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We have witnessed changes in the landscape around us
with the advent of technology evolved from the axe
and the plow. We should expect equally profound eco-
logical changes from modern, large-scale uses of the
hook and the net. (EPAP 1999)

ABSTRACT

Recently the congressionally established Ecosystem
Principles Advisory Panel issued a report on how best to
amend single-species management. A major recommen-
dation was that fisheries management councils develop a
fisheries ecosystem plan (FEP) for every ecosystem under
their jurisdiction. This document would be an umbrella
document containing detailed information on the struc-
ture and function of the ecosystem under consideration.
The U.S. portion of the northern California Current
ecosystem (NCCE) may be an appropriate test case to
develop some of the key elements of a draft FEP. Fishing
pressure in the NCCE has been intense for decades, and
the possibility of consequent large-scale ecosystem changes
is large. Although fisheries science in this region has con-
siderably advanced our understanding of the intricate
linkages between fisheries production and large-scale
oceanographic and atmospheric climate forcing, fish-
eries management efforts throughout the region may be
insufficient for assessing the ecological impacts associ-
ated with fishing. We use Ecopath models to assess the
state of the NCCE in the 1960s during a cool regime
with low exploitation rates and high rates of zooplank-
ton production, and also in the 1990s during a warm
regime characterized by low productivity, declining
stocks, and intense exploitation. We compile population
parameters and diet data for 34 species/species assem-
blages for both time periods to generate a food web of
basic trophic interactions. These models are in agree-
ment with the general consensus that this system has
been functioning at lower levels of productivity since
the 1977 regime shift. More work is needed to under-
stand the status of many NCCE populations, but stock
assessments and fisheries data suggest that the observed
fluctuations in many harvested populations may be rapid,
highly variable, and increasingly undesirable.

INTRODUCTION

To date, most fishery management efforts in the
United States continue to focus on regulatory mandates
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contained in management plans based on species-spe-
cific stock assessments. The Magnuson Fishery Conser-
vation and Management Act, which provides the legal
authority for marine fisheries management, mandates
that fisheries scientists and managers “prevent overfish-
ing while achieving, on a continuing basis, the optimum
yield from each fishery” (16 U.S.C. 1851). Although
there is legal authority for taking into account how fish-
ing activities affect fish habitat, this authority has gen-
erally not been used by managers, and the Magnuson
Act contains no explicit direction on how managers
should actively consider the indirect consequences of
fishing on trophic dynamics or structure.

Recognizing the promise of an “ecosystem-based”
approach to improving fisheries management, the U.S.
Congress recently requested that the National Marine
Fisheries Service (NMFS) convene a panel of experts,
the Ecosystem Principles Advisory Panel (EPAP), to ex-
amine how best to build upon single-species manage-
ment approaches. The EPAP’ primary recommendation
was that fishery management councils develop a fish-
eries ecosystem plan (FEP) for every ecosystem under
their jurisdiction (EPAP 1999). An FEP is envisioned as
an umbrella document containing detailed information
on the structure and function of the ecosystem under
consideration (e.g., a conceptual model of the food web
and other ecosystem components, total removals from
fishing, and assessments of the human elements of the
ecosystem that most significantly affect fisheries). The
FEPs would be intended to increase managers’ and stake-
holders’ awareness of how their decisions affect the
ecosystem. As such, FEPs would be the next major step
in translating today’s directed management efforts into
more holistic approaches.

Our efforts have focused on using the U.S. portion
of the northern California Current ecosystem (NCCE),
which includes the heavily fished shelf and slope ecosys-

"The extent to which the Magnuson Act explicitly mandates the consideration
of ecosystem aspects could be arguable, as there is no mention of ecosystem
considerations in the National Standards or in the FMP requirements. However,
some authority is inferred in the definitions section of the act with regard to the
word optimum with respect to yield from a fishery (Section 104-297 of 16
U.S.C. 1802), where it is suggested that optimum yield “means the amount of
fish which will provide the greatest overall benefit to the Nation, particularly
with respect to food production and recreational opportunities, and taking into
account the protection of marine ecosystems.”
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tems between Cape Mendocino, California, and the
northern tip of Vancouver Island, as a test case to de-
velop what we believe to be some of the key elements
of a draft FEP. Fisheries resources in the NCCE have
been subjected to intensive fishing pressure for a pro-
tracted period. The abundance of coastal pelagic species
such as sardine, anchovy, and herring has varied sub-
stantially over past decades, most likely in direct associ-
ation with different modes of climate forcing. Precipitous
declines in several stocks of Pacific rockfish (Sebastes spp.)
and some roundfish have occurred over the last 20 years,
and are evident in the corresponding declines of com-
mercial landings (Ralston 1998). Similarly, many salmon
fisheries of the NCCE, in particular ocean fisheries, have
been in decline since the late 1970s. These declines are
generally attributed to a combination of unfavorable
ocean conditions (Hare et al. 1999), spawning and rear-
ing habitat degradation and loss, and overfishing (NRC
1996). Juvenile salmon, a staple in the diet of many
higher-trophic-level species, have been particularly af-
fected by habitat loss and interdecadal variations in cli-
mate (Mantua et al. 1997; Hare et al. 1999); the
recruitment of rockfish, the juveniles of which are also
a staple in the diet of many larger predators in this sys-
tem, has similarly been greatly reduced in recent decades
(MacCall 2000).

The complex and fragmented design of interacting
human and institutional elements hinders the transition
to more holistic management efforts in this ecosystem.
Under an ecosystem-based approach, management ac-
tions would be designed and monitored through an adap-
tive management approach (Ludwig et al. 1993), and
management institutions should be designed so that re-
source ecology and institutional ecology overlap in a
complementary manner. All of these issues of gover-
nance are particularly true in the NCCE, where nu-
merous state, federal, and tribal institutions often seem
to have different responsibilities with regard to the man-
agement of fishery resources. Of particular concern is
the challenge of incorporating a longer time and broader
spatial and biological view into this management arena.
Thus the northern California Current may provide an
opportunity to explore efforts for surmounting the im-
pediments to sustainable and rational management of
living marine resources.

