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ABSTRACT

Five years of field, laboratory, and numerical modelling
studies demonstrated ecosystem-level mechanisms influ-
encing the mortality of juvenile pink salmon and Pacific
herring. Both species are prey for other fishes, seabirds,
and marine mammals in Prince William Sound. We
identified critical time-space linkages between the juve-
nile stages of pink salmon and herring rearing in shallow-
water nursery areas and seasonally varying ocean state,
the availability of appropriate zooplankton forage, and
the kinds and numbers of predators. These relationships
defined unique habitat dependencies for juveniles whose
survivals were strongly linked to growth rates, energy
reserves, and seasonal trophic sheltering from predators.
We found that juvenile herring were subject to substan-
tial starvation losses during a winter period of plankton
diminishment, and that predation on juvenile pink
salmon was closely linked to the availability of altern-
ative prey for fish and bird predators. Our collaborative
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study further revealed that juvenile pink salmon and age-
0 herring exploit very different portions of the annual
production cycle. Juvenile pink salmon targeted the
cool-water, early spring plankton bloom dominated by
diatoms and large calanoid copepods, whereas young-of-
the-year juvenile herring were dependent on warmer
conditions occurring later in the postbloom summer and
fall when zooplankton was composed of smaller cala-
noids and a diversity of other taxa. The synopsis of our
studies presented in this volume speaks to contemporary
issues facing investigators of fish ecosystems, including
juvenile fishes, and offers new insight into problems
of bottom-up and top-down control. In aggregate, our
results point to the importance of seeking mechanistic
rather than correlative understandings of complex
natural systems.
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INTRODUCTION

At a time when marine ecosystems are under increasing
threat from over-fishing and growing levels of pollution,
and questions about climate change and its effects are
being debated, there is an accelerating need to better
understand the fundamental mechanisms whereby envir-
onmental perturbations are translated into biological
change on time scales of seasons, years, and decades.
This is not a new inquiry. The roots of modern fisheries
oceanography extend back to the great cod, herring and
plaice fisheries of the late 1800s and early 1900s in the
North and Baltic Seas (Hjort, 1914; Hardy, 1959). A rich
traditional knowledge derived from fishermen pointed to
linkages predictive of fishing success even then:

‘Strongly weedy water acts negatively upon the shoal-
ing of the herring. Therefore in May and June, slimy
bright green or brown-green plankton indicator discs
as well as green mists in samples collected by Hensen
nets, with a rather sharp smell, characterize waters
unfavourable for the fishing of herring’ (Manteufel,
1941).

These early qualitative observations, and later those
describing relationships between ocean currents, spawn-
ing grounds and nursery areas for commercial species led
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to ever-more sophisticated concepts about how coastal
and shelf ecosystems function to support fish and shell-
fish stocks (Hjort, 1926). However, for a variety of rea-
sons mostly associated with the complexity of physical
and biological interactions in the sea, our understanding
of fishes and the environment that controls their pro-
duction has advanced only modestly over time.
Kendall and Duker (1998) reviewed the history of
recruitment fisheries oceanography in the United States
and concluded that while much has been learned since
formal investigations were established by Commissioner
Spencer Fullerton Baird of the U. S. Fish & Fisheries
Commission in 1871, substantial fluctuations in year-
class strength from largely undescribed causes remain a
major source of uncertainty in managing marine fisheries

today. As Smith (1994) noted:

‘Since the 1920s, correlations of the strength of year-
classes with environmental factors ... began to take
a certain melancholy consistency. Initial data might
suggest a high correlation ... but eventually the
correlations would fail.

From this insight, and the experience of others, it is
becoming increasingly obvious that studies of fisheries
recruitment fluctuations must search for understandings
in mechanisms and process, rather than relying on statis-
tical associations and their inherent failings. However,
as Kendall and Duker (1998) also point out, even with
substantial advances in technology and the published
results of others to exploit, many of the questions, con-
cepts and hypotheses posed to explain recruitment
variability remain unresolved. Indeed, some have even
suggested that because of the complexity of the marine
ecosystem, we may never be successful in this quest
(Walters and Collie, 1988).

As an example of a successful program, Kendall et al.
(1996) described the results of extensive investigations
of environmental influences on the recruitment strength
of walleye pollock (Theragra chalcogramma) spawning in
Shelikof Strait, Alaska. Urged by the need to better pre-
dict the success of pollock year-classes in advance of a
large fishery in the North Pacific, a comprehensive 10-
year effort focused on identifying factors constraining
the annual survival of larvae and juveniles. Seasonal and
interannual aspects of the hydrography, current structure
and plankton communities of Shelikof Strait were docu-
mented in relation to the abundance and distribution
of pollock eggs, larvae and juveniles. Fisheries Oceano-
graphy Cooperative Investigations (FOCI) found that
first-feeding larvae had higher survival rates during periods
of calm between storms, and improved feeding condi-
tions in coastal eddies. The study also confirmed that
recruitment strength was generally established by the

end of the larval period, although age-0 juvenile mort-
ality was occasionally important as well. These results
were captured in numerical models designed to assist
with the field work and ultimately to provide forecasts
of future year-class strength. As a measure of success, the
results from the Shelikof Strait FOCI study are presently
informing the management of the pollock fishery in the
northern Gulf of Alaska.

