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Abstract

Whales, dolphins and porpoises are significant consumers of prey resources in the
USA Northeast Shelf marine ecosystem to a far greater extent than was realized two decades
ago. Seasonal estimates of the consumption of finfish, squid and zooplankton by cetaceans
were calculated for four regions of the Northeast Shelf system defined as Gulf of Maine,
Georges Bank, Southern New England and Mid-Atlantic Bight. Estimates were based on
seasonal cetacean abundance using standard mammalian metabolic models scaled as
appropriate for assimilation, activity and migratory fasting. Estimates were made of mean
body mass and proportion of the diet comprised of each of the three main prey types.
Cetaceans of the Northeast Shelf were found to consume nearly 1.9 million tons annually,
including about 1.3 million tons of fish, 337 000 tons of squid and 244 000 tons of
zooplankton. Their predation on fish and squid exceeded tonnages harvested in the
commercial fishing industry. Consumption estimates of fish dominated in most regions
and seasons, primarily because of the widespread distribution and high relative abundance
of large piscivorous fin whales, and secondarily due to the presence of humpback and
minke whales and some of the smaller odontocetes. Zooplankton consumption, principally
by right and sei whales and secondarily by other mysticetes, was significant in some seasons
in the Gulf of Maine and Georges Bank regions. An assemblage which included a variety
of teuthivorous odontocete species inhabiting the shelf break vicinity consumed substantial
guantities of squid in all regions except the Gulf of Maine. Using a simple five-level trophic
model and 10% estimated trophic transfer efficiency, the estimates implied that a significant
fraction of the total net primary production, ranging from 11.7% in the Mid-Atlantic Bight
to 20.4% in the Gulf of Maine, was required to the support cetacean apex predation.

Key words cetaceans, ecosystems, food/feeding, Georges Bank, Gulf of Maine,
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Introduction T T . T

The ecological roles of cetaceans in the trophicl.
dynamics of marine ecosystems have been relatively
poorly known until recently. For the continental
shelf waters off the northeastern United States (thg
"Northeast Shelf"), it was commonly assumed that|
cetaceans were relatively unimportant consumers ir
the regional trophic system (e.g. Cohstral,, 1982;
Sissenwineet al., 1984a). This assumption was
likely based, at least in part, on a lack of informa-
tion on the cetaceans. Prior to the Cetacean an
Turtle Assessment Program (CETAP), conducted at
the University of Rhode Island in 1979-82, there
were very few reliable data on the species compo
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sition, abundance, distribution and seasonality of - 38
the cetacean community of the Northeast Shelf. Theg
CETAP studies resulted in over 10 000 sightings of
whales and dolphins (CETAP, 1982), enabling for -

the first time a quantitative assessment of their eco
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the Northeast Shelf ecosystem.

The Northeast Shelf, encompassing the contixjg 1. The USA Northeast Shelf study area, showing

nental shelf waters between North Carolina and
Nova Scotia, is one of 49 defined Large Marine
Ecosystems (LME) around the world (Sherman and
Alexander, 1986, 1989; Shermanhal,, 1990, 1991,
1993, 1996). The marine environment of the North-
east Shelf is both physically and biological hetero-
geneous (Shermaat al,, 1988; 1996), ranging from
the relatively uniform bottom relief in the southern

the boundaries of the four regions defined for
this study. The dashed lines show the individual
CETAP aerial survey blocks, which numbered
35in all. The area boundaries also indicate the
bathymetry based on the 20 fathom (37 m) and
50 fathom (91 m) isobaths used in defining the
individual survey blocks, and the outer edge of
the study area approximately at the 2 000 m
isobath.

portions to the complex bathymetry of Georges

Bank and the Gulf of Maine to the north. The area

encompasses a latitudinal range that includes both

temperate and boreal water masses, and includesTderefore they feed at different levels of marine
number of complex features such as shoals, bank§o0d webs. Some species are specialists, feeding
basins and canyons. Nevertheless, patterns in th@xclusively on a single prey type, while others are
hydrography and biological communities in differ- generalists with broader preferences. Nevertheless,
ent parts of the Northeast Shelf enable subdivisio®ne can classify the prey species of North Atlantic
into four more or less natural regions: the Gulf ofcetaceans into three broad categories — fish, squid
Maine (GOM), Georges Bank (GBK), Southern New(including other cephalopods) and zooplankton.

England (SNE) and the Mid-Atlantic Bight (MAB)
Many of the species consumed by cetaceans are

(Fig. 1).
likely to be either important target species of com-
Whales, dolphins and porpoises are all carnidnercial fisheries, or linked to such species through
vores, and they have few predators, so they functhe food web. Thus, predation by cetaceans is one
tion as apex predators in many marine ecosystem$actor which should be considered in multi-species
Their diets include a wide variety of prey species fishery management models. In this paper an at-
including pelagic, demersal and benthic fishes, eutempt is made to estimate seasonal and total prey
phausiids ("krill"), copepods and other crustacearconsumption by cetaceans within the major regions
zooplankton, shrimp, crabs, squid, octopods, bird®f the Northeast Shelf. The objective here is not to
and other marine mammals (Nemoto, 1970;test statistical hypotheses but to derive useful and
Matthews, 1978; Gaskin, 1982; Evans, 1987) realistic estimates of the impacts of cetaceans on
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one marine ecosystem. It is also hoped that the reendar conventions. For this paper, those seasonal
sults can serve as a useful comprehensive sourestimates were summed for each species across each
of information for future understanding and man-of the four regions, resulting in an estimate of the
agement of the Northeast Shelf marine ecosystemtotal abundance of each species within each region
and season.
Methods _ _ _
Eighteen species of cetaceans were sighted dur-

