshore 
there are fisheries on the western 
Nova Scotian banks, on Georges 
Bank, and along the shelf edge to 
Cape Hatteras. There was no di
rected fishery for offshore lobsters 
until the 1950s, when otter trawling 
lor them began; this gave way to a 
trap fishery (Burns et al., 1979). Ex
pansion of the fishery into tradi
tional trawling grounds has led to 
conflicts, particularly in southern 
New England and on the southern 
parts of Georges Bank. Lobsters 
take from 4 to 7 years to grow to 
commercial size and have a com
plex life history; some groups mi
grate in an annual cycle and others 
are more or less sedentary. On 
Georges Bank some lobsters re
main all year, but there is a pro
nounced movement out of the 
shallows in the coldest months as 
the spring distribution data show. 
In late spring, summer, and early 
fall, lobsters can be found all over 
the bank. 
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Figure 30.18 
Silver hake (Mer/uccius bilinearis): 
(a) spring; (b) fall. These fish, 
sometimes called whiting, prefer 
warmer waters than most other 
members of the cod family found 
on Georges Bank. Significant num
bers can be found south of the 
bank, and some populations spawn 
there. They are an important com
mercial resource, although U.S. and 
Canadian fishermen do not exploit 
them heavily. Soviet and East Bloc 
vessels fished them extensively in 
the 1960s and 1970s. Until re
cently, silver hake had the highest 
biomass of any predator on 
Georges Bank. (Spiny dogfish now 
are most abundant.) This abun
dance combined with their voracity 
and habit of ranging throughout the 
water column suggests that they 
may be a principal factor control
ling fish abundance; all but the ju
venile stages feed primarily on fish 
and squid. As adults, silver hake 
prefer temperatures above 9°C; in 
the spring, most move to the edge 
of Georges Bank. Catches plotted 
here for spring are mainly of juve
nile&, which seem to tolerate cooler 
water. Silver hake spawning on 
Georges Bank constitute one of 
several Northwest Atlantic stocks. 
This population has been seen at 
times to fluctuate independently of 
neighboring populations. 
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Red hake (U rophy · 
spring; (b) fall R cts chuss): (a) 
c~nfused with·w~~ hake are often 
u~s), which have a e hake (U. ten
distribution and more northerly 
o G are les n eorges. White h s abundant 
to a larger size· d ake also grow 
little over 2 k , re hake reach a 

9 and ab 
whereas wh·t out 50 em 

1 
I e hake • 

25 em and 20 k may exceed 
when fresh g. Good to eat 

, red hak d ~r freeze well and a; o not keep 
m any directed U S ~ not sought 
hake live within th . ftshery. Young 
of sea scallops e shell cavities 
keep the • a habit that m m safe fro ay 
Red hake migrat . m predators 
water-temperatu~em response ~o 
part of the spaw . changes and as 
the patterns hav;mg pro~ess, but 
explain fully R d been difficult to 
o · e hak n Georges 

8 
. e are found 

after spawnin ank ~~ the fall just 
in midsumme;'~~~~ch takes place 
bank. In winter e edge of the 
avoid the shallo':d spring they 
top of the bank cold waters on 



( 
68' 

il¥," 
;·~ 38' 

I 
New I Yom 

( 70' 

3 6' 

~ 
72' 

34' 

Kilograms 

• ;..0.1(}-<10 

• ;;.J0- < 100 

• ;:..1()()- < 1,000 

• ;>1,000 \ 
74' 

e · tfXJkm 
I I I I I I \ 1:7,500,00) 

(a) 

46' 

70' 

44' 

72' 

42' 

74' 

76. 

40' 

78 ' 

38' 

Kilograms 

• ;>oQ.10-<10 

• ;>o 10-< 100 

• ;:..100-< 1,000 

• ;>o 1,000 

36' 78' 

(b) 

/ 
I 42· 

64' 

Q 

( 
68' 

38' 

I 

I 
I r 

70' 

36' 

72' 

34' 

74' 

335 Fishes and Squids 

Figure 30.20 
White hake (Urophycis tenuis): (a} 
spring; (b) fall. White hake grow 
larger than red hake (U. chuss), 
and their distribution is farther to 
the north. In the vicinity of Georges 
Bank they prefer the deep waters 
of the Gulf of Maine to the bank it
self, where they are never abun
dant at any time. Whi1e hake are 
fairly common on the shelf edge as 
far to the southwest as Hudson 
Canyon and have been reported 
occasionally inshore in the New 
York Bight. White hake closely re
semble red hake, especially when 
young; in fishermen's records and 
some of the scientific literature 
these species may have been 
confused, since red hake occur 
throughout the range of white hake. 
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Butterfish (P . eprilus t · 
spring; (b) fall. The nacanthus): (a) 
schooling pelag· ~e are small 
Georges Bank s~ fish that visit 
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m the Middle Atl e~onomically . but 
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Figure 30.22 
Fourspot flounder (Paralichthys ob-

;)." c:;,_, 
longus): (a) spring; (b) fall. Except 
for strays onto the Nova Scotian 

&'"'~ shelf, Georges Bank is the northern 
rJ".r ·<S>' 

. ' limit for fourspot flounder. These 

' 
\ _ ..--, 

,j are small flounders, averaging 

I 42' about 30 em, but they are active 
46' -r' predators. Their diet Is like the 

summer flounder's, with a substan-

' 
tial fraction of fish and squid. 

64' 64' There is no directed recreational or 

70' 
commercial fishery for this species. 
Fourspot flounder, preferring warm 
water, move off Georges Bank in 

I 
winter and spring. In the summer 
and fall they can be found in good 
numbers on the southern half of 
the bank, avoiding the cooler north-
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ee· 46" 
Figure 30.23 
Shortfin squid (//lex illecebrosus): 

" 0 
(a) spring; (b) fall. Shortfin, or sum-

68" .,_, 

u" "'o: mer, squid are distributed in the 
"<!'" .. 

f 
Northwest Atlantic from Greenland . \ 
to Florida; the center of abundance 

I lies between New Jersey and New-
42" foundland, with the greatest num-46" _, 

( 
bers found off the Grand Banks. On I 

r' the basis of on current information, 
I 

) 
64" 

these squid are considered to be-
64" long to a single stock· throughout 

70' their range (Resource Assessment 
Division, 1983). They belong to an 
oceanic family, and because of this 
distribution their life history is not 
well known. They overwinter from 
the very edges of the continental 
shelf outward to an unknown ex-
tent. Some spawning takes place 

::5!!: 44' on the shelf including Georges 
Bank and some offshore. To date, 

: ~ 72' no //lex eggs have been positively 

D D 
identified in Northwest Atlantic 
plankton collectons. These squid 

Boston • Q are fast growing and thought to live 
little more than 2 years. The largest 
have a mantle length of about 50 
em. Short-finned squid feed primar-
ily on small crustaceans, but also 
take pelagic fishes, such as her-

68' 68' ring and mackerel; at times they 
- ~t 42' feed on ' their own young. In turn, 
;4· 38" 74" 38" they are important prey for large 

fishes and mammals. In the spring 
they are at the edge of the shelf 
and not to be found on Georges 

York 
Bank, where, in the fall, they are 
abundant everywhere. 
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Figure 30.24 
Longtin squid (Loligo pealei): (a) 
spri!Jg; (b) fall. This is a shelf spe
cies. It overwinters on the outer 
edge of the shelf, moving inshore 
in spring and summer where they 
spawn. Most caught off the U.S. 
coast are taken by Japanese or 
Spanish fishermen. The few sought 
for U.S. markets are generally 
caught inshore when spawning. 
They are an underutilized species 
in the United States, though they 
seem to be gaining acceptance. 
Loligo squid play an imp.ortant role 
in the food web of the Atlantic 
Shelf. They prey mostly on crusta
ceans and small fish, but also on 
their own young. They themselves 
are prey for many fish and marine 
mammals; for instance, they have 
been found to make up 30% of the 
bluefish diet at times. These squid 
are not common in the Gulf of 
Maine or east of Georges Bank. 
They appear on Georges in late 
spring through early fall, leaving by 
winter for warmer offshore waters. 
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Figure 30.25 
Pollock (Po/lachius virens): (a) 
spring; (b) fall. These are often 
found on rough bottom or near 
wrecks, but they leave bottom 
more readily than other members 
of the cod family on Georges Bank. 
Large, fast-swimming schools may 
be found anywhere in the water 
column, feeding on large zooplank
ton and many species of fish. Indi
viduals commonly reach 4-7 kg, 
and have exceeded 30 kg. Their 
flesh is good, but demand for them 
is less than for cod or haddock. 
Today, most of the frozen breaded 
fish fillets or sticks sold in super
markets are pollock. Pollock prefer 
cool water and are not common 
south of Georges Bank; they range 
north to Greenland. In spring they 
are found on Georges and through
out the Gulf of Maine. In summer 
and fall they retreat from Georges 
to deeper Gulf of Maine water. 
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Figure 30.26 
66" 46' 66" 46' 

