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ABSTRACT

A one-week workshop was held at the
Fisheries Centre, UBC, from November 6-
10, 1996, during which ten invited
participants, mainly from the scientific
community in British Columbia, Alaska and
Washington, and Fisheries Centre faculty
and graduate students assembled the
elements required for preliminary mass-
balance models of trophic fluxes in the
Alaska Gyre, on the shelf off southern
British Columbia, and in the Strait of
Georgia.

Such mass-balance models were urgently
required, as no systematic attempt had been
made to verify that commonly-cited
biomass, production and consumption rate
estimates published for various critical
marine groups in these three systems (e.g.
salmon, marine mammals), were mutually
compatible. The construction of these mass-
balance models not only allowed verification
(or correction) of previously published flux
and biomass estimates, but also
identification of major gaps in knowledge,
and cost-effective estimation of some of the
previously unknown rates and biomasses
required for assessment of marine carrying
capacity in the Northeastern Pacific.

Each workshop participant covered a
functional group and its associated fluxes:
phytoplankton and primary production,
zooplankton and secondary production,
major fish species and their fisheries, marine
mammals and birds and their food
consumption.

Model construction was performed using the
well-documented Ecopath approach and
software, previously applied to over eighty
aquatic ecosystems throughout the world,
and of which a pre-release Windows-based
version was applied during the workshop.

This report documents the parametrization
of the three above-mentioned models
through short contributions authored by the
participants, the construction and validation
of these (still) preliminary models, then
presents suggestions for their future
development and uses.



Director’s Foreword

Researchers from academia, government
scientists and graduate students gathered at
the UBC Fisheries Centre from November
6th-10th 1996, in order to construct the first
mass-balance models of three marine
ecosystems in the North-east Pacific: the
Alaska Gyre, the shelf of southern British
Columbia, and the Straight of Georgia. This
report presents the result of the workshop as

preliminary Ecopath models of these three
systems.

Traditional fishery science conspicuously
failed to take account of ecosystem
interactions and for many years the single
species stock assessment reigned supreme.
Evaluation of the impact of harvesting on
predators and prey was often considered
unnecessary: an interesting but purely
academic exercise. Many, including the late
Peter Larkin himself, doubted this wisdom,
and a few pioneering souls dared to invent
multispecies models or tried to model the
energy flow in whole ecosystems. But, by
emulating single species population
dynamics, multispecies fishery models
rapidly became over-parametrized and
immensely data-hungry, while ecological
ecosystem modellers went down ever more
esoteric pathways, losing the mathematically
ungifted on the way. Also, it soon became
clear that whole-ecosystem models driven
by primary production were swamped by
flows to and from the microbial components
of the ecosystem that are gigantic in relation
to exploited fish. They were also swamped
by massive uncertainty concerning the
nature and dynamics of those microbial
flows.

By concentrating on components of the
system that were well described, a clever

short cut was invented by Dr. Jeffrey
Polovina from Hawai’i in the early 1980s.
Ecopath is a straightforward ecosystem
modelling approach that balances the budget
of biomass production and loss for each
component by solving a set of simultaneous
linear equations. (The Ecopath approach is
the only ecosystem model to obey the laws
of thermodynamics!) Simple data on diet,
biomass, production and consumption to
biomass ratios is all that is required, so that
preliminary models can be quickly
constructed from data already published or
easily available.

Ecopath’s potential was recognized and was
championed at an early stage by Dr Daniel
Pauly at ICLARM, Manila. This resulted in
a series of workshops run world-wide, a
further development of the method, with
more rigorous mathematics by Dr Villy
Christensen from Denmark, and eventually,
to the enhanced model published as Ecopath
II in 1992. Initially applied to a coral reef
ecosystem by J.J. Polovina, over 80 Ecopath
models covering a wide range of marine and
freshwater systems have now been
constructed world-wide, most of them in the
developing world. It is something of a
paradox that this new approach should be
used last in developed areas of the world
where the best data sets are available. The
power of the approach, which unites the
developed and developing world, lies in
making cross-system comparisons possible.

The three Ecopath models in this report are
preliminary and will doubtless need to be
refined with better and more precise data
from the systems concerned. That can come
later. But another, unexpected and exciting,
output arose from the workshop. This was
the first version of Ecosim, a set of routines
added to Ecopath by Dr Carl Walters from
the Fisheries Centre in cooperation with
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Dr Villy Christensen and Dr Daniel Pauly.
Ecosim comprises a dynamic simulation of
the effects of altering fishing mortality on
selected components of the ecosystem. This
technique, which allows the investigation of
the impact of fishing on the whole
ecosystem, will be formally published in
1997 in Reviews in Fish Biology &
Fisheries. This new tool promises to be the
first that could be practically employed in
ecosystem management.

Mass-Balance Models of North-eastern
Pacific Ecosystems is the seventh in a series
of workshops sponsored by the UBC
Fisheries Centre. The workshop series aims
to focus on broad multidisciplinary
problems in fisheries management, to
provide an synoptic overview of the
foundations and themes of current research,
and attempts to identify profitable ways
forward. Edited reports of the workshops are
published in Fisheries Centre Research
Reports and are distributed to all workshop
participants. Further copies are available on
request for a modest cost-recovery charge.

I thank UBC’s Vice President of Research
and the Department of Fisheries and Oceans
Canada for sponsoring the workshop, and I
am indebted to the late Dr Peter Larkin for
sufficient shaking of their trees for the
money.

Tony J. Pitcher
Professor of Fisheries

Director, UBC Fisheries Centre



FOREWORD

There are four reasons why Daniel Pauly
might have asked me to make some
introductory remarks for this workshop.

First, I helped raise some funds to support
the workshop. It wasn’t as much as I would
have liked to raise, nor as much as Daniel
could have made good use of But it was
enough to warrant a place on the program. I
would like to acknowledge a contribution of
$10,000 from the University of British
Columbia and a matching contribution from
the Department of Fisheries and Oceans
Canada.

Second, for several years now, Daniel has
bent my ear about Ecopath, initially at the
International Center for Living Aquatic
Resources Management (ICLARM), and
more recently here at UBC. I have read
about Ecopath and formed some opinions
about its usefulness for fisheries
management, but I have to admit I have
never really come to grips with this
approach, and I suspect that others might
feel the same. To get that feel that comes
with using a model, a workshop seemed a
good idea. That is the second reason.

The third reason is that in recent years my
attention has been much drawn to the Gulf of
Alaska and the Eastern Bering Sea. This
attraction stems in part from an interest that
goes back to the days when I was involved in
International North  Pacific  Fisheries
Commission activities that has been
rekindled by interactions with Lee Alverson
(whose energies and whose capacities for
generating enthusiasms are well known).

The fourth and final reason relates to my
current involvement in the North Pacific
Universities Marine Mammal Research
Consortium which I helped set up three years
ago. The Consortium is engaged in research
that is at present concerned with the decline
in abundance of Steller sea lions in the Guilf
of Alaska, but in its initial conception, the
Consortium was encouraged to view the
Steller sea lion question and other marine
mammal issues in broad ecosystem contexts.
So what more natural than to encourage a
workshop on an Ecopath model of the Gulf
of Alaska?

On behalf of the Consortium, I would like to
add my welcome to that of Dr. Pitcher and
wish you every success in the workshop. I
regret that I will not be able to participate to
the extent that I had hoped but I will drop in
to the workshop during the week as I have
the opportunity. Onward and Upward!