The starting point was abundance estimatesng the CETAP aerial surveys (Table 1). Three cat-
derived from the CETAP surveys, which were ad-egories — beaked whale, pilot whale and spotted
justed for several factors using all available data tglolphin — included two or more species within one
produce what we feel are the most ecologically regenus, which were impossible to differentiate from
alistic estimates of abundance from the perspectivaerial surveys and therefore combined. There were
of the entire community, not the most precisealso a number of other categories of unidentified
single-species estimates. At each step in the calcisightings, which in some cases represented signifi-
lations where there was a need to choose betweer®@nt numbers of animals in the estimates summed
alternative values, our default choice was the morérom Kenneyet al. (1985). The estimated abun-
conservative option (i.e. that resulting in lower es-dance of each unidentified category was partitioned
timates) where one was not clearly preferable foemong those species which could be included based
biologically supportable reasons. We have intenon the relative proportions of their estimated abun-
tionally not included estimates of statistical vari-dances within that region and season, beginning
ability in our results. Since the initial abundancewith the narrowest categories (e.g. "fin or sei
estimates are essentially the only input data withwhale") and ending with the broadest (e.g. "uniden-
variances available, variances at any step in thdéfied large whale"). Some subjective judgments
results would simply be those initial values propa-based on the complete CETAP sighting records were
gated through the model. used in the partitioning. The abundance estimates
were based on only a subset of the aerial surveys,
but there were several other sources of sighting

The CETAP study area was defined as the wadata. Thus there were a number of species where
ters of the continental shelf from the shoreline tothere were no abundance estimates for a region and
approximately the 2 000-meter isobath from Capeseason even though there were sightings, especially
Hatteras, North Carolina to approximately thefor those species which were uncommon or diffi-
northern extent of USA jurisdiction (before the es-cult to identify. The sighting maps in CETAP (1982)
tablishment of the Hague Line by the World Court)were visually examined to compare relative num-
in the Gulf of Maine (Fig. 1). For this paper, the bers of sightings of species with and without esti-
study area was divided into four regions by com-mates. If there were only one or two sightings of a
bining the CETAP aerial survey blocks to mostspecies with no abundance estimate for a region/
closely approximate the regions defined by theseason, that species was ignored. If there were more
National Marine Fisheries Service (NMFS) basedsightings, but still substantially fewer than for spe-
on geography, bathymetry, hydrography and seacies with estimates for that region/season, then 5%
sonal patterns of productivity and distribution, of the appropriate unidentified categories was as-
abundance and dominance within the plankton comsigned to that species. Finally, if the number of
munity (Sherman, 1980, 1986; Shernedral,, 1982, sightings of a species with no estimate appeared to
1988). The areas of the four regions, (with the perbe more than about a quarter of species with esti-
centage of the total study area in parentheses) werenates, it was assigned 10% of the unidentified in-
GOM - 72 054 krh (25.9%), GBK — 69 004 ki dividuals. For example, both common dolphins and
(24.8%), SNE — 69 410 ki(24.9%) and MAB — sei whales were infrequent in summer in GBK and
67 891 kn? (24.4%). were not sighted on census tracks during aerial sur-
veys. However the complete CETAP sighting data
showed both species to be regularly present

Kenneyet al. (1985) estimated seasonal abun-(CETAP, 1982), therefore 5% of the unidentified
dances for each species in each survey block (thgolphins were counted as common dolphins, and 5%
small areas shown by dashed lines in Fig. 1), basegf the unidentified whales as sei whales. In another
on data from the CETAP aerial surveys (CETAP,example, no sperm whales were sighted in GBK in
1982). They defined seasons based on standard cahe autumn during aerial surveys, but they were

Study area

Abundance estimates
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relatively frequent in sightings from other sources,smaller and shorter-diving odontocetes, those abun-
so 10% of the 43 unidentified large whales weredances were not scaled for diving.
counted as sperm whales. _
Standing stock
For minke Whalgs and har_bor POrpoIses, Wh'(.:h The total cetacean standing stock in each re-
both tend to be solitary and inconspicuous, aerial . . L
gion and season was estimated by multiplying abun-

surveys very likely seriously underestimate abun- .
dance (Krauset al, 1983; Barlowet al., 1988; dance by average body weight (from Kenretyl,

1985; Table 1), which then was summed across all

Palka, 1995). However, there are more recent esti- : . .
species. Biomass densities were calculated for each

mates for both species for part of the CETAP study | . L .
. ._region and season by dividing standing stocks by

area from shipboard surveys for harbor POrpoise, ~' o2 of the region

conducted by the National Marine Fisheries Service '

(NMFS) (BlaleCket al., 1995; Palka, 1995) The Basal metabolic rate

NMFS data were compared to ours for the same area

and season to derive approximate values for the The basal metabolic rate (BMR, in kcal/day)

aerial survey bias in the CETAP data for these tw@®f one individual was estimated for each species

species, which were then applied to the other area&ccording to the standard mammalian metabolic

and seasons. The NMFS weighted-average estinodel of Kleiber (1975):

mated abundances of harbor porpoises and minke

whales in the northern GOM and lower Bay of

Fundy for summer 1991 and 1992 were 47. zoo.angvherew is the body weight in kg. For each spe-

2 650, respectively. The areas were not identical, . .

however. Estimatin . I bout 40% of th ties, the average body weights reported by Kenney

g visually, abou °0 et al. (1985; Table 1) were used.

