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Chapter 1

Executive Summary
Mark G. Carls

Introduction

On April 2, 2007 the National Marine Fisheries Service (NMFS) received a petition from
the Sierra Club to list Pacific herring (Clupea pallasii) in Lynn Canal as endangered or
threatened under the Endangered Species Act (ESA). The agency found that the petition
presented substantial scientific and commercial information indicating the petitioned action may
be warranted and initiated a status review (NMFS 2007).

The purpose of this document was to review the status of Lynn Canal herring and
specifically to determine if Lynn Canal herring are a Distinct Population Segment (DPS) of
Pacific herring as defined by the ESA. To accomplish this goal, NMFS assembled a
knowledgeable biological review team (BRT): Mark G. Carls, Jeffrey T. Fujioka, Scott W.
Johnson, Stanley D. Rice, Johanna Vollenweider, and Bruce L. Wing, at the Alaska Fisheries
Science Center; Richard G. Gustafson and Robin S. Waples at the Northwest Fisheries Science
Center; Jamie N. Womble, National Park Service; and Erika Phillips at the Alaska Regional
Office. The Alaska Department of Fish and Game (ADFG), the agency that manages Pacific
herring in Alaska, provided considerable data and advice; important assistance was obtained
from Marc Pritchett and Kevin Monagle. Analysis of some of these data were contracted to
Brian Bue, formerly at ADFG. Additional data were obtained from various sources, generally
associated with scientific papers or reports.

After compiling and analyzing pertinent data, the BRT met on January 29, 2008 to
discuss them and to determine if Lynn Canal herring are a DPS as defined by the ESA or if not,
to determine the DPS to which Lynn Canal herring belong. In order to be classified as a DPS, a
vertebrate population must fulfill two criteria — discreteness and significance. To be considered
“distinct,” a population, or group of populations, must first be “discrete” from other populations
and then “significant” to the entire taxon (species or subspecies) to which it belongs. Evaluation
was based on criteria in the ESA; a population segment of a vertebrate species may be
considered discrete if it is markedly separated from other populations of the same taxon as a
consequence of physical, physiological, ecological, or behavioral factors. Quantitative measures
of genetic or morphological discontinuity may also provide evidence of this separation. A
population may also be considered discrete if it is delimited by international governmental
boundaries, between which exist differences in control of exploitation, management of habitat,
conservation status, or regulatory mechanisms that are significant in light of Section 4(a)(1)(D)
of the ESA.

Under the ESA, once a population segment is determined to be discrete under one or
more of the above conditions, its biological and ecological significance to the taxon must then be
considered. Criteria that can be used to assess whether the discrete population segment is
significant include: 1) persistence of the discrete population segment in an ecological setting
unusual or unique for the taxon; 2) evidence that loss of the discrete population segment would
result in a significant gap in the range of a taxon; 3) evidence that the discrete population
segment represents the only surviving natural occurrence of a taxon that may be more abundant
elsewhere as an introduced population outside its historic range; or, 4) evidence that the discrete
population segment differs markedly from other populations of the species in its genetic
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characteristics. A discrete population segment needs to satisfy only one of these criteria to be
considered significant. However, the list of criteria is not exhaustive; other criteria may be used
as deemed appropriate. The ESA and NMFS do not provide any guidance on what these
additional criteria might be.

Deliberation

To examine the possibility that Lynn Canal herring are discrete, the BRT first briefly
reviewed southeastern Alaska (SEAK) habitat, climate, and utilization by Pacific herring, thus
allowing discussion of Lynn Canal herring in context.

Marine habitat in SEAK is variable, yet Pacific herring essentially occupy all of it.
Organics and semi-protected, partially mobile substrate are the most common shore type and
habitat class among all areas. Marine waters of SEAK are characterized by an inshore-offshore
salinity gradient and a north-south temperature gradient. Inside waters are more estuarine, more
protected from wave action, and have more extreme seasonal fluctuations in temperature and
salinity than outside waters. Herring were captured in essentially all areas of SEAK; occasional
capture failures were interpreted as insufficient sampling, not an absence of herring. Eelgrass
meadows, kelp communities, sand-gravel beaches, and bedrock outcrops comprise a continuum
of habitat types available to herring throughout southeastern Alaska. The percent shoreline extent
of kelps (canopy and understory) and eelgrass are less in Lynn Canal than in all other areas but
herring continue to spawn in Berners Bay and juveniles continue to utilize nearshore habitats in
Auke Bay, Favorite Channel, and Berners Bay.

Beaches Pacific herring spawn on are not continuous in SEAK; some are repeatedly
utilized, thus ADFG eventually began to manage herring in these areas as discrete stocks.
However, available biological data, including genetics, spawn timing, biomass, recruitment,
growth, meristics, and migration do not identify definitive divisions among SEAK stocks, rather
apparent geographic groupings were variable and often rather arbitrary. Limited tagging studies
within SEAK demonstrate fish migrate and mix over most of the region but were not designed to
study spawning fidelity. Migration data from British Columbia, a region to the south of SEAK
and reasonably similar in structure and climate, were used to roughly predict repeat spawning
fidelity of herring stocks in SEAK; these approximations suggest considerable mixing among
stocks (about 60 to 80%), possibly explaining the lack of definitive differences among stocks and
suggesting that SEAK herring are part of an interrelated metapopulation. Clearly more work
remains to understand the relationships among SEAK herring stocks, such as more detailed
genetic analysis and more detailed, spawn-oriented and seasonal tagging studies.

