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Executive Summary

Scientists, policy makers, and stakeholders in coastal regions are increasingly calling for
ecosystem-based approaches to managing marine resources and services. Such approaches,
generally referred to as ecosystem-based management (EBM) of marine systems, recognize the
importance of linkages between (and trade-offs among) species, processes, and stakeholder uses.
Puget Sound is a system in which EBM methods are especially applicable, because it supports a
diverse assemblage of species and a growing human population that derives a range of services
from natural resources and processes. These services span far beyond fisheries. Recognizing the
need for EBM in Puget Sound, the State of Washington established a consortium—the Puget
Sound Partnership (PSP)—in 2007 to identify goals and actions pursuant to ecosystem
restoration and sustainability, particularly with respect to species, habitat, water quality, water
quantity, and human health and well-being.

Ecosystem models have emerged as important tools in support of EBM. They provide
frameworks for synthesizing information and evaluating the efficacy of alternative management
actions. Here we describe the development of an ecosystem model of the contemporary food
web in the Puget Sound Central Basin. This model, developed using Ecopath with Ecosim
software, is ultimately intended to support PSP goals by identifying meaningful indicators that
can be used to monitor the efficacy of management actions, quantify risk, and stimulate alternate
ecosystem management scenarios. In this document, however, our objective was to describe the
development of the model; we catalog the assimilation of available data that went into model
construction, describe basic model outputs and scenario-based simulations used to assess model
performance, and identify data gaps that could constrain further model development and the
quality of model outputs.

The model consists of 65 functional groups, including primary producers, invertebrates,
vertebrates, and detrital groups from nearshore, offshore, pelagic, and demersal habitats; it also
includes several fisheries. Using a range of sources, we developed parameter estimates for
biomass, production, consumption, fishery losses, and diet. These parameters were input into the
initial (Ecopath) model framework and were modified iteratively in order to achieve mass
balance. The mass-balance model provided general, descriptive information on biomass
allocation, functional group diversity, energy flow, and mortality. A series of scenarios were
then run, examining model responses to temporal changes in key functional groups
(phytoplankton and raptors) and to changes in fishing mortality.

Our model depicts a system dominated, in terms of biomass, by demersal species,
although high energy throughput in the pelagic community compensates for its lower biomass.
Biomass is highly aggregated, with seven functional groups (phytoplankton, copepods, soft
infauna, infaunal bivalves, geoducks [Panopea abrupta], small crustaceans, and ratfish
[Hydrolagus colliei]) comprising nearly 68% of living biomass. Bottom-up dynamics strongly
influence trophic flows, although there are examples of top-down control; for example, bald

X



eagles (Haliaeetus leucocephalus) appear capable of eliciting trophic cascades. Current levels of
fishing mortality appear to be sustainable and below the maximum sustainable yield level, due in
part to declines in commercial catches in recent decades; however, because recreational catches
are not well accounted for in our model, some fishing mortality levels are likely underestimates.

Many important data gaps became obvious over the course of model development.
However, these gaps do not preclude use of this model in EBM-related applications; rather, they
help model users to define the limits within which model output is applicable. Major gaps at this
point include: the lack of basin-scale, scientifically robust estimates of biomass for a majority of
functional groups; evidence of interaction strengths among different food web components; diet
information across a representative range of seasons, sizes, depths, and habitats; and empirical
estimates of recreational fishing mortality.

We will continue to develop and apply this model to ask questions about the value of
different functional groups as indicators, and also to address community—scale ecological or
management questions that can be complemented with fieldwork, experimental research, and
engagement with managers and stakeholders. Moreover, we will undertake further modeling
efforts that account for spatial patchiness, biophysical coupling, and a wider range of ecological
and societal processes critical to the functioning of the Puget Sound ecosystem.
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Introduction and Objectives

As a discipline, marine ecosystem-based management (EBM) has mostly emphasized
fisheries applications. An ISI Web of Knowledge search' of the primary literature from 1998 to
2007 found 100 citations with the terms “marine,” “ecosystem-based,” and “management.” If
the terms “fishery” or “fisheries” were excluded, the total dropped to 26. However, as marine
EBM evolves, scientists, agencies, organizations, and institutions are pursuing integrative
approaches, focusing not just on fisheries but also on issues including habitat, species diversity,
water quality, recreation and tourism, coastal commerce, human health, and sustainable energy
development. In densely populated, highly impacted coastal ecosystems, fisheries and other
sectors are inextricably linked. Ignoring those linkages may only increase uncertainty, risk, and
conflict associated with single-sector decision making (Halpern et al. 2008). Truly integrated
EBM offers the promise of greater understanding of ecosystems that support diverse sectors and
ecosystem services, provided that tractable conceptual, empirical, theoretical, and institutional
frameworks for integration are available.