American plaice (Hippog/ossoides 

" "~ '""'"~ 6~,,01 
platessoides): (a) spring; (b) fall. 

~~~ ·.s>'~ 
Though more important to Cana-

/ '" dian fishermen on the Grand Bank 

,_.....,_ \,~ and St. Pierre Bank, American pia-

\. I 
ice are caught commercially in the 

,,. 42' Gulf of Maine and Georges Bank ,,. / 46' 

_.) 
fisheries. They are not migratory; 
as a result there are local races or 
varieties distinguishable by body ,,. 64' proportions or fin-ray counts. In the 

11]" 70" 
past this caused considerable tax-
onomic confusion and a prolifera-
tion of names. Though these plaice 

I live mostly on the bottom like other 

I 
flounders, they are often caught off 
the bottom in gill nets and pelagic 
trawls, indicating some midwater 
foraging. They eat a variety of in-

44' 44' vertebrates and, only occasionally, 
fish. Small plaice are eaten by 

,. 72' many species, adults only by cod, 

a a halibut, dogfish, and other large 
predators. American plaice are a 

Q Q 
cold-water species, occurring on 
Georges Bank on the northern side 
in the winter and early spring. 
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Figure 30.27 
Summer flounder (Paralichthys 
dentatus): (a) spring; (b) fall. These 
fish, also known as fluke, are 
widely distributed over the Middle 
Atlantic shelf. Summer flounder ov
erwinter near the shelf edge in a 
relatively narrow depth zone, 
70-150 m, at which time they are 
fished by offshore draggers from 
New Jersey southward. In the 
spring they move inshore and by 
late spring and early summer are 
found in the surf zone and in bays, 
sounds, and lower estuaries, where 
recreational anglers seek them. 
They occur regularly on Georges 
Bank in the summer and early fall, 
recently in Increasing numbers. 
They quickly move to the shelf 
edge as the water cools. 
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New 
York Bluefish (Pomatomus saltatrix), in York 

the fall. These are swift, voracious 
predators, a favorite of sportsmen 
and a commercial fish from south-

70' ern New England to Florida. In re- .70" 

cent years they have ranged as far 
76' ) north as Maine, and significant 76' 

40' ~ numbers have been found on 40' 

\ 
{ 

:36" Georges Bank in late summer or 
36' 

early fall, usually associated with 

! 
butterfish and squid. Bluefish are 

~ 
the mainstay of the Middle Atlantic Figure 30.29 
recreational fishery, particularly Scup (Stenotomus chrysops), In the 
now, with striped bass stocks at ( fall. These fish, also known as 
record lows. The recreational catch porgy, are a Middle Atlantic spe-

72' far exceeds the commercial catch. 72" cies that visits Georges Bank infre-
§ Bluefish are voracious predators, ~ quently and only during the 

feeding throughout the water col- I warmest months. There are impor-' 76' umn on fishes only slightly smaller 78 ' tan! commercial and recreational 
36' 36' 

than themselves. In ecologic terms fisheries for scup south of Georges 
34' they must be Important wherever 34' to Cape Hatteras. They migrate 

Kilograms 
they are at all plentiful. This is a seasonally, Inshore in the late 
warm-temperate species, occurring Kilograms spring and summer, offshore in the • ;;.0.10- < 10 • in many places worldwide. Histori- ;;.0.10- <10 fall and winter, and spawn when • ;;. 10-<100 • cally, their abundance in New ;;. 1Q- < 100 they move inshore. Scup are pri-• ;;. 100-<1,000 England waters has varied consid- • ., 100- < 1,000 marily bottom feeders upon small • ;;.1,000 erably; currently it is high. In cold • invertebrates. Tagging studies sug-

74' weather bluefish move south. Some ;;. 1,000 
74' gest that there may be two stocks 

100km are thought to winter in the upper of scup in the Middle Atlantic re-
I I I I water column well off the shelf, gion, one in southern New England 

36' U,500.000 76' 34' 36' 
east and south of Cape Hatteras. and the other further south. 
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Figure 30.30 . 1~' 
.38' 

Smooth skate (Raja senta), in the 
spring. This is a relatively rare spe-
cies that prefers cool water deeper Kilograms 

than 70 m, especially toward the • ;;;.0.10-< 10 

southern part of its range in the vi- . • ;;> 1&-< 100 
cinity of Cape Hatteras. Smooth • ;;.100- < 1,000 
skates are found at such depths 
throughout the Gulf of Maine and • ;;> i,(JOO 

occasionally along the edges of 
Georges Bank, especially on the 
northern side. They are very rare 

36" 
on Georges Bank itself. 
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Figure 30.31 
Thorny skate (Raja radiata), in the 
spring. This cold-water species is 
frequently caught on the northern 
and eastern edges of Georges 
Bank; it is rare elsewhere on 
Georges and to the southward. 
Thorny skates prefer water deeper 
than about 20 m. They are thought 
to be resident during all seasons 
wherever they occur. This skate 
feeds mostly on crustaceans and 
as an adult has few enemies. 
Though they are not part of any 
directed fishery, they have been 
used industrially for meal 
production. 
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Figure 30.32 

68' Redfish (Sebastes fasciatus), in the 68' 

,,. spring. Also known as ocean ,,. 
/ 

74' 
, . perch, these fish are of consider- 74' 38' 

I able biologic and economic impor- I 
I I 

I tance in the Gulf of Maine region. I 

/ They are infrequently found on the I shallow parts of Georges Bank, but 

I occur in good numbers along the 

~ deep edges. Though long known to ,J 

be abundant in the Gulf of Maine, ""' 
j < 

they were not fished extensively 1 

' 
70' until the mld·1930s, when new < 70C 

\ 
freezing and filleting methods were 

76' developed. Redfish are occasion- 76' 

.o· ally found near the surface, usually <rl' 

2 "" 
, •. 30' at night, foraging for food. They re- H main on the bottom during the day, 

I 
and they are vulnerable then to \ .... 

( 
trawlers. Growth is extremely slow; / ~ it may take 1 0 years for a fish to \ 

reach 20 em.· For this reason, red-
fish populations do not recover 

~ 
11' quickly from overfishing. Redfish 

~ 
72' 

taxonomy has been confused for 
many years. It is now considered Figure 30.33 

78' that there are three species: Se-
78' 

\ Cusk (Brosme brosme), in the 
38." 38' 

bastes fasciatus; S. mentel/a, a spring. This Is a solitary-living spe-

) 
34' less common form preferring 34' cies In the cod family that prefers 

Killlgrams waters deeper than 200 fathoms Ki!Qgrams. hard, rocky bottom in cold, deep 

• ~.f(}-<'ll\! < but possibly mixing in Gulf of • ;;.{1,1a-<16 water. in the vicinity of Georges 

• ;;.1()-.<lOO 

? 
Maine catches; and S. marinus, a • );<1(}-< '100 Bank, they are found along the 

• ;;.1()()-< 1,000 species that occurs mostly east • ;;>1()()-<1,000 edges, but not on the bank itself. 
and north of Newfoundland (Ni, ~ Cusk are harvested commercially • ;;.1,000 1982). Sebastes marinus is easily • :;;>1.000 from the Gulf of Maine north 

"' distinguishable in the field, but the ,.. through the Canadian maritimes, 
100km 

other two species are not and will but they are not very abundant and I I I I 
38' 

I 7,500.000 , .. probably always be managed 
together. 

30' 7S' 
hence rarely sought in a directed 
fishery. 
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Figure 30.34 
Witch flounder (Giyptocephatus cy
nogtossus), in the spring. These 
fish, also known as grey sole, are 
important in the New England fish
ery, much in demand and fetching 
a high price. They are found gener
ally below 55 m, on fine, soft bot
tom throughout the Gulf of Maine 
and along the edges of Georges 
Bank, south to Cape Hatteras. 
Witch flounder feed primarily on 
small invertebrates, rarely on fish . 
Those in the Gulf of Maine are 
thought to be a separate stock 
from those found from Georges to 
the southward. 

Note 

1. The discussion concentrates, there
fore, on fishes usually found on or 
near the bottom. Pelagic species in
cluded are less vulnerable to capture in 
the survey bott~m trawls, and several 
that occur over Georges Bank- partic
ularly the large pelagics-are almost 
never taken in such gear. 
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Fish and Squid Production 
Michael P. Sissenwine 

Georges Bank's exceptional capacity to produce fish and 
invertebrates is well known. In this chapter, production 
of fish and squid-the sum of their somatic and gonadal 
growth-will be estimated quantitatively. The amount of 
food that these animals consume will also be estimated. 
Part of that food is used for maintenance, reproduction, 
and growth; part is unassimilated. For purposes of this 
analysis, consumption, production, and biomass have 
been expressed in terms of their energy equivalents. 

The life history of a fish may be divided into egg, lar
val, juvenile, and adult stages. Fish eggs and larvae may 
be collected by plankton nets and hence are quite readily 
studied. Adults and older, larger juveniles-fish that may 
be considered of "exploitable" size-are vulnerable to 
traditional gear, such as trawls, gillnets, and seines. The 
minimum ages and sizes of such fish vary among species, 
but 1 year old and 100 gin weight are typical figures. 
Small juveniles are comparatively far more difficult to 
sample with any standard gear than fish in both the ear
lier and later life stages. For this reason, their biology is 
less well known and sometimes must be inferred by 
rather indirect means. Nevertheless, it will become appar
ent that juveniles are an important factor in overall pro
duction and consumption. 

A quantitative analysis has been made for two periods. 
The earlier of these, 1964-1966, marked the beginning 
of a great expansion of fisheries on Georges Bank, the 
era of multinational fisheries. In the second period, 
1973-1975, fisheries resources fell to unprecedentedly 
low levels (Clark and Brown, 1979). 

Data Base and Method 

Exploitable Fish and Squid 
For Georges Bank specifically, Grosslein, Langton, and 
Sissenwine (1980) estimated the exploitable biomass of 
11 fish species or species groups and 2 squid species. In
dividual fish species were yellowtail flounder (Limanda 
ferruginea), cod (Gadus morhua), haddock (Melanogram
mus aeglefinus), silver hake (Merluccius bilinearis), mack
erel (Scomber scombrus), herring (Clupea harengus), 
redfish (Sebastes marinus), red hake, (Urophycis chuss), 
and pollock (Pollachius virens); additional categories were 
"flounder other than yellowtail" and "other finfish." 
Two squids were considered as well: the shortfin squid 
(Illex illecebrosus) and and the longfin squid (Loligo peali). 
To make their biomass estimates, Grosslein, Langton, and 
Sissenwine (1980) relied on two principal sources of data: 
commercial-fishery statistics and scientific-survey results. 

The NEFC routinely collects catch statistics that for 
several species include age composition of the fish 
caught. When these ages have been sampled for a long 
enough time (usually a decade or more), the technique of 
virtual-population analysis (VPA) may be used to deter
mine population sizes. (VP A, a form of cohort analysis, is 
described in chapter 48.) From age distribution within a 
population, and average weight for each age of fish, bio
mass of a population can be determined. 

Routine, standardized bottom-trawl surveys off the 
northeast coast of the United States have been carried out 
by the Northeast Fisheries Center (NEFC) since 1963; 
Georges Bank has been regularly sampled as part of this 
program. The survey extends from the Gulf of Maine to 
Cape Hatteras. For the whole of the area covered, Clark 
and Brown (1979) calculated biomass of various cate
gories of fish and squid, applying "catchability" coeffi
cients, which adjust for the varying effectiveness of the 
survey gear in capturing different species.·· 

Unpublished VP As prepared at NEFC were used to es
timate biomass for the first six of the species previously 
listed. For the remaining species and species groups, such 
estimates were based on NEFC trawl survey data and the 
catchability coefficients of Clark and Brown (1979). Bio
mass is expressed here in kilocalories per square meter 
(kcallm2

), on the assumption of 1 kcallg wet weight. For 
each of the twoperiods studied, 1964-1966 and 
1973-1975, average values have been determined. 

The production and consumption rate of an individual 
fish are dependent on its size (Banse and Mosher, 1980). 
Fishing and fluctuations in recruitment cause the distribu
tion of sizes within a population to vary, and as a result, 
ratios of production to biomass (P!B) and consumption 
to biomass (CIB) also vary. 

Grosslein, Langton, and Sissenwine (1980) examined 
the variability that occurs in PIB and CIB ratios among 
species and over time. They chose six species, those pre
viously listed that were subjected to VPA. These six (one 
flounder, two demersal roundfish, one semipelagic, and 
two pelagic species) are quite representative of the ex
ploitable fish on Georges Bank and during the period 
studied constituted most of the biomass there (7 6-91 %). 
For each species estimates of PIB and CIB ratios were 
derived for each of 10 years, 1963-1972. 

Annual production by each species, expressed in terms 
of energy, was calculated as the sum of somatic and gon
adal growth of its members; growth values were based on 
the literature. Annual assimilated consumption was calcu
lated by adding to this production figure the energy ex
pended in metabolism. Total metabolism was taken to be 
twice the "routine" metabolism estimated by an expo
nential function of body weight (Paloheimo and Dickie, 
1965). This power function was determined from data, 
summarized in the literature, that described the metabolic 
rates of fish of various sizes studied in the laboratory 
(Laurence, unpublished; see Grosslein, Langton, and Sis
senwine, 1980). Assimilated consumption was assumed to 
be 80% of total consumption. A number of PIB and C/ 
B ratios were calculated by dividing the production and 
consumption values derived in this way by biomass esti
mates. For instance, biomass was calculated, within a spe
cies, for each age group for each of the years studied, for 
all such age groups for each year, and for the species as a 
whole-all age groups-over the entire 1 0-year period of 
the study. Estimates were made as well for all six species 
taken together. 

For most of the species and species groups not in
cluded in these estimates, those for which VP As could 
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not be carried out, it seemed reasonable to use for the PI 
B and CIB ratios averages of the overall values derived 
for the six "VPA species." Overall PIB and CIB ratios 
for the latter were averaged and applied to the other spe
cies or groups, except in the case of redfish and squid. 
For redfish, a slow-growing species, a low PIB ratio of 
0.25 was assumed, and for squid, which grow quickly, a 
high ratio of 1.5. For these two exceptional cases, special 
CIB ratios were postulated as well: 3.0 for redfish and 
7.0 for squid. Overall, the accuracy of these ratios is not 
particularly important for the period investigated. Neither 
redfish nor squid was abundant then, and consequently 
their effect on total production and consumption esti
mates is comparatively small. 

Preexploitable Fish 
Relatively little is known about the population dynamics 
of young, preexploitable fish, particularly between the 
late larval stage .and the time when they have grown large 
enough to be caught in trawls. Something is known, how
ever, about the beginning and end points of the preex
ploitable period. The initial biomass of a year class of 
young fish can be estimated from three factors: the abun
dance of adults, the proportion of the total adult produc
tion used for reproduction, and the average weight of an 
egg. For young reaching exploitable size (recruitment), 
numbers and biomass can be estimated from VPAs and 
trawl-survey data. Applying these values in a simple 
model, production and consumption rates can be derived 
for the intervening period. The approach is similar to that 
of Jones (1978). 

The model used here assumes that the growth rate of 
an individual fish and of an entire group of preexploita
ble fish is exponential, with constant rates G and G - Z, 
respectively, where G is the instantaneous growth rate 
and Z the instantaneous mortality rate. Calculations for 
metabolic rate, production, and consumption are similar 
to those used for exploitable fish. (Reproductive energy, 
of course, need not be considered, since the fish in ques
tion are immature.) 

Here G has been estimated from the increase in aver
age energy content between the egg stage and the recruit
ment stage, over the time interval between these stages. 
G - Z was estimated from the annual average gonadal 
production B0 of the six VPA species, determined sepa
rately for each age class and year of the study, and the 
average annual energy content of recruits B,, determined 
by VPA. Biomass of the preexploitable fish was then esti
mated by exponential interpolation between B0 and B,. 
The model (Sissenwine, Cohen, and Grosslein, 1984) 
compares production and consumption during the preex
ploitable stage with initial biomass: PIB0 and C/B0 • 

Actual processes in nature, of course, are oversimpli
fied in the model, which assumes constant growth rates 
and ignores differences between species. Because of this, I 
have examined the sensitivity of the model to estimates 
of G and G - Z to see what consequences follow from 
the assumption that they are invariant. 
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Results 

Age-specific PIB and CIB ratios calculated for herring, 
cod, mackerel, silver hake, yellowtail flounder, and had
dock are given in tables 31.1 and 31.2. The ratios de
cline sharply during the first few years of the exploitable 
stage. Annual PIB and CIB ratios vary without a trend 
during the 10 years that were examined (tables 31.3 and 
31.4). Annual means were usually within 20% of the t O
year mean. Overall PIB and CIB ratios were 0.46 and 
4.1, respectively. 

In table 31.5 average values for biomass, production, 
and consumption per unit of area on Georges Bank are 
given for 1964-1966 and 1973-1975. They are listed 
separately for various species of exploitable fish and 
squid and for certain species groups. Biomass was calcu
lated either from VPA or from trawl-survey data. Produc
tion and consumption were derived from average PIB 
and CIB ratios applied to the biomass of each species or 
group. 
. Using Georges Bank VPA results for 1963-1972 for 

each of six fish populations, Grosslein, Langton, and Sis
senwine (1980) calculated the energy content of recruits 
as a fraction of total exploitable biomass. Recruitment 
energies Br for silver hake, haddock, cod, mackerel, her
ring, and yellowtail flounder were found to be, respec
tively, 10, 3, 4, 14, 16, and 6% of total exploitable 
biomass. 

Reproductive energy, the energy contained in the 
spawning products, was not calculated by Grosslein, 
Langton, and Sissenwine (1980), but it has been here, us
ing their unpublished data. The percentages for the same 
six populations are, respectively, 7, 10, 8, 7, 8, and 4% 
of total exploitable biomass. 

The unweighted average value of B0/B for the six spe
cies taken together was 7.7%, and the value for B/B was 
7.1 %. By weighting these averages to account for differ
ences in exploitable biomass among species, reproductive 
energy was found to be about 8% of the total, and re
cruitment biomass about 12%. Using these adjusted val
ues and a time period of 1 year, I estimate the 
instantaneous, collective growth rate of preexploitable 
fish, G - Z, to be 0.42. Their average biomass was esti
mated by exponential interpolation to be 10% of the ex
ploitable biomass. 

To derive the instantaneous growth rate of an individ
ual fish, I assume an energy content for single fish egg of 
4.3 X 10-4 kcal; this is based on an experimentally de
termined 0.076-mg average dry weight for haddock eggs 
(Hislop, 1975) and a biomass-to-energy conversion rate 
of 5.7 kcallg dry weight for cod eggs (Daan, 1975). Typ
ical fish size at recruitment to the exploitable population 
is about 100 kcal, in energy terms. Therefore, with these 
end points assumed, individual instantaneous growth rate 
averages 12.36 for the preexploitable period. 

The exponential model for preexploitable fish de
scribed was run with several combinations of G and 
G - Z (figure 31.1). For the average values just derived 
for these terms (12.36 and 0.42), the corresponding ratios 

Table 31.1 
Calculated PIB ratios by age' 

Silver Yellow-
Age Herring Cod Mackerel hake tail Haddock< 

1 Ne 1.14 0.59 1.01 1.33 1.06 
2 0.47 0,80 0.46 0.64 0.72 0.61 
3 0.27 0.64 0.37 0.54 0.47 0.50 
4 0.29 0.53 0.31 0.40 0.36 0.49 
5 0.19 0.44 0.26 0.33 0.28 0.34 
6 0.24 0.37 0.21 0.33 0.23 0.38 
7 0.19 0.32 0.19 0.32 0.20 0.25 
8 0.17 0.29 0.17 0.29 0.18 0.30 
9 0.16 0.26 0.15 0.27 0.17 0.19 
10 0.16 0.23 0.25 0.16 0.17 
11 0.21 0.24 0.15 

a. Grosslein, Langton, and Sissenwine (1980). 
b. NC = not considered. 
c. Average value for 1963-1972. 

Table 31.2 
Calculated CIB ratios by age 

Silver Yellow-
Age Herring Cod Mackerel hake tail Haddock< 

1 NCb 5.0 5.2 6.5 6.5 5.4 
2 5.2 3.9 4.6 5.2 4.8 4.2 
3 4.7 3.3 4.2 4.7 4.1 3.8 
4 4.5 3.0 4.0 4.2 3.7 3.4 
5 4.2 2.7 3.8 3.9 3.5 3.0 
6 4.2 2.5 3.6 3.8 3.3 2.9 
7 4.1 2.3 3.5 3.7 3.2 2.7 
8 4.0 2.2 3.4 3.6 3.1 2.7 
9 3.9 2.1 3.4 3.5 3.1 2.5 
10 2.0 3.4 3.0 2.4 
11 1.9 3.4 2.4 

a. Grosslein, Langton, and Sissenwine (1980). 
b. NC = not considered. 
c. Average value for 1963-1972. 

Table 31.3 
Calculated PIB ratios (summed over all ages), 1963-1972' 

Silver Yellow-
Year Herring Cod Mackerel hake tail Haddock 

1963 0.33 0.57 0.37 0.54 0.62 0.53 
1964 0.30 0.56 0.34 0.61 0.59 0.39 
1965 0.28 0.55 0.33 0.58 0.61 0.61 
1966 0.26 0.59 0.35 0.56 0.71 0.44 
1967 0.25 0.64 0.42 0.55 0.71 0.61 
1968 0.27 0.64 0.48 0.56 0.66 0.39 
1969 0.27 0.61 0.43 0.56 0.64 0.29 
1970 0.27 0.59 0.40 0.53 0.52 0.29 
1971 0.27 0.61 0.37 0.62 0.51 0.35 
1972 ° 0.39 · 0.68 0.35 0.74 0.58 0.33 
Geometric 
average 0.29 0.60 0.34 0.59 0.63 0.41 

a. Grosslein, Langton, and Sissenwine (1980). 

Table 31.4 
Calculated CIB ratios (summed over all ages), 1963-1972' 

Silver Yellow-
Year Herring Cod Mackerel hake tail Haddock 

1963 4.8 3.1 4.2 5.1 4.5 3.5 
1964 4.6 3.1 4.1 5.0 4.4 3.5 
1965 4.5 3.1 4.1 4.9 4.5 3.8 
1966 4.4 3.2 4.2 4.8 4.8 3.5 
1967 4.4 3.4 4.5 4.8 4.8 3.5 
1968 4.5 3.4 4.7 4.8 4.6 3.0 
1969 4.5 3.3 4.5 4.8 4.6 2.8 
1970 4.5 3.2 4.4 4.7 4.5 2.8 
1971 4.5 3.2 4.2 5.0 4.5 2.8 
1972 4~9 3.5 4.2 5.5 4.4 2.9 
Geometric . 
average 4.6 3.3 4.3 4.9 4.6 3.2 

a. Grosslein, Langton, and Sissenwine (1980). 

Table 31.5 
Georges Bank consumption and production (kcallm2

), 1964-1966 and 1973-1975, for exploitable 
fish by species or species group and for preexploitable fish 

1964-1966 1973-1975 

Biomass Consumption Production Biomass Consumption Production 

Cod 1.89 5.56 1.07 0.92 3.04 0.55 
Haddock 4.47 16.12 2.15 0.44 1.42 0.18 
Redfish 0.02 0.07 0.01 0.05 0.16 0.13 
Silver hake 10.05 48.58 5.83 7.41 36.32 4.37 
Red hake 1.08 4.44 0.50 0.80 3.38 0.37 
Pollock 0.28 1.14 0.13 0.12 0.48 0.05 
Yellowtail flounder 0.62 2.87 0.40 0.48 2.21 0.30 
Other flounder 0.31 1.28 0.14 0.24 0.98 0.11 
Herring 19.26 87.52 5.39 6.20 28.52 1.80 
Mackerel 1.31 5.41 0.45 2.73 . 11.74 0.93 
Other finfish 1.68 6.90 0.78 2.36 9.27 1.04 
I !lex 0.23 1.62 0.35 1.72 12.03 2.58 
Loligo 0.06 0.44 0.10 0.27 1.91 0.41 

Pelagics' 20.86 94.99 6.29 10.92 54.20 5.72 

Demersals 20.43 97.07 10.89 12.73 57.17 6.99 

Total exploitable fish 41.29 192.06 17.18 23.65 111.37 12.71 

Preexploitable fish 4.1 152.2 51.7 2.3 85.4 29.0 

a. Herring, mackerel, and squid are considered pelagic. 



of PIB0 and CIB0 during the preexploitable phase are 
15.4 and 45.2, respectively. These ratios were used to es
timate production and consumption in table 31.5. 

The sensitivity of the model is explored in figure 31.1. 
For G - Z, extreme values of 0.0 and 1.0 were used, 
values that indicate, respectively, no growth whatever and 
almost a tripling of biomass within the preexploitable 
phase. With respect to G, a value of 11.7 results in half 
the average size actually observed at recruitment; a value 
of 13.0 results in twice the observed size. The model, 
when tested with the range of values given above, proved 
to be more sensitive to changes in G - Z than in G, 
varying by as much as 30%. 

So far, it has been assumed that the biomass of preex
ploitable fish grows exponentially from B0 to B, with a 
constant instantaneous rate, G - Z. Three alternative 
courses are illustrated in figure 31.2. If the biomass were 
to decline immediately by half (as it might from egg mor
tality, for instance) and thereafter grew exponentially to 
B, (case B), production and consumption would be about 

. 70% of the levels in the first case (heav}r line). If the ini
tial decline were still greater, to 0.1 B0 (case C), then pro
duction and consumption would fall to about 40% of the 
levels in the first case. Alternatively, if mortality Z were 
zero and biomass grew rapidly to B, (case A), remaining 
constant thereafter, production and consumption would 
increase by about 25%. If cohort growth is monotonic 
except for initial egg mortality, such a condition will pro
duce maximum production and consumption. 

Of course, egg mortality must cause some initial de
cline in biomass of a cohort during its preexploitable 
phase. From the alternatives just given, it therefore may 
be supposed that the model, when it assumes a constant 
rate of G - Z, will more likely overestimate than under
estimate production and consumption. 

Discussion 

During the 1964-196 6 period, biomass of exploitable 
fish was divided between pelagic and demersal species 
nearly equally. However, demersal production was nearly 
twice pelagic production due mainly to the dominance of 
herring among the pelagics; herring have a relatively low 
production-to-biomass ratio. 

In the 197 3-197 5 period, after a decade of heavy fish~ 
ing, exploitable biomass had fallen by 43% from the 
1964-1966 level, and consumption fell in proportion. 
Production, however, did not; it declined by only about. 
26%. Though biomass in 1973-1975 remained about 
equally divided between pelagics and demersals, the con
tribution of pelagics to total production increased com
pared with the earlier period, becoming roughly equal to 
demersal production. The reason was that herring had 
been partially replaced by mackerel and squid, species 
with significantly higher production-to-biomass ratios. 

My model does not consider species composition· of 
preexploitable fish; thus I have no way of comparing 
changes within this group between time periods. How
ever, though the biomass of preexploitable fish on 

Georges Bank (kcallm2
) was only 10% of the exploitable 

biomass, these young fish consumed nearly as much as 
the exploitable component and produced almost three 
times as much. 

Stomach contents of several important Georges Bank 
fish species have been analyzed by NEFC (see figure 
48.8); the results have been summarized by Grosslein, 
Langton, and Sissenwine (1980). Herring, mackerel, and 
redfish prefer planktonic crustacea. Haddock, yellowtail 
flounder, and other flounder feed mainly on polychaete 
worms, echinoderms, and benthic crustaceans. Cod and 
silver hake, however, feed primarily on fish, and !t is this 
fact that is of special interest here. 

Cohen and Grosslein (1981) estimated that 74% of the 
silver hake's diet and 38% of the cod's diet is fish. (Silver 
hake, in particular, prey on preexploitable sizes.) Applying 
these percentages to total consumption by these species 
(table 31.5), it appears that cod and silver hake together, 
in the 1964-1966 period, consumed 38.1 kcallm2 of 
fish, and in the 1973-1975 period 28.0 kcallm2

• Aggre
gate yearly production of fish-primarily preexploitable 
fish-was 68.9 kcallm2 for 1964-1966, and 41.7 kcall 
m2 for 1973-1975. These figures indicate that cod and 
silver hake alone account for massive losses among preex
ploitable fish populations. 

In fact, consumption by these species, as calculated 
here, seems an improbably large fraction of production. 
Sissenwine, Cohen, and Grosslein (1984) conclude that 
the estimate of preexploitable production is the most 
likely source of error. If both G and G- Z have been 
underestimated, as discussed previously with reference to 

· figure 31.1, then actual production of preexploitable fish 
might be about 40% higher than the model indicates. Al
ternatively, if actual, initial growth of biomass is faster 
than assumed, the model again will have underestimated 
production, perhaps by 20%. 

Of course, if production of preexploitable fish has 
been underestimated, this implies that their consumption 
has also been underestimated, and this conclusion is diffi
cult to justify. Sissenwine, Cohen, and Grosslein (1984) 
conclude that benthic and macrozooplankton production 
on Georges Bank probably could not support substan
tially more preexploitable fish production than it does. 

· Estimates of production from these sources reported by 
Cohen and Grosslein (chapter 37) bear out this inference. 

There is empirical evidence from ichthyoplankton sur
veys that mortality among postlarval, preexploitable fish 
remains at the high rates characteristic of eggs and larvae. 
The arguments just given point to substantial losses of 
preexploitable fish to fish predators. Such losses are high
est among juveniles, which must have a substantial effect 
on recruitment and year-class strength. Poor correlation 
between larval abundance and recruitment is commonly 
found, supporting a conclusion that year-class strength is 
established during either the late larval or the juvenile 
stage (Sissenwine, Cohen, and Grosslein, 1984). 

Since 1975 there have been some striking changes in 
species abundance among Georges Bank fish and squid. 
Herring, which once constituted nearly half of the fish 
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Figure 31.1 
Sensitivity analysis for a model of 
production and consumption for a 
group of fish of same !lge. 

Figure 31.2 
Production and consumption for 
three alternative patterns of cohort 
growth, relative to values indicated 
by the heavy line: A, production is 
1.20 and consumption is 1.33; B, 
production is 0.74 and consumption 
is 0.69; C, production is 0.42 and 
consumption is 0.33. (This corre; 
sponds to the case in figure 31. 1 
where G = 12.36 and 
G- Z= 0.42.) 
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Figure 31.3 
Juvenile haddock. 

biomass on Georges, have essentially disappeared. The 
haddock population, the first to collapse under excessive 
fishing, recovered briefly during the late 1970s, but has 
now collapsed again. These losses have been offset, at 
least partially, by recovery of cod, more abundant Illex 
squid, and pronounced increases in bluefish and sand 
lance populations (Sherman et al., 1981). During the two 
periods considered quantitatively here, 1964-1966 and 
197 3-197 5, silver hake were the principal predator of 
preexploitable fish. More recently these hake have be
come less abundant, and spiny dogfish appear to have 
taken over on Georges Bank as the most important fish 
predator. On the average, dogfish consume larger prey 
than silver hake. We can be sure that this shift in mean 
prey size will have some rather broad biologic implica
tions, but these remain to be investigated. 

Reviewed by Lloyd M. Dickie, Edward D. H oude, 
Gordon A. Riley, and] ohn H. Steele 
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Large Pelagic Predators 
John G. Casey, John J. Hoey, and 
Marvin D. Grosslein 

Large pelagic predatory fishes include the billfishes 
(among which is the swordfish), tunas, and various 
sharks. As we define the category here, such fishes gener
ally exceed 45 kg in weight as adults. Interest in tunas 
and swordfish prompted exploratory longline fishing 
(chapter 42) by the Bureau of Commercial Fisheries and 
the Woods Hole Oceanographic Institution as early as 
1957 (Wilson and Bartlett, 1967). Similar investigations 
by the National Marine Fisheries Service (NMFS) con
tinue today (Hoey and Casey, 1981), focusing on the 
abundance, distribution, and other aspects of the life his
tory of large sharks in the western North Atlantic (Casey, 
1982). Studies of age, growth, reproduction, and feeding 
habits are emphasized (Pratt, 1979; Stillwell and Kohler, 
1982; Pratt and Casey, 1983). 

In this chapter, we shall briefly describe the abundance 
and distribution of the large predators in the Georges 
Bank region, as these characteristics are inferred from 
longline fisheries data. Our principal aim is to provide 
first approximations of minimum biomass and consump
tion rates. This chapter supplements information on the 
Georges Bank fish fauna in chapter 30, and provides a 
basis for a minimum production estimate for this compo
nent of the ecosystem for chapter 37. 

Species Occurrence and Distribution . 

The large pelagic predators of the Georges Bank region 
are almost exclusively warm-temperate and tropical forms 
that migrate to the area seasonally, mainly from June 
through October, when surface water temperatures on 
the shelf are near maximum. The principal members of 
the group are bluefin (Thunnus thynnus), bigeye (T. abe
sus), and yellowfin tuna (T. albacares), swordfish (Xiphias 
gladius), and several species of large sharks, among which 
the blue shark (Prionace glauca) is most abundant (Casey, 
1982). Many of these species range over vast areas of the 
North Atlantic, some migrating thousands of miles to the 
European, African, and South American coasts. In the vi
cinity of Georges Bank, they are unevenly distributed; 
several species tend to concentrate along warm-tempera
ture fronts, particularly near submarine canyons in the 
slope waters off the southern and eastern edges of the 
bank (Squire, 1962; Ruhle, 1969). 

The complex hydrographic and bathymetric character
istics of the Georges Bank region must be considered in 
any evaluation of the potential ecologic importance of 
large pelagic predators there. Georges Bank represents a 
mating ground for blue sharks (Pratt, 1979) and perhaps 
other species. It is also a feeding ground, particularly 
where prey concentrate along thermal fronts (Blackburn, 
1969; Cohen et al., 1982). Seasonal migrations over the 
bank (bluefin tuna) and summer residence on the bank 
(swordfish, yellowfin, and bigeye tuna) are influenced by 
strong frontal zones; the positions of these fronts vary 
considerably from year to year, altering the arrival and 
departure times of the migratory species and the lengths 
of their stays in the region. Several of the large predators 
(tuna-Squire, 1962; swordfish-Hoey, 1983) are known 

to concentrate on the warm side of the shelf/slope front, 
in Gulf Stream rings, and along Gulf Stream meanders; 
these occur more frequently off the southern and eastern 
edges of the bank than on the bank itself (see chapter 
10). Fish concentrations are shown in figure 32.1. Distri
bution of fishing effort (numbers of hooks) is mapped for 
1 ° squares, along with numbers of large pelagics caught. 
The mean position of the shelf/slope front, the major 
frontal zone in the area, is also indicated (Gunn, 1979). 

Fisheries and Data Sources 

The concentrations of swordfish and tuna along fronts 
provide a basis for their commercial exploitation. Pelagic 
longlines are set along a strong surface-temperature gra
dient, preferably near the edge of the continental shelf 
(200-1 ,000 m) or over a submarine canyon. However, in 
many places along southern Georges Bank, longlines can
not be fished because of conflicts with fixed gear, pri
marily buoys marking strings of lobster pots. 

Longline gear is set differently for different target spe
cies. Swordfish are fished at night, for example, and tuna 
during the day. The depth of the hooks is regulated and 
fishing locations are selected on the basis of oceano
graphic features and bottom topography. Temperature 
preferences, depth preferences (which may vary from day 
to night), and feeding behavior are all considered in max
imizing the vulnerability of particular species to the gear. 

For swordfish, pelagic longlining, introduced in the 
early 1960s (chapter 42), rapidly replaced harpooning as 
the dominant fishing method. From 1960 to 1970, the 
summer harpoon fishery off southern New England and 
Nova Scotia evolved into a year-round longline fishery, 
which shifted season by season along the entire North 
American coast, from the Grand Banks to the Gulf of 
Mexico. In 1970 the United States Food and Drug 
Administration (FDA) instituted regulations against the in
terstate transport of swordfish that contained more than 
0.5 ppm (parts per million) of mercury. This greatly re
duced U.S. and Canadian effort, causing the swordfishery 
essentially to collapse. From 1971 to 1978 an "under
ground" industry developed, illegally landing and selling 
swordfish (Hoey and Casey, in preparation); it is esti
mated that only about half the actual catch was reported 
during this period (B. Austin, personal communication). 
In 1978 the FDA raised the acceptable level of mercury 
in swordfish to 1.0 ppm, and longline effort increased 
dramatically along the entire east coast. Currently, there 
is some concern that swordfish are susceptible to over
fishing, and a fishery-management plan is being consid
ered. Nevertheless, because of the clandestine nature of 
the U.S. swordfishery in the 1970s, there are almost no 
reliable catch and effort data for what was-and still 
is-one of the largest pelagic longline fisheries operating 
in the Georges Bank region. (Recent developments in this 
fishery are reviewed by Caddy, 1976; Berkeley and 
Houde, 1980, 1981; Berkeley and Irby, 1982; and Hoey 
and Casey, in preparation.) 

The Japanese have conducted the most intensive long
line fisheries for tuna in the western North Atlantic since 
1957 (Wise and Fox, 1969; Wise and Davis, 1973). 
Monthly catch and effort data for six species of tunas 
and six billfish groups are reported by 5° squares; the by
catch of sharks is unrecorded. Thompson (1982) com
pared Japanese catch data obtained by U.S. foreign fisher
ies observers with catch data supplied by the Japanese 
and concluded that the Japanese underreported catches 
made in the U.S. fishery conservation zone. Nevertheless, 
the extensive Japanese data are useful for comparing den
sity estimates for tunas in the Georges Bank region. 

Estimates of Abundance 

Exploratory research cruises focused on tunas by the Bu
reau of Commercial Fisheries from 1957 through 1965 
yielded detailed longline records (Wilson and Bartlett, 
1967). Recent NMFS longline effort has been focused on 
sharks. By combining research data on tunas and sharks 
with data from commercial swordfish vessels (Casey and 
Hoenig, 1977; Hoey and Casey, 1981), catch records 
from 547 sets of longline gear on Georges Bank and con
tiguous slope waters have been collected. Table 32.1 
gives a summary by 1 ° squares. Catch per unit effort 
(CPUE), usually expressed as the number of fish caught 
per 100 hooks, is the index commonly used for estimat
ing relative abundance in longline fisheries (Marr, 1951; 
Fox, 1971; FAO, 1976; Skud, 1978). Figure 32.1 shows 
the mean catch per 100 hooks for the principal species 
caught on Georges Bank for 10 1° squares with 10,000 
or more hooks. Catch data for other 1 ° squares are given 
in table 32.1, but are not shown in figure 32.1 because 
too few sets were made for reliable abundance estimates. 
Mean CPUE was calculated by averaging individual sets 
(comparable to the average of ratios defined by Roths
child and Yong, 1970). Blue sharks, swordfish, and tunas 
predominated; by number these accounted for 90.3% of 
the total catch of large pelagics. 

Biomass Estimates 

Biomass of apex predators1 can only be roughly approxi
mated for Georges Bank because of data limitations. 
Catch and effort statistics reflect directed effort in areas 
of high abundance; the large predators, as we have said, 
are unevenly distributed in response to hydrographic con
ditions. We have used only those 1° squares with 15 or 
more longline sets to estimate biomass (1 0 squares shown 
in figure 32.1 out of the 22 summarized in table 32.1). 
Effort in these squares shows that along the edge of the 
continental shelf success rates are high. Based on catch 
data and reports of fishermen, a high percentage of the 
large pelagic fish population comes within this zone at 
one time or another. Although swordfish and blue sharks 
are found outside the 10 heavily fished squares on 
Georges Bank, we believe that the 10 squares shown in 
figure 32.1 represent, on the average, the preferred 
habitat. 
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Catch/1 00 Hooks 

20 

43" 

Figure 32.1 
Catch per 1 00 long line hooks of 
blue shark, swordfish, tuna, and 
other large pelagics, by 1 ° squares 
in the Georges Bank region from 
the data in table 32. 1. Catches are 
shown only for 1 ° squares with 
more than 10,000 hooks of effort. 
(The number of hooks set is shown 
at the top left of the pie charts.) 
Shelf/slope front position is from 
1973 to 1977 (Gunn, 1979, and per
sonal communication from R. Arm
strong, NMFS, Narragansett, Rhode 
Island). Broken lines show limits 
during this period. 
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Table 32.1 An estimate of the minimum biomass of each species 
Longline catches of large sharks, tunas, and billfishes by 1 ° squares on Georges Bank and in contiguous waters (table 32.2) was obtained by assuming that CPUE values 

Sword- Blue Sand- Hammer- Black- Miscellaneous Miscellaneous (table 32.1) represent density estimates for a square 1.5 
1° squares Hooks Sets fish Tuna shark Mako Dusky bar head tip Tiger Thresher Silky sharks• teleostsh Marlin Total nautical miles (nm) on a side, the approximate distance 

39-40° N, 4,174 6 14< 51 220 8 2 5 4 3 307 covered by 100 hooks of longline. On the basis of this 

65-66° w (0.2)d (1.4) (5.3) (0.1) (<0.1) (0.2) (0.1) (<0.1) (7.5) unit, numbers of each species were calculated for 1 ° 

39-40° N, 420 2 1 1 1 1 4 squares, and these numbers in tum, multiplied by average 