WHY ECOSYSTEM-BASED MANAGEMENT?

In many fisheries it has become increasingly obvious
that the ecological consequences of fishing are substan-
tially greater and more complex than the biomass reduc-
tions of target species. These consequences may include
but are not limited to mortality of nontarget species, al-
teration of benthic habitats and bottom topography,
changes in age and size structure of fished (both target
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Figure 1. Changes in the age structure of the northern canary rockfish pop-
ulation (based on stock assessment data). Graph shows the percentage of
population biomass in five-year groupings of age classes between 1967 and
1999, illustrating the shift in population biomass to younger, smaller individ-
uals. During this same period the total population has been fished down to
approximately 10% of its unfished population biomass.

and nontarget) populations, changes in sex ratios of tar-
geted populations, and changes in the genetic structure
of fished populations (Botsford et al. 1997; NRC 1999).

As one simple example, figure 1, based on the stock
assessment by Crone et al. (1999), shows how the age
structure of the canary rockfish population has changed
over the last three decades. This figure shows an extreme
case of the truncation of the age distribution of this long-
lived species. Recruitment of canary rockfish has been
extremely low over the last two decades, and the large
proportion of young individuals does not reflect increased
recruitment, but rather removals of a substantial fraction
of older individuals.

In addition to population impacts, structural changes
to trophic webs have been described for numerous heav-
ily fished ecosystems (Parsons 1993; Apollonio 1994;
Fogarty and Murawski 1998; Pauly, Christensen et al.
1998). Furthermore, interannual and interdecadal cli-
mate shifts affect the productivity of marine populations,
with dramatic effects on fisheries (Mantua et al. 1997;
Anderson and Piatt 1999; Hare and Mantua 2000). The
effects on marine ecosystems as a consequence of fish-
ing activities, notably as direct effects of fishing gear on
benthic habitats, are poorly understood in most systems,
but have been shown to be substantial where evaluated
(Auster et al. 1996; Engel and Kvitek 1998).

Figure 2 is a simplistic representation of how tradi-
tional approaches to fisheries management, which focus
primarily on interactions between commercially im-
portant populations and fishing activities, could be broad-
ened to include basic interactions between commercial
and noncommercial species, the effects of fishing activ-
ities on habitat, and the large-scale impacts of climate
forcing on ecosystem productivity and structure.
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Figure 2. A conceptual outline for incorporating ecosystem considerations
into fisheries management.

It is widely recognized that an ecosystem approach
to fisheries management will have different meanings for
different people. As with much environmental legisla-
tion, a mandated ecosystem-based approach will invite
controversy about its implementation, regardless of the
definitions put into the law. The discussion on what an
ecosystem-based approach might mean to managers is
broad and often tortuous, yet some mention of key views
is worthwhile. For example, Grumbine (1994) suggests
that managing for ecological integrity would mean that
commodity extraction should be relegated to an ancil-
lary goal. As the EPAP report (1999) points out, when
fishing is examined from an ecosystem context the ra-
tionale for surplus production is unclear; before the ad-
vent of fisheries all production was recycled within
ecosystems. Other stated consequences of fishing include
inducing ecological changes among competitors, preda-
tors, and prey, and such changes could imply future lev-
els of surplus production that approach zero for some
populations well into the foreseeable future. This is in
direct conflict with the assertion by some that the adop-
tion of an ecosystem-based approach should lead to
healthier and more dependable fisheries. For example,
the NRC Council on Sustainable Fisheries Report
(NRC 1999) suggests that the goals of an ecosystem-
based approach are to “rebuild and sustain populations,
species, biological communities and marine ecosystems
at high levels of productivity and biological diversity, so
as not to jeopardize a wide range of goods and services
from marine ecosystems, while providing food, revenue
and recreation for humans.”

Like so many policy and management approaches, the
purported objective in the NRC report is to maximize
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many variables at once, thereby implying that all of the
objectives are mutually compatible. This approach, like
that of traditional fisheries management, continues on
the assumption that fisheries can safely remove surplus
production without consequences to the ecosystem; as
implied by the conclusion that although adaptation of
such an approach will likely cause short-term economic
losses and impacts to communities, the ultimate out-
comes should not include decreased yield, since rebuilt
populations should increase sustainable yield (NRC 1999).

These assumptions are difficult to justify given the
current poor state of knowledge about the aforemen-
tioned ecological consequences of fishing on marine
ecosystems, revelations that many long-lived species have
considerably lower rates of production than previously
thought and may take many decades to recover, and our
inability to clearly define what might or might not con-
stitute a “healthy” marine ecosystem. Moreover, there
should be little reason to use higher potential yields as
a selling point of ecosystem management, as the solu-
tion to a stock’s inability to produce some level of sus-
tainable yield would (and under the Sustainable Fisheries
Act, legally should) ostensibly be reached through the
adoption of quota reductions and stock rebuilding plans
under a single-species approach. In the future, as poli-
cymakers and resource managers struggle to consider
what ecosystem management is, perhaps it will be worth-
while to step back and consider what it is not.

One potential outcome of implementing an ecosystem-
based approach could be reduced stability or predictability
in future fishery yields. A reduction in predictability does
not necessarily imply that most current yields are stable,
but rather that the pursuit of stability for economic and
allocation purposes may be in conflict with the notion
of adaptive management of ecological resources. Holling
and Meffe (1996) argue that the pursuit of stability is
part of the explanation for why many resource man-
agement efforts have failed, because the objectives of
many such efforts have been to reduce the natural bounds
of variation in ecological systems in order to make them
more predictable and more reliable for extractive needs.
Holling and Meffe argue that the key to natural resource
management, whether it be single-species or ecosystem
management, is to retain critical types and ranges of nat-
ural variation in ecosystems, and to facilitate existing
processes and variabilities rather than attempting to alter
or control them.