P.A. Larkin

North Pacific Universities Marine Mammal
Research Consortium




Preface and Acknowledgments

The proceedings presented here pertain to a
workshop held on November 6-10, 1995
and, given our other commitments, we had
to limit our editorial interventions, as we
wanted the proceedings to appear no more
than a year after the event.

Thus, what is presented here largely consists
of texts written by the workshop participants
before and/or during the workshop, the
major exceptions being contributions written
in the Fall of 1996 by the editors, by JI.J.
Polovina and by N. Haggan, and presenting
updates of recent developments concerning
the construction and interpretation of
Ecopath models, and their integration in
physical and cultural contexts.

As a result, most readers should be able to
find more pertinent references than we used,
and probably more accurate parameter
values than were available during the
workshop, and incorporated into what must
be viewed, therefore, as preliminary models.
But then again, this was one of the main
purposes of the exercise: to construct models
that could serve as a basis for subsequent,
more detailed work.

To encourage this, we will make available
to anyone interested a copy of the Ecopath
software, and of the files generated during
the  workshop (contact D. Pauly:
pauly@fisheries.com, or V. Christensen:
v.christensen@cgnet.com)

We dedicate these proceedings, modest as
they are, to the memory of Professor P.A.
Larkin, who passed away on July 10, 1996,
and who made possible the workshop upon
which these proceedings are based.

We take this opportunity, finally to thank all
those who made the workshop and this
proceedings what they are now; Dr. Pitcher,
the Director of the Fisheries Centre, for his
support, Ms Rattana “Ying” Chuengpagdee,
for her superb organization of the event, Ms
Pamela Rosenbaum, for keeping us within
our budget, Ms Sandra Gayosa, of
ICLARM, for typing much of the first draft
of this document, Mr Nigel Haggan for his
assistance in shaping it into a whole, the
participants - including the Fisheries Centre
graduate students - for their enthusiasm, and
UBC and DFO for funding the workshop
and the publication of this report.

Daniel Pauly
and
Villy Christensen.

Vancouver, October 1996
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INTRODUCTION

(Daniel Pauly and Villy Christensen)

Rationale For Mass-Balance
(Trophic) Models

Over the last decades, there have been
massive changes of the oceanic regime in
the North Pacific. These changes have
resulted in increase of some major resource
species, notably several species of salmon
off British Columbia (B.C.) and Alaska
(Beamish and Bouillon 1993), and hake off
B.C. (Pitcher, this vol.). Decreases in other
species, e.g., lobsters in Hawai'i have been
attributed to the same climatic changes
(Polovina et al. 1994).

Oceanographers, fisheries scientists and
marine biologists have been tracking these
changes, sometimes together, more often
separately. Their common goal has been to
predict future oceanographic regimes and,
based thereon, the likely futures of major
resources species. This research has yielded
excellent results.

However, the “trophic context” of key
species in north Pacific ecosystems has been
largely neglected, at least since T. Laevastu
and colleagues' heroic attempt at a spatially-
structured simulation model of the entire
Bering Sea (see Laevastu and Larkins 1981).
Trophic  context, as defined here
encompasses food consumption and
requirements of key species, and their
contribution to the diet of predators. Dealing
with the trophic context of resource species
provides powerful insights for estimation of
biomasses and of the fluxes that occur

between them. It thus provides an
independent way to validate published
estimates of biomasses and/or fluxes.

However, most marine and fisheries
scientists have to date preferred to work on
single species, or on interactions among few
species, rather than to model entire
ecosystems. There are many reasons for this,
but the most prevalent is that “ecosystems
modeling” is perceived as a specialized and
long-term  activity, leading to large,
unwieldy products, perhaps best illustrated
by the Bering Sea model alluded to above.

Practical demonstrations of the power and
versatility of the Ecopath approach may help
to shift emphasis to whole-system attributes,
increasingly required in an age of global
change.

The Ecopath approach and software

The Ecopath approach is based on the work
of J.J. Polovina (1984), of the US National
Marine  Fisheries Service (Honolulu
Laboratory). The present authors, both then
at the International Center for Living
Aquatic Resources Management (ICLARM)
in Manila, Philippines, developed and
adapted Polovina’s work to a user-friendly
and versatile software package for personal
computers. This software allows for rapid
construction and verification of mass-
balance models of ecosystems (Christensen
and Pauly 1992a, 1992b).

The key steps to construct a model are to:

i) Identify the area and period for which a
model is to be constructed;

il) Define the functional groups (i.e.,
“boxes”) to be included;

12




iii)Enter a diet matrix defining all trophic
linkages by expressing the fraction that
each “box” in the model represents in the
diet of its consumers;

iv)Enter the food consumption,
production/biomass ratio and/or biomass,
and fisheries catches, if any, for each box;

v) Balance the model, i.e., modify entries
(iii & iv) until input = output for each
box;

vi)Compare model outputs (network
characteristics, estimated trophic levels
and other features of each box) with
estimates for the same area during
another period, or with outputs of the
same model type from other, similar
areas, etc.

These steps are simple provided that basic
parameters are available. Numerous well-
documented Ecopath applications to aquatic
ecosystems already exist, ranging from
aquaculture ponds and flooded rice paddies
to shelf systems (see Pauly and Christensen
1993, and contributions in Christensen and
Pauly 1993). Other models exist which
represent the North Sea (Christensen 1995),
and George's Bank. Indeed, the latter model
was constructed by a group of Canadian
scientists (from DFO and other institutions)
during a workshop run by V. Christensen,
similar to the one reported upon here, and
held in St. John’s in late 1993.

The workshop and its outputs

The workshop was held November 6-10,
1995, at the Fisheries Centre, UBC. There
were some twenty-four participants: mainly
members of the scientific community in

British Columbia, and the states of Alaska
and Washington, US, Fisheries Centre
faculty and graduate students. Dr. Polovina
was invited for the workshop to benefit from
his pioneering work on Ecopath, and more
recently, on regime shifts in the North
Pacific gyre (Polovina et al. 1994, 1995).

Identification of key scientists was helped
by discussions of the mass-balance approach
at the March 1995 UBC Fisheries Centre
workshop on “Impact of Changes in North
Pacific Oceanographic Regimes on Coastal
Fisheries.” Aside from the travel
arrangements, preparatory work included the
briefing prospective participants on the data
to be assembled, the compilation of a
preliminary database and assembling
relevant publications. Also, the Ecopath
“module” taught (by D.P.) in September-
October 1995 at the Fisheries Centre as part
of “Fish 504 used the Strait of Georgia as an
example, thus preparing the students to
participate in the workshop, which became
an element of their course.

The first day of the workshop proper was
devoted to a formal review of the concepts
behind the Ecopath approach (Box 1) and
informal presentations and discussions on its
various features, both positive and negative.
The following multi-authored text presents
the following:

. Estimated “summer” biomasses of
the major components in three
marine ecosystems: the Alaska Gyre,
on the shelf of Southern B.C., and in
the Strait Georgia;

. Mass-balance models describing the
trophic flows in these three
ecosystems, and largely pertaining to
the late 1980s;

13




Parameter  estimates  for  the
construction of “winter” models for
these same areas, and hence for
studying seasonal cycles;

A basis for comparisons with similar
ecosystems in other parts of the
world; and, most importantly:

A basis for formulating hypotheses
about the likely effect of future
changes of oceanographic and/or
fisheries regimes on food webs and

biomasses of key species in the three
model areas .