Puget Sound is a classic case of an imperiled marine ecosystem in which multiple sectors
and stakeholder groups have strong and often opposing interests (Ruckelshaus and McClure
2007). This large estuarine system supports iconic species of ecological, economic, and cultural
significance, including Pacific salmon (Oncorhynchus spp.), killer whales (aka orcas, Orcinus
orca), bald eagles (Haliaeetus leucocephalus), and Dungeness crab (Cancer magister). These
and hundreds of other dynamically interacting species inhabit the sound’s diverse habitats, which
include sandy beaches, eelgrass beds, river deltas, high-relief rocky reefs, narrow straits with
intense tidal currents, and deep (>150 m) soft-sediment zones. Nearby mountain ranges and
forests further contribute to the region’s considerable natural beauty.

On the other hand, Puget Sound provides services to and faces stresses from many human
sectors. The watershed is home to a growing human population of approximately 4 million
people (PSP 2008), mostly in and around the major cities of Everett, Seattle, Tacoma, and
Olympia. The ports of Seattle and Tacoma accounted for approximately 16% of the total volume
shipped through commercial ports on the U.S. West Coast in 2007 (American Association of
Port Authorities, online at http://www.aapa-ports.org). Fish and invertebrate populations support
commercial, tribal, and recreational fisheries, and some fisheries have been closed due to
declines in stock sizes (e.g., Gustafson et al. 2000). Impoundments throughout the watershed
support hydropower, irrigation, and water provisioning for industrial and consumptive purposes
(Ruckelshaus and McClure 2007). The hydrology of the system is further affected by land use
changes that alter sediment porosity, vegetation, and transpiration. In many areas, runoff has
been transformed from a slow, disseminated process to a fast, point-source process that carries
large loads of sediment, nutrients, and pollutants. While these changes and activities affect many

! Online at http://apps.isiknowledge.com, search conducted 3 December 2009.
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of the region’s hallmark species, they are also linked to a way of life and a level of affluence that
many people consider desirable (Ruckelshaus and McClure 2007, PSP 2008).

To better preserve the species and functioning of the Puget Sound ecosystem while also
promoting sustainable use of its goods and services, the State of Washington established the
Puget Sound Partnership (PSP) in 2007. PSP is a consortium of individuals, citizens groups,
businesses, government agencies, tribes, and scientists that has identified a number of goals
related to ecosystem restoration and sustainability (PSP 2008). These goals focus on achieving
desirable, measurable progress for the species, habitat, water quality, water quantity, and human
health and well-being in the region. The PSP Action Agenda (PSP 2008) further states that these
goals should be achievable by the year 2020. The ecological and societal complexity inherent to
Puget Sound presents a fundamental challenge to management agencies and policy makers
mandated with meeting PSP goals. Moreover, it challenges scientists to develop tools that
managers and policy makers can use to examine the effectiveness of management alternatives
and the trade-offs associated with them.

Ecosystem-scale simulation modeling has proven to be an extremely valuable tool for
synthesizing large amounts of diverse information for the sake of understanding marine
ecosystem dynamics in the context of EBM (Fulton et al. 2005, Plaganyi 2007, Townsend et al.
2008). Ecosystem models can provide conceptual frameworks in which to examine many of the
salient questions and objectives put forth in the PSP Action Agenda (PSP 2008). They may
range from relatively simple methods that focus in detail on a subset of important ecosystem
components (such as single-species models with environmental drivers or “minimum realistic
models” with a few interacting species) to full ecosystem models that incorporate entire
communities and abiotic features (Plaganyi 2007). Within these frameworks, modelers can
compile the best available information pertinent to a particular issue, and develop thought
experiments that quickly and inexpensively test questions or make predictions about ecological
relationships and the effects of human activities on ecosystem components. Models also help
quantify important variables that are difficult to measure (e.g., energy flow through a food web),
and may reveal unanticipated interactions or knowledge gaps (Townsend et al. 2008). In short,
models are essential tools that complement monitoring, empirical study, and experimentation in
support of managing and restoring marine resources.