Perhaps one example of such an approach can be ob-
served in the recently approved fishery management plan
for coastal pelagic species (PEMC 1998). The plan was
based on the premise that the theoretical definition of
maximum sustainable yield (MSY) as a constant level of
catch should not be applied in fisheries for coastal pelagic
species such as sardine, anchovy, and mackerel because
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of the high sensitivity of the productivity of these stocks
to changes in environmental conditions. Instead, man-
agement is based on the application of a baseline “cut-
off” population biomass, below which directed harvests
are not allowed, and above which allowable landings are
based on a fraction of the available biomass above the
cutoff level. This approach allows for high harvest rates
during favorable environmental conditions but forces
fishing mortality to zero if the stock declines to a base-
line biomass.

Apollonio (1994) suggests that in marine ecosystems,
the ecological role of fishing is comparable to the role
of apex predators. It follows that, analogous to the way
biological feedback mechanisms underlie natural preda-
tor-prey relationships, appropriate feedback mechanisms
between vessels and target species should exist to keep
the system in balance. In order for fishing to be eco-
logically sustainable, Apollonio argues, the ecological
impacts of fishing should be similar to the natural im-
pacts of apex predators. This may imply that during un-
productive years, decades, or even longer periods, the
yield of many species, indeed of many ecosystems, may
be unsustainable from the perspective of stock, species,
or system productivity.

The Pacific Council’s Coastal Pelagic Species FMP is
one step toward the application of this principle, yet in
practice these balancing mechanisms are scarce because
of external subsidies, which have the effect of main-
taining fisheries that might be otherwise unprofitable.
Instead, fleet buildups continue far beyond what might
be sustainable as stocks are fished down to (and often
beyond) the estimated size that produces the maximum
sustainable yield. The existence of strong incentives for
vessels to switch rapidly from one fishery to another
when catches decline, and the ability for effort to shift
massively over short time periods would suggest that the
feedbacks that might exist in a more typical predator/prey
system are substantially diminished.

For the northern California Current, our initial work
has focused on preliminary attempts to address three of
the eight key minimum actions envisioned in the EPAP
report as elements of demonstration fishery ecosystem
plans. These include a characterization of biological dy-
namics of the ecosystem, development of a conceptual
model of the food web, and the estimation of total re-
movals and how those relate to standing biomass, pro-
duction, and trophic structure. A summary of our early
efforts to address these elements makes up the remain-
der of this paper.

The remaining five key elements of FEPs as envi-
sioned by the EPAP panel are certainly no less crucial.
They include descriptions of the habitat needs of dif-
ferent life-history stages for all plants and animals that
represent the “significant food web” and how they are

considered in conservation and management measures;
an assessment of how uncertainty is characterized and
what types of buffers are included in management ac-
tions; the development of indices of ecosystem health as
targets for management; descriptions of long-term mon-
itoring data and how they are used; and an assessment
of the ecological, human, and institutional elements of
the ecosystem that most significantly affect fisheries and
are outside of Council/Department of Commerce au-
thority (see Fluharty and Cyr, this volume, for greater
detail). For all of these actions, the FEP process would
provide an opportunity to refine, integrate, and further
develop the substantial efforts that have already been
made by government and academic workers.

THE NORTHERN CALIFORNIA CURRENT
ECOSYSTEM

The continental margin of North America off the
coasts of northern California, Oregon, Washington, and
southern British Columbia is a productive coastal up-
welling region that has long supported commercial har-
vest of a variety of marine resources. The entire California
Current ecosystem (CCE) is an “open” system, mean-
ing that it is a transition environment between subarc-
tic and subtropical water masses and the freshwater
systems that enter the ocean along its landward bound-
ary (Hickey 1989).

This region is also an ecotone comprising a small
number of endemic coastal species and a larger mixture
of subarctic and subtropical species, many near the pe-
riphery of their distributional range (Bottom et al. 1993).
The northern half of the CCE, the region of coastal
ocean between Cape Mendocino, California, and the
northern tip of Vancouver Island, B.C., is described as
a zoogeographic transition between Californian and
Aleutian biological provinces. We refer to this region as
the northern California Current ecosystem, and pre-
sume that this system may be an appropriate ecological
unit for regional management as the focus of this paper.

A growing body of research has shown that during
the twentieth century, both El Nifo-Southern Oscillation
(ENSQ) and Pacific Decadal Oscillation (PDQO) processes
had major impacts on the organization and dynamics of
marine ecosystems of the NE Pacific Ocean and, as a
result, on fisheries operating within those ecosystems
(e.g., Wooster and Fluharty 1985; Francis et al. 1998;
McGowan et al. 1998; Anderson and Piatt 1999). Because
the effects of climate are so pervasive in the NCCE, as
a first step to ecosystem reconstruction it is essential to
understand past patterns of climate as they may have af-
fected the NCCE. As an example of how past climate
patterns have influenced the NCCE, we will briefly ex-
amine information about the presence of Pacific sardine
in the region over the last two centuries.

77



FIELD ET AL.: TOWARD A FISHERIES ECOSYSTEM PLAN
CalCOFI Rep., Vol. 42, 2001

Anomalies

1767
1777
1787
1797
1807
1827
1837
1847
1857
1867
1877

1817

Wavelet power

00 008 020 038 083

Figure 3.
of historical records of sardine presence/absence in the Pacific Northwest.)