66-67° w (0.2) (0.2) (0.2) (0.2) (1.0) weight, gave species biomass per 1 ° square. For the 3 

39-40° N, 1,136 3 8 2 75 2 1 88 
southernmost squares (39° N, 68° W; 39° N, 69 ° W; 
39° N, 70° W), we expanded the CPUE values for only 

67-68° w (0.6) (0.1) (4.3) (0.1) (<0.1) (5.2) 
half the 1 ° squares because there the fish and the fishing 

39-40° N, 28,147 32 254 432 286 9 5 4 1 16 11 3 1,021 effort are confined primarily to the slope and canyon 
68-69° w (0.6) (3.2) (1.2) . (<0.1) (<0.1) (<0.1) (<0.1) (<0.1) (<0.1) (<0.1) (5.3) areas. The total biomass for all species combined is ap-
39-40° N, 56,215 66 453 186 1,018 98 92 8 24 2 34 29 2 1,946 proximately 6,000 metric tons, with blue sharks account- . 
69-70° w (0.7) (1 .0) (1.9) (0.2) (0.1) (< 0.1) (<0.1) (<0.1) (<0.1) (0.1) ( < 0.1) (4.2) ing for 64% (table 32.2). This total should be considered 
39-40° N, 36,470 42 283 111 777 42 14 18 17 1 3 37 22 8 1,333 minimum for several reasons. The chief one is that our 
70-71° w (0.6) (0.5) (2.9) (0.1) (<0.1) (<0.1) (<0.1) (<0.1) (<0.1) (<0.1) (0.1) ( <0.1) (4.4) catch data reflect only the part of the population that is 

40-41 o. N, 3,720 5 15 2 82 8 3 110 caught, not the total population. In addition, blue sharks 

65-66° w (0.3) (0.2) (1.8) (0.1) (0.3) (2.7) and swordfish are at times more extensively distributed 

40-41° N, 73,404 59 674 . 65 2,201 44 13 70 9 18 2 1 46 25 31 3,199 over the bank than we have assumed by using data from 

66-67° w (0.8) (0.2) (2.9) (< 0.1) (< 0.1) (0.1) (<0.1) ( < 0.1) ( < 0.1) ( < 0.1) ( < 0.1) (< 0.1) ( < 0.1) (4.3) only 10 of the 22 1° squares. Mean weights assigned to 

40- 41 ° N, 60,109 55 914 95 1,271 133 105 1 2 2 61 14 21 2,619 
some species might be low for various reasons. In the 
case of sharks, for instance, the weights are based primar-

67-68° w (1.8) (0.5) (2.1) (0.2) (0.1) (<0.1) ( <0.1) ( <0.1) (0.1) (<0.1) ( <0.1) (4.9) 
ily on recreational catches in relatively shallow water 

40-41 oN, 66,950 67 788 129 1,198 120 54 49 15 1 137 23 13 2,527 ( < 80 m). For tunas, mean weights might also be underes-
68-69° w (1.0) (0.4) (2.2) (0.1) (0.1) (0.1) (<0.1) (<0.1) (0.4) (< 0.1) ( <0.1) (4.3) timated. Giant bluefin tuna (300-500 kg) are sometimes 
40-41 o N, 11,920 29 156 69 620 42 26 8 1 4 7 933 common on Georges Bank; such fish are more likely than 
69- 70° w (0.9) (0.5) (15.6) (0.5) (0.1) (0.1) (< 0.1) (<0.1) (0.1) (17.9) smaller fish to break free from longline gear, hence bias-
40-41 o N, 22,627 113 52 2 2,439 57 15 43 4 5 2 10 2 39 3 . 1 2,674 ing the mean-size estimate. Nevertheless, our minimum 
70-71° w (< 0.1) ( < 0.1) (18.6) (0.4) (< 0.1) (0.2) (<0.1) (< 0.1) (<0.1) (0.1) (<0.1) (0.1) (<0.1) (<0.1) (19.4) density estimates for tunas, expressed as biomass per 1 ° 

41-42° N, 21,492 15 590 23 1,205 34 29 33 1 1 38 22 6 1,982 square for the 10 1 ° squares described, agree well with 

65-66° w (2.4) (0.2) . (5.0) (0.1) (0.1) (0.1) (<0.1) (<0.1) (0.2) (0.3) (<0.1) (8.5) estimates based on extensive Japanese catch data from 5 ° 

41-42° N, 47,261 35 826 42 2,204 41 10 2 3 159 2 2 3,291 · squares that include or lie next to Georges Bank (table 

66- 67° w (1.9) (0.1) (4.4) (0.1) (< 0.1) (< 0.1) (< 0.1) (0.3) (< 0.1) (< 0.1) (6.7) 32.3). Reported Japanese longline landings (Fisheries 

41-42° N, 900 1 8 8 
Agency of Japan, 1974, 1975, 1976), representing effort 
of several million hooks, were averaged for 1974-1976 

. 67- 68 ° w (0.9) (0.9) 
as a representative period. The higher landings reported 

41-42° N, 210 1 94 94 from Cape Hatteras to southwestern Georges Bank 
68- 69° w (44.8) (44.8) (35-40° N, 70-75° W) reflect additional fishing effort 
41-42° N, 210 1 10 2 1 13 due to a longer fishing season for several tuna species in 
69-70° w (4.8) (0.1) (0.5) (6.2) that region. 
41-42° N, 384 4 20 1 8 29 
70-71° w (5.0) (0.3) (2.0) (7.3) Prey Consumption 

42-43° N, 7,630 5 271 2 280 3 1 5 562 
65- 66° w (4.1) ( < 0.1) (3.5) (< 0.1) (<0.1) (0.1) (7.8) After estimating total biomass for each species, we at-

42-43° N, 600 1 148 2 150 tempted to evaluate its ecologic significance in terms of 

66-67° w (24.7) (0.3) (25.0) prey consumed while on or near Georges Bank. Using 

. 42-43° N, 200 1 60 60 
daily consumption rates for each species and an assumed 
153-day residency period (June-October), we estimate 

68-69° w (30.0) (30.0) 
that 6,000 metric tons of large pelagic fishes consumed 

42-43° N, 948 4 40 6 1 47 9,000 metric tons of prey (table 32.4). 
69- 70° w (4.7) (0.5) (< 0.1) (5.3) Cephalopods-primarily squid- and smaller fishes are 
Total 445,127 547 5,306 1,212 14,249 641 363 232 77 24 17 14 5 599 168 90 22,997 the principal prey of these large predators (Bigelow and 

(0.9) (0.5) (6.8) (0.2) (0.1) (0.1) (< 0.1) (< 0.1) (< 0.1) (< 0.1) (< 0.1) (0.1) (0.1) ( < 0.1) (8 .8) Schroeder, 1948, 1953; Dragovich, 1969, 1970; Scott 
a. Primarily unidentified sharks of the genus Carcharhinus. and Tibbo, 1974; Matthews et al., 1977; Stillwell and 
b. Primarily lancet fishes (Alepisaurus spp.) and dolphin (Coryphaena hippurus). (Casey eta!., 1978, list 46 fish species caught on longlines between Cape Hatteras and Georges Bank, any of Kohler, 1982). Kohler and Stillwell (1981) examined 863 
which can be expected to occur on the bank at times.) 

blue shark stomachs from the western North Atlantic and c. Number of individuals. 
d. Catch per 100 hooks. found that among 90 different food groups, the pelagic 

octopus (Alloposus mol/is) and the longfinned squid (lllex 
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Table 32.2 
Minimum estimated biomass of large pelagic fishes (swordfish, tuna, sharks) in metric tons on Georges Bank, from longline catches in 10 1° squares 

Sword- Blue Hammer- Black- Miscellaneous Miscellaneous 
Number of fish Tuna shark Mako Dusky Sandbar head tip T iger Thresher Silky sharks teleosts Marlin 

1° squares blocks• (60.8)h (45 .4)b (38.6)h (68.5)b (52.6)b (26.3)b (49.9)h (24.9)b (83.5)b (94.8)b (18.1)b (22.7)b (9 .1)b (24.0)b 

39-40° N, 920 33.5 133.5 42.5 6.3 4.8 4.6 8.7 2.1 0.8 2.2 
68-69° w 
39-40° N, 920 39.1 41.7 67.3 12.6 4.8 2.4 4.6 7.7 2.1 0.8 2.2 
69-70° w 
39-40° N, 920 33.6 20.9 102.9 6.3 4.8 2.4 4.6 2.3 7.7 2.1 0.8 2.2 
70-71° w 
40-41 oN, 1,840 89.5 16.7 205.7 12.6 9.7 4.8 9.2 4.6 15.4 3.3 4.2 1.7 4.4 
66-67° w 
40- 41 o N, 1,840 201.3 41.7 149.0 25.2 9.7 4.8 15.4 17.4 4 .2 1.7 4.4 
67-68° w 
40-41 oN, 1,840 111.8 33.4 156.1 12.6 9.7 4.8 9.2 15.4 16.7 1.7 4.4 
68-69° w 
40-41° N, 1,840 100.7 41.7 1,106.7 63.0 9.7 4.8 9.2 4 .2 1.7 
69-70° w 
40-41 ° N, 1,840 11.2 8.3 1,319.5 50.4 9.7 9.7 9.2 4.6 15.4 17.4 3.3 4.2 1.7 4.4 
70-71 ° w 
41-42° N, 1,800 262.6 16.3 347.0 12.3 9.5 4.7 9.0 15.0 8.2 4.9 4.3 
65-66° w 
41-42° N, 1,800 207.9 8.2 305.4 12.3 9.5 9.0 15.0 12.2 1.6 4.3 
66- 67° w 
Total' 1,091.2 362.4 3,802.1 213.6 81.9 38.4 68.6 11.5 107.0 43.5 6.6 60.2 17.4 32.8 

a. A block is 1.5 nautical miles square. 
b. Numbers in parentheses are mean whole weights per species, rounded to nearest 0.1 kg (Hoey, 1983). 
c. Total biomass for all species = 5,937.2. 

Table 32.3 
Comparison of the authors' minimum density estimates for tuna 
on Georges Bank with estimates from the Japanese longline 
fishery in the region• 

Number of Metric tOns 
Area Metric tons 1° squares per 1 ° square 

Georges Bank 362b 10 36.2 

40-45 ° N , 777' 24 32.4 
65- 70° w 

35- 40° N, 847' 25 33.9 
65- 70° w 

35-40° N, 1,338' 25 53.5 
70- 75° w 
a. The latter are aggregated and reponed for 5 ° squares. 
b. Authors' estimate from table 32.2. 
c. Average annual landings of tuna by Japanese for the period 
1974- 1976 (Fisheries Agency of Japan, 1974, 1975, 197 6). 

Table 32.4 
Minimum estimated biomass of and consumption by large pelagic fishes (swordfish, tuna, sharks) in Georges Bank calculated from 
longline catches in the 10 1° squares of table 32.2 

M ean Consumption: 
whole Biomass Consumption Consumption 153 days 

Species weight (kg) (metric tons) (% body weight/ day) (metric tons/ day) (metric tons) 

Swordfish 60.8• 1,091.2 1.7< 18.6 2,845.8 
Tuna 45.4b 362.4 3.0f 10.9 1,667.7 
Marlin 24.0' 32.8 1.7' 0.6 91.8 
Blue shark 38.6d 3,802.1 0.4• 15.2 2,325.6 
Mako shark 68.5 213.6 3.0h 6.4 979.2 
Dusky shark 52.6 81.9 1.7' 1.4 214.2 
Sandbar shark 26.3 38.4 1.7' 0.7 107.1 
H ammerhead sharks 49.9 68.6 1.7' 1.2 183.6 
Blacktip sharks 24.9 11.5 1.7' 0.2 30.6 
Tiger shark 83.5 107.0 1.7' 1.8 275.4 
Thresher sharks 94.8 43.5 1.7' 0.7 107.1 
Silky shark 18.1 6.6 1.7' 0.1 15.3 
Miscellaneous 22.7 60.2 1.7' 1.0 153.0 
sharksi 

Total 5,919.8 58.8 8,996.5 

a. Hoey (1983). 
b. Estimated by Casey aboard Delaware II; personal communication, Frank Mather, Phil Ruhle. 
c. Figley, Long, and Newcomb (1983). 
d. Mean weight for all sharks are based on Casey and Hoey (1985). 
e. Stillwell and Kohler (1985). 
f. Tiews (1978). 
g. Kohler and Stillwell, personal communication. 
h. Stillwell and Kohler (1982). 
i. Mean value based on maximum of 3% for mako and minimum of 0.4% for blue sharks. 



illecebrosus) were the most common cephalopods, and 
red hake (Urophycis chuss), silver hake (Merluccius bili
nearis), Atlantic mackerel (Scomber scombrus), herring 
(Clupeidae), and bluefish (Pomatomus saltatrix) were the 
most common teleost fishes. Cephalopods representing 
nine families were the dominant food items (82% occur
rence) in 168 swordfish stomachs examined by Stillwell 
and Kohler (1985); silver hake, Atlantic mackerel, and 
red hake were ·the most common among 20 teleost prey 
groups. 

The consumption estimates in table 32.4, like the bio
mass estimates, should be considered rough approxima
tions, almost certainly on the low side. Underestimation 
in the biomass calculations is very likely compounded, 
and there are other probable sources of error. Certain 
species (especially blue sharks) are resident in the Georges 
Bank area for longer periods than the 15 3 days assumed, 
and consumption rates for various species, estimated m 
the absence of empirical data, may be more or less 
inaccurate. 

Minimum biomass (6,000 metric tons) and prey con
sumption (9,000 metric tons) are unquestionably underes
timated, perhaps by factors of 5-10 depending on the 
species. The minimum biomass estimate assumes that 
100% of the fish present are caught. In fact the percent
age is less-for some species much less. Some 30-40% 
of the actual numbers of swordfish present may be taken 
in the fishery. In the case of blue sharks, the catch may 
represent less than 10% of the numbers present. On the 
assumption that our minimum biomass estimates are 
5-10 times too low, the total biomass of large pelagics 
on Georges Bank is on the order of 30,000-60,000 met
ric tons; their corresponding consumption is 45,000-
90,000 metric tons. More accurate biomass estimates for 
these large pelagic predators and a more rigorous evalua
tion of their ecologic significance will require more infor
mation. Areas outside those ordinarily fished should be 
surveyed by longline. Improved catch and effort data are 
necessary for better estimates of natural and fishing mor
tality. For nearly all large pelagic fish species, consump
tion rates and other quantitative measures relating 
predators to prey are either incomplete or altogether 
lacking. Here we can offer no more than first approxima
tions to represent large pelagics in the production and 
consumption models for Georges Bank. 
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Note 

1. Apex predators are the large carni
vores at the highest level of a food 
web. 
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Some Georges Bank Statistics 1 

Richard H. Backus and Donald W. Bourne 

Area 

The area inside the 60-m depth contour, the 
part always more or less well mixed by tidal 
currents, is about 14,000 km2-not quite 
equal to the combined areas of Connecticut 
and Rhode Island. The area inside the 100-m 
depth contour east of the meridian 69° W at 
the Great South Channel (the 100-m depth 
contour does not completely surround the 
bank) is about 33,700 km2-about equal to 
the combined areas of Connecticut, Rhode Is
land, and Massachusetts. Outside the 100-m 
depth contour the bottom slopes down more 
or less steeply. "Georges Bank" sometimes 
is used to mean the shallower part of North
west Atlantic Fisheries Organization (NAFO) 
statistical area 5Ze, which also comprises 
Nantucket Shoals. The area of the part of 
5Ze that is shallower than 200 fathoms is 
about 52,500 km2

• 

Share of Fisheries Products from the North
west Atlantic 

Georges Bank and Nantucket Shoals together 
with some adjacent deep water that is rela
tively unimportant·to the fisheries make up 
area 5Ze, one of 30 NAFO statistical areas di
viding the fishing grounds between Greenland 
and Cape Hatteras, North Carolina. In 1981 a 
total of 2.8 million mT (metric tons) or 6.15 
billion pounds of fisheries products were 
caught in the entire NAFO area (excluding 
Baffin Land and Greenland). Of this amount 
258,239 mT (about 569.3 million pounds) 
came from the shallow part of 5Ze-the part 
inside the 1 00- or 200-fathom isobath (these 
being very close). The approximate area of 
the whole reporting region (excluding Baffin 
Land and Greenland) inside the 1 00-fathom 
isobath is about 996,000 km2

, the part of 5Ze 
inside that contour about 50,000 km2

• Thus 
Georges Bank's catch (in a year of low catch, 
as figure 1 shows) was about 9% of the total 
catch, but came from an area that was only 
about 5% of the total reporting area. 

Share of U.S. Commercial Landings of Edible Estimated Maximum Sustainable Yield of 
Fish and Shellfish Fish and Squid 

The U.S. commercial fish and shellfish catch 
in 1981 was about 5.98 billion pounds, of 
which about 60% (3.55 billion pounds) was 
used as human food. U.S. landings from 
Georges Bank (statistical area 5Ze) in 1981, 
totaling 358.7 million pounds and virtually all 
to. be used as food, was about 10% of the 
national total of commercial landings of edible 
fish and shellfish. 

Landings, 1960-1982 

Reported landings from Georges Bank (5Ze) 
rose mightily during the early 1960s as more 
and more vessels from the USSR, Poland, 
East and West Germany, Bulgaria, Spain, 
Japan, and other nations came to the bank 
(figure 1 ). First, catch per unit effort fell as 
stocks declined; then total catch fell. Landings 
fell further in 1977 when the United States 
and Canada established 200-mile fisheries 
management zones, excluding European and 
Asian vessels. U.S. landings over the period 
varied by a factor of 2 and were about equal 
at the beginning and end of the period. Cana
dian landings rose in the mid-1960s, fell in the 
mid-1970s, and were back up again by 1980. 
In 1982 they were 1 0 times what they had 
been in 1960. 

Basic Productivity 

The maximum sustainable yield (MSY) of fish · 
and squid on Georges Bank has been esti
mated to be about 7.6 mT (16,755 pounds) 
annually per square kilometer. MSY is a 
somewhat theoretical value and is not the 
same as fish landed, which for Georges Bank 
for the period 1965-1980 averaged 6.7 mT/ 
km2 annually (about 352,000 mT annually for 
the whole bank). " Georges Bank" in this case 
is the shallower part (0-200 fathoms) of 
NAFO statistical area 5Ze. The Middle Atlan
tic Bight (from just west of Nantucket Shoals 
to Cape Hatteras, NAFO statistical areas 5Zw 
and 6A, B, and C) has an estimated MSY the 
same as Georges Bank, but more than half of 
the yield is of menhaden-an inedible fish 
used to make meal and oil. The Gulf of Maine 
and the Scotian Shelf, highly productive areas 
adjacent to Georges Bank, have estimated 
MSYs of 2.8 and 3.2 mT/km2 annually, 
respectively. 
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Note 

1. The statistics given here come from elsewhere in this 
book, from the annual publicat ion Fisheries of the United 
States (National Marine Fisheries Service, Washington, 
D.C.), and from statistical bulletins of the International 
Commission for the Northwest Atlantic Fisheries 
(1961-1978) and the Northwest Atlantic Fisheries Organi
zation (1979-1981), Dartmouth, Nova Scotia. The appor
t ionment of 5Z landings between 5Ze and 5Zw for the 
years 1961- 1967 comes from the Northeast Fisheries Cen
ter, National Marine Fisheries Service, Woods Hole. 
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The bank's total primary production-the fix
ing of organic matter for plant growth and 
metabolism-is equal to about 455 gC (grams 
of carbon) annually (according to the carbon-
14 method) for each square meter of sea sur
face over the shallow part of the bank (inside 
the 60-m depth contour). This is about 3 
times the average value for the world's conti
nental shelves (of which Georges Bank is a 
part) and about 1 0 times the average value 
for the world's deep ocean. Production is 
somewhat less on the ·deeper parts of the 
bank. Georges Bank production exceeds that 
of all other parts of the northwest Atlantic 
continental shelf except that in the narrow 
alongshore strip (about 25 km wide) between 
New York City and Cape Hatteras, where_ an
nual production is about 505 gC/m2

• This last 
area receives effluents, in part highly nutritive, 
from the Hudson River, the Delaware and 
Chesapeake bays, and the Carolina sounds. 
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Year 

Figure 1 
Total fish catch (solid line) for 
Georges Bank (NAFO statistical 
area 5Ze) for the years 1960-1982. 
U.S. percentage (dashed line) and 
U.S. plus Canadian percentage 
(dotted line) of total catch are also 
shown. 



Sea Turtles 
C. Robert Shoop 

Figure 33.1 
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Distribution of loggerhead sea tur
tles (Caretta caretta), all seasons, 
n (number of observations) = 
2,494; CETAP, 1979-1981. 

Figure 33.2 
Distribution of leatherback sea tur
tles (Oermochelys coriacea), all 
seasons, n = 122; CETAP, 
1979-1981. 

+ + + 
+ .;1-

Sea turtles in the waters off the northeastern United 
States and eastern Canada were long thought to be waifs 
that had been caught up in the Gulf Stream and brought 
poleward from tropical seas. However, some authors (in
cluding Carr, 1952; Bleakney, 1965; Brongersma, 1972; 
and Lazell, 197 6) have suggested that the occurrence of 
turtles in the area is a more regular phenomenon and per
haps an important part of the lives of some species. A 
much improved knowledge of the abundance of sea tur
tles in the region (Shoop, Doty, and Bray, 1981) has 
come recently from the Bureau of Land Management's 
Cetacean and Turtle Assessment Program (CETAP). That 
study extended from Cape Hatteras to Nova Scotia up to 
250 nautical miles offshore, and although it was designed 
principally to sample certain marine mammals, the sea 
turtle data have proved useful for determining seasonal 
distributions. Observations of turtles on Georges Bank 
were relatively uncommon, but there are reasons to sup
pose that they are regular visitors there. 

Of the four species of sea turtles expected in the 
Georges Bank region, only two are regularly seen-the 
loggerhead (Caretta caretta) and the leatherback (Der
mochelys coriacea). Both species are widely distributed 
over the continental shelf from Newfoundland south
ward. Leatherbacks are also known from Labrador. Two 
other species-Kemp's ridley (Lepidochelys kempi) and 
the green sea turtle (Chelonia mydas)-have been re
ported at Cape Cod but not on Georges Bank (figures 
33.1 and 33.2). The loggerhead is considered a threat
ened species, and the leatherback, Kemp's ridley, and the 
green sea turtle as endangered ones (U.S. Fish and Wild
life Service, 1983). 

All sea turtles in the Georges Bank region are migrants. 
The pathways of migration are unknown, but seasonal 
distribution patterns provide the basis for speculation 
about them. Presumably the sea turtles come to forage or 
are in transit to feeding areas. 

The wintering grounds of the turtles found north of 
Cape Hatteras in the summer are unknown, but are pre
sumed to be to the south. Seasonal distribution patterns 
for the two species differ. Loggerheads range increasingly 
to the north over the continental shelf as the surface 
water warms, then retreat southward with cooling. Leath
erbacks may do the same, but CETAP data for 1979 sug
gested that northward movements are made in the Gulf 
Stream-leatherbacks appeared in the Gulf of Maine be
fore they were observed in the Middle Atlantic coastal 
region. A rapid migration northward between sampling 
periods is an alternative explanation. Plots by season of 
all CET AP leatherback data simply show greatest abun
dance in summer. Both leatherbacks and loggerheads can 
be expected on Georges Bank from May through Octo
ber (figures 33.3 and 33.4). 

Migratory pathways to waters north of Cape Hatteras 
for ridleys and green sea turtles are unknown. These spe
cies are observed in nearshore waters of southern New 
England and Cape Cod Bay in summer and autumn 
(Shoop, personal observation; Robert Prescott, personal 
communication), but sightings between Chesapeake Bay 

33 

and New England are very rare. A juvenile green turtle in 
excellent condition was captured in a pound net near 
Newport, Rhode Island, on 12 August 1982 and later re
captured in another pound net off Long Island on 19 
September 1982, suggesting a southward migration 
nearshore. 

Several Kemp's ridleys and a few loggerhead and green 
turtles strand regularly in Cape Cod Bay in November 
and December. All are juveniles. Necropsy examinations 
by Richard Wolke (personal commuication) showed that 
many had succumbed to hypothermia. Apparently these 
turtles become trapped by the arm of Cape Cod and, un
able to find a way around, slowly cool and die. 

Leatherbacks and loggerheads, the two species most 
likely to be found on Georges Bank, have different food 
preferences. Leatherbacks feed almost exclusively on 
large jellyfish, probably frequenting the uppermost layers 
of the water column. Loggerheads apparently prefer 

. crabs, horseshoe crabs, and mollusks and usually feed on 
the bottom. Consequently, the amount of time spent at 
or near the surface and the nature of the activity there 
may differ greatly between these two species. 

Sea turtles frequently become fouled in fixed and 
towed fishing gear. Ensnarement in lobster-pot lines and 
in trawls and other nets and foul-hooking on longlines 
have been noted regularly, collisions with boats occasion
ally. Recently Joseph Pelczarski reported (personal com
munication) the foul-hooking of leatherbacks on the 
Grand Banks on longlines set for swordfish that were 
baited with squid and chemoluminescent sticks. 

Reviewed by Charles Karnella and Wayne N. Witzel! 
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Figure 33.3 
Distribution of loggerhead sea tur
tles (Caretta caretta): (a) spring, 
n = 471 ;· (b) summer, n = 1,785; 
(c) fall, n = 325; (d) winter, n = 13; 
CETAP, 1979-1981 . 
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Figure 33.4 
Distribution of leatherback sea 
turtles (Dermochelys coriacea): 
(a) spring, n = 11; (b) summer, 
n = 96; (c) fall, n = 14; (d) winter, 
n = 1; CETAP, 1979-1981. 



Seabirds 
Kevin D. Powers and Richard G. B. Brown 

The seabirds of Georges Bank are the most conspicuous 
biologic element of this offshore environment. The bank 
is a particularly interesting place in which to study their 
pelagic distribution and ecology in detail. It is a relatively 
small area and is accessible to repeated surveys from 
ships throughout the year, which makes it easy to mea
sure quantitative and qualitative changes in abundance. 
The bank is also a dynamic place oceanographically 
where contrasting water bodies meet. 

Seabirds and man have recognized each other's pres
ence on Georges Bank for a couple of centuries, as both 
partners and competitors with a common interest in cap
turing food. Fishermen have used seabirds as a clue to 
finding schools of fish; in turn, opportunistic birds have 
often exploited offal made available by the fishing and 
whaling industries. Yet the relation between man and 
bird on Georges Bank has not always been cooperative. 
In the late nineteenth century, fishermen on Georges 
Bank and the Grand Banks commonly used shearwaters 
captured at sea for bait in a handline fishery (Collins, 
1884; Hill, 1965). Nowadays seabirds, such as gannets, 
are caught and drown, although in small numbers, in the 
nets of trawlers fishing on Georges (U.S. Fish and Wild
life Service, unpublished banding data). 

Aside from man, seabirds have no significant predators 
at sea; thus their pelagic distributions are likely linked to 
the availability of preferred food and the oceanographic 
processes responsible for that availability. Seabirds most 
commonly prey upon fishes, squids, and crustaceans, but 
the various species of seabirds are specialized both ana
tomically and in their feeding behavior. As a result, they 
partition the common food resource with surprisingly 
little overlap even between closely related species. For 
example, of the five shearwaters found in the western 
North Atlantic, Cory's shearwater preys on fish near the 
surface; greater and sooty shearwaters pursue fish, squid, 
and euphausiids in subsurface waters; Manx and Audu
bon's shearwaters are also pursuit divers, but they prefer 
small fish (Rees, 1961; Ashmole, 1971; Brow~, Barker, 
and Gaskin, 1979; Brown et al., 1981; see also chapter 
35). 

Here we describe the distribution and abundance of 
seabirds on Georges Bank in the context of the surround
ing western North Atlantic and attempt to show how the 
seasonal structure of bird communities on the bank is re
lated to physical and biologic conditions there. Jespersen 
(1924) began the quantitative description of the pelagic 
distribution of seabirds in the western North Atlantic. 
Following him, other important contributors were 
Wynne-Edwards (1935), Moore (1941, 1951), Baker 
(1947), Rankin and Duffey (1948), Palmer (1962), and 
Butcher, Anthony, and Butcher (1968). Surveys in the last 
15 years, however, have tried to integrate ornithologic 
observations with the oceanography of the birds' habitats. 
These include studies in waters off eastern Canada and in 
the Canadian Arctic (Brown et al., 1975), in the Slope 
Water and Sargasso Sea between Nova Scotia and Ber
muda (Brown, 1977), and over the continental shelf off 
the northeastern United States (Powers, 1983). 

Because Georges Bank is hydrographically and bathy
metrically distinct from the Gulf of Maine to the north 
and the Slope Water to the south, one would also expect 
it to be biologically distinct. Furthermore, Flagg et al. 
(1982) have found that water ·masses on the bank have a 
close relation to phytoplankton assemblages (see also 
chapter 20); the same was noted for certain zooplankters 
many years ago (Clarke, Pierce, and Bumpus, 1943). Here 
we show that similar relations exist for certain top preda
tors-birds-and that seasonal differences in the struc
ture of their communities reflect changes in such features 
of the habitat as the stratification of surface waters and 
the positions and intensities of fronts. 

Methods 

We shall use observations collected by the Manomet Bird 
Observatory (MBO) from January 1978 to May 1980 and 
by the Canadian Wildlife Service (CWS) from March 
1969 to June 1980 to illustrate the range and abundance 
by season 1 of several species of birds around Georges 
Bank. A constant 360° scan around the ship was made 
and counts by species recorded for 1 0-minute periods 
(Brown et al., 1975). No corrections were made for ship 
followers or for differences in detectability between spe
cies. "Ship follower" refers to a bird that is recounted in 
subsequent transects because of its attraction to the ob
server's vessel. This problem creates an inflationary bias 
in estimating abundance, which is exactly the opposite of 
a more common sampling dilemma in biologic oceanog
raphy-net avoidance. Observations were made from U.S. 
Coast Guard ships, Canadian national ferries, and ocean
ographic vessels with a variety of cruise objectives. Rela
tive abundance (birds/10 minutes) was computed for 
blocks of 0.5° latitude by 1° longitude from Cape Hat
teras to the Scotian Shelf seaward to 60° W. From these 
values contours of equal abundance (0; >0, <3; ~3, 
<10; ~10, <30; ~30, <100; ~100) have been drawn 
(figures 34.2-34.14). Blocks in which few or no observa
tions took place were.sometimes assigned arbitrary values 
in order to make the contour lines continuous; such 
blocks are countershaded to indicate uncertainty. 

Estimates of density (birds/km2
) were compiled from 

MBO data gathered between January 1978 and May 
1982 and have been used in the analysis of community 
structure. These estimates were derived from transects 
during which the observer counted only those birds seen 
on one side of the ship forward of amidships out to 300 
m. Counts were made and recorded for 10-minute Qanu
ary 1978-May 1980) or 15-minute Oune 1980-May 
1982) periods. The width of the strip was determined 
with a hand-held, fixed-interval range finder (Heinemann, 
1981). Ship-following birds were excluded, but the at
traction of birds to the ships was not controlled. Density 
for each species was calculated by dividing the number of 
birds counted by the area sampled (Powers, 1982). As is 
the case with all methods of counting birds at sea, these 
estimates are best considered as relative assessments of 
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numbers even within an individual species, as opposed to 
absolute estimates of the sizes of seabird populations at 
sea. Comparing numbers of different species at sea, on 
either a relative or an absolute scale, is complicated by 
the sampling difficulties presented by differences in 
detectability. 

The surface waters of Georges Bank and its immediate 
surroundings have been divided into eight areas based on 
bathymetry, hydrography, and fishing activity (figure 
34.1). Species densities (birds/km2

) and bird biomass (kg/ 
km2

) were calculated for each area by season. Dominance 
in each area was determined by ranking each species ac
cording to its density. Total bird density and biomass 
were estimated using a combination of the five dominant 
species from each area, since they collectively accounted 
for more than 95% of each total when all species were 
considered. 

Since some seabirds are attracted to fishing vessels as a 
source of food and since Georges Bank is such an impor
tant fishing ground, we examined the degree to which 
certain species of birds cooccurred with fishing vessels. 
We used observations from only those cruises having no 
fishing objective and upon which the observers noted the 
presence and distance of fishing vessels at the start of 
each counting period. We selected flocks of at least 50 
birds of a single species to represent potential feeding ag
gregations and compared the numbers of such flocks 
found within 8 km of fishing activity to those more dis
tant. Chi-square tests. were used to determine whether the 
cooccurrence of a species with fishing activity was signifi
cant when that species was common on Georges Bank. 

Species Accounts 

Thirty-two species of marine birds from eight families 
regularly occur on Georges Bank (table 34.1). Their 
origins (breeding localities) are from the entire Atlantic 
Ocean basin-south to Antarctica, north to Greenland, 
and east to Europe. Only one species-Leach's storm
petrel (Oceanodroma leucorhoa)-may forage as far as 
Georges Bank while breeding; otherwise all species are 
migrants or nonbreeding residents there. The species ac
counts of pelagic and breeding distribution that follow 
are based on Palmer (1962), Godfrey (1966), Salomonsen 
(1967), Brown et al. (1975), Brown (1977), Cramp and 
Simmons (1977), and Powers (1983). 

Loons 
Three loons, common (Cavia immer), arctic (G. arctica), 
and red-throated (G. stellata), breed in northeastern 
North America, but only the common and the red
throated loons migrate in substantial numbers along the 
Atlantic seaboard. Red-throated loons are limited to 
nearshore waters and the western margin of the Gulf of 
Maine, but common loons also cross Georges Bank in 
May and November (Powers and Cherry, 1983). 
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Figure 34.1 
Areas used in bird analyses and 
seasonal total bird densities for the 
same. Gulf of Maine: deepwater 
basins (GMb), southwestern fishing 
banks (GMfb); Georges Bank: 
Northern Edge (GBn), eastern flank 
(GBe), southwestern flank (GBs), 
shoals (GBsh); southern New Eng
land outer shelf (SNEos); Slope 
Water (SL). Seasonal bird densities 
are indicated by the histogram in 
each area. 

J 
Fall c 15 

0 100 200km 
I I I I I I I f! I 

1:7,501J,OCO 

66' 40 ' 

Albatrosses 
Two South Atlantic albatrosses, yellow-nosed (Diomedea 
chlororhynchos) and black-browed (D. melanophris), are 
rare vagrants in the western North Atlantic (McDaniel, 
1973). The only reported sighting on Georges Bank is for 
a yellow-nosed albatross on Cultivator Shoal in June 
1976. . 

Northern Fulmar 
Northern fulmar (Fulmarus glacialis) (figure 34.2) breeds 
abundantly in arctic North America. Recently the species 
has started breeding in Newfoundland (Nettleship and 
Montgomerie, 1974) and Labrador (Nettleship and Lock, 
1973; D. N. Nettleship, personal communication). These 
birds are in light plumage and presumably immigrants 
from either western Greenland or the eastern Atlantic, . 
where this plumage phase predominates (Fisher, 1952). 
The fulmar population of Iceland, Britain, and the Faer
oes has expanded its range dramatically within the 
last 150 years, and it is likely that this expansion has now 
reached eastern Canada (Salomonsen, 1979). Banding 
data show that nonbreeding birds from European colo
nies already occur off eastern Canada (Brown, 1970). · 

The pelagic distribution of fulmars extends across the 
North Atlantic, with the southern limit on the western 
side reaching into the Middle Atlantic Bight (figure 34.3). 
Fulmars are found on Georges Bank in every month ex
cept August. Peak abundance is reached in winter and 
early spring Oanuary to April; table 34.1), with greatest 
densities usually occurring on the Northern Edge and 
Northeast Peak (figure 34.3). 

Shearwaters 
Five shearwaters occur regularly in the western North At
lantic. Greater and sooty shearwaters (Puffinus gravis and 
P. griseus) (figure 34.4) are migrants from the southern 
hemisphere. Cory's shearwater (Calonectris diomedea) 
breeds in the eastern North Atlantic and in the Mediter
ranean, but it is the subspecies C. d. borealis from the 
Azores, Canaries, and Selvagems that is found on Georges 
Bank. The Manx shearwater (Puffinus puffinus) breeds in 
the eastern North Atlantic and in the Mediterranean. Re
cently, a nesting attempt was made in Massachusetts 
(Bierregaard et al., 1975), and a colony has been estab
lished in Newfoundland (Lien and Grimmer, 1978). 
These colonizers appear to be of the nominate subspecie~ 
P. p. puffinus, not P. p. mauretanicus or P. p. yelkouan 
from the Mediterranean, although the last has been seen 
on Georges Bank (R. G. B. Brown, unpublished data). 
Manx also formerly bred in the Bahamas and Bermuda. 
Audubon's shearwater (P. lherminieri) in the Atlantic 
breeds in the Bahamas and on islands in the Caribbean. 

The majority of sooty shearwaters migrate in a clock
wise manner around the North Atlantic Basin during May 
to September (Phillips, 1963). In contrast, most greater 
shearwaters remain in the western North Atlantic during 
this time (Voous and Wattel, 1963). The sooty shear
water is abundant on Georges Bank from late May to 

mid-July (table 34.1). The greater shearwater is the most 
abundant bird on Georges Bank in summer and fall (table 
34.1), with the highest densities typically on the northern 
and eastern flanks (figure 34.5). An observation by 
Powers and Van Os (1979) of about 200,000 greater 
shearwaters on Georges Bank on 11 November 1977 
suggests that the bank may be an important midlatitude 
staging area for nonbreeding birds before their autumn 
return to the South Atlantic. 

Nonbreeding Cory's shearwaters spread across the tem
perate North Atlantic during summer. They occur in 
greatest abundance off New England from July to Octo
ber, with the majority remaining over the shelf from 
Long Island to the Great South Channel (figure 34.6). 
However, in some years (for example, 1979/ 1980) sub
stantial numbers move into the Gulf of Maine in late 
summer and fall. 

Small numbers of Manx shearwaters migrate into cool 
waters off New England and eastern Canada, possibly 
from wintering areas off Brazil (Spencer, 1972) and Ar
gentina (Cooke and Mills, 1972). They occur on Georges 
Bank from June to October (table 34.1). 
· Audubon's shearwater occurs in the w;rm Slope Water 
off the northeastern United States. On Georges Bank they 
are found only on the southern edge in summer, although 
strays are occasionally seen further north and east (figure 
34.7). 

Storm-Petrels 
Wilson's and Leach's storm-petrels, Oceanites oceanicus 
(figure 34.8) and Oceanodroma leucorhoa, regularly occur 
in the western North Atlantic. Another species from the 
eastern Atlantic, the white-faced storm-petrel (Pelago-



Figure 34.2 
Northern fulmar (Fulmarus glacialis) 
is Georges Bank's most abundant 
winter bird. (Photograph courtesy 
of Manomet Bird Observatory] 

Figure 34.3 
Pelagic distribution and abundance 
of northern fulmar (Fufmarus gtaci
alis) in winter. 

Figure 34.4 
Although greater shearwater (Puffi
nus gravis) is a southern-hemi
sphere breeder, it is Georges 
Bank's most abundant summer 
bird. (Photograph courtesy of Man
omet Bird Observatory] 

Figure 34.5 
Pelagic distribution and abundance 
of greater shearwater (Puffinus 
gravis) in summer. The concentra
tion on the southern flank of 
Georges Bank was associated with 
a large foreign fishing fleet there in 
June 1977. 
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Figure 34.6 
Pelagic distribution and abundance 
of Cory's shearwater ( Calonectris 
diomedea) in summer. 
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Figure 34.7 
Pelagic distribution and abundance 
of Audubon's shearwater (Puffinus 
lherminien) in summer. 
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Table 34.1 
Seasonal densities (birds/ km2

) of birds regularly found on Georges Bank 

Season 

Winter Spring Summer 
Species (Dec- Feb) (Mar- May) (Jun- Aug) 

Gaviidae 
Common loon 0 .1 0.1 

Procellariidae 
Northern fulmar 10.5 7.5 0.7 
Cory's shearwater 0.1 1.0 
Greater shearwater 0.3 0.1 33.7 
Sooty shearwater 0.2 7.6 
Manx sheai"Water 0.1 0.2 
Audubon's shearwater 0.1 

Hydrobatidae 
Wilson's storm-petrel 1.6 7 .3 
Leach's storm-petrel 0.1 0.3 

Sulidae 
Northern gannet 0.1 0.4 0 .1 

Phalaropodidae 
Red phalarope 0.1 17.2 0.1 
Red-necked phalarope 0.1 0 .1 

Stercorariidae 
Po~arine jaeger 0.1 0.1 0.1 
Parasitic jaeger 0.1 0.1 
Long-tailed jaeger 0.1 
Great skua 0.1 0.1 0.1 
South polar skua 0.1 0.1 

Laridae 
Glaucous gull 0.1 0.1 
Iceland gull 0.1 0.1 
Great black-backed gull 2.0 1.3 0.2 
Herring gull 1.3 1.5 0.1 
Ring-billed gull 
Laughing gull 0.1 
Bonaparte's gull 
Black-legged kittiwake 6.9 1.0 
Common tern 0.1 0.1 
Arctic tern 0.1 0.1 

Alcidae 
Razorbill 0.2 0.1 
Common murre 0.1 0.1 
Thick-billed murre 0.1 0.1 
Dovekie 0.7 0.1 
Atlantic puffin 0.1 0.1 

Fall 
(Sep-Nov) 

0.1 

0.4 
0.4 
7 .5 
0.1 
0.1 

0.1 
0.1 

0.4 

0.1 
0.1 

0.1 
0.1 
0.1 
0.1 

0.1 
1.5 
3.5 
0.1 

0.1 
0.5 
0.1 

0.1 
0.1 



Figure 34.8 
Wilson's storm-petrel, or Mother 
Carey's chick (Oceanites oceani
cus), another southern-hemisphere 
breeder, is summer's second most 
abundant bird on Georges Bank. 
[Photograph courtesy of Manomet 
Bird Observatory] 

Figure 34.9 
Pelagic distribution and abundance 
of Wilson's storm-petrel (Oceanites 
oceanicus) in summer. 

Figure 34.1 0 
Pelagic distribution and abundance 
of Leach's storm-petrel (Oceano
droma /eucorhoa) in summer. 

drama marina), is a rare vagrant in fall (Gordon, 1955). 
Wilson's storm-petrel breeds in the Antarctic and colder 
sub-Antarctic (Roberts, 1940). In eastern North America 
Leach's breeds from Massachusetts to southern Labrador; 
the center of its distribution is in eastern Newfoundland. 

The northward migration of Wilson's storm-petrel in 
the Atlantic is mainly up the· western side beginning in 
late April (Roberts, 1940); most birds cross the equator 
by mid-June. They are abundant in May along the shelf 
edge of the Middle Atlantic Bight and Georges Bank. By 
June most of the population wintering in the North At
lantic is in the southwestern Gulf of Maine and along the 
Northern Edge of Georges Bank, with substantial num
bers on the Scotian Shelf (figure 34.9), where they remain 
abundant until September. 

Leach's storm-petrels spend the winter (December
January) in equatorial waters of the Caribbean and off 
Brazil and return to their breeding grounds in April. From 
June to August Leach's is common from the Gulf of 
Maine across Georges Bank to the Slope Water (table 
34.1); it is more abundant from eastern Georges north
east across the Scotian Shelf (figure 34.1 0). A 3-year-old 
bird banded in New Brunswick was recovered on 
Georges Bank in July. This suggests that birds breeding 
around the Bay of Fundy may forage on the bank with 
the subadults there. 

Gannets 
Northern gannets (Sula bassanus) breed in North America 
only in eastern Newfoundland and in the Gulf of St. 
Lawrence. Their pelagic range extends south to the Gulf 
of Mexico and the Caribbean during December to Febru
ary (Butcher, Anthony, and Butcher, 1968; Clapp et al., 
1982). Thirty-five gannets banded at Bonaventure Island 
in the Gulf of St. Lawrence have been recovered on 
Georges Bank and the adjacent New England coast 
throughout the year, although most recoveries (75%) 
were made in spring and fall. Fall migrants cross the Gulf 
of Maine and Georges Bank and continue south to the 
Middle Atlantic Bight (Rowlett, 1980). By December the 
majority are south of 41° N (figure 34.11). Many adults 
spend the winter in association with the active commer-
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Figure 34. 11 
Pelagic distribution and abundance 
of northern gannet (Sula bassanus) 
in winter. 

Figure 34.12 
Pelagic distribution and abundance 
(isopleths) of red phalarope (Phal
