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I.

Executive Summary

Pacific herring are a critical species in the Salish Sea ecosystem, with broad connections throughout the
food web. Evidence suggests that some herring are resident in the southern Salish Sea, though evidence
suggests an oceanic component to the life cycle for many stocks. As a result, herring represent a significant
annual influx of carbon to the Salish Sea, providing energy to lower trophic levels (egg predators) as well
as to upper trophic levels (predators of larvae, juveniles, and adults). Herring are also a culturally
important species for Native Tribes and First Nations in the region, and are economically valuable to
commercial fisheries in British Columbia (BC) and in Puget Sound (PS). While herring biomass in the Strait
of Georgia, BC, is near historical high levels, many of the stocks in PS have declined over the past 40 years,
with the greatest reduction (nearly 97%) occurring in the Cherry Point stock, once the most abundant in
US waters. Additionally, some spawning locations in the southwest Strait of Georgia (SoG) that were
occupied for decades have ceased to be utilized in recent years. Developing a coherent regional
management strategy for the whole of the Salish Sea requires coordinated research and monitoring
between herring users and stakeholders, and across international boundaries.
Meaningful, effective action to recover fish and wildlife populations occupying the Salish Sea must be
informed by the best available science, be cognizant of the programmatic, policy, and management
contexts within which recovery actions occur, and acknowledge interactions among ecological, economic,
and social components of the ecosystem. While a Forage Fish Management Plan was developed by the
Washington Department of Fish and Wildlife and its partners in 1998, followed by a Forage Fish
Ecosystem-based Management Study Panel convened in 2013 by the Puget Sound Institute, at present
there are no specific strategies for reaching recovery targets for Pacific herring stocks in Puget Sound (PS),
and such strategies must be developed by a multi-institutional, transboundary, interdisciplinary recovery
team that recognizes the regional socio-ecological context of forage fish resources at large.
To advance conservation and management of Pacific herring in the Salish Sea, an Assessment and
Management Strategy Team (the Team) was convened, composed of representatives from government
agencies from Washington and BC; social and natural scientists from universities, First Nations, and Tribes;
and other stakeholders. The Team performed an expert data elicitation to assess the historic and current
status of herring stocks in the Salish Sea and compile a library of relevant publications and grey
(unpublished) data. Furthermore, we asked members of the Team and their colleagues to evaluate the
state of knowledge, and synthesize their experience and knowledge to provide hypotheses regarding the
influence of specific stressors on herring population declines and limitations to recovery, assess ongoing
monitoring and management programs for herring and these stressors, and identify priority actions and
key uncertainties that must be addressed to advance herring conservation and sustainable management.
Responses from the elicitation were used to develop a Salish Sea-wide conceptual model of factors
affecting herring populations and a qualitative network model (QNM) that serves as a heuristic tool for
assessing potential management actions and strategies by simulating herring population responses to
variation in the relative intensity of key stressors under various scenarios. At a two-day workshop, the
Team and a diverse panel of stakeholders considered the state of our compiled knowledge, the two
models, and the ability of the QNM to adequately simulate effects of possible management actions. Broad
consensus about the cultural and ecological importance of herring, and the nature and relative extent of
stressors, existed but some regional differences in stressor intensity and impact were noted. While the
conceptual model was sound, the QNM was substantially recast and reparameterized as a result of
feedback from this workshop. Further development and performance testing of the QNM will occur in
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coming months, but it is presented here in a form that can be tailored to location-specific needs and used
to evaluate potential changes in stressor intensity or prevalence as a result of management actions.
Urbanization and coastal development, predation, and compromised water quality were the primary
factors identified as both suppressing population levels and limiting recovery potential, and an extensive
suite of priority actions associated with comprehensive monitoring and research were identified.
Trends in the abundance and distribution of Salish Sea herring observed are:
● Decrease in adult spawner abundance (measured via egg surveys) in some Puget Sound stocks
● Change in distribution among Strait of Georgia stocks, north- and west-ward, including a loss of
some south and eastern spawning sites
● Change in distribution among Puget Sound stocks, including a decrease or loss of some southern
spawning sites
● Vulnerability to depensatory dynamics, including from fishing and other pressures
Threats to Pacific herring populations identified as common across the Salish Sea include
● Predation by marine mammal populations undergoing population increases (Harbor seals, Harbor
porpoises, sea lions, humpback whales)
● Noise from vessel traffic
● Water quality degradation
● Habitat degradation, including loss of submerged vegetation and shoreline hardening
● Cumulative impacts of shoreline development, including noise, ambient light, poor water quality,
and habitat degradation
Threats to Pacific herring populations identified as unique to areas of the Salish Sea
● Contaminants that increase embryo mortality and embryo and larval malformations (Puget
Sound)
● Fishing that may cause local extinctions when interacting with populations having certain
migration patterns (Strait of Georgia)
Management actions that may be possible to implement
● Protect eggs from predation by birds
● Reduce vessel noise (current priority of Washington State Governor’s Southern Resident Killer
Whale task force)
● Reduce risk of oil spills (current priority of Washington State Governor’s Southern Resident Killer
Whale task force)
● Reduce contaminants (piling removals, and via Puget Sound Toxics in Fish Implementation
Strategy)
● Improve water quality (via Puget Sound Marine Water Quality Implementation Strategy)
Management actions that are more difficult to implement
● Reduce predation by pinnipeds
● Reduce light pollution
● Modify hatchery salmon release timing to reduce competition from forage fish

The data compilation and evaluation effort presented here considers the suite of ecosystem and
socioeconomic benefits provided by herring in the Salish Sea at large and the importance of population
7

dynamics that occur on local as well as regional scales. It then identifies shared factors influencing, and
potentially causing, sustained low biomass and/or lack of stock vitality in some locales and identifies key
uncertainties, research, and monitoring needs that can be addressed to promote long-term, sustainable
management. Finally, it produces a pair of models that can be used to consider how changes in the
intensity and extent of identified stressors as a consequence of specific management actions are likely to
affect herring population status. This represents the first time that such a foundation for comprehensive
management strategy evaluation pertinent to Pacific herring has existing for the full extent of the Salish
Sea.
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II. Introduction
In marine ecosystems around the globe forage fish species such as sardine and herring (Clupeidae),
anchovy (Engraulidae), and smelt (Osmeridae) occupy a central position in the food web and are highly
relied upon by predatory fishes, marine mammals, and seabirds alike (Pikitch et al., 2014; Robinson et al.,
2014; Bakun et al., 2015). This reliance can predispose populations of piscivorous species to episodic
collapse when forage fish abundance fluctuates in response to broad-scale perturbations, such as shifts
in sea surface temperature or intensive fishing pressure (Cury et al., 2011; Pikitch et al., 2014; Gulka et al.,
2017). Though the fishery exploitation rate of forage fish species varies substantially by locale, an average
of 37% of annual wild finfish harvest on a world-wide basis consists of forage fish (Alder et al., 2008).
During the period from 2010-14, ~25% of finfish landed in the U.S. were forage fish (NMFS, 2016).
Pacific herring (Clupea pallasii) are a foundational species in the Salish Sea, providing critical ecological,
economic, and social benefits (Therriault et al., 2009; Liedtke et al.; 2013, Levin et al.; 2016). Herring, like
several other species of forage fish, are more economically and ecologically valuable when left in the
water to support higher trophic levels versus being captured in commercial fisheries (Pikitch et al., 2012,
2014). In the Salish Sea, herring directly and indirectly support a suite of species in the food web, many of
which are culturally important (Ainsworth et al., 2008; Harvey et al., 2012), including salmonids (Duffy et
al., 2010), seabirds (Lance & Thompson, 2005), and marine mammals (Thomas et al., 2011). Because of
their role in the food web, Pacific herring are also considered an indicator of ecosystem health in Puget
Sound (Puget Sound Partnership Indicators Action Team, 2009). In the southern Salish Sea (SSS; the waters
of Puget Sound, Hood Canal, the Strait of Juan de Fuca, San Juan Islands and the portion of the southern
SoG below the international border) herring also support a small (~272 short tons annually) commercial
bait fishery, which is managed by the Washington Department of Fish and Wildlife (WDFW). Though small,
this fishery is economically and culturally significant because it represents the only source of local, fresh
baitfish for recreational anglers targeting various species of salmon and groundfish. Northern Salish Sea
(Strait of Georgia, SoG) herring support significant annual commercial roe, food, and bait fisheries, with a
total average annual catch of 20,600 metric tonnes (2013-2017, DFO 2018). Throughout the Strait of
Georgia herring and herring eggs are also harvested for food, social and ceremonial purposes by local First
Nations.
Though herring abundance trends are highly variable, as is typical for many forage fish species, evidence
suggests that Pacific herring abundance at numerous locations in the southern Salish Sea is in decline
(Stick et al., 2014; Siple & Francis, 2015). Several of these stocks have been declining for at least three
decades, despite widespread fishery closures/limitations and focused efforts to conserve and restore
spawning habitat (Stick & Lindquist, 2009; Liedtke et al., 2013; Friends of the San Juans, 2014). Evidence
suggests that these trends are largely being driven by local dynamics (Shelton et al., 2014) and are having
observable impacts on some herring resource predators (Stout et al., 2001; Vilchis et al., 2014). The most
dramatic reduction has occurred in the herring stock that spawns at Cherry Point (US southern Strait of
Georgia), which has declined nearly 97% since population monitoring began in 1973 (Stick et al., 2014).
Possible reasons for the decline of the Cherry Point stock include exposure to toxic contaminants (West
& O’Neill, 2007; West et al., 2008, 2014), disease and the oceanographic cofactors influencing infection
dynamics (Gregg et al., 2011; Hershberger et al., 2013, 2016), predation (Jeffries et al., 2003; Gustafson
et al., 2006; Anderson et al., 2009), and habitat destruction/degradation (Gustafson et al., 2006). There
are additional, unique potential stressors on early life stages, such as predation by benthic invertebrates
and heat stress, which can cause high levels of mortality (Palsson, 1984; Purcell et al., 1990; Shelton et al.,
2014). While a management plan was developed for forage fish, including Pacific herring, in Washington
waters in 1998 that acknowledged many of the factors affecting population abundance and distribution
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(Bargmann, 1998), and a subsequent status review was conducted by NOAA Fisheries (Stout et al., 2001),
a comprehensive, contemporary accounting of the relative impact of these factors does not exist.
Abundance and distribution patterns of Pacific herring in the northern Salish Sea (BC) are markedly
different from the southern Salish Sea (US). While overall herring biomass in the northern portion of the
Strait of Georgia (BC) is at near-record high levels (DFO, 2015), the biomass distribution has shifted to the
northwest (Therriault et al., 2009; Priekshot et al., 2013), and many of the lower Strait of Georgia spawning
sites are no longer utilized (Hay et al., 2009). In addition, the age, or weight at age, structure of many
herring stocks in the Salish Sea has changed (Therriault et al., 2009; Stick et al., 2014), generally toward
smaller, younger individuals. An analysis of regional variation in demographic patterns of stocks occurring
throughout BC waters showed that both prey and predator biomass were correlated with recruitment,
growth, and survival for some, but not all, herring populations (Tanasichuk, 2017).
A geographically extensive assessment of herring population trends in the California Current Ecosystem
(from California to BC) provided evidence that fluctuations were linked with the Pacific Decadal Oscillation
in northern populations, and that increasing variability in southern populations was a harbinger of broadscale climate change (Thompson et al., 2017). This analysis, however, focused on broad forcing factors
rather than site-specific local dynamics, thus likely omitting key drivers of population variability. By
expanding the scale of exploration across the international boundary to encompass the whole of the Salish
Sea (i.e., the Strait of Georgia down to South Puget Sound), we can learn more about likely mechanisms
behind declining trends and changes in the distribution of herring spawning grounds that have been
documented on a localized basis. We can also more adequately address actions to curb stressors whose
sources and causes may span international boundaries, or be linked with factors like intense urbanization
that are highly site-specific.
Implementation Strategies (ISs) are the regional recovery action frameworks established by the U.S.
Environmental Protection Agency (EPA) and the regional recovery agency, the Puget Sound Partnership,
to guide EPA’s National Estuary Program investments in Puget Sound recovery. ISs focus on identifying
pathways towards recovery for negatively trending Puget Sound ecosystem Vital Sign indicators, one of
which is Pacific herring spawning stock biomass, separated into three genetic lineages (Puget Sound
Partnership Indicators Action Team, 2009). The first steps of an IS, which we partially address here, are
to: 1) convene the recovery team responsible for developing and guiding the recovery plan; 2) conduct an
in-depth discussion and exploration of the technical, social, and political landscape associated with
recovery of the indicator; and 3) conduct a rigorous analysis of the research needs, data availability, and
programmatic and management contexts that will inform the steps of a recovery plan.
Here, we jump-start the IS process, and elevate Pacific herring in the ranks of ecosystem indicators for
which fully-fledged recovery plans may be developed in the next 1-2 years, by creating a crossinstitutional, cross-border, and interdisciplinary effort to synthesize and evaluate the available knowledge
pertinent to Salish Sea herring status, trends, and the potential stressors that limit recovery of
populations. This exploration included a detailed review of existing data sets and an evaluation of stockspecific reasons for geographically explicit decreases in spawning biomass. Our aims were to: 1) consider
the broad suite of socio-ecological benefits provided by herring, including to indigenous people in the
Salish Sea; 2) identify shared stressors for suites of stocks/populations; 3) identify tractable research and
management actions to minimize or eliminate these stressors in the immediate future and in the long
term; and 4) develop decision support tools for modeling likely outcomes of potential conservation and
management actions. Our major outcome is a Salish Sea-wide accounting of Pacific herring status that
identifies key uncertainties, research, and monitoring needs, as well as pathways for conservation and, as
10

appropriate, recovery. For some Puget Sound stocks of herring in obvious decline this lays the framework
for development of a formal “recovery plan,” while for the overall Salish Sea herring resource it represents
a “conservation framework,” developed by a diverse group of stakeholders that may be used to actively
and sustainably manage Pacific herring throughout the region.

III. Cultural and socioeconomic significance of Pacific
herring in the Salish Sea
As a crucial node in marine ecosystems, the habitat and preferences of Pacific herring were thoroughly
known by Indigenous communities for millennia throughout the coast. These prolific forage fish and their
eggs were used as nutrient rich foods and when smoked were highly suitable for storage. The collective
experience and observations of dozens of generations of human harvesters provides an important but
underappreciated guidance for contemporary management. Of particular relevance are fish bones
recovered from archaeological sites that occur throughout the coast. These archives of millennia of human
harvest effort provide insight in the relative proportion of herring across space and time.
Notably, Pacific herring were observed to be the single most commonly harvested fish species across the
coast and, in a 2014 study, particularly high abundances of herring in archaeological sites were found to
be directly associated with historically known spawning areas. This indicates that sites that have high
herring bone abundance likely indicate former spawning grounds that are often not currently monitored
for spawn and may not be included in restoration plans.
Such proxy evidence from the last few millennia can provide an important additional guide for
contemporary management and habitat protection as well as scope out candidate sites for restoration.
Foreshore and nearshore areas in proximity to archaeologically identified spawning grounds provide an
additional layer of evidence to support restoration and also to engage tribes in co-management initiatives.
Pacific herring have been utilized by the indigenous peoples of the Salish Sea region for millennia,
including First Nations in BC and Native American Tribes in Washington (Stewart, 1977; Bargmann, 1998;
Gustafson et al., 2006; Thornton, 2015). Not only have adult fish been collected by a variety of means for
human consumption, but eggs are also gathered and eaten. Pacific herring differs from its Atlantic cousin
primarily by spawning on intertidal and shallow subtidal vegetation rather than on deep gravel substrate
(Drapeau, 1973). Once harvested, surplus fish can be smoked and/or dried for consumption during lean
times, or for use as trade goods. Furthermore, the predilection of herring to spawn on nearshore
vegetation was historically exploited by placing hemlock branches in the water, watching for eggs to be
attached, and then towing the branches to areas to promote future spawning in a new location (Thornton,
2015). This thoughtful cultivation of a critical source of marine protein and lipids allowed indigenous
people to effectively farm a reliable source of sustenance from year to year, providing a degree of food
security for their family and communities.
Industrial era, commercial herring fisheries in greater Puget Sound (i.e., the US portion of the Salish Sea)
have a long history characterized by periodic shifts in harvest methods and fishery products targeted.
Extensive coverage of these fisheries is provided by Trumble (1983) and Williams (1959), and summarized
in Washington State herring stock status reports (Stick & Lindquist, 2009; Stick et al., 2014). Briefly,
commercial fisheries in the early 1900s harvested adult herring for export, but this market collapsed after
World War I. From the 1920s-40s herring were landed predominantly using traps that intercepted
migrating spawners, which were used domestically as bait for commercial halibut, crab, and shark
fisheries. In the early 1950s harvest was re-routed to supply bait to growing recreational salmon fisheries,
a practice that continues today. The next shift occurred in 1957 when regulations authorized reduction of
11

herring to oil and meal (termed the “general purpose” fishery), in addition to the continuation of landings
for commercial crab bait. This was phased out by regulation in the early 1980s due to concerns about
effects on local herring stock abundance, particularly herring that spawn at Cherry Point. Coincident with
the general purpose fishery, a sac-roe fishery targeting spawning adults of the Cherry Point herring stock
began in 1972 but was also eliminated by the mid-1980s due to conservation concerns. Landings in this
treaty and non-treaty fishery topped 4,000 short tons in 1974 (Figure 1). [Note that US biomass and
harvest estimates, unless otherwise noted, are presented in tons (a.k.a. US tons or short tons) or pounds
(lbs.); 1 ton = 0.907185 metric tons (“tonnes”) = 907.185 kilograms = 2,000 pounds.] Based in part on a
perceived reduction in the rate of population decline, in 1988 a non-tribal spawn-on-kelp fishery was
developed and a tribal sac-roe fishery was reinvigorated on the Cherry Point stock. A subsequent
precipitous decline in stock abundance began in 1995, resulting in a closure of these fisheries that
continues to the present day.