Figure 3 is a composite that explores possible rela-
tionships between climatic influences and the presence
and absence of sardines in the NCCE. Shaded areas in-
dicate periods of sardine presence; solid lines indicate
commercial landings in the Pacific Northwest. This in-
formation is plotted against a tree-ring reconstruction
of the PDO time series (Dell’Arciprete et al. 1998) and
a wavelet analysis of the ENSO cycle (top panel) as re-
constructed by Mann et al. (1999). The wavelet analy-
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Pacific Northwest sardine occurrences charted against reconstructed winter PDO and ENSO wavelet power spectrum. (See footnote 1 for a summary

sis provides a graphic representation of the intensity, or
magnitude, of climate variability at various frequencies
(see Torrence and Compo 1998). Darker shades in the
upper panel indicate more intense ENSO periods.
Figure 3 suggests that each range expansion of sar-
dines documented since the latter part of the eighteenth
century occurred during periods of increased North
Pacific climatic activity.? The first period of increased
activity occurred in the late 1700s, when sardines were

21t appears that three major northward expansions in the range of sardines have occurred since the late 1700s. During the first two, sardines were abundant enough to
support substantial fisheries that persisted for a number of years as far north as Puget Sound and Vancouver Island. Between 1786 and 1792 a number of accounts,
including those of trained naturalists, described the native fisheries for sardines along the Pacific Northwest coast; John Meares (1791) described how “In the Spring, the
herrings as well as the sardines frequent the coast in vast shoals. ... The sardine resembles that of Portugal, and is very delicious: they are taken here by the people in
prodigious quantities.” By the beginning of the 19th century, however, sardines were no longer being noted in the journals of explorers, naturalists, or traders, despite
more extensive exploration in the Pacific Northwest region following the Lewis and Clark expedition.

Apparently sardines did not return to the Pacific Northwest until the late 1880s. Extensive scientific investigations of fisheries resources—including those conducted
by the Wilkes expedition in 1841 (Wilkes 1984), the Pacific railroad surveys of 1853-57 (Suckley 1860), and the investigations of the U.S. Fish Commission in
1880-81 (Goode 1884)—failed to locate sardines in Pacific Northwest waters. The U.S. Fish Commission reported in 1884 that sardines ranged from Chile to Cape
Mendocino, California. By 1888-89, however, this range had expanded to encompass Puget Sound. Sardines were found in Puget Sound waters during *‘the warmer
part of the season, and are taken with herring and other species for market” (Collins 1892). Landings of fresh sardines in 1888 were reported to be 60,000 Ibs. By 1895
sardines were occurring in “large numbers” in Puget Sound (Jordan 1895), and in 1902 were described as “abundant™ (Kershaw 1902). The first official records of sar-
dines captured in Canadian waters did not appear until January 1900, when two specimens were collected in the Strait of Georgia near Nanaimo (Clemens and Wilby
1961). Concurrent with the development of the California sardine fishery in the 1920s, a lucrative fishery for sardines began in British Columbia in 1917-18 and lasted

until 1948—49, when stocks once again disappeared (Schweigert 1988).

Sardines were again observed in the waters north of Cape Mendocino in the 1980s (Emmett and Brodeur 2000) and returned to the Pacific Northwest and British
Columbia in 1992 (Hargreaves et al. 1994), though not in sufficient quantities to warrant a resumption of large-scale commercial fisheries. The return may also have been
short-lived. In 1998 and 1999 there was a series of massive die-offs of sardines along northern sections of Vancouver Island. These mass deaths coincided with the
1998-99 La Nifa that caused sharp declines in coastal ocean temperatures (Drouin 1999).
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Figure 4. A summary of major removals by fisheries from the northern California Current ecosystem over the last two centuries.

apparently already in an expansion mode, the PDO was
nearing a substantial peak, and ENSO activity may have
been more intense and frequent than normal. It is un-
clear exactly when the sardines disappeared from Pacific
Northwest waters during this period, but historical
records suggest that they were no longer present by the
early 1800s. Similarly, the expansion of the sardine pop-
ulation starting around 1880 coincided with increased
power in both the ENSO signal and the magnitude of
the PDO. Finally, the return of sardines to the British
Columbia coast in the 1990s coincided with a general
expansion of the coastal population, starting with the
major climate shift of the late 1970s and the record El
Nifio activity of the 1980s and 1990s.

Sardines may epitomize the nature of change in key
species in this system; their presence implies a difterent
ecosystem state than during periods of their absence.
This subsequently implies that key flows of energy and
biomass in the system changed substantially prior to
human intervention. Smith (1978) inferred changes of
even greater magnitude in the abundance of Pacific hake
in the California Current based on the scale record of
Soutar and Isaacs (1974), which suggested that the abun-
dance of hake (although these scales probably represent
juvenile hake) at the turn of the twentieth century may
have been as much as an order of magnitude greater than

current Jevels. These observations illustrate that pro-
nounced changes of boom and bust in the natural cy-
cles of migratory coastal pelagic species such as sardines
and hake imply massive changes in primary and sec-
ondary production within the NCCE. This in turn sug-
gests that the ecosystem was structured very differently
1n previous centuries than it is now.

FISHERIES DEVELOPMENT IN THE NCCE

Fishing pressure in the NCCE has been intense for
decades and has effected consequent large-scale changes
in the relative abundance of many key populations.
Knowledge of NCCE structure and dynamics comes
primarily from stock assessments, fisheries and food habits
data, and oceanographic records. These sources mostly
cover recent decades, and indicate high levels of physi-
cal and biological variability on broad spatial and tem-
poral scales.

Catch statistics provide perhaps the most complete
record of population trends, and indicate that rapid and
possibly undesirable changes are occurring in NCCE
structure. Figure 4 presents a partial accounting of catch
data and major biological removals over the last two cen-
turies, illustrating both the magnitude of removals and
the sequential nature of the development of the major
fisheries in the region. This figure shows that although
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industrial-scale fishing pressure in the NCCE has been
intense for only decades, various ecosystem components
have been substantially exploited for at least two centuries.?

The first species to be the subject of major commer-
cial exploitation were marine mammals. Fisheries for sea
otters, fur seals, sea lions, and elephant seals grew to sup-
port enormous commercial harvests in the early and mid-
1800s. Although few of these populations actively breed
in the NCCE, all spend at least some of their time in
Pacific Northwest coastal waters, and many are signifi-
cant seasonal predators in the region. Estimates of ac-
tual take of most of these animals are difficult to derive:
some estimates of otter and fur seal removals exist in fur
trade records, but the number of elephant seals and sea
lions taken for oil and meat can be only coarsely assessed.