Scientists at NOAA’s Northwest Fisheries Science Center (NWFSC), in partnership with
other agencies and institutions, are developing several ecosystem-scale models of the Puget
Sound marine ecosystem, with some direct links to freshwater and terrestrial processes. This
report documents the development of one such model, a food web model of the Central Basin of
Puget Sound using Ecopath with Ecosim (EwE) software created by scientists at the University
of British Columbia (Christensen et al. 2005).

The EWE model of the Puget Sound Central Basin (PSCB) was developed for reasons
consistent with goals outlined in the PSP Action Agenda (PSP 2008) and the NOAA Sound
Science report (Ruckelshaus and McClure 2007). Our major objectives for this document were
to:

1. Assimilate available data on species abundance, vital rates, diets, and habitat associations
into a trophodynamic model framework.



2. Assess model performance through a series of contrasting scenario-driven simulations.

Identify significant data gaps that could potentially constrain model development or
increase uncertainty in the outputs.

Objectives 1 and 2 involve incorporating available information into a model that can
serve as a caricature of a system. Such models can be used in a variety of applications, including
simulation-based estimates of ecosystem responses to management actions (Townsend et al.
2008). Modeling exercises of this sort can also improve understanding of the structure and
functioning of a food web, which is important given the diversity and complexity of Puget
Sound’s living resources (Ruckelshaus and McClure 2007). It is for this reason that we present
output from several dynamic scenarios that realistically perturb the system at multiple trophic
levels (i.e., variability in primary production, long-term changes in abundance of a top predator,
and a fishery closure). Testing the model in these diverse ways is intended to provide a sense of
how well our simulated system behaves in comparison to the real world system.

Objective 3 is a corollary to Objective 1 and Objective 2. It is addressed implicitly in the
Methods and Results sections and the Appendices, and is discussed explicitly in the Discussion
section in the sense of lessons learned at this point of model development. The broader long-
term objectives for this project (including evaluating the usefulness of different metrics as
ecosystem indicators, analyzing the risk of different functional groups with respect to potential
threats, and simulating alternate ecosystem management scenarios) are not discussed in detail in
this document. However, the efficacy of this model as a management tool depends on how well
Objectives 1, 2, and 3 are addressed within this document and as the model continues to evolve.



Methods

Model Domain: The Puget Sound Central Basin

Puget Sound is a complex fjord-like ecosystem that is part of the larger Salish Sea (the
inland marine waters of Washington and British Columbia, Figure 1). Its basins drain a total
area of 35,500 km®. Each basin has unique geography, land coverage, hydrology, oceanography,
and species composition (Ruckelshaus and McClure 2007). We focused on the PSCB because it
is where most of the human population resides and where considerable anthropogenic alterations
have occurred; thus, it is an area where many management activities will be directed in order to

CENTRAL PUGET

SOUND REGION
BRITISH COLUMBIA,

CANADA

SOUTHERN
SALISH SEA

) seatnie

WASHINGTON STATE, USA

Kllometers

Figure 1. Map of central Puget Sound, the spatial domain for the EWE model, and the rest of the southern

Salish Sea, as well as catchment areas (lightly shaded) that feed directly into central Puget Sound.
Inset shows Puget Sound in more detail.



achieve PSP goals. Moreover, EWE software is not spatially explicit; it treats the model domain
as a single biogeographic box with no clear differentiation of spatial gradients or patchiness
(Aydin et al. 2002). That framework seems best suited for modeling a single basin of Puget
Sound, not for modeling multiple basins simultaneously.

