or on large-scale models, with a resolution too coarse
to resolve the mesoscale structures such as upwelling
that occurs over the continental shelf. As a conse-
quence, these analyses tend to submerge indications of
the coastal response within those of the adjacent
larger-scale oceanic environment. For example, an
analysis of SST and wind along the coastal shelf off
West Africa indicated that the link between ENSO
and this part of the Atlantic ocean is far stronger than
previously thought (Roy and Reason, 2001).

Surprisingly, the impact of large-scale climate
variability on the ecology of coastal ecosystems is
quite often better known than the impact on the
coastal marine physical components. For example,
there is a abundant literature on the impact of the
1982-1983 and 1997-1998 El Nifio episodes on the
marine biota and resources of California and Peru
but much less is known on the El Nifio impact on the
local physical processes (see for example, the volume
“Pacific Climate Variability and Marine Ecosystems
Impacts” (McKinnell et al. 2001a)).

A comparative research focus on the impact of
the dominant large-scale climatic signals on coastal
ecosystems might be particularly relevant from a
socio-economic perspective. A good candidate for a
pilot study would be the eastern boundary regions of
the Pacific and Atlantic oceans where atmospheric
forcing plays a dominant role in controlling key
ecosystem processes such as coastal upwelling. It
could start by investigating the local signature of the
major climatic signals in atmospheric forcing fields as
well as at the oceanic boundaries of the coastal
regions. This can be done using historical time series
as well as output from basin-scale atmospheric and
oceanic models. A next step would be to implement
higher-resolution regional-scale coastal models over
the continental shelf. These models, forced at their
boundaries by atmospheric and oceanic signal may
provide particularly efficient tools for exploring the
response of the dynamics and structure of coastal
ecosystems to major basin-scale (or global) climatic
signals (Penven et al. 2001, Marchesiello et al. 2002).
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15 Sardine regimes and mesoscale
structure (an integrative hypothesis)
[Alec MacCall]

An  Hypothesis Explaining Biological Regimes in
Sardine-producing Pacific Boundary Current Systems
(South America, North America and Japan):
Implications of Alternating Modes of Slow, Meandering
Flow and Fast Linear Flow in the Offshore Region

Introduction and acknowledgement

Because this hypothesis is the product of a
workshop and draws on ideas contributed by a long
list of excellent scientists, it seems appropriate to
begin rather than end with some acknowledgments.
The following hypothesis was developed while par-
ticipating in the Boundary Current - Frontal Systems
Working Group at the Pacific Climate and Fisheries
Workshop, held November 14-17, 2001 at the East-
West Center, University of Hawaii. Especially notable
is the contribution of Takashige Sugimoto, who orig-
inally described most aspects of this hypothesis for
the Japanese ecosystem. The contribution I made was
to generalize and extend his hypothesis to the other
Pacific boundary current systems. Don Olson pro-
vided an oceanographer’s insight as to how flow
conditions in these three systems might be linked.
Other scientists who were not at the workshop (e.g.,
Richard Parrish of the Pacific Fisheries Environmental
Laboratory, Pacific Grove, Paul Smith of the
Southwest Fisheries Science Center, La Jolla, and
Daniel Lluch-Belda of the Centro Interdisciplinario
de Ciencias Marinas, La Paz) have nonetheless con-
tributed significantly to development of the hypothesis.
Finally, a major acknowledgement goes to Andrew
Bakun, who not only convened this workshop, but
also provided the foundation for these ideas through
his extensive work on the oceanography of pelagic
fish reproduction.

15.1 Outline of the flow-based hypothesis

The major sardine-producing systems have
two distinct pelagic habitats, a nearshore coastal
habitat and an offshore boundary current habitat.
The characteristic long-term patterns of biological
variability in these systems are associated with inter-
decadally alternating strong and weak modes of
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boundary current flow and related reproduction-
related physics of the nearshore and offshore habitats,
and from habitat switching by the larger species (i.e.,
sardines, but not anchovies) to utilize the offshore
habitat when conditions are favorable. Under condi-
tions of slow, meandering boundary current flow,
retention of eggs and larvae spawned in the offshore
habitat is greater than under conditions of fast,
straight flow.