Figure 1. Commercial landings of Pacific herring in U.S. waters of the Salish Sea by all methods from 1965-2017.

The commercial Pacific herring fishery started in BC in the 19th century for the local food market, and
quickly expanded into a dry salt fishery for export. In 1937, a reduction fishery was also established to
produce fishmeal and fish oil (Hourston & Haegele, 1980). In the late 1940s, Pacific herring became the
major fishery off Canada’s Pacific coast, and catches steadily increased to over 200,000 tonnes in the early
1960s (Beamish et al., 2004).
From the early 1930s to the late 1960s, herring were commercially harvested and processed into relatively
low-value products such as fishmeal and oil. Commercial catches in BC increased dramatically in the early
1960s, but were unsustainable. By 1965, most of the older fish had been removed from the spawning
population by a combination of overfishing and by a sequence of weak year-classes attributed to
unfavorable environmental conditions and a low spawning biomass. As a result, the commercial fishery
collapsed and was closed by the Canadian federal government in 1967 to rebuild the resource. During the
closure from 1967 to 1971, limited fishing activity occurred at low levels (Hourston, 1980). At this time,
there was a growing interest in harvesting roe herring for export to Japan, where herring stocks had been
decimated. A small experimental roe harvest began in 1971 and expanded rapidly until 1983, when a fixed
12

harvest rate was introduced to regulate catch. A series of above average year-classes occurred in the early
1970s, rapidly rebuilding stocks and permitting the re-opening of all areas to commercial fishing.
There are currently four commercial fisheries operating in the northern SoG. They are: the Winter fishery
- food and bait herring (FB) that operates November - February; Seine Roe (SN) that operates February March; Gillnet Roe (GN) that operates February - March; and Special Use (SU) that uses multiple gear
types and operates year round (although mainly in the fall/ winter period). First Nations FSC fisheries
operate within traditional territories of individual Nations, fishing both whole herring (year round) and
spawn-on-boughs (February - March).

IV. Stock Structure
The importance of stock structure has always been recognized by Native American tribes. In the southern
Salish Sea, 21 site-specific, demographically independent spawning stocks are recognized (Stick et al.,
2014; Siple & Francis, 2015) (Figure 2). Early studies in Puget Sound based on spawn timing and location,
as well as vertebrae counts, concluded that individual spawning stocks were independent of each other
and that there was little exchange among them (Chapman et al., 1941; Williams, 1959). On the other hand,
extensive tagging efforts in British Columbia suggested some homing, but also considerable straying rates
(4%-25%) even on regional scales (Hay et al., 2001). Similar to Atlantic herring, such straying rates would
be sufficient to prevent accumulation of neutral genetic differentiation, but may still allow local
adaptation. Indeed, initial molecular studies failed to detect genetic differentiation among Puget Sound
stocks (Grant & Utter, 1984; Schweigert & Withler, 1990), and subsequent microsatellite studies revealed
genetic differentiation only of populations that spawned late or in isolated inlets (Beacham et al., 2008).
Similarly, microsatellite studies revealed differentiation of the only known spring spawning population at
Cherry Point (a late-spawning Elliott Bay stock was detected in 2012) and of an inlet population in the far
south of Puget Sound, at Squaxin Pass (Small et al., 2005; Mitchell, 2006). No differentiation was found
among the other stocks, which are therefore monitored independently but managed as an aggregate by
the WDFW (Stick et al., 2014).
Similar to Atlantic herring, there is considerable circumstantial evidence for local adaptation of stocks in
Pacific herring. Spawn timing of each stock is remarkably consistent from year to year, but ranges among
stocks within the central Puget Sound region from late January to early April (Stick et al., 2014) (Figure 3).
Spawning habitat also varies among stocks, as herring typically spawn in sheltered bays (Haegele &
Schweigert, 1985), but Cherry Point herring spawn along a very exposed coast in close proximity to deep
water (Gustafson et al., 2006). Tagging (O'Toole et al., 2000; Stick et al., 2014), otolith (Gao et al., 2001),
pollutant (West et al., 2008), and parasite (Hershberger et al., 2002) studies suggest differences in
migratory behavior among stocks. Cherry Point herring embryos show much higher temperature
tolerance compared to other Puget Sound stocks (Marshall, 2011), which may be related to their late
spawn time and may provide an important advantage under conditions of rapid environmental change.
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Figure 2. Known spawning stocks of Pacific herring in U.S. waters of the Salish Sea as of 2018.
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Though the Semiahmoo stock and the Cherry Point stock overlap in geography, their spawn timing is
sufficiently distinct that they are genetically differentiated.

Figure 3. Documented peak spawn timing and ranges for Pacific Herring stocks in the Southern Salish Sea.

Additional collection of genetic samples occurred during WDFW’s 2016-17 Mid-water Acoustic Trawl
study, which was designed to sample the pelagic fish community at eighteen sites throughout the
Southern Salish Sea, and investigations are currently underway to determine whether stock-specific
signatures can be identified using restriction site associated DNA markers. This study is being conducted
in collaboration with Lorenz Hauser and Eleni Petrou at the University of Washington. Should genetic
differentiation of additional stocks become possible as a result of this research the WDFW is prepared to
respond appropriately to ensure persistence of unique stocks, in accordance with its Forage Fish
Management Plan (Bargmann, 1998).
The stock concept for BC herring has changed over time in response to the need for fisheries management.
In recent years, migratory stocks have been the target for the roe and food and bait fisheries although
some resident stocks, usually found within inlets, are thought to also support bait fisheries. BC herring
stocks are managed as five major and two minor stock areas (Figure 4), based on geography and biomass.
Stock boundaries encompass the habitat range of relatively discrete migratory herring stocks, and are
based on historical records of commercial catch and spawning locations. Each stock assessment region
(SAR) is comprised of herring Statistical Areas that are further broken down into herring Sections and then
Locations. The Strait of Georgia comprises one of the major SARs.
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Figure 4. British Columbia Pacific herring management areas (outlines) and spawning locations.

Shown are primary spawners (grey symbols) and other genetically distinct stocks (stars), including some
Washington State-managed stocks. Shaded boxplots on right correspond to grey symbols in inset A of
the left panel. Boxplots in right panel summarize the median, 25th, and 75th percentiles of spawning
dates, the whiskers correspond to the 5th and 95th percentiles, and the open circles are outliers. From
Benson et al., 2015., Figure 1.

Pacific herring in the Northern Salish Sea (SoG) SAR are assessed and managed by Fisheries and Oceans
Canada as a single migratory stock. These herring spawn primarily in March, with adult herring migrating
to the west coast of Vancouver Island shortly after spawning to summer/fall feeding areas. The limited
genetic differentiation observed among BC herring is consistent with straying rates resulting in
homogeneous allele frequencies over broad areas. However, the straying rate may be insufficient to offset
the risks posed by overexploitation in specific regions (Beacham et al., 2008). Herring from the east side
of the Strait of Georgia (mainland inlet stocks) are thought to be predominantly “resident,” while
populations from more seaward locations along the central coast and Johnstone Strait are also thought
to migrate to offshore summer feeding grounds (west coast Vancouver Island and possibly other areas)
(Beacham et al., 2008).
The analysis of stable isotopes (delta Carbon (ΔC) and delta Nitrogen (ΔN)) in herring provides a coarse
scale of onshore vs. offshore distribution (an analogy would be the longitude of the areas where these
fish are feeding when not on the spawning grounds) over the previous six months (personal
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communications, Jim West and Sandie O’Neill, T-BiOS group, WDFW; Gina Ylitalo, NOAA). The Port
Orchard/Pt. Madison and Squaxin Pass populations have enriched isotopes indicative of residency in Puget
Sound. Other herring populations, except Quilcene Bay (Hood Canal), share a similar isotope pattern that
is indicative of a more coastal marine distribution, suggesting these fish migrate out of Puget Sound after
spawning. The Quilcene Bay herring carbon signature is different, falling between the coastal and inner
Puget Sound signatures, so at present it is unclear where they reside and feed when not spawning; they
could remain in Hood Canal year-round. The stable isotope signature also indicates that the Cherry Point
and Semiahmoo Bay stocks cluster more tightly with herring from other populations from the west coast
of North America (e.g. Central Coast of B.C., West coast of Vancouver Island), whereas the inner Puget
Sound herring stocks comprise a separate cluster. This suggests that the Semiahmoo Bay stock is migrating
offshore to coastal marine waters in summer but at present it is unclear where the Cherry Point fish are
feeding when not on the spawning grounds.
The analysis of persistent organic pollutants (POPs) from herring tissue is another tool that provides a
refined description of marine distribution and feeding patterns . Along the west coast of North America,
DDTs are more elevated in prey from southern California, PCBs and PBDEs are more elevated in prey from
Puget Sound, and HCBs more elevated in prey from the north coast (West Coast Vancouver Island and
beyond). The POP “fingerprint” is thus analogous to latitude, providing a measure of the north to south
marine distribution of herring feeding grounds. Collectively, both the stable isotopes (longitude) and the
contaminant fingerprints (latitude) provide us with an understanding of where herring populations feed
along the west coast of North America (http://www.psp.wa.gov/vitalsigns/toxics_in_fish.php).
In their study of the geographic distribution and magnitude of three persistent organic pollutants (POPs)
in herring, West et al. (2008) suggest strong environmental segregation of herring samples from inner
Puget Sound (Squaxin Pass, Quartermaster Harbor, Port Orchard) compared to the Strait of Georgia
(Cherry Point, Semiahmoo Bay, Hornby/Denman Island, B.C.). They concluded the observed segregation
likely resulted from differential exposure to contaminants related to the locations where populations (two
and three year old herring) reside and feed. All three “Strait of Georgia” samples were strongly isolated
from the “inner Puget Sound” samples based on multidimensional scaling (MDS) mapping of POPs.
More recent work has also shown that herring from Quilcene Bay in Hood Canal have a unique toxics
profile and confirms that that the herring from Cherry Point and Semiahmoo have a very different toxic
fingerprint than those from Port Orchard and Squaxin Pass, indicating that these subpopulations feed in
different marine locations. However, the POP data also suggest that the Cherry Point stock’s contaminant
profile is slightly different than that of Semiahmoo Bay, so it is unclear where they reside outside of
spawning season; Cherry Point herring may remain in the SoG year-round. On a broader scale, these data
show that Puget Sound herring populations (collectively) have toxic fingerprints that are different than
other herring populations sampled along the west coast of North America, indicative of the segregation
of these populations into a discrete marine distribution and feeding area (personal communications, Jim
West and Sandie O’Neill, T-BiOS group, WDFW).

V. Fisheries Management
A. British Columbia/Strait of Georgia
Pacific herring in the Northern Salish Sea (SoG ) are assessed and managed by Fisheries and Oceans Canada
as a single migratory stock. These herring spawn primarily in March, with adult herring migrating to the
west coast of Vancouver Island shortly after spawning, to summer/ fall feeding areas. SoG herring are
managed using a harvest control rule that outputs intended annual harvest rate based on estimated
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abundance from a stock assessment model, and is reduced to zero as the abundance drops to 25% of
estimated unfished biomass. The harvest control rule combines constant escapement and constant
harvest rate policies, allowing harvest to be reduced in areas (Figure 5) where the intended 20% annual
harvest rate would bring the forecast pre-fishery mature spawning biomass (i.e., the ‘escapement’) to
below 25% of unfished biomass (Cleary et al., 2010; Cleary & Schweigert, 2012).
In addition, while a recent assessment concluded that SoG herring stocks did not show signs of a persistent
‘low-production, low-biomass’ (LP-LB) state, a biological limit reference point of 30% of unfished biomass
was recommended for the SoG stock, to align with best practice recommendations, and because SoG
stocks are geographically adjacent to stocks recently identified as being in LP-LB states (Kronlund et al.
2017).

18

Figure 5. Statistical areas of the Strait of Georgia stock assessment area (SAR).

Source: http://www.pac.dfo-mpo.gc.ca/science/species-especes/pelagic-pelagique/herringhareng/herspawn/sog_map-eng.html. Accessed July 29, 2018.

B. Washington State
Though widespread and substantial herring fisheries occurred historically in the U.S. waters of the Salish
Sea for decades, as noted above, the only commercial fishery currently operating is the “sport bait”
fishery, which includes on average six fishermen annually. The conservative fishing principles detailed in
the WDFW’s Forage Fish Management Plan (Bargmann, 1998) dictate regulation of this fishery and the
current annual maximum harvest guideline is set at 10% of the total annual estimated spawning biomass
for stocks in southern and central Puget Sound (i.e., all but the Cherry Point and Squaxin Pass stocks).
Management efforts in Washington focus on maintaining viable populations at each documented local
spawning ground through time, supported by annual monitoring. By policy, the WDFW requires a
minimum estimated spawning biomass of 3,200 short tons for the Cherry Point stock before harvest may
be considered, and abundance has not been above this level since 1995 (Stick et al., 2014; WDFW
unpublished data). The recent estimate of only 372 tons in 2017, in fact, suggests a nearly 97% decline in
the spawning biomass of this stock relative to its documented peak in 1973 (Sandell et al, report in
progress, WDFW). Annual landings from 2003-2015 generally fell below 6% of the total annual estimated
spawning biomass for stocks in southern and central Puget Sound (Figure 6) (Stick et al., 2014).Though
current harvest levels of herring from the sport bait fishery are a small fraction of what was harvested in
the 1960s and 70s, this fishery remains culturally important because it represents one of only a few nonsalmon commercial fisheries in Puget Sound, and provides local bait for recreational salmon and
groundfish fisheries in the region.

Figure 6. Maximum harvest guideline and actual landings of Pacific herring in the “sport bait” fishery from 19962017.