NMFS survey area was within our GOM region, and '

40% of their total estimates would be 18 880 har-prey consumption rate

bor porpoises and 1 060 minke whales. Those esti-

mates were 9.3 and 10.6 times our summed GOM/ BMR was converted to consumption rate (kcal

summer estimates of 2 036 harbor porpoises anger day) by multiplying by factors to account for

100 minke whales, respectively, therefore a facto@ssimilation efficiency, active metabolism and fast-

of 9.3 was used to adjust all of our harbor porpoiséng during migration. Assimilation efficiency was

estimates for the aerial survey bias, and 10.6 foassumed to be 80% following Lockyer (1978;

the minke whale estimates. These factors were corit981a,b), resulting in a multiplication factor of

sidered conservative, since the NMFS surveys on|)1.25. Active metabolism in cetaceans has been es-

BMR =70 w°7

covered about half of our GOM region. timated at approximately 2 to 5 times BMR (Hinga,
) ) ] 1979; Lockyer, 1981b; Kenneat al,, 1986). A value
Dive time corrections of 2.5 times BMR was chosen at near the bottom of

It is recognized that for species which spend dahat range in order to scale for active metabolism.

large proportion of their time submerged, surveysAnimals which do not feed, or feed at significantly
from fast-moving aircraft will miss many individu- lower rates, during migration and/or on their win-
als or groups while they are submerged. We usetering grounds must feed at a higher rate during the
correction factors derived from data on the relativerest of the year to compensate (Mackintosh, 1966;
proportions of time spent at the surface and subBrodie, 1975; Matthews, 1978; Lockyer, 1981b;
merged (CETAP, 1982) for fin (4.846), humpbackEvans, 1987). Since for most species, there is very
(3.645), and right whales (2.997). All other abun-little information on their distribution and behav-
dance estimates for large and medium-sized whalei®r during the winter, a relatively low value was
were also scaled for diving. Sei whales and minkeused here at 1.2 times. This factor was applied only
whales belong to the same family as fins and humpto the baleen whales, and only during spring, sum-
backs and are behaviorally similar, thus to be conmer, and autumn.
servative the humpback correction factor was used.
Also, the conservative factor for fin whale was used  Daily consumption rate was converted to sea-
for sperm and beaked whales, that are known to diveonal values of prey biomass consumed by multi-
for longer periods than fin whales (Evans, 1987;plying by the average number of days in a season
Jeffersonet al, 1993). Lacking any data for the (91.3), by the proportion of the diet comprised of
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TABLE 1. Cetacean species of the USA Northeast Shelf with estimated average body weights and dietary composi-
tion used in this study.

Diet Composition (%)

Species Weight (kg) Fish Squid Zooplankton
Mysticetes
Right whale,Eubalaena glacialis 40 000 - - 100
Fin whale,Balaenoptera physalus 30 000 90 - 10
Sei whale Balaenoptera borealis 13 000 - - 100
Minke whale,Balaenoptera acutorostrata 4 500 95 - 5
Humpback whaleMegaptera novaeangliae 25 000 95 - 5
Odontocetes
Sperm whalePhyseter macrocephalus 20 000 20 80 -
Bottlenose whalgHyperoodon ampullatus 4 700 5 95 -
Goose-beaked whal&iphius cavirostris 1900 - 100 -
Beaked whaleMesoplodonspp? 1200 - 100 -
Pilot whale,Globicephalaspp? 850 10 90 -
Risso's dolphinGrampus griseus 340 - 100 -
Bottlenose dolphinTursiops truncatus 150 100 - -
White-sided dolphinLagenorhynchus acutus 120 90 10 -
Common dolphinDelphinus delphis 65 85 15 -
Striped dolphinStenella coeruleoalba 55 40 60 -
Spotted dolphinStenellaspp? 50 20 80 -
Spinner dolphinStenella longirostris 50 20 80 -
Harbor porpoisePhocoena phocoena 45 95 5 -

1 Includes four species M. mirus M. densirostris M. europaeusM. bidens
2 Includes two species 6. melas G. macrorhynchus
3 Includes two species S. attenuataS. plagiodon

fish, squid and zooplankton and by an energytimated using a simplified model food chain with
density value for each prey type. The dietary profive trophic levels. The transfer efficiency from one
portions (Table 1) were from Kenney al. (1985), trophic level to the next was assumed to be 10%,
with one exception. The diet of pilot whales wasfollowing Pauly and Christensen (1995). The gen-
changed from 100% squid to 90% squid and 10%eral relationship was that the total amount of pri-
fish based on recent data showing significant in-mary production required was calculated from the
teractions between pilot whales and the offshorgrey consumption rate using a factor of' 1@here
non-USA and joint-venture midwater mackerel fish-n is the number of trophic steps from the phy-
ery which included samples of pilot whale stom-toplankton or the first trophic level to the given prey
achs containing mackerel (Waringt al., 1990; type. The trophic level (TL) values reported by
Overholtz and Waring, 1991; Fairfiett al,, 1993). Pauly and Christensen (1995) for non-tropical con-
The energy content of fish and zooplankton waginental shelf systems were used: TL = 2.0 for her-
assumed to be 1 kcal per g wet weight (Clark andivorous zooplankton, TL = 3.0 for schooling
Prince, 1980; Sissenwinet al., 1984a), while the planktivorous fishes (e.g. herring or sand lance),
energy content of squid was assumed to be 0.83 kcaind TL = 3.2 for squid. Primary production required
per g (Croxalland Prince, 1982). Consumption esti- was converted from energy to carbon by 13.3 kcal
mates were then summed across all species for eapler g C (Platt, 1969). The resulting values were

region and season. compared to published estimates of total primary
Pri ducti ired production for the Northeast Shelf in order to esti-
fimary production require mate what proportion of the total phytoplankton

The total amount of primary production re- production was eventually transferred up the food
quired to support the cetaceans of a region was eshain to whales and dolphins.
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Results lowed by common dolphins and white-sided dol-
_ phins, both in excess of 40 000, and several other
Abundance and standing stock dolphin species with populations estimated at