We hope these results will be seen as useful
by the scientific community in the Pacific
Northwest, and contribute to a renaissance
of studies linking ecological models and
applied fisheries work. We also hope that
the overview of ecosystems we present here
will also lead to more consideration of local
knowledge on their interrelationships of
their component species (see Haggan, this
vol.).
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Box 1 Basic equations, assumptions and parameters of the Ecopath approach.

The mass-balance modelling approach used in this workshop combines an approach by Polovina and Ow (1983)
and Polovina (1984, 1985) for estimation of biomass and food consumption of the various elements (species or
groups of species) of an aquatic ecosystem (the original “ECOPATH”) with an approach proposed by Ulanowicz
(1986) for analysis of flows between the elements of ecosystems The result of this synthesis was initially
implemented as a DOS software called “ECOPATH 11”7, documented in Christensen and Pauly (1992a, 1992b), and
more recently in form of a Windows software, Ecopath 3.0 (Christensen and Pauly 1995, 1996). Unless noted
otherwise the word “Ecopath” refers to the latter, Windows version.

The ecosystem is modeled using a set of simultaneous linear equations (one for each group i in tl{e system), i.e.
Production by (i) - all predation on (i) - nonpredation losses of (i) - export of (i)= 0, for all (i).
This can also be put as

P-M2i - P,(1-EE)) - EX; =0 1)

where P, is the production of (i), M2; is the total predation mortality of (i), EE; is the ecotrophic efficiency of (i) or
the proportion of the production that is either exported or predated upon, (1-EE;) is the “other mortality”, and EX;
is the export of (i).

Equation (1) can be re-expressed as
B*P/B; - Z,B;*Q/B;*DC;-P/B;*B;(1-EE;)-EX; =0
or
B*P/B*EE; - Z,B*Q/B*DC;; - EX; =0 .2)

where B; is the biomass of (i), P/B; is the production/biomass ratio, Q/B; is the consumption/biomass ratio and DC;
is the fraction of prey (i) in the average diet of predator (j).

Based on (2), for a system with n groups, n linear equations can be given in explicit terms:

B,P/B,EE, - B,Q/B,DC,,-B,Q/B,DC;, - ...-B,Q/B,DC,, - EX, =0

B,P/B,EE, - B,Q/B,DC,- B,Q/B,DC,, - ...-B,Q/B,DC,, - EX, =0

B,P/B,EE, - B,Q/B,DC,, - B,Q/B,DC,, - ...-B,Q/B,DC,, - EX, = 0

This system of simultaneous linear equations can be solved through matrix inversion. In Ecopath, this is done using
the generalized inverse method described by MacKay (1981), which has features making it generally more
versatile than standard inverse methods.

Thus, if the set of equations is overdetermined (more equations than unknowns) and the equations are not
consistent with each other, the generalized inverse method provides least squares estimates which minimize the
discrepancies. If, on the other hand, the system is undetermined (more unknowns than equations), an answer that is
consistent with the data (although not unique) will still be output,

Generally only one of the parameters B;, P/B;, Q/B;, or EE; may be unknown for any group i. In special cases,
however, Q/B; may be unknown in addition to one of the other parameters (Christensen and Pauly 1992b). Exports
(e.g., fisheries catches) and diet compositions are always required for all groups.

A box (or “state variable™) in an Ecopath model may be a group of (ecologically) related species, i.e., a functional
group, a single species, or a single size/age group of a given species.
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ALASKA GYRE MODEL

The Marine Ecosystem of the Gulf
of Alaska

(Jeffrey Polovina)

The Alaska Gyre is an extremely important
part of the North Pacific: it is the ecosystem
where most salmon from the Pacific
Northwest accumulate the energy that
enables them to swim back to the stretch of
the river or brook where they once hatched.

Compared to earlier decades, there is a
significant body of biological evidence to
suggest that the carrying capacity of the Gulf
of Alaska has increased since the late 1970s.
Changes have occurred at several trophic
levels from zooplankton to at least salmon.
This is possibly due to changes in the
intensity of the Aleutian Low Pressure
System (McFarlane and Beamish 1992;
Beamish and Bouillon 1993; Brodeur and
Ware 1992; Polovina et al. 1995).

A comparison of zooplankton abundance in
the Gulf of Alaska between 1956-1962 and
1980-1989 showed a doubling of summer
zooplankton biomass, pelagic fish, and squid
abundance in the latter period (Brodeur and
Ware 1992). Trends in North Pacific salmon
production follow changes in the Aleutian
Low Pressure Index from 1925-1989
(Beamish and Bouillon 1993). Above
average North Pacific salmon catches
occurred during 1925-1945 and 1977-1989,
when the Aleutian Low Pressure System
was more intense than average. Below
average salmon catches occurred during

1946-76 when the Aleutian Low was weaker
than average.

As the late 1970s represent a transition
period from low to high carrying capacity,
our trophic model of the Alaska Gyre system
should focus on the 1980s, and describe the
ecosystem characteristics of this latter
period.

Lower Trophic Levels

(Jenny Purcell)

The data presented here originate mainly
from the SUPER (SUbarctic Pacific
Ecosystem Research) project, (see Miller et
al. 1988) and were sampled during May-
June and August 1984, 1987 and 1988 at
two locations - Station P (50° N; 145° W)
and Station R (53° N; 145° W). All standing
stock estimates, integrated to a depth of
80m, and initially expressed in terms of
mgC-m'z-day'l, were converted to g wet
weight mZyear™ through a wet weight :
carbon ratio of 10:1.

Bacteria

Biomass and production data for bacteria
were taken from Kirchman et al. (1993;
Tables 1 and 2, respectively):

® Biomass 1.1 g€C m™= 11 g wet weight
-2 g
m2

2

e Production 55.6 mg C m>day' =203 g
wet weight m’ year";

e P/B=18.45 year'1 ;
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e Carbon consumption (taken for 0 - 80 m
from Table 1 in Simon et al. 1993).

Thus, we have 75.5 mgC m™ day'l =276 g
wet weight m> year'l, or Q/B =25 year'l,
which is low such small organisms.

Phytoplankton

Chlorophyll a biomass (from Table 2 in
Frost 1993) was converted to carbon using
to the ratio of 60:1. Chlorophyll biomass is
rather constant over the year (Miller et al.
1991). Thus we have:

e Biomass 25.3 mgChl.-m'2 = 152 g wet
weight-m'z;

* Production 728.4 mg C m” day™ = 2659
g wet weight-m™ year'

e P/B=175year'

Futher, data may be found in Welschmeyer
et al. (1993).

Microzooplankton

Biomass and  ingestion rates of
microzooplankton are from Strom et al.
(1993; Tables 1 and 2, respectively):

e Biomass 170.4 mgC m? = 17 g wet
weight m?;

o Ingestion 98 mgC m”> day™! = 358 g wet
weight m> year'l;

e Q/B=0.6 per day or 210 year'].

The diet consists of 75% phytoplankton and
25% bacteria and other microbes.