aropus fulicaria) and area of occur
rence (pattern of black dots) of the 
much less common red-necked 
phalarope (P. lobatus) in spring. 
The majority of red phalaropes 
continue north along the outer shelf 
east of Nova Scotia, whereas the 
principal route of the red-necked is 
to the west through the Gulf of 
Maine into the Bay of Fundy. No 
major flight of either species oc
curs over the Slope Water north of 
35° N. 

cial fishery on the outer continental shelf of the New 
York Bight (figure 34.11). The spring migration across 
Georges Bank reaches its peak in April and consists al
most entirely of adults. Subadults, which winter farther 
south, are not common on Georges Bank until May. 

Phalaropes 
Red and red-necked phalaropes (Phalaropus fulicaria and 
P. loba_tus) breed circumpolarly. The pelagic distribution 
of eastern North American phalaropes between Novem
ber and April is not clear, although a small number 
apparently spend the winter on the shelf off the south
eastern United States (Weston, 1953; Rowlett, 1980). 
The spring migration of red phalaropes north of Cape 
Hatteras (figure 34.12) is restricted to outer-shelf waters 
of the Middle Atlantic Bight in April and the southern 
flank of Georges Bank in May, with the majority contin
uing across the Scotian Shelf toward Newfoundland and 
Labrador by early June. Red-necked phalaropes are far 
less abundant than reds on Georges Bank (table 34.1); a 
greater portion of them passes through the Gulf of 
Maine, not over the bank (figure 34.12). 

Fall migration out of the arctic by both species begins 
in early July and is complete by mid-September (Orr et 
al., 1982). Substantial numbers of red phalaropes migrate 
off the coast of Labrador (Orr et al., 1982), but it is not 
clear where they go from there, since there is no move
ment across Georges Bank comparable to that in spring 
(table 34.1). The lack of any measurable migration of 
red-necked phalaropes off eastern Canada (Orr et al., 
1982) and their substantial increase in the Bay of Fundy 
in late summer and early fall suggest that most migrate 
over land from the eastern Canadian Arctic (Richardson, 
1979). 

Jaegers and Skuas 
Three jaegers, all circumarctic breeders, occur in the 
western North Atlantic. Jaegers are migrants on Georges 
Bank, principally in spring and fall (table 34.1). The po
marine jaeger (Stercorarius pomarinus) is the most com
mon; off New England the parasitic jaeger (S. parasittcus) 
is seen more frequently in coastal waters; the long-tailed 
jaeger (S. longicaudus) is rarely recorded in the area. 

The great skua (Catharacta skua), which breeds in the 
northern hemisphere in Scotland, Iceland, and the Faer
oes (Fisher and Lockley, 1954), is most common on 
Georges Bank from October to March, although sightings 
have been made in every month. Banding recoveries sug
gest that birds visiting the western Atlantic are second
yea·r subadults from eastern Atlantic colonies (Tuck, 
1971; Furness, 1978). The south polar skua (C. maccor
mickii), which breeds in the southern hemisphere on the 
South Shetland Islands and on the Antarctic peninsula, 
continent, and islands (Watson, 197 5), has been recog
nized only recently in the western North Atlantic (Salo
monsen, 197 6); sightings have been made on Georges 
Bank from May to October (K. D. Powers, unpublished 
data). 



Gulls 
Eight gulls regularly occur in the Georges Bank area. In 
eastern North America glaucous and Iceland gulls (Larus 
hyperboreus and L. glaucoides) breed in the Canadian 
Arctic and Greenland, great black-backed and herring 
gulls (L. marinus and L. argentatus) from the Carolinas 
(Portnoy, Erwin, and Custer, 1981) to low-arctic eastern 
Canada. The great black-backed also breeds up to 70° N 
in western Greenland. The laughing gull (L. atricilla) 
breeds in eastern United States from Florida to Maine 
(Erwin, 1979; Portnoy, Erwin, and Custer, 1981), the 
ring-billed gull (L. delawarensis) from Newfoundland and 
the Gulf of St. Lawrence west into the interior prairies, 
Bonaparte's gull (L. philadelphia) on lakes in the boreal 
forest of western Canada and Alaska, and the black-
legged kittiwake (Rissa tridactyla) (figure 34.13) from 
Newfoundland and the Gulf of St. Lawrence north to the 
Canadian Arctic and Greenland. Sabine's gull (Xema sa-
bini), which breeds in Greenland and arctic Canada 
(Blomquist and Elander, 1981), is rare off the New Eng-
land coast in fall (Mason, 1951), probably because its mi-
gration route is farther north and east. Sabine's gulls 
migrate southeast· from the Canadian Arctic in August 
and September to western and southwestern Europe and 
on to winter off southwest Africa (Lambert, 1973). 

Great black-backed and herring gulls are common from 
Nova Scotia south to the Middle Atlantic Bight from Oc-
tober to April. In winter along the Atlantic coast herring 
gulls are abundant, with substantial numbers collecting in 
the greater New York area (Kadlec and Drury, 1968; 
Drury and Nisbet, 1972). Offshore at this time, large 
numbers of both species attend fishing fleets over the 
outer continental shelf of the New York Bight and on 
Jeffreys Ledge off Cape Ann, Massachusetts (figures 
34.14 and 34.15). Great black-backs are also abundant 
around trawlers on Browns Bank and northern Georges 
Bank (figure 34.14). 

Figure 34.13 
Like northern fulmar, black-legged 
kittiwake (Rissa tridactyla), a gull, 
is very abundant on Georges Bank 
in winter, but moves north to breed 
in summer. [Photograph courtesy 
of Manomet Bird Observatory] 
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Figure 34. 14 
Pelagic distribution and abundance - of great black-backed gull (Larus 
marinus) in winter. Their pelagic 

>G ;><3 ;.10 ;;;.30 ;>;~00 distribution is invariably linked to 
scavenging from man's activities 
offshore-fishing vessels on the 
shelf and transport vessels in the 
Slope Water. 

Figure 34. 15 
Pelagic distribution and abundance 
of herring gull (Larus argentatus) in 
winter. Offshore they are scaven-
gers. (See the caption for figure 
34.14.) 
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Kittiwakes are found all across the temperate North 
Atlantic and farther north (Rankin and Duffey, 1948; 
Butcher, Anthony, and Butcher, 1968). In the western 
Atlantic they occur with regularity on the shelf south at 
least to 35° N, although the vast majority remain north 
of 40° N (figure 34.16). Peak abundance in the Gulf of 
Maine and on Georges Bank occurs during November to 
March, with greatest densities from Jeffreys Ledge south 

. and east across the northern flank of Georges (figure 
34.16). Banding recoveries indicate that some kittiwakes 
wintering off Newfoundland are from colonies in Green
land, Britain, Norway, and the western Soviet Union 
(Tuck, 1971). The source of kittiwakes on Georges Bank 
is not clear, but colonies in Atlantic Canada seem most 
likely. Other gulls are seasonally present on Georges Bank 
in low numbers (table 34.1). 

Terns 
Two terns, common and arctic (Sterna hirundo and S. 
paradisaea), are regularly found on Georges Bank (table 
34.1). The roseate tern (S. dougallii), which breeds locally 
from Nova Scotia to New Jersey (Erwin, 1979; McLaren, 
1981), is rarely recorded there. The common tern breeds 
coastally in eastern North America from South Carolina 
(Portnoy; Erwin, and Custer, 1981) to Labrador, and the 
arctic tern from Massachusetts to arctic Canada and 
Greenland. Both species arrive on Georges Bank in May 
from wintering in the southern hemisphere, although only 
common terns have been identified on the bank between 
June and October (Powers, 1983). 

Ale ids 
Six species of alcids occur on Georges Bank or on the ad
jacent coast. One, the black guillemot (Cepphus grylle), is 
virtually confined to the coastal zone on both sides of 
the Atlantic and in the arctic. Of the remainder, the ra
zorbill (Alca torda), common murre (Uria allge), and the 
Atlantic puffin (Fratercula arctica) are primarily birds of 
the boreal and low arctic zones on both sides of the At
lantic. In eastern North America the center of the razor
bill's breeding range is in southeastern Labrador, while 
that of the other two is in eastern Newfoundland (Tuck, 
1961; Brown et al., 1975; Lloyd, 1976). The thick-billed 
murre (Uria lomvia) and the dovekie (Alle alle) are birds 
of the arctic; in the western Atlantic thick-billed murres 
breed mainly in western Greenland, Baffin Bay, and the 
Hudson Strait, while the majority of the world dovekie 
population breeds in northwestern Greenland (Tuck, 
'1961; Salomonsen, 1967; Brown et al. 1975). 

The pelagic distribution of the three large auks (razor
bill and murres) in the western North Atlantic is not clear 
because the razorbill is easily confused with the two 
murres. Razorbills are found south to the Middle Atlantic 
Bight in winter (figure 34.17), but probably occur in 
greatest abundance around Cape Cod and the shoals of 
Georges Bank. Thirty percent of the alcids that washed 
ashore on Nantucket from the Argo Merchant oil spill 
were razorbills (Powers and Rumage, 1978), a ratio of 
approximately 1 razorbill to 2 common murres. In 
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Figure 34.16 
Pelagic distribution and abundance 
of black·legged kittiwake (Rissa tri
dactyla) in winter. 

Figure 34. 17 
The occurrence of large auks in 
winter by blocks (0.5 ° latitude by 
1 ° longitude). Blocks in which ra
zorbills (A/ca torda) were definitely 
identified are differentiated from 
those in which razorbills could not 
be distinguished from murres (Uria 
spp.). The normal distribution of all 
auks south of Georges Bank is lim
ited to the continental shelf. 



contrast, razorbills make up less than 1% of the alcid 
mortality from oil spills off eastern Nova Scotia and 
southeastern Newfoundland (Brown, in press). Since 
approximately 40 times as many common murres as 
razorbills breed in eastern North America (Brown et al., 
1975), the observed mortality suggests that Georges Bank 
is an important wintering area for razorbills. Banded 
razorbills recovered from south of 45 ° N were from 
Labrador (2 individuals), the Gulf of St. Lawrence (3 indi
viduals), and the Bay of Fundy (1 individual). 

Although both species of murres occur on Georges 
Bank in winter, the common murre is the more abun
dant. More than 80% of 60 murres killed by the Argo 
Merchant oil spill were common murres (Powers and 
Rumage, 1978). Recoveries south of 45° N of banded 
common murres represent populations from Labrador (1 
individual), eastern Newfoundland (1 individual), and the 
Gulf of St. Lawrence (4 individuals). The majority of 
thick-billed murres remain north of 44° N during winter. 
Only 19% of the murres killed by the Argo Merchant 
were thick-billed, whereas they represented 98-100% of 
the murres affected by oil pollution on the Avalon Penin
sula in Newfoundland (Tuck, .1961). A thick-billed murre 
banded at Digges Sound, Northwest Territories, in the 
eastern Canadian Arctic, was recovered off Cape Ann, 
Massachusetts. 

Dovekies found south of Labrador are probably from 
western Greenland, but determining the southern limit of 
their winter range is complicated by the irregularity of 
flights and "wrecks." (Fisher and Lockley, 1954, defined 
a normal winter distribution of dovekies and indicated 
that their irruption beyond this range was linked with 
gales, which sometimes catch a large population on a lee 
shore; hence many get blown inland or pushed southward 
far beyond their traditional feeding grounds.) The dove
kies that winter off eastern North America, from Labra
dor south, are almost certainly from the breeding center 
of the world population in northwestern Greenland. The 
birds reach the Labrador Sea by October in the course of 
their migration to the Grand Banks and beyond. South of 
Newfoundland in winter the birds are most abundant 
along the seaward edge of the Scotian Shelf and the 
northern and eastern edges of Georges Bank (figure 
34.18). 

Small numbers of puffins are found on Georges Bank 
between November and early June. Birds banded in colo
nies on the Bay of Fundy have been recovered off Cape 
Cod (as early as 21 October), and those colonies may be 
the source of the Georges birds. Juvenile puffins from 
Icelandic colonies cross over to Newfoundland in au
tumn, and some may reach Georges Bank. The winter 
distribution of puffins off eastern North America is vir
tually unknown. 

Seasonal Differences in Community Structure 

Winter 
Water on Georges Bank is well mixed in winter (Bumpus, 
1976) and shows little difference in temperature and sal-
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inity from the surface water (0-50 m) of the Gulf of 
Maine (Flagg et al., 1982). A front along the southern 
flank separates water on the bank from the warmer and 
saltier Slope Water (Colton et al., 1968; Flagg et al., 
1982; see also chapter 10). 

In winter bird density and biomass are similar for the 
basin of the Gulf of Maine and Georges Bank (figure 
34.19). This is in marked contrast with the Slope Water, 
which supports far fewer birds at this time. Species as
semblages and species dominance are also similar for the 
two places. Fulmars, great black-backed gulls, herring 
gulls, and kittiwakes were most abundant, with a dense 
concentration of fulmars (80.5 birds/km2

) on the North
ern Edge (GBne in table 34.2). 

Spring 
In March there is an intrusion of cold, low-salinity Sco
tian Shelf water across the· Northeast Channel and onto 
the eastern end of Georges Bank (Hopkins and Garfield, 
1979; Flagg et al., 1982). By May a thermocline begins 
to develop in the upper 50 m of the Gulf of Maine and 
over the deeper, southern part of the bank, but over the 
bank within the 60-m isobath the water continues to be 
well mixed (Bumpus, 1976). The front between the bank 
and the Slope Water continues to be evident from both 
temperature and salinity (Colton et al., 1968). 

Bird abundance decreases over the deeper waters of the 
Gulf of Maine in spring, but increases on Georges Bank 
and, to a much lesser extent, in the Slope Water (figure 
34.19). Fulmars remain abundant in the Gulf of Maine 
and on Georges through April; gannets migrate across the 
bank and gulf; great black-backed and herring gulls move 
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inshore around Cape Cod; kittiwakes decline and are 
only abundant over the eastern end of the bank (table 
34.3). Thus birds that dominate in winter still dominate 
in March. By May, however, species assemblages have 
changed with the passage of arctic-bound phalaropes and 
the arrival of shearwaters and storm-petrels from the 
southern hemisphere. Wilson's storm-petrels and red 
phalaropes are in greatest abundance in outer-shelf waters 
of the Middle Atlantic Bight and the southern flank of 
Georges Bank (table 34.3). The densest concentrations of 
red phalaropes, as thick as 1,000-5,000 birds/km2

, gen
erally occur within a discrete zone between the 60- and 
200-m isobaths (figure 34.20). Although there is a sharp 
increase in bird density on Georges Bank in spring, there 
is no corresponding rise in biomass (figure 34.19). Storm
petrels and phalaropes, which are numerous in spring, are 
small (35-45 g), and their contribution to biomass is far 
less than that of two other common species, fulmars and 
gannets, which range in weight from 900 to 3,000 g (Pal
mer, 1962). 

Summer 
Near-surface (0-50 m) water on Georges Bank is well 
mixed from June to August on the shoals ~ithin the 60-
m isobath. This water is surrounded by strong density 
(temperature and salinity) fronts (Flagg et al., 1982). A 
well-developed thermocline develops in the central Gulf 
of Maine, leaving a surface isothermal layer down to 50 

· m (Colton et al., 1968), and water on Georges Bank is 
separated from surface waters of the gulf by a density 
front extending from north of.the Great South Channel 
along the northern flank to the Northeast Peak (Flagg et 

Figure 34. 18 
Pelagic distribution and abundance 
of dovekie (Aile aile) in winter. 
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Figure 34.19 
Seasonal differences in total sea
bird density (birds/km') and bio
mass (kg/km') among the 
deepwater basins of the Gulf of 
Maine (GMb), Georges Bank (GB, 
including GBne, GBe, GBsw, GBsh), 
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al., 1982). Another density front extends south of the 
shoals from the Great South Channel east along the 60-m 
isobath (Flagg et al., 1982). The water on the southern 
flank of the bank and adjacent slope warms equally, so 
that the surface expression of the shelf/ slope front in 
temperature is erased (Colton et al., 1968); however, sal
inity distribution is similar to that of spring (Bumpus, 
1976). 

The total density and biomass of birds on Georges 
Bank increase in summer to their maximum for the year 
(figure 34.19). (Maxima for the Gulf of Maine and Slope 
Water occur at other seasons.) The dominant birds are 
Cory's, greater, sooty, and Audubon's shearwaters and 
Wilson's and Leach's storm-petrels. The greater shear
water is the most abundant species throughout the re
gion, and densities of 16-84 birds/km2 (table 34.4) are 
found on the northern and eastern flanks of Georges 
Bank. The density of sooty shearwater is highest in the 
same area, but only in June and early July. The majority 
of Wilson's storm-petrels remain on the deep-water side 
of the northern flank of the bank from north of the 
Great South Channel and east to the · Northeast Peak, 
with a tendency for Wilson's to aggregate near the front 
along the northern flank. Leach's storm-petrel is also 
most abundant on the northern edge of the bank and, to 
a lesser extent, in deep water of the gulf to the north and 
Slope Water to the south (table 34.4). Audubon's shear
water is found principally in the Slope Water along the 
southern edge of the shelf and farther offshore. 

Fall 
The well-developed thermocline over the central Gulf of 
Maine begins to weaken in September (Bumpus, 1976). 
By November cooler air and autumn storms destroy this 
thermocline, and bottom waters of the Gulf of Maine are 
at their warmest for the year and are very close to sur
face temperatures (Wright and Nickerson, 1980). Well
mixed conditions continue as in summer on Georges 
Bank, and the surface expression of the shelf/ slope front 
in temperature becomes more obvious. 

There is a noticeable change in the structure of the 
bird community on Georges Bank during autumn. The 
number of birds decreases significantly. (In the Gulf of 
Maine, however, total bird density and biomass increase; 
the Slope Water remains almost barren; see figure 34.19.) 
The shearwaters and storm-petrels that dominate in sum
mer are gradually replaced in October by fulmars, gan
nets, large gulls, and kittiwakes; these dominate by late 
November (table 34.5), although greater shearwaters re
main abundant on the northern and eastern parts of 
Georges. 

Cooccurrence with Fishing Vessels 

Flocks of more than 50 birds were found for 11 species 
(table 34.6). We have distributed the species among three 
groups following Wahl and Heinemann (1979): (1) those 
that did not show cooccurrence with fishing vessels 
(probability p > 0.05), (2) those that showed a moderate 



Table 34.2 
Spatial breakdown of winter (December-February) densities (birds/km2

) and total biomass• (kg/km2
) 

for the dominant birds in shelf and Slope waters off the northeastern United States 

Areah 

Species GMb GMfb GBn GBe GBsh GBs SNEos SL GBall' 

Northern fulmar 8.2 2.2 80.5 7.7 4.5 1.6 2.8 0.2 10.5 
Northern gannet 0.1 0.8 0.1 0.1 0.1 0.1 1.3 0.1 
Great black-backed gull 2.6 3.5 4.8 2.3 1.1 1.8 4.0 0.1 2.0 
Herring gull 1.4 4.4 3.0 0.9 1.3 1.3 3.7 0.9 1.3 
Black-legged kittiwake 5.1 9.8 6.1 3.9 12.9 3.6 1.1 0.3 6.9 

Total density (sum) 17.4 20.7 94.5 14.9 19.9 8.4 12.9 1.5 20.8 • 
Total biomass 14.7 18.7 78.3 12.7 12.3 7.4 17.2 1.5 16.1 

a. Species weights (g) used for biomass calculations were from Belopol'skii (1961), Palmer (1962), Dement'ev, · 
Gladkov, and Spangenberg (1969), and Cramp and Simmons (1977). 
b. Key to area abbreviations is given in the section on methods and in figure 34.1. 
c. Weighted totals for Georges Bank areas. 

Table 34.3 
Spatial breakdown of spring (March-May) densities (birds/km2

) and total biomass' (kg/km2
) for the 

dominant birds in shelf and Slope waters off the northeastern United States 

Areah 

Species GMb GMfb GBn GBe GBsh GBs SNEos SL GBall 

Northern fulmar 3.1 3.7 28.5 6.4 6.0 4.7 1.0 1.6 7.5 
Sooty shearwater 0.1 0.4 0.1 0.1 0.2 0.2 0.2 0.1 0.2 
Wilson's storm-petrel 0.1 1.0 0.5 0.5 2.4 2.2 2.4 1.3 1.6 
Northern gannet 0.3 0.3 1.1 0.1 0.3 0.6 2.6 0.8 0.4 
Red phalarope 0.1 0.1 0.1 0.5 0.8 58.2 50.6 1.8 17.2 
Great black-backed gull 1.7 3.1 3.1 0.8 1.6 1.1 1.3 0.5 1.3 
Herring gull 1.9 5.1 6.3 0.5 1.4 1.4 4.1 2.0 1.5 
Black-legged kittiwake 0.2 0.4 0.1 2.6 0.3 0.4 0.4 0.1 1.0 

Total density 7.5 14.1 39.8 11.5 13.0 68.8 62.6 8.2 30.7 
Total biomass 8.4 15.2 38.4 8.4 10.3 12.5 18.6 7.0 12.5 

a. Species weights (g) used for biomass calculations were from Belopol'skii (1961), Palmer (1962), Dement'ev, 
Gladkov, and Spangenberg (1969), Cramp and Simmons (1977), and K. D. Powers (unpublished data). 
b. See notes b and c to table 34.2 

Table 34.4 
Spatial breakdown of summer Qune-August) densities (birds/km2

) and total biomass• (kg/km2
) for 

the dominant birds in shelf and Slope waters off the northeastern United States 

Areah 

Species GMb GMfb GBn GBe GBsh GBs SNEos SL GBall 

Northern fulmar 0.2 1.4 2.0 1.2 0.3 0.1 0.1 0.1 0.7 
Cory's shearwater 0.3 0.7 1.0 0.7 1.4 1.0 0.9 0.1 1.0 
Greater shearwater 3.1 9.3 20.2 84.2 16.2 2.7 1.8 0.4 33.7 
Sooty shearwater 0.2 1.7 2.8 19.5 4.0 0.2 0.5 0.1 7.6 
Audubon's shearwater 0.1 0.1 0.1 0.1 
Wilson's storm-petrel 6.3 13.9 17.9 13.7 2.3 3.2 2.2 3.4 7.3 
Leach's storm-petrel 0.5 0.1 1.1 0.2 0.1 0.2 0.1 0.5 0.2 
Great black-backed gull 1.5 3.2 0.7 0.1 0.4 0.1 0.1 0.1 0.2 
Herring gull 1.0 2.7 0.3 0.1 0.1 0.1 0.1 0.1 

Total density 13.1 33.0 46.0 119.6 24.8 7.7 5.9 4.9 50.9 
Total biomass 7.0 19.8 24.2 87.2 19.5 1.6 3.2 1.0 37.3 

a. See note a to table 34.3. 
b. See notes b and c to table 34.2. 

degree of cooccurrence (0.001 < p < 0.05), and (3) 
those that showed a high degree of cooccurrence 
(p < 0.001) . . 

Flocks of Cory's shearwater, red phalarope, and 
Leach's storm-petrel occurred independently of fishing 
vessels (group 1 in table 34.6), although the first two · 
were seen in areas being fished. According to Bent 
(1922), Cory's shearwaters scavenge from fishing boats, 
particularly on oily livers. 

Flocks of sooty shearwater and Wilson's storm-petrel 
showed a significant degree of cooccurrence with fishing 
vessels (group 2 in table 34.6). Each species was observed 
feeding around trawlers at times, but also in nonfishing 
areas. Wahl and Heinemann (1979) noted that sooty 
shearwaters occasionally feed on offal from fishing boats 
off Washington State, but suspected that the birds' distri
bution was primarily determined by euphausid and an
chovy concentrations. Wilson's storm-petrel is known to 
be an opportunistic scavenger in the North Atlantic and 
South Atlantic (Palmer, 1962; Payne, Powers, and Bird, 
1983), but its preferred food is probably crustaceans, par
ticularly euphausids (Roberts, 1940; see also chapter 35). 

Flocks of fulmar, greater shearwater, gannet, kittiwake, 
and great black-backed and herring gulls showed a high 
degree of cooccurrence with fishing vessels (group 3 in 
table 34.6; figure 34.21). All species were observed feed
ing directly on offal. Concentrations of more than 1,000 
individuals of each species were observed among fishing 
fleets. Similar concentrations of the first four species also 
were seen away from fishing vessels, although such sight
ings were often made in places used by fishermen (for ex
ample, Cashes Ledge, Stellwagen Bank, the Great South 
Channel, the Northern Edge, and the Northeast Peak). 
Great black-backed and herring gulls were near fishing 
vessels in all but three sightings. 

Discussion 

Changes in hydrographic conditions and presumably in 
foods available in the Georges Bank region are reflected 
in the seasonal and spatial patterns of bird species com
position and abundance. The processes that keep water 
on the bank well mixed throughout the year are appar
ently also important for maintaining a continuous transfer 
of energy through the food chain in near-surface waters 
(0-50 m) from primary production to birds. Seasonal 
mean densities of birds on Georges Bank are 14-50 
birds/km2

, compared with 8-23 birds/km2 in the deep 
basins of the Gulf of Maine and 2-8 birds/km2 in the 
Slope Water. Similarly, Georges Bank supports more bird 
biomass (13-31 kg/km2

) than the Gulf of Maine (7-24 
kg/km2

) or the Slope Water (1-7 kg/km2
). 

In spring fulmars and the large gulls (great black
backed and herring) dominate in density and biomass on 
Georges Bank. Since these species are most abundant in 
the same areas (table 34.3) and all are highly attracted to 
fishing vessels (table 34.6), any biologic implications of 
food availability due to oceanographic differences are 
masked. Wilson's storm-petrels and red phalaropes, 
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which are numerically dominant at this time, are most 
abundant on the southern flank of Georges and outer 
shelf of the Middle Atlantic Bight. They are principally 
zooplankton feeders (Palmer, 1962; Ainley and Sanger, 
1979), and their spring pulse in density along the outer 
shelf correlates with an offshore maximum in zooplank
ton biomass Qudkins, Wirick, and Esaias, 1980). Wind
forced upwelling from northwesterly gales (Walsh et al., 
1978) potentially increases the availability at the surface 
of weakly swimming animals, such as copepods, which 
are directly utilized by red phalaropes and Wilson's 

·storm-petrels and are indirectly important in the food 
web leading to other birds (K. D. Powers, unpublished 
data). The shelf/slope front, which marks a discrete 
boundary between shelf and Slope waters (Wright, 1976), 
is the offshore limit of the cross-shelf distribution of 
phalaropes (figure 34.20). In fact, this front, as indicated 
by the high concentrations of phalaropes on its shore
ward edge, may be an upwelling mechanism leading to 
higher concentrations of prey at the surface. Fournier et 
al. (1977) suggested that enhanced biologic activity at the 
shelf-break front off Nova Scotia may be the result of 
higher nutrient concentrations induced by increased tur
bulence there. Alternatively, and more directly, prey may 
be concentrated there by the upwelling, as Brown (1980, 
figure 8) has suggested for the tide rips where phalaropes 
feed in the Bay of Fundy. 

The peak in bird density (50 birds/km2
) and biomass 

(31 kg/km2
) on Georges Bank occurs in summer, but at 

other seasons in the adjacent Slope Water and Gulf of 
Maine (figure 34.19). This may be explained in part by a 
food web that is conducive to birds in the well-mixed 
waters on the bank but is lacking in the well-stratified 
waters around the bank. In the latter places the lack of 
nutrients in the euphotic zone limits phytoplankton 
growth (Walsh et al., 1978) and may provide a break in 
the development of a food web attractive to birds. On 
the shelf of the eastern Bering Sea, Schneider and Hunt 
(1982) found a greater flux of carbon to surface-feeding 
seabirds on the outer shelf, where a pelagic food web 
was established, than on the stratified middle shelf, where 
a food web involving the benthos predominated. 

Zoogeographic zonation is most apparent in summer, 
when there are two distinct communities of birds on 
Georges Bank. The northern and eastern flanks of the 
bank are dominated by colder-water greater and sooty 
shearwaters and Wilson's storm-petrel, while on the 
southwestern flank the dominance rank of warmer-water 
Cory's and Audubon's shearwaters is comparable to the 
outer shelf of the Middle Atlantic Bight and to the Slope 
Water (SNEos and SL, respectively, in table 34.4). This 
fits with the biogeographic boundaries developed by 
Brown et al. (1975) for birds (boreal and cool subtropica~ 
and perhaps by Backus et al. (1977) for mesopelagic 
fishes in the adjacent deepwater (subarctic and temperate). 

The transition of species assemblages from fall to win
ter is correlated with the cooling air in · a fashion similar 
to the warming in spring, except that there is no large in
flux of zooplankton-feeding phalaropes going south over 
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Table 34.5 
Spatial breakdown of fall (September-November) densities (birds/km2

) and total biomass' 
(kg/km2

) for the dominant birds in shelf and Slope waters off the northeastern United States 

Areab 

Species GMb GMfb GBn GBe GBsh GBs SNEos SL GBall 

Northern fulmar 0 .6 0.4 0.9 0.7 0.3 0.2 0.1 0.1 0.4 
Cory's shearwater 0 .7 1.0 0.2 0.9 0.2 0.3 0.4 0.3 0.4 
Greater shearwater 13.2 29.3 17.0 10.4 7.2 2.3 4.3 0.7 7.5 
Audubon's shearwater 0.1 0.3 
Wilson's storm-petrel 0.1 0.2 0.1 0.1 0.1 0.1 0.7 0.1 
Northern gannet 0.5 0.9 1.0 0.3 0.6 0.2 0.2 0.1 0.4 
Great black-backed gull 3.3 6.3 4.2 0.9 2.3 0.5 0.8 0.1 1.5 
Herring gull 4.0 15.5 11.3 3.8 2.9 1.7 2.6 0.5 3.5 
Black-legged kittiwake 0.4 13.7 0.3 0.5 0.9 0.1 0.3 0.4 0.5 

, Total density 22.8 67.2 35.0 17.6 14.4 5.4 8.9 3.2 14.3 
Total biomass 23.9 62.1 38.2 17.1 15.7 5.8 9.1 2.2 15.0 

a. See note a to table 34.3. 
b. See notes b and c to table 34.2. 

Table 34.6 
Cooccurrence of seabirds and fishing vessels in the Georges Bank area' 

Number of flocks Observer 
with >50 birds effortb 

Period of 
Species Chi square No fishing Fishing No fishing Fishing consideration' 

Group 1: no significant 
cooccurrence (p > O.OS) 
Cory's shearwater 0.41 13 (12.2) 1 (1.8) 1,373 203 Jun- Aug 
Leach's storm-petrel 0 2 (2.0) 0 (0) 1,759 258 May-Aug 
Red phalarope 1.29 39 (36.8) 2 (4.1) 596 69 Apr-May 

Group 2: significant 
cooccurrence (0.001 <p < 0.05) 
Sooty shearwater 7 .96 7 (9.8) 4 (1.1) 1,409 161 Apr-Jul 
Wilson's storm-petrel 7.94 40 (46.9) 14 (7.0) 1,759 258 May-Aug 

Group 3: highly significant 
cooccurrence (p<0.001) 
Northern fulmar 42.31 10 (20.1) 13 (2.8) 1,214 159 Dec-May 
Greater shearwater 21.76 23 (32.7) 15 (5.2) 1,518 230 Jun-Nov 
Northern gannet 29.03 1 (3.4) 5 (0.7) 901 119 Nov-Apr 
Large gullsd 301.35 3 (50.1) 56 (8.9) 1,359 186 Oct-May 
Black-legged kittiwake 15.58 7 (13.0) 9 (2.9) 375 78 Nov-Feb 

a. The degree of cooccurrence (chi square) is calculated by comparing the frequencies of flocks within 8 km of 
fishing vessels and those more distant. Observer effort is the number of 10- or 15-minute counts made when 
the species was common. The expected number of flocks is given in parentheses next to the observed number. 
b. For this analysis we assume that 10- and 15-minute counts are equivalent. 
c. Includes months in which flocks of more than 5Q birds of that species are observed on Georges Bank. 
d. Includes great black-backed and herring gulls. 

the bank. The fall peak in zooplankton biomass in the 
Gulf of Maine occurs inshore (Redfield; 1941), which 
corresponds temporally with a seasonal aggregation of 
red and red-necked phalaropes in the Bay of Fundy 
(Brown et al., 1975). The fall influx of greater shear
waters, gannets, large gulls, and kittiwakes that we found 
in the southwestern Gulf of Maine (table 34.5) in 
1978-1982 may be correlated with an irruption of sand 
lance (Ammodytes spp.) around Cape Cod that began in 
1975 (Meyer, Cooper, and Langton, 1979), although we 
have no comparable bird data from earlier years. Over
holtz and Nicholas (1979) attributed the abundance of 
finback and humpback whales on Stellwagen Bank to the 
increase in this fish. 

In winter the uniformity in hydrographic conditions 
across the Gulf of Maine and on Georges Bank is consist
ent with the birds' community structure. Although there 
are differences in abundance between species and areas, 
the same five species are dominant in all areas (table 
34.2). Except for gannets, these species are found also in 
the Slope Water, but their low abundance there again 
contrasts sharply with the more productive shelf (figure 
34.19). 

There is one feature of bird abundance on Georges 
Bank that is consistent throughout the year. Abundance 
is always high on the northern and eastern flanks of 
the bank (figure 34.1): fulmars in winter and spring 
(28 .5-80.5 birds/ km2

), sooty shearwaters (1 5.7 birds/ 
km2

) and Wilson's storm-petrels (17 .9 birds/ km2
) in 

summer, and greater shearwaters in summer and fall 
(17 .0-84.2 birds/km2

) (tables 34.2-34.5). Magnell, Spie
gel, and Scarlet (1979) observed a jet flow to the north
east along the northern flank of the bank. The jet is 
centered over the 50-m isobath and carries nutrient-rich 
water from deep in the Gulf of Maine onto the bank 
(Hopkins and Garfield, 1981). Flagg et al. (1982) found 
that annual productivity (mgC/ m2

) was highest on the 
well-mixed (Georges Bank) side of the northern-flank 
front and decreased within the front and beyond it. Thus 
the high densities of birds found on the northern and 
eastern parts of Georges Bank are consistent with the ob
served upwelling of nutrients and enhanced productivity 
there. We should be cautious in making this interpreta
tion, however. All of the species abundant here are at
tracted by fishing vessels to some extent, and these are 
places of active fishing, though by no means the only 
such on the bank. 
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Figure 34.21 
Several Georges Bank bird species 
are attracted to fishing vessels, 
among them the gulls shown here 
(great black-backed and herring) 
with the Boston dragger Leonard 
and Nancy. 
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Note 

1. Seasons were based on hydrographic 
conditions-winter: December to Feb
ruary, water column weB mixed; 
spring: March to May, water column 
weakly stratified; summer: June to Au
gust, water column strongly stratified; 
fall: September to November, stratifi
cation weakening. 
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The distribution of seabirds on Georges Bank is related 
to oceanographic conditions. Nutrient upwelling from 
tidal currents and enhanced productivity on the northern 
and eastern parts of the bank are in part responsible for 
the great abundance and biomass of seabirds found there. 
Although this relation is of interest to ornithologists and 
oceanographers, the trophic implications of these seabird 
distributions are also important. Are the regional differ
ences in seabird density and biomass on Georges Bank re
flected in rates of energy transfer? How do these rates 
compare with similar measurements from other marine 
systems? What are the food requirements of seabirds on 
the bank? What sorts of prey do they utilize, and what is 
the relative importance. of the various groups of prey? 

Seabirds, which, like other birds, are endotherms, have 
energy requirements that are an allometric function of 
body mass. A given biomass of large-bodied seabirds re
quires a smaller daily ration of food than an equivalent . 
biomass of small-bodied seabirds because metabolism and 
food requirements are proportional to body mass raised 
to the power 0.723 (Lasiewski and Dawson, 1967; Ken
deigh, 1970; Schneider and Hunt, 1982). A 3,000-g gan
net requires 0.21 kcal/g (kilocalories per gram) of body 
weight each day, whereas a 35-g Wilson's storm-petrel 
needs to consume 0.72 kcal!g during the same period in 
order to survive. Thus abundance and body mass must be 
combined with allometric scaling for examining differ
ences in transfer among the several regions of the bank. 
With knowledge of the composition of seabird diets on 
the bank, these transfer rates can be used further to show 
the relative importance of the various groups of prey. 

Estimates of bird density (birds/km2
) were compiled 

from data gathered by the Manomet Bird Observatory 
(MBO) between January 1978 and May 1982. A descrip
tion of the census method and estimates of seasonal den
sity and biomass used for our energy calcuations are 
given in chapter 34. It is useful to point out again that 
these density estimates are better considered as relative 
(not absolute) assessments of numbers even within indi
vidual species. Behavioral differences among birds in their 
attraction to ships, differences in the detectability of birds 
at sea, and variability in the abilities of observers to 
count birds at sea are all biases that are only partly con
trolled (Powers, 1982). The principal control is a stand
ardized format of data collection. 

One difference between the density measurements here 
and those in chapter 34 is that here the part of subarea 
GMfb in figure 34.1 lying south and east of Stellwagen 
Bank has been split off and considered the northwestern 
part of Georges Bank rather than a part of the Gulf of 
Maine. Thus Georges Bank is divided into five regional 
components: northwestern part (GBnw), northern edge 
(GBne), eastern flank (GBe), shoals (GBsh), and south
western part (GBsw) (see figure 34.1). 

The following seabird species were examined: northern 
fulmar (Fulmarus glacialis), Cory's shearwater (Calonectris 
diomedea), greater shearwater (Puffinus gravis), sooty 
shearwater (P. griseus), Wilson's storm-petrel (Oceanites 
oceanicus), Leach's storm-petrel (Oceanodroma leucor-

hoa), northern gannet (Sula bassanus), red phalarope 
(Phalaropus fulicaria), great black-backed gull (Larus mar
inus), herring gull (L. argentatus), and black-legged kitti
wake (Rissa tridactyla). Species occupancy in a region is 
the mean species density for each season1 multiplied by 
the number of days in the season. Total annual species 
occupancy (bird-days/km2

) is the sum of these products 
after each product has been weighted by the size of the 
region. 2 Thus the regional calculations of energy transfer 
by each species were based on unadjusted estimates of 
occupancy, whereas the total transfer rates by species 
were adjusted by the sizes of the regions. · 

Weights of seabirds were obtained from the literature 
and from birds collected on Georges Bank. For free-living 
birds, the daily food requirements (not corrected for as
similation) were assumed to be 2.8 times the standard 
metabolic rate (SMR) (Kooyman et al., 1982). Standard 
metabolic rates· were obtained from the equation for 
nonpasserine birds (Lasiewski and Dawson, 1967): 
SMR = 78.3M0

·
723

, where SMR units are kcal!day and 
M units are kg. Daily energy requirements were corrected 
for assimilation by assuming that 0.75 of each kilocalorie 
ingested was assimilated, which is equivalent to multiply
ing SMR by 1.3 (Kendeigh, Dolnik, and Gavrilov, 1977). 
The modified equation to account for diurnal activity 
(Aschoff and Pohl, 1970) was not used because seabirds 
are active at night. We converted energy to grams of car
bon (gC), as Schneider and Hunt (1982) did, using the 
following values: 5 kcal is taken to be the equivalent of 
1 g dry weight of fish (Nishiyama, 1977), and 0.4 gC the 
equivalent of 1 g dry weight of fish, squid, and arthro
pods (Curl, 1962). Food requirements were estimated as
suming that 1 g wet weight of fish is the equivalent of 

Table 35.1 
Average weights and daily food requirements of the common 
seabirds of Georges Bank' 

Weighth Food requirement 
Species (g) (kcal!day) 

Procellariids 
Northern fulmar 800 243 
Cory's shearwater 900 264 
Greater shearwater 850 253 
Sooty shearwater 850 253 
Wilson's storm-petrel 35 25 
Leach's storm-petrel 45 30 

Pelecaniforms 
Northern gannet 3,000 631 

Phalaropes 
Red phalarope 55 35 

La rids 
Great black-backed gull 1,600 400 
Herring gull 1,150 316 
Black-legged kittiwake 400 147 

a. Weights are to the nearest 5 g. Food requirement is · 
2.8 X SMR X 1.3, the correction for assimilation (see text). 
b. Weights are derived from Belopol'skii (1961), Palmer (1962), 
Dement'ev, Gladkov, and Spangenberg (1969), Cramp and Simmons 
(1977), and this study. 
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0.27 g dry weight (Wiens and Scott, 1975). Body weights 
and daily energy needs of seabirds on Georges Bank are 
given in table 35 .1. 

Food preferences were determined from the stomach 
contents of birds collected on Georges Bank and in the 
adjacent Gulf of Maine and Middle Atlantic Bight and 
from the literature. An index of relative importance (IRI) 
was calculated for each prey item (Pinkas, Oliphant, and 
Iverson, 1971) for each bird species. The index assigns 
an importance to each food item using the formula 
IRI = (W + N)F, where W is the total weight or volume 
of prey, N is the total number of individuals, and F is the 
relative frequency of occurrence (%). IRis were deter
mined for the following groups: fish, fish eggs, squid, co
pepods, euphausiids, decapods, amphipods, isopods, and 
other. The IRis for these groups were summed for each 
bird species. The IRI for each group divided by the sum 
of the group IRis for a particular bird species yielded a 
percentage that was used to estimate the consumption of 
each food group by that bird species. 

The total annual energy consumption by seabirds on 
Georges Bank was estimated at 2.145 kcal!mZ, or 0.172 
gC/m2 (table 35 .2). Greater shearwater and northern ful
mar had the highest occupancy and the highest energy
transfer rates. Together they accounted for 57% of the 
total annual energy transfer to birds (table 35 .2). In this 
respect Georges Bank resembles the eastern Bering Sea, 
where fulmars and sooty and short-tailed shearwaters 
(Puffinus tenuirostris) account for the majority of the en
ergy flow to the seabird community (Hunt, Burgeson, and 
Sanger, 1981). Wilson's storm-petrel and red phalarope 
were third and fourth in occupancy on Georges Bank, 
but because of their small size they used only 3% of the 
total energy transferred to birds. 

Herring and great black-backed gulls each transferred 
more than 10% of the total energy; together they con
sumed up to 43% on a region-by-region basis. However, 
their distributions and presumably their foraging strategies 
are closely linked to commercial fishing activities (chapter 
34). They appear to crop mostly what fishermen leave 
behind, and the amount of food that they remove from 