Eighteen species of cetaceans were observelil-16 000. The total cetacean population of the
during the CETAP aerial line-transect surveys, andNortheast Shelf was over 210 000 animals. Sixteen
resulting estimates of abundance are given in Tablgpecies were most abundant during the spring and/
2. Those estimates tended to have large variance§f summer seasons; the two exceptions were com-
with coefficients of variation ranging from 69% to mon dolphins with peak abundance during the win-
356% (median = 163%) (Kennegt al., 1985). ter, and white-sided dolphins with peak abundance
Minke whales were the most abundant of the bain the autumn.
leen whales, with over 13 000 in the entire study
area in the spring, followed in descending order by ~ Peak cetacean standing stock in the Northeast
fin, sei, humpback and right whales. The most abunShelf ecosystem was in the spring at over 320 000
dant odontocetes were harbor porpoises, with a pedkns, equivalent to a biomass density of 1 166 kg/
population in spring of over 49 000. This was fol- km?, followed by summer, autumn and winter

TABLE 2. Seasonal estimates of abundance for eighteen cetacean species for the USA Northeast Shelf, and in its
four regions (see text for definitions).

Region Northeast
Shelf
Species Season GOM GBK SNE MAB Total
Right whale Winter - - - - -
Spring 233 128 32 - 393
Summer 251 - - - 251
Autumn - - - - -
Fin whale Winter - 596 668 542 1 806
Spring 1793 1381 794 1 066 5034
Summer 3 329 852 1759 135 6 075
Autumn 1075 188 373 358 1994
Sei whale Winter - 616 - - 616
Spring 174 1982 - - 2 156
Summer 7 284 - - 291
Autumn — 524 - - 524
Minke whale Winter - - 425 - 425
Spring 3129 6 800 3361 193 13 483
Summer 3 864 425 - 656 4 945
Autumn 3709 - - - 3709
Humpback whale Winter - - - - -
Spring 273 156 47 - 476
Summer 663 40 - - 703
Autumn 47 273 - - 320
Sperm whale Winter - 184 33 503 720
Spring - 164 290 1187 1641
Summer - 503 411 387 1301
Autumn — 19 - 300 319
Bottlenose whale Winter - - - - -
Spring - 29 - 77 106
Summer - - - - -

Autumn - - - - -
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TABLE 2. (Continued). Seasonal estimates of abundance for eighteen cetacean species for the USA Northeast Shelf,
and in its four regions (see text for definitions).

Region Northeast
Shelf
Species Season GOM GBK SNE MAB Total
Goose-beaked whale Winter - - - - -
Spring - - 14 402 416
Summer - - 218 43 261
Autumn - - - - -
Beaked whale Winter - - - - -
Spring - 533 111 121 765
Summer - 499 305 135 939
Autumn - 271 - - 271
Pilot whale Winter - 974 955 304 2233
Spring 438 6 284 2973 1779 11 474
Summer - 4 890 893 3 056 8 839
Autumn 225 543 2516 6 527 9811
Risso's Dolphin Winter - - 28 777 805
Spring - 345 1937 2 649 4 931
Summer - 1872 6 794 3168 11 834
Autumn - 3089 12 2725 5 826
Bottlenose Dolphin Winter - 1511 827 774 3112
Spring - 2 488 4 685 3982 11 155
Summer - 3670 3497 4902 12 069
Autumn - 573 333 4 809 5715
White-sided Dolphin Winter 7 353 4 957 37 - 12 347
Spring 11 093 27 094 1703 - 39 890
Summer 27 029 10 987 - - 38 016
Autumn 25 474 16 545 4 - 42 023
Common Dolphin Winter 1052 10 775 22 714 10 562 45 103
Spring 40 5395 5543 8 100 19 078
Summer 198 633 1411 1959 4 201
Autumn - 16 182 12 473 2 010 30 665
Striped Dolphin Winter - - 4 554 1937 6 491
Spring - 1482 2571 7 972 12 025
Summer - 3120 5203 7 997 16 320
Autumn - 5962 786 6 734 13 482
Spotted Dolphin Winter - - 482 107 589
Spring - - 901 1074 1975
Summer - 235 870 1 336 2 441
Autumn - 755 131 799 1685
Spinner Dolphin Winter - - - - -
Spring - - - 302 302
Summer - - 128 69 197
Autumn - - - - -
Harbor Porpoise Winter 1841 1209 - - 3 050
Spring 29 481 17 391 2 548 - 49 420
Summer 18 934 - - - 18 934

Autumn 548 - - - 548
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(Table 3). Two regions, GBK and MAB, had peak

J. Northw. Atl. Fish. Sci., Vol. 22, 1997

In terms of the biomass of individual species

standing stocks during the spring, while the othemwithin the Northeast Shelf study area (Table 4), fin
two, GOM and SNE, had maxima during the sum-whales were the dominant cetaceans in all seasons,
mer. Both GOM and GBK showed very strong seatepresenting 46—64% of the total standing stock
sonal patterns, high during the warm part of the yeafmean = 56.2%). Other species which comprised
and low during the colder seasons. The maximuntarge proportions of the total cetacean standing
regional cetacean standing stock was in GOMAtock in more than one season included minke
spring at 148 072 tons or 2 055 kg/An8NE and whales, sperm whales, and sei whales. A total of
MAB exhibited maximum densities less than halfsix species comprised at least 5% of the total stand-
the level of the two northern regions, and less variaing stock in at least one season, including only one

tion between seasons.

small odontocete (Table 4).

TABLE 3. Standing stock (tons) and biomass densities (kg pe€; kmparentheses) of cetaceans in the
USA Northeast Shelf ecosystem and in its four regions (see text for definitions).