Small herbivores

Density estimates for eight species of
copepods were adapted from Table 1 in
Dagg (1993), based on data collected with a
MOCNESS net (243 pm mesh). Dagg et al.
(1989) report biomasses of 85 pgC for
Neocalanus plumchrus and 624 ngC for N.
cristatus (see also Frost 1987). Densities
were converted to carbon using 85 pgC,
assuming that most copepods were small.
Herbivore biomass is about 15 g m” in the
summer and about 4.5 g m~ in the winter
(Richard Brodeur, pers. comm.). Thus, we
have:

e Biomass 535.6 copepods m> (80 m
depth) = 29,272 copepods m?, or = 25 g
wet weight m?;

o Copepod ingestion of phytoplankton was
estimated from Figure 12 in Dagg (1993),
as: 943.8 ngChl m™ day'1 = 2067 g wet

weight m’ year'l.

Clearance rates of protozoans by N.
plumchrus and N. cristatus were averaged
from data in Gifford (1993). All copepods
were assumed to clear protozoans at the

same rate (this may be an overestimate, see
Landry et al. 1993). Thus:

Ingestion of protozoans 1.8 ugC copepod'l
hour™ = 192 g wet weight” year', and Q/B
is thus 90.4 year™.

Adding phytoplankton and protozoans gives
a total copepod ingestion rate of 2,259 g wet
weigh’t~m'2 year'l, and the diet based on the
ratio of those consumption rates is 91.5%
phytoplankton and 8.5% (bacteria-rich)
detritus.
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Salps and gelatinous herbivores/omnivores

The major species of salp is Cyclosalpa
bakeri, and the following, adapted from
Purcell and Madin (1991) and Madin and
Purcell (unpublished data), refer only to that
species, though Salpa fusiformis also occurs
in the area. Salps were not present in the
May cruises of SUPER, but were in August.
Overall, salp may occur only 3-4 months per
year in the Alaska Gyre. Cyclosalpa bakeri
is extremely delicate, and its biomass and
related parameter are unlikely to have been
estimated in any other studies. The values
are:

o Bigmass 804 mgC m? =8 g wet weight
m’;

e Total ingestion 66.3 mgC m™ day'1 =242
g wet weigh’t-m'2 year'l; and

e Q/B=30year .

The diet consists of 53% phytoplankton and
40% microzooplankton and 7% detritus.

Further data on the metabolism and growth
of Cyclosalpa bakeri may be found in
Madin and Purcell (1992), and in Cooney
(1987, 1988) for zooplankton in general.

Carnivorous Zooplankton, Jellies
and Velella

(Mary Arai)

Carnivorous Zooplankton at Station P

Populations of chaetognaths at Station P
were estimated from Forbes et al. (1988).
Standing stock in May was 2,078
individualssm™. The standing stock graphed

in Terazaki and Miller (1986) show a later
summer maximum approximately double
that for May.

Terazaki and Miller (1986) estimated
generation times of 6-10 months; thus, with
three spawning periods at Station P, P/B is
at least 1.5 year", and we assume it here to
be twice as high.

The diet consists mainly of small herbi-
vorous zooplankton (see Sullivan 1980).

Carnivorous Jellies

The numbers of Aglantha were derived from
data in Forbes et al (1988) for May 1984.
This value is probably an underestimate as it
is approximately one-third of the value in
Arai and Fulton (1973) for 1971. The
estimate  also does not include
siphonophores, which, in 1971, were
approximately two-thirds as abundant as
Aglantha (Marlow and Miller 1974).

Numbers were converted to wet weight
using a value of 83.2 mg/animal (lkeda
1972). Thus, biomass = 9.1 g-m-z, with
winter populations similar to those in May
(Arai and Fulton 1973).

On the high sea, there is one more
generation of Aglantha than inshore. P/B is
therefore = 1+ predation rate, and probably

ranges from 2 - 4 year'].

A first estimate of ingestion rate, derived
from Purcell and Grover (1990) is Q/B =
110 year”, which appears to be very high,
perhaps excessively so. Therefore, Q/B is
estimated from an assumed food conversion
efficiency of 0.3. The diet is assumed to
consist of small herbivorous zooplankton.
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Table 1 Data for establishing a length-weight relationship in V. velella®.

Length Weight Length Weight Length Weight

8 50 19 360 25 710
11 110 21 420 26 490
15 200 22 480 27 880
15 210 22 520 28 880
16 280 22 670 28 990
17 340 23 600 29 840
18 270 23 650 31 940
18 310 23 660 32 1400
18 360 24 810 36 1590
18 370 - - - -

a) based on hydroids sampled in May 1986, stored in 5% formalin, , and measured (mm and mg wet weight)

in October 1996.

By the Wind Sailor Velella velella

Velella velella is a hydroid which form
floats with sails, hence its common name,
“By the Wind Sailor”. Like coral, V. velella
contain symbiotic algae (Hovasse 1923;
Taylor 1971; Holland and Carré 1974), but
they also feed on euphausiid and fish eggs
(Bieri 1961). The ratio of food intake vs.
energy supply from the algal symbionts is
not known. Growth to float length of 10 cm
occurs from January to April; along the
California coast, a second generation occurs
from July to September (1977).

The northern limits of V. velella distribution
roughly correspond to the convergence of
subarctic waters with the mixed waters of
the Alaska current (Savilov 1961), and
hence the distribution of V. velella swarms is
very irregular in space and time (see also
Bieri 1977, and Arai 1992). For example, in
1957, seven swarms appeared at ocean
weather station “PAPA” (50° N, 145°W) in
February, May and October. Thus, biomass
estimates are not provided for the Alaska

Gyre system, nor for the southern B.C. shelf,
where V. velella also forms large
aggregations off the B.C. coast.

For the B.C. coast, population numbers as
length categories for spring populations in
neuston tows are given in Arai et al. (1993).
Pertinent stations for the 30-300 m shelf are
LB2-11 and LC 2-8. A length-weight
relationship being necessary to analyze these
data, but none having so far been published,
28 preserved specimens of V. velella were
measured and weighted for the purpose of
deriving such relationship (Table 1).

From these, the relationship

W =0.48.1.%%

was established, using a linear regression of
the log(W) against the log(L) values, whose
correlation is r = 0.981. This relationship
may be used to convert observed lengths of
V. velella into weights. However, the narrow
range of sizes used to derive the relationship
must be considered, as well as a weight loss
following preservation, of perhaps 30-50 %.
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Initial Estimates on Krill

(Astrid Jarre-Teichmann)

Euphausia pacifica, Thysanoessa longipes,
and 7. inermis are the most important
euphausiid (krill) species in the central
northeast Pacific, (Mauchline and Fisher
1969). T. inspinata occurs further south than
T. longipes, and the northern boundary of its
distribution lies south of 50° N. T. raschi is
more common on the shelf than offshore.

T. longipes and T. inermis live for 2-3 years
(Mauchline 1980), while E. pacifica lives
for at least 2 years (Tanasichuk 1995). Most
species mature at about one year of age
(Mauchline 1980). Lindley (1980) estimated
Z =038 year'l for 2-year old T. inermis.
Total mortality (Z) estimates for E. pacifica
range from Z = 0.6-1.9 year'1 on the shelf of
B.C. (Ron Tanasichuk, Nanaimo, pers.
comm.) to Z = 3.0 year'l in the California
Current (Mullin 1969) and Z = 8.7 year”' off
Oregon (Mauchline 1980). Z = 3.0 year'l
was chosen as an initial estimate for the
present modelling study. This may turn out
to be conservative if juvenile stages of krill
are to be explicitly included in this box.