Conclusion

The BRT concluded that Pacific herring in Lynn Canal are not a DPS as defined by the
ESA. Examination of all available data by the BRT did not convince the majority of members
that herring in Lynn Canal were markedly discrete from other populations of the same taxon in
SEAK (the vote was 6 to 4). In addition, no members perceived Lynn Canal herring to be
significant with respect to the taxon (although all recognized the importance of herring to the
local ecosystem), thus even if the team had concluded that Lynn Canal herring were discrete the
ESA significance criterion precludes its definition as a distinct population segment. A risk
analysis was not completed for these fish because the BRT did not find that Lynn Canal herring
are a DPS
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The team concluded the smallest defensible DPS that includes Lynn Canal is SEAK.
Although the team recognized the possibility that there may be subdivisions within SEAK,
available biological data are either too incomplete or too similar to definitively separate herring
populations within this region. The southern limit of the DPS, Dixon Entrance, is identified by
genetic differences between herring in SEAK and those in British Columbia and by differences
in parasitism between herring stocks north and south of the Queen Charlotte Islands. Genetics
did not provide a definitive northern separator, rather the northern border is defined by a physical
barrier: mobile, open ocean beaches are inadequate as spawning and rearing habitat. The
northern boundary is near Icy Point. Glacier Bay and Lynn Canal are both included in the SEAK
Pacific herring DPS.

The BRT based its decision on the best available science, yet recognizes that the science
behind these decisions is imperfect. They also recognize that precautionary management of
animals and ecosystems is a wise approach that goes beyond the language of the ESA.
Precautionary management is the current stance of ADFG, the agency responsible for Pacific
herring in Lynn Canal; the fishery has not been open since 1982. The information assembled in
this report will further enable ADFG to appropriately manage this stock and it will enable
Federal agencies responsible for the permitting of shoreline development to manage Lynn Canal
herring in a precautionary manner.

Reference

NMFS 2007. Endangered and threatened species; notice of finding on a petition to list the Lynn
Canal stock of Pacific herring as a threatened or endangered species. Fed Regist 72(174):
51619-51621.
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Chapter 2

Pacific herring (Clupea pallasii) life history and ecology
Mark G. Carls

Pacific herring (Clupea pallasii): body elongate, depth about 4.5 into standard length,
considerably and variably compressed. Head compressed about 4.0 to 4.5 into standard length.
Mouth terminal, moderate in size, and directed moderately upward, upper jaw extending to around
middle of eye. Teeth, none on jaws, a patch of fine teeth on volmer. Interorbital space slightly
rounded, about 1.3 into eye. Eye diameter about equal to snout and about 3. 5 to 4.0 into length of
head. Opercles smooth (Hart 1973).

Pacific herring are one of about 330 species of fish classified within the family Clupeidae
(Whitehead 1985). Pacific and Atlantic herring are the northernmost clupeids and the only ones
in Arctic waters (Hay et al. 2001). They are dark bluish green to olive on the dorsal surface and
fade to silver on the sides and belly (Fig. 2.1). Adult herring total length ranges from 13 to 46 cm
and increases with latitude (Hart 1973; Garrison and Miller 1982; Emmett et al. 1991;
Mecklenburg et al. 2002). For example, herring are rarely >25 cm in British Columbia; lengths
>30 cm are common in Togiak (Hart 1973; Brazil 2007). Maximum age also increases with
latitude. Until recently, Pacific, Atlantic, and Baltic herring were considered separate subspecies
instead of species (Clupea harengus harengus, C. h. pallasii, and C. h. membras, respectively)
(Hay et al. 2001; Mecklenburg et al. 2002).

Distribution

The species ranges from northern Baja California to the Arctic (Beaufort Sea) in the
eastern Pacific (Mecklenburg et al. 2002) (Fig. 2.2). Pacific herring on the Asian coast range
from Korea to the estuary of the Lena River in the Arctic Ocean (Laptev Sea) (Hart 1973).
However, Pacific herring apparently mix with Atlantic herring as far west as the Barents sea,
where two genetically different groups have been described (Jorstad 2004). Pacific herring
populations in the Barents Sea, White Sea, and Kara Sea are apparently relics from an earlier
dispersion of Pacific herring into the Atlantic associated with Pleistocene glaciation and are
considered subspecies of C. pallasii (McQuinn 1997). Herring likely originated in the Atlantic
Ocean and moved through the Bering Strait into the Pacific during the Pliocene (about 3 million
years ago) (Novikov et al. 2001). In the postglacial period about 5000 y ago, Pacific herring
dispersed and were distributed along the estuaries of the northern ocean, reaching the White Sea
and some northern Norwegian fjords (Derjugin 1929; Jorstad et al. 1984; Novikov et al. 2001).