Scammon (1874) suggested that hundreds of thou-
sands of elephant seals must have been taken in the early
part of the nineteenth century, and the species was com-
mercially extinct by the 1870s. Specimen and museum
collectors continued to take elephant seals even as the
population was on the verge of extinction (Stewart et
al. 1994).

Sea lions were originally taken for meat to supply the
carly hunters of sea otter along the California and Pacific
Northwest coastline, and continued to be killed both as
potential competitors for commercial fish as well as for
their trimmings (the testes and penises of breeding bulls)
following commercial depletion in the early twentieth
century (Bonnot 1928).

Fishermen and bounty hunters along the U.S. and
Canadian coastlines targeted harbor seals until the 1960s
(Bonnot 1928; Newby"). Gray, humpback, sperm, and
other whales were targeted for well over a century
throughout the northeast Pacific. Such removals kept
most pinniped and cetacean populations at low to mod-
erate levels until the middle of the twentieth century,
and only in the last several decades have populations of
many marine mammals increased to substantial numbers.

Although many species of fish and shellfish through-
out the NCCE have been harvested by native peoples

3Data are incomplete, and from a variety of sources; salmon landings since 1911
were compiled by Hare et al. (1999), prior to 1911 are inferred from canned
salmon production described by Cobb (1930). Pelagic planktivores (sardine,
anchovy, herring, smelt, and shad) data were taken primarily from PEMC 1998,
except for herring data taken from Waddell and Ware 1995 and very early
landings from Sette and Fiedler 1928. Early groundfish and crustacean fishery
data were also taken from Sette and Fiedler 1928, with later data from U.S.
Bureau of Fisheries Statistical Digests. Groundfish and hake data between 1954
and 1980 were taken from Lynde 1986 and more recently from the Pacific
Fishery Management Council (PFMC 1999) and Waddell and Ware 1995.
Currently missing are Canadian data for groundfish landings prior to 1920 and
all Canadian crustacean fisheries; errors are possible from other data sources,
and not all estimates include unreported landings or estimates of discards, and
thus should be considered minimum estimates of total mortality.

*Newby, T. C. Changes in the Washington state harbor seal population,
1942-1972. Unpubl. Rep.
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for millennia, some at rates that may have approached
later commercial levels (Yoshiyama et al. 1998), large-
scale commercial harvests of fish in the region generally
did not begin until many marine mammal populations
had been substantially depleted. The salmon fisheries
were among the first to develop: the first salmon cannery
was opened in 1864 along the Sacramento River, but
was soon moved to the much more productive Columbia
River. By 1885, salmon catches in the Columbia alone
topped 40 million pounds, and salmon fisheries had ex-
panded to nearly every major watershed in the Pacific
Northwest (Cobb 1930). Salmon fisheries continued to
dominate the region, even as the soon-to-be legendary
California sardine fishery was initiated in the early twen-
tieth century.

Total coastwide sardine landings would reach over
700,000 metric tons (t) per year. Although the vast ma-
jority of sardine landings were made in the southern part
of their range, up to 80,000 t a year were caught in the
summer fisheries of the northern California Current be-
tween the 1920s and 1940s. When this fishery began to
collapse in the 1940s, it did so from north to south, and
it has long been suspected that changes in marine con-
ditions played a role in this population decline (Ueber
and MacCall 1992). In British Columbia, substantial her-
ring fisheries had developed during the period of the
sardine fishery, and grew rapidly following the sardines’
departure from northern waters (Waddell and Ware 1995)
while anchovy and mackerel populations underwent sub-
stantial (and perhaps sequential) fluctuations in the south-
ern part of the sardines’ former range (MacCall 1996).
As the sardine population has increased over the last two
decades, the fishery has also undergone a resurgence,
with sardines once more being fished in commercial
quantities between Baja California and British Columbia.

Pacific halibut was the first of the groundfish species
to be targeted by commercial fisheries, although flatfish,
lingcod, rockfish, and sablefish were all supporting sub-
stantial fisheries throughout the NCCE by 1900. Total
landings of all groundfish grew gradually throughout the
twentieth century, approaching 20,000 t per year in the
early 1960s. During the mid-1960s the Soviet Union
(and several other nations) began fishing for hake and
rockfish in the coastal waters of Oregon, Washington,
and British Columbia, and coastwide landings quickly
reached several hundred thousand metric tons per year
(primarily hake). As a result of the declarations of 200-
mile fishing zones by both the United States and Canada
in the late 1970s, these foreign fisheries were phased out
as domestic fleets developed, and overall landings con-
tinued to grow as the fleets greatly exceeded the capac-
ity needed to harvest the resource (PFMC 1993).
Following the rapid development of domestic fisheries,
it was found that many of these stocks were consider-
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ably less productive than originally thought. Subsequently,
allowable landings of many groundfish species have been
greatly curtailed in recent years, and recovery plans for
depleted stocks are likely to limit effort for less-depleted
stocks in the near future.

Crustacean fisheries also developed early in the Pacific
Northwest, particularly fisheries for Dungeness crab and
pandalid shrimp. For at least a century, landings of these
populations appear to have fluctuated widely over rela-
tively short periods of time. Evidence indicates that these
fluctuations represent actual population swings, and re-
cent research suggests that Dungeness crab dynamics re-
spond to both internal population feedback, and
large-scale environmental forcing (Higgins et al. 1997).
It follows that such extreme population variability may
be a response to a combination of anthropogenic influ-
ences (e.g., fishing, habitat degradation) and fluctuating
oceanographic conditions.