The harvest guideline is calculated as 10% of the aggregate estimated spawning biomass of all stock in
Puget Sound, except the Cherry Point and Squaxin Pass stocks.
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VI. Status and Trends
A. Southern Salish Sea distribution and abundance summary
The importance of herring and forage fish has long been recognized in Washington State and as early as
1915, several herring preserves were created, closing them to fishing during the spawning season to help
restore abundance (Bargmann, 1998). As consistent differences in spawn timing and distribution became
better recognized, stock-specific monitoring began in an effort to avoid localized depletion. Since 1973,
after the “Baitfish” (now Forage Fish) Unit was organized by the WDFW, attempts have been made
annually to monitor the spawning biomass of the Cherry Point stock, and eventually all other stocks.
Initially these estimates were based on hydroacoustic-trawl evaluations of prespawning adults, combined
with back extrapolation of spawning biomass from egg deposition surveys (Millikan & Penttila, 1972).
Between 1976 and 1996, spawning biomass for the 10-12 largest Puget Sound stocks was estimated
annually, with the remaining smaller stocks surveyed on a rotational basis. Beginning in 1996, annual
estimates of all known herring stocks in Puget Sound have been attempted to track abundance of this
important component of the food web. As noted above, in Washington stocks are defined as those fish
that utilize specific and discrete spawning grounds during a given temporal window, and that typically
vary consistently in growth and size distribution (Trumble, 1983). In 2009 hydroacoustic surveys were
discontinued, and the primary assessment method is now egg deposition surveys.
An aggregate approach to evaluating herring stock status has been used by the Puget Sound Partnership,
in coordination with the WDFW, to develop one of their Dashboard Indicators of Puget Sound health
(Puget Sound Partnership Vital Signs). In this context, “Puget Sound” includes all U.S. waters of the Salish
Sea. The resultant three groups, based on genetic distinction, are: Cherry Point; Squaxin Pass; and the
Other Stocks Complex (all other stocks combined). Abundance trends for these groupings are described
below.
The estimated total spawning biomass for herring in the Southern Salish Sea (SSS) has declined since 1973,
with considerable annual variation (Figures 7-9). The majority of this decline has been in the late-spawning
Cherry Point stock (southern Strait of Georgia, Figure 2), which made up over half of all spawning herring
in the SSS when surveys began. At Cherry Point, spawning activity has contracted and shifted northward
in recent years, with most observed spawn deposition located near Birch Point. The other genetically
distinct stock, Squaxin Pass (at the southern terminus of the Salish Sea, Figure 2), has held relatively
constant (with a slight increase in the early 2000s) over the same period, while the remaining, genetically
homogenous stock complex has contributed an average of 11,967 short tons over the same period
(estimates for any given stock in a year in which no surveys occurred were estimated from the average)
(Figure 6).
In Hood Canal, the Quilcene Bay herring stock was considered to be one of the state’s largest through the
1950s (Stick et al., 2014), though this was quantified only anecdotally. Hood Canal stocks were considered
to be relatively small stocks when quantitative assessments began in the 1970s, until the late 1990s when
the Quilcene Bay stock exhibited a dramatic increase in abundance. Since 2000, the three stocks in Hood
Canal (primarily Quilcene Bay) have contributed an average of nearly a third of all herring spawn in the
SSS, and since 2016, over half. This has occurred despite a number of anoxic events in southern Hood
Canal, although these generally occur later in the summer, after herring larvae have become mobile
juveniles that may avoid anoxic areas. If Hood Canal stocks are excluded, the herring biomass in the
Central and South Sound region has decreased dramatically (Figure 7) and is now considered to be
depressed (only 29% of the 25-year mean). Three of these stocks have had little or no spawn since 2015
(Sandell et al., 2018, report in progress, WDFW) and the WDFW is currently considering management
actions to address this lack of spawning (Figure 9). Both resource managers and environmental advocacy
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groups have noted that this portion of the SSS is heavily populated and, as a result, impacted by diverse
stressors that may be driving this apparent stock collapse.

Figure 7. Estimated herring stock biomass
estimates for the southern Salish Sea.

Note that the Hood Canal stock is not
genetically distinct from the “Other Stock
Complex” (all other stocks) but is highlighted
here to show recent increases in abundance.

Figure 8. Estimated herring biomass estimates
for the southern Salish Sea, by sub-basin, 19732017.

Figure 9. Estimated herring spawn biomass for
South Puget Sound stocks, 2000-2017.
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The eastern Strait of Juan de Fuca region’s stock status has been primarily classified as critical since 1994,
with the exception of 2006 when a significant one-year increase in the estimated spawning biomass of
the Discovery Bay stock was documented. The condition and spawning biomass of the Discovery Bay stock
has been considered an enigma since assessment surveys were started there in 1976. Estimated spawning
biomass was over 3,000 short tons in the 1980s, followed by an unexplained steady decrease to little or
no documented spawning activity since 2000, other than the event in 2006 (Stick et al., 2014). No recent
direct fishery harvest, relatively undisturbed spawning grounds, and good water quality add to the
mystery of this stock’s recent spawning biomass history. However, reports by Chapman et al. (1941) and
Williams (1959) indicate similar trends in abundance for Discovery Bay herring between the early 1900s
and the 1950s; ranging from high levels of abundance early, followed by a decrease in the 1930s, and a
return to “relatively high” levels by the 1950s.

B. Northern Salish Sea distribution and abundance summary
In British Columbia, the overall biomass of Northern Salish Sea herring is orders of magnitude larger
than stocks in Washington state (Fig. 10). For the past two decades herring spawning activity (egg
deposition) in the Strait of Georgia has been largely concentrated from Nanaimo to Comox (Areas 14
and 17N - see Figure 5). For example, in 2017, 81% of herring spawn deposition occurred in Areas 14 and
17N, similar to the recent 10-year average of 83%. This northward concentration of herring spawning
over the past two decades also coincides with a near absence of spawn deposition along the eastern
side of the Strait of Georgia (Sunshine Coast) and in spawning areas south of Nanaimo (the south
eastern portion of Vancouver Island). As noted for the SSS, these recent declines in local abundance of
herring spawn coincide geographically with high densities of human population, and associated
stressors, which has been correlated to reductions in forage fish (Greene et al., 2015).
Strait of Georgia herring spawn is surveyed annually using SCUBA surveys. Additionally, biological data
on herring length, weight, and age-structure is collected from commercial fisheries and through a
biological sampling program targeting pre-spawning aggregations of herring. DFO produces annual
estimates of spawning biomass using a statistical catch-age model. The 2017 assessment of the Strait of
Georgia herring stock estimates an increasing trend in spawning biomass since 2010 (Figure 10, DFO
2018). The median estimate of spawning biomass in 2017 is 114,626 tonnes, equal to 81% of the
unfished equilibrium spawning biomass. Thus, the northward concentration of herring spawning also
coincides with near historic high biomass levels in recent 2-3 years.

Figure 10. Strait of Georgia herring
spawning biomass.

Posterior estimate of spawning
biomass (SBt) for each year t in
thousands of metric tonnes (t x 103).
Line and shaded area indicate
median and 90% credible interval,
respectively. Vertical lines indicate
commercial catch (metric tonnes).
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VII. Factors affecting herring distribution and abundance
A. Anthropogenic stressors

1. Exploitation
There are currently four commercial fisheries operating in the northern SoG. Stock assessments by
Fisheries and Oceans Canada show an increasing trend in spawning stock biomass since 2010 (Figure 10),
suggesting that herring stocks in SoG have not declined in response to fishing pressure as they have in
other BC management areas. However, changes in the distribution of SoG herring spawn, i.e.,
disappearance of spawn from historic spawning sites, are somewhat consistent with predicted impacts
of exploitation on herring with a socially-learned migration behavior (MacCall et al., 2018). Those model
results suggest taking a somewhat longer view of time in stock assessments, so as to incorporate years
of low and high productivity.
As noted above, the only commercial herring fishery currently operating in U.S. waters of the Salish Sea is
the “sport bait” fishery. Fishing occurs predominantly in Admiralty Inlet and the vicinity of the Tacoma
Narrows, from May through October, and juvenile fish aged 1+ to 2+ that originate from an aggregate of
Salish Sea stocks are the target. Average sport bait catch over the last ten years has been <6% of total
average catch for all Puget Sound herring fisheries during the peak of exploitation in the 1970s (Stick et
al. 2014), making this a minor fishery relatively to historic levels. Since 2016, however, several herring
stocks in the southern portion of Puget Sound have exhibited exceptionally low, or even no, spawning
activity (Sandell et al., 2018, report in progress, WDFW) and the WDFW has been evaluating management
options to address concerns about this trend without unduly closing fisheries that target an aggregate of
Salish Sea stocks . Fisheries in the southern portion of the region (i.e., around the Tacoma Narrows) have
not seen significant declines in catch per unit effort and fishermen report having no issue finding or
capturing fish. Despite localized lack of spawning for stocks in this vicinity, then, it appears that production
of stocks elsewhere in the SSS is sufficient to generate robust schools of juveniles throughout Puget
Sound. Regulation using a conservative harvest limit that is rarely approached, and evidence that juvenile
production from strong stocks can offset localized spawner depletion in regional fisheries, suggest that
commercial exploitation is likely a minor factor affecting overall herring population status in the SSS.
While some recreational fishers prefer to jig their own herring for immediate use as bait, the extent of
this harvest is poorly documented by existing creel survey methods and valid estimates are unavailable.
Qualitative indicators, such as frequency of reporting jigging activity when asked during creel surveys,
suggest the practice is common in the summer and fall during periods of high salmon and bottom fish
fishing intensity but rare during late winter and early spring when most herring stocks are spawning
(WDFW unpublished data). As such, recreational jigging for personal use as bait is likely a minor threat to
the persistence of herring stocks in the SSS, though this represents a data gap in need of further study.

2. Water quality
Temperature
The SoG has seen a gradual warming of the entire water column (400 m) from 1970-2005, with “vertically
averaged temperatures in the central Strait of Georgia…increasing at a rate of 0.24 ± 0.01°C/year. This
rate is comparable to the warming observed offshore near the surface, but exceeds, by a factor of at least
two, the rate of warming measured offshore below 100 m” (Masson & Cummins, 2007). Water
temperatures
are
also
rising
in
Puget
Sound;
temperature
increases
ranged
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from +0.8 to +1.6 °F from 1950 to 2009 for stations located at Admiralty Inlet, Point Jefferson, and in Hood
Canal (Bassin et al., 2011).
Pacific herring are exposed to diverse water conditions throughout their lives: nearshore habitats for
spawning and rearing, and offshore pelagic habitats for growth and maturation. As such, they must be
physiologically resilient to fairly broad variations in temperature, salinity, and other physicochemical
parameters. Though juvenile and adult herring can typically thermoregulate behaviorally by selecting
locations and depths that meet their preferred temperature range, herring eggs are typically affixed to
benthic vegetation. Temperature is a critical factor in determining the duration of incubation for many
marine fish species, including Pacific herring (Alderdice & Velsen, 1971; Palsson, 1984, Shelton et al.,
2014), and surface water temperatures in the Salish Sea range from 7-16°C during the winter and late
spring. When water temperature rises above normal ranges, such as during periods of low tide and intense
insolation, it can lead to denaturation of proteins in the developing eggs, resulting in mortality. Increased
temperature may also accelerate desiccation rate and increase mortality, as has been demonstrated for
Surf Smelt Hypomesus pretiosus (Rice, 2006), though herring eggs are generally deposited in subtidal
location and only exposed to the air during a small temporal window in the tidal cycle. As global climate
change results in increased surface water temperatures and broader variation in tidal ranges,
temperature-related stress on herring eggs in the Salish Sea may increase and spawn timing may also be
affected.

Salinity
Eggs attached to vegetation in the shallow subtidal or intertidal may be bathed in salt water much of the
day, but exposed to freshwater from upland sources twice daily, during periods of low tide. Such exposure
may also occur during periods of abnormally high flow from rivers with mouths that enter salt water in
proximity to herring spawning grounds, or whose waters are dispersed to spawning grounds by wind
and/or currents. Monitoring in British Columbia has shown that rearing salinities measured at various
point during incubation can vary from 4.5–42‰, though 12–17‰ is optimal for hatching of viable larvae
(Alderdice & Hourston, 1985). Herring have long evolved to handle such fluctuations, however, and viable
larvae will hatch despite marked deviation from optimality, albeit at reduced levels of success. Herring
spawn timing may also be associated salinity; Puget Sound herring tend to spawn later in years when
salinity levels are lower (TB Francis, pers. comm.).

Dissolved Oxygen
Dissolved oxygen (DO) levels have been declining in Puget Sound since 2000, in both surface and deep
waters (Mohamedali et al., 2011). Dissolved oxygen concentrations are also declining in the SoG: MayJune oxygen concentrations at depth have declined between 1971-2009 by –13% to −29%, likely owing to
coastal upwelling of low-oxygen waters (Johannessen et al., 2014). Herring eggs require oxygenated water
for survival. Low concentrations of dissolved oxygen, though a substantial threat to bentho-demersal eggs
in deep water, may be of less concern for herring eggs in shallow water due to wave mixing. Nevertheless,
increasing nutrient enrichment (see below) and reduced oxygen may trigger food web responses,
particularly in primary producers, that may negatively affect herring at various life stages, owing to their
dependence on planktonic food resources.

Nutrient enrichment
Puget Sound nitrate peaked at most stations in 2008 and has since declined. However, there has been an
increase in annual nitrate anomalies relative to ocean-source waters since 2017 (Figure 11).
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Figure 11. Puget Sound water quality trends (from C. Krembs, Washington Department of Ecology).

There has been a declining trend in Chlorophyll (Chl-a), a proxy for phytoplankton biomass, which is
significantly correlated with non-oceanic nitrate concentrations, suggesting plankton community-nutrient
links. The silicate to dissolved inorganic nitrogen (DIN) ratio is a recognized eutrophication indicator
(Turner, 2002) and has consistently declined over the last 19 years.
The potential consequences of these water quality trends for herring are via food web interactions. Shifts
in the composition of the phytoplankton community away from a dominance by diatoms towards
dinoflagellates have been noted. This could result in a change in timing or magnitude of the spring
phytoplankton bloom and associated zooplankton increases. Because herring hatch is somewhat fixed in
time - varying only up to 3 weeks over 30 years, at most (Figures 3, 4), with some peak hatch times
unchanged over that same time period - herring larvae are timed to the availability of appropriately-sized
food. Changes in the community composition of plankton in response to water quality shifts could have
consequences for plankton-feeding life stages of herring. We lack data to evaluate whether observed
changes in herring are associated with shifts in the plankton, and consider this an important data gap.
However, previous studies have found links between herring abundance trends and food supply,
especially as mediated by oceanic conditions such as temperature (Schweigert et al. 2010), suggesting this
is a dynamics worth evaluating further.

3. Toxics
Contaminant levels in Puget Sound herring could contribute to natural mortality, either directly or
indirectly, via non-lethal effects of contaminants on herring development. The primary contaminant guilds
evaluated for herring are polychlorinated biphenyls (PCBs), polybrominated diphenylethers (PBDEs), and
polycyclic aromatic hydrocarbons (PAHs). Herring sampled from lower/south Puget Sound (Squaxin Pass,
Quartermaster Harbor, and Port Orchard) were 3 to 9 times more contaminated with PCBs, and 1.5 to 2.5
times more contaminated with dichloro-diphenyl-trichloroethanes (DDTs), than those from the Strait of
Georgia (Semiahmoo Bay, Cherry Point, and Denman/Hornby Island, B.C.) (West et al., 2008; Figure 12).
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Different contaminant levels may result from higher regional sources of POPs, a much smaller drainage
area, Puget Sound’s relative isolation from cleaner oceanic waters, and environmental segregation
between “Puget Sound” and “Strait of Georgia.”

Figure 12. Summary of status and trends
for PCBs and PBDEs in Pacific herring.
Box plots represent median tissue
concentrations with interquartile (box ends)
and 5th and 95th percentiles (diamonds). Red
indicates more than 5% of current samples
were above the Puget Sound Partnership
recovery threshold and there is no declining
trend. Yellow indicates more than 5% of most
current samples were above the recovery
threshold but there is a declining trend. Green
indicates at least 95% of most current samples
were below the recovery threshold (i.e., the
upper diamond, or 95th percentile is below the
dashed line) and there is no increasing trend
(recovery goal met). Arrows above box plots
indicate trends. Horizontal dashed lines
indicate the fish health critical tissue level.
From the Puget Sound National Estuary
Program Toxics in Fish Implementation Strategy
Starter Package, Figure 2-1.

The high concentration of PCBs and lack of their decline in herring from the central and southern basin
highlight the persistent nature of these chemicals and possibly a failure to control PCBs still entering Puget
Sound waters (see Ecology, 2011). These results, as well as data related to contaminants in other guilds,
indicate the contamination of the Puget Sound pelagic food web (West et al., 2011a, b; O'Neill et al., 2009;
Cullon et al., 2009; Ross et al., 2013).
PAHs have not been fully evaluated, but preliminary analyses using new analytical methods suggest PAHs
are high in the two urban populations (Port Orchard and Squaxin), are lower in Semiahmoo, and are below
a clean reference condition in Cherry Point herring (Figure 13). Herring exposed to stormwater, which
contains a mixture of chemical constituents, including PAHs, in the laboratory are negatively affected:
shorter larval body length, smaller eyes, lower yolk sack absorption, and cardiac defects (Harding et al.,
2018).
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Figure 13. Comparison of phenanthrene
(PHN) biliary fluorescing aromatic
compounds (FACs) PAHs in five Salish Sea
herring populations.

Quilcene (Hood Canal) is the clean
reference site. Sites with PHN-FAC
concentrations significantly greater
than the reference site are considered
to exceed the threshold and are
shown in red. Sites that are not
significantly different than the
reference site are shown in green.
Data from T-BiOS, WDFW.