Season
Region Winter Spring Summer Autumn
GOM 1034 (14) 89 310 (1 239) 148 072 (2 055) 53 388 (741)
GBK 31 972 (463) 121 170 (1 756) 49 710 (720) 24 983 (362)
SNE 25 313 (365) 52 113 (751) 65 792 (948) 14 244 (205)
MAB 27 757 (409) 61 903 (912) 20 033 (295) 24 477 (361)

Northeast Shelf

86 076 (309)

324 496 (1 166) 283 787 (1 019) 117 092 (421)

TABLE 4. Dominant cetacean species of the USA Northeast Shelf and its component regions (see text for defini-
tions); those comprising more than five percent of the cetacean standing stock.

Region Season Dominant Species (% of total standing stock)
GOM Winter White-sided dolphin (85.3), Harbor porpoise (8.0), Common dolphin (6.6)
Spring Fin whale (60.2), Minke whale (15.8), Right whale (10.4), Humpback whale (7.6)
Summer Fin whale (67.7), Minke whale (11.7), Humpback whale (11.2), Right whale (6.8)
Autumn Fin whale (60.4), Minke whale (31.3), White-sided dolphin (5.7)
GBK Winter Fin whale (55.9), Sei whale (25.0), Sperm whale (11.5)
Spring Fin whale (34.2), Minke whale (25.3), Sei whale (21.3)
Summer Fin whale (51.4), Sperm whale (20.2), Pilot whale (8.4), Sei whale (7.4)
Autumn Humpback whale (27.3), Sei whale (27.3), Fin whale (22.6), White-sided dolphin (7.9)
SNE Winter Fin whale (79.2), Minke whale (7.6), Common dolphin (5.8)
Spring Fin whale (45.7), Minke whale (29.0), Sperm whale (11.1)
Summer Fin whale (80.2), Sperm whale (12.5)
Autumn Fin whale (78.6), Pilot whale (15.0), Common dolphin (5.7)
MAB Winter Fin whale (58.6), Sperm whale (36.2)
Spring Fin whale (51.7), Sperm whale (38.4)
Summer Sperm whale (38.6), Fin whale (20.2), Minke whale (14.7), Pilot whale (13.0),
Risso's dolphin (5.4)
Autumn Fin whale (43.9), Sperm whale (24.5), Pilot whale (22.7)

Northeast Shelf Winter
Spring
Summer
Autumn

Fin whale (63.0), Sperm whale (16.8), Sei whale (9.3)
Fin whale (46.5), Minke whale (18.7), Sperm whale (10.1), Sei whale (8.6)
Fin whale (64.3), Sperm whale (9.2), Minke whale (7.8), Humpback whale (6.2)
Fin whale (51.1), Minke whale (14.3), Pilot whale (7.1),
Humpback whale (6.8), Sei whale (5.8), Sperm whale (5.4)
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Fin whales were strongly dominant in nearly (68.9% of the total), 337 000 tons of squid (18.0%),
every individual region and season, in fact, in 13and 244 000 tons of zooplankton (13.0%). Con-
of 16 instances (Table 4). The exceptions wereumption, like abundance, varied by region and sea-
GOM/winter, when white-sided dolphins were theson, and additionally by prey type. Fish were the
dominant species, GBK/autumn when humpbackiominant cetacean prey in nearly all regions and
and sei whales were co-dominant, and MAB/sum-S€asons, except for MAB in the summer and au-
mer when sperm whales were dominant. Eleven ofumn, when squid was the prey consumed in the
the eighteen species included in this study coml@rgest amount. Consumption of zooplankton by

prised at least 5% of the cetacean standing stock if€taceans was relatively low except in spring and
at least one region/season summer in GOM and throughout the year in GBK.

For the entire area, 40.7% of cetacean consump-
Prey consumption tion was during the spring, followed by summer
Over the course of a year, whales and do|phinyvith 33.4%, autumn with 16.4%, and winter with
consumed 1.87 million tons of prey within the 9.5%. Comparing regions, total consumption was
Northeast Shelf system (Table 5). This total in-substantially higher in the two northern areas.
cluded approximately 1.3 million tons of finfish Cetacean consumption in GOM and GBK

TABLE 5. Estimated consumption of prey (tons) by cetaceans in four regions (see text for definitions) of the
USA Northeast shelf.

Region Season Fish Squid Zooplankton Total
GOM Winter 5 808 767 0 6 575
Spring 156 780 3081 33382 193 243
Summer 265 988 2771 39 534 308 293
Autumn 118 249 3001 8 428 129 678
Total 546 825 9 620 81 344 637 789
GBK Winter 35077 10 627 17 694 63 398
Spring 191 002 33991 78 912 303 905
Summer 65 013 40 981 13 318 119 312
Autumn 40 485 14 475 16 969 81 929
Total 331 577 100 074 126 893 558 544
SNE Winter 42 658 7 760 3275 53 693
Spring 94 703 25595 8 833 129 131
Summer 93 998 34 300 9611 137 909
Autumn 24 406 9 909 2038 36 353
Total 255 765 77 564 23 757 357 086
MAB Winter 30 774 20 280 2 468 53 522
Spring 71 360 57 417 5952 134 729
Summer 24 761 32 950 1170 58 881
Autumn 27 718 39 580 1956 69 254
Total 154 613 150 227 11 546 316 386
Northeast Shelf Winter 114 317 39 434 23 437 177 188
Spring 513 845 120 084 127 079 761 008
Summer 449 760 111 002 63 633 624 395
Autumn 210 858 66 965 29 391 307 214