The association of marine fish production with
different levels of ocean state continues to be studied.
Hoffman and Powell (1998) reviewed four commercially
exploited populations in which environmental forcing
was implicated in structuring distributions and abund-
ance. Studies of Atlantic cod and haddock, of eastern
oysters and of Antarctic krill illustrated linkages
between the physical environment and varying levels
of production. In another analysis, Hare and Francis
(1995) described statistical relationships between salmon
stocks in the north-eastern Pacific Ocean corresponding
to different ocean climate regimes defined principally by
temperature. Hollowed and Wooster (1995) ascribed
year-class success across a variety of ground fishes in the
eastern North Pacific to conditions forced by El Nifio
and other cyclic atmospheric phenomena affecting the
strength and location of the Aleutian Low Pressure sys-
tem. Alternating warm-cold periods were seen as meas-
urable modifiers of fish production. A strong signal
between Pacific halibut recruitment and the 18.6-year
lunar nodal tidal cycle was reported by Parker et al.
(1995), and Gargett (1997) described a mechanism — the
so-called optimal stability window — to explain decadal-
scale fluctuations in North Pacific salmon stocks, in par-
ticular the shifting north /south gradient in production
variability between Alaska and Washington and Oregon
stocks. Most recently, Beamish and Mahnken (1999)
posed a critical size/critical period hypothesis to explain
variability in the survival of coho salmon. Their analysis
of growth and survival in pen-reared populations led to
the notion that survivors are those which attain some
minimal length and specific condition that permits physi-
ological maturation to the adult stage. They argued that
juveniles failing to reach this ‘critical size’ by early fall
of their first marine year enter a winter growth trajectory
that results in early death.

However, with few exceptions, most studies of
recruitment dynamics struggle to define mechanistic
linkages between fish production and environmental
fluctuations — natural or man-made. A catastrophic
event associated with the transport of oil in Alaskan
waters provided a unique opportunity to press further on
these issues.

In late March, 1989, the out-bound oil tanker Exxon
Valdez grounded on Bligh Reef in eastern Prince William
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Sound (PWS), Alaska, spilling an estimated 42 million
litres (11.2 million gallons) of north-slope crude oil into
pristine waters. A subsequent out-of-court settlement
between Exxon Corporation, the United States of
America and the State of Alaska provided funding to
reimburse damage assessment activities and to aggres-
sively pursue a program of environmental restoration.
Overseen by the Exxon Valdez Oil Spill Trustee Council
(EVOSTCQ), a variety of actions were initiated to return
the spill-affected region in the northern Gulf of Alaska
to its original, prespill condition. These activities
included direct intervention to clean and rehabilitate
biologically sensitive areas, the establishment of habitat
protection through land acquisition, and the initiation
of scientific studies designed to eventually improve the
management, enhancement and restoration of key
species injured by the oil. The papers in this volume
describe and summarize some of the work conducted to
assess stocks of pink salmon and Pacific herring in PWS.

SOUND ECOSYSTEM ASSESSMENT (SEA)

Four years after the spill in the summer of 1993, fisher-
men in PWS blockaded the Alyeska tanker terminal at
the Port of Valdez to draw national attention to dramat-
ically failing pink salmon and herring production. They
contended the Sound ‘was sick’. As a result of this
action, and to understand more fully how environmental
factors might also be influencing the recovery of these
important fishes and other apex consumers like marine
birds and mammals, the EVOSTC adopted an ‘ecosys-
tem approach’ to investigate the possibility that the non-
recovery of some injured populations might be linked
to a form of ecosystem suppression. Substantial funding
was provided for multiyear, interdisciplinary research
designed to describe ecosystem form and function as a
primary restoration tool.

Fishermen, resource managers, and marine scientists
representing the concerned public, the Prince William
Sound Science Center, Alaska Department of Fish
and Game, the Copper River Delta Institute, the Prince
William Sound Aquaculture Corporation, the Cordova
District Fishermen United, and the University of
Alaska met during the fall of 1993 in Cordova and pro-
duced a plan to investigate pink salmon and herring
stocks. This plan, Sound Ecosystem Assessment (SEA),
was reviewed by a panel of nationally recognized
scientists in December and formally proposed to the
EVOSTC for funding in February, 1994. A 5-year study
was approved 2 months later. The disciplines of oceano-
graphy, fisheries science and ecology were augmented
by numerical modelling, stable isotope analyses, marine
acoustics, remote sensing and optical plankton sampling

in an integrated approach that included simultaneous
bottom-up and top-down investigations.

GUIDING PRINCIPLES AND HYPOTHESES

Following a review of what was understood in 1993
about the life cycles and environmental dependencies of
pink salmon and Pacific herring in PWS, and after con-
ducting analyses of statistically modelled mortalities
associated with different life stages, SEA investigators
elected to focus on those parts of the Sound and ecolo-
gical processes affecting the growth and survival of the
juvenile life stages of both species. Under these provi-
sions, the distributions of the young fish delineated the
critical regions and important times during the year for
study. A previous survey of larval fish distributions
following the oil spill (Norcross and Frandsen, 1996)
demonstrated that larval herring were common con-
stituents of the ichthyoplankton community. However, in
view of the resources needed to undertake and assess the
results of a major larval herring study, we decided instead
to explore that aspect of the life history using numerical
modelling techniques and satellite-tracked current drifters.