Habitat requirements

The habitat requirements of Pacific herring are diverse. For example, three different life
history forms of Pacific herring are recognized in the northwestern Pacific: 1) a long-lived,
migratory sea form; 2) a coastal form that undergoes little or no migration; and 3) a lagoon
Pacific herring that is associated throughout its life with low salinity estuarine areas (Hay et al.
2001). Some Baltic herring also inhabit low salinity areas (<5 ppt) (Hay et al. 2001). Resident
and migratory forms are thought to inhabit British Columbia and Washington (Taylor 1964;
Trumble 1983; Hay 1985). Habitat requirements vary considerably with life stage and
seasonally within life stage as should become clear in the ensuing text. Also clear is their
adaptability; eggs for example, are not preferentially spawned on a single type of substrate,
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rather whatever substrate is available at selected spawning sites is acceptable to these fish. How
herring choose their repeatedly utilized spawning sites is a long-standing, unresolved puzzle.

Trophic interactions

Pacific herring are relatively small, schooling, abundant, mobile planktivores (forage
fish) that provide a key link between lower trophic levels (typically crustaceans and small fish)
and higher tropic levels [whales, sea lions, birds, and other fish; (Hart 1973; Hourston and
Haegele 1980; Bakun 2006)]. Their position between first- or second-order consumers and
larger predators essentially guarantees that the herring population is responsive to seasonal,
oceanographic, and climate-driven changes in producer (phytoplankton) and predator
populations and distributions. Intra- and interspecific competition are also important factors with
an important nuance: herring may prey on early life stages of their predators, leading to trophic
instability and possible abrupt regime shifts (Bakun 2006). Thus, the balancing act between
trophic worlds explains in part why this relatively short-lived fish (about 20 y maximum)
generally survives no more than 9 y (Ware 1985; Hay et al. 2001) and why population
abundance is highly variable. However, survival during earlier life stages may be an even more
important influence on population size; strongly recruiting year classes typically influence
population size and age structure until senescence. Early life stages are particularly vulnerable to
physical variability, resulting in high inter-annual variability and reproductive success (Bakun
20006).

Reproduction

From the human perspective, spawning is arguably the crucial event in the herring life
cycle, for this is when the reproductive biomass concentrates in predictable, distinct regions at
predictable times (Hay and Outram 1981) and is most easily enumerated. Spring spawning
herring also represent a rich source of food for at least 25 vertebrate predators just emerging
from winter (Willson and Womble 2006). Some species may consume only eggs, others both
eggs and fish, and some consume adult fish only. Pacific herring are gonochoristic, oviparous,
and iteroparous with external fertilization and spawn once a year (Emmett et al. 1991; Hay et al.
2001). Fecundity increases with female size, producing on average 19,000 eggs annually at 19
cm standard length and 29,500 at 22 cm (Hart 1973). Unfertilized Pacific herring eggs are about
1.0 mm in diameter; fertilized eggs are 1.2-1.5 mm in diameter (Outram 1955; Hart 1973;
Hourston and Haegele 1980).

Adult herring typically congregate near spawning grounds weeks or months in advance of
spawning and leave immediately thereafter, though some herring remain in inside waters near
spawning grounds throughout the year (Haegele and Schweigert 1985). Ripe and spent herring
can travel considerable distances in a short period of time [150 km in 6 d and 350 km in 16 d,
respectively (Haegele and Schweigert 1985)].

Spawning areas (inlets, sounds, bays, and estuaries) are typically protected from ocean
surf, probably an adaptation to minimize egg loss (Haegele and Schweigert 1985). No spawning
has been reported in the relatively unsheltered Gulf of Alaska shoreline between northern
southeastern Alaska and Yakutat or between Yakutat and Prince William Sound (Fig. 2.3).
Herring typically spawn along the same shoreline each year although areas spawned can shift at
various scales (e.g., small scale movement in Berners Bay or larger scale movement among Kah
Shakes, Cat Island, and Annette Island in southeastern Alaska (SEAK) in the 1990s; Fig 2.4).
Also variable are the volume of eggs deposited and shoreline spawn distances, easily visible
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because the milt turns water milky white. For example, cumulative miles of spawn in Seymour
Canal ranged from about 14 to 31 km between 1985 and 1989 (Bergmann et al. 1993).

Herring apparently do not favor specific vegetation types, rather the type of vegetation
utilized is a function of spawn depth and the type of vegetation found in a given area (Haegele
and Schweigert 1985). Adherent eggs are deposited on eelgrass, kelp, rockweed, other seaweed
and sometimes rock, pilings, or trash (Hart 1973). Soft sediment is avoided (Stacey and
Hourston 1982; Lassuy 1989). Herring in Lynn Canal spawn more heavily on large brown kelps
(e.g., Laminaria, Alaria) than on eelgrass (Zostera marina) (Blankenbeckler and Larson 1987).
Deposition depth ranges from high tide to subtidal; in Prince William Sound, 90% of the eggs
are deposited between -2 and +5 m mean lower low water (Brown and Carls 1998). However,
<25% of the spawn typically becomes exposed to air by tidal movement (in British Columbia)
and this for only about 10% of the total incubation time (Haegele et al. 1981).