15.2 Fish behavior: habitat switching

Some species such as anchovies (Engraulis spp.)
and juvenile coho salmon (smolts of Oncorhynchus
kisutch) are restricted to the coastal habitat, probably
because of their small size and limited swimming
ability. Other generally larger species such as sardines
(Sardinops spp.), mackerel (Scomber japonicus) and
horse mackerel (7rachurus spp.) are able to utilize
both nearshore and offshore habitats, and switch
between nearshore and offshore habitats according to
their relative favorability for feeding and reproduction.
The evidence for habitat switching by populations of
the larger pelagic species varies among geographic
regions. During their recent increase of sardine abun-
dance in the Japanese system, the population clearly
expanded into far offshore regions associated with
the Kuroshio Current (Wada and Kashiwai 1989). In
the California Current, the far offshore region has
not been well sampled even by the Cal COFI ichthy-
oplankton surveys, especially after the regime shift of
1976. Importantly, sardine eggs were collected 200 to
300 miles off California and Oregon in early ichthy-
oplankton surveys conducted in 1931 and 1939 during
the earlier period of high sardine productivity (Smith
1990). In the early 1990s, the Russian trawler
Novodrutsk conducted exploratory fishing for
Trachurus 200 miles off the California coast and
found unexpected abundances of Sardinops and
Scomber in those offshore waters (D. Abramenkoff,
NMES La Jolla, personal communication). Recent
sardine egg surveys using the Continuous Underway
Fish Egg Sampler provide improved offshore moni-
toring (Checkley et al. 2000), but frequently fail to
reach the offshore edge of the distribution.

Bakun’s (1996) “fundamental triad” of enrich-
ment, concentration and retention provides a framework
for evaluating the suitability of inshore and offshore
habitats. The role of enrichment in this hypothesis is

unresolved, and may vary among systems (see below),
but the meandering patterns associated with weaker
boundary current flow have clear implications for
concentration and retention. Of the elements of the
triad, variability in larval retention is by far the most
important aspect of this hypothesis.

15.3 Physical and biological oceanography

The offshore boundary current tends to exhibit
two alternative modes:

1. A fast transport mode, in which the
current is relatively straight (reduced
motion perpendicular to the main

flow).

2. A slow transport mode, in which the
current meanders (increased motion
perpendicular to the main flow) and
has complicated structure, a relatively
large frontal area, and greater tendency
to form persistent mesoscale eddies.

Note that temperature anomalies associated
with flow strength are governed by the source water
temperature: The slow, meandering mode is associated
with warming in the California and Peru Currents
which have high latitude sources, but a slowing of the
Kuroshio system produces a cooling because of its
tropical source. In the eastern Pacific systems, the slow
meandering mode characteristic of warm regimes
may also occur during El Nifo events embedded
within cool regimes (e.g., the El Nifio of 1957-58
off California, during which sardines experienced
two years of good reproduction in a decade that other-
wise showed consistent recruitment failures). It is
hypothesized that with the exception of El Nifio per-
turbations, these boundary currents tend to stay in
the same flow mode for periods of many years, and
then switch suddenly to the opposite mode in a so-
called “regime shift”.

Logerwell and Smith (2001) have shown that
offshore mesoscale eddies in the California Current
are associated with significantly elevated densities of
sardine larvae. Logerwell et al. (2001) modeled the
spatial bio-energetics of such an offshore eddy, and
concluded that they are likely to be a significant source
of sardine recruitment. An important unanswered
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question is whether the hypothesized decreased current
velocity and increased meandering associated with
the slow-flow current is sufficient to improve reten-
tion of sardine larvae, or whether the flow must form
persistent eddies with closed circulation and well-
developed structure for sardine populations to
increase. In either case, the extent of meandering
and/or eddy formation is presumed to be enhanced
during periods of weaker boundary current flow.
Modes of boundary current flow exhibit
regional variations that may explain regional differ-
ences in nutrient patterns. Richard Parrish (NMFS
Pacific Fisheries Environmental Laboratory, personal
communication) has shown that the post-1976 slow
mode of the California Current drew nutrient-poor
water from the equatorward side of the North Pacific
transition zone, whereas the pre-1976 fast mode
drew richer water from a higher laticude. Parrish’s
mechanism helps explain the post-1976 decline in
plankton volumes seen in the California Current
(Roemmich and McGowan 1995); a similar mecha-
nism in the southern hemisphere could explain the
parallel decline in plankton abundance off Peru
reported by Carrasco and Lozano (1989). Plankton
volumes should be interpreted with caution, as they
include gelatinous forms and do not necessarily
reflect trends in abundance of zooplankton that
would serve as forage (Smith 1985). In contrast to
the eastern Pacific systems, the slow-flow mode of the
Kuroshio system may experience an enrichment due
to increased intrusion of nutrient-rich Oyashio
Current water, as happened during the mid-1980s,
ending suddenly in1988 (Sugimoto et al. 2001).
Differences in nearshore oceanography associ-
ated with these flow modes is less clear. In the
Eastern Pacific systems, coastal upwelling and nutri-
ent enrichment may be somewhat stronger during
fast flow modes, but substantial coastal upwelling
also occurs during slow flow modes. However, the
reduction in nutrients and the deeper thermocline
depths associated with the warm, slow flow mode in
the Eastern Pacific systems may reduce nutrient
enrichment associated with coastal upwelling under
those conditions. The convoluted island and shore-
line topography of the Japanese coastal ecosystem
contrasts strongly with the linear, exposed coastline
of the Eastern Pacific systems, and may provide resi-
dent fishes with good nearshore egg and larval reten-
tion during periods of fast Kuroshio Current flow.
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15.4 Synchrony and teleconnections