Additionally, Hannah and Jones (1991) document an
apparent change in the age structure of pink shrimp
(Pandalus jordanii), which they believe is at least partially
attributable to fishing. The pink shrimp is a sequential
hermaphrodite in which age-1 shrimp are typically male
and turn female as they reach age 2 (few, if any, of this
species live beyond age 3). Hannah and Jones’s work
documented a shift in the age structure of landed shrimp
to a substantially greater percentage of age-1 shrimp and
fewer age-2 and -3 shrimp. These changes were ac-
companied by an increased percentage of shrimp ma-
turing directly into females at age 1.

To summarize, it is clear that major shifts in the bio-
mass, productivity, and life-history characteristics of key
trophic components have occurred in response to both
human activities and environmental variability. Figures
3 and 4 are intended to scale the importance of consid-
ering the long-term effects of both climate and human
disturbance, in order to develop a sense of history for
what little we might know about the nature of past pop-
ulation changes in this ecosystem. These population shifts
include volatile increases and decreases (crustacean pop-
ulations); predictable large-scale spatial migrations (pelag-
ics such as hake and sardine as well as many seabird and
marine mammial populations); periodic species range ex-
pansions and contractions (sardine); changes in age struc-
ture of harvested populations (groundfish and shrimp);
and recent steady biomass declines (many groundfish and
salmonids).

These dynamic species assemblages and interactions
define the trophic structure of the northern California
Current, a structure that has changed substantially over
time and space. Furthermore, the large-scale physical
and biological properties of the NCCE (e.g., temper-
ature and flow patterns, primary and secondary pro-
duction) also vary greatly over time and space with

atmospheric forcing. Meine (1999) suggests that the “de-
velopment of an historic sensibility ought to be consid-
ered tfundamental to conservation biology”; we would
argue that such a sensibility should be an integral part
of fisheries biology and management as well, and is rel-
evant in the context of both climatic and anthropogenic
forcing mechanisms.

Although much more could be known about the
trophic structure of the NCCE, it is clear that many
species assemblages (and their ensuing interactions) are
complicated and highly dynamic (Brodeur and Pearcy
1992). Thus, it may be that static fisheries models are
not adequate for governing dynamic trophic systems, yet
tangible objectives for ecosystem-level management ini-
tiatives remain ill-defined. If ecosystem-based approaches
to fishery management are to be mandated by law or
otherwise implemented, a major question will be how, if
at all, managers might be able to ultimately incorporate
insights and results of climate, trophic, dynamic, or other
ecosystem models into management or policy objectives.

ECOLOGICAL MODELING OF THE NCCE

One opportunity for evaluating both the nature and
the scale of such trophic interactions is to use ecologi-
cal modeling. As a starting point, our efforts have fo-
cused on quantitatively defining NCCE trophic structure,
using available information to explore the productivity
of key populations in this region and evaluate how his-
torical removals relate to standing biomass, production,
and trophic structure. So far, we have centered on the
initiation of an Ecopath modeling project designed to
amass critical data on abundance, food habits, and other
trophic factors. Future objectives include using dynamic
simulations to incorporate modes of environmental forc-
ing into dynamic simulations.

The intent of the discussion here is to explore the
potential applications of one type of ecological model
as a tool for describing the interacting effects of climate
and trophic assemblages and deriving insights which.
could ultimately be useful for managers. With regard to
the utility and application of multispecies or ecosystem
models in particular, Hollowed et al. (2000) provide a
comprehensive review of the most commonly used meth-
ods and their potential utility for measuring fishing im-
pacts on marine ecosystems.

Ecopath was originally designed by Polovina (1984)
and evolved into a software application, including a dy-
namic version called Ecosim, by workers at the University
of British Columbia (Christensen and Pauly 1992; Walters
et al. 1997). Essentially, Ecopath is a steady-state model
that emphasizes natural rates of growth and consump-
tion of marine populations. Given adequate data from
fish bioenergetics models or diet composition studies, it
provides a framework for summarizing information over
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Figure 5. A model of the basic trophic components of the northern California Current food web. Despite massive aggregations of species and
species assemblages, the picture illustrates the complexity of trophic interactions and the multitude of pathways for energy in this ecosystem.

trophic levels, emphasizing natural rates of growth and
consumption of marine populations. This allows small-
scale studies or models to be viewed in a common cur-
rency, in the context of the ecosystem as a whole. While
the equilibrium assumptions of the Ecopath model do
not allow for the determination of “true” biomasses or
rates in a changing system, the modeler may use the soft-
ware’s bookkeeping to examine the basic trophic
processes; for example, to learn whether a predator or
fishery may be consuming more forage than is hypoth-
esized to be available, and thus if its existence is putting
pressure on other ecosystem components. The assump-
tion is that over an appropriate period of time (say a
decade or a regime) a mass-balance model can be gen-
erated to represent the basic trophic interactions between
NajJOr ecosystem COMpPOnents.
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Although the stochastic nature of most (if not all)
populations and population parameters would suggest
that a range of values would better explain seasonal and
interannual changes, the static approach is useful from
the standpoint of generating a “snapshot” of some mean
state(s) of the ecosystem under different time periods or
circumstances. The quick examination of many com-
ponents of the system essentially extends the concept of
maximum sustainable yield to multiple interacting species,
suggesting a management framework for examining the
consequences of altering species abundance and species
assemblages.

It must be stated at the outset that these models rely
heavily on “back-of-the-envelope”™ calculations—stable,
oversimplified trophic webs—and thus cannot reliably
model sudden ecosystem shifts to new states. Yet this



FIELD ET AL.: TOWARD A FISHERIES ECOSYSTEM PLAN
CalCOFI Rep., Vol. 42, 2001

generality and overstability may be their greatest rec-
ommendation. These models’ potential may lie in de-
veloping metrics (e.g., the amount of primary production
removed by fishing) relating measurable ecosystem quan-
tities to levels of risk incurred by exploitation. At this
time and despite great effort, measurable and meaning-
ful metrics of ecosystem health, stability, and resilience
have been elusive (Murawski 2000). Thus as a tool for
developing management rules of thumb for avoiding
ecological catastrophes, the comparison of simple, sta-
ble, pre- and postmanipulation equilibria or functional
models with historic records of change in exploited
ecosystems warrants further evaluation.