Prior research in PWS, including attempts to deter-
mine the carrying capacity of the region for hatchery
and wild pink salmon stocks (Cooney, 1993) provided
a starting point to articulate several hypotheses to guide
the research. The extensive salmon literature suggested
that predation, rather than starvation was the major
contributor to losses during early marine residence
(Willette et al., 2001; this volume p. 14). While herring
were thought to represent the largest local forage-fish
base supporting piscivorous fishes, seabirds and marine
mammals, we also believed that starvation during the
juvenile winters might impose measurable regulation on
recruitment to adult stocks. These assertions led to ideas
about possible mechanisms regulating predation and
starvation.

Using information available for PWS and the north-
ern Gulf of Alaska, we first constructed a crude annual
carbon budget as a planning tool. Based on published
estimates of primary productivity (Goering et al., 1973)
and employing standard ecological transfers, the budget
suggested PWS should be an important nursery for young
fishes relying primarily on plankton for nutrition
(Fig. 1). However, our somewhat liberal first-order esti-
mates of consumption of zooplankton by age-0 salmon,
herring and other age-0 fishes (from estimates of gross-
growth efficiency, growth rates and abundance) were
insufficient to account for but a portion of the estimated
zooplankton produced each year. Because of this, the
budget suggested the region should also support other
planktivores like larger fishes, marine birds and mammals.
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Figure 1. A hypothetical carbon budget for the pelagic
ecosystem of Prince William Sound prepared as a planning
tool for the SEA program.

SEA Prelimmary Carbon Budget of
Prince William Sound

C/m2/
(0,5)| ¢

‘ Phytoplankton ’—}’ Zooplankton ‘—"( 0-Age Fish 1+ Juvenile Fish
200) ‘

M1
|\Ll )

Adult fishes
Marine Birds
Mammals

Sinking (16)

Pelagic Ecosystem

Figure 2. The time-series of April/May zooplankton settled
volumes from the AFK pink salmon hatchery in south-
western Prince William Sound, Alaska.
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More important, the budget hinted that during years of
reduced zooplankton biomass (for whatever reason),
predation on the smallest fishes should increase as the
system theoretically shifted from a high reliance on
plankton to greater piscivory. A 13-year springtime
census of zooplankton by the Prince William Sound
Aquaculture Corporation (PWSAC) confirmed that
annual differences between average springtime zoo-
plankton settled volumes of about of factor of five were
characteristic of the Sound during the 1980s and early
1990s (Fig. 2). In total, these insights and time-series
prompted SEA investigators to propose that interannual
and seasonal variability in macrozooplankton stocks in
PWS functioned in some way to modulate the eating of

small fishes by larger fishes and birds.

Figure 3. Prince William Sound and the Gulf of Alaska.
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We also determined that for a pink salmon hatchery
in the south-western corner of the Sound (the AFK
hatchery; Fig. 3), springtime zooplankton stocks were
positively correlated with the strength of the Bakun
Upwelling Index (BUI) reported from surface pres-
sure fields measured at a location on the continental
shelf near Hinchinbrook Entrance. Approximately 74%
of the year-to-year (1981-93) April/May variability in
springtime zooplankton settled volume was explained by
the BUI (Cooney and Coyle, 1996).

Using this information, SEA investigators proposed
three general hypotheses to guide the field and model-
ling studies:

H,: Interannual variability in the springtime stock of
upper-layer macrozooplankton is established primarily
by wind-forced flushing during the months of April and
May.

H,: Annual losses of juvenile pink salmon to preda-
tion are determined by the numbers and kinds of
predators, and by the kinds and amounts of alternative
prey, particularly macrozooplankton, available to these
predators.

H;: Herring recruitment to adult populations is meas-
urably influenced by juvenile losses to starvation during
an overwintering period of plankton diminishment.

The zooplankton hypothesis was subsequently termed
the River/Lake conjecture. The statistical association
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with the upwelling index was interpreted to mean that
low springtime zooplankton stocks occurring during
periods of strongest downwelling outside the Sound
reflected flushing of individuals from the region by an
accelerated and intruding (‘river-like’) Alaska Coastal
Current described by Niebaueret al. (1994). Conversely,
when flushing rates were reduced (‘lake-like’) under
more positive springtime BUIs, zooplankters arising from
local reproduction were believed to be retained in PWS
in higher abundance.

That zooplankton biomass might influence piscivory
by mostly planktivorous consumers (like adult pollock
and herring) was borrowed broadly from optimal forag-
ing theory. This idea was identified in our work as ‘prey
switching’. Previous studies had confirmed that local
stocks of wild pink salmon have apparently evolved a
timing mechanism allowing fry to enter PWS at exactly
the time of a large calanoid bloom each spring (Cooney
etal., 1995). This remarkable correspondence suggested
the precise timing might be taking advantage of an
annually predictable food supply (Neocalanus spp.) for
fry during their initial period of early ocean residence.
In fact, PWSAC hatchery managers using wire-tagging
methods had determined that pink salmon fry released
from net pens directly into the Neocalanus bloom each
spring generally survived at much higher rates than fry
released prior to, or after the peak in biomass of large
calanoids (Cooney et al., 1995). Our new prey-switching
idea pointed to yet another advantage for fry entering
during the Neocalanus bloom. This led to simultaneous
studies of pink salmon fry growth and forage depend-
encies, and an extensive program to identify and study
their principal bird and fish predators.