Georges Bank may depend upon the intensity of commer
cial fishing-reduced removal with lessened effort and in
creased removal with greater effort. Unlike the other 
seabirds on Georges Bank, these large gulls probably re
turn to the coast when foraging is poor offshore. 

Unlike the shelf waters of the eastern North Pacific 
and the higher latitudes of the western North Atlantic 
(above 44° N), Georges Bank does not have any large 
population of alcids (for example, razorbills, murres, or 
puffins), which are entirely subsurface feeders. 

The greatest rates of energy transfer to · birds on 
Georges Bank occurred across the northern flank, where 
annually 2.043 kcal/m2 was estimated for the northwest 
(GBnw), 4.749 kcal/m2 for the northern edge (GBne), 
and 3.415 kcal/m2 for the northeast (GBe) (table 35.2). 
The lowest annual rate, 0.867 kcal/m2

, was estimated for 
the GBsw region on the southern flank. Greater shear
waters were important consumers throughout the north-



ern flank, particularly in the GBe region (table 35 .2). 
Fulmars were dominant on the northern edge (GBne). 
Herring and great black-backed gulls were important con
sumers in the GBne and GBnw regions. 

Seabird prey on Georges Bank falls into three major 
groups: fishes, squids, and euphausiids. Fishes represented 
annually 1.046 kcallm2

, nearly half of the total food re
quirement of seabirds (table 35.3), and were fed on 
throughout the year. Sand lance (Ammodytes sp.) was 
found in the stomachs of greater, sooty, and Cory's 
shearwaters and black-legged kittiwakes (table 35.4). We 
observed gannets and great black-backed and herring 
gulls (the large gulls) feeding on sand lance. These sand 
lance were often driven to the surface by feeding hump
back (Megaptera novaeangliae) and fin (Balaenoptera 
physalus) whales (Hain et al., 1982). Most of the obser
vations of sand lance and most of the occurrences of 
sand lance in stomachs were in the GBnw region in 
waters less than 100 m deep to the east of Cape Cod and 
in the Great South Channel. Saury (Scomberesox saurus) 
was an important prey of Cory's shearwaters in the Great 
South Channel and in shelf waters to the south. We ob
served greater shearwaters and the large gulls feeding on 
saury in the same areas. These fish were taken during the 
night in the wake of ships whose stern lights made them 
more visible. Other fishes taken by seabirds were Peprilus 
triacanthus and Merluccius bilinearis, but these species 
were apparently either not as desirable or not as available 
as sand lance or saury. , 

Squids made up over a quarter of the total energy con
sumed by seabirds (table 35 .3). Squids were recorded in 
the stomachs of fulmars, all shearwaters, and Wilson's 
storm-petrels (table 35.4 ). We also observed greater and 
sooty shearwaters, gannets, and the large gulls feeding on 
squid that had fallen from the trawls of fishing vessels. 
Squids accounted for nearly half of the energy needs of 
greater and sooty shearwaters. Brown et al. (1981) indi
cated that in eastern Canadian waters greater and sooty 
shearwaters will feed opportunistically on prey in the size 
range between euphausiids and the smaller fishes and 
squids. Although the beaks of squids from several fami
lies were found in the stomachs of these shearwaters on 
Georges Bank, the only beaks with fleshy parts attached 
that we recorded came from the long-finned squid, Illex 
illecebrosus. 

Euphausiids made up annually about one-fifth (0.415 
kcallm2

) of the estimated energy transfer to seabirds (ta
ble 35.3). The euphausiid Meganyctiphanes norvegica was 
taken by fulmars, greater and sooty shearwaters, Wilson's 
and Leach's storm-petrels, and red phalaropes (table 
35.4 ). Euphausiids were most frequently taken in the 
GBnw, GBne, and GBe regions. Of the other crustaceans 
reported, calanoid copepods were fed on by Wilson's 
storm-petrels and red phalaropes in May along the south
ern flank of the bank (GBsw); however, fish eggs were 
apparently the preferred food item for red phalaropes at 
this time (table 35.4). Briggs et al. (in press) also found 
fish eggs to be an important food of red phalaropes off 
the coast of California. 
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Table 35.2 Table 35.3 
Annual occupancy (bird-days/km2

) and energy transfer (bird-kcallm2
) for the most common Consumption of major food groups by the common seabirds on 

seabirds on Georges Bank, Georges Bank 

Region Annual consumption 

Species Occupancy GBnw GEne GBe GBsh GBsw Total 
Major food group (kcallm2) 

Greater shearwater 3,430 0.610 0.861 2.199 0.543 0.116 0.868 Fishes 1.046 

Northern fulmar 1,494 0.193 2A62 0.354 0.246 0.146 0.363 Squids 0.565 
Red phalarope 1,172 0.001 0.001 0.002 0.003 0.187 0.041 Euphausiids 0.415 
Wilson's storm-petrel 993 0.037 0.043 0.033 0.011 0.013 0.025 
Herring gull 774 0.417 0.602 0.149 0.165 0.131 0.245 Fish eggs 0.025 
Black-legged kittiwake 774 0.119 0.086 0.093 0.187 0.054 0.114 Amp hi pods 0.021 
Great black-backed gull 625 0.441 0.467 0.149 0.198 0.127 0.250 
Sooty shearwater 516 0.065 0.068 0.368 0.098 0.009 0.131 Decapods 0.010 

Cory's shearwater 143 0.044 0.029 0.039 0.039 0.031 0.038 Isopods 0.009 
Northern gannet 109 0.115 0.127 0.028 0.058 0.052 0.069 
Leach's storm-petrel 18 0.001 0.003 0.001 0.001 0.001 0.001 Copepods 0.005 

Annual total Other 0.049 

kcal/m2 2.043 4.749 3.415 1.549 0.867 2.145 Total 2.145 
gC/m2 0.163 0.380 0.273 0.124 0.069 0.172 

a. The estimates are based on density and biomass figures from chapter 34. Total annual regional energy re-
quirements are also given in gC/m2• Total occupancy and total rate of energy transfer for each species have 
been adjusted for the areas of the regions, while the regional estimates remain unadjusted. 

Table 35.4 
Diet (%) of the common seabirds of Georges Bank, 

Food groups 

Sample Fish 
Species SIZe Fish Euphausiids Squid eggs Amphipods Decapods Isopods Copepods Other 

Northern fulmar 43 2 71 24 2 1 
Cory's shearwater 117 97 3 
Greater shearwater 161 48 5 44 1 1 1 
Sooty shearwater 49 45 2 53 
Wilson's storm-petrel 137 8 54 3 19 2 14 
Leach's storm-petrel 5 25 75 
Northern ganneth 0 100 
Red phalarope< 17 10 60 30 
Great black-backed guild 24 70 15 5 10 
Herring guild 8 70 15 5 10 
Black-legged kittiwake 10 95 5 

a. Sampl~ size is the number of stomachs examined in this study. 
b. Diet from Palmer (1962) and Nelson (1978). 
c. Diet partly from Briggs et al. (in press). 
d. Diet partly from Harris (1965). 

Table 35.5 Table 35.6 
Annual rates of trophic transfer (gFood/m2

) to pelagic seabird communities, Transfer efficiency to seabirds (consumption by birds/primary productio~) 

Locality 

Upwelling off Peru 
Upwelling off Oregon 
Southeastern Bering Sea 
Southeastern Bering Sea 
Southeastern Bering Sea 
North Sea 
Georges Bank 
Eastern North Pacific 

Energy 
requirement 

11.0-45.0 
8.0 
2.5 
1.4b 
o.sc 
1.9 
1.6 
0.09 

a. From Schneider and Hunt (1982). 

Source 

Schaeffer (1970) 
Wiens and Scott (1975) 
Favorite, Laevastu, and Straty (1977) 

. Hunt, Burgeson, and Sanger (1981) 
Schneider and Hunt (1982) 
Furness (1978) 
This study 
Sanger (1972) 

b. Based on intake of 20% body mass per day rather than 40% (G. S. Hunt, personal 
communication). 
c. Estimate based on a 153-day season (April-August). 

Locality 

Upwelling off Peru 
Upwelling off Oregon 

Bering Sea 

North Sea 
Georges Bank 

Annual 
Transfer primary 
efficiency production Source for primary-
(X 100) (gC/m2) production estimate 

0.38-1.56 2,880 Menzel et al. (1971) 
2.67 300 Anderson (1972), 

Small, Curl, and 
Glooschenko (1972) 

1.40-2.50 100 McRoy and Goering 
(1976) 

1.86 102 Steele (1974) 
0.35-0.60 265-455 O'Reilly et al. 

(chapter 21) 
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Only a few species of fish, squid, and crustaceans, 
however, provide most of the food used by seabirds in 
any one region. Sand lance and saury, long-finned squid, 
and Meganyctiphanes norvegica are the most important 
prey of seabirds on Georges Bank, and their availability 
may be the most critical factor in determining seabird dis
tributions on the bank. 

The estimated annual energy transfer to seabirds on 
Georges Bank, 0.172 gC/m2 (table 35.2), can be com
pared with similar estimates made for the southeastern 
Bering Sea (Favorite, Laevastu, and Straty, 1977; Hunt, 
Burgeson, and Sanger, 1981; Schneider and Hunt, 1982), 
the eastern North Pacific (Sanger, 1972), around seabird 
colonies in the North Sea (Furness, 1978), and in upwell
ing systems off Oregon (Wiens and Scott, 1975) and Peru 
(Schaeffer, 1970). In order to compare them, Schneider 
and Hunt (1982) converted-each of these annual esti
mates to grams of food per square meter. These, together 
with our own estimate similarly converted, are given in 
table 35.5. 

These conversions indicate that rates of trophic transfer 
to pelagic communities of seabirds are greatest in upwell
ing systems-annually 8 gFood/m2 off Oregon and 
11-45 gFood/m2 off Peru. Annual consumption by sea
birds on Georges Bank is estimated at 1.6 gFood/ m2

, 

which is similar to the other estimates for high-latitude, 
low-arctic shelf systems-for the eastern Bering Sea 
0.5-2.5 gFood/ m2

, and for the North Sea 1.9 gFood/m2
• 

Annual rates of transfer to seabirds appear to be minimal 
in oceanic waters-0.09 gFood/m2 is the estimate for the 
eastern North Pacific. 

These rates of consumption are intuitively appealing; 
that is, the high primary production in upwelling areas is 
correlated with a high rate of consumption by birds, and 
consumption is least in oceanic waters, where production 
is poorest. However, it is more revealing to compare the 
efficiencies with which the energy is transferred in the 
several areas. Transfer efficiency is defined as the annual 
ratio of consumption by birds (gFood/m2

) to total annual 
primary production (gC/m2

). We have calculated transfer 
efficiencies for the areas in table 35.5 using the consump
tion rates in that table and primary production estimates 
from the literature (table 35 .6). It should be pointed out 
that both the consumption and primary-production fig
ures are estimates based on a number of assumed conver
sion factors. 

The ratios suggest that the energy transfer on Georges 
Bank is not as efficient as in the upwelling areas off Peru 
and Oregon, where rates of consumption by birds are rel
atively high, or in the North Sea and Bering Sea, where 
rates of consumption are similar to those in Georges 
Bank. The obvious reason for the inefficiency of the 
Georges Bank system is that its annual rate of primary 
production is so high (265-455 gC/m2

) (chapter 21). This 
annual rate is comparable to that for coastal waters off 
Oregon (300 gC/m2

) (Anderson, 1972; Small, Curl, and 
Glooschenko, 1972), where there is upwelling, and three 
times as great as that recorded for the Bering Sea (100 
gC/m2

) (McRoy and Goering, 1976) and the North Sea 

(102 gC/m2
) (Steele, 1974), where there is no substantial 

upwelling. Thus although the rate of removal of food by 
birds on Georges Bank is similar to other productive ma
rine systems, the utilization of available energy is two to 
three times less. One reason for this underutilization may 
be that Georges Bank is not a principal feeding area for 
breeding seabirds (chapter 34), whereas the coastal re
gions of Oregon and Peru and the Bering and North seas 
support large colonies of such birds. The movements of 
nonbreeding seabirds on Georges Bank (as elsewhere) are 
undoubtedly linked to the availability of preferred foods. 
The constraint of having to forage within a certain area, 
because of the necessity of carrying back extra food to 
growing chicks, is not imposed upon the seabirds of 
Georges Bank. Thus the efficiency with which breeding 
seabirds use the food that is close to their nests may be 
greater than that of the nonbreeding birds on Georges 
Bank, which are free to change their foraging range as 
suitable concentrations of prey become available. 
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Notes 

1. Seasons were winter (Decem
ber-February), spring (March-May), 
summer Uune-August), and fall 
(September- November). 

2. The areas of regions are as follows 
(in square nautical miles): 
GBnw = 3,972, GBne = 878, 
GBe = 3,512, GBsh = 3,675, and 
GBsw = 3,260. 
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Whales, Dolphins, and 
Porpoises 
Howard E. Winn, James H. W. Hain, 
Martin A.M. Hyman, and Gerald P. Scott 

Recent studies show that whales, dolphins, and porpoises 
are an important component of the Georges Bank ecosys
tem (CETAP, 1982). Georges Bank serves as a regular or 
occasional habitat for more than 18 species. During 
spring and summer, the seasons of apparent peak abun
dance, there may be on the order of 29,000 individual 
cetaceans present, representing a biomass of about 
25,000 mT (metric tons). These top predators consume a 
quantity of food comparable to, or perhaps greater than, 
that taken from Georges Bank by another top predator
man. 

Because the conservation and protection of marine 
mammals is national policy (Marine Mammal Protection 
Act of 1972, Endangered Species Act of 1973), decisions 
regarding the development of natural resources must take 
these animals into account. 1 This chapter describes their 
distribution, abundance, and role in the ecosystem on 
Georges Bank. 

Methodology 

A study to determine the distribution of marine mammals 
(and turtles) off the northeastern Unite.d States (from the 
Carolina capes to Nova Scotia) was conducted by the Ce
tacean and Turtle Assessment Program (CETAP) at the 
University of Rhode Island from 1978 to 1982 as a part 
of the Bureau of Land Management's Environmental 
Studies Program of the outer continental shelf. The data 
were collected from aircraft flying rigorously defined cen
sus surveys and by research vessels, ships- and aircraft-of
opportunity, and cooperating researchers, mariners,. and 
pilots. During the 39-month field study, CETAP person
nel surveyed 229,112 nm (nautical miles) of trackline 
during 9,190 hours of ob.servation in sea· states of Beau
fort 3 or less. The complete data base consists of 11,156 
sightings of 170,012 individuals of 26 cetacean species. 
From it, information has been drawn for describing the 
cetaceans of Georges Bank (defined in figure 36.1, and 
containing 20,018 nmZ, or 69,003 km2

). 

Variable sighting effort has been accounted for in the 
three-dimensional plots (figures 36.2-36.13), where, for 
1 0' quadrats, sightings of species have been divided by 
miles of track surveyed; thus the plotted values are sight
ings per unit of effort. The designation of seasons follows 
the astronomical or calendar convention: spring as 20 
March-20 June, summer as 21 June-21 September, fall 
as 22 September-20 December, and winter as 21 Decem
ber-19 March. 

Species Present 

In the 39 months of field studies, November 1978-
January 1982, 3,082 cetacean sightings were reported 
from Georges Bank. These sightings fall into 18 species 
or species groups and 2 categories that contain the uni
dentified and partially identified sightings (table 36.1). 
Twelve species are common (10 or more sightings), and 6 
are uncommon or rare (fewer than 10 sightings). The 
most common large whale sighted was the fin whale, Ba-

laenoptera physalus. The most common small whale seen 
was the white-sided dolphin, Lagenorhynchus acutus, and 
judging from the number of individuals sighted, it is the 
most numerous marine mammal in the region. 

General Distribution of Sightings 

The plots of raw sighting data (figure 36.1), which must 
be viewed with some caution because the apparent den
sity of sightings can reflect sighting effort rather than 
whale abundance, provide a first-order answer to the 
question, "Where do whales occur in the Georges Bank 
area?" These plots show that there is almost no part of 
Georges Bank where whales do not occur. In general, 
cetaceans are widely distributed in the area. The Great 
South Channel and its northern approaches appear to be 
areas of concentration of large whales, whereas these ani
mals are infrequently sighted on the crest of the bank 
(figure 36.1a). Small whales are somewhat more evenly 
distributed (figure 36.1b), although there are concentra
tions in the Great South Channel and its northern ap
proaches and along the shelf edge. 

Habitat 

Each of the 12 common cetaceans in the Georges Bank 
region appears to belong to one of two distributional 
types (table 36.2). The on-shelf group consists of four 
baleen whales and two toothed-whale (odontocete) spe-

. cies, the shelf-edge group of five odontocetes and a single 
baleen whale. 

The mean depth of water at sighting for each of the 
six on-shelf species was about the same, and the variabil
ity was generally low. This suggests a high degree of hab
itat sharing (perhaps explainable in part by the low degree 
of depth variation in the on-shelf habitat). On the other 
hand, the mean depths at sighting for the six shelf-edge 
cetaceans were dissimilar and the depths more variable 
than for the on-shelf species. While it appears that the 
shelf-edge species generally occupy a wider depth range, 
these data suggest some degree of habitat partitioning. 

Seasonal Distribution 

Whales on Georges Bank cotne and go with the seasons. 
During the season of peak abundances, spring, a total of 
28,727 cetaceans with a biomass of 25,434 mT is esti
mated to occur (table 36.3). In winter the number of in
dividuals is reduced to 24% of the spring level, and the 

. biomass to 14%. (There are proportionately fewer large 
whales in winter.) 

As the weather warms in spring, there is an immigra
tion. From spring through fall, the bank serves as a feed
ing ground and nursery for a wide variety of whale 
species. The sharing of these feeding grounds occasionally 
results in multispecies aggregations of numerous individu- . 
als of two, three, or more species (for example, fin 
whales, humpback whales, and white-sided dolphins). On 
the other hand, some species are characteristically more 
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Figure 36.1 
Cetacean sightings on Georges 
Bank during the 1978-1982 CETAP 
study: (a) large whales, species 
with mean length ;;;. 25 feet (7.6 m) 
(number of observations N = 
1 ,237); (b) small whales, species 
with mean length < 25 feet 
(N = 1 ,273). For the purposes of 
this chapter Georges Bank is con· 
sidered to be the rectilinear area. 
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Table 36.1 Table 36.3 
Cetacean sightings in the Georges Bank region, November 1978-January 1982• Estimated abundance, biomass, and food requirements for cetaceans on Georges Bank 

Common Number of Number of Abundance Total 
Species name sightings individuals 

estimate" 
Total cetacean Estimated food 
biomass biomass Weightb requirements' 

Large whales Species Season Number 95% confidence level (mT) (%) (mT) (mT/ yr) 
Balaenoptera physalus Fin whale 473 1,158 
Eubalaena glacialis Right whale 197 558 Balaenoptera physalus sp 352 ±403 10,560 42 30.0 11 ,371 

Megaptera novaeangliae Humpback whale 163 440 WI 39 ±76 1,170 33 

Balaenoptera acutorostrata Minke whale 89 113 
Balaenoptera borealis 238 ±279 3,094 12 13.0 4,464 Physeter catodon Sperm whale 43 71 sp 

Balaenoptera borealis Sei whale 40 100 WI 49 ±113 637 18 

Orcinus orca Killer whale 2 6 Balaenoptera sp 163 ±112 734 3 4.5 1,144 
H yperoodon ampullatus N. bottlenose whale 1 1 acutorostrata WI 0 0 0 

T oral, identified large whales 1,008 2,447 Megaptera novaeangliae sp 40 ±58 1,000 4 25.0 1,016 
Unidentified large whalesb 229 402 0 0 0 
T oral, large whales 1,237 2,849 

WI 

Small whales Eubalaena glacialis sp 57 ±182 2,280 9 40.0 2,060 

Lagenorhynchus acutus White-sided dolphin 267 12,658 WI 0 0 0 

Globicephala melaena Pilot whale 217 4,407 Physeter catodon sp 36 ±77 720 3 20.0 1,096 
Phocoena phocoena Harbor porpoise 165 301 WI 15 ±40 300 9 
Delphinus delphis Saddleback dolphin 115 5,790 
Tursiops truncatus Bottlenose dolphin 107 1,856 Unidentified and sp 6 ± 10 169 1 27 .8d 165 
Grampus griseus Grampus 45 702 uncommon large whales WI 0 0 0 
Stenella coeruleoalba Striped dolphin 6 790 
Mesoplodon spp.' Beaked whales 6 18 Globicephala melaena sp 4,754 ±5,190 4,041 16 0.85 11,314 

Stenella spp. (spotted)' Spotted dolphins 2 11 WI 872 ±2,428 741 21 

Lagenorhynchus albirostris White-beaked dolphin 1 9 
Lagenorhynchus acutus 14,838 1,781 7 sp ±15,433 0.12 7 ,299 

T oral, identified small whales 931 26,542 WI 920 ± 2,395 110 3 
Unidentified small whalesb 342 8,171 
T oral, small whales 1,273 34,713 Delphinus delphis sp 2,988 ± 7,290 194 1 0.07 1,902 

WI 3,515 ± 10,117 229 7 
Total sightingsd 2,510 37,562 

a. CETAP (1982). Tursiops truncatus sp 1,663 ±1,661 250 1 0.15 1,303 

b. Categories used to group unidentified or partially identified sightings are: large whales > 25 feet (7 .6 m) in WI 716 ± 1,268 107 3 
length, and small whales < 25 feet (7 .6 m) in length. 

299 ·c. Identification to genus only due to difficulty in the field and/ or unresolved taxonomy. Grampus griseus sp ±675 102 < 1 0.34 302 
d. These numbers are total data on which analyses and subsequent conclusions were based. They should not be WI 0 0 0 
construed as actual counts or indicators of relative abundances, since sighting effort was unevenly distributed in 
the area, and resightings are likely to have occurred during the 39-month study period. Phocoena phocoena sp 1,821 ±1,018 82 < 1 0.05 412 

Wl 37 ±58 2 <1 

Table 36.2 Unidentified and sp 1,472 ±2,580 427 2 0.29d 2,066 
The two distributional types for common Georges Bank cetaceansa uncommon small WI 829 ±2,261 240 7 
On-shelf type Shelf-edge type whales 

Fin whale (B. physalus) Sei whale (B. borealis) Total sp 28,727 25,434 45,914 
Minke whale (B. acutorostrata) Sperm whale (P. catodon) Wl 6,992 3,536 
Humpback (M. novaeangliae) Pilot whale (G. melaena) 

a. Estimates based on individuais sighted at or near the surface and do not account for animals missed due to submergence; additional discussion in 
Right whale (E. glacialis) Saddleback dolphin (D. delphis) text. Abundance estimates and biomass data are shown for peak values in spring (sp) and minimum values in winter (wi). 
White-sided dolphin (L. acutus) Bottlenose dolphin (T. truncatus) b. Weight values are from Kenney, Hyman, and Winn (1983). 
Harbor porpoise (P. phocoena) Grampus (G. griseus) c. Calculation based on totaling requirement for 6 months at high spring abundance and 6 months at low winter abundance. 

a. CETAP (1982) and Hain, Cagen, and Winn (in preparation). 
d. Estimated body weight for this group is a weighted mean proportional to corresponding identified group. 



solitary, occurring singly or with other individuals of their 
own species (for example, sperm whales). In addition to 
being a feeding ground, the Georges Bank area serves as a 
migration corridor where individuals or groups arrive, 
stay for a time, and then continue their northward pas
sage to the Gulf of Maine, Bay of Fundy, Scotian Shelf, 
or elsewhere. 

As fall advances an emigration takes place, and many 
whales and dolphins disappear for more southerly or off
shore grounds. In winter overall numbers are reduced, 
but most, if not all, species continue on the bank, some 
only as scattered individuals, but some almost in their 
spring numbers. While many large whales emigrate, some 
fin, sei, and sperm whales are present. Small whales and 
dolphins are likewise present, and it is quite possible that 
the number of saddleback dolphins, Delphinus delphis, 
increases in winter. In general, the overall wintertime de
crease is greater on the shelf than along the shelf edge, 
where water-temperature changes are less extreme. 

Distribution of Common Species2 

The Georges Bank distribution of the 12 common 
Georges Bank whale species is seen in the perspective of 
their overall distribution off the eastern United States in 
figures 36.2-36.13. Figure .36.2 shows the seasonal distri
bution of a representative on-shelf species, the fin whale, 
and figure 36.3 the seasonal distribution of a representa
tive shelf-edge species, the sperm whale. Figures 
36.4-36.13 show distributions without regard to season. 

Fin Whale (Endangered) 
The fin whale, Balaenoptera physalus, occupies much of 
the area throughout the year (figure 36.2), but largest 
numbers and widest spread occur in spring. At this time 
Georges Bank is edged both north and south with sight
ings. Greatest Georges Bank concentrations are in the 
Great South Channel and its northern approaches-the 
southern end of a densely occupied range extending 
north past Cape Cod to Jeffreys Ledge. Much of this pat
tern is found throughout the year, although there are sea
sonal shifts and changes in overall abundance. 

Sperm Whale (Endangered) 
During spring and summer, the sperm whale, Physeter ca
todon, is present along the entire shelf edge from east of 
Cape Hatteras to the eastern tip of Georges Bank (figure 
36.3) and in summer extends into the Northeast Channel 
and off the Northeast Peak. In fall and winter this spe
cies mainly withdraws to west and south of Georges, al
though there are occasional winter sightings along the 
eastern and southern edges of the bank. 

Right Whale (Endangered) 
The right whale, Eubalaena glacialis, is likewise strongly 
seasonal in its occurrence in the Georges Bank area and 
has been sighted mainly on the Northern Edge and in the 
northern approaches to the Great South Channel (figure 
36.4). Scattered spring sightings along the coast from 

Florida to New England suggest a northward migration. 
A major concentration occurs from late April through 
mid-July on Nantucket Shoals and in the Great South 
Channel and its northern approaches (CETAP, 1982). In 
late summer and fall, concentrations are reported from 
the mouth of the Bay of Fundy and Browns Bank (CE
TAP, 1982; Kraus et al., 1982). A return southward mi
gration occurring beyond the shelf edge is supposed 
(Winn and Price, in press), although the entire population 
is not involved. Right whales have been reported in the 
Cape Cod area in winter (C. A. Mayo, personal commun
ication; Watkins and Schevill, 1982). 

Humpback Whale (Endangered) 
The humpback whale, Megaptera novaeangliae, is strongly 
seasonal around Georges Bank (figure 36.5). The majority 
of western North Atlantic humpbacks appears to migrate 
in winter to the Caribbean Sea for mating and calving 
(Winn, Edel, and Taruski, 1975; Katona et al., 1980). In 
spring humpbacks appear off New England and are 
widely distributed over the continental shelf from off 
eastern Long Island to Georges Bank and beyond. The 
primary area of concentration in New England waters is 
in the western Gulf of Maine, including the mouth of the 
Great South Channel. Humpback numbers are relatively 
constant here from spring through fall, when the south
ward migration begins. An offshore route has been sug
gested for both northward and southward migrations 
(Kenney et al., 1979; Winn and Scott, 1979; Martin, 
1980). 

Sei Whale (Endangered) 
The sei whale, Balaenoptera borealis, occurs in deep 
water along the shelf edge and is the most northern of 
the common baleen whales, being absent or rare south 
and west of eastern Long Island (figu~e 36.6). In New 
England waters it is closely tied to Georges Bank proper, 
with concentrations in the spring on the Southwest Part 
and Northeast Peak. 

Minke Whale 
The minke whale, Balaenoptera acutorostrata, smallest of 
the baleen whales (average length 22-25 feet), is com
mon and widespread in spring and summer (figure 36.7). 
Like most other baleen whales in New England waters, it 
is concentrated in the western Gulf of Maine, though not 
so markedly as the fin and humpback whales, for exam
ple. Minkes are more evenly distributed, and important 
grounds include the margins of Georges Bank. Minke 
whales begin to leave New England waters in fall, and 
winter sightings are few. 

White-Sided Dolphin 
The white-sided dolphin, Lagenorhynchus acutus (figure 
36.8), is the cetacean most often sighted in the Georges 
Bank region and one of two species of toothed whales 
here primarily inhabiting the continental shelf rather than 
the shelf edge. The white-sided dolphin, like the several 
species of baleen whales with which it is frequently seen, 
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is most common around the western rim of the Gulf of 
Maine, although often seen also along the northern edge 
of Georges Bank and throughout the entire Gulf of 
Maine. Wintertime abundance is about 60% that of 
spring and summer. 

Pilot Whale 
The northern pilot whale, Globicephala melaena (figure 
36.9), lives north of about 39° N, south of which it is 
replaced by the southern pilot whale, G. macrorhynchus. 
Sightings in the Middle Atlantic Bight may be primarily 
of the southern species, or perhaps a mixture of the two 
species. The distribution of the northern pilot whale is 
centered on the shelf edge about the 1,000-m isobath, al
though they range broadly, coming well inshore. The spe
cies is particularly abundant in the Northeast Channel 
and on the Northeast Peak. Although their total numbers 
are less during winter, pilot whales continue in the area, 
primarily along the southern margin of the bank. 

Saddleback Dolphin 
The saddleback dolphin, Delphinus delphis (figure 36.10), 
occurs year-round in a broad band along the shelf edge 
of the northeastern United States. The species is unique 
in the Georges Bank region in that its abundance there in 
winter may be equal to or higher than in spring and sum
mer. On Georges Bank it is principally found along the 
bank's southern edge. 

Harbor Porpoise 
The harbor porpoise, Phocoena phocoena, the smallest 
cetacean in the region, is the second of the two common 
odontocetes inhabiting the shoal water directly over the 
continental shelf. While it is widely distributed in New 
England waters (figure 36.11), its primary concentrations 
occur in the northern Gulf of Maine, especially around 
the entrance to the Bay of Fundy. Although not shown 
well in figure 36.11, other data indicate that the harbor 
porpoise is also found in the Great South Channel and its 
northern approaches, over the western part of Georges 
Bank, and through the Gulf of Maine, especially in 
spnng. 

Bottlenosed Dolphin 
The bottlenosed dolphin, Tursiops truncatus (figure 
36.12), is a shelf-edge species common on the southern 
margin of Georges Bank year-round. This and the next 
species are the only common cetaceans in the Georges 
Bank region having their centers of population to the . 
southwest. 

Grampus 
Like Tursiops, the grampus or Risso's dolphin, Grampus 
griseus, is common along the southern margin of Georges 
Bank and has its population center to the southwest
over the shelf edge of the Middle Atlantic Bight in this 
case (figure 36.13). The range of the species appears to 
expand and contract sharply from this center with the 
seasons. The species appears in spring over the southwest-
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Figure 36.2 
Seasonal distribution (sightings per 
mile) of the fin whale, Balaenoptera 
physalus: (a) spring (N = 461); 
(b) summer (N = 325); (c) fall 
(N = 111); and (d) winter (N = 38). 
Note that in figures 36.2-36.13, the 
scales (sightings per mile) are 
standardized within species but not 
among species. 

Figure 36.3 
Seasonal distribution of the sperm 
whale, Physeter catodon: (a) spring 
(N = 77); (b) summer (N = 64); 
(c) fall (N = 12); and (d) winter 
(N= 34). 
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Figure 36.4 
Distribution of the right whale, Eu
balaena glacialis (N = 173). 

Figure 36.5 
. Distribution of the humpback 
whale, Megaptera novaeangliae 
(N= 404). 

Figure 36.6 
Distribution of the sei whale, Ba
laenoptera borealis (N = 48). 

Figure 36.7 
Distribution of the minke whale, Ba
laenoptera acutorostrata (N = 210). 

36.5 

36.7 

36.8 

36.10 

Figure 36.8 
Distribution of the white-sided dol
phin, Lagenorhynchus acutus 
(N = 374). 

Figure 36.9 
Distribution of the pilot whales 
Globicephala melaena and G. ma
crorhynchus (N = 444). 

Figure 36.1 0 
Distribution of the saddleback dol
phin, Delphinus de/phis (N = 274). 

Figure 36.11 
Distribution of the harbor porpoise, 
Phocoena phocoena (N = 566). 
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Figure 36. 12 
Distribution of the bottlenosed dol
phin, Tursiops truncatus (N = 744); 

Figure 36.13 
Distribution of the grampus or Ris
so's dolphin, Grampus griseus 
(N= 363). 

ern edge of Georges Bank, reaches its greatest abundance 
and eastward extension in the region in summer, and re
treats to the southwest again in the fall. In winter the 
species is either completely absent or extremely rare in 
the Georges Bank area. 

Uncommon and Rare Species 
There are a few species that are occasional or rare in the 
Georges Bank area-the killer whale (Orcinus orca), the 
northern bottlenose whale (Hyperoodon ampullatus), the 
white-beaked dolphin (Lagenorhynchus albirostris), and 
several species of beaked whales (Mesoplodon) and spot
ted dolphins (Stenella spp). Probably these species collec
tively account for less than 1% of the total cetacean 
biomass in the Georges Bank region. The individuals 
sighted are strays from populations having their centers 
elsewhere or are species that are everywhere rare. Addi
tional surveys may indicate that some species are less rare 
in the Georges Bank region than is currently thought, and 
may reveal other species not yet seen. 

Unidentified and Partially Identified Whales 

In approximately 23% of the sightings in the Georges 
Bank area, the species of the cetacean could not be iden
tified. These sightings have been assigned to one of two 
groups-unidentified large whales or unidentified small 
whales (tables 36.1 and 36.3). In making the calculations 
of table 36.3, we assume that these sightings have the 
species composition of the identified sightings. For in
stance, since fin whales comprised 47% of the identified 
large-whale sightings (the number of fin-whale sightings, 
473, divided by the number of sightings of identified 
large whales, 1,008; table 36.1), we assume that 47% of 
the 229 sightings of unidentified large whales were also 
of fin whales. 

Abundance and Biomass Estimates for the Georges Bank 
Region 

Abundance estimates (table 36.3) were made following 
the line-transect methods of Burnham, Anderson, and 
Laake (1980). They are based only on aerial survey data 
and so are a subset of the total data in table 36.1. 
Whales not seen because they were submerged are not 
considered here; thus the estimates are minimum ones. 

During the season of peak abundance, spring, the 
Georges Bank region is estimated to be inhabited by 
28,727 cetaceans with a total biomass of 25,434 mT. Bi
omass is lowest in winter, when it is estimated to be 14% 
of spring biomass. Whole-year averages for four spe
cies- fin, sei, sperm, and pilot whales-account for 7 6% 
of the total cetacean biomass. If right whales and white
sided dolphins are added, over 86% of the cetacean bio
mass is accounted for. Therefore, six species form the 
principal component of the cetacean fauna. 

Figure 36. 14 
Sperm whales, Physeter catodon, 
over the continental slope just 
south of Georges Bank. These 3 
were part of a pod of 22. 

Figure 36. 15 
White-sided dolphin, Lagenorhyn
chus acutus, the most abundant 
cetacean of the Georges Bank 
region. 



Figure 36. 16 
Blackfish or pothead whales, Globi
cephala melaena. Because of their 
size (average length 15-22 ft) and 
abundance, they figure importantly 
in estimates of cetacean biomass 
and food consumption. 

Figure 36. 17 
Humpback whales, Megaptera no
vaeangliae, and herring gulls, Larus 
argentatus, on the western margin 
of Georges Bank. Whales and birds 
often feed together, as shown 
here. 

Figure 36. 18 
Humpback whale, Megaptera no
vaeangliae. The flippers (pectoral 
appendages), white and unusually 
large, are very conspicuous in this 
species. 

Figure 36. 19 
The right whale, Eubalaena g/aci
alis, the cetacean species for 
which there is greatest concern 
among those inhabiting Georges 
Bank. 

Figure 36.20 
The fin whale, Balaenoptera physa
/us, the commonest large cetacean 
on Georges Bank. Its size (average 
length 40-60 ft) and abundance 
make it the most important ceta
cean of the bank from the stand
points of biomass and food 
consumption. 
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Food Requirements 

The annual minimum food requirements for Georges 
Bank cetaceans have been calculated following the meth
ods described in Hain et al. (1985) and Scott et al. (1983) 
{table 36.3). The total for all species is on the order of 
45,914 mT. 

This estimate establishes a lower bound on the esti
mated food requirements of Georges Bank cetaceans. We 
next consider several factors, addressed in greater detail 
in Hain et al. (1985) that serve to increase the food re
quirements well beyond the estimated minima. These are 
(1) metabolic rates in excess of basal metabolism; (2) as
similation efficiency, which limits the energy derived from 
food; (3) food storage requirements, which necessitate in
creased food intake while on productive feeding grounds; 
and (4) corrections for submerged animals not sighted 
during the survey. 

When these factors are taken into account, the require
ments are at least 2-3 times as great as the calculated 
minima. Several principal species (for example, fin whales 
and sperm whales) spend much time submerged and have 
life cycles that require the building up of substantial food 
reserves while on Georges Bank; their requirements could 
be 6-16 times as great as the minima calculated. We 
therefore estimate an upper bound on the annual food 
requirement for all species of 10 times the calculated 
minimum, or 460,000 mT. The actual value, we judge, 
likely lies closer to the upper bound than to the lower 
one. 

Conclusions 

The role of marine mammals in the Georges Bank ecosys
tem is likely greater than previously recognized. We esti
mate that cetaceans annually remove between 46,000 and 
460,000 mT of prey from Georges Bank. The best esti
mate for the average biomass of squid and fish on 
Georges Bank during the period in which the cetacean 
data were collected (1979-1982) is estimated to be 
1,500,000 mT (S. Clark, personal communication), of 
which the fishery took approximately 112,000-250,000 
mT annually (Resource Assessment Division, Northeast 
Fisheries Center, 1983). Thus it appears that consumption 
by cetaceans is comparable to the take by man and that 
their impact on the bank's resources is substantial.3 To 
some extent, whale and man eat the same species on 
Georges Bank (herring is an example4

). More important, 
whales feed upon many animals that are also food for 
fishes harvested by man there. Whether directly or indi
rectly, men and whales are significant competitors for 
food on the bank, and effective management . of the 
Georges Bank fishery requires an understanding of the 
role played by cetaceans. 

Because the conservation and wise management of ma
rine mammals is an established national policy (Marine 
Mammal Protection Act of 1972, Endangered Species 
Act of 1973) and because Georges Bank is an important 

part of the range of several endangered cetacean species, 
attention necessarily has been paid these animals during 
the recent exploration for oil and gas on the outer conti
nental shelf. A number of preliminary studies of the ef
fects of petroleum on marine mammals find no 
conspicious negative impact (Geraci and St. Aubin, 1982; 
Sorensen et al., 1984). However, related studies suggest 
possible problems due to ingestion and contact, as well as 
long-term chronic effects (Geraci and St. Aubin, 1982). In 
any case, the seriousness with which marine mammal pro
tection is viewed is well illustrated by the delay of leasing 
of offshore tracts for petroleum development {lease sale 
52, originally scheduled for 29 March 1983) by the 
United States District Court in Boston. 5 Among the key 
issues was the fact that the Final Environmental Impact 
Statement did not appropriately consider the best and 
most recent marine mammal data and that its conclusion 
of no jeopardy to endangered species was unsupported. 
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Notes 

1. Other groups of marine mammals in 
addition to the cetaceans are the pin
nipeds-seals, sea lions, and walruses; 
sirenians- manatees and dugongs; and 
sea otters. No pinniped, sirenian, or 
sea otter lives on Georges Bank. 

2. Species considered to be "endan
gered" (Federal Register, 27 July 1983) 
are sci noted. Since the seasonal range 
of these species on Georges Bank is a 
very significant pan of their whole 
western North Atlantic range, it is not 
a contradiction that a ucommon" spe
cies on Georges Bank is also an "en
dangered" one. 

3. The following qualifications should 
be considered: the National Marine · 
Fisheries Service (NMFS) data are for a 
smaller Georges Bank (5 3,000 km2

) 

than ours (69,000 km2
), which includes 

the area from the 200- to the 2,000-m 
isobath. The data probably underesti
mate the abundance of such species as 
sand lance, spiny dogfish, and bluefish. 
The catch data are from landings and 
do not include discarded fish, often a 
substantial pan of the catch. To some 
degree cetaceans feed on noncommer
cial species (notably, sand lance), and 
several feed partly or wholly at a 
trophic level below the fish and squid 
level. 

4. Formerly and perhaps in the future, 
but not at present, because of the re
duction to almost nothing of the 
Georges Bank stock (chapter 47). 

5. U.S. District Court, Boston, Massa
chusetts, 28 March 1983, Judge A. 
David Mazzone, preliminary injunction 
against lease sale 52. 
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Production on Georges Bank 
Compared with Other Shelf 
Ecosystems 
Edward B. Cohen and Marvin D. Grosslein 

Georges Bank has long been recognized as an area of 
high producti~ity; it supports large commercial catches of 
demersal and pelagic fish as well as invertebrates (notably 
scallops and lobsters). Here we shall attempt to answer 
two general questions. How high is fish production on 