Although CP herring have among the lowest levels of contaminants, they are also among the lowest in
lipid levels at spawning (due to overwinter fasting). This may mean that they re-metabolize lipophilic
pollutants around spawning, in effect getting a second dose (J. West, pers. comm.).

4. Vessel Noise
Current noise levels in the Salish Sea are at levels that impair communication for marine mammals
(Williams et al., 2013), though impacts on fish including herring are less well known. However, proposed
increases in vessel traffic within the Salish Sea, particularly oil tanker shipping traffic, would lead to an
increase in anthropogenic noise in the marine environment, with a broad range of organisms likely to be
affected.
Noise can affect herring behavior directly, by changing their behavior, or indirectly, by changing the
behavior and/or efficiency of their predators. Research on anthropogenic noise effects on fish has
provided varying results. In the European eel (Anguilla anguilla), increases in shipping noise led to reduced
predator avoidance (by increasing the time needed to initiate escape responses) and reduced
performance, as well as triggering stress responses (increased ventilation and metabolic rates) (Simpson
et al., 2015). In schooling fish such as Atlantic herring (Clupea harengus), a study of military sonar noises
produced no effect in overwintering herring, while playback of killer whale sounds generated vertical and
horizontal shifts in fish position (Doksaeter et al., 2009). Several studies examined the effects of acoustic
survey vessel noise on herring to establish if behavioral changes may affect acoustic estimates of fish
biomass. Avoidance responses (diving, lateral movements) were common but not consistently observed,
as some schools moved towards the vessel path and were “herded” in front of the vessel targeting them
(Misund et al., 1996; and see the review by De Robertis & Handegard, 2013). Herring in shallower water
tended to have stronger avoidance reactions, although a study on spawning Atlantic herring in shallow
water found little effect of passing vessels (Skaret et al., 2005). The same authors noted moderate
reactions (diving) to a survey vessel among pre-spawning herring, particularly during daytime passes.
However, the presence of epibenthic gadoid predators was hypothesized to have dampened the
magnitude of the response (Skaret, 2006).
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From the literature currently available, it appears that a variety of factors influence herring reactions to
vessel noise (including fish age, ripeness - spawning fish are relatively oblivious, schooling depth, light
levels, time of year, etc.), while the noise characteristics of any given vessel and aspects of the water
through which the noise is being transmitted also play a role (De Robertis & Handegard, 2013). As such, it
is not possible at this time to predict how more anthropogenic noise due to increases in vessel traffic in
the Salish Sea would affect Pacific herring. However, given the prevalence of noise in the Salish Sea, the
likely increase in such noise in the future, and the known impacts on herring predators, it warrants further
investigation.

5. Nearshore light pollution
Dramatic increases in Artificial Light At Night (ALAN) have been reported globally over recent decades
(Falchi et al., 2016), causing considerable ecological concerns about mal-adaptive behavior, movement,
and mortality for nocturnal migrants (e.g., bats, birds, sea turtles, insects) and disruption of circadian
rhythms and food web interactions in terrestrial and aquatic systems. ALAN affects the nocturnal
environment both through the obvious direct spillover of light onto adjacent waters and by more diffuse
but far-reaching “sky-glow” that reflects off the atmosphere back to the surface. The effects of sky-glow
reach many tens of kilometers from its source, and is evident as the lighted dome surrounding cities at
night. The effects of sky-glow are enhanced by cloud cover, which reflect 4x more light back to the surface
on average than during cloudless nights (Kyba et al., 2011). In the Salish Sea region, accelerating land
development that began in the 1980s, coupled with technological shifts toward higher-intensity lighting
(e.g., halogen and now LED lights), has significantly increased ALAN and stimulated observed shifts in
behavior, distribution, and predator-prey interactions among salmon and their predators and prey in
nearshore and open water habitats.
Fish-eating fish, mammals, and birds (piscivores) rely primarily on vision to feed in pelagic habitats and
are thus strongly influenced by spatial and temporal changes in the visual environment. Prey fishes, like
herring, juvenile salmon and other forage fishes attempt to minimize predation risk by either forming
schools or shoals or by remaining at darker depths during daylight. Declining light and increasing turbidity
reduce reaction distances and search volumes for visual predators (Beauchamp et al., 1999, Mazur &
Beauchamp 2003, 2006; Hansen et al., 2013). Under natural day-twilight-night light regimes, dawn and
dusk are typically periods of high predation by visual predators. Although the visual field for piscivores
declines during twilight, prey fish such as herring become more available, as schools disperse and
individuals ascend from deeper daytime depths to feed while sufficient light remains at the shallower
depths where food is concentrated, thus enabling feeding under less predation risk than during full
daylight.
Increasing ALAN in the region has created a period of perpetual twilight from dusk until dawn, and has
reduced or eliminated the nocturnal dark refuge for feeding and migrating fishes in the Salish Sea region.
By applying experimentally-measured visual capabilities of predatory fish to estimated light levels at
different depths during periods preceding artificial lighting and contemporary periods, researchers
estimate that the resulting risk from visually-feeding predators has undergone a 7-fold increase across
depths commonly occupied by herring, juvenile salmon, and other forage fishes in Puget Sound (Mazur &
Beauchamp, 2003; Hansen et al., 2013) (Figure 14).
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Figure 14. Effect of light on predation by salmonids.

(Left panel) The effect of nocturnal light penetration on the effective capture volume of predatory searun Cutthroat trout or resident Chinook/Coho salmon hunting for herring, juvenile salmon, or other
forage fishes in open water habitats of the Puget Sound region. The solid line and filled symbols
represent the estimated historical condition before pervasive electric lighting compared to the 7-fold
increase indicated by the open circles representing contemporary conditions. Right panel: diel feeding
chronology of predatory trout in Lake Washington showing that peak predation on juvenile salmon and
forage fishes was primarily confined to twilight periods in 1985, but increased through the night when a
similar study was repeated in 2005.
Lake Washington offers an example of how increased ALAN has increased predation risk in the region. In
the 1980s, around-the-clock sampling indicated that predation on juvenile salmon and forage fishes
peaked during twilight periods at dawn and dusk with no apparent predation occurring at night and
minimal predation during daylight (Beauchamp, 1990; Beauchamp et al., 1992). However, similar studies
20 years later revealed that predation still increased dramatically at dusk, but then continued to increase
through the night (Figure 14). Consequently, over the past 20-30 years, the period of highest predation
threat has increased from approximately 3 hours of twilight during just dusk and dawn to 8 hours from
dusk through dawn during June (2.7-fold increase) to 15 hours during December (5-fold increase).
Moreover, the depth of effective predation risk has increased considerably, thus encroaching deeper into
the effective foraging zones for plankton-feeding fishes like herring, juvenile salmon and other forage
fishes. Thus, increases ALAN may be interacting with increasing predator abundances (see below) and
other factors to increase natural mortality in herring.

6. Habitat degradation and destruction
Less attention and focused funding has been dedicated to anthropogenic habitat loss and change than on
other potential impacts (Penttila, 2007; Toft et al., 2007). Nevertheless, habitat degradation and loss have
had extensive impacts on forage fish in nearshore intertidal and shallow subtidal ecosystems (Miller et al.,
1980; Greene et al., 2015; Sheaves et al., 2015). These habitats play a key role in the life cycle of many
forage fish species, and Pacific herring is no exception. Fresh et al. (2011) reviewed nearshore
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anthropogenic impacts on habitat and noted four major changes in Puget Sound: substantial loss of river
delta habitat; elimination of small, coastal embayments; interruption of sediment transport pathways that
erode bluffs and form beaches; and a dramatic loss of tidal wetlands. In terms of simple measures such
as shoreline length, all habitat types across Puget Sound have decreased (Simenstad et al., 2011) by 848%, with shallow, protected habitats exhibiting the greatest loss in shoreline length. Specific human
activities that individually and collectively affect nearshore habitat include construction of bulkheads or
other hardened structures in place of natural shorelines, erection of piers and docks, dredging and filling,
removal of riparian vegetation, and pollution (Toft et al., 2007; West et al., 2008; Sobocinski et al., 2010;
Munsch et al., 2015a,b).
Pacific herring are likely to be most sensitive to nearshore habitat conditions during early life stages
ranging from when eggs are attached to surfaces to when postlarval stages recruit to pelagic waters.
Habitat conditions that may affect herring include turbidity (affecting larval feeding), vegetation for
spawning, wave energy (impacting larval retention), and others.
Long-term data on forage fish use of nearshore ecosystems in Puget Sound consist of a few studies of
pelagic communities associated with shoreline areas (Toft et al., 2007; Greene et al., 2015). These studies
show variable regional trends in forage fish catch over time and linkages between anthropogenic activities
and forage fish abundance. However, evidence for long-term habitat change relevant to herring
populations have been challenging to obtain. Some evidence for changes in pelagic habitat conditions
exists from sediment cores (e.g., Brandenburger et al., 2011), but deserve better analysis. Less is known
about changes in specific nearshore habitats affecting herring. There is some evidence of higher herring
egg mortality rates in association with shoreline development, including amount of shoreline armor and
watershed imperviousness (Shelton et al., 2014).
Of the many nearshore environments used by forage fish, beds of aquatic vegetation such as eelgrass and
kelp are of particular importance to Pacific herring for use as spawning substrate or as shelter for early
life stages. The extent of change in eelgrass, as measured from occurrence of raked eelgrass during herring
spawn surveys, indicates that declines on the order of 1-2% occurred at 5 of 14 sites over the last 40 years
(Shelton et al., 2017), and a substantial loss of eelgrass has occurred at the San Juan Island herring
spawning sites, where herring abundance has also dramatically declined. Eelgrass at other sites remains
steady or has increased, though spawning site fidelity may dictate that the location of vegetation within
a site is critical to use by herring. Unknown is how other habitat features have changed at herring
spawning sites across the Salish Sea, though abandonment of southern SoG spawning sites is concomitant
with increasing urbanization (J. Cleary, pers. comm.).
It is quite possible that a range of factors associated with coastal development - light, noise, nutrient
inputs, contaminants, habitat loss - together have cumulative negative effects on herring, but as yet there
is not enough evidence to draw such conclusions.

B. Population Factors
Critical size of schools and spawning aggregations
Pacific herring and their relatives are well-known for their schooling and spawning aggregation behavior.
Schooling likely benefits individuals by conserving swimming energy (Johansen et al., 2010), improving
foraging efficiency (Milne et al., 2005) and reducing predation mortality (Brock & Riffenburgh, 1960;
Landeau & Terborgh, 1986; Rieucau et al., 2014; Domenici et al., 2017). Spawning aggregations are
important in broadcast spawners to locate mates (Dennis, 1989), achieve egg fertilization (Levitan et al.,
1992), and possibly to promote offspring diversity (Rowe & Hutchings, 2003). All these benefits are known
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as Allee effects (Liermann & Hilborn, 1997; Courchamp et al., 1999; Stephens & Sutherland, 1999), which
are improvements in individual fitness with increases in population densities. For such factors, if
population levels decline, individual growth, survival, and reproduction can diminish, resulting in
thresholds (“inverse density dependence” or “critical depensation”, Liermann & Hilborn, 1997) below
which a population’s productivity declines. In a metapopulation situation, these interactions can have
important effects on dispersal, as individuals will prefer to associate with larger groups (Greene & Stamps,
2001). The consequences of populations under threat can be that the number of aggregations declines as
individuals associate with the larger groups (Hutchings, 1996; Greene, 2003). This process can facilitate
population stability to the extent that individuals in the entire metapopulation does not decline below
threshold levels (Greene, 2003).
Allee effects in herring populations can be substantial. Increased energy conservation has been found to
occur better in large schools (Johansen et al., 2010), where the number of “followers” in a school greatly
surpasses the number of “leaders” (the fish at the moving front of the school). Lake herring in larger
schools had higher gut fullness, suggesting increased foraging efficiency (Milne et al., 2005), and Makris
et al. (2009) found that schools with a threshold density of less than 0.18 fish/m2 lost cohesion and
velocity. While it is unclear whether larger groups reduce predation -- while the probability of predation
within a group declines as a function of group size, predators may be attracted to larger aggregations -larger schools improve evasion of predators due to better coordination of escape response (Domenici et
al., 1997) and resulting confusion in predators (Landeau and Terborgh, 1986), and Brock and Riffenburgh
(1960) found that individual survival increased as a function of school size. While reproductive benefits
of larger spawning aggregations have not been extensively studied in herring, there does seem to be some
down-sides to large aggregations in that fertilized eggs can be smothered by excessive layering of eggs
(Hay, 1985).
Are Pacific herring susceptible to critical depensation resulting from Allee effects? In their extensive
reviews of fish populations, both Myers et al. (1995) and Liermann & Hilborn (1997) both found Atlantic
herring stocks to be one of a few reviewed stocks that demonstrated critical depensation. Furthermore,
Liermann and Hilborn (1997) found that uncertainty, particularly from lack of data at low levels of
abundance, was high for much of the dataset, thereby limiting conclusions about the extent of critical
depensation across taxa. While this question has not been addressed for Salish Sea herring stocks,
observations of the potential outcomes of Allee effects on dispersal have been observed in spawning
aggregations. In the Strait of Georgia, the number of spawning aggregations has declined, even as the
local spawning densities appear to have remained the same over the same time period (Therriault et al.,
2009). In Puget Sound, spawning surveys have revealed that local spawning aggregations have been lost
(see above) or become spatially concentrated, such that current local spawning distributions are a fraction
of historical maps of the local distribution. Puget Sound stock abundance trends are declining where egg
predation is high (TB Francis, unpublished data), suggesting an increased per-capita effect of egg
predation as the school size declines. Hence, it appears possible that Pacific herring populations in the
Salish Sea are approaching levels where critical depensation at various life stages may play an increasing
role. In light of changes in the abundance of potential predators and environmental conditions affecting
aggregations (e.g., dissolved oxygen: Domenici et al., 2017), the Salish Sea may be a good candidate for
examining possible depensation.
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C. Food web interactions

1. Predation
Adult herring mortality rates have nearly doubled for some age groups since 1970, suggesting that
predation on adults is a major source of population decline (Siple et al., 2017). In addition to the groups
highlighted below, stable isotope analysis has shown that herring spawn provides nutrients to a broad
range of invertebrate species, as well as to aquatic macroalgae (Fox et al., 2018).

Pinnipeds
Globally, herring (spp.) are recognized as an important food source for almost all marine mammals
including: dolphins, porpoises, humpback (Megaptera novaeangliae) and minke whales (Balaenoptera
acutorostrata), seals and sea lions (Surma et al., 2018). Pacific herring are one of the most important prey
for Stellar sea lions (Eumetopias jubatus), as determined via energy-based ecosystem modeling and other
methods (Everett et al., 1981; Scordino, 2010; Surma et al., 2018). Sea lion distribution is also heavily
correlated with herring biomass and spatial and temporal distribution patterns (Womble & Sigler, 2006;
Gende & Sigler, 2006; Sigler et al., 2017). Harbor seal (Phoca vitulina) diets are similar and dominated
primarily by Pacific herring, especially during the winter and spring (Bromaghin et al., 2013; Lance and
Jeffries, 2007; Lance et al., 2012; Luxa and Acevedo-Gutierrez, 2013). Although harbor seals, Stellar and
California sea lions (Zalophus californianus) prefer a diet rich in Pacific herring, the decline of herring
available for their consumption (Trites & Donnelly, 2003; McClatchie et al., 2016) has not had a negative
influence on their population size. In fact, for harbor seals, a 7-10-fold increase in population size has
occurred since conservation regulations associated with the Marine Mammal Protection Act went into
effect in the 1970s (Jeffries et al., 2003). The common explanation for the lack of correlation between
predator and prey here is that pinnipeds readily switch to other abundant forage fish such as smelt and
sand lance (Gregr, 2004; Vollenweider et al., 2006), and episodic booms in anchovy (Engraulis mordax)
abundance in the Salish Sea (Duguid et al., 2018) may support predators during periods when herring are
not abundant. Additionally, ecosystem changes affecting their wild juvenile and adult salmonid prey base
are largely offset by industrial scale hatchery supplementation, stabilizing prey availability. This may be
an important factor when considering how high pinniped abundance may, or may not, influence herring
differently during periods of varying prey abundance the Salish Sea.