Because herring store energy as a nutritional strategy
for bridging periods of low food abundance during the
winter and early spring, we hypothesized that inter-
annual variability in winter conditions like the duration
of the winter plankton hiatus and water temperatures
might play a strongly modifying role in determining the
survival of age-0 and older juveniles that would eventually
be recruited into the adult stock. Kendall et al. (1996)
report that while the survival of larval walleye pollock
is usually reflective of future recruitment, survival of the
age-0 stage is occasionally important as well. To examine
this possibility for herring, SEA designed a study that
included acoustic, net and aircraft censusing of juvenile
herring distributions, abundance, sizes, and descriptions
of food dependencies. We also measured juvenile whole-
body energy content and stable isotope composition, and
described the nearshore physical oceanography to char-
acterize the summer/fall periods for juvenile feeding and
growth, and the biological and physical conditions of
selected rearing areas during the winter.

Figure 4. Monthly average upwelling indices for the
period 1960-97 at a location on the continental shelf of
the Gulf of Alaska near Hinchinbrook Entrance.
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THE OCEANOGRAPHIC SETTING

Physical oceanography

Prince William Sound is a large, complex fjord-estuary
located at the apex of the northern Gulf of Alaska
(Fig. 3). The region covers approximately 8800 km?
with 3200 km of shoreline. The Sound is bounded to the
east, north and west by the Chugach Mountains, and to
the south by islands separating the region from the adja-
cent Gulf of Alaska. Water depths exceeding 700 m
occur at some locations in the central basin.

Prince William Sound is intruded by a portion of
the westward flowing Alaska Coastal Current (ACC)
(Niebauer et al., 1994). During periods of active intrusion
—mostly during the late fall, winter and early spring months
— flow in the upper 100 m is generally inward from the
open Gulf of Alaska at Hinchinbrook Entrance and back
out into the Gulf at Montague Strait (Fig. 3). However,
we found notable exceptions and significant flow reversals,
particularly during the late spring and summer months
(see Vaughan et al., 2001; this volume p. 58).

Climatology in the region responds seasonally to the
Gulf-wide influence of the Aleutian low pressure system
each year. Winds associated with this feature blow as
strong easterlies along the northern coast and across
PWS in association with marine cyclones that migrate
eastward through the Gulf of Alaska. These winds pro-
duce a coastal downwelling environment over the
northern shelf for 7-8 months each year (Fig. 4). Dur-
ing the summer, a weak Pacific high pressure system
moves into the region and results in stabilization or even
occasional upwelling in response to light and variable
westerly winds along the northern coast. Under these

© 2001 Blackwell Science Ltd., Fish. Oceanogr., 10 (Suppl. 1), 1-13.
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different conditions in June, July and August, and with
the input of substantial seasonal runoff, surface flow in
Prince William Sound becomes complex with current
reversals and multiple eddy fields (see Vaughan etal.,
2001; this volume p. 58). These features have been cap-
tured reasonably well in a three-dimensional numerical
simulation of currents, temperature and salinity in the
region (Wang et al., 2001; this volume p. 132).

Temperatures are coldest and the water most saline
at the end of oceanographic winter in early March. A
deep winter mixed-layer (to 200 m or greater) can cool to
3 °C (Muench and Nebert, 1973). Seasonal warming and
freshening is evident in the surface layers beginning
in April and brings with it weak vertical stabilization.
Surface water temperatures are warmest in July and
August, and surface salinities are lowest in September
and October during a predictable period of autumn rains.
The region receives 3—4 m of precipitation annually
(Reed and Elliott, 1979; Royer, 1982).

PWS is ringed by shallow bays, deep fjords, and pas-
sages, many influenced by tide-water or outwash glaciers.
The physical oceanography of this nearshore zone is
driven by tidal energy and responds to local conditions
including amounts of freshwater entering from streams,
rivers, and glaciers, topographically steered winds, and
the presence or not of entrance sills (Gay and Vaughan,
2001; this volume p. 159). It is here in the extensive edge
zone that adult pink salmon and herring deposit their
eggs each year, and within which much of the early
marine residence of the juveniles of both species is con-
fined (Norcross et al., 2001; this volume p. 42; Willette
etal., 2001; this volume p. 14).

Biological oceanography

The marine production cycle in PWS is highly seasonal
(Eslinger et al., 2001; this volume p. 81). Surface cooling
and wind-forced deep mixing during the winter places
light limitation on phytoplankton during a time when
incoming light levels are already at seasonal lows. By late
March and early April, increasing solar heating and
freshwater runoff provide sufficient stabilization to pro-
mote a springtime diatom bloom (Eslinger et al., 2001;
this volume). The intensity and duration of this bloom
is regulated by the interplay between surface winds and
characteristics of upper layer stability responding to
winter-conditioned temperature and salinity. Under
windier-than-average springtime conditions, an inter-
mittent re-mixing of the upper 50 m in late March and
early April can prolong the bloom by periodically inter-
rupting the conditions necessary for sustaining photo-
synthesis. When this occurs, the bloom is extended in
time but reduced in intensity. In contrast, under calm
springtime conditions the bloom is intense but quickly

controlled by nutrient limitation. In almost all years,
the spring diatom bloom peaks near the end of April
(Eslinger et al., 2001; this volume). Our numerical model-
ling studies suggested that when the phytoplankton bloom
was extended in time, more organic matter was captured
by the pelagic food web than when the event was intense
and short-lived. The longer time-course for the produc-
tion cycle apparently allows closer coupling with pelagic
grazers and their developing seasonal broods (Eslinger
etal., 2001; this volume).