Spawn timing is related to winter and spring sea surface temperatures (Brown and Carls
1998) and varies according to latitude; it begins in November in the southern part of the range
(California) and extends to August in the north (Kotzebue Sound, Alaska) (Lassuy 1989; Emmett
etal. 1991). Spawning temperature ranges from 3.0°C to 12.3°C on the Pacific coast of North
America (Scattergood et al. 1959). However, other factors may also influence spawn timing,
such as tides (Hay 1990; Hay et al. 2001). Spawning typically occurs within a 3 to 6 week
period within a given geographical area (Haegele and Schweigert 1985). Both males and
females contact the substrate during spawning (Haegele and Schweigert 1985). Single spawning
events are generally completed within 1 to 3 d (Hay 1985). Two or more spawning events are
common at a given location; larger fish spawn before smaller, presumably younger fish, and
these spawning events may be separated by 10 to 15 d (Hay 1985). Eggs hatchin 11 to 12 d at
10.7° C, 14 d at 8.5° C and 28 to 40 d at 4.4° C (Outram 1955). The optimal incubation
temperature is roughly 5 to 9°C (Alderdice and Velsen 1971; Ojaveer 2006).

Herring eggs are euryhaline; the optimal salinity range for fertilization is about 12 to 24
ppt; sperm motility is reduced at low and high salinities [4 to 8 ppt and 28 to 32 ppt, respectively
(Griffin et al. 1998)]. Maximum embryo survival was reported at 13 to 19 ppt and a spawning
range of 8 to 28 ppt is typical (Alderdice and Velsen 1971). However at 32 + 1 ppt, we routinely
observed good fertility (80 to 96%), successful hatch (generally about 80%) and viable larvae
(>95%) in herring from SEAK and Prince William Sound (Johnson et al. 1997).

Mortality and survival

Herring eggs must survive both ‘top down’ and ‘bottom up’ predation. Egg mortality is
high (about 75%, range 67 to 100%) and tends to be greatest in upper intertidal areas and lowest
at intermediate depths (Palsson 1984; Rooper et al. 1999). The amount of time eggs are exposed
to air may be related to susceptibility to wave action and predation by birds and hypoxia,
desiccation, and air-water temperature differentials: exposure to ultraviolet light may also
increase risk factors for eggs in the upper intertidal (Alderdice and Velsen 1971; Hunter et al.
1979; Alderdice and Hourston 1985; Rooper et al. 1999). Crabs, sea anemones, sea cucumbers,
and snails consume significant amounts of herring eggs (Haegele 1993). Perhaps lower survival
at the lowest spawn depths (compared to the optimal intermediate depths) can be explained by
greater access time by water-oriented predators because immersion time is longer and possibly
because lower incubation temperatures prolong that access. In addition, low oxygen and
microorganism invasions may kill large numbers of eggs; eggs in the middle of multiple layers
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have reduced survival (Alderdice and Hourston 1985; Hay 1985). Surviving herring eggs hatch
as larvae and are advected from natal areas by water movement.

Newly hatched larvae carry a yolk sac that is typically depleted in the first week and to
survive they must begin feeding before depletion of endogenous energy stores and irreversible
starvation. At 6 to 10°C, irreversible starvation occurs about 1 week after yolk resorption
(McGurk 1984). The earliest larval stages begin feeding on invertebrate eggs and small
zooplankton such as copepods, invertebrate eggs, and diatoms (Hart 1973). While the larval
Pacific herring grow and congregate nearshore (generally in water <5 m deep) through their first
summer, they continue to live mainly on copepods but may also eat other crustaceans, barnacle
larvae, mollusk larvae or young fishes (Hart 1973; Brown and Carls 1998).

Larval mortality is caused by advection, predation, limited food availability, and other
factors (McGurk 1993; McGurk et al. 1993; Norcross and Frandsen 1996). Loss of planktonic
stages caused by diffusive and advective processes may explain large variations in population
abundance; geographic patterns may be partially maintained in areas that limit egg and larval
advection (Sanvicente-Anorve et al. 2006). A broad range of invertebrates and fish prey upon
larvae by filtration, entrapment (e.g., ctenophores and jellyfish), or targeted feeding (Hart 1973;
Alderdice and Hourston 1985). Suitable food must be located before irreversible starvation
occurs if larvae are to survive. This observation forms the basis of the critical period hypothesis
(Hjort 1914), that larval survival is the prime determinant of year-class strength, dependent on
larval transition from endogenous to exogenous food. Low growth rates result in a longer
exposure time for mortality through predation or transport out of favorable oceanographic
regions (Cushing 1990; Leggett and DeBlois 1994). A longer larval period could result in poor
condition for juvenile herring that must prepare for winter (Paul et al. 1998; Foy and Paul 1999;
Norcross et al. 2001). Transport offshore can lead to increased mortality from lack of food,
salinity intolerance, or increased predation pressure (Stevenson 1962; Alderdice and Hourston
1985; Schweigert et al. 1985; McGurk 1989; Wespestad and Moksness 1990). The larval stage
may be the determinant of year class strength (Norcross et al. 2007).

When herring larvae become nektonic, they are able to swim to favorable habitats rather
than follow currents (Gallego and Heath 1994). Metamorphosis to juveniles begins when larvae
reach approximately 26 mm total length (about 10 weeks in Prince William Sound) and is
complete by about 35 mm (Hourston and Haegele 1980; Hay 1985; Brown and Carls 1998;
Stokesbury et al. 2002). Juveniles form and maintain schools as their primary defense against
predation (Blaxter and Hunter 1982; Pitcher 1986) and spend the first two three years of their
lives in nearshore waters (Tanasichuk et al. 1993; Hay et al. 2001). They occupy a variety of
nearshore habitat types including steep bedrock outcrops, eelgrass, kelps, and sand-gravel
beaches (Johnson and Thedinga 2005). Copepods remain an important food for juvenile herring.
From August to October, age 0 juvenile herring survival depends on food availability,
competition, predation, and disease (Stokesbury et al. 2002). Schooling is a mechanism that
helps minimize the risks of the first three. During winter, as temperature and light decrease, food
supply becomes limited and both young and adult year classes stop feeding functionally (Blaxter
and Holiday 1963; Hay et al. 1988; Huse and Ona 1996; Paul et al. 1998).