Georges Bank in relation to other shelf ecosystems? Can 
the level of fish production on the bank be explained on 
the basis of the ecologic conditions found there? We 
have approached the problem by comparing Georges 
Bank with other intensively studied temperate and boreal 
shelf ecosystems, examining production estimates for var
ious trophic levels and the gross physical characteristics 
of the different areas. The measure of fish production · 
used here is not the same as fish catch (although catch is 
related to production potential); rather it is an estimate of 
the conversion of food into growth and production of bi
omass. It is based on an energy-balance equation de
scribed by Sissenwine (chapter 31). 

Although there is a general ecologic theory underlying 
organic production in shelf ecosystems (Walsh,. 1981), 
few precise comparisons among areas have been at
tempted for lack of adequate data. Recent studies of 
Georges Bank provide an unprecedented data base for 
such comparisons. In this chapter, we focus on fish as 
both predators and prey, but we also examine the overall 
structure and production of the Georges Bank ecosystem 
relative to other areas. We build upon previous energy 
budgets for Georges Bank (Cohen et al., 1982; Sissen
wine, Cohen, and Grosslein, 1984). Added to the latest 
data on phytoplankton, zooplankton, and benthos is new 
information on bacteria, large pelagic fish, marine birds, 
and mammals (chapters 21, 23, 25, 29, 32, 35, and 36). 
Energy budgets for the other areas have been updated 
from the recent literature: the North Sea (Steele, 1974; 
Crisp, 1975), the Scotian Shelf (Mills and Fournier, 1979; 
Mills, 1980), and the Bering Sea (Walsh et al., 1981). 

The data used are from a variety of sources. Biologic 
information on Georges Bank and adjacent waters was 
collected by the Northeast Fisheries Center (NEFC), as 
part of the Marine Resource Monitoring Assessment and 
Prediction (MARMAP) program for the Northwest Atlan
tic Shelf (Sherman, 1980). Data for the other areas come 
from the literature. Given the variety of sources, there are 
naturally differences in the way information was collected 
(for instance, in plankton-net mesh size) and in analytical 
methods (for instance, in production measures). We have 
tried to be consistent in conversions between biomass 
and energy, though in some cases, for a specific area, we 
follow the original author at the expense of consistency. 

The values are our best estimates, but we stress that a 
good deal of uncertainty is inherent in them due to the 
difficulty of measuring production in ecosystems. We 
have tried to account for major sources of bias and sam
pling error, but it was not possible to calculate confi
dence limits. Consequently, comparisons among areas 
must be considered preliminary. Despite these limitations 
we feel that the results furnish insight into the ways in 
which energy is produced and utilized on Georges Bank. 

Questions are also raised that future research may 
address. 

Methods and Data Sources 

Phytoplankton 
Primary-production estimates are all based on the carbon-
14 (14C) method, with certain additional data based on 
the oxygen method for the North Sea; these were in 
good agreement with North Sea 14C estimates (Franz and 
Gieskes, 1984). 

Although the 14C method is now well documented, un
certainties remain. For example, production estimates 
vary depending on how dark-bottle 14C fixation is used 
(Legendre et al., 1983). Whether the 14C method mea
sures net production, gross production, or something in 
between continues to be debated; O'Reilly, Evans-Zetlin, 
and Busch (chapter 21) have summarized current views 
on this problem. Here we assume that primary-produc
tion estimates represent net particulate production. In 
comparing estimates of primary production for different 
areas, a more important source of error is the variability 
that results when large marine ecosystems are character
ized by a relatively small number of samples. Primary 
production on Georges Bank is the most thoroughly sam
pled spatially and temporally among the areas compared 
here, and with respect to sampling error, the Georges 
Bank estimates are probably the most accurate. 

Annual primary production was expressed as particulate 
organic carbon (POC) in grams of carbon per square me
ter of sea surface (gC/m2

) and converted to kcal/m2 on 
the assumption that 1 gC = 11.4 kcal (Platt and Irwin, 
1973). Primary-production values for the northeast coast 
of the United States are from O'Reilly and Busch (1984; 
summarized in chapter 21). Data for the Scotian Shelf are 
from Mills and Fournier (1979) and Mills (1980), modi
fied to account for the spring bloom (Cohen, Mountain, 
and Clark, 1982). North Sea data are from Franz and 
Gieskes (1984), and Bering Sea data from R. Iverson (per
sonal communication). 

Zooplankton 
Zooplankton production was estimated in several ways. 
For the Middle Atlantic region, Georges Bank, the Gulf 
of Maine, the Scotian Shelf, and the North Sea, values 
were based on macrozooplankton biomass (Steele, 197 4; 
Fournier et al., 1977; Sameoto, 1982; Sherman et al., 
1982). Microzooplankton biomass was estimated as a 
variable fraction of macrozooplankon biomass using data 
from Beers and Stewart (1969). On the shelf off the 
northeastern United States, where a 0.333-mm-mesh net 
was used for zooplankton sampling (Sherman et al., 
1982), the microzooplankton was estimated at 43%; on 
the Scotian Shelf, where nets of 0.200-0.243-mm mesh 
were used (Fournier et al., 1977; Sameoto, 1982), the es
timate was 33%. For the North Sea (Steele, 1974), where 
the sampling mesh size was not specified, we have used 
the 33% value as a conservative estimate of microzoo-
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plankton biomass. Production of macrozooplankton was 
estimated from the biomass using a production : biomass 
(P: B) ratio of 7 (Steele, 1974). For microzooplankton 
the work of Banse and Mosher (1980) on production 
rates and adult body size suggests a P : B ratio of 25. 
This ratio is conservative because it is based on the adult 
body size of small copepods and hence is too low for the 
protozoan fraction of the microzooplankton. It probably 
does not lead to grossly underestimated microzooplank
ton production, though, since protozoans form a small 
percentage of microzooplankton biomass (Beers and 
Stewart, 1969). Some error is introduced by assuming a 
constant P : B ratio for a given size of zooplankter in all 
areas. This error is small because the dominant factor af
fecting P : B ratios is body size (Banse and Mosher, 
1980). 

Another estimate of macrozooplankton and microzoo
plankton production was made by partitioning POC into 
nanoplankton and netplankton fractions and making the 
following assumptions: (1) microzooplankton graze only 
nanoplankton and macrozooplankton only netplankton 
(Parsons and Lebrasseur, 1970); (2) about 50% of avail
able POC is grazed in shelf ecosystems (Dagg and Turner, 
1982; Walsh, 1983); and (3) the transfer efficiency for 
herbivorous zooplankton is 32% (Steele, 1974). For the 
Middle Atlantic region and the Gulf of Maine, primary 
production is apportioned about 70% to nanoplankton 
and 30% to netplankton; on Georges Bank, the produc
tion values are 57% percent for nanoplankton and 43% 
for netplankton (chapter 21). Respective values of 70 and 
30% for nanoplankton and netplankton production were 
also assumed for the Scotian Shelf, the North Sea, and 
the Bering Sea, as there were no specific data for those 
areas comparing the two fractions. 

We have used various other sources for zooplankton
production estimates as well: Tremblay and Roff (1983) 
and Sameoto (1982) for the Scotian Shelf, Franz and 
Geiskes (1984) for the North Sea, and Cooney (1981) for 
the Bering Sea. Another estimate of macrozooplankon 
production for the Bering Sea was calculated from data in 
Vidal and Smith (in press). Average integrated zooplank
ton growth values for April and May on the slope, outer
shelf, and middle-shelf areas were expanded to yearly val
ues based on information in Cooney (1981). Zooplank
ton-production values from Cooney (1981) and Vidal and 
Smith (in press) are conservative, as they are based on 
growth of the population and do not include production 
by animals that die between sampling dates. The amount 
by which this underestimates actual production is difficult 
to determine. Smith and Vidal (1984) show that preda
tion mortality of copepods on the middle shelf before the 
spring bloom is close to zero, while at the same time on 
the outer shelf it is about 50%. However, the predation 
mortality of Neocalanus occurs on the late copepodite 
stages after most growth has occurred and so probably 
has a minor effect on production. Values used here for 
zooplankton production are minimum, since they are for 
copepods only, except for those taken from Sameoto 
(1982) and Vidal and Smith (in press). 
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Compared with primary-production estimates, the rela
tive accuracy of macrozooplankton-production estimates 
for different areas is more difficult to assess, because 
sampling procedures (mesh size, towing speed, and so on) 
are not standard and presumably populations are not the 
same. However, to date, the frequency and spatial cover
age of sampling on Georges Bank (chapter 25) is far 
greater than that in the other areas discussed. Coover~ 
sions used for zooplankton are 1 g dry weight = 5.25 
kcal (Laurence, 1976) and 1 gC = 10 kcal (Steele, 1974). 

Benthos 
Meiobenthos-production values are from Steele (1974), 
Walsh (1981), and Steimle (chapter 29). Macrobenthos 
production for Georges Bank was estimated by Steimle 
(chapter 29); production for the New York Bight is based 
on Steimle (in preparation). Values for the Scotian Shelf 
and the Gulf of Maine come from Mills (1980), Cohen, 
Mountain, and Clark (1982), and Cohen et al. (1982), re
spectively. Macrobenthos production in the Bering Sea 
was estimated from biomass data in Stoker (1981), using 
a P : B ratio of 1.5; that in the North Sea is from Steele 
(1974) and Crisp (1975). It should be noted that in large 
portions of the central and northern North Sea the ben
thos has not yet been sampled quantitatively (Anony
.mous, 1983). For macrobenthos, the conversion factor 
1 g wet weight = 0.5 kcal was used for all areas except 
part of the Scotian Shelf, where Mills (1980) used 1 g 
wet weight = 0.6 kcal. 

The number of quantitative macrobenthos samples per 
unit area on Georges Bank far exceeds the number taken 
in the other places discussed, but because of possible er
ror in the P : B ratios used, it is difficult to say which 
production estimates are more accurate. 

Fish 
Fish-production estimates for Georges Bank are described 
in detail by Sissenwine (chapter 31). The estimates for 
fish of exploitable size on Georges Bank were derived in 
two ways. Briefly, production of major commercial spe
cies was based on empirical population growth data and 
on biomass estimates derived from virtual population 
analysis (VPA-chapter 48) and theoretical energy re
quirements for metabolism and reproduction. Production 
for other species was based on biomass derived from 
N EFC bottom-trawl survey data, adjusted by "catchabil
ity" coefficients (Clark and Brown, 1977; see also chap
ter 31). P : B ratios were calculated for exploitable fish 
and squid on Georges Bank (table 31.3), and in turn, 
these ratios were applied to fish biomass estimates for the 
Middle Atlantic Bight, the Gulf of Maine, the Scotian 
Shelf, and the Bering Sea. A different method was used 
for the North Sea; estimates of production by exploitable 
fish were based on estimates of consumption by pelagic 
and demersal fish given in Jones (1982) and our own as
sumed transfer efficiency of 0.2. 

Total exploitable fish biomass for the shelf region be
tween Maine and Cape Hatteras was estimated from VP A 
and trawl-survey data (Clark and Brown, 1977). This was 

partitioned for three different subregions: Georges Bank, 
the Gulf of Maine, and the Middle Atlantic Bight (Nan
tucket Shoals to Cape Hatteras). The biomass for 
Georges Bank (based on VP A and survey data as de
scribed in Grosslein, Langton, and Sissenwine, 1980) was 
first subtracted from the total; then the balance was ap
portioned between the Gulf of Maine and the Middle At
lantic sector according to relative population densities 
determined from the trawl surveys. 

Biomass estimates for the Scotian Shelf were derived 
from VPA and trawl-survey data (Sinclair et al., 1984), as 
were the Bering Sea estimates. Biomass for walleye pol
lock (Theragra chalcogramma) and yellowfin sole (Li
manda aspera) in the Bering Sea comes from VPA 
estimates by Bakkala and Wespestad (1982a,b). The other 
Bering Sea species are represented by minimum biomass 
estimates from trawl surveys calculated by Bakkala and 
Sample (1982), Bakkala and Wespestad (1982a,b), Bak
kala, Wespestad, and Zenger (1982), Narita (1982), Ron
holt (1982), Ito (1982a,b), and Sample (1982). For 
minimum biomass estimates, the average survey-trawl 
catch per unit area is extrapolated for the entire survey 
area, unadjusted by a catchability coefficient. (Thus the 
minimum estimate represents the proportion of fish ac
tually caught.) Pollock biomass accounts for nearly three
quarters of the estimated total fish and squid biomass in 
the eastern Bering Sea, and pollock and yellowfin sole to
gether make up 85% of the total. The estimate of total 
biomass for the eastern Bering Sea is probably conserva
tive, but we consider it a useful first approximation, since 
the species included are nearly all demersal with relatively 
high catchability coefficients. For yellowfin sole, biomass 
estimates from VPA averaged about 1.25 times the mini
mum trawl-survey estimates for the period 1975-1981 
(derived from Bakkala and Wespestad, 1982a). Applying 
this factor to the minimum biomass estimates for all 
other species besides pollock and yellowfin sole would 
increase the total biomass estimate by only 3.7%. 

To estimate production by prerecruit fish on Georges 
Bank, we used the average ratio of prerecruit production 
to exploitable production (about 2.6), calculated from 
Sissenwine, Cohen, and Grosslein (1 984). This ratio was 
used fm; all areas except the North Sea, where Jones 
(1982) estimated production by prerecruit fish as 50% of 
all production in a category of "other primary 
carnivores." 

For all areas, total fish production was converted to 
kilocalories using the factor 1 g wet weight = 1.25 kcal. 
This is an assumed average; for various species the factor 
ranges from about 1 to 1.4 kcall g wet weight (Jones, 
1982); note that estimates by Sissenwine (table 31.5) are 
based on the factor 1 g wet weight = 1 kcal. 

In addition to our direct estimates of population 
growth production, we furnish actual fish and squid land
ings and maximum sustainable yield (MSY) estimates for 
each area as additional measures of fishery "production." 

Northwest Atlantic 
Northwest Atlantic landings come from statistical bulle
tins of the International Commission for the Northwest 
Atlantic (ICNAF), now the N orthwest Atlantic Fisheries 
Organization (NAFO). For the Scotian Shelf, the MSY es
timate of 550,000 mT (metric tons) was derived from 
Scott et a!. (1982), as described in Cohen, Mountain, and 
Clark (1982). The Gulf of Maine MSY was based on 
Cohen, Mountain, and Clark (1982) but cut from 

. 200,000 to 175,000 mT to reflect a reduction in the ex
pected yields from argentine (Argentina situs) and Illex 
squid. The MSY estimate for Georges Bank, approxi
mately 400,000 mT, is described in chapter 47. MSY 
(325,000 mT) for the Middle Atlantic Bight (from west 
of Nantucket Shoals to Cape Hatteras) was obtained by 
subtracting the Georges Bank and Gulf of Maine MSY 
from the total MSY (900,000 inT; Brown et al., 1976) 
for the Gulf of Maine/ Cape Hatteras region. Respective 
areas for these regions are about 171,5 00 km2 for the 
Scotian Shelf (Halliday and Koeller, 1981 ), which in
cludes ICNAF statistical areas 4V, 4W, and 4X; about 
61,400 km2 for the Gulf of Maine, corresponding ap
proximately to ICNAF statistical division SY; 52,500 km2 

for Georges Bank, corresponding to ICNAF division 5ZE 
inside the 200-fathom isobath; and 96,400 km2 for the 
Middle Atlantic Bight, corresponding to ICNAF division 
5ZW and statistical area 6. 

North Sea 
North Sea landings come from the Bulletins Statistiques 
of the International Council for Exploration of the Sea 
(ICES). We are not aware of a published MSY estimate 
for the North Sea and therefore have used 2.5 million 
mT of fish and squid, based on historical landings. Dur
ing the 1950s, N orth Sea landings reached about 2 mil
lion m T for the first time, increasing rapidly to over 3 
million mT by the end of the 1960s (Holden, 1978). 
Landings remained above 3 million mT until the latter 
half of the 1970s, when they dropped to about 2.5 mil
lion mT. Average North Sea landings for the period 
1961-1980 were 2.7 million mT. The total area of the 
North Sea is about 570,000 km2 (Jones, 1982). 

Eastern Bering Sea 
Eastern Bering Sea landings and MSY estimates were 
taken from sources cited in Bakkala and Low (1982). 
The eastern Bering Sea MSY estimates (about 2 million 
mT) apply to the shelf between the Aleutian Peninsula 
and St. Lawrence Island, where depths are less than 
1,000 m; this area is approximately 650,000 km2

• 

Marine Birds 
We have estimated bird production based on consump
tion estimates for Georges Bank supplied in chapter 35 
and data for the Bering Sea in Schneider and Hunt 
(1982). Data for the other areas were unavailable. Esti
mates of consumption were converted to production us
ing a transfer efficiency of 10%. The Bering Sea estimates 
are a minimum, as they are for a 153-day season during 



summer and "food transfer between September and 
March must amount to some appreciable fraction of the 
summer consumption by seabirds" (Schneider and Hunt, 
1982). 

Marine Mammals 
Production of marine mammals on Georges Bank is 
based on consumption estimates in chapter 36 and trans
fer efficiencies of 10-23% (the latter derived from esti
mates of production : consumption ratios for Georges 
Bank in Scott et al., 1983). Annual production in the 
Bering Sea is based on consumption values given in Mc
Alister (1981) of 6.64 million mT or about 13 kcallm2

, 

and a transfer efficiency of 10%. In the North Sea, seals 
are the only mammals in significant abundance. There are 
about 30,000 gray seals (Halichoerus grypus) and 17,000 
common seals (Phoca vitulina), whose annual consump
tion of fish has been estimated at about 
120,000-133,000 mT (Summers, Bonner, and van Haaf
ten, 1978). This is about 0.3 g/m2 annually, which, using 
a 10% transfer efficiency, results in an annual production 
rate of 0.04 kcallm2

• 

Georges Bank Production 

Primary Production 
In an earlier version of the Georges Bank energy budget 
(Cohen et al., 1982), we reported that annual primary 
production on the bank was 400-500 gC/ m2

• With addi
tional information and analysis, this rate has been revised 
downward (O'Reilly and Busch, 1984; Sissenwine, Cohen, 
and Grosslein, 1984; see also chapter 21) to about 350 
gC/ m2

• This value represents total annual primary pro
duction, which includes dissolved organic production 
(DOC), about 16% of the total (chapter 21). It is compa
rable with Riley's (1941 ) estimate of 200-300 gC/m2 us
ing the oxygen technique. Annual particulate organic 
carbon is estimated to be about 293 gC/ m2 (3,342 kcall 
m z). 

Bacteria 
Investigations of bacterial number and biomass were car
ried out in February, May, August, and November of 
1977 (Novitsky, Passman, and Dawson, 1978; Hobbie 
and Novitsky, 1983; see also chapter 23). The range in 
bacterial numbers was (0.2-1.5) X 106/ mL, with a bio
mass between 1.3 and 22 ~gC/L. Hobbie and Novitsky 
(1983) estimate daily bacterial production in August at 
between 1 and 20 ~gC/L. A conservative estimate of bac
terial production can be made assuming an average daily 
rate of 10 ~gC/L, a 6-month active season on Georges 
Bank, and a mean water depth there of 50 m. By taking 
1 gC to be equivalent to 10 kcal, estimated annual pro
duction by bacteria would then be 90 gC/ m2

, or 900 
kcal!m2

• 

Zooplankton 
Estimated annual microzooplankton production on 
Georges Bank ranges from 265 to 305 kcal!m2

, and an-

nual macrozooplankton production from 173 to 230 
kcallm2 (the calculations are detailed in chapter 25). Tak
ing the midpoint of these ranges, we have 285 and 202 
kcallm2 for annual microzooplankton and macrozoo
plankton production, respectively. These values are con
siderably lower than our previous respective annual 
estimates of 482 and 350 kcallm2 (Cohen et al., 1982; 
Sissenwine, Cohen, and Grosslein, 1984) based on prelim
inary values for zooplankton biomass and primary 
production. 

Benthos 
Steimle (chapter 29) estimated macrofauna! production 
using separate biomass estimates and P : B ratios for each 
of the various taxa. By summing over all taxa, total an
nual benthic macrofauna! production is estimated to be 
94-102 kcallm2

, with an annual mean of 98 kcallm2
• 

Annual meiofaunal production, based on total meiofaunal 
biomass and a P : B ratio of 7, is between 11.2 and 15.4 
kcallm2

, with an annual mean of about 13 kcallm2
• 

Fish 
For fish of exploitable size, estimates of annual produc
tion are 21.5 kcallm2 for the 1964-1966 period and 
15.9 kcallm2 for 1973-1975 (table 31.5). In the first of 
these periods, large-scale fishing by distant-water fleets 
was just beginning. In the second, stocks had reached a 
nadir after nearly a decade of intensive fishing effort. The 
estimates given are for all species of fish and squid vul
nerable to commercial fishing gear; generally they be
come so at about 1 year of age or 100 g wet weight 
(Sissenwine, Cohen, and Grosslein, 1984). 

Recently, Sissenwine, Cohen, and Grosslein (1984; see 
also chapter 31) have estimated the production of smaller 
(preexploitable) fish using a relation between production 
and initial biomass of a cohort (see chapter 48). For the 
197 3-197 5 period, estimated preexploitable biomass was 
2.3 g/m2 wet weight, and annual production was 36.2 
kcallm2

• For the 1964-1966 period these values were 
nearly double: preexploitable biomass was 4.1 g/ m2 wet 
weight, and annual production 64.6 kcallm2

• 

Birds 
Powers and Backus (chapter 35) have estimated annual 
food consumption by birds on Georges Bank at 2.3 kcall 
m2

• Lacking data on P : B ratios for seabirds, we have as
sumed a 10% transfer efficiency; this yields an annual 
production of 0.23 kcal!m2

• 

Marine Mammals 
From 1978 to 1981, estimated minimum biomass of ma
rine mammals on Georges Bank averaged about 16,000 
mT, with peak abundance, in the spring, of about 28,000 
mT and a winter low of 4,000 mT (chapter 36). This bi
omass consists almost entirely of whales and porpoises, 
with the highest densities generally around the periphery 
of the bank. Their annual food consumption is estimated 
at 46,000-460,000 mT -more likely nearer the upper 
limit of this range than the lower (chapter 36). On the 
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basis of the area for the Georges Bank region defined for 
the cetacean surveys (69,000 km2

; Scott et al., 1983) and 
an equivalence of 1 g wet weight to 1.25 kcal, estimated 
annual consumption ranges from 0.84 to 8.4 kcal/m2

• 

(This survey_area is somewhat larger than that used previ
ously in this chapter for other computations.) 

Given a 10% transfer efficiency, annual production es
timates for the cetaceans range from 0.08 to 0.8 kcal/m2• 

Estimates by Scott et a!. (1983), using an energy-balance 
equation, suggest a higher efficiency of 23%. If this is ap
plied, the range in estimated annual production becomes 
0.19-1.9 kcal/m2

• 

For our discussion, we have narrowed the range of es
timates by assuming that consumption is about 7 5% of 
the estimated upper limit given previously. This gives an 
annual consumption estimate of 6.3 kcal!m2

• At transfer 
efficiencies of 10-23%, annual production would range 
from 0.6 to 1.4 kcallm2

, with a midpoint of 1.0 kcall 
m2

• This is about 2.5-3 times higher than production es
timates for marine mammals in the North Sea and the 
eastern Bering Sea. 

It should be noted that Scott et al. (1983) used the 
same survey data as Winn et al. (chapter 36), but applied 
certain adjustments and assumed different average weights 
for the various species. They derived a population esti
mate for Georges Bank cetaceans about twice as high as 
the estimate by Winn et al. This would considerably in
crease production estimates. Here we use the more con
servative estimates of Winn et al. 

Large Pelagic Fish and Sharks 
A first approximation of biomass for large pelagic sharks 
and fishes on Georges Bank ranges from a minimum of 
6,000 mT to at least 20,000 mT -it may possibly reach 
50,000 mT (chapter 32). Corresponding estimates of con
sumption range from 8,600 to 28,000 mT, possibly up to 
70,000 mT, comprising fish and squid almost entirely 
(chapter 32). This works out to an average consump-
tion : biomass ratio of 1.4, considerably lower than the 
ratio for fishes, which reflects the preponderance of large 
sharks in this category and their generally low metabolic 
rates. 

For a number of reasons (chapter 32), the minimum bi
omass estimates just given are almost certainly well below 
actual values. Therefore we have chosen the upper part 
of the range: a biomass of 20,000-50,000 mT and con
sumption of 28,000- 70,000 mT. 

We estimate that annual consumption ranges from 0.58 
to 1.46 kcall m2 and the corresponding annual produc
tion from 0.06 to 0.15 kcallm2

, assuming 10% transfer 
efficiency and 1 g wet weight = 1.25 kcal. The geo
graphic basis for this estimate is an area of 60,000 km2

; 

this comprises Georges Bank and peripheral waters, along 
the southern edge reaching out to about the 2,000-m 
contour and including the southwestern part of the Great 
South Channel, where large pelagics abound. 
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Comparisons among Areas 

Production 
Estimates of production at various trophic levels are 
listed in table 37.1 for the Middle Atlantic Bight, . 
Georges Bank, the Gulf of Maine, the Scotian Shelf, the 
North Sea, and the eastern Bering Sea. Georges Bank is 
compared with other areas for all trophic categories ex
cept bacteria and large pelagics. 

Georges Bank has the highest primary production 
(3,342 kcal/m2

), although in the Middle Atlantic Bight it 
is only about 10% less (3,1 03 kcal/m2

). The eastern Ber
ing Sea has the lowest annual primary production (1,824 
kcal/m2

). Annual estimates for the remaining areas-the 
Gulf of Maine (2,566 kcal/m2

), the Scotian Shelf (2,280 
kcal/m2

), and the North Sea (2,280 kcal/m2)-are all 
similar. 

Except for the Middle Atlantic Bight, macrozooplank
ton production is comparable for all North Atlantic areas 
including the North Sea, with mean values ranging from 
186 to 202 kcal/m2 annually. In the Middle Atlantic 
Bight the annual estimate is 137 kcallm2

• In the eastern 
Bering Sea, annual production on the outer shelf (170 
kcal/m2

) appears to be roughly comparable to the North 
Atlantic regions, but the middle shelf has very low annual 
rates: 40-88 kcal/m2• Macrozooplankton production is 
highest along the narrow shelf break, ranging annually 
from 330 to 460 kcal/m2 (Cooney, 1981; Vidal and 
Smith, in press). Overall, eastern Bering Sea production is 
estimated at about half the average North Atlantic level. 

Microzooplankton-production estimates for · the Middle 
Atlantic Bight, the Bering Sea, the Scotian Shelf, and the 
North Sea are roughly equivalent, varying annually from 
204 kcal/m2 in the Bering Sea to 220 kcallm2 in the 
Middle Atlantic Bight. The annual rate for Georges Bank 
microzooplankton (285 kcal/m2

) is about 50% greater, 
while the annual rate for the Gulf of Maine is the highest 
of any compared here: about 370 kcallm2

• 

In considering zooplankton production, we have under- . 
estimated the contribution of euphausiids in all areas. 
Since euphausiids are usually not abundant in shallow 
waters, the bias presumably is less for areas like Georges 
Bank and the Middle Atlantic compared with the Bering 
Sea and the Gulf of Maine. Sameoto (1982) reported that 
euphausiid production was a minor part of total zoo
plankton production on the Scotian Shelf. In the Bering 
Sea euphausiids are both plentiful (Vidal and Smith, in 
press) and important as prey for young walleye pollock; 
in the Gulf of Maine they are significant in the diets of 
pollock (Pollachius virens), redfish (Sebastes marinus), and 
the young of other species (Bowman and Michaels, 
1982). 

Georges Bank has the lowest estimated annual meiob
enthos production (about 13 kcal!m2

) of the areas for 
which we have data. The annual estimate for the North 
Sea is 25 kcal/mZ, and for the Middle Atlantic 30 kcal/ 
mz. 

Annual macrobenthos-production estimates range from 
about 80 to 100 kcal/m2 for Georges Bank, the Gulf of 

Table 37.1 
Annual production estimates at different trophic levels for various shelf ecosystems (kcal!m2 unless specified otherwise) 

Eastern Bering Sea 

Total 
Middle Atlantic Georges Gulf of Scotian North Middle Outer Eastern 

Trophic level Bight Bank Maine Shelf Sea shelf shelf Bering Sea 

Primary production 
(particulate carbon) 3,103 3,342 2,566 2,280 2,280 1,824 1,824 1,824 

Bacteria 900 

Macrozooplankton 137 202 207 195 186 69 170 103• 
(85-189) (173-230) (123-290) (127-263) (146-225) (40-88) (80-260)b 

Microzooplankton 220 285 367 216 214 204 204 204 
(131-308) (265-305) (287-446) (212-219) (206-219) 

Meiobenthos 30 13 25 

Macrobenthos 180 98 98 82 100 203 41 149• 

Fish plus squid 
Early 1960s 32< 86 32 34 27 
Early 1970s 25< 52 26 21 24 6~d 56d 61 a 

Large pelagics (swordfish, 
sharks, tunas, etc.) (0.06-0.15) 

Birds 0 .2 0.1 0.1 0 .1 

Mammals 1.0 0.4 1.3 

Annual fish plus squid 
(mT/ km2

) 

MSY 3.4 (7.6)• 7 .6 2 .8 3.2 4.4 3.3 
Average annual 
landingsr 2.9 (5.8)" 6.7 1.8 3.1 4.7 2 .1 

a. Derived from mean values of production for total Eastern Bering Sea, calculated by weighting the values for middle and outer shelf by 2 : 1 accord-
ing to their approximate relative areas. 
b. Annual estimates for the shelf-break area alone range from about 330 kcallm2 (Cooney, 1981) to 460 kcal!m1 derived from Vidal and Smith (in 
press). 
c. Excludes production of Atlantic menhaden. 
d. Bering Sea fish-production estimates are derived from trawl data and are based on latest assessments done in the early 1980s. 
e. Value in parentheses includes sustainable yield of 400,000 mT of Atlantic menhaden, derived from yield-per-recruit model (Schaaf, 1980); MSY = 
maximum sustainable yield. 
f. Landings for Northwest Atlantic (excluding menhaden and large pelagics) taken from ICNAF (now NAFO) statistical bulletins for the period 
1965-1980 (for the Middle Atlantic the period is 1968-1982); North Sea landings for the period 1961-1980 (ICES, Bulletins Statistiques); Eastern 
Bering Sea landings (Bakkala and Low, 1982) for the period 1965- 1981, except for squid, mackerel, and rockfish (other than ocean perch), for which 
landings are within the period 1977-1981. 
g. Value in parentheses includes menhaden landings for period 1963-1977 (Schaaf, 1980). 



Maine, the Scotian Shelf, and the North Sea. For the 
Middle Atlantic Bight and the middle part of the Bering 
Sea shelf, the annual estimates range from about 180 to 
200 kcallm2

• On the outer Bering Sea shelf, annual pro
duction is only 41 kcallm2

• 

In the early 1960s, Georges Bank had the highest esti
mated annual production of fish and squid (86 kcallm2

) 

of any of the shelf areas compared here, but coincident 
with heavy fishing, annual fish production decreased in 
the early 1970s to 52 kcallm2

• Even then, only the Ber
ing Sea had higher estimated annual fish production: 56 
kcallm2 on the outer shelf and 63 kcallm2 on the middle 
shelf. Estimated fish-production rates in the Middle At
lantic Bight, the Gulf of Maine, the Scotian Shelf, and 
the North Sea were similar within each period: about 30 
kcallm2 annually in the 1960s and 20-25 kcallm2 an
nually in the 1970s. 

Another measure of the fish-production potential of an 
ecosystem is the estimated MSY. MSY estimates for the 
areas compared here fall into three categories. Georges 
Bank and the Middle Atlantic Bight have the highest: 
about 7.6 mT/km2

• The North Sea is intermediate, with 
about 4.4 mT/km2

• MSY in the remaining areas is in 
each case about 3 mT /km2

• The actual total yield (aver
age landings, mT/km2

) is also shown in table 37.1. The 
harvest ranged from about 2 mT /km2 in the Gulf of 
Maine and eastern Bering Sea to nearly 7 mT /km2 on 
Georges Bank. 

Annual bird-production estimates are 0.2 kcallm2 on 
Georges Bank and about 0.1 kcallm2 in the Bering Sea 
on both the middle and the inner shelves. 

Our estimates of annual marine mammal production in 
the Georges Bank region range from about 0.6 to 1.3 
kcallm2

, with an assumed mean value of 1.0 kcallm2
• 

Annual marine mammal production is estimated at 0.4 
kcallm2 in the North Sea and 1.3 kcallm2 for the eastern 
Bering Sea. 

Ratios of Production at Different Trophic Levels 
Ratios of production estimates between selected trophic 
levels are summarized in table 37.2, where they are ex
pressed as percentages based on data in table 37.1; these 
ratios simplify comparisons among areas. 

Macrozooplankton : phytoplankton production ratios 
show Georges Bank to be intermediate among the various 
areas examined at 6%, with the lowest values; about 4%, 
in the midshelf region of the Bering Sea and Middle At
lantic, and the highest, 8-9%, in the other areas. Macro
benthos : phytoplankton ratios on Georges Bank and the 
outer shelf of the Bering Sea are low, 2-3%, while the 
midshelf area of the Bering Sea is highest at 11 %; ratios 
in the other areas are intermediate. The ratio of macro
zooplankton plus macrobenthos to phytoplankton is re
markably similar for all areas-within a range of 
9-15%-but Georges Bank is at the low end of this 
range. 

The ratio of macrobenthos to macrozooplankton is 
similar (24-54%, with Georges Bank intermediate) in all 
but two areas: the Middle Atlantic, with 130%, and the 
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Table 37.2 
Ratios of annual production at _different trophic levels for several high-latitude shelf ecosystems• 

Eastern Bering Sea 

Ratios of production Middle Atlantic Georges Gulf of Scotian North Middle Outer 
estimates Bight Bank Maine Shelf Sea shelf shelf 

Macrozooplankton/ 
phytoplankton 4 6 8 8 8 4 9 

Macrobenthos/ 
phytoplankton 6 3 4 4 4 11 2 

Macrozooplankton plus 
macrobenthos/ 
phytoplankton 10 9 12 12 12 15 12 

Total zooplankton/ 
phytoplankton 17 18 26 22 22 26 18 

Macro benthos/ 
macrozooplankton 130 49 48 42 54 294 24 

Fish plus squid/ 
macrozooplankton plus 
macrobenthos 

Early 1960s 10 29 10 12 9 
Early 1970s 8 18 9 8 8 23 26 

Fish plus squid/ 
phytoplankton 

Early 1960s 1.0 2.6 1.2 1.5 1.2 
Early 1970s 0.8 1.6 1.0 0.9 1.0 3.4 3.1 

Fish plus squid MSY I 
macrozooplankton plus 
macrobenthos 1.3 (3.0)' 3.2 1.2 1.3 1.9 

Fish plus squid MSY I 
phytoplankton 0.14 (0.31)' 0.28 0.14 0.18 0.24 

Fish plus squid average 
landings/phytoplankton 0.12 (0.23)' 0.25 0.09 0.17 0.26 

a. All values are expressed in kcallm2 and are taken from from table 37.1; all ratios are expressed in%. 
b. Mean value for total·eastern Bering Sea (see table 37.1 for calculation). 
c. Value in parentheses includes menhaden; MSY = maximum sustainable yield. 

Total 
Eastern 
Bering Seah 

6 

8 

14 

23 

145 

24 

3.3 

1.6 

0.23 

0.14 
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midshelf region of the eastern Bering Sea, with about 
300%, both of which are obviously anomalous values. In 
the Middle Atlantic case, one or both of the macrozoo
plankton and macrobenthos estimates may be in error. 
For the eastern Bering Sea, the anomaly is clearly due to 
the low macrozooplankton value. The low value of 24% 
for the outer shelf of the Bering Sea may be due to a low 
estimate of macrobenthos there. Overall among the re
gions compared here, these ratios suggest rather low sec
ondary production on Georges Bank per unit of primary 
production. 

On working up the food chain, the next comparison, 
between fish and squid production and macrozooplank
ton plus macrobenthos production, indicates that the 
Georges Bank ratio is 2-3 times higher than the others 
except for the Bering Sea, which has comparable values. 
The ratio of fish and squid production to primary pro
duction is also higher on Georges Bank than in any other 
area except the eastern Bering Sea, where the highest val
ues of all are found. 

Table 37.2 also compares the estimated productive po
tential (MSY) of fish and squid with primary and second
ary production. Here the Georges Bank ratios are highest 
among the areas compared, more distinctly in the case of 
the secondary-production ratio. When menhaden (Bre
voortia tyrannus) are added to the MSY for the Middle 
Atlantic, however, the ratios of fish to primary and sec
ondary production for that area become comparable to 
those for Georges Bank. 

Table 37.2 also shows actual landings over 15-20 
years as percentages of phytoplankton production. Values 
for the North Sea and Georges Bank are essentially the 
same (about 0.25%), and the Middle Atlantic, including 
menhaden, is only slightly lower (0.23%), while the other 
areas are distinctly lower, ranging from 0.09 to 0.17%. 

Discussion 

Energy Flow from Primary to Secondary Producers 
Some of the large discrepancies in trophic-production 
estimates given here are ubdoubtedly due to estimation 
errors. Overall, however, we feel that the estimates are 
sufficiently accurate to show real differences between the 
ecosystems. Georges Bank has the highest primary pro
duction of any of the regions considered, yet zooplank
ton and benthic production per unit primary production 
are among the lowest. Several processes, such as advec
tive loss and bacterial decomposition, may interact to 
produce this result. 

The apparent deficit in secondary production might be 
explained by the bathymetry and physical oceanography 
of the bank, which is a shallow extension of the middle 
Atlantic shelf (mean depth < 60 m). Mean circulation 
over the bank has been characterized as a "leaky gyre." 
Residence time of water on the bank averages 2-3 
months (Flagg et al., 1982; see also chapter 14). Water 
losses from the gyre would affect the primary producers 
but little, since their population growth rates are rapid 

relative to water residence time. However, exchanges be
tween bank waters and external waters probably repre
sent a loss mechanism for the zooplankton; these have 
generation times of about the same length as the water 
residence time on Georges Bank and thus may lose signif
icant portions of their populations by advection (Moun
tain and Cohen, 1983). Davis (1982) has postulated that 
Pseudocalanus sp., with a generation time of about 2 
months, does not maintain itself on the bank, but is re
seeded from the Gulf of Maine. Mountain and Cohen 
(1983) and Mountain and Schlitz (chapter 38) have esti
mated that as much as 50% of macrozooplankton pro
duction may be advected off the bank. If, recognizing 
this, we doubled the estimated macrozooplankton pro
duction for the bank, the macrozooplankton : primary 
production ratio would rise to 12%, well above the level 
for other areas represented in table 37.2. In fact, the ma
crozooplankton-production estimate need only be in
creased one-third to bring the macrozooplankton : pri
mary production ratio to 8%, in line with the highest ra
tios for other areas shown in the table. Advection off the 
bank may also affect survival of fish eggs and larvae, but 
strong evidence for this is lacking (Cohen, Mountain, and 
Smith, 1982; Laurence and Burns, 1982; Schlitz, Lough, 
and LeBlanc, 1983). The benthos is less affected by ad
vective processes, although probably some meroplank
tonic larvae are lost. Benthic filter feeders would be 
expected to benefit from the well-mixed water column, 
since living phytoplankton cells are carried down to the 
bottom. However, this .source does not appear to have 
made up the difference on Georges Bank, since macro
benthos production per unit primary production is next 
to the lowest observed. 

For advective loss of zooplankton to occur in an area, 
the residence time of water must be on the order of a 
few months. As we have seen, this is the case on Georges 
Bank; the other areas considered here have significantly 
longer water residence times. Moreover, except for the 
Middle Atlantic area and the middle portion of the east
ern Bering Sea §helf,. where macrozooplankton produc
tion appears to 'be anomalously low~ the other a;reas have 
higher ratios of macrozooplankton to primary production 
compared with Georges Bank. The Gulf of Maine is a 
deep enclosed basin where water residence time is at least 
6 months to a year, judging from current speeds on the 
order of 5 em/sec and estimates of inflow and outflow 
relative to total volume (chapter 11). The Scotian Shelf is 
a large broad shelf (about 3 times the size of the other 
Northwest Atlantic areas considered here) with deep bas
ins and relatively deep banks. Its water residence time is 
at least as long as that in the Gulf of Maine (based on 
flow rates and volumes in Smith, 1983). In the Middle 
Atlantic shelf region, residence time-ignoring cross-shelf 
mixing-is roughly 8-9 months, based on a mean current 
speed of about 0.07 knots (Hansen, 1977). Though a 
shorter time is likely near the shelf edge due to cross
shelf exchanges near the shelf/slope front (including the 
effect of warm-core rings), the apparent deficit in macro
zooplankton production in the Middle Atlantic area, in 

our judgment, more likely reflects an underestimate than 
advective loss. 

The North Sea and Bering Sea are both large enclosed 
seas with long water residence times. The North Sea is 
about 570,000 km2 in area, with a residence time of 