Cetaceans (piscivorous)
Whales: Humpback whales are the most abundant cetacean predator of herring. Surma et al. (2018a)
considered herring to be the most important prey item to Alaskan humpback whales based on their
energy-based ecosystem model. Sharpe and Dill (1997) also documented herring as a primary prey species
for humpback whales and further established this whale species, among other individual prey seeking (vs.
other bulk-feeding predators) as a dominant predator for herring. Historically, declines in herring
populations have coincided with declines in Humpback populations (Stout et al., 2001; Falcone et al.,
2005). Humpback whales in the North Pacific have dramatically increased from a low of 1,400 in 1986
to nearly 20,000 in 2008 (Barlow et al., 2011), and sightings in the Salish Sea by conservation groups
have increased steadily over the last 10 years. This has led many to hypothesize that declines in herring
abundance are associated with increasing humpback abundance throughout the North Pacific.
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Killer whales off coastal Norway and Iceland depend on Atlantic herring (Similä et al., 1996), but herring
are not considered a common or preferred prey item for Killer whales (Orcinus orca) in the Salish Sea
despite the fact that large herring aggregations during spawning are a significant attractant for other large
marine mammals (e.g., sea lions) (Ford et al., 1998; Ford & Ellis, 2006). There has been speculation as to
whether Killer whales will turn to forage fish, such as Pacific herring, for sustenance as the depletion of
their primary prey of choice, Chinook salmon, continues.
The little diet data available on minke whales suggests that they do feed on forage fish and this most likely
includes herring. Only about twelve individuals are observed in the Salish Sea. Conversely, there are no
records of Grey whales (Eschrichtius robustus) consuming herring in the Salish Sea. Nearshore Grey whale
disruption of sediment while consuming mysids and ghost shrimp could possibly have a detrimental
impact on recently spawned and post-larval herring.
Dolphin and Porpoise: Information is abundant for both harbor (Phocoena phocoena) and Dall’s porpoise
(Phocoenoides dalli) (Smith & Gaskin, 1974; Recchia & Reed, 1989). Harbor porpoises caught in the Strait
of Juan de Fuca feed heavily on herring and smelt (64% to 89% of stomach contents) with adult
porpoises being more selective toward herring than smelt (Gearin et al., 1994). Walker et al. (1998),
Hall (2004) and Nichol et al. (2013) found that herring were common prey for both harbor and Dall’s
porpoise, often contributing to 60% of the total caloric intake for harbor porpoises. Temporally, Pacific
herring was the most widely distributed prey taxa for both species of porpoise in the region (Nichol et al.,
2013) and made up 45% of the diet by frequency of occurrence and high caloric contribution to their diets.
Harbor porpoise numbers have tripled since the 1990s and, coupled with their preference for herring
as prey, pose a substantial pressure for herring populations. Conversely, Dall’s porpoise seem to be
absent from the Salish Sea, despite a historical presence, with only a few documented sightings of rare
individuals in the San Juan Islands and the Strait of Juan de Fuca, suggesting their impact on herring is not
worth consideration. Like Dall’s porpoise, white-sided dolphins (Lagenorhynchus obliquidens) are
occasionally present in small numbers in the Salish sea but there is little diet data available from the
literature.

Predatory Fishes
Among predatory fishes in the Salish Sea, the reliance of Chinook and coho salmon on forage fish is
perhaps the best studied. Post-larval herring serve as prey for juvenile Chinook and coho salmon,
cutthroat, and steelhead trout. The consumption of herring by salmon is dictated by size restrictions
(primarily mouth gape), but herring can be an important contributor to age-0 Chinook and coho salmon
diets in northern Puget Sound and the Strait of Georgia, where late spawning (Cherry Point and some
Canadian) stocks provide younger, smaller post-larval herring that can be easily consumed by salmon.
Larger herring may be even more important in older salmon diets: “resident forms of Chinook salmon
(>300mm) rely heavily on herring throughout their entire marine life with herring contributing about 80%
of their lifetime energy budget” (PSC report, Beauchamp & Duffy, 2011). Herring are considered the
second highest energy-rich forage fish in the Salish Sea after eulachon (Thaleichthys pacificus), with values
that overlap, but generally exceed, those of Pacific sand lance (Surma et al., 2018).
Pacific Hake (aka Whiting; Merluccius productus) are an abundant predator of herring both in the Salish
Sea and coastal waters. Juvenile hake may compete with herring for prey resources, but as they grow they
become piscivorous and herring can become a substantial part of their diet for both Salish Sea resident
and coastal hake stocks. During the spring it is estimated that herring may compose 15%-20% of the hake
diet in the Strait of Georgia, potentially accounting for thousands of metric tonnes of herring consumed
by hake during this time (McFarlane & Beamish, 1985). Herring were also noted as the dominant prey
species for hake in coastal waters off of the Pacific Northwest by Buckley & Livingston (1997), accounting
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for over 50% of the diet by weight of hake collected off the west coast of Vancouver Island and northwest
Washington. The biomass of Pacific hake in Puget Sound has declined 85% and failed to recover despite a
closure of the commercial fishery in 1991; spawning areas in Puget Sound include Port Susan, Dabob Bay
and near Carr Inlet, and spawning aggregations in the Strait of Georgia are found in south-central and
northwest Georgia Strait, as well as in Stuart Channel and Saanich Inlet (reviewed in Chittaro et al., 2013).
Recently, reduced average size and length at maturity has been observed in Salish Sea resident hake
populations, and both resident and coastal populations have fluctuated (King & McFarlane 2006; Edwards
at al., 2018). It is unclear how these changes in abundance and growth rates may affect hake predation
rates on herring.
Spiny dogfish are another prominent predator in the Salish Sea, with an estimated 2 to 4 million individuals
present during the summer (Beamish & Sweeting, 2009). Dogfish diets are composed primarily of
euphausiids and teleosts, including herring, but vary seasonally and by size (Jones & Geen, 1977).
Invertebrates comprise a larger component of dogfish diets during summer months, and teleosts are more
prominent in the diets of larger (>60cm) dogfish, and during winter months (Jones & Geen, 1977; Beamish
and Sweeting, 2009). Jones and Geen (1977) noted herring was the principle food item for dogfish
sampled in British Columbia waters, and suggested that dogfish may consume 5 times the annual
commercial catch of herring during that time.
Predation upon herring eggs by bentho-demersal fishes is another point of concern. In the Baltic sea,
where three-spine stickleback (Gasterosteus aculeatus) are the dominant resident fish species in nearshore waters, predation upon Atlantic herring (Clupea harengus) eggs was significant at temperatures
between 11° and 15°C and may shape the success of herring recruitment in the region (Kotterba et al.,
2014). Threespine stickleback numbers have increased over a forty-year period in Puget Sound (Greene
et al., 2015), but little data is available on herring egg predation. Demersal fish species in the North Atlantic
ocean (primarily haddock, Melanogrammus aeglefinus) are considered a significant predator of Atlantic
herring eggs (Rankine & Morrison, 1989; Toresen, 1991), but egg predation by similar species in the Salish
Sea (e.g., greenlings, hake, and walleye pollock) has not been documented, perhaps because Pacific
herring spawn at shallower depths (Rooper et al., 2000; Kotterba et al., 2014). Herring are also
cannibalistic on their own eggs (reviewed in Willson & Womble, 2006).

Seabirds
Herring are widely considered to be among the most important prey species for piscivorous seabird
species in the Salish Sea. Their importance in the diets of different seabird species varies depending on
herring life stage (Therriault et al., 2009). Herring spawn events offer tremendous nutritional benefits to
seabirds, but are temporally and spatially limited, and many Salish Sea spawning sites have shown
decreasing herring egg production over the last few decades (Therriault et al., 2009; Stick et al., 2014). A
number of species that rely on herring spawn and juvenile and adult herring have shown marked
decreases in abundance (Bower, 2009). Piscivores, in particular, account for most of the marine bird
species showing major declines (Figure 15) (Piatt & Arimitsu, 2005; Vilchis at al., 2014).
Many seabirds aggregate at herring spawn events, sometimes numbering in the tens of thousands.
Reviewing accounts of multiple spawn events shows that the seabird assemblages at any one event may
be unique, but that most assemblages include loons, grebes, cormorants, ducks, gulls, and alcids (Monro
& Clemens, 1931; Haegele, 1993; Terrance Wahl, unpublished data). Species commonly found at spawn
events include western grebes (historically, but now much reduced), glaucous-winged gulls, surf scoters,
white-winged scoters, harlequin ducks, greater scaup, and long-tailed duck, but other species are locally
common as well.
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Seabird predation on herring eggs is also high and often the most significant egg predation factor
(Anderson et al., 2009; Rooper et al., 2000; Lok et al., 2012). Much research has focused on surf scoter
use of herring spawn, with results suggesting that spawn is critical to compensating for overwinter
declines in body mass as well as for storing energy for migration and possibly reproduction. Surf scoters,
for instance, have been shown to increase their body mass significantly during spawn events (Anderson
et al., 2009). Surf scoters increase daily movements in order to feed on spawn as compared to nonspawning periods (Lok et al., 2008). Many surf scoters appear to time their northward migration to take
advantage of herring spawn events, with 60% of tracked surf scoters attending at least one spawn event
(Lok al., 2012). Importantly, high egg predation rates are observed at sites with high numbers of observed
scoters (T. Francis, unpublished data). In addition, herring populations with high egg mortality rates show
declining abundance trends.
Understanding the causes of abundance decreases is a complex problem and requires consideration of
the life history and the unique set of environmental issues impacting each species. That said, decreased
herring stocks, and particularly decreased availability of herring spawn, has likely played a role in the
decrease of piscivorous seabird species in the Salish Sea.

Figure 15. Declines in piscivorous and
other marine birds in Puget sound and
surrounding waters

(Figure from Piatt & Arimitsu, 2005).

2. Competition
Herring are among the most abundant, if not the most abundant, planktivore in the Salish Sea. They also
face competition from a number of other species for zooplankton resources. Importantly, data on
distribution, abundance, and community composition of zooplankton in the Salish Sea has been a major
data gap for years. A new zooplankton monitoring program has launched, but results are of limited
usefulness in evaluating bottom-up effects on herring, given the short time series. Previous studies have
found links between abundance trends in British Columbia Pacific herring and the abundance of some
zooplankton species (Schweigert et al. 2010), but we presently lack data to evaluate those links for Salish
Sea herring.
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Forage fish
Herring eat primarily copepods and hyperiid amphipods during early life stages and add increasingly large
fractions of gammarid amphipods, euphausiids, and larval crab as their size increases (regulated by
predator-prey size relationships) (Duffy et al., 2010; Beauchamp & Duffy, 2011). Herring diets overlap
extensively with that of juvenile Chinook salmon (Schoener’s overlap index 60-85%), regardless of the
presence (every other year) of juvenile pink salmon (Figure 16; Beauchamp & Duffy, 2011; Kemp et al.,
2013). In addition, estimates of population-level consumption via bioenergetics modeling “indicated that
herring consumed approximately 10-50 times more biomass of the major prey eaten by juvenile Chinook
salmon…in Puget Sound within the Southern, Central and Whidbey Basins and Admiralty Inlet”
(Beauchamp & Duffy, 2011). In the San Juan Islands, herring were shown to overlap in habitat use with
juvenile (<150mm fork length) salmon (Beamer & Fresh, 2012) and to compete with juvenile salmon and
other forage fish species; larger herring (>150mm) in pelagic environments also compete with coho
salmon (>150mm FL) for larger euphausiids, amphipods, and brachyurans (Fresh et al., 1981). When
analyzed by trophic guild, herring formed the largest, zooplankton-feeding guild (14 species total) and did
not change guild with shifts in season; summer diets were found to converge as seasonal resources
increased, but winter diets suggested a greater degree of specialization with less diet overlap (Reum &
Essington, 2008). Modeling factors affecting age zero (young-of-the-year) herring in the SoG, Boldt et al.
(2018) found that density-dependent processes (e.g. intraspecific competition) likely governed
populations, and that conditions that favored juvenile herring also favored their predators and
competitors.

Figure 16. Diet comparisons among herring and herring competitors.
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Offshore diet composition during July (left panels) and September (right panels) for age-0 Chinook
salmon (upper), Pacific herring >130mm FL (middle), and age-0 pink salmon (lower) in pelagic habitats of
Puget Sound during 2002, 2004, and 2006. Sample sizes and average fork lengths are listed above each
bar. (Source: Beauchamp and Duffy 2011)
Post-larval herring serve as both competitors (with juvenile salmon for phyto- and zooplankton prey) and
prey for juvenile Chinook and coho salmon, cutthroat, and steelhead trout. Competition with herring was
identified as “a probable cause for food limitation, based on the significant amount of diet overlap for
important prey, high spatial-temporal overlap among juvenile salmon and herring, and the many-fold
higher biomass of herring relative to all species of juvenile salmon and other planktivorous fishes”
(Beauchamp & Duffy, 2011).
The diets of other nearshore forage species (primarily surf smelt and sand lance) also indicate
considerable overlap that would lead to competition, although anchovy, which are pelagic spawners, also
rely on phytoplankton and zooplankton (Pentilla et al., 1985, 1986). Surf smelt diets consist primarily of
copepods, Oikopleura, and Cladocera (reviewed in Garrison & Miller, 2002). Pacific sand lance are found
both near-shore (Sellek et al., 2015) and in deep wave fields in the San Juan Islands (Bizzarro et al., 2016;
Greene et al., 2017) and perhaps elsewhere. Sand lance feed primarily on calanoid copepods,
Coscinodiscus diatoms, and polychaete worms (Simenstad et al., 1977; Trible, 2000; Sisson & Baker, 2017)
but are dormant through much of the winter, exhibiting a significant decrease in condition factor (Sisson
& Baker, 2017). The population of sand lance in the San Juan Island wave field was estimated at over 63
million fish (Blaine, 2006).
Northern anchovy have returned to abundance in recent years throughout the Salish Sea (Duguid et al.,
2018), although an historical analysis of scales in core samples taken in Saanich Inlet (BC) estimated that
they comprised only 3% of total scales (with herring and hake forming the majority) (cited in Therriault et
al., 2002). More recent studies of First Nations archaeological sites also placed anchovy as the third most
abundant species at sites up to 3000 years old (Pierson, 2011), and anchovy scales were found to be
ubiquitous at 35% of archaeological sites throughout the Salish Sea (McKechnie & Moss, 2016). In
comparison, smelt species (difficult to separate by osteology) were also ubiquitous at 35% of sites, while
herring were the dominant species, ubiquitous at over 98% of sites examined (McKechnie & Moss, 2014,
2016). Thus, herring appear to be the most numerous forage fish species in the Salish Sea both at present
and in the past, although the sparsity of data on other forage species (especially those not typically
considered forage fish, e.g. three-spine stickleback, shiner perch, juvenile hake, etc.), and large temporal
changes in species’ abundance, makes it difficult to assess competitive interactions on a broad scale.
Sardine are not commonly found in the Salish Sea, but they do occur in the coastal waters off Washington
and British Columbia where some herring stocks feed. Since the initial closure of the sardine fishery in
1967, estimated sardine biomass increased to about one million metric tonnes in 2006 (Hill et al. 2017).
Sardine diet is composed primarily of diatoms, copepods, and euphausiids (McFarlane et al., 2010).
Herring stocks that migrate to coastal waters to feed face competition from Pacific Sardine for common
prey, and fluctuations in sardine stocks may impact herring stocks, particularly those stocks that do not
remain within the Salish Sea (Schweigert et al., 2010).