To survive, juveniles must escape predation and accumulate sufficient energy for winter
starvation. Predation is the greatest source of mortality for age 0 juvenile herring from the time
of metamorphosis through fall (Stokesbury et al. 2000; Stokesbury et al. 2002). Sufficient
energy storage to maintain age 0 and age 1 juveniles over winter is critical to juvenile herring
survival in Prince William Sound and likely throughout northern waters. Food availability
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declines in winter [the highest percentage of empty stomachs is in December (Norcross et al.
2001) and fish in cold regions often fast or reduce feeding (Blaxter and Holiday 1963; Hay et al.
1988; Paul et al. 1998)]. Consequently, whole body energy content drops over winter; YOY
juveniles either consume relatively less energy than adults during this period or only those with
the highest energy content in the fall survive (Paul et al. 1998). Juveniles begin recruiting to the
adult population at about age 3 in the Gulf of Alaska (age 4 in the Bering Sea) (Williams and
Quinn 2000; Hay et al. 2001). Age of first maturity increases with latitude, as early as 2 y in
California, and as late as 8 y in the Bering Sea (Spratt 1981; Brazil 2007).

Apparent natural mortality is lower at the onset of adulthood than in juvenile and
senescent adults, thus the overall mortality function is U-shaped (Vetter 1988; Hampton 2000;
Tanasichuk 2000). The relationship between size and predation may in part explain declining
natural mortality rates as herring approach adulthood. Increased body size may be a survival
strategy to avoid predation (Houde 1997; Pedersen 1997) and larger-bodied juvenile herring are
more likely to have sufficient energy reserves to survive winter starvation periods (Foy and Paul
1999; Stokesbury et al. 1999; Metcalfe and Monaghan 2003). Schooling is another survival
strategy, common both to juveniles and adults. It is apparently an anti-predator tactic that
increases survival odds for individual fish and schooling may have a sentry effect by increasing
awareness of predators (Blaxter 1985). Schooling may increase feeding effectiveness and have
hydrodynamic, migration, reproduction, and learning advantages (Freon et al. 2005). Survival of
adult herring is dependent on both intrinsic and extrinsic factors; these are related because
populations adapt to extrinsic pressures (Reznick et al. 2002; Reznick et al. 2006).

Intrinsic factors that may influence adult fish survival include growth rate, body size,
genetics, reproductive effort, and senescence. Growth rate and longevity are influenced by water
temperature (Terzibasi et al. 2007). Pacific herring are relatively small [about 70 g at maturation
(>3 y) and 200 g maximum in the oldest age classes]; growth becomes asymptotic at roughly 10
y (Tanasichuk 2000). The total herring lifespan is fairly short (6 or 7 y in extreme southern
populations to 20 y or more in northern populations), consistent with the typical relationship
between life span and body size among all species (Roff 1992; Hay et al. 2001; Metcalfe and
Monaghan 2003). Genetic heritage determines how fast fish grow, how they utilize and store
energy, their innate behavior, reproduction, and lifespan, and thus is arguably the central intrinsic
factor. Reproductive stress and age-related reduction in metabolic efficiency might destabilize
homeostasis and predispose adult herring to death (Woodhead 1979; Tanasichuk 2000). In
particular, Tanasichuk (2000) demonstrates that increasing proportions of surplus energy in
Pacific herring are allocated to gonads and argues that this demonstrates progressively greater
reproductive strain in aging fish. However, because the rate of somatic growth becomes
asymptotic, allocation of proportionally more energy to reproduction might simply mean that
proportionately less energy is required for growth, leaving relatively more for reproduction
without necessarily causing life-threatening physiological stress. Senescence, representing a
combination of genetic heritage, accumulating physiological defects, and possibly growth
history, ultimately limits individual lifespans. In fish species with gradual senescence (such as
herring), age-dependent organ and cellular degeneration occur, including loss of muscle fiber and
endocrine abnormalities (Patnaik et al. 1994; Terzibasi et al. 2007), probably a result of the
progressive failure of physiological repair mechanisms to repair damage and maintain
homeostatis (Valdesalicil and Cellerino 2003). These factors explain increased mortality rates as
mature fish age.
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Extrinsic (habitat) factors responsible for adult herring mortality include predation,
starvation, disease, inter-specific competition, and contaminants. These in turn are influenced by
ocean conditions, climate change, and intricate ecological relationships involving predators,
prey, and intra- and inter-specific competition. This leads to a complex question: can the
relative importance of each source of natural mortality be determined? The solution is not easy
and may be impossible; natural mortality is one of the most difficult parameters to assess in fish
populations (Vetter 1988; Tanasichuk 2000; Hewitt and Hoenig 2005). Most dead fish disappear
without a trace. Instead of biologically based estimates of natural mortality, stock assessment
models depend on modeled parameters or other estimates (Tanasichuk 2000; Cotter et al. 2004).