about 1.5-2 years (Ursin and Andersen, 1978). The Ber
ing Sea is about 2,300,000 km2

, with very little cross
shelf exchange (Kinder and Schumacher, 1981). Because 
of the essentially closed character of these two systems, 
we might expect energy fixed within them to be quite 
completely utilized. The relatively high "transfer effi
ciency" of zooplankton production in the North Sea and 
on the outer shelf of the eastern Bering Sea is consistent 
with this reasoning. On the middle shelf of the Bering 
Sea, zooplankton production appears low, but it seems 
unlikely that this shows advective loss. In fact, the Bering 
Sea appears to have two separate energy-flow patterns: on 
the middle shelf, a great amount of energy is tied up in 
the benthos, with relatively little in the zooplankton; on 
the outer shelf and along the slope break, the picture is 
reversed (Iverson et al., 1979; Cooney and Coyle, 1982). 
This dual pattern is due, at least partly, to very different 
life histories among the dominant zooplankton species of 
the two shelf areas (Smith and Vidal, 1984). 

Thus after accounting for probable errors of estimation 
and/ or different energy-flow patterns in the Middle At
lantic and eastern Bering Sea, respectively, the data pre
sented here are at least consistent with, if not strongly 
supportive of, the hypothesis that the lower "transfer ef
ficiency" to secondary production on Georges Bank 
could be due to advective loss of zooplankton. 

Possibly, secondary production on Georges Bank is re
duced because bacteria consume much of the available 
organic matter, transmitting it into a microzooplankton 
food chain. For example, the average daily rate of bacte
rial production in August on the bank is about 0.5 gC/ 
m2

• If half of what bacteria remineralize goes to cellular 
growth (Watson, 1978), then bacteria must be consuming 
daily about 1.0 gC/m2

, a quantity about equal to daily 
primary production in Augus!, 1.1 gC/m2 (O'Reilly and 
Busch, 1984; see also chapter 21). Bacteria are not neces
sarily remineralizing phytoplankton directly; they break 
down and use zooplankton fecal pellets, detritus, and dis
solved organic carbon. We have no data on bacteria on 
the Scotian Shelf or in the Gulf of Maine, the North Sea, 
or the Bering Sea. Bacterial activity is probably relatively 
low in more northern areas because of low water temper
atures, though such an argument is not consistent with 
results from the Middle Atlantic region, where average 
temperatures are somewhat higher than on Georges Bank 
and zooplankton production apparently lower. This zoo
plankton production may have been underestimated since 
P : B ratios applicable to the colder waters and species of 
Georges Bank may be inappropriate to the Middle Atlan
tic area. In any case, bacteria are an important part of the 
Georges Bank ecosystem; they provide nutrients to the 
phytoplankton through regeneration (Schlitz and Cohen, 
1984) and probably furnish the basis for a microzoo
plankton food chain. In order to clarify this, however, it 



will be necessary to study quantitatively the role of ex
port and bacterial and microheterotroph consumption in 
limiting zooplankton and benthic production on Georges 
Bank. 

Energy Flow from Secondary Producers to Fish 
Turning now to fish, we consider why estimated "transfer 
efficiencies" from secondary production to fish are so 
much higher on Georges Bank and in the eastern Bering 
Sea than in the other places compared (table 37 .2). We 
are unaware of any really large structural differences 
among these ecosystems, and hence cannot offer a plausi
ble biologic mechanism to explain the large differences in 
efficiency. While advective loss of zooplankton on 
Georges Bank may explain lower energy transfer from 
phytoplankton to zooplankton there, it cannot account 
for the high transfer efficiency from secondary produc
tion to fish. Consequently, we have explored the possible 
effects of other estimation errors on the various transfer 
efficiencies in an effort to distinguish probable errors 
from real differences among the regions. 

We have already discussed possible errors in secondary
production estimates. There could, of course, be errors in 
estimates of fish production, but they are unlikely to be 
as large because we have much better knowledge of 
growth, mortality, and energy requirements for fish, as 
well as population size. Fish-production estimates will re
flect changes in size and species composition of fish bio
mass due to natural causes or from fishing. Therefore the 
longer the time interval over which production is aver
aged, the more representative it will be of average popu
lation conditions. On the basis of this criterion, we judge 
the production estimates for the areas compared to be 
equally valid; all estimates cover about a decade, and all 
areas experienced significant levels of fishing and/ or vari
ations in recruitment. A more plausible source of error 
would be in the application of P : B ratios from Georges 
Bank to other areas. 

In the Bering Sea, actual P : B ratios might be lower 
than on Georges Bank because of lower temperatures 
(Banse and Mosher, 1980). Consequently, fish production 
in the Bering Sea may have been overestimated. On the 
other hand, Bering Sea data represent minimum biomass 
estimates; the sources of error would tend to be compen
satory. It is more likely that secondary-production esti
mates for the eastern Bering Sea are too low (partly 
because euphausiids are underestimated); this would in
flate the ratio of fish to secondary production. However, 
if we assume a higher level of secondary production and 
extrapolate it back down the food chain, we raise "trans
fer efficiency" from primary to secondary production still 
further, above a level that was already the highest ob
served (table 37.2). In the Bering Sea, therefore, the most 
likely error appears to be underestimated secondary pro
duction, which in turn implies underestimated primary 
production; otherwise we get a transfer from primary to 
secondary significantly above that for all other areas. Fur
ther, the ratio of fish to primary production in the Bering 
Sea is the highest observed (table 37.2), although we 

know of no major species there that feeds directly on 
phytoplankton, as do menhaden. Because of the number 
of trophic steps, we cannot necessarily expect a close re
lation between primary production and fish production. 
Still, we conclude that primary production, like secondary 
production, is probably underestimated for the Bering 
Sea. 

Fish and Their Environment 
Returning to Georges Bank, we find that temperatures 
and population structures (and hence P : B ratios) do not 
appear sufficiently different from other North Atlantic re
gions to account for "transfer efficiencies" from second
ary production to fish that are 2-3 times higher. Without 
an obvious mechanism to account for this higher appar
ent efficiency, we are forced back to the possibility of es
timation errors. Either we assume that the estimates of 
fish or secondary production are wrong in all other 
North Atlantic regions or we assume that something is 
wrong with the Georges Bank estimates. It is unreasona
ble to assume that biomass and production estimates for 
other North Atlantic areas, quite consistent among them
selves but different from Georges Bank, are all in error 
and that the Georges estimates are correct. It would seem 
more plausible that errors exist in the Georges Bank data; 
yet we contend that the Georges Bank estimates are at 
least as accurate as those for other areas. In fact, fish
production estimates for Georges Bank are likely to be 
low because quantitative data on pelagic species, such as 
round herring and bluefish, are lacking. Increasing the bi
omass estimate to allow for this would raise the Georges 
Bank "transfer efficiency" still higher. If we assume rio 
error in fish-production estimates for Georges Bank, we 
can only bring the ratio of fish to secondary production 
down to a level comparable to that for the other North 
Atlantic areas (about 10%) by radically changing second
ary-production estimates. We would nearly have to triple 
combined macrozooplankton and macrobenthos produc
tion for the early 1960s and double it in the early 1970s. 
This level of error does not seem reasonable, and we are 
left with an enigma concerning Georges Bank-an unusu
ally high transfer efficiency from secondary production to 
fish, but no obvious mechanism to explain it. 

Another measure of fish productivity is MSY, an esti
mate of sustainable long-term yield. We cannot say 
whether this is more useful than the production estimates 
based on the growth of a population as a basis for re
gional comparisons, but it may be just as good, since it 
focuses on long-term productivity. The MSY for Georges 
Bank (7 .6 T / km2

) is roughly twice that for the other 
areas considered except for the Middle Atlantic, a special 
case that we shall leave aside for the moment. On ex
pressing MSY as a ratio of sustainable yield to secondary 
production, Georges Bank leads; the North Sea and Ber
ing Sea are roughly half as efficient; and the Gulf of 
Maine and Scotian Shelf are a little more than a third as 
efficient (table 37 .2). This is a different picture from the 
one given by the fish : secondary production ratio; in that 
case, Georges Bank and the Bering Sea showed the high-
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est efficiencies, and the North Sea was about one-half to 
one-third as efficient and comparable to all remaining 
areas (table 37 .2). We can perhaps discount these discrep
ancies in transfer efficiencies, bearing in mind probable 
errors in the production estimates for lower trophic lev
els. However, we are unable to account for the inconsist
ent relation between MSY and production estimates in 
absolute terms. There could be errors in either MSY or 
fish-production estimates, but we cannot say in which 
with any certainty. However, we note that actual landings 
approximate MSY estimates rather closely for all areas 
except the Gulf of Maine and the Bering Sea. This sug
gests that more productive potential is available for har
vest in the latter two areas, whereas the others, including 
Georges Bank, are being exploited near their capacity (ta
ble 37.1). 

Menhaden make a special case of the Middle Atlantic 
(see MSY values in parentheses, table 37.1); when this 
species is included, MSY rises to the Georges Bank level. 
This seems consistent with the general levels of primary 
and secondary production in the Middle Atlantic, which 
are roughly comparable to those on Georges Bank. The 
relatively low production of macrozooplankton would 
not preclude transfer of energy to menhaden, since they 
feed directly on phytoplankton. On the other hand, we 
must still explain the very high MSY levels relative to sec
ondary production on Goorges Bank and in the Middle 
Atlantic and the implied superior transfer efficiency in 
comparison with all other areas. 

Some fish production attributed to Georges may come 
from migrants that acquire a significant part of their 
growth energy elsewhere (Sissenwine, Cohen, and Gross
lein, 1984). For example, inshore Massachusetts waters 
are nurseries for prerecruit cod, herring, and other spe
cies. Large numbers of squid, herring, mackerel, spiny 
dogfish, bluefish, and other species migrate seasonally 
onto the bank and may contribute more to estimated 
production there than they remove by consumption. 
However, most of these migratory exchanges involve the 
Middle Atlantic region. Reduction of fish production on 
Georges Bank to a level comparable to other North At
lantic shelves by subtracting a fraction for the migrants 
would imply at least a 25% rise in Middle Atlantic pro
duction, elevating it still higher above a level already dif
ficult to explain. 

Interestingly but paradoxically, production per unit area 
of pelagic fish is about the same in the Georges Bank re
gion as in the North Sea, but production of demersal spe
cies is much higher on Georges Bank (Cohen et al., 
1982). Since zooplankton and benthic production are 
about the same in these two regions (table 37 .1), this is 
difficult to explain. 

Another interesting aspect of the Middle Atlantic and 
Georges Bank area is the extraordinary seasonal tempera
ture range, including summer temperatures significantly 
higher than elsewhere. This region is a highly compressed 
faunal transition zone including both boreal and subtropi
cal faunas near their limits of temperature tolerance. The 
large seasonal swings in temperature force many pelagic 
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species to migrate inshore and offshore, and north and 
south, expending significant quantities of energy. Some 
demersal species also have to migrate (mostly inshore/ off
shore) to a much smaller extent. If these temperature 
changes and movements result in significantly higher aver
age metabolic rates and lower growth efficiencies in the 
region, they do not appear to have reduced fish 
production. 

Consumption versus Production of Fish 
An original purpose for developing a Georges Bank en
ergy budget was to help us to understand factors control
ling fishery yield potential. With recent estimates of 
biomass of large marine predators and their consumption 
of fish, it is now possible to estimate total fish consump
tion more completely. Comparing this consumption with 
our production estimates, we can better understand the 
fish production required to support upper trophic levels. 

Table 37.3 gives estimates of total consumption of fish 
and squid on Georges Bank by major predators (including 
man). Although the base periods differ slightly for fish 
and squid and higher-level natural predators, it is not un
reasonable to compare the two groups, since birds, mam
mals, and large pelagics (at least sharks) are unexploited 
and their abundance presumably reflects the carrying ca
pacity of the ecosystem. Estimated total annual consump
tion of fish and squid by all predators (including man) on 
Georges Bank amounted to about 67 kcal/m2

, which ex
ceeds the estimated total annual production of fish and 
squid (52 kcal/m2

; see table 37 .1) by nearly 30%. Aver
age annual landings during the 1973-1982 period 
amounted to about 244,000 mT, which represents about 
5.8 kcal/m2 annually; this means that annually there was 
only about 46 kcallm2 available to natural predators, 
who apparently consumed over 60 kcal/m2 (table 37.3). 
Obviously, consumption must be overestimated or pro
duction underestimated, or possibly both. Production of 
preexploitable fish could have been underestimated, and 
also production of certain exploitable-size fish that go 
largely unharvested (for example, spiny dogfish and sand 
lance). Furthermore, we may not have accounted for sub
stantial Illex squid production based on feeding off the 
shelf; this species spawns off the shelf, migrating up onto 
it during the warm part of the year. On the other hand, 
estimates of consumption of fish and squid by all preda
tors may also be conservative. Winn et al. (chapter 36) 
postulate that annual consumption of all prey by ceta
ceans on Georges Bank might be as high as 10 times their 
minimum estimate of 46,000 mT, equivalent to about 
2.4 kcal/m2 • Consumption estimates for spiny dogfish, 
bluefish, and large pelagics could also be underestimated. 
Altogether these apex predators might consume a large 
fraction of the fish production (about 46 kcal/m2 an
nually) available to natural predators. Unless we have 
underestimated this production at least twofold, it is dif
ficult to rationalize such large consumption demands, es
pecially since the production is already high relative to 
secondary production. Resolution of these questions re
quires more accurate estimates of abundance, diet, and 

consumption of major predators than we now have, as 
well as more accurate estimates of fish and squid bio
mass, particularly for migratory species. Nevertheless, the 
evidence to date strongly suggests that the system is 
rather tightly bound; there is very little production of fish 
and squid going unutilized, and fish production is ulti
mately limited not only by overall food resources but by 
natural predation. This is the general conclusion reached 
by Sissenwine, Cohen, and Grosslein (1984) and Sissen
wine, Overholtz, and Clark (1984). 

Future Research 
The key role of predation in limiting fish production has 
suggested that fish yields to man might be increased by 
selective harvesting of predators. However, it is difficult 
to predict the consequences within the food web of 
changes in certain predator populations, and such changes 
may be counterintuitive. For example, reductions in ma
jor fish predators, such as spiny dogfish and silver hake, 
may not necessarily result in a higher yield of more valua
ble commercial fish species because their principal prey 
(other fish and squid) may also be major predators of still 
smaller fish. Similarly, reduced population levels of ceta
ceans that depend heavily on squid for food might con
ceivably lower average yields to man because squid is 
undoubtedly a major predator upon small fish. These 
questions are best approached analytically; multispecies 
predator/prey simulation models being developed to ad
dress them (chapter 48) explore the effects that alterna
tive long-term fishing strategies might produce. 

There appear to be real differences among shelf ecosys
tems in energy flow from lower to upper trophic levels, 
but more accurate estimates of production at the lower 
levels do not appear to be the key to understanding po
tential fish production of a system. We think that the 
interaction between fish and their predators must be criti
cally examined, with close attention to predation on fish 
in their first year of life (Cohen and Grosslein, 1982; 
Sissenwine, Cohen, and Grosslein, 1984; Sissenwine, 
Overholtz, and Clark, 1984). Future research should em
phasize predator/prey interactions if we are to understand 
the limits to fish-yield potential and predict long-term 
consequences of various harvesting strategies. 
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Table 37.3 
Estimates of fish and squid consumed annually on Georges Bank by major predators, including man 

Estimated 
annual 

Total annual Fish and squid consumption of 
food consumption in diet on fish and squid 

Predator (kcallm2) weight basis (%) (kcallm2) Period 

Silver hake• 45.4 74 33.6 1973-1975 

Mackerel' 14.7 lOb 1.5 1973-1975 

Cod' 3.8 38 1.4 1973-1975 

Pollock• 0.6 24 0.1 1973-1975 

Spiny dogfish 6.4 60< 3.8d 1972-1976 

Large pelagics• 1.3 (0.6-1.5) 100 1.3 1957-mid-1970s 

Other fish' 11.6 33b 3.8 1973-1975 

Squid' 17.4 . 50 8.7 1973-1975 

Birdsr 2.3 75 1.5 1978-1982 

Mammals• 6.3 (0.8-8.4) 88 5.5 1979-1981 

Total 109.8 61.2 

Manh 5.8 1973-1982 

a. Derived from table 22 in Grosslein, Langton, and Sissenwine (1980). 
b. Unpublished food habits data, NEFC. 
c. From Jones and Geen (1977). 
d. Estimated biomass derived from unpublished NEFC minimum biomass estimates for subareas 5 and 6 from 
trawl surveys (Waring, personal communication), adjusted by the assumptions that one-third of the dogfish bio
mass is on Georges Bank (chapter 47) and that total consumption is 2.7 times biomass on an annual basis 
Gones and Geen, 1977). 
e. Derived from chapter 32. 
f. Derived from chapter 35. 
g. Derived from chapter 36 and Scott et al. (1983). 
h. Derived from average annual landings of 244,000 tons. 
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In the total quantity of water circulated over Georges 
Bank there is a substantial fraction that is recirculated 
(chapter 11). There are also a significant exchange of 
water at the frontal regions north and south of the bank 
and a high net rate of flow westward out of the region 
south of Nantucket Shoals (chapter 14). These two large
scale processes-recirculation and exchange-have im
portant implications for the biologic productivity of 
Georges Bank. 

Recirculation of water implies that organisms will 
benefit by being retained within the productive environ
ment of the bank. Discharge of water, conversely, sug
gests a disadvantage-passively drifting planktonic 
organisms will be carried by currents away from favor
able habitat. Evidence for both retention and loss has 
been found. For example, spawning peaks for haddock 
and cod occur in the spring on the northeastern part of 
Georges Bank. The planktonic eggs and larvae of these 
fishes drift southwestward with the mean clockwise flow. 
By fall the young fish are generally still to be found on 
the bank, near the bottom along the northern side, quite 
close to the original spawning site (figure 38.1; Walford, 
1938; Lough, 1984). Isles and Sinclair (1982) attributed 
the maintenance of a Georges Bank herring stock to this 
recirculation, which, by retaining young herring on the 
bank, favored their survival. (This stock collapsed in the 
1970s, probably from overfishing; when or whether it 
will recover is not known.) At the other extreme, Wal
ford (1938) and Colton and Temple (1961) concluded 
that in some years large numbers of fish eggs and larvae 
are carried off the southern side of Georges Bank and 
that this loss represents significant mortality for the local 
populations. Colton and Temple entitled their paper 
"The Enigma of Georges Bank Spawning," raising the 
question of how a population could be maintained in the 
face of such large possible mortality. 

The processes that retain water and organisms on 
Georges Bank act concurrently with those that carry 
water and organisms away. The mean circulation may be 
viewed as the resultant of two patterns, a flow-through 
pattern and a recirculatory one (figure 38.2). Water flow
ing through the system enters it from the Gulf of Maine 
to the north. The mean flow pattern carries water clock
wise around the bank to the southwest. The major dis
charge from this system is westward, south of Nantucket 
Shoals, although some water flows off the southern flank 
of Georges. Acting concurrently with this flow-through 
system is a recirculation of water around the bank. Per
haps 10-30% of the flow along the southern flank is re
circulated though the fraction is not known (chapter 11). · 

The biologic effects of circulation upon the bank as a 
whole depend substantially on the balance between the 
two flow patterns just described. For instance, plankton 
entrained in the flow-through circulation pattern would 
be transient and subject to quick removal; plankton 
caught in the recirculatory flow would be retained. In 
simplest terms, this balance between patterns is repre
sented by the mean residence time for water as it moves 
onto, around, and off Georges Bank. Estimates of resi-

dence time vary for different parts of Georges. In the 
shoal central area ( <45 m deep), where diffusive pro
cesses probably predominate (Loder et al., 1982), the 
mean residence time may be about 30 days. In the sur
rounding area, where the water is from 40 to 200 m 
deep and advective transport is more important, residence 
time may be from 45 to 60 days (Flagg et al., 1982). For 
the bank as a whole, mean residence time is probably 
2-3 months (chapter 14). 

An Analytical Model 

Mountain and Cohen (1983) have presented a simple an
alytical model for estimating the effect of mean water 
residence time upon Georges Bank plankton populations. 
The bank is treated essentially as a chemostat-a volume 
with uniform properties that remains well mixed as water 
enters and leaves the system. A plankton population in 
the system is assumed to grow logistically while a portion 
of it is carried off continuously in water leaving the sys
tem; by definition, the logistic growth formulation causes 
the growth rate to approach zero as the population level 
reaches an imposed limit called the system's carrying ca
pacity-the maximum population the system can support 
(figure 38.3, inset). The chemostat assumption removes 
the population at a rate proportional to the population 
level. The modeled population approaches an equilibrium 
value Neq at which logistic growth and loss by removal 
are in balance: 

Neq = K[1 - 1.24(G/T)]. (1) 

Here T is the water residence time for the system, G is 
the generation time or doubling time for the plankton 
population, and K is the system's carrying capacity-the 
maximum population that it can support. For a nome
producing population (G -> oo) the same model formula
tion yields to an exponential decay of the population 
with time: 

(2) 

where N 0 is the initial population level and tis time. 
The equilibrium population level Neq in equation (1) 

decreases linearly from the carrying capacity as the ratio 
G : T increases (figure 38.3). Populations with short gen
eration times and small values of G : T are hardly af
fected by the removal of water and could sustain a level 
close to the system's carrying capacity. Population size 
for slower-growing organisms, however, would be se
verely limited by the loss associated with movement of 
water through the system. When G : T is about 0.8 or 
larger, a population could not sustain itself; replenish
ment by organisms carried in with new water entering the 
system would be required to maintain it. 

The model represented in equation (1) was applie;d to 
Georges Bank plankton populations using water residence 
times of 2-3 months (Mountain and Cohen, 1983). It ap
peared that phytoplankton population levels, with genera
tion times of 1 or 2 days (chapters 20 and 21), are not 
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Figure 38.1 
Areas where early life stages of 
haddock are found on Georges 
Bank. Spawning occurs near the 
Northeast Peak, and developing 
larvae are subsequently found 
along the southern flank. 0-group 
(young-of-the-year) haddock are 
found along the northern side 6-8 
months later. This pattern is con
sistent with a clockwise mean drift 
around the bank. [Lough (1984), 
modified] 

Sootian Shelf 

Figure 38.2 
An idealized view of the mean cir
culation on Georges Bank, combin
ing two flow patterns: recirculation 
(shaded) and through-flow. 

Figure 38.3 
The equilibrium population level 
N ••• from equation ( 1 ), as a func
tion of the ratio of plankton genera
tion time to water residence time. 
Characteristic locations for differ
ent categories of plankton are indi
cated. Inset is the logistic growth 
curve on which equation (1) is · 
based. The population increases 
with time, approaching an upper 
limit K, the system's carrying ca
pacity. Removal from the system 
maintains the population at some 
level below K. 



significantly affected by through-flow. However, popula
tions of zooplankton whose mean generation time is 
about 5 weeks would be limited at 20-50% of the sys
tem's carrying capacity. 

The case of planktonic fish eggs and larvae is described 
by equation (2), since reproduction is not a factor in 
these early life stages. Mountain and Cohen (1983), as
suming export from the system to be lethal to eggs or 
larvae, calculated mortality between spawning and meta
morphosis from this cause at 75-85%. Other factors 
being equal, this implied that at higher trophic levels, as 
represented by the zooplankton and fish communities, 
Georges Bank would sustain lower population levels than 
a system with a longer residence time. The bank would 
appear less efficient at passing energy from the primary to 
the higher trophic levels-f<;>r each unit of primary pro
duction, Georges would produce less zooplankton and 
fish. 

Mountain and Cohen {1983) compared the observed 
productivity of Georges Bank with that of the North Sea, 
where the structures of plankton and fish communities 
are similar but the water residence time is longer. They 
found a reduction in efficiency for Georges Bank that is 
comparable to that predicted by their residence-time 
model. However, more recent estimates for the produc
tivity values (chapter 37) indicate that the discrepancy be
tween Georges Bank and the North Sea is not as large as 
previously reported in the literature. For finfish and 
squid, Georges Bank now appears more efficient than the 
North Sea, although some of the production is due to 
fish that migrate to the bank. A reduced efficiency for 
the transfer of energy from phytoplankton to zooplank
ton is still found on Georges Bank, however, as expected 
from equation (1) (see table 37.2). 

Other observed characteristics of the Georges Bank 
zooplankton communities are also consistent with the 
simple residence-time model. As noted earlier, when the 
ratio of G to T in equation (1) exceeds about 0.8, a pop
ulation would not be self-sustaining. This is the case for 
large, slow-growing zooplankton species, for which the 
ratio approaches unity. For instance, the copepod Pseu
docalanus sp. has a generation time G of about 2 
months. Davis (1982) modeled its distribution on Georges 
Bank assuming patterns of water recirculation and re~ 
moval similar to those shown in figure 38.2. Pseudoca
lanus distributions observed in the field could be 
simulated in the model only by continuously introducing 
a seed population of adults along the northern edge of 
the bank. The population of Calanus finmarchicus 
(G :::::: 2 months), another dominant species on Georges 
Bank, appears to maintain itself similarly by a process of 
resupply from the Gulf of Maine (chapter 24). 

Further, on the assumption that carrying capacity is re
lated to food supply, a population size below the carrying 
capacity (that is, less than K in the model) would not use 
all the food available. According to equation (1), there
fore, the zooplankton population on Georges Bank 
would not be directly food limited; instead, it would be 
limited largely by the physical loss processes. There is evi-

dence that zooplankton populations there are not food 
limited. Dagg and Turner (1982) have shown that zoo
plankton on Georges Bank graze only about half the av
erage available phytoplankton production. The circulation 
pattern as parameterized by the mean residence time does 
appear to exert an observable influence on the relative 
plankton productivity levels on Georges Bank. 

Limitations of the Model 

Of course, the residence-time model presented greatly 
simplifies actual conditions on Georges Bank; important 
interactions between organisms and the circulating water 
are not represented. An equilibrium state has been as
sumed that may never be reached. In the model, all or
ganisms have been assumed to drift passively with the 
flow of water. In fact many larger zooplankton species 
and fish larvae possess some independent mobility; they 
can maintain position, more or less, in various ways, 
moving differently from the general circulation. Wright 
and Lough (1979) reported a concentration of chaetog
naths that remained nearly stationary on the northeastern 
part of Georges Bank for 2 weeks while water moved 
past them southeastward at about 10 km/ day. They cite 
vertical migration within a field of sheared tidal currents 
as a possible mechanism. Isles and Sinclair {1982) sug
gested that herring larvae may have been retained on 
Georges Bank by similar means. 

Spatial patterns in both the plankton distributions and 
the circulation of water have not been considered in the 
model; the bank has been treated as uniformly well 
mixed. The characteristic spatial patterns can be very im
portant. For instance, on Georges Bank cod and haddock 
spawn on the northeast part, while the major discharge 
of water is westward across the Great South Channel. By 
the time the mean circulation would carry the young cod 
and haddock to the Great South Channel, the fish usually 
have attained a size of about 20 mm and are no longer 
passive drifters. In this case, the loss of population ex
pressed in equation (2) is not applicable during the entire 
larval period. By spawning on the northeastern part of 
the bank, the fish minimize the potential loss of larvae 
from the system inherent in the mean circulation pattern. 
More explicitly, by spawning on the Northeast Peak, fish 
give their larvae time-before the water circulation takes 
them away-to grow big enough to swim against the 
flow or to begin demersal, nonplanktonic life. Future 
models must account for heterogeneity in the patterns of 
water circulation and biologic distribution; Klein (chapter 
39) has addressed spatial variability in his modeling of the 
shoal region of Georges Bank. 

Variations in Production 

So far in our discussion, we have confined ourselves to 
the mean balance between recirculation and exchange of 
water and its mean biologic effects. Variations in produc
tion are equally interesting-zooplankton and fish popu
lations fluctuate greatly from year to year (chapters 25 
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and 31). Certain patterns of water circulation that have 
not yet been considered specifically derive from com
bined physical processes that vary spatially and tempo
rally. For example, two processes that remove water from 
the southern side of Georges Bank-entrainment by the 
Gulf Stream rings and local wind forcing-are both epi
sodic {chapter 14). Shifts in the balance between recircu
lation and removal of water may cause variations in 
productivity. This is particularly true for fish populations; 
variations in larval mortality may partly determine subse
quent adult biomass. Walford (1938) observed a consid
erable difference in the survival of larval haddock on 
Georges Bank between 1931 and 1932. In 1931 a large 
number of larvae were retained on the bank, while in 
1932 the greater part appear to have been carried away. 
He concluded that this difference in survival was due to 
differences in water circulation demonstrated by drifter 
observations. More recently Bolz and Lough (1984), us
ing 1971-1977 data from Georges Bank, found large var
iations in the abundance of fish larvae. Using larvae of 
Slope Water species as indicators of circulation around 
the bank, they concluded that the years of high abun
dance of Georges Bank species appeared due to recircula
tion of the Georges Bank waters and greater retention of 
the larvae on the bank. The low-abundance or high-mor
tality periods appeared associated with the transport of 
larvae off of the southern side of the bank. 

Exports from Georges Bank 

The flow of water and organisms off Georges Bank has 
implications for productivity not only on the bank itself 
but in surrounding areas as well. What is lost by one area 
is gained by another. Walsh, Premuzic, and Whitledge 
(1981) and Walsh (1983) considered the fate of carbon 
fixed by primary production on the bank. Finding only 
30% grazed by zooplankton and less than 10% evident in 
local sediments, they concluded that the remainder must 
be exported, either westward past Nantucket Shoals or 
southward to the upper continental slope, where sedi
ments with a high carbon-to-nitrogen ratio are found. 
The measured flux of water westward past Nantucket 
Shoals (390 x 103 m3/ sec; Dorkins, 1980) represents 
about four volumes of Georges Bank water (limited by 
the 200-m isobath) annually. This is consistent with a 
mean residence time on the bank of 2-3 months. For 
phytoplankton reproducing every 2-3 days (between 130 
and 180 times a year), this flux would transport only 
2-4% (4/ 180-4/ 130) of the annual production as living 
cells. Some of the remainder may be consumed and re
generated on Georges Bank by organisms not considered 
by Walsh, Premuzic, and Whitledge-for instance, bacte
ria and the smaller zooplankton (Schlitz and Cohen, 
1984) or benthos grazing directly on phytoplankton. 
Some, alternatively, may be exported in nonliving form. 
For zooplankton the westward flux may be very impor
tant. If a mean productivity-to-biomass ratio of 7 is as
sumed for macrozooplankton (Cohen et al., 1982), about 
half the Georges Bank macrozooplankton production (4/ 
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7) would be exported to the shelf south of New England. 
This exported zooplankton could seed the zooplankton 
communities found there. 

Summary and Conclusions 

We have only begun to trace the biologic consequences 
of water circulation on Georges Bank. The simple resi
dence-time model discussed here suggests that mean zoo
plankton population levels are affected by the mean 
balance between quantities of water recirculated around 
the bank and quantities exchanged with its surroundings. 
Thus unlike other more inclosed coastal ecosystems, such 
as the North Sea and the Gulf of Maine (chapter 37), cir
culation on Georges Bank may contribute to the apparent 
lower mean zooplankton production found there. 

In economic terms, the most important biologic effect 
of circulation may be yearly variation in larval fish mor
tality; some observations indicate that a shifting balance 
between water recirculation and exchange contributes to 
this variation, but our knowledge of both circulation and 
larval mortality is too limited to establish or disprove a 
general causal relation. More must be learned about the 
processes that move water on and off Georges Bank, spe
cifically about water exchanges associated with warm
core rings and storms and the degree of recirculation 
around the bank near the Great South Channel. More 
also must be learned about the relative importance of 
predation and physical transport off the bank. 
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Figure 39.1 
Seasonal cycle of nitrogen budget 
estimated from available field data: 
Patuszak, Wright, and Patanjo 
( 1982) and chapter 21 for the ni
trate iii; O'Reilly and Evans-Zetlin 
( 1982) and chapter 21 for the phy
toplankton P; and Davis ( 1982) for 
the zooplankton Z. Conversions 
made use of the following 
ratios: mgC : mg-atN = 1 00, 
mgC : mgChl = 50 (Steele and 
Henderson, 1981 ). 
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A Simulation of Some Physical 
and Biologic Interactions 
Patrice Klein 

Seasonal cycles of inorganic nitrogen N, phytoplankton 
P, and zooplankton Z on Georges Bank within the 60-m 
isobath1 are characterized by four distinct periods (figure 
39.1) that recur annually. From December through 
March, phytoplankton biomass and inorganic-nitrogen 
concentration are high; zooplankton biomass is very low. 
From April through May, both inorganic-nitrogen con
centration and phytoplankton biomass decline, but zoo
plankton increases. From June to August, the region 
appears almost depleted of nutrients; phytoplankton bio
mass is about half of the winter value. However, zoo
plankton biomass rises, reaching a maximum in July. 
Finally, from September to November, inorganic nitrogen 
and phytoplankton increase again; zooplankton declines. 

Moreover, "total" nitrogen, N, defined by N, = 

Z + P + N, shows the same pattern as inorganic nitro
gen, that is, a strong decline in spring and summer (figure 
39.1). In addition, zooplankton nitrogen, compared with 
phytoplankton and inorganic nitrogen, is very low 
throughout the year (Davis, 1982). Note that more recent 
data (chapter 25) reveal a higher biomass. Nevertheless, 
quantities of zooplankton nitrogen are an order of magni
tude lower than the other quantities discussed here and 
thus may not affect phytoplankton-nutrient dynamics sig
nificantly. Furthermore, since phytoplankton biomass is 
relatively high year-round, zooplankton may not be food 
limited (Davis, 1982). 

Inorganic nitrogen N considered here includes both ni
trate and ammonia. From the available data, ammonia is 
quite negligible in winter on Georges Bank, but is the 
dominant form of inorganic nitrogen in summer (chapters 
21 and 22), when nitrate is approximately zero (chapter 
21). Ammonia values are very low throughout the year, 
reaching their highest levels in the summer. This maxi
mum, however, is only 0.8 milligram-atoms of nitrogen 
per cubic meter (mg-atN/m3

), and therefore ammonia has 
little effect on the overall annual nitrogen cycle. 

The mean seasonal evolution of N, P, and Z appears 
well correlated with the physical processes induced by de
velopment of thermal stratification outside the well-
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mixed area of Georges Bank. From April through August, 
as stratification progresses in the Gulf of Maine and the 
Slope Water, the well-mixed region of Georges Bank be
comes isolated within strong thermal fronts. From Sep
tember through March the stratification breaks down, 
culminating in the well-mixed conditions of winter 
(EG&G, 1981; see also chapter 10). 

These characteristics raise some important questions. 
Why are high phytoplankton biomass and production 
rates not reflected at higher trophic levels? What are the 
sources of nutrients? What are the respective effects of 
recycling and physical processes? These questions will be 
addressed here through a very simple numerical model. 
Simulations have been performed to quantify the effects 
of physical and biologic processes on the mean seasonal 
evolution of the Georges Bank plankton ecosystem. First, 
the model and the representations that have been used 
for biologic and physical processes are described. Then 
the numerical results are discussed in light of the avail
able field data. 

The Model 

The model developed in this study describes the evolu
tion in time and space of biologic variables on Georges 
Bank. Georges Bank within the 60-m isobath is repre
sented by an ellipse whose major and minor axes are 170 
and 130 km long. Appropriate geometric transformations 
conserve the mean values of the biologic variables. Mean 
values have been used for simplicity (see the appendix to 
this chapter). The transformed domain is circular, 130 
km across and 60 m deep at the periphery. Centered 
within it is a disk-shaped shoal 50 km across and 30 m 
deep. From the edge of the shoal to the outer, 60-m iso
bath, the depth increases linearly. The model is two-di
mensional (x, y), homogeneously mixed vertically but 
with varying depth. Model equations have been written in 
cylindrical coordinates, in which a point M is located by 
its radius r, its angle () with the x axis, and the appropri
ate depth (figure 39.2). Physical processes are defined by 
velocity field and horizontal diffusion coefficients. Biol