Centric diatoms, particularly Chaetoceros spp., Tha-
lassiosira spp., Skeletonema costatum and Leptocylindrus spp.
were common primary producers in the spring; different
combinations of these species tend to dominate each
year (Ward, 1997). Small flagellates were present at all
depths. After the diatom bloom became nitrogen lim-
ited in May, small flagellates contributed a much larger
percentage to the declining plant biomass. A slight re-
covery in pelagic plant stocks in late May and early June
corresponded with the vertical migration of large calanoid
copepods away from the surface waters. During the post-
bloom recovery period, flagellates were more abundant
than diatoms at all depths although numbers were low.
We did not collect phytoplankton during the late summer,
fall or winter months. However, a moored fluorometer in
the central Sound recorded a fall bloom in October and
November most years (Eslinger et al., 2001; this volume).

Surface zooplankton stocks (upper 50 m) varied
seasonally in Prince William Sound from a midsummer
average of about 600 mg m™ to a winter low in February
of 10 mg m™ (Cooney et al., 2001; this volume p. 97).
Copepods accounted for most of the numbers and much
of the biomass. Pseudocalanus spp. was the most abundant
copepod in our collections, with populations peaking in
June and July The larger calanoids were dominated by
Neocalanus plumchrus and N. flemingeri. A composite of
these two species contributed about 50% of the April/
May ocopepod biomass; near-surface aggregations in the
form of dense layers and swarms were common in the
upper 50 m over distances of 10s of km (Kirsch et al.
2000). Our collections demonstrated that upper-layer
stocks of Neocalanus, represented by copepodite stages
1 and 2 (C1, C2) in early March, matured to stage C5
by early May, approximately 60 days later. A computer
simulation of eggs released in the Sound at 400 m in
February and subsequent numbers of surviving older stages
in the upper 50-m, combined with three-dimensional
wind and fresh-water forced deep and surface flow (SEA
Princeton Ocean Model, 1996 conditions) demon-
strated that sufficient numbers of older stages could be
retained in the Sound to contribute to the large calanoid
bloom observed in the field in late April and May each
year (Wang et al., 2001; this volume p. 132).

© 2001 Blackwell Science Ltd., Fish Oceanogr., 10 (Suppl. 1), 1-13.
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Several noncopepod taxa are prominent seasonally
in Prince William Sound. These include pterpopods
(mostly Limacina helicina), larvaceans (Oikopleura and
Fritilaria) and euphausiids (Thysanoessa and Euphausia)
(see Cooney et al., 2001; this volume p. 97).

Kline (1997, 1999) provided compelling evidence
from stable isotope analyses of selected plankton and fish
that organic matter produced ‘outside’ Prince William
Sound feeds much of the region. Fifty percent or more
of diapausing Neocalanus cristatus in PWS exhibited
carbon isotope ratios consistent with primary production
over the shelf or adjacent deep ocean demonstrating the
importance of advective processes influencing the near-
shore Gulf of Alaska, including PWS. This ‘feeding
mechanism’ had been described previously as one means
by which the downwelling shelf environment is
enhanced by the import of production from the adjacent
deep ocean (Cooney, 1988).

CONTRASTING LIFE HISTORIES OF PINK
SALMON AND HERRING IN PWS

Spawning

The pink salmon, Oncorhynchus gorbuscha, is the smallest
of the Pacific salmon. Limited to a 2-year life cycle, odd
and even year-classes do not interbreed. In PWS, adults
begin schooling near natal areas in late June and early
July, and spawning commences in the many short
streams or small rivers of the region (approximately 800)
from July into mid-September (Alaska Department of
Fish and Game; personal communication). Female pink
salmon deposit approximately 1500-2000 externally fer-
tilized eggs in gravelly natal habitats. Adults die shortly
after spawning and their carcasses immediately begin
entering local food-webs.

In contrast, Pacific herring, Clupea pallasi, are spring
spawners. Adults begin moving toward shallow natal
regions from deeper overwintering habitats in late winter
and early spring (Norcross et al., 2001; this volume
p. 42). Usually in mid-April at water temperatures of
about 4 °C, immense schools of adults gather in the near-
shore to spawn. Each female deposits thousands of small
sticky eggs on underwater vegetation and other substrates.
These eggs are fertilized immediately, the milt of the
males often visible for miles from low flying aircraft.
Although some spawning is believed to occur at most
locations in PWS, in recent years the majority of egg
deposition has been confined to northern Montague
Island and a few eastern and northern sites (Norcross
et al., 2001; this volume p. 42). Herring eggs are subject
to immediate mortality by heavy wave action and
smothering. They are also consumed by a variety of birds,

fishes and marine invertebrates (Bishop and Green,

2001; this volume p. 149).