Diurnal movements

Diurnal movement in herring presumably evolved to maintain maximal access to prey,
avoid predators, and conserve energy by digesting at colder temperatures. Adult herring schools
remain near the seabed during daylight hours and move to the surface at dusk (Blaxter and
Holiday 1963; Blaxter 1985; Hay et al. 2001). Feeding activity increases as the fish near the
surface; as light levels decrease, visual attraction among school members relaxes and the fish
disperse (Blaxter 1985). Small, less cohesive schools are best for optimum foraging (Blaxter and
Hunter 1982). Herring can apparently switch to filter feeding during the night if particle sizes
are suitable (Blaxter 1985). Many invertebrate prey follow a diel cycle and are most
concentrated near the surface at night, suggesting this is an opportune place and time for herring
to feed. Peak feeding is at dawn and dusk and herring actively feed on the way up and down in
the water column, giving them access to a wide variety of foods and currents (Zusser 1958).

The swim bladder (or gas or air bladder) may play a role in herring buoyancy and be
advantageous for diel movement. Herring, as are all clupeids, physostomous; the swim bladder
has both stomach and anal ducts. Herring cannot excrete gas, rather they acquire it at the surface
by swallowing air (Brawn 1962; Blaxter and Batty 1984; Thorne and Thomas 1990). This gas
may persist for weeks or months, depending on the pressure regime (Blaxter and Batty 1984).
Some researchers indicate swim bladders are rarely filled to volumes sufficient for neutral
buoyancy, even at the surface (Blaxter and Batty 1984). Others conclude that herring can adjust
their density through changes in swim bladder volume and that the swim bladder acts as a
hydrostatic organ at least in fish near the surface (Brawn 1962). In theory, sufficient intake of
surface air is unlikely to yield neutral buoyancy at depth, rather herring may adjust to an
intermediate depth, thus minimizing energy expenditure by compensatory movement (Brawn
1962). Under this scenario, herring would expend energy to reach the intermediate depth [about
60 m (Thorne and Thomas 1990)] and they would expend energy at greater depths to offset
gravity. Herring release some gas as they ascend but most gas is released after reaching the
depth where they remain throughout the night suggesting adjustment to reach neutral buoyancy
(Thorne and Thomas 1990). Intriguingly, a recent study suggests that Pacific herring produce
rapid sound bursts associated with anal bubble expulsion (either from the gut or swim bladder)
and that these sounds may have a social function (Wilson et al. 2004). In any case, the variable
air volume in herring swim bladders means acoustic reflectivity varies, thus influencing
population assessment by hydroacoustic measurement, thus careful compensation for varying
target strength is required.
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Migratory movements

Most adult herring tend to migrate between summer feeding areas on shelf waters to
overwintering areas, often in protected nearshore water, and then to spawning locations (Hay et
al. 2001). Juvenile herring remain isolated in bays through their first two winters in northern
areas such as Prince William Sound and do not begin migratory behavior until they recruit to the
adult population (Stokesbury et al. 2000). [First year juveniles (age 0+) school together and do
not associate with larger juveniles (age 1+)]. Adult herring form small dynamic feeding schools
in summer that move extensively to utilize relatively ephemeral aggregations of copepods
(Kvamme et al. 2000; Sigler and Csepp 2007). In late fall, copepod densities are reduced and
herring begin to aggregate into large schools and migrate to wintering areas (Huse and Ona
1996). The shift to wintering depths may be linked to breakup of the thermocline (Carlson
1980). Herring move little in wintering areas, apparently to conserve energy (Sigler and Csepp
2007), though as noted earlier, they can swim > 150 km/week immediately before or after
spawning.

Herring schools have coherence. Individuals from different schools do not simply mix
and migrate randomly, rather there is a positive association among tagged individuals released at
the same site that can persist for several years (Hay and McKinnell 2002). An alternative
explanation, that fish mix randomly and then home to specific spawning sites is not supported
because the degree of homing (fidelity) to specific locations is low [Fig. 2.5; (Hay et al. 2001)].
Thus, there must be cohesion among conspecific herring, a phenomenon recognized in some
other pelagic fish [e.g., yellowfin tuna] but the biological mechanisms for this cohesion are
unclear (Hay and McKinnell 2002). An alternative, speculative, explanation is that because
herring rarely segregate as individuals, small groups of fish may remain together as schools mix,
thus the social behavior that binds individuals together may operate without requiring individual
recognition of conspecifics (Hay and McKinnell 2002).