Total 1288 780 337 485 243 540 1 869 805
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represented 34.1% and 29.9%, respectively, of thappropriate species based on proportions of identi-
Northeast Shelf total, while only 19.1% of the totalfied sightings. It is likely that there were some er-
consumption occurred in SNE, and 16.9% in MAB.rors in these assignments, but attempting to dis-
criminate on any finer basis would have reduced
the process to little more than "educated guessing"
Based on the estimates of prey consumed byn each individual sighting. Not including the uni-
cetaceans in our food chain model, the amounts odentified sightings at all would have introduced a
phytoplankton primary production channeled tomuch more significant bias.
cetaceans in each region were 59.23 jge€ n¥ per
yrin GOM, 51.86 in GBK, 39.02 in SNE, and 39.14 Utilizing the minke whale and harbor porpoise
in MAB (the area-weighted mean was 47.46; SD =data from the NMFS surveys to estimate an aerial
8.68). Average annual phytoplankton productionsurvey bias factor has made our estimates of those
levels in the four regions reported by O'Reilly andtwo species much more realistic. The correction fac-
Busch (1984) were: 290 g C pefper yrin GOM, tors, 9.3 for harbor porpoise and 10.6 for minke
379 in GBK, 301 in SNE, and 334 in MAB. The whales, are similar to the value of 7.1 calculated
percentages of total annual primary productionfrom the estimate by Kralwet al. (1983), that aerial
channeled to the cetaceans of the four Northeasibservers detected only 14% of porpoises seen by
Shelf regions were: 20.4% in GOM, 13.7% in shore-based observers. The fact that the peak abun-
GBK, 13.0% in SNE, and 11.7% in MAB (the meandance estimate for harbor porpoise for the study

Primary production required

was 14.8%; SD = 3.4). area (49 420 in the spring) differs by less than 5%
from the NMFS estimate of 47 200 for the popula-

Discussion tion, indicates that the corrections resulted in real-

) istic estimates. Including that change made both

Abundance and standing stock species, especially minke whales, much more sig-

These results tended to be somewhat differennhificant components of the cetacean community
than previous estimates based on the same survélgan in the Scotet al. (MS 1983) analysis. It is
data reported by CETAP (1982), Scett al. (MS  possible that some errors would have been intro-
1983), or Kennet al. (1985). The differences can duced here if there had been drastic distributional
be accounted for by differences in the computatiorchanges in either or both species between 1979-81
methods. For example, in the first two studies onlyand 1991-92. For example, large differences be-
the estimates for fin, humpback and right whalesgween the 1991 and 1992 estimates of harbor por-
included a correction for diving, while Kenney  poise in the NMFS study were believed to be due
al. (1985) included no dive corrections. In none ofto distributional shifts in response to oceanographic
the previous analyses were the unidentifiedconditions (Blaylocket al., 1995).
sightings assigned to particular species. In all three
of them the estimates for minke whales and harbor By applying a dive correction to all large whale
porpoises were seriously biased. We feel that inspecies, this study eliminated the serious bias in
cluding those factors has resulted in the best curScottet al. (MS 1983) introduced by correcting the
rently available estimates of abundance for the overestimates for only fin, humpback and right whales.
all cetacean community. Unfortunately, there are ndJsing the dive correction, however, may have bi-
other comparable abundance estimates for the emsed the right whale estimates on to the high side.
tire Northeast Shelf which might be useful for com-Kenneyet al. (1995) suggested that using a correc-
parison or verification. The harbor porpoise surveygion based on diving data from individual right
and other recent surveys by NMFS have coveredvhales would produce overestimates, because right
only a relatively small subset of the CETAP studywhales tend to occur in large aggregations, and be-
area and were limited to summer (Blayloekal., cause the aerial surveys typically circle right whale
1995), and although these data were useful for imsightings for extended periods of time to obtain
proving estimates of minke whales and harbor poridentification photographs of individuals. There-
poises, the areas and seasons surveyed were too lifiere, when a single right whale is sighted, it in-
ited to provide critical comparisons for other spe-creases the likelihood of detecting other right
cies. whales in the vicinity as they surface while the

plane is circling. The estimate of right whales was

This study incorporated the estimated abun-393 during the spring, but Knowltoat al. (1994)
dances from the unidentified sightings, into theestimated the population at 295 as of the end of
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1992. However, given the low numbers of rightof a dive correction factor for sperm whales in our
whales, the impact on the final consumption esti-estimates. Overholtet al. (1991) estimated that
mates would be relatively small, and it would only marine mammals consumed a total of 120 000 tons
impact the zooplankton consumption estimatesof fish annually from the Northeast Shelf, which is
Since humpback and fin whales are not individu-less than 10% of our estimated fish consumption.
ally identified from aerial photos and therefore notHowever, their estimate was based on a computer
routinely circled, this bias is much less likely for model including nine cetacean species and harbor
those species. It is likely that correction factorsseals feeding on four species of pelagic fishes (her-
estimated directly for long-diving species such aging, mackerel, sand lance and silver hake). Their
sperm whales and beaked whales might be marksbjective was not to realistically model cetacean
edly higher than the fin whale factor which waspredation, but to explore the impacts of different
applied, however we lack data to justify using anymanagement schemes on pelagic fish populations.
other value. For most of the smaller toothed whales,

there is probably little bias introduced by not using How does cetacean predation on living re-
any dive correction factor. These species dive fosources of the Northeast Shelf compare to commer-
shorter times than large whales and often occur irial fishery harvests? There is no relevant compari-
moderate to large herds, which are visually conson for zooplankton which are not harvested by
spicuous at relatively long distances to aerial obcommercial fisheries. However, for fish and squid
servers. The dive correction factors for these spethe cetacean predation was larger than commercial
cies, if at all necessary, would be substantiallyfishery harvests. Sherma al. (1988) reported that

smaller than the smallest large whale factor. total annual fish and squid landings from the North-
P . east Shelf ecosystem averaged 900 000 tons be-
rey consumption tween 1969 and 1978 with a peak catch of 1.2 mil-