PSCB domain boundaries (Figure 1) correspond to the combined north central and south
central action areas as delineated and described by the PSP (2008). The PSCB model domain
encompasses all marine habitats ranging from Tacoma Narrows in the south to just south of
Whidbey Island in the north, and includes such large bays as Elliott Bay, Commencement Bay,
Sinclair Inlet, and Dyes Inlet. It does not include Admiralty Inlet. General features of this
system have been well summarized elsewhere (e.g., Strickland 1983, Gustafson et al. 2000, PSP
2008). In brief, the system spans from intertidal habitats dominated by sand, gravel, and
occasional eelgrass or algal habitats to offshore pelagic zones and muddy-bottomed and sandy-
bottomed habitats with depths of more than 250 m. Bathymetrically, approximately one-third of
the total area of the system is less than 40 m deep; below 60 m, the bottom gradient drops
relatively steeply until 160 m, slows until about 210 m, then drops off again (Table 1). The
water column is typically well mixed during the cooler, windy winters and stratified during
warmer summers when freshwater runoff overlies deep, cool, saltier water. Tide energy is high,
and tidal height differences can be on the order of 6 m.

Ecopath with Ecosim

To address our objectives, we used the EWE software (Christensen et al. 2005), which has
been applied to dozens of freshwater and marine ecosystems worldwide in recent decades. EwWE
is a trophodynamic model in which different species or guilds are represented as biomass pools.
The size of pools is regulated by gains (consumption, production, and immigration) and losses
(mortality and emigration). Pools are linked to one another by predation or in some cases by
reproduction and maturation. Fisheries extract biomass of targeted groups and bycatch groups.
The principles of mass balance and energy conservation govern all processes. EwWE enables the

Table 1. Bathymetry of the PSCB, broken down by 10 m depth increments and proportion of the total
area that falls within that increment.

Depth (m) Proportion of total area Depth (m)  Proportion of total area
0-10 0.137 131-140 0.017
11-20 0.081 141-150 0.019
21-30 0.061 151-160 0.029
3140 0.050 161-170 0.053
41-50 0.049 171-180 0.068
51-60 0.049 181-190 0.064
61-70 0.031 191-200 0.052
71-80 0.028 201-210 0.032
81-90 0.027 211-220 0.020

91-100 0.029 221-230 0.017
101-110 0.027 231-240 0.013
111-120 0.024 241-250 0.004
121-130 0.017 250+ 0.005




user to simulate ecological or management scenarios, such as how the system and its components
respond to changes in primary production, habitat availability, or fishing intensity (e.g., Field et
al. 2006, Ainsworth et al. 2008b).

The software consists of two main modules: Ecopath, a static (though not necessarily
steady-state) mass-balanced model of the perceived “initial” or reference state of a food web, and
Ecosim, a dynamic model in which biomass pools and vital rates change through time in
response to perturbations. In Ecopath, key parameters and data are input for each functional
group in order to describe the reference state. Inputs include biomass per unit area, rates of
production and consumption, diet proportions, and fishery losses. In Ecosim, perturbations in
the reference state are simulated, and additional parameters can be changed in order to influence
the strength of trophic interactions (e.g., to vary the extent of top-down or bottom-up control), to
characterize stock-recruitment relationships, or to integrate temporal patterns of fishing or
climate variability.

Ecopath is comprised of a series of linear equations that describe flows of mass into and
out of discrete biomass pools, representing functional groups. Each linear equation has the form

B,x(P/B),xEE,~> B,x(Q/B),xDC, ~Y,~ E,~ B4, =0 (1)

J=1

where, for species or functional group i, B is biomass, P/B is the production:biomass ratio (which
is approximately equal to total mortality, Christensen et al. 2005), EE is ecotrophic efficiency, Y
is fishery yield, E is net emigration, and BA is biomass accumulation. EE is the proportion of
mortality that is attributable to other model compartments (predators and fisheries), and must be
less than one under the assumption of mass balance. The summation term in Equation 1 signifies
predatory losses to all predators j, B is the biomass of predator j, O/B is the consumption:biomass
ratio of predator j, and DC;; 1s the proportion of 7 in the diet of predator j. We assume that all E;
equals 0.

In Ecosim, biomass pools are dynamic, as governed by coupled differential equations that
stem from Equation 1 (Christensen et al. 2005). The Ecosim master equation is

%Zg[ch_fi—ch+1[—(Mi+F,»+e,.)xBi @)
J J

where, for each group i, B is biomass, g is growth efficiency, / is the immigration rate, M is other
mortality not accounted for by interactions with groups or fisheries within the model, F is the
fishing mortality rate, and e is the emigration rate. In our models, /; and e; will always equal 0.
The summation terms represent the consumption rate of all groups j by group i (C;;) and of group
i by all groups j (C;j). The C terms are actually functional response terms that reflect the fact that
at any given time, a portion of a prey biomass pool is, in effect, invulnerable to the predator
biomass pool by virtue of spatial discontinuities, refuge habitat or behavior, or other means of
predator avoidance (Walters et al. 1997, Christensen et al. 2005).