Gelatinous zooplankton (“Jellyfish”)
Gelatinous zooplankton consist of a diverse group of organisms; in this discussion, we use “jellyfish” in
reference to “medusae of the phylum Cnidaria (hydromedusae, siphonophores and scyphomedusae) and
to planktonic members of the phylum Ctenophora. Though not closely related, these organisms share
many characteristics including their watery or ‘gelatinous’ nature, and a role as higher-order carnivores in
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plankton communities” (Mills, 2001). There are many examples of large increases in jellyfish abundance,
e.g. the Baltic Sea (as a result of a species translocation via vessel bilge water) and in coastal waters off
Korea, Japan and China, among others (Mills 2001; Uye, 2011; Brotz et al., 2012). Jellyfish are a concern
for herring populations because they consume herring larvae and compete with juvenile and adult herring
for planktonic prey, and because jellyfish can occur in large numbers.
A contributing factor to jellyfish population increases is “hardening” of the marine environment through
the construction of seawalls, jetties, aquaculture structures, oil platforms, etc. These structures provide
solid benthic surfaces for the attachment of jellyfish (cnidarian) polyps, which can then quickly reproduce
asexually, leading to blooms under favorable conditions (Graham, 2001; Lo et al., 2008). There is some
evidence that artificial substrates are preferred over natural ones, although jellyfish species with polyp
stages may also benefit from marine trash and macroalgae mariculture for the same reasons (Duarte,
2013). Other factors which may lead to increases in jellyfish populations, and blooms, include (from Purcell
et al., 2007 and Richardson et al., 2009):
(a) overfishing, leading to reductions in competition and predatory pressures (particularly on polyp
and ephyrae stages of jellyfish)
(b) sea water temperature increases, which enables rapid jellyfish reproduction (through increases
in productivity) and water column stratification, resulting in nutrient-poor surface waters that
favor jellyfish
(c) eutrophication, leading to phytoplankton blooms that may encourage jellyfish blooms; jellyfish
are able to feed in low-visibility conditions common under eutrophication, whereas most fish
are not
(d) anoxic conditions, to which jellyfish are resistant; this may allow them to outcompete
competitors such as planktivorous fishes
(e) Dams, which alter hydrologic regimes and shift salinity gradients and estuarine circulation
patterns in ways that favor jellyfish
A major concern is that the above factors may increase jellyfish reproduction while simultaneously
reducing competition and predation, creating a feedback loop “whereby jellyfish can form an alternative
stable state in marine ecosystems... replacing the more common and productive food webs dominated
by higher trophic-level organisms such as fish” (Purcell, 2007). A study of diverse food web models
indicated that the ratio of forage fish to jellyfish and total jellyfish biomass were among the best indicators
of ecosystem health (Samhouri et al., 2009).
Recent modeling efforts show the shift in dominance from forage fish to jellyfish associated with changing
levels of primary production and water quality (Schnedler-Meyer et al., 2016). In the main basin of Puget
Sound, a comparison of surface trawling data collected intermittently over a 40 year period showed a 39 fold increase in the frequency of large jellyfish blooms in the Central and South basins, accompanied by
a two-fold decline in herring and surf smelt over the same period (Greene et al., 2015). However, the
dynamics at work in Puget Sound may differ from other coastal ocean regions; the same study noted
“Intriguingly, jellyfish catch-per-unit-effort (CPUE) was negatively associated with forage fish harvest.”
The answer may lie in another correlation, namely that jellyfish abundance was also negatively correlated
with the growth of the human population in this now heavily urbanized estuary, suggesting that the suite
of effects caused by elevated human population densities are also detrimental to jellyfish (Greene et al.,
2015).
A similar surface-trawl study with better spatial but limited temporal coverage (May-August of 2003 only)
found that jellyfish accounted for over 60% of the total wet biomass captured; jellyfish made up almost
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90% of the biomass in Central and South Puget Sound but less than 45% of the biomass in the more
northern basins (Whidbey and “Rosario”, the eastern Strait of Juan de Fuca north to Bellingham Bay) (Rice
et al., 2012). These results were mirrored in a WDFW mid-water acoustic trawl survey of the southern
Salish Sea in 2016-17, in which nearly 60% of the biomass captured during the summer months consisted
of invertebrates, primarily jellyfish (Burger et al., 2018, WDFW, report in progress).
In contrast, Mills (2001) observed a decline in the abundance of Aequorea victoria medusae in the area
around Friday Harbor (San Juan Island) through the year 2000, although it is unclear if this is the result of
nearly three decades of collections (for the harvest of aequorin and green fluorescent protein) or
environmental variability. Until recently “jellyfish” (again, an amalgamation of a wide range of organisms
with varied life histories) were largely ignored in fisheries research efforts; as a result, we are largely
uninformed about the dynamics of jellyfish populations in the Salish Sea. In the northern SoG, less data
focusing on jellyfish is available, but two studies covering zooplankton over ~20-year time periods (ending
in 2010) indicate that jellyfish abundance has shifted. In analyzing data from deep (>100m) waters, Mackas
et al. (2013) noted “Much of the biomass in each season and also in the overall annual average is
accounted for by only about a dozen crustacean taxa and their gelatinous predators”. A study of the
shallow, nighttime zooplankton community noted a steep decline in gelatinous zooplankton in June from
the 1990s vs. the 2000s, although the effect was reversed in samples taken in September, although the
magnitude of the shift was much smaller (Li et al., 2013). Overall, there does not appear to be a consistent
increase in the jellyfish contribution to the plankton in the northern SoG, as noted by Greene et al., 2015
in Puget Sound, but recent data are limited.
At present, there is little direct evidence that jellyfish act as predators upon Pacific herring. Direct
predation is unlikely due to timing differences in Pacific herring and jellyfish life cycles. With the exception
of the late-spawning stocks (e.g. Cherry Point, WA), most early life stages of Pacific herring do not overlap
the main pulse of jellyfish biomass, which occurs in the summer. Hence, the risk of predation might be
limited to years in which jellyfish bloom early in the spring, such as years of anomalously high spring
temperature. However, jellyfish have been observed to consume 95% of herring larvae at a single
spawning site (Sandra Emry, unpublished data), and with warming ocean temperatures, there is concern
that jellyfish blooms are occurring earlier in the year, increasing the chance of overlap with herring larvae.
Currently, there is limited information on the role of jellyfish as competitors with herring.

3. Disease
As with Pacific herring throughout the greater North Pacific Ocean, those in the Salish Sea are host to
numerous pathogens including sea lice, nematodes, trematodes, cestodes, myxosporeans, ciliated
protozoans, coccidians, protists, bacteria, and viruses (Marty et al., 1998; Hershberger et al., 2008; Friend
et al., 2016). Among these, viral hemorrhagic septicemia virus (VHSV), erythrocytic necrosis virus (ENV),
and Ichthyophonus, generate the most concern to resource managers because of their documented
population-level impacts to Pacific herring and other forage species. Under typical conditions, a delicate
balance occurs between host, pathogen, and environmental conditions, resulting in an endemic state
where these pathogens occur in the apparent absence of disease. However, periodic changes in host and
environmental conditions facilitate the transition of this balanced condition into an overt disease state.
The relative contributions of these stochastic disease outbreaks towards the overall annual mortality of
Pacific herring in the Salish Sea are difficult to deduce, but mortality from disease remains a leading
hypothesis accounting for abundance crashes and demographic patterns in several herring populations.
For example, ENV causes recurring epizootics in juvenile Pacific herring (Meyers et al., 1986; Hershberger
et al., 2009), VHS causes recurring kills of free-ranging and impounded herring (Garver et al., 2013,
Hershberger et al., 2016), and ichthyophoniasis causes recurring population-level impacts to clupeid
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populations around the world (Burge et al., 2014). Ongoing efforts in the Salish Sea are underway to assess
the population-level impacts of these diseases, forecast disease potential, and develop adaptive
management strategies to mitigate disease impacts to Pacific herring.

D. Physical and broad-scale environmental factors

1. Climate Change
Anthropogenic activities are changing the global climate, which has significant implications for the Salish
Sea. These changes include increases in temperature (both air and water), increases in the frequency and
magnitude of heavy rainfall, sea level rise (SLR), shifts in circulation, and ocean acidification (discussed in
the following section) (Mauger et al., 2015; see https://cig.uw.edu/resources/special-reports/ps-sok/). A
full discussion of these changes is beyond the scope of this report, but herein we focus on how these
changes are likely to affect Pacific herring in the Salish Sea (acknowledging that there is little research
specific to the topic to draw upon).
Global air temperatures have risen over the last century by 0.74°C and are projected to rise another 1.1
to 6.4°C by 2100 (IPCC, 2007). This had led to ocean warming, and, in the SoG, a gradual warming of the
entire water column (400 m) from 1970-2005, with “vertically averaged temperatures in the central Strait
of Georgia…increasing at a rate of 0.24 ± 0.01°C/year. This rate is comparable to the warming observed
offshore near the surface, but exceeds, by a factor of at least two, the rate of warming measured offshore
below 100 m” (Masson & Cummins, 2007). The region has also experienced El Nino and La Nina climate
events with increasing frequency (Guan et al., 2017); El Nino events can lead to delayed upwelling in the
California Current System and have been linked with delays in the timing of the spring phytoplankton
bloom, with effects on planktivorous fish spawn timing (e.g. Northern Anchovy; reviewed in Asch, 2015).
Direct effects of increasing temperature that may affect herring, but to an unknown degree, include:
plankton bloom timing mismatches, leading to decreased larval survival (Cushing 1969; Schweigert
2013; Asch 2015; Boldt et al., 2018); acceleration of embryo development; and northward geographic
expansion of the range of herring predators, competitors, parasites, and diseases.
In addition to temperature increases, changes in hydrology are predicted to occur, affecting salinity,
turbidity, and other physiochemical parameters, as well as the volume of runoff. While little change in
precipitation is forecast for the Salish Sea region in total, heavy rainfall will increase. Shifts from snow in
winter to mostly rain will alter the timing of maximum runoff, which may lead to earlier surface water
warming, more stratification, and earlier plankton blooms. More storms are also predicted under climate
change, which could increase egg loss due to perturbation, displacement, and destruction of nearshore
vegetation on spawning grounds.
Herring larvae exposed to elevated temperatures during embryonic development are smaller than those
incubated at cooler temperatures (16 vs 10 degrees C), and there are more frequent morphological
deformities in the spine and jaw (reviewed by Love et al., 2018). These results suggest future warming
may put additional pressure on herring populations.
Climate may impact the distribution of herring, as they migrate northward in response to warming
temperatures, salinity, or river flow (Checkley, 2017; Conner et al. unknown date). Climate may increase
phenological mismatches if seasonal cues (e.g., day length) become decoupled from seasonal processes
(e.g., temperature), and if herring phenological response to climate change differs from the responses of
their prey or predators (Asch, 2015).
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The depth distribution of submerged aquatic vegetation (SAV), upon which herring rely as spawning
habitat, may change with increased eutrophication and/or sea level rise, resulting in SAV becoming a
limiting factor for Salish Sea herring populations, as it is for Baltic herring populations (Moll et al., 2018).
Wave energy has a negative effect on herring egg survivorship (Shelton et al., 2014), and storm frequency
and intensity is predicted to increase (Coumou & Rahmstorf, 2012; Woth et al., 2006), which may increase
pressure on this early life stage for herring. Such additive impacts of depth-limited SAV and increased
storm frequency has been shown to result in up to 30% of egg loss in a single spawning bed (Moll et al.,
2018).
If hypoxic summer conditions in Hood Canal continue to grow more frequent and extensive as predicted
(Essington & Paulsen, 2010), we would anticipate an interaction between dissolved oxygen conditions and
the foraging success of hypoxia-tolerant jellyfish compared to zooplanktivorous fishes such as Pacific hake
and Pacific herring (Moriarty et al., 2012).
Increased inputs of freshwater from rivers, resulting from the warmer temperature and higher rain:snow,
may reduce salinity in nearshore habitats. Herring spawn later in warmer years with lower salinity, which
could impact their egg survivability or availability of appropriate prey during critical life stages.
Sea level is also projected to rise by 0.2 to 0.6 m or more by 2100 (Hansen et al. 2007; IPCC, 2007). The
magnitude of the effect of SLR in some ways depends on human response. Increased shoreline
armoring/levees etc. will create habitat for jellyfish polyps and could increase jellyfish populations (refer
to jellyfish section). “Bath tub” effects of rising water will eventually raise local sea levels in areas with
armoring; deeper water (and potentially more turbid water if warmer temperatures and increased
stratification lead to more/heavier blooms) will eventually lead to a loss of suitable habitat for
macroalgae, reducing vegetation band width and spawning habitat. At present we have seen little changes
in total eelgrass (Shelton et al., 2014), and herring do not appear spawning habitat limited in Puget Sound.

2. Ocean acidification
Increasing ocean acidification (OA) is another factor that could be negatively impacting herring abundance
in Washington waters. An increase in the acidity of Salish Sea waters has been documented and is
expected
to
increase
in
the
future
(Feeley
et
al.,
2010;
and
see
https://www.pmel.noaa.gov/co2/story/Acidified+waters+in+Puget+Sound
and
http://www.dfompo.gc.ca/science/oceanography-oceanographie/impacts/acidification-eng.html).
Its impact on
important post-larval herring prey, particularly crustaceans such as krill, calanoid copepods, and crab zoea
is concerning. Clear negative effects of high-pCO2 (resulting in a lowering of pH, an increase in acidity)
have been shown on zooplankton that build calcium carbonate shells (e.g., pteropods, bivalves, and
echinoderms) (Kroeker et al., 2013; Wittmann & Pörtner, 2013), even at pCO2 -levels already observed in
the California Current and Puget Sound. The direct effects on other zooplankton are less clear, although
published studies provide broad evidence of negative effects of elevated pCO2 - on mesozooplankton
(Busch & McElhany, 2016). Negative effects on taxa which are important herring prey (especially
copepods, krill, crab and shrimp larvae) have been reported. pCO2 levels that are currently found in some
regions of Puget Sound have negative effects on krill (Euphausia pacifica) survival and development
(McLaskey et al., 2016). Copepods have shown mixed responses to OA: globally, many studies have found
that adult copepods are generally robust to modest changes in pH (those predicted for the surface ocean
by the end of the century) (Kurihara & Ishimatsu, 2008; McConville et al., 2013; Hildebrandt et al., 2014;
Runge et al., 2016), but younger life stages and some species are more sensitive (e.g., Thor & Oliva 2015;
Aguilera et al., 2016; Lewis et al., 2013; Cripps et al., 2014). There is also growing evidence of sub-lethal
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effects of elevated pCO2 (e.g., on growth) that could have important implications for copepod populations
(Li & Gao, 2012; Fitzer et al., 2012; Thor & Oliva, 2015; Thor & Dupont, 2015).
Indirectly, there are a variety of ways increased pCO2 can affect zooplankton through their phytoplankton
prey, including changes in phytoplankton abundance or cell size which can influence zooplankton grazing,
and changes in phytoplankton quality as food through changes in their fatty acid composition. Laboratory
and mesocosm studies have shown variable results of OA on these links making the effects difficult to
generalize. Some studies have reported strong negative effects on development, growth, and egg
production rates of copepods when feeding on phytoplankton cultured at high CO2 (Rossoll et al., 2012;
Schoo et al., 2013; Cripps et al., 2016), yet other studies have shown more complex responses, including
minimal effects (Rossoll et al., 2013) or even moderate positive responses (McLaskey & Keister,
unpublished data).
Most of the current research on the effects of OA on marine fish to date have focused on larval stages
because these are thought to be the most susceptible, with contrasting results between and within
species. Atlantic herring larvae have been shown to be resistant to the combined effects of elevated
acidity resulting from increases in atmospheric CO2 (Maneja et al., 2014; Sswat et al., 2018a), even though
elevated temperatures alone increased swimming activity and decreased larval instantaneous growth and
survival (Sswat et al., 2018a). Atlantic herring larvae swimming performance and feeding were not
affected by elevated pCO2 in another study (Maneja et al., 2015), and larvae were shown to benefit from
pCO2-stimulated increases in primary production that increased larval herring growth and survival (Sswat
et al., 2018b). However, intraspecific differences have also been noted; Baltic herring tissues were resilient
to increases in pCO2 but overall mortality increased (Bodenstein et al., 2012), and Norwegian Atlantic
herring exposed to elevated pCO2 were negatively affected in terms of development, growth and
condition (Frommel et al., 2014)).
Experiments on larval herring raised from Cherry Point stock (collected by DFW) examined the effects of
ambient vs. elevated pCO2 (600 and 1200 μatm, respectively) and temperature (10 and 16 °C), plus the
various combinations, to look for synergistic effects and to help forecast the effects of climate variability
on this important stock. The research showed that:
1) fertilization rates exceeded 80% in all treatments, without significant differences
2) the elevated temperature significantly reduced hatching success (66% at 10°C, and 32% at 16°C)
3) larval abnormalities at hatching averaged 17% and were not influenced by the different
treatments
4) embryo mortality was significantly higher (26%) at 16°C (600 μatm) than at 10°C (600 μatm)
5) at 16°C, elevated CO2 also increased embryo mortality, from 16% (600 μatm) to 58% (1200
μatm) (from a study by Cristina Villalobos and Brooke Love, Western Washington University,
personal communication).
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These results are particularly important because the Cherry Point (CP) stock, which is the latest spawning
stock in the Salish Sea (typically mid-May to mid-June over the past decade), is already spawning during
periods when the water temperature is in the range of 14-15°C; by the end of June, 2018, temperatures
in Birch Bay exceeded 16°C (DFW, unpublished data). A study comparing the survival of larval herring from
five different stocks at five different temperatures, including two elevated temperatures (18 and 20°C),
showed that survival was reduced in all stocks at 18°C and was extremely poor at 20°C (Figure 17)
(Marshall, 2011). The study was testing the hypothesis that Cherry Point herring may have evolved
tolerance to higher temperatures due to their later historical spawning date. Cherry Point herring did have
higher tolerance than all other stocks tested (including San Francisco Bay stock, which is genetically
distinct from stocks in the Salish Sea), but none of the stocks tested exceeded 50% survival at 18°C except
for CP. In combination with the results of the elevated pCO2 and temperature studies discussed above
(Cristina Villalobos and Brooke Love, WWU), these data suggest that herring in the Salish Sea will have
reduced larval survival as warming marine water temperatures and increased acidity (pCO2) converge.