“If conspecifics associate together, it follows from the results that there may be a
level of structure, perhaps dynamic and subtle, that occurs in large aggregations of
herring that prevents thorough mixing. If so, large aggregations of herring typical of
summer feeding concentrations could represent conglomerations of different populations,
with different biological origins, destinations, and other characteristics. In B.C. [British
Columbia] and most other areas inhabited by herring, dense aggregations also form
during the overwintering period. In general, these aggregations appear to be larger but
fewer in number and spatial scale than aggregations observed at other times of the year,
particularly during spawning periods (Hay and McCarter 1997). This indicates that when
these aggregations break up, herring move into smaller components and move away,
perhaps to spawning or feeding areas. Therefore, we think that it is reasonable to assume
that herring from different origins could merge or "appear" to merge into large loose
aggregations. Subsequently they might dissociate into smaller units that retain some or
much of the original membership. This would explain the patterns of matched tag
recoveries observed after considerable periods (>200 days) and spatial ranges (>100
n.mi.). This interpretation supports the view that smaller aggregations may consist of fish
with some common heritage, although not necessarily genetic. If so, when such small
aggregations of relatively homogeneous fish (conspecifics) join with others to form larger
conglomerations, they may not mix thoroughly. If so, conglomerations may confound
attempts to take representative biological samples random[ly] from such mixtures.
Instead such conglomerations of herring may contain components that exhibit a range of
different biological attributes, such as different sizes and ages, nutritional states and
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conditions, and maturation schedules, and perhaps even some form of spatial imprinting
for approximate spawning sites (McQuinn 1997; Hay et al. 2001). It follows that
fisheries directed on such mixed groups would have uncertain consequences, with the
risk of relatively higher mortality among the smaller components.” (Hay and McKinnell
2002)

Factors limiting productivity

Available energy (food) and sheltering from predation likely play critical roles in
population productivity and these factors likely vary among life stages. Larval mortality may be
the primary determinant of Pacific herring population recruitment and growth (Hjort 1914;
Norcross et al. 2007). The hydrodynamic and meteorological events that influence water
movement affect year class recruitment by affecting the vertical stability of the water column,
thereby providing concentrations of suitable food (Lasker 1978), and by affecting transport of
larvae to areas of good or bad food supply and predator fields (Fortier and Leggett 1982; Frank
and Leggett 1982; Crecco et al. 1983; Crecco and Savoy 1984; Lambert and Ware 1984; Leggett
et al. 1984; Sherman et al. 1984), estuarine nursery areas (Nelson et al. 1977; Shaw et al. 1985),
and areas of recruitment to adult stocks (Bailey 1981; Parrish et al. 1981; Boltz and Lough 1984;
Power 1986). Juvenile herring require adequate nearshore habitat to survive and the abundance
of this habitat is likely to play a critical role in population success.

Adult herring may not be confined to spawning-related areas such as SEAK, rather they
may range onto the continental shelf, thus greatly expanding feeding opportunities [inferred from
Hay (Hay 2008)]. Although utilization of continental shelf waters by SEAK herring has not been
documented, herring have been captured on shelf waters throughout the Gulf of Alaska,
including areas near SEAK (Fig. 2.6). This suggests that like other eastern Pacific herring
stocks, the habitat of SEAK herring may be considerably larger than is generally assumed.

Genetics

There is good evidence that some populations of Pacific herring in some geographic areas
are locally distinctive genetically, albeit on a scale that is modest compared to the differences
found between the two major lineages of Pacific herring. Atlantic and Pacific herring are
characterized by genetic differences that are consistent with a separation of a few million years
(Grant 1986). Within Pacific herring, by far the largest genetic distinction is between
populations from Asia and the Bering Sea versus those inhabiting the remainder of North
America (Fig. 2.2a) (Grant and Utter 1984). With the exception of some differentiated
populations from the Alaskan Peninsula, genetic differences among localities within these two
major lineages are smaller by an order of magnitude or more (Grant 1986). Among herring from
the Alaska Peninsula to California, some very modest evidence of population structure exists
[estimated with protein electophoresis (Grant and Utter 1984; Kobayashi 1993)]. Herring from
some geographic areas can be distinguished in a statistical sense from herring from other areas
(Burkey 1986; Schweigert and Withler 1990; Beacham et al. 2002; Bentzen 2004; Small et al.
2005). However, in some instances allele frequency differences between years were as large or
larger than those between localities: temporal DNA variation among spawning aggregations
may dominate the genetic variability at spatial scales of about 700 km (Seeb et al. 1999). In one
case (Cherry Point herring in Washington), temporally replicated samples provided consistent
evidence for population subdivision. Physical or behavioral isolation may explain consistent
genetic differences. See Appendix A for a more complete review of Pacific herring genetics.
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Large populations might be demographically independent but have only very modest
levels of population genetic differentiation. At presumably neutral markers such as those
discussed here, population genetic differentiation (as measured by indices such as Fsr) is a
function of the product of the effective population size (N¢) and the migration rate (m = fraction
of the population that migrates each generation) (Gustafson et al. 2006). Based on Wright’s
(Wright 1978) commonly used (albeit very rough) approximation that at equilibrium, Fst =
1/(1+4Nem), the Fst = 0.0032 reported by (Beacham et al. 2002) for NE Pacific herring implies
Nem ~ 78 migrant individuals per generation. In a small population, that could represent a high
migration rate (M), but in a population with 10° individuals it equates to m = 7.8 x 10 — that is,
less than one individual in ten thousand is a migrant each generation. Because of the inverse
relationship between Fst and Nem and the numerous assumptions underlying Wright’s formula,
robust estimation of migration parameters associated with low Fsr values is very difficult
(Waples 1998; Whitlock and McCauley 1999), so any quantitative estimates should be treated
with caution. Nevertheless, the point remains that in very large populations, very low levels of
genetic differentiation could be associated with migration rates that have little influence in
shaping the demographic parameters of the population. That is, large populations might be
demographically independent but have only very modest levels of population genetic
differentiation. Whether this scenario represents one in which it is reasonable to identify
different ‘populations’ is not a question that has a single, scientifically correct answer; rather, the
conclusions drawn for any practical application should be guided by desired
conservation/management goals and the concept of ‘population’ that is most suitable to that
application (Waples and Gaggiotti 2006).