Whales, dolphins and porpoises of the North-lion tons in 1974, and recorded an average 470 000
east Shelf annually consume about 1.28 million tonsons per yr from 1979 on with an estimated maxi-
of fish, 337 000 tons of squid and 244 000 tons ofmum sustainable yield of 950 000 tons. Our esti-
zooplankton, for a total of 1.87 million tons. Thesemate for total fish and squid consumption by ceta-
estimates are substantially higher that those oteans, 1.63 million tons, was larger than all of those
Kenneyet al. (1985) (276 000 tons fish, 244 000 landings totals by 1.4 times the 1974 peak landings,
tons squid, 45 000 tons zooplankton, and a total 0i.7 times the estimated maximum sustainable yield,
555 000 tons). That study did not include dive cor-1.8 times the 1969-78 average, and 3.5 times the
rection factors for any species or scale for activgpost-1979 average. For comparison, Sissenwine
metabolism. The results of the present study ar¢1986) estimated that cetacean consumption on
similar to, but more reliable than, the total con-Georges Bank was 88.5% of the fishery catch. For
sumption estimates by Scat al. (MS 1983) (1.25 squid alone, NMFS (1994) reported total Atlantic
million tons fish, 318 000 tons squid, 174 000 tonscoast squid landings of 32 000 tons in 1990, 39 000
zooplankton, and 1.74 million tons total), who usedtons in 1991, 45 000 tons in 1992, and 51 000 tons
dive correction factors only for fin, humpback andin 1993. Our estimated cetacean consumption of
right whales, used many higher body weights basedquid was 6.6 times the 1993 harvest.
on the limited data available at the time, used un-
der-estimates of minke whale and harbor porpoise There are other marine ecosystems where ceta-
abundance, and assumed each species to be excliean consumption (or consumption by all marine
sively piscivorous, teuthivorous or planktivorous in mammals) has been estimated to be extremely large
the absence of better information. or to approach or exceed fishery harvests. Laevastu