Figure 17. Herring survival rates at
across temperature ranges.

Normal survival rate responses
of five different Pacific herring
stocks at five temperatures
(from Appendix C of the report
by the Washington Department
of Ecology; n refers to the
number of test chambers and
varies by location. Report
available at

www.ecy.wa.gov/biblio/1110086.html).

The swimming kinematics of other temperate fish larvae, such as Atlantic cod (Gadus morhua; Maneja et
al., 2013) and walleye pollock (Theragra chalcogramma) from Puget Sound (Hurst et al., 2012), both
pelagic spawners, were unaffected by increases in pCO2. A study of sand smelt (Atherina presbyster) from
Portugal exposed to elevated pCO2 for up to 15 days found that swimming speeds were not affected, but
biomarkers related to oxidative stress and energy metabolism were elevated at intermediate levels.
Interestingly, the fish exposed to the highest pCO2 levels grew faster and appeared to compensate, but
likely only because of excess energy provided by the high amounts of prey fed, which does not simulate
the natural environment (Silva et al., 2013).
However, a study of adult, female three-spine stickleback from Sweden reported behavioral changes in
“boldness, exploratory behavior, lateralization, and learning” in a species known for its resilience to
environmental extremes; the behavioral results were similar to the findings of many studies in coral reef
fish (Jutfelt et al., 2013). Overall, these various studies appear to differ by species and based on pCO2
exposure levels and duration, feeding levels, and co-stressors. It also appears that inter-individual
43

variation in the behavioral responses of some fishes to elevated pCO2 selects for tolerant individuals,
possibly resulting in perceived resilience to ocean acidification (Munday et al., 2012). “In this context,
when measurements are made on individuals that have been exposed to high pCO2 for some time… one
could be observing those individuals that have been selected for their tolerance to pCO2 — and that might
be why there is no effect” (Maneja et al., 2015). Little data are currently available for the effects of OA on
other forage fish species endemic to the Pacific Northwest, and so at present it is difficult to generalize
across species because of the number of potential pathways and developmental processes that
accompany diverse life histories.

VIII. Summary of key data gaps and uncertainties
From Herring Technical Team Workshop
1. How has spawn timing (variance, duration, onset, peak) changed over the past decades, and
especially at sites where herring have declined or disappeared?
2. Are there interactive effects of spawning area truncation and bird predation on herring eggs?
3. What are mortality rates, abundance, and distribution patterns of larval herring? (Ichthyoplankton
surveys)
4. What are hot spots of predation by harbor seals on herring? What is the cumulative predation of
herring by pinnipeds (Chasco et al., 2017 analysis for herring).
5. What are the population-level effects of egg mortality versus adult mortality (elasticity analysis)?
6. How has submerged aquatic vegetation (non-eelgrass) distribution changed over time, and are those
changes associated with herring abundance? Eelgrass in San Juan Islands?
7. What are human development patterns near the spawning sites in southern Strait of Georgia that
have disappeared recently? Do these resemble areas in Puget Sound where herring are also in
decline?
8. What are the physical impacts of shoreline armor? Nearshore sediments, vegetation type and
distribution, turbidity.
9. How is the distribution of available herring habitat predicted to change under climate change
scenarios?
10. Is predation by grey whales a major source of herring egg loss?

From previous compilations (Pentilla, 2007 and others)
1. Location and ecological roles of herring in the non-spawning months
2. Is critical depensation limiting productivity of stocks reduced to relatively low levels?
3. Causes of perennial herring spawn mass mortalities in certain Puget Sound bays
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Certain subareas of some Puget Sound herring spawning grounds have exhibited a tendency to suffer
unusual mass mortalities of herring eggs during their incubation period. Causes have not been
determined but may involve sediment toxicity or water quality issues of significance to other
nearshore resources as well.
4. Effectiveness of eelgrass and shoreline restoration for supporting herring recovery
There seems to be a growing sense of assurance that marine vegetation beds, including those used
by spawning herring, are amenable to mitigation techniques to compensate for loss or damage due
to shoreline development. Likewise shoreline armoring. However, there is high uncertainty of the
true costs of such projects and the likelihood that they will succeed in replacing herring spawning
habitat at a reasonable cost in perpetuity. Appropriate monitoring of permitted projects is
extremely important. Any perception of apparent Marine Forage Fishes in Puget Sound success in
mitigating for herring spawning habitat may undermine current regulatory efforts to preserve
natural spawning grounds intact.
5. Causes of marine vegetation/herring spawning substrate disappearances in certain Puget Sound
bays
Striking declines in the geographical distribution and abundance of eelgrass, including known
herring spawning habitats, have been documented in a number of small bays in northern Puget
Sound (e.g. NW San Juan Islands). The causes of these abrupt, marked declines are currently
unknown and should be investigated for the benefit of not only herring critical habitat
conservation but also the ecosystem in general. Eelgrass stock status monitoring should continue
throughout the Puget Sound Basin to detect declines should they occur elsewhere (Dowty et al.,
2005: http://file.dnr.wa.gov/publications/aqr_nrsh_03_04_svmp_rpt.pdf).
6. Population biology, ecology and status of stocks of the calanoid copepods and euphausiids that
form the main diet of herring and other forage fishes (long-term zooplankton surveys)
The distribution, life history, ecology and potential stressors of the primary macro-zooplanktonic
food items of herring, the next lower level of the Puget Sound neritic food web, are poorly known.
Any such plankton investigations should perhaps be geared to also assess lower food-web levels,
phytoplankton, and the micro-oceanographic processes and features at work within the southern
Salish Sea.
7. Pinniped predation
The sections above dedicated to marine mammals indicate large-scale temporal changes in
populations for several species (e.g. Killer and Humpback whale declines, Harbor porpoise
increases). Additionally, some of these species easily adapt to secondary prey (seals and sea lions)
while others are less successful (Killer whales). All of these factors could have unanticipated effects
on the Salish Sea Pacific herring population. To gain a clearer understanding of these factors we
need to continue to apply a myriad of diverse research approaches. Examples could include further
analyses of fatty acids and stable isotopes, new ecological models, and a closer look at stock
assessments documenting observed populations trends, natural mortality rates and shifts in age
class dynamics.
Crawford et al. (2008) advocates best for the use of stable isotopes in these situations as: “The
ability to use SIA to quantify prey items over differing temporal and spatial scales has allowed
greater resolution of prey switching, scavenging or seasonal changes in foraging behavior (Darimont
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& Reimchen, 2002; Roth, 2003; Ben-David et al., 2004). Obtaining empirical evidence to determine
prey switching and the dynamics of energy flow within ecosystems has greatly improved our
understanding of the interactions within communities and how these change over time. This work
has led to further research more focused on how introduced prey affects the competition for
resources among top predators.” For the trophic role of herring to be properly represented, local
ecosystem models may need focus on the energy content contributions of local herring stocks in
light of recovering marine mammal populations (Surma et al. 2018). Models must also consider
how increased herring predation by marine mammals may impact other herring predators including
fish and seabirds. Stock assessment models often give a rate of natural herring mortality.
Researchers in other regions have compared the level of marine mammal consumption to these
models (Read & Brownstein, 2003) and similar work might assist in filling in Salish sea data gaps. It
may also be helpful to look more closely at specific age classes of herring as prey as some marine
mammals show selectivity that may alter the age structure of the population (Gannon et al., 1998).

IX. Analytical decision support tools
Understanding the dynamic links between food webs, physical and biological factors, and human
influences, and devising management actions to support recovery and conservation goals, requires
developing appropriate tools to conduct the relevant assessments and analyses (Lester et al., 2010). The
ecosystem-based management and assessment toolkit includes large soup-to-nuts ecosystem models,
such as Atlantis (Fulton et al., 2005; Kaplan et al., 2012), mass-balance food-web models such as Ecopath
with Ecosim (EwE; Christensen et al., 2005; Harvey et al., 2010), and ecosystem indicator analysis (Eero et
al., 2012).
A variety of analytical tools have been developed, or are in the development process, that might inform
conservation and management of Salish Sea herring. Most notably, such tools can help explore the relative
importance of or support for alternative hypotheses about what is causing change in Salish Sea herring
populations. Modeling tools can help highlight key uncertainties and interactions that have undue
influence on system dynamics, and that warrant further research to support management action. Last,
decision support tools can explore potential management scenarios, by evaluating the potential impact
of management actions on herring and the entire ecosystem. Below is a brief description of some of the
analytical, modeling, and decision support tools currently in development, or that should be developed
to support herring conservation. Additional results from quantitative analyses and models are also
incorporated into the sections above. The below examples emphasize ecosystem-scale and decision
support tools particularly aimed at system dynamics and management scenarios.

A. EcoPath
A food web model of Central Puget Sound was developed in 2010 (Harvey et al., 2010). and has been as
yet underutilized to evaluate impacts of food web changes on Puget Sound herring. While the geographic
scope of the model is limited to the central basin of Puget Sound, herring are explicitly accounted for, in
multiple life stages, and the key species identified as being of concern in this report, cetaceans, pinnipeds,
etc., are also well represented in the model. Food web scenarios could be explored as part of an effort to
evaluate impacts of change on Pacific herring in the Salish Sea.
An additional food web model focused solely on South Puget Sound has been developed (Priekshot et al.,
2013), primarily to explore scenarios related to increases in shellfish aquaculture and changes in primary
productivity. This model predicted a decrease in Pacific herring with a doubling of jellyfish abundance.
The model also predicted that a halving of the sea lion population would increase herring by 50%. Similarly
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to the Central Puget Sound model, the South Puget Sound model deserves further attention and
exploration with respect to its utility for exploring herring-related actions and their potential
consequences.

B. Atlantis
The Atlantis ecosystem model (Fulton, 2004; Fulton et al., 2011) is a spatially-explicit, end-to-end
modeling approach that includes climate and oceanography, food web dynamics, habitat,
biogeochemistry, and human impacts. At least 28 Atlantis ecosystem models have been applied in over a
dozen ecosystems globally (Fulton et al., 2011), and an additional 16 are in development (E. Fulton, pers.
comm.). Closest to home, the model has been applied to the California Current System to investigate
management strategies for groundfish (Horne et al., 2010), ocean acidification (Kaplan et al., 2010), and
cumulative effects of fisheries (Kaplan et al., 2012).
An Atlantis model for the Puget Sound is presently in development, focused on evaluating the drivers of
early marine survival of Chinook salmon. This model development is a collaboration between NOAA
Fisheries Northwest Fisheries Science Center and Long Live the Kings, and being led by Hem Nalini
Morzaria, Isaac Kaplan, and Chris Harvey. The Atlantis model follows directly on the QNM developed by
Sobocinski et al. (2017), also focused on early marine survival of Chinook. The model includes herring
specifically, and includes the southern Salish Sea up to the United States/Canada border. Thus, it
incorporates some, but not all of the herring spawning sites in the SoG. The model will test several
hypothesized influences on Chinook survival: changes in food supply, as zooplankton composition and
timing, and phytoplankton; impacts of competition for shared prey; and impacts of marine mammal
predation. A second iteration of the model will explore the impacts of nutrients and pollutants.
While the Atlantis model is being configured to specifically address concerns related to Chinook, many of
the results have potential implications for understanding herring dynamics and how the drivers explored
in the model impact herring. Members of the Atlantis modeling team and their advisors have been
working closely with the co-chairs of this report, on identification of key stressors for herring and QNM
model development.

C. Management strategy evaluation
A food web model parameterized for northern British Columbia (excluding Strait of Georgia and
Vancouver Island (demonstrated moderate impacts of fishing on herring stocks that would be more
pronounced under a maximum sustainable yield approach (Surma et al., 2018). While the model was
developed primarily to explore different fishery management strategies, and was not spatially explicit
enough to show impacts on spawn distribution with fishing, such as has been hypothesized here, it did
show that a collapse in herring would negatively affect humpback whales, dolphins and sea lions - all major
herring predators. Thus, the model demonstrates the central role herring play in the food web.

D. Qualitative network models
Qualitative network modeling is another tool in the ecosystem-based management toolkit, which can be
used to describe indirect linkages and the effects of changes in network state that are otherwise
quantitatively difficult to describe, owing to system complexity or limited quantitative information about
linkages (Puccia & Levins, 1985). Qualitative models are mathematically rigorous approaches to describing
general relationships and trends in complex ecosystems in the absence of exact interaction strengths,
information that is often lacking or imprecise, particularly in marine ecosystems. Qualitative network
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models are particularly helpful in evaluating dynamics in social-ecological systems, when quantitative links
between system components are often lacking; when attempting to account for interactions outside of
food webs, for example the influence of terrestrial stressors, or for the influence of multiple factors, such
as biogenic as well as physical habitat degradation; in exploring competing hypotheses about system
dynamics; or in evaluating the potential system response to management actions (Dambacher et al.,
2009).
Qualitative network analysis operates by perturbing the state (abundance or amount) of one or more
components of a system, and evaluating the effects of that change on all other individual components of
the system. Recent local applications of qualitative network models include evaluating the impact of
different drivers on the California Current social-ecological system (Harvey et al. 2016); identifying the
potential influence of various factors on survival of juvenile salmon in Puget Sound (Sobocinski et al. 2017);
and assessing key interactions and potential responses to management actions related to bivalve
aquaculture in Puget Sound (Reum et al., 2015).
Here we report on early efforts to evaluate the relative importance of multiple factors hypothesized to
affect herring abundance and distribution in the Salish Sea, including: increased predation by pinnipeds,
egg predation by seabirds, terrestrial-based contaminants, habitat loss and degradation. We used an
expert elicitation process to construct a conceptual model of the herring ecosystem, including key food
web interactions and exogenous factors influencing herring (Figure 18). The conceptual model included
known and hypothesized direct positive or negative interactions between components. The conceptual
model was subsequently used to construct a qualitative network model (QNM). Our use of QNMs followed
roughly the methods of Melbourne-Thomas et al. (2012) as outlined by Reum et al. (2015) using the
QPress package in R.
Because the factors hypothesized to influence herring abundance and distribution, as well as the food
web interactions, are presumed to affect different life stages of herring, and to best inform potential
management actions, our QNM initially included four life stages of herring: eggs, larvae, juveniles, and
adults. Our aim was to explore scenarios by simulating positive perturbations (i.e., increases) on the factor
hypothesized to affect herring, and to compare the results for their effect on the state (abundance) of
each herring life stage. Those results could then be compared against existing data from herring biomass
surveys in the Salish Sea to evaluate the support for the model.
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Figure 18. Conceptual model of the Salish Sea Herring system used for qualitative network model analysis.

Grey lines represent direct interactions between groups. Arrow endings show the direction of positive
effects; circle endings show the direction of negative effect. All groups have self-limiting negative
effects.

None of the five scenarios evaluated were consistent with observed trends in many substocks of herring
in the Salish Sea, i.e., reduced adult abundance (Figure 19). Many of the model results showed negative
impacts on early life stages of herring (eggs, larvae, juveniles), but not in the adult stages. Further
exploration of the results revealed what are likely inherent flaws in model structure, i.e., the links between
life stages of herring, which precluded impacts to early life stages affecting the adults. This is a logical flaw
in the model structure: if eggs, larvae, and juvenile herring decline, how could that not affect the adult
stages? Therefore, additional work is required on this model to resolve this issue. The likely next step is
to pursue potential multi-model approach, wherein a separate population model generates predictions
for the individual life stages that are then linked into the full QNM. This work will be pursued in the near
future, but is currently beyond the scope of this report.
However, the model did reveal negative impacts of all the perturbations, save increased predation by
pinnipeds and whales, on the early life stages of herring, suggesting that these are potentially important
stressors on herring and should be investigated for potential management actions. Such potential actions
are addressed in the below management section (Section IX).
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Figure 19. Qualitative network model-predicted responses to simulated perturbations.