We have used preliminary Ecopath models to com-
pare the state of the NCCE between the 1960s—a cool
regime characterized by low exploitation rates and high
rates of zooplankton production—and the 1990s—a
warm regime characterized by low productivity, declin-
ing stocks, and intensively regulated fisheries following
several decades of intensive exploitation. Population pa-
rameters and diet data for some 34 species or species
assemblages were compiled or estimated for both time
periods to generate a food web of basic trophic interac-
tions (fig. 5).

The data used to estimate the parameters of this model
come from a wide range of sources, including stock as-
sessments, published literature, grey literature, and in
many instances general review papers of basic popula-
tion parameters. Model documentation and descriptions
of data and data sources are available in Field and Francis.”
The challenges in compiling adequate data to parame-
terize the model inevitably suggest suspect results; be-
cause of the paucity of information regarding the dominant
planktonic and nektonic populations in this region, some
gross estimation and generalization is unavoidable. Never-
theless, we believe such models are extremely useful both
for visualizing the nature of the system being managed
and beginning to understand how major changes in
species abundance or productivity might reverberate up
or down through the food web.

Figures 6 and 7 show greatly simplified versions of
trophic flow diagrams and energy pathways through the
NCCE as modeled in the early 1960s and 1990s, and
generated by aggregating the parameters for the 34 species
and species assemblages shown in figure 5. The size of the
boxes (if they were to be viewed in three dimensions)
would be proportional to the log of estimates of aver-
age annual biomass (B) in the different assemblages. The
average estimated production in the assemblages is given
as P and consumption is given as Q. For lower trophic
levels (in which annual production is the key parame-

®Field, J. C., and R. C. Francis. MS. in prep. Static and dynamic models of the
northern California Current ecosystem. Fisheries Research Institute Reports.
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ter) these estimates are based on a top-down estimate of
consumption requirements of upper-trophic-level preda-
tors, calibrated to the extent possible by existing assess-
ments of planktonic and nektonic standing stocks and
productivity for the two time periods in question.
Although the parameters and estimates need further re-
finement, we believe that these figures represent a rea-
sonable assessment of the key energy flows and trophic
pathways through the system. At a minimum, these com-
parisons provide some measure of how the massive changes
in the biomass of commercially important species have
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reduced the consumption requirements upon the lower
trophic levels necessary to sustain those populations.

One interesting consequence of this change is that
there does not appear to be any evidence for major shifts
or increases in the abundance of other species or species
assemblages to take advantage of what might be perceived
as an increase in the availability of forage resulting from
declines in the relative abundance of commercially im-
portant predators, as has been suggested in other systems
such as the Georges Bank (Fogarty and Murawski 1998).
Although data on the relative abundance of target and
nontarget species are sparse, preliminary work to de-
velop diversity indices of upper-trophic-level predators
based on fisheries survey data for the early 1970s and
the mid-1990s also suggests no major shift in the rela-
tive composition of groundfish assemblages in the INPFC
Columbia area (S. Gaichas, pers. comm.), although
Emmett and Brodeur (2000) have found substantial shifts
in the relative abundance of pelagic predators.

The above situation may be in contrast with other
heavily fished ecosystems, in which major shifts in species
or community composition have followed major dis-
turbances. Until recently, levels of secondary production
throughout the 1990s have seemed far below long-term
averages; the abundance of many key forage species has
been greatly reduced (Emmett and Brodeur 2000); re-
cruitment of rockfish and survival of salmon smolts have
reached all-time lows (Hare et al. 1999); and the average
weight-at-age for some species, such as hake and vel-
lowtail rockfish, have been below the long-term means
(Dorn et al. 1999; Tagart et al. 2000). Massive changes

.in the species composition and biomass of euphausiids,
copepods, and other planktonic organisms have also been
documented (McGowan et al. 1998; Mackas et al., in
press). All of these factors suggest that this system has
probably been functioning at lower levels of produc-
tivity over recent years, as associated with the afore-
mentioned changes in climate forcing and physical
conditions following the 1977 (and perhaps 1989) regime
shift (Hare and Mantua 2000). As alluded to earlier, the
evidence for a large-scale climate shift that has affected
the distribution and abundance of key populations in
the NCCE is widespread, and improving our knowl-
edge of the mechanism and consequences of these shifts
is the focus of major investigations by CalCOFI,
GLOBEC, the JISAO Climate Impacts Group, and many
other research entities.

The nature in which such a shift in productivity may
be interacting with the concurrent and ongoing removal
of a substantial fraction of the higher-trophic-level bio-
mass in this ecosystem remains unclear. Our hope is that
further insight into the nature and consequences of cli-
mate shifts, and into the interaction between such changes
and ongoing effects associated with fisheries removals
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might be uncovered through both static and dynamic
modeling of this and other ecosystems. Over recent years
dynamic models have been used to consider the impacts
of fishing on marine ecosystem dynamics (Kitchell et al.
1999; Trites et al. 1999; Olson et al.®), and we expect
that such modeling efforts might have much to offer in
terms of insights toward considering large-scale ecolog-
ical interactions in fisheries management.

As suggested earlier, another application of such mod-
els could be in deriving metrics or indices, which might
be useful in assessing ecological health or stability, or
comparing the nature and magnitude of human-induced
disturbance between ecosystems. Jarre-Teichmann and
Pauly (1998) used an index of the flow from primary
production to higher trophic levels imbedded in the
Ecopath software to assess the relative effect of fishing
removals as a percentage of the production necessary to
support fisheries on coastal pelagic species in several
coastal upwelling systems. Their findings suggested that
major fisheries for coastal pelagics removed between 1%
and 15% of the primary production in these systems dur-
ing distinct time periods. Perhaps more significantly, the
magnitude of exploitation was more dependent upon
the target species than on the total landings between sys-
tems; in other words, removals of species with higher
trophic levels had a correspondingly greater effect on
the percentage of primary production required (PPR)
to sustain them. In these models, estimates of PPR are
made for each trophic pathway, and energy flows are
raised to primary production equivalents by means of
methodology suggested by Ulanowicz (1995) and de-
scribed in more detail in Christensen et al. (2000). The
statistic of primary production required to support fish-
eries removals is thus a measure of the total amount of
new production removed from exploited populations,
scaled to the appropriate trophic level.