and Larkins (1981) estimated marine mammal pre-

Sissenwine (1986) estimated that cetaceandation in the Bering Sea to remove 2.66 million tons
consumed 5.4 tons per Knof fish and squid on of fish, 2.98 million tons of squid, and 2.01 mil-
Georges Bank, using the Scettal. (MS 1983) re- lion tons of zooplankton. Laws (1977) estimated
sults as input data. Our results show total fish andery large predation rates by Southern Ocean ma-
squid consumption on Georges Bank as 432 000ine mammals for both prior to 20th Century in-
tons, or 6.3 tons per kinThe difference may be dustrial whaling (190 million tons krill, 12 million
primarily due to the larger, corrected abundancesons squid, 4 million tons fish) and after depletion
of minke whales and harbor porpoises and the usef whale stocks (43 million tons krill, 5 million tons
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squid, 1 million ton fish). Both the Bering Sea anding strategies in pregnarmersuslactating females;
Southern are much larger in geographic extent thatactating females tended to have fuller stomachs
the Northeast Shelf, accounting for the substantiallywhich contained significantly higher proportions of
larger cetacean consumption totals. Bax (1991¥lying fish (higher energy density) than squid. These
summarized several studies comparing relative prodata demonstrate that any increase in consumption
portions of total fish consumption by marine mam-estimates to account for reproduction would only
mals and commercial fisheries in six marine econheed to consider reproductively active females, the
systems including Georges Bank (using data fronfactors would be substantially lower than the per-
Sissenwine, 1986). The data presented show maringentages given above, and so are not likely to have
mammal consumption was estimated to be 167% o0& serious bias in our estimates.
fishery harvests in the Barents Sea, 163% in the . . .
Benguela Current system, 107% in the easterﬁ”mary production required
Bering Sea, 89% in Georges Bank, 2% in the North ~ When estimates of prey consumption by ceta-
Sea and 0% in Balsfjorden. Our estimate that cetaceans in the trophic model of this study are used it
ceans consumed 346% of the average post-1979uggests that cetaceans require 14.8% of the total
fishery catches from the Northeast Shelf exceedphytoplankton primary production. This is lower
all of these, however, it is recognized that thesdhan the 24.9% average primary production required
recent fisheries are substantially depleted. Ex{PPR) estimated by Scoét al. (MS 1983) from
pressed as 171% of the estimated MSY, it seems tglightly smaller estimates of total prey consump-
fit well with the data from the Barents Sea andtion. The regional patterns reported by Saatal.
Benguela Current systems. In another comparisorfMS 1983) were also different (GOM — 15.4%, GBK
the predation by minke whales alone in the North— 25.5%, SNE — 31.0%, MAB — 27.8%). These dif-
eastern Atlantic has been estimated by two differferences can be accounted for by different trophic
ent methods to exceed 1 million tons, and to equalevel (TL) values for squid in the food chain mod-
or exceed commercial harvests of some fish stockels. We used TL = 3.2 for squid, rather than the 4.0
(Markusseret al, 1992; Nordgyet al., 1995). value used by Scodt al. (MS 1983), and it had the
effect of reducing the PPR for teuthivores (squid
Our consumption estimates were conservativegonsumers) by 84%. Teuthivorous cetaceans occur
consistently using lower values in the computationgrimarily along the shelf break (CETAP, 1982; Hain
when there was any question or choice (as in thet al, 1985; Kenney and Winn, 1986), and there is
selection of factors of 2.5 to scale from basal tono shelf break in the Gulf of Maine region, which
active metabolism and 1.2 to correct mysticete feedexplains why our estimate of PPR for GOM was
ing rates for migratory fasting). In comparison, athe highest regional value, while it was the lowest
three-month migratory fast yielded a correction ofvalue in the Scotet al. (MS 1983) estimates. On
1.33 and a four-month fast yielded 1.5. Lockyerthe other hand, a value similar to our 14.8% mean
(1986) estimated that North Atlantic fin whales con-was reported by Huntlegt al. (1991), and they es-
sumed 90% of their annual total within a five-monthtimated that an average of 12% (maximum 22.5%)
period, which resulted in a multiplicative factor of of carbon fixed by phytoplankton was recycled to
2.16 during the peak feeding period. the atmosphere by the breathing activities of ma-
rine mammals and seabirds. In different geographic
The metabolic models used here scale for acareas, Pauly and Christenson (1995) estimated the
tivity, but not for growth and reproduction. Repro- mean PPR for fishery harvests in non-tropical con-
duction, particularly lactation, is a major energytinental shelf systems at 35.3%. Our estimated mean
cost for cetaceans. Yasui and Gaskin (1986) estiPPR is less than half of their value, even though
mated in the harbor porpoise that the additional costetacean predation may be more than three times
of pregnancy and lactation represented 38—-42% othe fishery catches in the Northeast Shelf. At first
total requirement for maintenance and activity,glance, it seems that something must be in error.
while Lockyer (1978, 1981a, b, 1986) has estimateddowever, closer scrutiny of energetics suggests the
the additional cost of reproduction in large baleendifference could be due to differences in mean
whales to be 20-25% of their usual metabolic retrophic level between cetacean prey and commer-
quirements. Bernard and Hohn (1989) have alsgial harvests. Pauly and Christenson (1995) esti-
shown that the differential costs of pregnancy andnated a mean Tlkalueof 3.5 for non-tropical shelf
lactation in spotted dolphins led to different feed-fisheries. Our mean TL, weighted for amount of
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consumption of each prey type was 2.85. The PPRheir population estimates show slow increasing
for equal harvests of TL = 3.5 stockersusTL = rates at 2.5% (Knowltoret al, 1994) and 3.8%
2.85 stocks is greater by a factor of 4.474%0 (Kenneyet al, 1995), despite significant levels of
1089, In short, cetacean predation has a lesseanthropogenic mortality from ship strikes and fish-
impact on primary production than commercial fish-ing gear entanglements (Kraus, 1990; Kenney and
ery harvests because commercial fishers "feedKraus, 1993) and suspected reproductive anomalies
higher on the food chain than whales and dolphins(Knowlton et al, 1994). For most of the other ce-
tacean species the known anthropogenic mortality
Our trophic model is conservative because ofis not thought to be high enough to deplete popula-
the TL values we have used, though this affects onlyions (Blaylocket al., 1995), therefore it might be
the PPR estimates, not the consumption estimateexpected that many populations could be increas-
The zooplankton eaten by fin, humpback, and minkeng. If 5% annual increase rates are assumed, popu-
whales, as well as some proportion of that eaten bilations would have more than doubled since 1979—
sei and right whales, are comprised of euphausiid81. However, there are very little data on limiting
rather than copepods. Krill would have TL = 2.2factors on cetacean populations to justify any an-
rather than 2.0 (Pauly and Christensen, 1995). Imual rate of increase. Since they are apex preda-
addition, some proportion of fishes consumed bytors, at some point their populations would be lim-
cetaceans are probably at least partly piscivoroued by food resources, through intra- and inter-spe-
rather than entirely planktivorous. Pauly andcific competition (Hairstoret al., 1960; Hairston
Christenson's (1995) estimates of TL values forand Hairston, 1993).
possible cetacean prey include mackerel €T3.3—
3.4), mullet (TL = 3.8), gadids (TL = 3.8), and jacks Resource limitation of cetacean predators im-
(TL = 3.8). plies interspecific competition with other predators
on the same resource(s). The other predators include
Conclusions the commercial fishing industry. This suggests that
either cetaceans and fisheries presently compete,
The results clearly show that whales, dolphinsor will compete when cetacean populations grow
and porpoises are significant predators in the Northlarge enough. Direct competition between cetaceans
east Shelf ecosystem. Their annual consumption aodind fisheries is probably low, as cetaceans tend to
fishery resources may represent an amount from aprey on different species and/or age-classes and
proximately one-third to more than three timesconsume, on average, at a lower level on the food
greater than the annual harvests by fisheries fronrweb. In the Northeast Shelf, there are no fisheries
the same system taking into account the variationfor copepods or euphausiids, and many of the squid
in catches over the last 2—-3 decades. It is recogspecies selected by cetaceans are similarly not har-
nized these are estimates, however, such results avested. At least some of the fish species eaten by
unlikely to be better than an approximation. Thesecetaceans, however, may be important commer-
particularly relate to the obvious methodologicalcially, in particular herring and mackerel. So there
difficulties of taking weights or metabolic rates of may be competition between cetaceans and fisher-
animals weighing many tons or developing precisdes for these species, especially if cetaceans are
estimates of abundance for cetaceans in areas as ldglective in their predation. Sissenwieé¢ al.
as the Northeast Shelf. In addition, these animal§1984b) suggested that predation by cetaceans, es-
are legally protected and cannot be sampled likgecially fin whales, on Georges Bank herring stocks
fishes. Very few species have had long-term intenmay have had a depensatory effect on the herring
sive studies, e.g. right whales (Knowltet al., and significantly delayed herring recovery from
1994) and bottlenose dolphins (Scettal, 1990), depletion by overfishing. The model developed by
which produced reliable information on parametersOverholtzet al. (1991) showed that the type of feed-
such as age structure, age at maturity, reproductivieng response by predators can significantly affect
rates, and population growth rates. the population dynamics of prey fish populations.
The level of competition between cetaceans and
A complicating factor in quantifying cetacean fisheries can also change with natural or anthropo-
consumption is that many species may have changegkenic shifts in fish stocks. Since the 1960s, there
in abundance since the 1979-81 CETAP surveyshave been several shifts in dominance in Northeast
The only species of the Northeast Shelf for whichShelf pelagic fish stocks between herring (and
published trend data are available is the right whalemackerel) and sand lance (Shermanal,, 1981,
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