The formulation for C is complex, taking into account prey invulnerability, predator and
prey biomasses, predator and prey feeding times, and handling time; details are presented in
Christensen et al. (2005, their Equation 49). Adjusting the parameters involved in determining C
can affect the predator-prey relationship (e.g., top-down vs. bottom-up vs. intermediate control,
the role of other functional groups in mediating the predator-prey relationships between groups j
and /, etc.). In addition, some pools have age structure in order to better represent relatively
complex life histories. Age-structured biomass pools are dynamically linked by temporally
explicit reproduction and maturation processes; an explanation of those processes is given by
Christensen et al. (2005).

Functional Groups

One of the first steps in the model development process was identifying the most
important functional groups in the community, that is, the groups that would comprise the food
webs we wish to represent in the model. The current list of 65 functional groups is presented in
Table 2. Functional groups are either individual species or guilds of ecologically similar species,
as described in some detail in Appendix A. The makeup of the list of functional groups was
developed through a consultation process with experts from a number of agencies and
institutions. Species or guilds were included or rejected based on criteria such as:

e their perceived influence over basic ecosystem functions, such as primary production,
secondary production, biogenic habitat provision, etc.,

o their standing stock biomass, relative to other species or guilds,
e their importance in the diets of other groups,
e the amount of time they occur in the model’s spatial domain each year,

e their ability to integrate ecological processes (e.g., species that move between habitat
types and thus link the ecology of those habitats),

e their importance to commercial, tribal, or recreational fisheries,
e their importance to society for nonconsumptive reasons, and

e the availability of data to characterize their ecology, within the scope of EwWE.

The functional group selection process was iterative and largely based on expert opinion
and consensus. We did not develop quantitative inclusion or rejection thresholds for the above
criteria. In some cases, we initially included groups but subsequently removed them. Several
omitted groups, along with the justification for their omission, are listed in Appendix B.

Data Assimilation and Parameter Development

We consulted many sources to gather data for the Ecopath equation (Equation 1) for each
functional group. Direct data sources included the primary literature, single species stock
assessments, agency reports, and documents and unpublished data. Additionally, we conducted a
series of short workshops with experts from state and federal agencies to discuss the source data.
Indirect sources of data included parameter estimates from related species or from published



Table 2. Functional groups in the model with major representatives. Boldfaced groups have two age
classes (e.g., juveniles and adults). See Appendix A for detailed information on each group.

Functional group

Common name

Scientific classification

Harbor seals
Sea lions

Gulls
Resident diving birds

Migratory diving birds

Nearshore diving birds
Herbivorous birds

Raptors
Wild salmon

Hatchery salmon

Pink salmon
Pacific herring
Forage fish

Surfperches

Spiny dogfish
Skates

Ratfish

Pacific hake
Pacific cod
Walleye pollock
Lingcod
Rockfish

Piscivorous flatfish
Small-mouthed flatfish

Demersal fish

Squid
Octopus

Harbor seal
California sea lion
Steller sea lion
Various gulls
Various cormorants
Pigeon guillemot
Western grebe
Various loons
Common murre
Various scoters
Various goldeneyes
Dabbling ducks
Various geese

Bald eagle

Chum salmon
Chinook salmon
Coho salmon
Chum salmon
Chinook salmon
Coho salmon

Pink salmon
Pacific herring
Surf smelt

Pacific sand lance
Shiner perch
Striped seaperch
Spiny dogfish
Longnose skate
Big skate
Whitespotted ratfish
Pacific hake
Pacific cod
Walleye pollock
Lingcod

Copper rockfish
Quillback rockfish
Pacific sanddab
English sole

Rock sole

Various poachers
Various eelpouts
Various small sculpins
Opalescent (market) squid
Red octopus

Phoca vitulina
Zalophus californianus
Eumetopias jubatus
Larus spp.
Phalacrocorax spp.
Cepphus columba
Aechmophorus occidentalis
Gavia spp.

Uria aalga

Melanitta spp.
Bucephala spp.