Egg incubation and the larval stages

Depending on water temperatures in the fall, salmon
eggs hatch in October or November, and the larval
salmon — the alevins — work their way into the sedi-
ments. Approximately 6 months later following the
absorption of organic nutrients from a large yolk-sac, sur-
viving alevins ‘button up’ and begin emerging as 30 mm
long juveniles into shallow edge-zone nursery areas. In
PWS, the annual wild fry outmigration usually lasts from
late March through early June each year. However,
under colder-than-average conditions, the outmigration
can be extended by nearly a month (Cooney etal.,
1995). Alevins are at risk to mortality during the fresh-
water or intertidal incubation period by rain-forced stre-
ambed scouring, and by dewatering in the winter causing
freezing or reduced oxygen levels. A hatchery program
was developed in Prince William Sound in the mid
1970s to protect a portion of the local pink salmon
resource from freshwater mortality each year (see Wil-
lette et al., 2001; this volume p. 14).

Herring eggs incubate for just 2 to 3 weeks during the
period of spring warming; surviving embryos enter inter-
tidal waters as tiny (<10 mm), yolk-sac larvae in mid
May from egg masses deposited in April (Norcross et al.,
2001; this volume p. 42). Here they may be retained or
flushed offshore. The yolk-sac is absorbed within days
and survivors are those that become successful at feeding
on microplankton. During an extended larval drift, the
tiny fish are preyed upon by a variety of small planktonic
carnivores (Purcell, 1985, 1989). Those that survive the
drift, metamorphose to the juvenile stage in late July and
August By the end of summer, most juveniles are found
in edge-zone bays and fjords (see Norcross et al., 2001;
this volume p. 42).

Juvenile feeding and distributions

Juvenile pink salmon feed voraciously on zooplankton,
occasionally supplementing their diets with epibenthos
like harpacticoid copepods, insects, and polychaets (see
Willette et al., 2001; this volume p. 14). Small and large
calanoid copepods dominate the diets in April and May.
As survivors mature, and plankton stocks shift in com-
position during the summer, the juveniles consume a
broader diversity of foods, including some larval fish
(Parker, 1997). By August and early September, most
juvenile pink salmon enter the coastal flow outside PWS
and begin moving westward toward open ocean feeding
areas. They return as adults 1 year later.

In contrast, surviving juvenile herring rear in the
Sound for two to three years before recruiting into the
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local adult population. This residence is apparently
restricted to near-shore bays and fjords (Stokesburyet al.,
1999; Stokesbury etal., 2000). Age-O juveniles are
dependent on a combination of plankton and epibenthic
forage resources of high energy content during the summer,
fall and spring months (Foy and Norcross, 1999). A large
portion of the energy obtained by feeding is incorporated
as lipid. As the plankton production cycle is diminished
by mixing and reduced light in the fall and water tem-
peratures begin cooling, juvenile herring begin to
decrease their feeding activity (Foy and Paul, 1999)
Depending on the specific conditions of any year, a
period of semifasting can last from December through
early March. Juvenile herring that survive the winter
begin actively feeding again in March and April.

ECOSYSTEM CONTROL OF PINK SALMON
AND HERRING PRODUCTION

Factors influencing predation on juvenile pink salmon

SEA investigators sought identification of specific juve-
nile pink salmon predators through a field and modelling
program focusing on observations of birds and collection
of large fishes frequenting, or found adjacent to near-
shore fry nurseries. Scheel and Hough (1997) docu-
mented fry losses to black-legged kittiwakes, Bonaparte’s
gulls and Arctic terns feeding mostly near hatcheries in
western Prince William Sound. They estimated that up
to 20 million fry could be consumed annually in May
and June by these birds.

Willette et al. (2001; this volume p. 14) employed a
variety of different methods to sample large fishes in and
near shallow waters serving as habitat for fry. On the
basis of their overall abundance in the Sound, two
facultative planktivores, walleye pollock (Theragra
chalcogramma) and adult Pacific herring probably con-
sumed the largest numbers of fry each spring, although
other gadids were also important.

Predation on fry by herring and pollock was appar-
ently greatest from April through early June. During this
time, fry were abundant in near-shore nurseries, and pol-
lock and herring were replenishing their postspawning
energy reserves by feeding extensively on zooplankton
in the upper layers of the Sound. All three species com-
peted for lipid-rich, high energy food represented prim-
arily by seasonally developing stocks of large and small
copepods (Neocalanus, Calanus and Pseudocalanus) and
euphausiids (Thysanoessa spp.). This competition pro-
vided spatial and temporal overlaps between predator
and prey populations establishing levels of fry loss each
year during early marine residence (Willette etal.,
1999). We found that when zooplankton populations

were dense, the fry and their principal predators fed
heavily on these common resources and fry losses were
minimized. However, when zooplankton populations in
near-surface swarms and layers fell below a critical level
(<1.0 g m™), pollock and adult herring begin searching
for alternative prey and fed more heavily on smaller
fishes, including salmon fry. Also, when zooplankton
densities declined in the shallows, fry also searched for
food further from the protection of the edge-zone increas-
ing their risk to predation by both piscivorous and plank-
tivorous fishes (Willette et al., 2001; this volume p. 14).