E. pacifica grow rapidly during summer
(Lasker 1966), but as in other organisms,
growth stagnates for several months during
winter (Ron Tanasichuk, Nanaimo, pers.
comm). Consequently, if a typical summer
situation is to be represented on an annual
basis, the initial P/B ratio should be set at 5-
6 year'l.

In general, the diet of both 7. longipes and
E. pacifica consists of detritus, diatoms,
dinoflagellates, tintinnids, chaetognaths,
larvae of echinoderms, amphipods, and
crustaceans (Mauchline 1980), i.e., of
phytoplankton, small zooplankton and

detritus. However, a quantitative breakdown
was not available. Euphausiids are known to
be predominantly filter feeders, although
some hunting has been observed (Mauchline
and Fisher 1969; Lasker 1966). A diet
composition of 85% phytoplankton, 5%
zooplankton, and 10% detritus may be
assumed.

A population of E. pacifica uses about 9%
of the assimilated carbon for somatic
production over the entire life of its
constituent individuals; mature animals use
another 9% for gonadal production, whereas
the somatic production of juveniles can be as
high as 30% (Lasker 1966). Therefore, the
net efficiency of E. pacifica was assumed at
20%, in line with the estimates of Lasker
(1966) that 62-87% of the assimilated
carbon is respired. Lasker also estimated an
assimilation coefficient of 80% for FE.
pacifica fed with nauplii, but, as the
assimilation efficiency of omnivores is
generally lower than that of carnivores
(Welsh 1968), an assimilation coefficient of
70% is suggested, close to the estimates of
other cold-water zooplankton of 65%
(Schnack et al. 1985). This leads to a gross
efficiency of 12.6%. It should be noted that
this value is considerably higher than the
estimate of 5.4% for Euphausia superba
based on the energetic model of Clarke and
Morris (1984) and the annual P/B ratio of
Siegel (1986).

In the absence of biomass estimates for the
Alaska gyre, krill biomass can be computed,
based on an ecotrophic efficiency of 95%,
which emphasizes the role of krill as food in
the ecosystem. Also, the total zooplankton
biomass estimate of 34.5 g m™ at an oceanic
station in the northeastern Pacific “transition
zone” in the late 1980s (Richard Brodeur,
pers. comm.) may serve as a guiding value
for balancing the summer model.
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Salmon in the Ocean

(Leonardo Huato)

The northeastern Pacific ocean supports
numerous stocks of six anadromous
salmonids species: coho, Oncorhynchus
kisutch; chinook, O. tshawytscha; sockeye,
O. nerka; steelhead, O. mykiss; chum, O.
keta; and pink, O. gorbuscha (Healy 1993;
Ignell and Murphy 1993). Table 2 presents
freshwater, estuarine and ocean residence
times for S of these 6 species:

Sockeye, pink and chum salmon migrate

feeding. All mortality can be attributed to
predation as there is no US or Canadian
commercial fishing during their oceanic
phase. Coho and chinook remain in coastal
waters. Table 3 presents instantaneous
mortality estimates for the estuarine and
oceanic phases.

Biomass or densities are not reported in the
literature. For steelhead, biomass was set at
0.1 tkm>, and P/B at 1 year'l. For the other
species (except chum), biomass was
estimated using total catch and total
mortality (Z; year'l), and harvest rate
(annual catch in numbers/population size),
as follows:

into oceanic waters. On their return, they
pass throughout the coastal domain without

Table 2 Freshwater, estuarine and ocean
residence times for salmonids (Pearcy 1992).

e Current year run size = total catch /
harvest rate; and

¢ Size of the cohort in the previous

Species | Freshwater | Estuary Ocean year = current year run-eZ.

Coho 0-4years |days 0.5 - 1.5 years For chum, the catch was assumed to

Chinook | 0-2 years | days 0.5 - 6 years be composed of 30% of inc.11v1.d1.1als of
age 4 and 70% of age 3 individuals.

Sockeye | 0-2years | days 1-5 years Thus, the total number of age 4 is

Chum | days-weeks | weeks |2 -4 years given as:

Pink days-weeks | days 1.6 years e N4 = 0.3-total catch/harvest rate;

Table 3 Estuarine and oceanic mortality rates (Z;

e N3 = (0.7-total catch/harvest rate)
year ) for salmon, by stage (based on Bradford

1995, and Ricker 1976). +Ng -
Species Smolt-Adult Adult e Np =N3-eZ ; and
(Estuaries) (Ocean)
Coho 2.32+0.06 1.32 e Nj=N, ¢’ (Table 4).
Chinook - 0.42
Chum 492 +0.12 1.64 Total catches were obtained by
Sockeve 378+ 0.07 ) pooling US and Canadian catches in
- Y = i numbers, then converting to biomass
Pink 3.6840.12 245 using mean body weights at age.
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Table 4 Numbers and biomass of sockeye, pink and chum salmon in the Alaska Gyre

(U = harvest rate; Z = total mortality; year").

Sockeye Pink Chum

U=06 U=0.7 U=0.55

Z=092 Z=245 Z=1.65

Catch = 50 million Catch = 72 million Catch = 12 million

Numbers Weight | Biomass Numbers | Weight | Biomass Numbers Weight | Biomass
atage (10°) | (kg) ® at age(10%) | (kg) 0] at age(10°) | (kg) ®

83 3 250 101 1.7 172 6.5 6 3.9

209 0.72 151 588 0.3 176 49 3 147

525 0.11 51.7 253 1 28
Density (tkm=2) = 0.109 Density (t-km-2) = 0.083 Density (tkm2) = 0.051

The exploitation rates used here were kindly
provided by Carl Walters (pers. comm.).
Sockeye catches are from the early 1980s
and stem from Burgner (1991); pink catches
are as reported by Heard (1991) for the years
1980-1989; chum catches stem from Salo
(1991) and pertain to the early 1980s.

The area of the Northeast Pacific (i.e.,
Alaska Gyre) over which the biomass was
assumed to be distributed was 4,205,000
km’, and 30,000 km” for the shelf and shelf
edge of southern B.C. (from the Southern tip
of Vancouver Island up to the Southern tip
of the Queen Charlotte Islands, and from
depths of 30 to 300 m; see Pauly, this vol.).
Table 4 presents catch numbers used in the
calculation and estimated biomasses of

sockeye, pink and chum salmon.

As stated above, chinook and coho do not
have an oceanic phase, i.e., they are only
coastal residents. Catches for this species are
for DFO statistical areas 11-27 (Table 4).

Diet composition varies with location,
season and length of the fish, and Table 6
gives a first example. The “other” category
in that table includes identified preys for
pink, sockeye, coho and steelhead, and
unidentified preys for chum. As chum, with
their large stomachs, are known to be
specialized to feed on coelenterates (Arai
1988), it may be assumed that the large
fraction of their unidentified food consisted
of jellyfish.