Anas spp.

Branta spp.
Haliaeetus leucocephalus
Oncorhynchus keta

O. tshawytscha

O. kisutch

O. keta

O. tshawytscha

O. kisutch

O. gorbuscha

Clupea pallasii
Hypomesus pretiosus
Ammodytes hexapterus
Cymatogaster aggregata
Embiotoca lateralis
Squalus acanthias
Raja rhina

R. binoculata
Hydrolagus colliei
Merluccius productus
Gadus macrocephalus
Theragra chalcogramma
Ophiodon elongatus
Sebastes caurinus

S. maliger
Citharichthys sordidus
Parophrys vetulus
Lepidopsetta bilineata
Family Agonidae
Lycodes spp.

Family Cottidae
Loligo opalescens
Octopus rubescens




Table 2 continued. Functional groups in the model with major representatives. Boldfaced groups have
two age classes (e.g., juveniles and adults). See Appendix A for detailed group information.

Functional group

Common name

Scientific classification

Octopus (continued)
Shrimp

Cancer crabs
Sea stars

Sea urchins
Other grazers

Small crustaceans

Large sea cucumbers
Predatory gastropods

Mussels
Barnacles
Geoducks
Infaunal bivalves
Soft infauna
Deposit feeders

Suspension feeders

Tunicates
Bacteria
Microzooplankton
Copepods
Euphausiids

Small gelatinous zooplankton

Jellyfish

Macrozooplankton
Phytoplankton
Benthic microalgae
Benthic macroalgae
Overstory kelp
Eelgrass

Detritus

Plant/algal material
Salmon carcasses

Giant Pacific octopus
Pandalid shrimp
Sand shrimp
Dungeness crab
Sunflower star

Pink sea star

Green sea urchin
Red sea urchin
Various snails
Various chitons
Various amphipods
Various mysids
Various crabs
California sea cucumber
Moon snail

Hairy triton

Blue mussel

Various barnacles
Geoduck

Various clams
Polychaetes

Brittle stars

Various sea cucumbers
Various sponges
Various bryozoans
Sea pen

Various sea squirts
Various bacteria

Various microzooplankton

Various copepods
Pacific krill

Enteroctopus dofleini

Family Pandalidae

Crangon spp.

Cancer magister

Pycnopodia helianthoides
Pisaster brevispinis
Strongylocentrotus droebachiensis
S. franciscanus

Class Gastropoda

Class Polyplacophora

Suborders Gammaridea, Corophiidea
Family Mysidae

Infraorders Brachyura, Anomura
Parastichopus californicus
Euspira lewisii

Fusitriton oregonensis

Mpytilus edulis

Suborder Balanomorpha
Panopea abrupta

Subclass Heterodonta

Class Polychaeta

Amphiodia urtica

Class Holothuroidea

Phylum Porifera

Phylum Bryozoa

Ptilosarcus gurneyi

Class Ascidiacea

Order Calanoida
Euphausia pacifica

Various small jellyfish, ctenophores, and other soft plankton

Lion’s mane jelly
Moon jelly
Fried egg jelly

Cyanea capillata
Aurelia labiata
Phacellophora camtschatica

Various planktonic shrimp, amphipods, and larval crustaceans
Various diatoms, dinoflagellates and phytoflagellates

Various benthic diatoms

Various understory algal species

Bull kelp
Native eelgrass
Not available
Not available
Not available

Nereocystis luetkeanus
Zostera marina

Oncorhynchus spp.




Ecopath models of nearby systems in the North Pacific Ocean. Also, some consumption or
production rate parameters were derived from correlations or mechanistic models that have been
developed in the literature. Examples include empirically based correlative relationships
between the longevity and the P/B ratio of benthic invertebrate species (Robertson 1979) and
mechanistic models of bioenergetics that can be used to infer consumption rates of fishes (e.g.,
Kitchell et al. 1977). Finally, as described above (Ecopath with Ecosim subsection) some
unknown parameters were indirectly estimated through the Ecopath mass-balancing procedure.

The time period for the reference model state is intended to be relatively contemporary.
We therefore attempted to restrict our data search to the time period from 1990 to present,
particularly for information on biomass standing stocks, recent biomass trends, fishery landings,
total mortality, and diet compositions. For Q/B ratios that were estimated through temperature-
dependent bioenergetics modeling, we used water temperatures from the 1990s to present as
well.