The resulting process of loss was modified by the
growth rate of the fry, which in turn was influenced by
their food abundance and kind, water temperature and
fry numbers (Willette et al., 2001; this volume). We also
found that size-dependent vulnerability of pink salmon
fry to predators was a function of both predator and prey
size. Vulnerabilities of fry to small planktivores and
piscivores lessened with increasing fry size, whereas the
vulnerability to large pollock was greatest at intermediate
fry sizes (5—6 cm). The sheltering effects of the zooplank-
ton (primarily Neocalanus) declined markedly in late
May and early June when these large copepods under-
took their ontogenetic vertical migration to deep water
(>300 m). We estimate that about 75% of all pink
salmon fry rearing in PWS are consumed by predators
during their initial 45—60 days of early marine residence.
Since about 600 million fry enter PWS as juveniles from
streams and hatcheries each spring, this loss amounts to
at least 450 million fry annually in the near-shore coastal
waters.

This information was captured in a comprehensive
numerical formulation integrating foraging, assimila-
tion, and the growth dynamics of pink salmon fry and
their predominant fish predators (Willette et al., 2001
this volume). The model was validated against observed
marine survivals recorded by wire-tag release groups at
two PWS pink salmon hatcheries for release years 1994—
95. Model-based predictions of early marine survivals
were driven by measured ocean temperatures, the bio-
mass of dominant zooplankters, and estimated predator
abundance at each site for each year. Our model accur-
ately reproduced the sequential pattern of survivals in
wire-tagged groups of fry returning as adults 1 year later
to these same hatcheries. In some cases, the observed
and modelled survivals varied in concert by an order of
magnitude or more over periods of just a few days demon-
strating the extreme dynamics of the early marine loss
process to day-to-day changes in predator responses to
fry and alternative plankton forage. These results demon-
strate that patterns in pink salmon survival in PWS
can be traced to ecosystem-level events occurring during
the first few weeks of early marine residence. Our work
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these two species in Prince William Sound.

further illustrates that while complicated, the process
of juvenile pink salmon mortality can be modelled suc-
cessfully with minimal system specification including a
relatively small number of dominant predators and prey

(Willette et al., 2001; this volume).

Winter starvation losses for juvenile Pacific herring

The timing of spawning, egg incubation and the dura-
tion of the larval drift in PWS produces surviving age-
0 juvenile Pacific herring in mid-summer (Norcross
etal., 2001; this volume p. 42) This structuring of the
life history separates young-of-the-year (YOY) post-
larvae from the cool-water, springtime, large calanoid
bloom, targeting instead the seasonal peak or early
decline in total zooplankton composed mostly of small
copepods and larvaceans under much warmer conditions
in July and August (Fig. 5).

We found that newly metamorphosed juveniles in
the summer exhibited a whole body energy content
ranging from 2.0 to 3.0 k] g™ wet weight (Paul and Paul,
1998). By October, the whole body energy content
generally increased to 4.5-5.5 k] g wet weight,
although there was considerable variability among indi-
viduals at all sampling sites. Laboratory studies indicated
that juveniles held without food at winter water tem-
peratures drew on energy reserves at approximately
23] g wet weight day™, and began dying when WBEC levels
reached 2.8-3.5 k] g™ wet weight (Paul and Paul, 1998).

From this information we determined that if a juve-
nile herring arrives at the beginning of oceanographic
winter in late November or early December with an

energy content of 5.0 k]/g and burns energy without sup-
plemental feeding at 23 J/g day™, it will reach a critical
energy level of 3.0 k]/g in about 87 days. This lipid buffer
provides a nominal 3-month bridge (December—February)
to the beginning of the following year’s production cycle
but with little margin for error.

The possibility that juveniles also supplement their
energy stores by feeding opportunistically during the
winter was examined by Foy and Paul (1999). They
found that although there was evidence for limited feed-
ing, the amounts ingested were apparently insufficient
to account for winter metabolic demands. On the basis
of these empirical observations, we concluded that the
winter period of plankton diminishment imposes meas-
urable bioenergetic constraints on the survival of juve-
nile herring and their eventual recruitment to the adult
stock in PWS.

The diets of juvenile herring studied during the sum-
mer and fall point to a dependence on both pelagic and
benthic food-webs in shallow bays, inlets and fjords (Foy
and Norcross, 1999). Barnacle nauplii, large and small
copepods, fish eggs, larvaceans, juvenile euphausiids and
mysids dominated stomachs. Later, at the beginning of
the semifast, benthic amphipods and polychates became
prominent diet items. The percentage of empty juvenile
stomachs was highest in December signalling a period
of relative inactivity and much reduced feeding (see
Norcross et al., 2001; this volume p. 42). YOY herring
surviving the winter and beginning to feed in March
selected large and small copepods and other forage of rel-
atively high energy density at that time.
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Patrick (2000) examined relationships between the
fall physiological condition of age-O juvenile herring
(from protein, lipid, water and ash content) and cooling
winter water temperatures in a modelling synthesis that
predicted the overwintering starvation mortality in
juvenile populations located at several different study
sites in PWS. In most cases, modelled predictions of loss
compared favourably with field estimates of mortality
determined by before and after census of overwintering
juveniles. These simulations demonstrated that under a
plausible range of winter temperatures influencing the rate
of energetic demand, it was not the length of the semifast
that was most important in determining levels of winter
loss, but rather the initial condition of juveniles following
their critical period of summer and fall feeding.