An example of how this index might be useful for
comparative purposes is presented as figure 8. This fig~
ure shows total removals (landings and some measure of
discards) in metric tons per square kilometer from three
ecosystems in different time periods plotted with the es-
timated percentage of relative production necessary to
support these landings (as above, the primary produc-
tion raised to the equivalent trophic levels of the catches).

In the Eastern Bering Sea (EBS) models (Trites et al.
1999) there were massive harvests of long-lived, slow-
growing predators, primarily baleen whales, sperm
whales, walrus, and seals, with a corresponding low vol-
ume of landings in terms of tonnage but representing
nearly all of the production at those trophic levels in that
system. What this showed was essentially the “mining

%QOlson, R. J., G. M. Watters, R. C. Francis, P. C. Fielder, J. J. Polovina, S. B.
Reilly, K. Y. Aydin, and J. F. Kitchell. Climate forcing and ecosystem dynamics
in the eastern tropical Pacific Ocean. MS. submitted to Ecol. App.
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out” of the biomass of higher trophic levels in the EBS
during a period of intensive exploitation in the 1950s
and 1960s. By contrast, in the 1980s the EBS supported
the largest (by volume) fishery in the United States—
the trawl fishery for walleye pollock—in addition to fish-
eries for Pacific cod, tanner crab, and many flatfish species.
The removals (in t/km?) increased substantially; how-
ever, due to the lower trophic levels of the target species,
the percentage of system production that was removed
annually declined considerably.

In the northern California Current, landings were
relatively low in the 1960s, less than 1.5 ¢/km?, and the
corresponding percentage of primary production re-
quired to support those landings was on the order of 6%.
By the 1990s, however, the total landings had increased
substantially (see fig. 4; additionally, some groundfish
landings had already peaked in the 1980s and dropped
by the 1990s), to an average of nearly 6 t/km?; this rep-
resented some 20% of the available production being re-
moved by the fishery. By contrast, comparison with the
(contemporary) Strait of Georgia model constructed by
Pauly, Pitcher et al. (1998), removals were on the same
magnitude between the NCCE and the Strait of Georgia
in terms of tons per square kilometer, but because of the
tremendous productivity and recycling of nutrients and
energy in the Strait of Georgia, landings required a sub-
stantially greater percentage of the scaled production in
the NCCE.

It is interesting to consider that the total removals per
unit area, and the percentage of production accounted
for in those removals, is greater in the NCCE than in
the (contemporary) eastern Bering Sea. Whereas the lat-
ter is one of the most productive fishing grounds in U.S.
waters, the immense area of this coastal shelf is what ac-
counts for the tremendous volume of fisheries that it
supports. While this construct of production required

to support landings may seem vague, and is certainly
fraught with major uncertainties about the real nature
of the food web that supports these landings, we believe
that this example illustrates the means by which simple
ecological models may show the nature and magnitude
of human-induced disturbances, and ultimately may pro-
vide a useful index or tool for scaling the extent and
magnitude of human intervention in these complex
ecosystems.

CONCLUSIONS

McEvoy (1996) suggested that successful fisheries man-
agement will require that managers and policymakers
“cooperate with each stock’s strategy for responding to
the environment.” Clearly, this environment is modu-
lated by variability and change in climate as well as in-
creasing measures of anthropogenic disturbance. We
believe that the development and application of static
and dynamic ecosystem models will ultimately reveal
useful insights about how both climate and fishing af-
fect NCCE structure and dynamics, and will provide
valuable insight into system definition and behavior.
Additionally, we hope to illuminate gaps in research or
knowledge that create potential management limitations
and increase uncertainty. Finally, we believe that the de-
velopment of such models will lead to both static and
dynamic visualizations that readily convey to managers
and stakeholders the dynamics of this ecosystem and po-
tential or probable effects of alternative management ap-
proaches. Ultimately, such efforts should lead to the
development of more refined models to quantify the na-
ture of ecological change in this system as a result of
both climate effects and fishing, and will be usetul as a
framework for incorporating ecological considerations
into fisheries management practices.

It is fair, however, to suggest that such insights are
unlikely to lead to any meaningful short-term solutions
to current crises in the management of northern Cali-
fornia Current fisheries. The salmon crisis or the mas-
sive problems associated with effectively managing the
groundfish fishery and the recovery of depleted popu-
lations can be addressed only by a massive change in the
way in which large-scale system variability and human-
induced impacts (both fishery and nonfishery related)
are mitigated and managed in the future. The adoption
of an “ecosystem-based approach” will result neither in
obvious solutions to current crises nor in a substitute for
more traditional means of assessing and managing fish-
eries. As McEvoy (1996) suggests, “If scientific fishery
management could not predict or maintain the produc-
tion of individual species, it seems a bit presumptuous
to expect that we could now anticipate and direct the
interacting components of an entire ecosystem.”

Clearly, the adoption of a broader view of the inter-
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actions between fisheries (both their biological and
human components) and marine ecosystems 1Is neces-
sary, and we must accept the dynamic and inherently
unpredictable nature of entire systems and learn to op-
erate within the bounds of uncertainty to ensure future
sustainability. The nature of the coastal pelagics FMP is
a step in such a direction, as is the movement toward
using marine reserves to provide refugia for species as
well as opportunities to assess how disturbed and undis-
turbed systems may differ in form and function. Equally
necessary are basic reforms in the current approach to
fisheries management away from traditional focused com-
mand-and-control practices. These changes are not mu-
tually exclusive; both can and must occur if the resources
and the communities which depend upon them are to
persist in the future.
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