Stocks, populations, metapopulation

The pan-Pacific herring population is a composite of many smaller stocks and is
consistent with the metapopulation concept. Herring populations in the eastern Pacific consist of
a relatively large number (>20) of relatively small populations (most <100,000 t) (Hay et al.
2001). Several herring stocks are evident along the Gulf of Alaska, including several population
centers in British Columbia, SEAK, Yakutat, Prince William Sound, Kodiak, Cook Inlet, and
along the Aleutian chain (Fig. 2.3). Herring in the Bering Sea are distinctly different from
populations in the Gulf of Alaska and more southern regions of the eastern Pacific; they
complete longer migrations, grow to 500 g (about twice the size of herring in the Gulf of
Alaska), and are genetically distinct (Grant and Utter 1984; Williams and Quinn 2000; Hay et al.
2001) (Fig. 2.2a). Allozyme data also suggest differences among herring in south-central Alaska
including those in SEAK and stocks in British Columbia (Grant and Utter 1984).

Two of the central characteristics of a metapopulation as originally defined were that
local subpopulations are linked by migration and are subject to periodic extinction (extirpation)
and recolonization (Levins 1969; Levins 1970). Consequently, not all suitable habitats would be
simultaneously occupied. This ideal metapopulation included the assumptions that
subpopulations have independent dynamics, that the exchange rate between subpopulations is so
low that it has no affect on local subpopulation dynamics, and that all habitat patches have equal
isolation and equal area (Levins 1970). In practice, most of these assumptions have been relaxed
and no real metapopulation has been identified that satisfies all these criteria (Hanski and
Simberloff 1997).

Local subpopulations within a metapopulation are spatially structured and migration
among the subpopulations has some effect on local subpopulation dynamics (Hanski and
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Simberloff 1997). The underlying concept in the many refinements to the original
metapopulation model is that “persistence of species depends on their existence as sets of local
populations, largely independent yet interconnected by migration” (Harrison and Taylor 1997).
Others have advocated that linkage of local- and regional-scale population processes beyond
extinction-recolonization analysis can be considered under the metapopulation concept for
marine fishes and that “the critical feature of metapopulations is the coupling of spatial scales,
whereby local populations experience partially independent dynamics but receive some
identifiable demographic influence from other populations” (Kritzer and Sale 2004).

An ‘adopted-migrant’ variant of the metapopulation hypothesis applied to Atlantic
herring suggests that juveniles that associate with and synchronize their maturation with adult
schools will adopt the migration and homing patterns of the adults (McQuinn 1997). Thus local
spawning populations are maintained by “repeat rather than natal homing to spawning areas,
while local population persistence is ensured through the social transmission of migration
patterns and spawning areas from adults to recruiting individuals” (McQuinn 1997). Under the
adopted-migrant hypothesis, hydrographic forces on larvae and the effects of schooling of
juveniles lead the majority of individuals to spawn in their native population. Thus differences
in the mean values of meristic and morphometric measurements that reflect environmental
differences during development are maintained, although strays from other populations are
adopted by local populations and gene flow is significant(McQuinn 1997). The adopted-migrant
hypothesis is consistent with genetic studies on Atlantic herring that have not observed
temporally persistent differences, since no genetic differences would be expected between
Atlantic herring populations with the hypothesized level of gene flow (McQuinn 1997).
Although this metapopulation concept and adopted-migrant hypothesis were first formulated for
Atlantic herring, they have equal application in the case of Pacific herring (Gustafson et al.
2006). Along these lines, several investigators have provided evidence indicating the major
migratory stocks of Pacific herring in British Columbia are spatially structured and interact as a
metapopulation (Ware et al. 2000; Ware and Schweigert 2001; Ware and Schweigert 2002; Ware
and Tovey 2004). Dispersal rate and straying in both Atlantic and Pacific herring appear to be
density dependent and increase with abundant recruitment, resulting in periodic waves of
dispersal that radiate throughout the metapopulation (Huse et al. 2002; Ware and Schweigert
2002).

To be considered a metapopulation a system must meet the following two criteria: 1)
local populations must be shown to exchange low levels of individuals, and 2) extinction and
recolonization must be documented (Smedbol 2002). Both of these metapopulation criteria have
been met, for example, by Georgia Basin Pacific herring to the south of SEAK. Evidence
supporting the hypothesis that the five major migratory stocks of British Columbia Pacific
herring form a spatially structured metapopulation include: 1) the spatially fragmented
distribution of spawning habitat (Hay et al. 1989; Ware et al. 2000; Hay and McCarter 2004), 2)
evidence of disappearance and recolonization events (Ware and Tovey 2004), 3) evidence of
significant migration (straying) between the five main stock assessment regions as indicated by
tagging data (Hay et al. 1999; Ware et al. 2000; Hay et al. 2001), and 4) high levels of gene flow
as shown by DNA microsatellite analyses (Beacham et al. 2001; Beacham et al. 2002).
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