ogic variables are inorganic nitrogen, N, which includes 
both nitrate and ammonia; phytoplankton, P; and zoo
plankton, Z. Ammonia is not considered explicitly in the 
model because of its low value. An additional variable, 
"phytodetritus," M, is included to complete the budget; 
the importance of this variable will be discussed later. All 
biologic variables are expressed in terms of nitrogen (mg
atN/m3). The variables are functions of time t and space 
coordinates r, 0. Their evolution in time and space is dri
ven by physical processes (horizontal advection and diffu
sion) and biologic processes. The following equations are 
used: 

growth 
~ 

II'(Z) = b2 X P X Z 

predation 
f--A-----.-
d X Z 2

, (1) 

39 

growth 

I!'(P) = a x N/(N + KN) x P 

"mortality" 
~ 
a X P, 

uptake 

grazing 
~ 
bxPxZ 

I!'(N) = -a x N/(N + KN) x P 

regeneration 

+ b1 X P X Z + d X Z 2 + (3 X P, 

phytodetritus source 
~ 

I!'(M) = a X P 

decomposition 
~ 
(3 X p; 

II' is an operator for time and space evolution, defined 
by 

advection 

II'( ) = a( ) + u x a( ) + U8 x a( ) 
at r ar r ao 

diffusion 

1 a a( ) 1 a a( ) 
--X -rhK--- X -K-rh ar r ar r2 ao 8 ao . 

(2) 

(3) 

(4) 

(5) 

Here h is the depth, U, and U8 are the velocity compo
nents (figure 39.2), and K, and K8 are the diffusion coef
ficient components. The right-hand sides of equations 
(1)-(4) display the biologic parameters involved. Phyto
plankton growth rate is represented by a, and KN is the 
half-saturation constant. Zooplankton growth rate per 
unit of phytoplankton is b2; b is associated with grazing 
stress, and b1 with recycling of food not assimilated by 
zooplankton. Moreover, we assume b = b1 + b2 • The 
zooplankton predation rate (per unit of zooplankton) is 
represented by d. The consequent loss is-assumed to be 
recycled in the system at the seasonal time scale. The 
phytoplankon "mortality" rate is designated by a, and 
the recycling rate of "phytodetritus" by (3; these will be 
discussed later. Note that, since b = b1 + b2 , equations 
(1)-(4) are such that: 

I/'(Z + P + N + M) = 0. (6) 

Representations of the biologic and physical processes 
considered are discussed in the next two sections. Bound
ary conditions concern the values of the biologic vari
ables on the periphery of the area modeled, at a radius of 
65 km. Numerical integration of the nonlinear partial-de
rivative equations (1)-(4) made use of an explicit scheme 
for physical processes and an implicit scheme for biologic 
processes. A finite-differences method was used for space 
discretization of the advective and diffusive terms. In par-
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ticular, upstream differencing was used for the advective 
terms. (A detailed description of the numerical method is 
given in Klein, 1984.) The spatial grid used for the study 
consisted of 9 circles from the inner well-mixed zone to 
the periphery of the modeled area (~r = 5 X 103 m), in
tersected by 30 evenly spaced radii (~() = 21!'130). Thus 
there were 271 grid points, the homogeneous central area 
being represented by a single point. A time step of 
~t = 3 hours (see Klein, 1984) was chosen. The CPU 
(central processing unit) time required for a simulation of 
360 days is 310 sec on a VAX 11/780 computer (Digital 
Equipment Corporation). 

Representation of the Biologic Processes 

The biologic processes represented are phytoplankton 
growth rate and "mortality," grazing stress, zooplankton 
growth rate and predation, and the recycling of "phyto
detritus" by bacteria. The concept of phytoplankton 
"mortality" used in this study is not very well defined
we might better refer to phytoplankton "disappearance" 
by biologic utilization. It follows from this that "phyto
detritus," M, the substance lost through this loosely de
fined "mortality," is itself something of a catchall term. 
Simple parameterizations are used to represent the mean 
seasonal evolution of the dynamics of total biomass of 
phytoplankton and zooplankton. More sophisticated rep
resentations would involve many numerical constants 
whose values at the seasonal time scale are not well 
known. 

Zooplankton Dynamics and Regeneration Processes 
Zooplankton growth rate is given by b2 X P (Steele and 
Henderson, 1981; Steele, 1982). A maximum value for b2 

is estimated using the following argument (Steele and 
Henderson, 1981). Assume that the egg : adult weight ra
tio is 1 : 100 and that generation time is about 30 days; 
then the maximum growth rate is 

max(b2 X P) = (In 100)/30 = 0.15. (7) 

Assume that max P = 4, which corresponds to a maxi
mum value of 8 mgChllm\ where Chi is the abbreviation 
for chlorophyll (chapter 21); then 

max b2 ~ 0.04, (8) 

where the units in which b2 is expressed are as follows: 
growth rate (m3 I day) per milligram of phytoplankton 
(mg-atN). The seasonal cycle of b1 is shown in figure 
39.3A; this cycle is based on the work of Davis (1982), 
who showed that Pseudocalanus sp. and Calanus finmar
chicus dominate the biomass on Georges Bank. These 
species appear in early spring, but avoid warm surface 
waters, which are likely to limit their normal growth and 
reproduction; hence the maximum in b2 is found early
in May. The zooplankton grazing rate on phytoplankton 
is b x P. In this study, zooplankton growth is assumed to 
be 20% efficient (Steele, 1982), so that 

(9) 

The difference between b and b2 is bll which represents 
excretion, fecal material, and mortality. The resulting ma
terials are considered to be recycled in the system at the 
seasonal time scale. The predation rate upon zooplankton 
is expressed as d X Z, which means that the predator 
population changes in proportion to the herbivores. We 
assume that this is the case on Georges Bank and further
more that zooplankton consumed as prey are then re:::y
cled in the system. 

Phytoplankton Dynamics and Regeneration Processes 
Phytoplankton growth [see equation (2) ] is a function of 
light and nutrients. The effects of nutrient on growth are 
represented by a Michaelis/Menten function using a half
saturation constant KN = 0.3 mg-atN/ m3 (Lehman, Bot
kin, and Likens, 1975; Jamart et al., 1977). The effects 
of seasonally varying light, integrated over the water col
umn, are contained in a (figure 39.3B). These effects have 
been estimated using Steele's (1962) relation 

a = amax X ((I), (10) 

with 

f(l) = (2.72/ kh)[exp(-III,) X exp(-kh)]- exp(III.). 
(11) 

The extinction coefficient k includes self-shading effects: 
k = 11J + 17~, where 171 is the extinction coefficient for 
water and all material except plants and 172 is the self
shading coefficient. Values (per meter, m) used for 
Georges Bank are 171 = 0.1 and 712 = 0.04 m3/ mg-atN. 
Mean incoming solar radiation is represented by I and 
the optimal intensity by I ,. Therefore, f(I) is a function 
of h, P, and III,. Assuming h to be 40 m, the winter and 
summer values of P to be, respectively, 2 and 1 mg-atN/ 
m\ and the corresponding values of III, to be 1.6 and 
2.4, we can evaluate {(I): 

f(I) = {0.3 ~n winter 
0.4 m summer. (12) 

Using amax = 1 per day (Steele, 1982), we obtain the sea
sonal cycle of a (figure 39.3B). 

The "mortality" rate, a, is a rate of phytoplankton loss 
due to processes other than grazing and physical ex
change. These losses, called "phytodetritus," are repre
sented by M, and the rate of their recycling by {3. Here 
we have assumed that a =I= {3. The processes of phyto
plankton "mortality" and "phytodetritus" recycling have 
been parameterized and estimated in relation to the net 
loss of Z + P + N (mainly P + N, since Z is low all 
year). We have focused on these processes for the follow
ing reasons. Assume that a = {3 = 0. In such a case, a 
loss of P + N, according to an equation for P + N 
[obtained from equations (2) and (3)] could occur only 
through physical exchanges. This in tum would require a 
strong seasonal change in boundary conditions to explain 
the observed decline in P + N, and such a seasonal 
change is not found. As explained in the next section, ex
changes during the summer between Georges Bank Water 
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Figure 39.2 
Cylindrical coordinates. 

Figure 39.3A 
Seasonal cycle of the zooplankton 
growth rate b, as a function of t 
(days). 

Figure 39.38 
Seasonal cycle of the phytoplank
ton growth rate a as a function of t 
(days). 

Figure 39.3C 
Variation in a x P and fl x P. 
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(the well-mixed water within the 60-m isobath) and 
waters outside the bank are due mainly to advection pro
cesses and the evolution of thermal fronts. Outside 
waters involved in these summer exchanges are mainly 
deeper nutrient-rich waters. This is the case in winter <,tS 

well; outside waters involved in strong exchanges are rich 
in nutrients. Consequently, boundary conditions for N 
and P do not change significantly between winter and 
summer, and physical processes alone cannot explain the 
summer loss of P + N. The only possible explanation is 
that the deficit of P + N shown in figure 39.1 during the 
summer must go into another biologic compartment. This 
cannot be the zooplankton, since its biomass is low even 
in the summer, and so is the grazing stress. We must as
sume that there is a sink for phytoplankton-predation 
by benthos or some other form of mortality-which pre
vents total recycling into nutrients. 

The values chosen for a and fJ are 

_ {0.08 X P 
a- 0.14 

if p > 1.75 
if p < 1.75 ' 

fJ = 0.08. (13) 

They have been parameterized (figure 39.3C) so that the 
difference between winter and summer values of P + N, 
integrated over the entire Georges Bank area, reproduces 
the difference observed in the data. The function chosen 
for phytoplankton "mortality" is linear (figure 39.3C) 
when P is small ( < 1.7 5), in the summer, and quadratic 
(to limit unrestrained phytoplankton growth) when P is 
large ( > 1. 7 5), in the winter. The parameters a and fJ are 
the only ones that have been fitted in the phytoplankton
nutrient dynamics. 

Representation of the Physical Processes 

Mean advective and diffusive processes on Georges Bank 
are described in detail in chapters 11 and 14. Here we 
shall consider the representation of these processes, based 
on field data and classical formulas, for use in the present 
study. 

Parameterization of the Horizontal Advective Flow Field 
The horizontal advective processes considered concern 
the low-frequency velocity field (U,, U8) within the 60-m 
isobath, averaged over the water column. Values have 
been estimated directly from the available data (Butman 
et al., 1982; Butman and Beardsley, submitted; see also 
chapter 11) and satisfy the continuity equation: 

a a 
ar (rh X U,) + ao (h X Uo) = 0. (14) 

Figure 39.4A represents the resulting permanent velocity 
field and associated streamlines after appropriate transfor
mations. The value of the flow to the northeast is 14.2 
em/sec, which would correspond before transformation 
[see equation (A.lO)] to a real velocity of 16 em/sec. 
This flow is confined to a small band less than 10 km 
wide. On the southern flank, the westward flow is 
1.36-4.4 em/sec, which would correspond to a real ve-

locity of about 5-6 em/sec. This flow extends over a 
band about 25 km wide. Figure 39.4B shows the maxi
mum seasonal increase of the low-frequency velocity field 
(after appropriate transformations) at various points in the 
modeled area. This increase is assumed to be linear, from 
zero in April to maximum values in September, falling by 
December once again to zero. It is confined to the edges 
of the well-mixed area. Indeed, during the stratified pe
riod, the strong cross-bank density gradient induces a 
mean vertical current shear along the bank (Butman and 
Beardsley, submitted), located mainly in the strongly het
erogeneous summer frontal zones (these are not consid
ered here) and at the 60-m isobath (which is considered). 
Since the mean vertical current structure is not explicitly 
taken into account, its effects are split into an additional 
component ~U 12 in the mean barotropic current and an 
apparent horizontal diffusion along the streamlines (see 
the next section). 

Representation of the Horizontal Diffusive Flow Field 
Apparent horizontal diffusion results from vertical shear 
of horizontal low- and high-frequency currents combined 
with vertical turbulent diffusion (Kullenberg, 1978). 
Three kinds of apparent horizontal diffusion, also called 
shear dispersion, have been considered: 

1. The diffusion K, (Kullenberg, 1978). This represents a 
stretching influence, located at the edge of the modeled 
area, due to vertical shear of the mean current ~U in
duced by the cross-bank density gradient: 

K, = (1/24) X (~U/2)1 X t. (15) 

Note that, from the observed values of ~U (Butman and 
Beardsley, submitted), K, can attain values as high as 
2,500 m2/ sec at the end of summer. K, concerns diffu-· 
sion along the streamlines only. 

2. Another apparent horizontal diffusion, Kn is induced 
by the strong tidal currents in the well-mixed area of 
Georges Bank. Because of the rotation of the tidal cur
rents (Moody and Butman, 1980), this diffusion can be 
considered isotropic. It is estimated (Csanady, 1973) to 
be 

KT = (1 / 36) X K, X "(2 X P, (16) 

where K, is the vertical diffusion coefficient, T is the 
tidal period (approximately 12.4 hours on Georges Bank), 
and "(2 is the mean square vertical shear of the tidal cur
rents. Estimation of K, and 'Y Games, 1977; Moody and 
Butman, 1980; EG&G, 1981) leads to K, ~ 0.15 m2/ sec, 
and 'Y = 6-8 X 10-3/ sec. Consequently (in m2/ sec), 

K, ~ 550 - 350. (17) 

3. The apparent horizontal diffusion, K0 is associated 
with shear dispersion in the thermal fronts-more pre
cisely the cross-front diffusion. In a thermal-front area, 
the vertical diffusion coefficient, and therefore the shear 
dispersion, is substantially reduced by stratification. To 
estimate the shear dispersion, equation (16) is again used. 
From James (1977), the order of magnitude of K, is esti
mated to be 0.035 m2/sec. From EG&G (1981 ) and 
Moody and Butman (1980), 'Y ~ 4 X 103/sec. Using 
equation (16), we obtain (in m2/ sec) 

Kc ~ 30. {18) 
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data (Butman and Beardsley, 1984) 
after appropriate transformations . 
(see the appendix to this chapter). 
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Appropriate transformations have been applied to the val
ues of these diffusion coefficients (see the appendix to 
this chapter). 

The estimations just given are based on quasi-theoreti
cal grounds and must be used carefully. Estimated values 
of the diffusion coefficient inside the well-mixed area, 
Kn are close to those found by Loder et al. (1 982) using 
different, empirically based, methods, which suggests that 
they are realistic. Values estimated for the edge of the 
well-mixed area are probably more questionable. Indeed, 
other "dispersive" processes (on a seasonal time scale) are 
certainly present at this edge, a fact revealed by the non
negligible variance of low-frequency current (Butman et 
al., 1982). When this variance is associated with the vari
ances of biologic and chemical factors, a dispersive flux is 
induced that is very difficult to estimate from the avail
able data. During the winter it is probably not very signif
icant compared with the shear dispersion due to tidal 
currents. During the summer, however, the corresponding 
cross-bank flux at the edges should contribute signifi
cantly to cross-frontal transfer. This flux has not been 
taken into account here; to do so would improve the 
model. 

Seasonal Evolution of the Physical Exchanges Considered 
During the winter Ganuary-March), Georges Bank Water 
is vertically well mixed, and so are the slope and Gulf of 
Maine waters, at least to a depth of 200 m. Mean clock
wise circulation is at a minimum. Horizontal diffusion 
due to shear dispersion is isotropic, with high values 
(KT ~ 350-550 m2/sec). At this time, exchanges with 
areas outside the boundaries of the model are large. 

During the spring, waters become vertically stratified 
outside the well-mixed area of Georges Bank, around 
which thermal fronts start to develop. The mean circula
tion is not yet affected by the stratification, which at this 
time is still weak, but shear dispersion along the edges of 
the bank is significantly reduced (approximately 30 m2

/ 

sec in May). Exchanges with the outside waters decrease. 
During the summer, vertical stratification outside the 

60-m isobath is well established, but within this isobath 
the waters remain well mixed. Outside, the developing 
cross-bank density field accelerates the mean clockwise 
circulation and induces a stretching influence on the 
edges of the well-mixed area. However, cross diffusion 
on the edges is low because of the stratification, and ex
changes with the outside are small. 

During the fall, the cross-bank density gradient de
creases, disappearing with the stratification after Decem
ber. The stretching at the edges decreases and disappears. 
The cross-bank horizontal diffusion around the bank and 
exchange with outside waters once again increase. 

Results 

The simulation of the annual cycle on Georges Bank, us
ing our numerical model, was started on 1 January. Initial 
values for Z, P, N, and M were considered uniform over 
the entire Georges Bank area (within the 60-m isobath). 

In terms of nitrogen (mg-atN/m3) these values were 
Z = 0.05, P = 2.05, N = 5.0, and M = 1.0. Values at 
the boundary were Z = 0.05, P = 0.05, N = 8.0, and 
M = 0. Physical processes are reestimated every 15 days. 
A quasi-steady state (independent of the initial conditions) 
is reached in winter after 15 days, so the results are relia
ble after 15 January. 

Evolution of the Spatial Distribution 
Spatial distributions of inorganic nitrogen, phytoplankton, 
and zooplankton in winter, spring, and summer are repre
sented in figures 39.5A-39.5H. These distributions are 
"snapshots" taken on three dates of the year, indicated in 
figure 39.6A. 

Winter 
Figures 39.5A and 39.5B represent the distributions of in
organic nitrogen N and phytoplankton P in February 
(t = 40 days). Zooplankton distribution is not shown be
cause of its low values. The concentration of inorganic 
nitrogen is very high on the edges of the modeled area 
and slowly decreasing toward the center, where its value 
is 0.8 mg-atN/ m3

• Phytoplankton biomass is very high. 
There is, in particular, a "hot spot" of phytoplankton in 
the center of the bank, where the value is 2.65 mg-atN/ 
m3

• At this time, exchanges between Georges Bank Water 
and outside waters are large. The bank seems to work as 
a chemostat, a system in a quasi-steady state with signifi
cant exchange with the external environment. This simu
lated pattern of phytoplankton during the winter is 
similar to observed spatial distributions (O'Reilly et al., 
1980). 

Spring 
Figures 39.5C-39.5E show inorganic nitrogen, phyto
plankton, and zooplankton distributions at the beginning 
of May (t = 115 days). Waters outside the bank are 
stratifying and thermal fronts are developing around the 
bank. Exchanges with the outside waters are diminishing. 
Except at the edges, the concentration of inorganic nitro
gen on the bank is also decreasing (figure 39.5C), and so 
is phytoplankton biomass, though there are some phyto
plankton concentrations on the edges, particularly in the 
northeast (figure 39.5D). These features resemble those 
observed in the field (O'Reilly et al., 1980). In contrast 
with the trend for inorganic nitrogen and phytoplankton, 
zooplankton at this time is increasing (figure 39.5E), with 
relatively high values at the bank's center and to the 
southwest (0.43 mg-atN/ m3

). 

Summer 
Distributions of inorganic nitrogen, phytoplankton, and 
zooplankton at the end of August (t = 240 days) are rep
resented in figures 39.5F-39.5H. Stratification outside 
Georges Bank has become well developed, and rates of 
physical exchange at the edges of the bank, compared 
with the winter, are very low; these exchanges are due 
mainly to advective processes, which are strongest over 
the northeastern part of Georges Bank. Zooplankton bio-

mass is lower than in spring and uniformly distributed. 
Phytoplankton biomass is low except in the northeastern 
part, where there is high spatial heterogeneity due to ad
vection of nutrient. The concentration of inorganic nitro
gen is low; compared with the winter the bank appears 
almost nutrient depleted. 

Comparison with Averaged Data 
To compare the numerical results more precisely with 
available field data over the seasonal cycle, we must aver
age them over the Georges Bank area. A mean operator 
defined in the appendix has been used for this purpose: 

¢;(t) = 11V1 J Jrhcp(r, h, t) dr dO, (1 9) 
sh 

where V 1 is the volume of water on Georges Bank within 
the 60-m contour and d 1 is defined in the appendix. 
From equation (19), mean values Z, P, N, and M for the 
whole of Georges Bank are calculated from the numerical 
results for each day (figures 39.6A and 39.6B). The mod
eled time evolution of Z, P, and N agrees well, on the 
whole, with field data (figures 39.1 and 39.6A); calcu
lated zooplankton biomass is higher than the observed bi
omass plotted in figure 39.1, but closer to more recent 
values (chapter 25). The patterns observed for P and N 
are quantitatively well reproduced in the model. Note 
that the marked low in values of P + N during the sum
mer is compensated by an increase in the "phytodetritus" 
factor, M. 

In order to test the sensitivity of the system to the 
terms for phytoplankton "mortality" and the recycling of 
"phytodetritus," a separate simulation was carried out in 
which the corresponding rates, a and {3, were set at zero. 
Not surprisingly, results reveal a very different pattern of 
evolution within the ecosystem (figure 39.6C). Of course 
"total" nitrogen, N,, defined by N, = Z + P + N, is 
constant (time independent). Phytoplankton nitrogen P in 
this second simulation is much higher than inorganic ni
trogen N, whereas in the preceding case it was generally 
lower or nearly equal in quantity. When a and {3 equal 
zero, there is no longer a marked summertime drop in 
the evolution of P + N, only a little gap in the spring 
(t = 60-100 days) due to zooplankton growth. 

Phytoplankton and Nutrient Budgets from Numerical 
Results 

The orders of magnitude of physical and biologic pro
cesses that affect the seasonal evolution of the mean vari
ables have been estimated from the numerical results. 
Equations that drive the time evolution of the mean vari
ables can be derived from equations (1)-(4) by using the 
mean operator [equation (19)]: 

dZ.J dt = h1 x P x z - d x Z2 - kz x (z - Z0), 

dP!dt = a x N/ (N + KN) x P - b x P x Z 
- a X P - kP X (P - P 0), 

(20) 

(21) 
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Figure 39.5A 70 70 70 
Nitrate distribution (mg-atN/m') in 1\t/' 1\t/' 
winter (t = 45 days). The distribu-
tion is based on the circular geom-
etry described in the text. 35 35 35 

Figure 39.58 
Phytoplankton distribution (mg-atN/ 
m') in winter (t == 45 days). 0 0 0 

Figure 39.5C 
Nitrate distribution (mg-atN/m') in 
spring (t = 120 days). - 35 -35 - 35 

Figure 39.50 
Phytoplankton distribution (mg-atN/ (a) 
m') in spring (t = 120 days). -70 - 70 -70 

- 70 - 35 0 35 70 (km) - 70 - 35 0 35 70 (km) -70 -35 0 35 70 (km) 
Nitrate Nitrate Nitrate 

Figure 39.5E 
Zooplankton distribution (mg-atN/ 
m') in spring (t = 120 days). 

70 70 70 

Figure 39.5F 
Nitrate distribution (mg-atN/m' ) in 

1\tl' 

summer (t = 240 days). 
35 35 35 

Figure 39.5G 
Phytoplankton distribution {mg-atN/ 
m3) in summer (t = 240 days). 

0 0 0 

Figure 39.5H 
Zooplankton distribution (mg-atN/ 
m') in summer (t = 240 days). 
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Figure 39.6A 
Seasonal cycle of the nitrogen 
budget from numerical results. 

Figure 39.68 
Time evolution of "phytodetritus" 
from numerical results. 

Figure 39.6C 
Seasonal cycle of the nitrogen 
budget with o: = fJ = 0. 

z 
Primary production: 
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(a) 
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Figure 39.7 
Flow chart of nitrogen budgets in 
(a) winter and (b) summer. 

Table 39.1 

Physical exchanges: 

kp x (P - P0) 

kM X (M - M0) = (a - fl) X P 

Physical exchanges: 

k" x (N0 - N) 

Physical exchanges: 

kp x (P- Po) 

Physical exhanges: 

kN X (N0 - N) 

Phytoplankton and inorganic nitrogen budgets• 

dP a X (-------~ ) X p 
Phytoplankton budget: dt ~ +KN 

Winter (t = 90 days) 0 100 
Spring (t = 115 days) 5 (-) 100 
Summer (t = 180 days) 0 100 
Fall (t = 285 days) 7.5 100 

Inorganic ~ - a X (-------~ ) X P 
nitrogen budget: dt ~ + KN 

Winter (t = 40 days) 0 100 
Spring (t = 115 days) 7 (-) 100 
Summer (t = 180 days) 0 100 
Fall (t = 285 days) 8.5 (+) 100 

a. All values are in percentages of primary production. 

dN! dt = -a x N / (N + KN) x P + b1 x P x Z (22) 

+ d X Z2 + {3 X P - kN X (N - N 0), 

dM/ dt =(a - (3) X P- kM X (M - M 0), (23) 

where Z0, P0, N0, M0 are the mean boundary conditions. 
k"' with rJ> = {Z,P,N,M} is defined by 

- V 1 X kq, X (;{> - 'if>o) (24) 

= 1
2

~ rh X ( U, X rJ> ~r-Rm .. + K, ~~ ~r-RmJ dO, 

where on the right side of the equation the first term is 
advection and the second is diffusion. k.P is in fact an ex
change rate between Georges Bank Water and waters 
outside the bank. From (24) a part of k"' is due to advec
tion processes, the other part to diffusion processes. 
k"' X (¢ - '¢0) represents the contribution of physical pro
cesses in the budget of ¢. 

Examination of the order of magnitude of the different 
terms in (20)-(23) reveals the respective contributions of 
biologic and physical processes to the cycles of plankton 
and nutrients on Georges Bank. Budget terms for phyto
plankton and nutrient have been estimated for the winter 
and summer periods, when quasi-steady states are 
reached, as well as for the spring and fall. 

From the numerical results, using a ratio of 100 for 
mgC: mgN (C = carbon; Steele and Henderson, 1981), 
calculated values for mean daily primary production, 
a X [N/(N + KN)] X P, are 20 mgC/ m3 in summer and 
50 mgC/ m3 in winter, with intermediate values for spring 
and fall . . On the assumption that the mean depth is 40 m, 
this corresponds to 0.8 gC/m2 daily in summer and 2 
gC/ m2 daily in winter, orders of magnitude that appear 
realistic (Cohen et al., 1982). However, the seasonal evo
lution shown by the model is not the same as that shown 
by available field data. Annual primary productivity data 
(see figure 21.6) show a daily mean of 0.8-2 gC/ m2

, but 
highest mean values appear between August and October. 

Phytoplankton and nutrient budget terms are estimated 
as percentages of primary production in table 39.1 and 

- b X P X Z - a X P - k. X (P- P0) 

0 65 35 
26 64 15 
20 75 5 

2 76 13.5 

-
+b1 X P X Z + d x Z2 + ,8 X p +kN X (~0 - ~) 

0 0 28 72 
20 2 31 40 
16 4 40 40 
1.5 0 44 63 



· figure 39.7. During winter, phytoplankton flushed from 
the system represents only 35% of primary production, 
whereas the contribution of physical processes to nutrient 
supply is about 72%. Recycling also contributes to nu
trient supply (about 28%), mainly through degradation of 
"phytodetritus." Phytoplankton "mortality" is very high 
(about 65%), but as mentioned only a part (28%) is recy
cled, so the other part (37%) is flushed out by physical 
processes. Since zooplankton biomass is very low, grazing 
stress is negligible. Georges Bank in winter seems to work 
as a chemostat with nutrient input and an outflushing of 
phytoplankton and "phytodetritus." Recycling processes 
by themselves represent only 28% of the nutrient supply. 

During the summer, zooplankton biomass is not negli
gible; grazing stress represents 20% of the primary pro
duction. This percentage agrees with the order of 
magnitude given by Walsh (1983). Physical exchanges are 
reduced; only 5% of the primary production is flushed 
directly from the system. Again, phytoplankton "mortal
ity" is very high (7 5%). Recycling supplies about 60% of 
the nutrients for primary production, about two-thirds 
derived from "phytodetritus." Since physical exchanges 
are greatly reduced in the summer, the remainder of this 
"phytodetritus" (M ~ 4 mg-atNim3) persists in large 
measure within the system, to be flushed out in the fall 
when the exchange rate increases. Budgets for the spring 
and fall periods (table 39 .1) reveal conditions intermedi
ate between winter and summer and significant values for 
the temporal terms, dN I dt and dP I dt. 

Table 39.2 shows values of kz, kp, and kN [see equa
tions (20)-(24)] during winter and summer. In winter, kp 

· and kN are similar to each other but different from kz, 
whereas in summer kr and kz are similar but different 
from kw This difference, which reveals the effects of spa
tial heterogeneity (Klein and Steele, 1985), is not surpris
ing. In winter, because of low zooplankton biomass, the 
gradients in Z at the boundaries are very small and the 
diffusion effects negligible-hence the small value of kz. 
In summer, Georges Bank is almost nutrient depleted; 
therefore gradients in N at the boundaries are very signif
icant, much larger than gradients in P and Z. Conse
quently the diffusion effects for N are large, reflected in 
a high value of kN. The decrease in kp from winter to 
summer reflects the seasonal evolution of diffusive pro
cesses at the edges of the bank. From the numerical re
sults, diffusive processes account in summer for 48% of 
the total exchange (advective and diffusive) and in winter 
for 92%. In terms of flushing time, the exchange rate kr 
has a scale of 12 days in winter and about 100 days in 
summer. 

Table 39.2 
Values of km kr, and kz in winter and summer 

Summer 
Winter 

0.2 
0.08 

0.0097 
0.087 

0.009 
O.Ql 

Conclusions and Discussion 

This brief modeling study should be considered a first at
tempt to illuminate and quantify the respective effects of 
biologic and physical processes on the mean seasonal 
cycle of the Georges Bank plankton ecosystem within the 
60-m isobath. Care has been taken to represent the mean 
seasonal evolution of physical processes correctly. Certain 
biologic processes, such as primary production, were de
scribed by simple and well-known equations (Steele, 
1974). Two biologic processes have been fitted on the 
basis of winter and summer field data for values of 
f> + N; these processes, which represent complex phe
nomena, have for convenience been called phytoplankton 
"mortality" and "phytodetritus" recycling. 

Results from this numerical model agree with available 
data. More precisely, during the winter, physical transport 
processes are very important, but the resulting phyto
plankton diffusive and advective losses cannot balance 
the primary production. Phytoplankton "mortality" is 
high, and more than half of the corresponding "phyto
detritus" is flushed out, the other part being recycled. 
During the summer, recycling processes are dominant. 
Grazing stress is significant; but again, phytoplankton 
"mortality" is very high. More than half of the "phyto
detritus" is recycled, the other part being flushed out. At 
this time, because of small rates of physical exchange, 
concentrations of this material within the system are 
large. Furthermore the · model indicates that the loss of 
N, = Z + f> + N (from winter to summer) is triggered 
by the strong se.asonal change in physical exchanges at 
the boundaries (because of thermal front development); 
this loss is compensated by strongly increased "phytode
tritus" concentration. 

The consequent high phytoplankton "mortality" and 
flushing out of "phytodetritus" in summer and winter are 
surprising. However, the phenomenon is not far from the 
recent conclusion of Walsh (1983) that export of photo
synthetic carbon off Georges Bank is significant, espe
cially in winter, and that more than half of the carbon 
exported is in the form of detritus. Data for detritus on 
Georges Bank would be useful in determining and quanti
fying more precisely the biologic causes of phytoplankton 
"mortality." Among many possibilities is consumption by 
benthos, but estimates by Walsh (1983) indicate that such 
consumption represents no more than 20% of primary 
production. Another possible cause is the sinking of phy
toplankton cells. However, available sediment analysis 
(Hathaway et al., 1979) does not show this to be impor
tant. Therefore, if in fact "mortality" concerns dead phy
toplankton cells, what is the fate of the corresponding 
detritus? The "mortality" question appears to be a funda
mental one that must be resolved for modeling to 
proceed. 

Assuming that the question will be resolved, this study 
suggests future work. A particular improvement would be 
explicit representation of events at smaller than seasonal 
time scales; these appear to be important in the evolution 
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of ecosystem cycles. Such events are both biologic and 
physical. 

The biologic system must be made more realistic in its 
functional relations, incorporating shorter time scales. In 
particular, estimates of the functional relations between 
major groups, such as phytoplankton and zooplankton, 
have to be substantially improved. Even if zooplankton 
biomass does not seem to affect phytoplankton-nutrient 
dynamics very significantly, a more realistic representation 
of zooplankton dynamics is required. We should make 
use of other models for Georges Bank-for instance, 
those of Davis (1982) and Mountain and Schlitz (chapter 
38), which consider the zooplankton over a wider area, 
beyond the well-mixed portion. Moreover, other compo
nents, such as the benthos, must be introduced. 

Physical processes should be more detailed. As empha
sized earlier, short-time-scale processes (revealed in the 
data by the variance of low-frequency currents), associ
ated with the short evolutionary period of biologic pro
cesses, affect the mean seasonal evolution of the 
ecosystem because of nonlinear interactions. Manifesting 
themselves at this time scale are impingements upon 
Georges Bank of Gulf Stream eddies and meanders, win
ter storms, and the evolution of thermal fronts around 
the bank during spring and summer. 

In particular, the appearance (during the spring) and 
disappearance (in the fall) of the thermal fronts should be 
investigated more precisely. These events are responsible 
for the transition between winter and summer regimes. In 
the springtime, the evolution of thermal fronts depends 
on atmospheric forcing and the spring-neap tidal cycle 
(Simpson, 1981). During the fall, this evolution is driven 
mainly by the development of barotropic and baroclinic 
instabilities (Pingree, 1978; Garrett and Loder, 1981). 
These processes have time scales shorter than the ones 
considered in this study, and they involve significant 
cross-bank exchanges. Their explicit representation 
should improve our understanding of the transition pe
riods that the present model shows is very important. 

Appendix 

Let .d 0 be the Georges Bank area within the 60-m iso
bath. In this study, d 0 is considered as limited by an el
lipse defined by 

(A.1) 

with a = 0.77 and R = 65 km. The x axis corresponds 
to the major axis (170 km long) and y to the minor one 
(130 km). The center, limited by another ellipse [equation 
(A.1), with R = 25 kml is depth homogeneous (h = 30 
m). Outside this central region, depth increases linearly to 
60 m at the boundaries. If h(x, y) is the depth at point 
M(x, y), the Georges Bank volume, V 0 ; is 

V0 = I I h(x, y) dx dy. (A.2) 
do 
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The equation relative to the evolution of a biologic vari
able in time and space, ¢(x, y, t) (variables are considered 
vertically homogeneous), is 

a¢ + u a¢ + v a¢ - .!. i_ (hK a¢) 
at ax ay h ax X ax 

- .!_ ~ (hK a¢) A(¢). 
hay yay 

(A.3) 

Here u and v are the velocity components along x and y; 

Kx and KY are the diffusion coefficient components; time 
is represented by t; and A(¢) is a function describing the 
evolution of biologic phenomena. The mean value of 
¢(x, y), ¢, is defined as 

¢ = 1/V0 J J ¢(x, y)h(x, y) dx dy. (A.4) 
do 

To simplify the numerical integration of (A.3) over d 0, 

the following coordinate transformations are used: 

X= ax, y = y; (A.5) 

then (A.1)-(A.4) become 

(A.6) 

V1 = J Jh(X, Y) dX dY (A.7) 
dl 

a¢ u a¢ v a¢ - .!. ___i_ (hK a¢) 
at + ax + aY h ax · x ax 

-~a~ (hKy :~)=A(¢), 
(A.S) 

¢ = 11V0 J J ¢(x, y)h(x, y) dx dy 
(A.9) do 

1/Y1 J J ¢(X, Y)h(X, Y) dX dY, 
dl 

where U, V and Kx, Ky are given by 

(A.10) 

d 1 is the area limited by the circle defined by (A.6) with 
R = 65 km, and V 1 is the volume of the domain delim-
ited by d

1
• . 

Thus (A.3) can be integrated over d 0 by integration of 
(A.S) over d 1 using transformations (A.5) and (A.10). 
Note from (A.9) that the mean value¢ is conserved 
through these transformations. The main advantage of 
(A.S) is in the very simple numerical integration of (A.S) 
that it permits, using cylindrical coordinates. In this coor
dinate system, a point M is located by its radius r and its 
angle 8 (figure 39.2). Then parametrization of the topog
raphy is very simple, since h = h(r). Thus, using 
X = r cos 8, Y = r sin 8, (A.S) becomes 

a¢ + u a¢ + U0 a¢ _ _.!__ i (rhK a¢) 
at r ar r a8 rh ar r ar 

1a( a¢) - r2 a8 Ko a8 = A(¢). 

(A.ll) 

The velocity components (figure 39.2) U, and U0 and the 
diffusion coefficient components K, and K0 are deduced 
from U, V, Kx, and Ky. 
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Note 

1. An overbar designates a mean value 
(that is, the average) for Georges Bank 
within the 60-m isobath. 

References 

Butman, B., and R. Beardsley, submit
ted. Long-term observations on the 
southern flank of Georges Bank: sea
sonal cycle of currents, temperature, 
and wind stress. Journal of Physical 
Oceanography. 

Butman, B., R. Beardsley, B. Magnell, 
D. Frye, J. Vermersch, R. Schlitz, R. 
Limeburner, W. R. Wright, and M. 
Noble, 1982. Recent observations of 
the mean circulation on Georges Bank. 
Journal of Physical Oceanography 
12:569-591. 

Cohen, E., M. Grosslein, M. Sissen
wine, F. Steimle, and W. R. Wright, 
1982. An energy budget of Georges 
Bank. In Multispecies Approaches to 
Fisheries Management Advice, M. Mer
cer, ed., Canadian Special Publications 
of Fisheries and Aquatic Sciences 
59:95-107. 

Csanady, G., 1973. Turbulent Diffusion 
in the Environment. Reidel, Boston, 
Massachusetts. 

Davis, C., 1982. Processes controlling 
zooplankton abundance on Georges 
Bank. Ph.D. Thesis, Boston University 
Marine Program, Marine Biological 
Laboratory, Woods Hole, Massachu
setts,.198 pp. 

EG&G, 1981. Interpretation of the 
physical oceanography of Georges 
Bank: preliminary results. Report for 
Bureau of Land Management, New 
York OCS Office, prepared by EG&G 
Environmental Consultants, Waltham, 
Massachusetts. 

Garrett, C., and J. Loder, 1981. Dy
namical aspects of shallow sea fronts. 
Philosophical Transactions of the Royal 
Society of London A302:563-581. · 

Hathaway, J., C. Poag, P. Valentine, R. 
Miller, D. Schultz, F. Manheim, F. Ko
hen, M. Bothner, and D. Sangrey, 
1979. U.S. Geological Survey core 
drilling on the Atlantic Shelf. Science 
205:515-527. 

Jamart, B., D. Winter, K. Banse, G. 
Anderson, and R. Lam, 1977. Theoret
ical study of phytoplankton growth 
and nutrient distribution in the Pacific 
Ocean off northwestern U.S. coast. 
Deep-Sea Research 24:753-773. 

James, 1., 1977. A model of the annual 
cycle of temperature in a frontal region 
of the Celtic Sea. Estuarine and 
Coastal Marine Science 5:339-363. 

Klein, P., 1984. A simple numerical 
method for ecosystem models. Unpub
lished manuscript. 

Klein, P., and J. Steele, 1984. Advan
tages of considering detailed physics in 
ecosystem modelling. Unpublished 
manuscript. 

Kullenberg, G., 1978. Vertical pro
cesses and the vertical-horizontal cou
pling. In Spatial Patterns in Plankton 
Communities, J. H. Steele, ed., Plenum, 
New York, pp. 43-72. 

Lehman, T., D. Botkin, and G. Likens, 
197 5. The assumptions and rationales 
of a computer model of phytoplankton 
dynamics. Limnology and Oceanogra
phy 20:343-364. 

Loder, J., D. Wright, C. Garrett, and 
B. Juszko, 1982. Horizontal exchanges 
on Georges Bank. Canadian] ournal of 
Fisheries and Aquatic Sciences 
39:1130-1137. 

Moody, J., and B. Butman, 1980. 
Semi-diurnal bottom pressure and tidal 
currents on Georges Bank and in the 
Mid-Atlantic Bight. U.S. Geological 
Survey Open File Report 80-1137, 22 
pp. 

O'Reilly, J., and C. Evans-Zetlin, 1982. 
A comparison of the abundance (Chla) 
and size composition of the phyto
plankton communities in 20 subareas 
of Georges Bank and surrounding 
waters. ICES (International Council for 
the Exploration of the Sea) C.M. Docu
ment 1982/L:49, 9 pp. 

O'Reilly, J., C. Evans, V. Zdanowicz, 
A. Draxler, R. Waldhauer, and A. 
Matte, 1980. Baseline studies on the 
distribution of phytoplankton biomass, 
organic production, seawater nutrients 
and trace metal in coastal waters be
tween Cape Hatteras and Nova Scotia. 
First Annual Report, Northeast Moni
toring Program, NMFS, Northeast 
Fisheries Center. 

Pastuszak, M., W. Wright, and D. Pa
tanjo, 1982. One year of nutrient dis
tribution in the Georges Bank region in 
relation to hydrography, 1975-1976. 
] ournal of Marine Research 40(suppl.): 
525-542. 

Pingree, R. 1978. Cyclonic eddies and 
cross-frontal mixing. Journal of the 
Marine Biological Association of the 
United Kingdom 58:955-963. 

Simpson, J., 1981. The shelf-sea fronts: 
implications of their existence and be
havior. Philosophical Transactions of 
the Royal Society of London 
A302:531-546. 

Steele, J., 1962. Environmental control 
of photosynthesis in the sea. Limnology 
and Oceanography 7:137-150. 

Steele, J., 1974. The Structure of Ma
rine Ecosystems. Harvard University 
Press, Cambridge, Massachusetts, 
128 pp. 

Steele, J., 1982. The production of 
Georges Bank. Unpublished 
manuscript. 

Steele, J., and E. Henderson, 1981. A 
simple plankton model. The American 
Naturalist 117:676-691. 

Walsh, J., 1983. Death in the sea: enig
matic phytoplankton losses. Progress in 
Oceanography 12:1-86. 