Table 5 British Columbia chinook and coho catches fliom statistical areas 11 - 27 from 1980
to 1989 (U = harvest rate; Z = total mortality; year ; source: DFO, B.C. Catch Statistics

Reports).
Coho Chinook
U=04 U=04
72=232 Z=042
Catch = 1,666,667 Catch = 100,000
Weight Numbers Biomass Numbers Weight Biomass
(ke) at age(10°) ® atage(10%) | (kg) ®
20 250. 5000 4.17 3 12,500
10 380 3805 424 1 42398
2 579 1158 - : -- --
0.1 881 88 -—-- -- -
Density (tkm-2) = 1.830 Density (tkm-2) = 0.335
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Table 6 Diet composition (% weight) of
pink, sockeye, chum, coho and steelhead
in the Subarctic Northern Pacific (from
LeBrasseur, 1966).

Pred.\Preys | Amphipods |Squid | Fish | Other
Pink 15 75 | 10 -
Sockeye 20 75 2 3
Chum 1 2 - 97
Coho - 100 - -
Steelhead 2 95 1 2

Table 7 presents another example.

Healey (1978) also reported on the food and
feeding habits of coho salmon in the Strait
of Georgia, based on fish with fork lengths
of 11.6 - 28.1 cm. The stomach contents
were composed of herring, sand lance and
unidentified fish remains (32%, by volume);
amphipods (33%) and crab megalops (26%).
Stomach content as percentage of body
weight varied between 0.4% and 1.5%.

Mesopelagics

(Jenny Purcell)

Mesopelagic fishes in the Gulf of Alaska are
a multispecies group, characteristically
found between 150 - 500 m during the day
and between 150 m and the surface at night
(Gjosaeter and  Kawaguchi 1980).
Stenobrachius leucopsarus is the dominant
species in trawl catches. Other frequently
caught species include Diaphus theta,
Tarletonbeania crenularis, and T. macropus
(Gjesaeter and Kawaguchi 1980).

The density of the mesopelagic group in the
Gulf of Alaska is estimated at 4.5 tkm™
(Gjosaeter and Kawaguchi 1980). An
estimate of P/B for the group, of 0.7 year™,
is obtained from the von Bertalanffy growth
parameter K = 0.34 year” for S, leucopsarus

Table 7 Diet composition of chinook
salmon, in % volume (based on 30 g
fish caught off Vancouver Island
Healey 1991).

Prey Species %
Herring 30
Sand Lance 18
Pilchard 7
Anchovy 4
Rockfish 2
Other fish 9
Euphausiids 25
Squids 4
Other invertebrates 1

(Gjesaeter and Kawaguchi 1980) using an
M/K ratio of 2.0.

Important dietary items include copepods,
euphausiids, ostracods, amphipods, and
small decapods (Gjesaeter and Kawaguchi
1980). The food consumption of Diaphus
taaningi was estimated at 0.8% body weight
day", or 3 x body weight year™ (Baird et al
1975).

Sharks

(Jeffrey Polovina)

The principal oceanic sharks in the Gulf of
Alaska are the salmon shark (Lamna
ditropis) and the blue shark (Prionace
glauca). Salmon sharks are year-round
residents. An estimate of natural mortality
for a close relative of the salmon shark, the
porbeagle (Lamna nasus) is 0.18 year”
(Aasen 1963). Blue sharks are summer
visitors which migrate north from transition
zone waters (Brodeur 1988). Natural
mortality range for blue sharks is 0.18-0.24
year'] (Nakano and Watanabe 1992), which
suggests an estimate of P/B of about 0.2
year " for both species.
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Salmon sharks appear to feed primarily on
coho, sockeye, pink, and chum salmon but
may also consume mesopelagics and other
pelagic fishes (Brodeur 1988; Compagno
1984). Blue sharks feed on squid,
mesopelagics, saury, and pomfret (Brodeur
1988; Compagno 1984). While food
consumption is not known for the salmon or
blue sharks, for the mako shark it has been
estimated at 3% body weight per day or
about 10 times body weight year'l (Stillwell
and Kohler 1982).

The densities of salmon shark and blue
sharks in the Gulf of Alaska are not known.
As a lower bound, the density of sharks,
principally blue and salmon, caught as by-
catch in the squid driftnet fishery in 1990, is
estimated at 0.05tkm™ (Bonfil 1994). Blue
sharks are absent from the Gulf of Alaska in
winter. Hence, based on ratios of salmon
shark to blue shark in the bycatch, the winter
shark biomass is probably only one fourth of
the summer value (Bonfil, 1994).

Miscellaneous fishes
(P. Livingston)

Pomfret (Brama japonica)

The pomfret is an epipelagic fish species
occurring in the subarctic zone of the North
Pacific in summer, but apparently not in
winter (Brodeur 1988). Relative abundance
in the Alaskan Gyre region during the 1980-
89 period was lower than in the 1955-58
period (Brodeur and Ware 1995). Northward
movement occurs during summer and
pomfret reach the northern part of the Gulf
of Alaska by September and retreat to the
south to spawn during winter i.e., they
appear to follow the northward movement of

the 10° C isotherm (Trumble 1973). Small
pomfret (<30cm FL), are not found north of
44° N in July (Pearcy et al.1993). Pomfret
are usually the most abundant non-salmonid
fish in the subarctic region of the North
Pacific.

The diet of pomfret, as summarized by
Brodeur (1988), consists mainly of
cephalopods and fish which, in the majority
of studies, comprised over 50% of the diet
by weight. Other preys, contributing from 11
to 49% of the diet by weight, were
euphausiids, amphipods, and decapods.
Pearcy et al. (1993) found that squids made
up over 75% of the prey volume. Usually,
small Gonatus spp. (DML <60mm) were
found in pomfret taken in the northern Gulf
of Alaska. Myctophids were the most
frequently occurring fish in the diet of
pomfret in the Gulf of Alaska north of 45°
N, but saury were also found. Here, diet
percentages by weight were estimated using
information in Pearcy et al. (1993), leading
to the following: 75% small squid; 3%
amphipods; 8% mesopelagics; 4% saury;
5% carnivorous zooplankton; 5% large
herbivorous zooplankton.

Population-weighted food consumption
(Q/B) was estimated as 4.28 year'1 using
equation (3) of Pauly et al. (1993b), an
asymptotic length (L.; TL) of 61 cm based
on Eschmeyer et al (1983), and data in
Shimazaki (1989), from which an
asymptotic weight (W,) of 3859 g at a
temperature of 12° C was obtained.

P/B was estimated to be 0.47 year'1 by
entering a longevity of 9 years (Savinyck
and Viasova 1994) into the empirical
equation of Hoenig (1983), which links
longevity and Z, here assumed equal to P/B
(see Allen 1971).
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Jack mackerel (Trachurus symmetricus)

Jack mackerel distribution is bounded by the
11° C isotherm (Brodeur 1988), and thus
ranges further north in summer than in
winter. Catch data by Brodeur and Ware
(1995) shows that jack mackerel were not
exploited during the 1980-89 period in the
Alaska Gyre.

The diet of jack mackerel, summarized by
Brodeur (1988), consists primarily of
euphausiids, which make up over 50% of
stomach content by weight, the rest being
contributed by copepods, decapods,
pteropods, cephalopods, and fish.

Key parameters are P/B = 0.5 year", and
QB =70 year'l (Jarre-Teichmann and
Christensen, in press).

Saury (Cololabis saira)

Saury is the dominant small pelagic fish in
the subarctic zone in summer (Brodeur
1988). This species is not well-sampled by
the gill nets used on the high-seas, and its
abundance is not known (Brodeur and Ware,
1995). Saury exhibit a preference for water
temperatures in the 15-18° C range
(Kasahara 1961), and is not present in the
Alaskan gyre during winter.