These results and insights from our field and model-
ling studies suggested a survival strategy for O-age juve-
nile herring that begins following a short period of egg
incubation in the spring and an extended larval drift.
Most larvae enter warming near-shore waters in mid to
late May when the upper-layer circulation in the region
is transitioning from winter/spring flow-through and
flushing to a period of reduced currents with reversals
and eddies. Under late spring conditions our satellite-
tracked drifters and numerical modelling results sug-
gested that herring larvae probably enjoy an increased
probability of being retained in the Sound and but also
dispersed throughout the protected inside waters rather
than being flushed out into the coastal flow. Following
a larval drift of 40—60 days, a metamorphosis produces
age-0 juveniles that become most abundant in edge-zone
bays and fjords. During or just after maximum seasonal
temperatures, the young fishes grow rapidly on abundant
pelagic and benthic forage. In late fall and early winter
when zooplankton stocks are approaching seasonal
lows, juveniles start drawing on energy stores with only
minimal supplemental feeding. Rogers etal. (1987)
documented that many fishes in PWS leave the cooling
shallow waters in the fall and winter for warmer, deeper
offshore feeding and spawning areas. The ability to stay
behind in these shallow cooling habitats, and to benefit
from low temperatures during the winter may provide
juvenile herring a habitat with reduced risk to predation
at a time in their life history when they are otherwise
compromised by physiological stress.

RIVER/LAKE AND FUTURE STUDIES

We expected that our characterization of the physical
and biological oceanography of Prince William Sound
would help prioritize the processes responsible for regu-
lating levels of upper-layer zooplankton stocks in April
and May each year. The idea that rates of wind-forced

Figure 6. The average return of wild adult pink salmon to
Prince William Sound, and the average April/May
zooplankton settled volumes for the River/Lake (1981-91)
and post River/Lake (1992-98) periods.
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flushing might account for the observed year-to-year
variability was challenged by a strictly bottom-up view. To
our surprise and disappointment, a retrospective analysis
of a declining statistical association between springtime
zooplankton stocks and coastal convergence (BUI)
demonstrated that the so-called River/Lake phenomenon
was present for the period 1981-91, but not for the years
that followed (Eslinger et al., 2001; this volume p. 81).
Because of this, we were unable to investigate that rela-
tionship first hand. However, using our biophysical
model and limited historical climate data, we were able
to determine that mostly bottom-up factors were respons-
ible for establishing levels of springtime zooplankton
during the SEA years, but not for an earlier period,
1986-91. Since our plankton model did not incorporate
the advective effects of flushing or seeding, we cannot
rule out the possibility that the River/Lake idea may
have been correct for the earlier decade. In that regard,
we note that Sugimoto and Tadokoro (1997) described
a regime shift in the early 1990s for the north-eastern
Pacific Ocean that included declines in zooplankton
abundance in the Gulf of Alaska and Bering Sea. We
too found that average levels of upper-layer springtime
zooplankton declined after 1991 to about half those
occurring in the previous decade. This pattern was also
reflected in the returns of adult wild pink salmon to the
Sound over these two time periods (Fig. 6). Given what
we presently understand about the role of zooplankton
in food-webs influencing the survival of juvenile pink
salmon, this result is not unexpected.

Much remains to be learned about the productive
coastal ecosystem in the northern Gulf of Alaska,
although a roadmap has now been constructed that
mechanistically links juvenile pink salmon and Pacific
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herring growth and survival to variability in ocean climate,
production at lower trophic levels, and to the abundances
of specific predators. These findings demonstrated the
comprehensive power of studies examining target stocks
from simultaneous bottom-up and top-down perspectives,
and validated the combined strength of integrated field
and modelling studies. Without any one of these vital
components our work would have failed to produce an
overall synthesis despite the substantial funding, manpower,
and technologies allocated to the problem.

The EVOSTC (2000) intends to continue its work
in the spill effected area of the northern Gulf of Alaska
through a long-term endowed program of research and
monitoring. The goal of this study — Gulf Ecosystem
Monitoring (GEM) — is to promote the sustainability of
a recovered and healthy ecosystem by understanding
how natural and man-caused perturbations influence the
production of resources of high value to sport, commer-
cial and subsistence users in the region. This effort will
come with high socio-economic and management
expectations. The challenge for GEM will be to meld
the results of long-term scientific inquiry with a decisions
making process that until recently has managed marine
resources without great consideration for ecosystem-
level information.

Although much was learned by SEA about how pink
salmon and Pacific herring are influenced during their
juvenile stages by the ecosystem sustaining them locally,
our work by no means articulated a clear pathway to
better management procedures. Rather, the ecological
interactions between pink salmon, herring, and pollock
(juveniles and adults) that were modulated by levels of
common zooplankton forage and other environmental
factors each year hinted that this problem must even-
tually find a solution in a more holistic understanding
of ecosystem function. Beamish and Mahnken (1999)
argued for better marine resource management in light
of shifts in global climate and the dire effects predicted
from these changes.

‘It is time to manage and protect whole ecosystems.
This will not be a linear extension of single-species
thinking. A more abstract concept is needed in which
the single species is seen in relation to the processes that
affect ecosystems and less in terms of numbers of indi-
viduals. This view suggests a more comprehensive
approach than generally envisioned by contemporary
resource managers, and perhaps the invention of an
entirely new language to link policy makers with the
growing power of science observing systems and model-
ling. In this regard, we hope that our documentation of
ecosystem process in this special volume, and our other
contributions to the reviewed literature will prove help-
ful for those attempting to find their way through the

difficulties of ecosystem-level inquiries in the northern

Gulf of Alaska and elsewhere.
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