At the decadal scale, a general synchrony of
regime shifts in the various Pacific coastal boundary
currents has been observed (Kawasaki 1983, 1989),
but at finer time scales this synchrony is only approx-
imate. Interdecadal variability in intensity of the
major North and South Pacific gyres appears to be
linked through hemispheric and global atmospheric
circulation so that changes of intensity of both gyres
are approximately in phase. In the recent record, the
major unexplained departure from synchrony is the
apparent time lag of about one decade in the
California Current relative to the Japanese and
Peruvian systems (MacCall 1996).

Trachurus benefits from attaining a larger size
before individuals migrate to the cold and energeti-
cally demanding offshore and high latitude waters. A
detailed demographic comparison of life-histories
and habitat preferences for these characteristic
boundary current species would be useful. There may
be an opportunity for more detailed predictability of
abundance fluctuations in the full list of pelagic
species, and not only sardines and anchovies.

15.5 Concluding thoughts

In previous efforts to understand “the regime
problem” (e.g., Schwartzlose et al. 1999) we have
been distracted by temperature relationships evident
in the eastern Pacific systems (i.e., warm conditions
favor sardine productivity), and have tended to think
of the Japanese system (in which cold conditions are
associated with sardine productivity) as being differ-
ent, and requiring a different explanation. By
acknowledging that temperature anomalies are pri-
marily the result of flow patterns, and that reproduc-
tively important aspects of species ecology and life
history are more closely associated with properties of
the flow itself, this hypothesis unifies our under-
standing of the three major boundary current systems
in the Pacific.

We have also been distracted by habitat selec-
tion theories such as the basin model (MacCall 1990)
and the ideal free distribution selection (Wada and
Kashiwai 1989). These models suggested that the
offshore expansion of the sardine spawning grounds
(considered as “effect”) is in response to the increase
in abundance (considered as “cause”). This new
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flow-based hypothesis reverses the interpretation of
cause and effect, so that the improvement of offshore
spawning habitat (now the “cause”) leads to improved
reproduction and increased abundance (now the
“effect”). However, the flow-based hypothesis is not
exclusive of the previous habitat selection theories,
and there may well be habitat selection effects within
the nearshore and offshore systems. This is consistent

with the geographic expansion of sardine spawning
within the southern California Bight during the
increasing abundances of the late 1980s (Barnes et al.
1992, Smith 1990). MacCall’s basin model may be
best suited to the anchovy (for which it was originally
developed), the species that is least able to switch
between nearshore and offshore habitats.

Table 2. Comparison of Pacific Ocean coastal ecosystem properties under weak and strong modes

of boundary current flow.

Mode of current flow

Coastal sea level

Higher

Weak, slow flow

Strong, fast flow

Lower

‘Water motion

Enhanced meandering

Frontal area Increased
Offshore larval retention Favorable
Temperature anomaly
Eastern Pacific Warm
Japan Cool

Nutrient supply

Eastern Pacific

Reduced (lower lat. source)

Reduced meandering

Decreased

Unfavorable

Cool

Warm

Enhanced (higher lat. source)

Japan Enhanced (Oyashio intrusion) Reduced
Sardine abundance Increased Decreased
Anchovy abundance

California Slight decrease Slight increase

Peru/Chile Strong decrease Strong increase

Japan Slight decrease Slight increase
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