The diet of saury consists primarily of
copepods, which comprise over 50% of the
stomach contents by weight. Euphausiids,
amphipods, decapods, and fish contribute
the rest (Brodeur 1988). Also, we have
(from Hughes 1974): L, = 35 ¢cm (TL), K=
0.34 year', and M = P/B =1.6 year .

A Q/B value of 7.9 year' was obtained
using the empirical model of Palomares and
Pauly (1989), with W, = 193 g (Hughes

1974), a mean habitat temperature of 15°C,
and a caudal fin aspect ratio of 2.

Daggertooth (Anotopterus pharao)

Welch et al. (1991) present evidence
showing that Anotopterus pharao, a
specialized member of the order
Myctophiformes (Fam. Anotopteridae)
reaching some 85 cm (TL), attacks adult
Pacific salmon (Oncorhynchus spp), and
may be able to ingest juveniles.

They further report that, “as up to 12% of
adult sockeye salmon returning to British
Columbia bear slash marks, the potential
significance of 4. pharao as a cause of
mortality for juvenile salmon needs to be
evaluated”.

Unfortunately, no data appear to exist on the
abundance of A. pharao in the North Pacific,
or on its diet, and it is thus difficult to follow
up on this suggestion here.

Marine Mammals

(Andrew Trites and Kathy Heise)

Thirteen species of marine mammals feed in
the Gulf of Alaska gyre during summer and
winter. These were grouped into five
categories: pinnipeds, toothed whales,
baleen whales, beaked whales and killer
whales (resident and transient). Estimates of
mean body weight (wet, i.e., live weight) for
males and females of each species were
obtained from Trites and Pauly (in prep.).
Population estimates were obtained from
published sources or educated guesses based
on the best available information, such as
Northridge's (1991) global population
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estimates. Unless  otherwise  stated,
individual ration (R, in % of body weight
day'l) was estimated for each species and
sex using:

R=0.1-W,; 8

where W, is the mean body weight in kg of
species (i) and sex (s), 0.8 is from Eq. 23 in
Innes et al. (1987), and 0.1 is a downward
adjusted value (from 0.123 in Innes et al.),
which account for the difference between
ingestion for growth and ingestion for
maintenance.

Estimates of daily ration ranged from 1.7%
of body weight in a 6,100 kg minke whale
(107 kg day'l), to 5% of body weight per
day in a 32 kg harbour porpoise (1.6 kg
day'l), and are compatible with present
knowledge of the biology of large and small
marine mammals (Bonner 1989). Dietary
composition was determined from stomach
and fecal remains reported in published
sources for each species (e.g., Perez 1990).
Dietary composition for pinnipeds, toothed
whales, baleen whales and beaked whales
was set equal to the mean diet of the species
within the grouping, weighted by the
relative population abundance and daily
ration estimates for each species.

Detailed summer and winter population and
prey composition data for all 13 marine
mammal species are summarized in
Appendix 1, Tables A - C. Additional
information concerning the assumptions and
estimates used for each species of marine
mammal in the Alaskan gyre is given below.

Pinnipeds

Northern fur seals and northern elephant
seals are found in the Alaska gyre in both
summer and winter. A third species, the

Steller sea lion, feeds in the gyre during
winter. The maximum rate of population
growth for northern fur seals and other
pinnipeds is believed to be about 12%
(Small and DeMaster 1995). The P/B ratio
was therefore set at 6%, half of the
maximum.

Northern fur seals (Callorhinus ursinus)
from the Pribilof Islands numbered
1,019,192 in 1994 (Small and DeMaster
1995). Their annual migration extends from
the Bering Sea to the coastal waters of
California. Much of the population migrates
through the Western Gulf of Alaska from
April to July (Bigg 1990). Between 10% and
25% of the population feed in the Alaska
Gyre on their return to the breeding islands
in the Bering Sea (10% in April, 25% May,
23% June, and 20% July, as calculated from
the number of fur seals sighted in all areas of
the north Pacific during pelagic surveys
shown in Figure 8 of Bigg (1990). This
represents 13% of the total population over
the 6 summer months or 130,000 fur seals
per month. 5,000 fur seals were assumed to
be present from October to March, given
that few, if any, appear to be in the gyre
during winter (Bigg 1990). The ratio of
males to females was assumed to be 1:4 in
both seasons. Mean body weight of males
(30.2 kg) and females (25.3 kg) were taken
from Trites and Pauly (in prep.).

Dietary information was based on stomach
contents from fur seals shot at sea from 1956
to 1972 (Perez and Bigg 1981, 1986). The
Gulf of Alaska gyre corresponds to Area 16
of the fur seal pelagic survey (Table 19 of
Perez and Bigg 1981) where, in the summer,
the animals eat predominately squid (78%),
salmon (11%), rockfish (8%), and pollock
(3%). While no animals have been collected
in the gyre during the winter, it is reasonable
to assume that a few must feed here.
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Without dietary information it was assumed
that the animals had consumed a generic
diet, taken from Pauly et al. (1995).

Northern  elephant  seals  (Mirounga
angustirostris) make biannual migrations
from the breeding beaches in California to
deep waters of the Gulf of Alaska (DeLong
et al 1992; LeBoeuf 1994; Stewart and
DeLong 1994, 1995). Males go further north
than females and may feed in the Alaska
Gyre for 30-50 days of each trip, before
returning south. It was assumed that 40% of
the male population spent up to one month
in the gyre in the summer and another month
feeding in the area in winter. Given the
current population estimate of 127,000
elephant seals (Stewart et al. 1994) and an
assumed sex ratio of 50%, approximately
4,000 males should be present in each of the
6 months of summer and winter.

In the absence of dietary information for
elephant seals feeding in the Gulf, it was
assumed that they ate 40% small squid, 20%
dogfish, 10% rockfish, 10% sablefish, 10%
hake and 10% miscellaneous demersal fish,
based on dietary composition estimates from
elephant seals sampled in California
(Antonellis et al. 1984). Mean body weight
was taken from Trites and Pauly (in prep.).

Steller sea lions (Fumetopias jubatus) breed
on offshore rocks and islands from
California to northern Japan. They generally
feed within 20 km of shore during summer,
but venture several hundred km during
winter (Merrick 1995). The western Gulf of
Alaska population numbered approximately
15,000 in 1994 (Trites and Larkin 1996) and
has declined by over 65% since 1980.
Winter diet is not precisely known, but was
assumed to consist of 15% squid, 20% small
pelagic fishes (capelin, mackerel, herring),
and 65% large pelagic fishes (mostly

pollock), based on dietary information
compiled by Merrick (1994). Mean body
weight was taken from Trites and Pauly (in

prep.).

Baleen Whales

Three species of baleen whales are found in
the Alaska gyre during summer months:
blue, fin and sei whales. Minke and
humpback whales are primarily coastal
species (Leatherwood et al. 1982; Jefferson
et al. 1993) and were not considered to occur
in significant numbers in the gyre. All of the
baleen whales show seasonal movements
into southern latitudes in winter months
(Leatherwood et al. 1982), and are not
present in the gyre in winter.