Shown are comparisons between a complex (including four herring life stages: eggs, larvae, juveniles,
adults) and a simple (one herring group) model structure. Five perturbations were explored, based on
leading hypotheses of causes of herring declines: habitat loss, egg predation, pinniped predation, whale
predation, and contaminants. Results are shown for 10,000 stable model runs. Green cells indicate more
than 80% of runs predicted a positive effect of the perturbation; orange cells indicate more than 80% of
runs predicted a negative effect of the perturbation. Grey cells indicate an ‘indeterminate’ effect, i.e.,
less than 80% of either positive or negative effects were predicted. Black cells indicate nodes that were
not affected by the perturbation. Black outlines indicate different results between the complex and
simple model structures.

X. Potential management and conservation actions
The Salish Sea Pacific Herring Assessment and Management Strategy Team identified several actions that
could influence factors that potentially limit herring recovery. Ideas for addressing specific stressors are
described here, along with regulatory tools and constraints under U.S. and Washington State laws. Many
of the Team’s proposed conservation actions are consistent with strategies proposed during other Puget
Sound recovery planning efforts, so the following discussion focuses on new actions not addressed in
other plans.

A. Reduce fishing effort
In recent years, several of the South Sound stocks had no or very low observed spawn, which is of
particular concern because the sport bait fishery operates primarily in the south and central basins
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(historically Hood Canal has been considered the same region due to a lack of genetic divergence, but no
commercial herring harvest is allowed in Hood Canal). The WDFW has increased standard survey effort in
response and initiated exploratory spawn surveys to determine if new spawning locations are in use.
Despite these concerns about potential localized depletion of South Sound herring stocks, the existing
commercial fishery is unlikely to have a significant effect on the persistence of herring in the SSS, and the
harvested fish are generally juveniles originating from mixed stocks. Considering the cultural importance
of this source of local, fresh bait and the minimal impact of the fishery the WDFW is highly unlikely to
completely eliminate it but, rather, continue to manage it under the conservative framework now in place.
Strait of Georgia fisheries management practices have resulted in increasing or stable catch and biomass
estimates over recent years, despite decreasing trends in other management areas. There is new research
that supports the idea that fishing may be interacting with migratory behavior such that the population is
experiencing local extinction (MacCall et al., 2018).

B. Reduce predation

1. Pinnipeds
The Strategy Team discussed reducing predation pressures on herring by decreasing the population of
harbor seals and California sea lions. This could potentially be accomplished through lethal and/or
nonlethal actions such as culling, fertility control, or disruption of haul-out areas. However, the U.S.
Marine Mammal Protection Act (MMPA) would constrain implementation such measures. MMPA
prohibits harassment, hunting, killing, and capture of pinnipeds without a take permit from NOAA.
Section 120 of MMPA does allow for lethal removal of individual sea lions provided they are causing
significant harm to a population of salmon or steelhead protected under the Endangered Species Act. This
MMPA take exemption was designed to deal with a few problem animals at areas of restricted fish passage
(e.g., Ballard Locks and Bonneville Dam). States must apply to NOAA Fisheries for authority to remove
“individually identifiable pinnipeds which are having a significant negative impact on the decline or
recovery” of at-risk salmonids. This take permit process is administered on an animal-by-animal basis. A
California sea lion must be present for five separate days, observed eating salmon, and subjected to hazing
before going through the process of being listed for authorized removal.
Implementing lethal pinniped population control actions in Puget Sound would likely require amendment
to the MMPA. Political readiness for such action may be low, as several proposed amendments to make
it easier for state and tribal wildlife managers to cull sea lion predators of salmon and steelhead in the
lower Columbia River have been introduced but none have passed (most recently H.R. 2083 Endangered
Salmon and Fisheries Predation Act in 2017). If an amendment authorizing lethal removal to limit Puget
Sound stock size did become law, the history of Section 120 implementation in the lower Columbia River
indicates that years of litigation would likely follow.
Attempting to decrease populations via fertility control may be a more socially acceptable option.
Immunocontraceptives have been successfully used to reduce wild horse and white-tail deer populations,
as well as control births in captive California sea lions (Frank et al. 2005, Turner et al. 2008, Kirkpatrick et
al. 2008). The porcine zona pellucida (PZA) vaccine is longer lasting than hormonal birth control, but
multiple administrations are generally required. PZA has been demonstrated to have high efficacy in
captive California sea lions (Frank et al. 2005). Brown et al. (1997) demonstrated effective contraception
using a liposomal preparation of PZA in wild grey seals in coastal Nova Scotia; a single administration
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reduced pup production by about 90% and no diminishing trend was observed during the 5-year study
period.

2. Seabirds
Taking steps to reduce egg predation by seabirds is another management action proposed by the Strategy
Team. Permits are not needed to harass protected birds (excluding species listed as threatened or
endangered and bald eagles), so visual and sound frightening devices could be employed to modify
feeding behaviors. Implementing this type of program would require likely require National
Environmental Policy Act or State Environmental Policy Act compliance, depending on whether the lead
agency is federal or state. Each law has public notice and comment requirements. Management actions
to reduce Caspian tern and cormorant predation of salmon smolts in the lower Columbia River have been
controversial and subject to lawsuits.
One potential action is to protect herring eggs from seabird predation by covering them with cages. This
could be explored at a limited set of herring spawning sites to evaluate their effectiveness in increasing
recruitment. However, marine birds in Puget Sound have experienced significant declines and are
protected under the federal Migratory Bird Treaty Act.

3. Jellyfish
Unlike pinnipeds and marine birds, jellyfish are not a protected species. Harvesting jellyfish would be the
simplest predator control action to implement from regulatory and public relations perspectives, provided
that bycatch (juvenile salmon, etc.) is minimal. Jellyfish have been harvested for human consumption for
centuries in China and are currently a growing component of the aquaculture and fishing industries in
Asia, where jellyfish hatcheries are used to supplement wild populations (Purcell et al., 2007; Richardson
et al., 2009). Some researchers (Gibbons et al., 2016) have cautioned that, given our lack of understanding
of the drivers of jellyfish blooms, fishing is likely not a ‘panacea’.
At present the best way to minimize the influence of jellyfish on herring and other forage fish is to reduce
eutrophication, overfishing, marine hardening, and to minimize the effects of global warming (Richardson
et al., 2009; Purcell et al., 2012), all of which may lead to expanded jellyfish populations in the Salish Sea.

C. Habitat Restoration
Several recent Puget Sound recovery planning efforts have focused on nearshore habitat improvements
that would likely benefit herring. These include a Puget Sound Eelgrass Recovery Strategy (WDNR 2015),
Puget Sound Estuaries Implementation Strategy (PSP 2015), Chinook Salmon Implementation Strategy
(PSP 2018), and Shoreline Armoring Implementation Strategy (Habitat Strategic Initiative 2018). A major
unknown is how current habitat restoration projects are supporting herring recovery. Also unknown are
the habitat status of Strait of Georgia sites where herring spawning has been lost. Last, a landscape-scale
approach to understanding nearshore habitat requirements for herring at early life stages is needed to
inform restoration activities.

D. Reduce nearshore stressors

1. Light pollution
Managing nearshore light pollution could potentially reduce nocturnal predation risk for small fishes like
herring. Regulation of lighting most commonly occurs in county and municipal zoning codes. Measures
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that could reduce direct spillover of light onto nearshore waters include eliminating unnecessary lighting;
manipulating placement, color, and intensity (e.g., directed luminaires, shielded light sources, recessed
fixtures, lower pole-mounting, motion-detector switches); and ensuring bulbs emit the least disruptive
color (long-wavelength light sources have been shown to have less impact on some species).
Such mitigation measures are often considered during environmental reviews for larger projects. For
example, impacts to salmonids protected under the Endangered Species Act were factored into lighting
evaluations/decisions for the SR 520 Floating Bridge over Lake Washington. However, there is a lack of
retrofit programs for existing development. Encouraging lighting retrofits along Puget Sound shorelines
through an incentive program could be a way to reduce the impact of this stressor.
Tackling urban sky-glow would require a regional approach. Less than 20 U.S. states have laws in place to
reduce light pollution and Washington is not one of them. Drivers of existing lighting regulation include
energy conservation, public safety, aesthetics, sky-gazing/astronomy, and wildlife conservation.
Highlighting a link between lighting and negative impacts on the marine food web could be an opportunity
to drive larger and more widespread actions to reduce light pollution.

2. Small vessel activity
Strategy Team members identified small vessel activity in the nearshore as a potential stressor to herring.
Vessel anchoring, wakes, and associated sediment suspension could increase egg mortality. Impacts could
be reduced through management measures such as placement of waterway markers, designation of slowno-wake areas, and voluntary no anchor zones in spawning areas. Local jurisdictions have the authority
to establish restricted mooring zones and speed limits.
Expansion of eelgrass compatible boating infrastructure in high-use mooring areas was identified as a
priority for action in Puget Sound Eelgrass Recovery Strategy (WDNR 2015). The Jefferson Marine
Resources Committee has created voluntary no anchor zones by placing marker buoys along the outer
edge of eelgrass beds. Placement of this type of infrastructure does require several types of permits and
authorizations from federal, state, and local governments as well as annual installation and maintenance
(buoys are in place only during peak boating season).

E. Improve water quality

1. Toxics
An Implementation Strategy for the Toxics in Fish Vital Sign is currently under development. PCBs and
PAHs are two of the chemical groups that are a focus of this effort, and herring is an indicator species for
the Toxics in Fish Vital Sign. The role herring plays in trophic transfer of contaminants within Puget Sound
has been central in discussions among the group developing the IS.
One topic that is not the focus of the TIF Implementation Strategy, but may be important for herring, is
removal of creosote-contaminated pier and dock pilings. Experimental removals in Port Gamble and
Quilcene Bay have demonstrated that, if done correctly, piling removal can result in lower PAH burdens
in herring embryos, which may increase survival rates in those areas (West et al. 2018:
https://www.eopugetsound.org/magazine/ssec2018/pilings).
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2. Nutrients
Reducing nutrient inputs is the focus of the Department of Ecology’s ongoing Puget Sound Nutrient Source
Reduction Project and a Marine Water Quality Implementation Strategy which will be developed
beginning in summer 2018.

F. Manage shipping traffic

1. Noise
Identifying management measures to reduce noise associated with vessel traffic is a focus of the Southern
Resident Killer Whale Task Force’s Vessel Work Group.

2. Oil spill risk
Modeling efforts to determine the population-level effects of potential oil spills indicate that the healthy
stocks remaining in Puget Sound could withstand short term impacts, but depressed and unhealthy
stocks are vulnerable to an increased risk of localized extinction (Stromberg et al. 2018:
http://www.psp.wa.gov/oilspills.php). Reducing oil spill risk is also a focus of the Southern Resident Killer

Whale Task Force’s Vessel Work Group. Their work will be informed recent efforts to identify and
implement risk mitigation measures, including updated Vessel Traffic Risk Assessment (VTRA) modeling
and a 2016 workshop on Salish Sea Vessel Oil Spill Risk Assessment and Management (Van Dorp & Merrick
2017; Department of Ecology 2016).

G. Population Interventions

1. Transplant herring eggs to increase survival
Egg mortality rates are high (as high as 99.99%) at some Salish Sea spawning sites (TB Francis, pers.
comm.). If the egg stage is a limiting stage for herring populations, boosting egg production and survival
may increase herring abundance.
Members of the Pacific Northwest tribes, in addition to utilizing herring as food and bait, have apparently
translocated herring spawn either to re-establish herring in locations where a spawn disappearance has
occurred or to move them to better habitat following shoreline disturbance. In Tlingit, Haida and Sitka
oral histories, mythic figures (“salmon boy” and the “herring maiden”) collected herring eggs and used
them to establish new spawning areas (Thornton, 2015 is recommended reading). Oral histories recount
how natives frequently placed hemlock boughs or macroalgae anchored with rocks in water from 6 feet
above to 3 feet below mean low water and moved the eggs to new areas to translocate spawning herring
with success, but only when appropriate respect and customs were followed. Tlingits also discussed the
“Wind of the washing of the spawn,” a special storm typically occurring within several days after the
herring spawned, as important in helping distribute and break up the herring spawn (Thornton, 2015),
which may have helped thin layers of heavy spawn in which the inner layers would otherwise suffocate.
Scientists at the Department of Fisheries and Oceans (DFO), Canada, attempted to emulate this practice
in British Columbia. Spawn that had washed ashore as windrows (and thus not expected to survive
otherwise) was gathered and transported to a new, suitable location (17,000 kg in 1982 and 9,000 kg in
1984). The eggs were carefully monitored to ensure viability and, after transfer and successful hatching,
were detected as viable larvae in the water column for roughly three weeks, but adult herring did not
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return in following years to spawn independently (Hay and Marlaive, 1988). Further attempts were
discontinued over concern that it might risk “creating the mistaken impression among the public,
politicians, resource managers, and industrial developers that this approach can be used to mitigate the
effects of industrial or recreational developments on establish spawning areas….The approach cannot be
used or cited, at the present time, as a method to compensate for the destruction of established
spawning habitat” (Hay and Marlaive, 1988; emphasis added). Those concerns are well-founded.
However, windrows of heavy spawn were found in Quilcene Bay in 2018 (WDFW), one of the few bright
spots for herring in the SSS in the last decade, and similar experiments could be attempted.
Compliance could be relatively straightforward – one would need to obtain a WDFW scientific collection
permit and WDFW transport, release or planting permit.

2. Artificial Production of Forage Fish
The artificial propagation of forage fish in the Puget Sound (via hatcheries) has been suggested as a
potential measure to improve survival and abundance of species such as Chinook salmon. Herring have
been cultured in Japan, anadromous herring (Evans et al., 2018) and smelt have been successfully cultured
on the east coast of the U.S., and Delta smelt have been raised in California (https://fccl.ucdavis.edu/);
most of these efforts have been to re-establish extirpated populations in areas where habitat has been
restored, or have focused on preventing extinction of very small populations. As a result, producing forage
fish in hatcheries seems to be technically feasible.
A number of data gaps remain to be filled before a hatchery approach for herring could be considered.
There is a long list of potential unintended consequences, ranging from increased prevalence of diseases
such as viral hemorrhagic septicemia (VHS) that could impact herring stocks, especially those in
confinement (Hershberger et al., 1999; 2001; 2015), to competition from hatchery fish with other forage
species and/or juvenile salmon, all of which need to be better understood.
Another unknown is whether there are sufficient prey resources to support increased production in
herring. There is evidence that the food web in the Salish Sea is governed by “bottom-up” processes, i.e.
the number of forage fish (and their predators) is dictated in large part by physical, chemical and biological
factors controlling the production of phytoplankton and zooplankton (Mackas et al., 2013; Boldt et al.,
2018). Long-term datasets on phytoplankton and zooplankton are essential to our understanding of the
trophic ecology of the Salish Sea, as well as our ability to detect and understand the influences of climate
change in the region. There is also some evidence for “top-down” control (i.e. predation) on age-0 herring
condition (Boldt et al., 2018), because less fit individuals are removed from the population, and on
recruitment of herring to the West Coast Vancouver Island stocks (outside the SS) as a result of Pacific
hake abundance/predation (Tanasichuk, 2017). However, there is little evidence for the “Wasp-waist”
model (Curry & Bakun, 2000; Bakun et al., 2010) of ecosystem control by forage fish that is commonly
found in coastal oceanic systems, where the abundance of forage fish structures the ecosystem (in that
model, recruitment is also bottom-up influenced as oceanic variables heavily influence forage fish survival
and fluctuations in stock size). As a result, the addition of forage fish from hatcheries into the Salish Sea
may only result in more starving forage fish, which may ultimately feed benthic predators, jellyfish or
seabirds but might have no positive effect on Chinook salmon or Killer whales; in fact, hatchery herring
may end up competing with juvenile Chinook salmon for food.
Finally, there are lessons to be learned from the attempts at artificial production of Pacific salmon species
throughout the Northeast Pacific. Despite the allocation of significant research and hundreds of millions
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of dollars annually (in the U.S. alone) in funding for salmon hatcheries, we are faced with an expanding
list of ESA (U.S.) or SARA (Canada) protected salmon stocks and declining salmon returns. Only in the past
two decades have we begun to understand the negative, unanticipated consequences of salmon
hatcheries (an excellent review is the special issue on hatcheries in the PNW: Environmental Biology of
Fish, 2012, volume 94); we should not ignore those lessons.

3. Modify hatchery salmon release timing
As outlined above, juvenile salmon and adult herring may compete for food resources, primarily larger
zooplankton (euphausiids and crab megalopae). The availability of such prey is dictated by the timing of
the spring and fall phytoplankton blooms, which then result in expansion of zooplankton populations.
Since hatchery herring release timing can be altered to better match these natural events, this may be an
avenue worthy of further inquiry; note this approach may require ESA Section 7 consultations.
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