The maximum rate of population increase
assumed for baleen whales is 4% (Reilly and
Barlow 1986) and production was estimated
to be 2% (half of r,,). Much of the
information on distributions and diet was
obtained through historical whaling accounts
from the coast of Japan, the Gulf of Alaska
and the coast of British Columbia (see, e.g.,
Scammon 1874; Townsend 1935; Nemoto
1959; Nichol and Heise 1992).

Blue whales (Balaenoptera musculus)
wintering off the coast of California and
Mexico number 1,700 (Small and DeMaster
1995), but no estimates are available for
populations summering further north. The
Gulf of Alaska is the northern limit of the
range of blue whales (Jefferson et al. 1993).
An evenly distributed summer population
size of 1,700 animals (range 1,000-3,000)
was assumed.

Blue whales consume 40 g of food per kg of
body weight per day during the summer
feeding season and increase their body mass
by 50% (Lockyer 1981b). Dietary
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inforrmation obtained from historical whaling
accounts from Japan and British Columbia
show blue whales to feed primarily on
euphausiids (95%) and occasionally on
copepods (5%) (Nemoto 1959; Nichol and
Heise 1992).

Fin whales (Balaenoptera physalus), like blue
whales, extend their feeding range into the
Gulf of Alaska during the summer months.
Fin whales increase their weight by an
estimated 30% over the summer months, with
a daily ration of about 40g per kg body
weight (Lockyer 1981b). Dietary information
obtained from historical whaling accounts
indicates that fin whales feed on euphausiids
(75%), copepods (20%), and fish (5%)
(Nemoto 1959, Nemoto and Kawamura 1977,
Nichol and Heise 1992).

Fin whales, once the most abundant baleen
whale in the world's oceans (Evans 1987),
were commonly taken by whalers, but are
presently listed as endangered (Small and
DeMaster  1995). Current  population
estimates range from 17,000 to 20,000 in the
North Pacific (Evans 1987; Gambell 1985a).

Sei whales (Balaenoptera borealis) are
primarily an offshore species with an
estimated population of 14,000 animals in the
North Pacific (Gambell 1985b). Like other
baleen whales, they move into cooler waters
in summer to feed and move into lower
latitudes in winter to breed. It was assumed
that they feed at approximately the same
summer feeding rate as do the other baleen
whales (4% of body weight-day'l, Lockyer
1981b). Based on historical whaling data, sei
whales feed primarily on copepods (80%),
followed by small squid (5%) euphausiids
(10%) and small pelagic fish (5%) (Nemoto
1959; Nichol and Heise 1992).

Toothed Whales

Dall's porpoises, killer whales and sperm
whales are found in the Alaskan gyre in
summer. The maximum rate of population
increase for all toothed whales is believed to
be 4% (Reilly and Barlow 1986) and annual
production was estimated to be 2% of
biomass (half of 1,,,,).

Sperm whales (Physeter macrocephalus) are
found in the gyre in summer only, and all
individuals are mature males. Much of the
information available on the distribution and
diet of sperm whales was obtained through
historical whaling accounts from the coast of
Japan, the Gulf of Alaska and the coast of
British Columbia (e.g. Townsend 1935,
Nichol and Heise 1992). According to
Townsend (1935), sperm whales north of
49° N were “stragglers” from the breeding
groups of sperm whales found further south.
It was assumed that 2,000 sperm whales
were present in the Pacific north of 45° N in
summer. The average weight of mature
sperm whales in the Antarctic was 27.4 t,
and they consumed approximately 3% of
their biomass per day (Lockyer 1981a).
These parameters were assumed to apply to
the mature males found in the gyre in
summer.

Diet information from the Gulf of Alaska
was not available, and thus, historical
records of the stomach contents of 501
whales harvested off the west coast of
Vancouver Island (Nichol and Heise 1992)
were used here. They indicate that sperm
whales feed primarily on large squid (80%),
but also consume small squid (5%). Fish
were also consumed, notably the ragfish
Icosteus aenigmaticus (15%).
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Resident killer whales (Orcinus orca) in
British Columbia and in Prince William
Sound, Alaska eat fish (Bigg et al. 1990;
Heise et al. 1992; Ford et al. 1994).
Approximately 238 resident whales live in
the Gulf of Alaska and the Bering Sea. Diet
information from stomach contents is not
available for this area, but there are many
reports of killer whales raiding commercial
longline gear in the Gulf of Alaska and in
the Bering Sea. Based on this, and on studies
of killer whales from other areas, resident
killer whales in the Gulf of Alaska gyre are
assumed to eat primarily salmon (80%), as
well as large (10%) and small pelagics
(10%). The winter diet is assumed to contain
less salmon (60%), and an increased number
of large and small pelagics (20% each).
Adjusting for the age structure of the killer
whale population and the caloric value of
prey, Barrett-Lennard et al. (1995) estimated
that male and female killer whales consume
84.6 kg and 84.1 kg respectively of food per
day, which is slightly higher than would be
predicted from the empirical equation of
Innes et al. (1987).

Olesiuk et al. (1990a) estimated a production
0of 2.92 % year'l for resident killer whales in
British Columbia, while Small and
DeMaster (1995) used 1, = 4%, a value
that is considered conservative for most
cetaceans (Reilly and Barlow 1986). Thus,
we assume a P/B ratio of 2% for resident
killer whales. Barrett-Lennard et al. (1995),
based on data in Bigg et al. (1990),
estimated the sex ratio of female to males to
be 0.64:0.36. Mean body weight estimates
are 2,587 kg for males and 1,973 kg for
females (Trites and Pauly, in prep.).

Approximately half of the 88 transient
(mammal-eating) killer whales that utilize
the waters of western Alaska and the Bering
Sea (Barrett-Lennard et al. 1995) are

assumed to occur in the Gulf of Alaska.
While no diet information is available from
stomach contents of whales in this area, it is
reasonable to assume that it is similar to
transients from other areas. Based on
Barrett-Lennard et al. (1995), summer diet
was assumed to comprise 50% toothed
whales (predominantly Dall's porpoises),
40% baleen whales and 10% pinnipeds. In
winter, it was assumed that transients spent
more time foraging in nearshore areas,
yielding an estimated population of only 22
animals, and a diet composition of 60%
toothed whales and 40% pinnipeds. The sex
ratio for resident and transient killer whales
was assumed to be the same (0.64:0.36
female : male). Marine mammal prey has
higher caloric value than that of fish (Perez
1990), and Barrett-Lennard et al. (1995)
estimate that male and female transients
consume 73 kg of prey per day.

Dall's porpoises (Phocoenoides dalli) are
widely distributed throughout the north
Pacific. Hobbs and Lerczak (1993, in Small
and De Master 1995), estimated an
abundance of 106,000 animals for the Gulf
of Alaska. Applying a correction factor for
vessel attraction (0.2, based on Turnock and
Quinn 1991) gives a population abundance
estimate of 21,200 (range 15,000-30,000)
for the Gulf of Alaska. This estimate was
used for both summer and winter models
because Dall's porpoises do not appear to
show strong seasonal movements (Green et
al. 1992). Mean body weight estimates for
males and females were 63.1 kg. and 61.4
kg, respectively (Trites and Pauly, in prep.).

The food consumption of Dall's porpoises
was estimated from the equation presented
above, adapted from Innes et al. (1987). The
diet of Dall's porpoises from the Gulf of
Alaska is not known, but Klinowska (1991)
lists Pacific mackerel, sardines, saury, and
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