Appendix A has detailed descriptions of the data assimilation and Ecopath parameter
development for each functional group, along with citations of the major information sources and
discussion of data gaps or limitations. Appendix C and Appendix D describe some of the
methods that were most commonly used to develop parameters from the data.

Model Balancing

Equation 1, the Ecopath master equation, contains four core parameters that describe the
basic biology of each functional group: biomass, P/B, Q/B, and EE. Typically, all but one of
these are input parameters, and the remaining parameter is estimated by the Ecopath mass-
balancing algorithm; thus, each group’s Equation 1 has one unknown value. In our model, the
unknown parameter for a particular group was typically either EE or biomass. Ecopath achieves
mass balance by simultaneously solving for the unknowns for all groups i, which is possible
because all of the groups are linked directly or indirectly via consumption (Christensen et al.

2005).

Achieving mass balance was a lengthy process. After the initial inputs of Equation 1
parameters, the system was out of balance: the solution for the EE of several groups was greater
than 1, indicating mortality rates that were unsustainable and would have depleted the biomass
pools. Also, in other cases where the unknown parameter was biomass, P/B, or Q/B, the mass-
balance solution appeared unreasonable based on conventional wisdom (e.g., a biomass solution
that was unrealistically large, given qualitative observations) or biological principles (e.g., a P/B
solution that was very high for a long-lived, slow-growing species). In a similar vein, sometimes
EE was the unknown parameter and had a balanced but unreasonable solution. For example,
some functional groups from low or intermediate trophic levels had EE solutions that seemed
unreasonably low (<0.1), given our perception of their role in the diets of higher consumers.

Achieving mass balance mostly involved iterative adjustments to the input values or
revisiting data sources, following model-balancing guidelines provided by Christensen et al.
(2005). For example, if the solution for EE; was greater than 1, we might have increased B; or
(P/B); slightly, or we might have decreased the importance of the group in the diet of a predator
that was imparting especially heavy predation mortality. To the best of our ability, we made
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small adjustments and focused on parameters that had the most uncertainty. Occasionally, we
took more drastic steps. In some cases where solutions for EE were consistently greater than
one, we elected to input EE and make another parameter (usually biomass) the unknown. We
generally did this only for data-poor groups, such as Pacific hake and walleye pollock. Even
more drastically, we aggregated some especially problematic groups into other functional
groups; for example, Pacific tomcod (Microgadus proximus) and plainfin midshipman
(Porichthys notatus) began as single-species groups, due to their perceived importance in the
diets of larger vertebrates, but were later pooled into the demersal fish group to alleviate mass-
balancing issues. Descriptions of iterative steps and solutions are provided in Appendix A.

Model Assessment

We assessed model structure, behavior, and performance by examining several indices
related to the reference (Ecopath) state and by running a series of simulations in the dynamic
(Ecosim) module. These indices and simulations do not constitute formal sensitivity analyses.
Rather, they were used by the most experienced EwWE user in our group (C. J. Harvey) as an
initial means of gauging the feasibility and stability of model estimates and predictions. The
dynamic simulations also provide a preliminary glimpse of how the system might respond when
some of the most ecologically important functional groups are perturbed.

Indices from the Ecopath Model

In assessing the Ecopath state, we compared biomass estimates among the food web’s
major constituent groups (e.g., pelagic vs. demersal groups, primary producers vs. invertebrates
vs. vertebrates) to get a basic sense of how mass is allocated. We also examined indices of
functional group diversity and evenness at broad taxonomic scales (e.g., among primary
producers, zooplankton, benthic invertebrates, etc.). We estimated these values using the final
mass-balance biomass estimates from Ecopath. We expressed diversity within general functional
pools by using a form of the Shannon diversity index:

H'== p,xIn(p) 3)

where diversity (H') is a function of the proportion (p) of each functional group i that makes up
the total biomass of the s pools that make up a general functional pool (e.g., primary producers,
zooplankton, etc.). As H' increases, species diversity increases. We expressed evenness (E),
which indicates how uniformly the biomass of the entire functional pool is allocated across
different functional groups i within the pool, with the following expression:

H'
b= In(s) @

These indices are relevant because they may be positively related to community stability and
resilience (e.g., Stachowicz et al. 2002, Worm et al. 2006, O’Gorman and Emmerson 2009).
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Ecopath automatically calculates several indices and rates in the mass-balancing step, and
we examined several of these as well. We compiled model-derived estimates of throughput and
trophic transfer efficiency to examine energy flow in the system. Throughput is the sum of all
flows of mass or energy that enter and exit a food web compartment during a unit of time. In
essence, it captures the total production, respiration, and mortality losses of a particular
component, and thus describes the ecological footprint of the component better than does
biomass (Christensen et al. 2005). A related quantity is transfer efficiency, which is the
proportion of mass or energy that passes through a biomass pool and up to higher trophic levels,
rather than being lost to respiratory costs or to detritus (Aydin et al. 2002). This metric thus
focuses on the portion of a group’s throughput that is available to higher consumers.

Ecopath also calculated total mortality of each group and broke it out further into its main
components. Mortality is primarily allocated to three sources: predation, take by fisheries and
other human activities, and other mortality (M) from processes not modeled by EwWE (e.g.,
disease). At a finer scale, Ecopath calculates predation mortality attributed to each predator and
fishery mortality attributed to each gear type, so that relative impact can be assessed. The M
component includes, among other things, mortality that occurs outside of the PSCB spatial
domain. The user can control this in various ways, such as by adjusting the EE input so that
migratory groups that spend considerable time outside the domain have relatively low EE.

Simulations to Assess the Ecosim Model: Overview

We assessed Ecosim performance through a series of simulations in which perturbations
were introduced and the functional groups responded over time. Simulations were run for 50
years at monthly time steps. Depending on the simulation, we present either the full time series
of output, or the output from a specified year. In some cases, we relate outputs to a baseline 50-
year simulation in which no perturbation was introduced. The baseline case is slightly different
from the Ecopath condition because the Ecopath model is not in true equilibrium: two groups
have non-zero BA terms (raptors and tunicates, descriptions in Appendix A), and various
juvenile/adult pools are dynamically linked through maturation/reproduction functions
(described in Appendix D). By year 50 of the baseline simulation, only 7 out of 65 groups
changed by more than 10% from their initial Ecopath biomass values (data not shown).

Bottom-up Control and Stochastic Variation

In the first simulation, we introduced stochastic variation into the food web through
phytoplankton. The goal was to evaluate how our characterization of the food web responded to
variability in primary production. We introduced variation by using a forcing function to vary
annual phytoplankton P/B, according to random draws from a normal distribution with a mean of
the initial P/B and a coefficient of variation (CV) of 10%. This resulted in a time series of
phytoplankton biomass with an interannual CV of approximately 18%. This simulation
demonstrated the responsiveness of the community to variability in a major bottom-up resource.

We tested for significant interactions between the biomass of phytoplankton and the
biomass of all other functional groups in the system using multivariate autoregressive (MAR)
models at varying time lags. These models take account of intergroup interactions as well as
density-dependent effects related to a group’s abundance and intrinsic rate of increase (Ives et al.
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2003). Time series analyses of marine food webs have found that models incorporating time lags
of various lengths between species can effectively describe fish production (Tsitsika et al. 2007,
Lindegren et al. 2009). For some longer-lived species, we might expect to observe higher-order
time lags in density dependence or interspecific interactions (such as bottom-up effects of prey
species on predator abundance), whereas for species with higher turnover rates, the time lags
might be shorter. Similarly, we might expect the effects of changes in primary production, such
as phytoplankton abundance, to ripple through a food web at multiple time lags. For these
reasons, we analyzed time series of functional group biomass using MAR models at time lags
from 1 to 5 years.

The formulation of the MAR model is
X,=A+HX., +E, (5)

where X, is a p x 1 vector of (natural log) abundances of p interacting functional groups at year ¢;
A is ap x 1 vector of constants equal to the intrinsic production rate of each group; Hisap x p
matrix in which elements H;; are interaction coefficients that denote the effect of phytoplankton
variability on the per capita production rate of the jth group, with the diagonal elements (H;)
representing density-dependent effects. Because we are only doing pairwise comparisons, all H
matrices are 2 X 2, and we will consider the elements H,, (phytoplankton effects) and H;,
(density dependence).

Coefficient values generally range from —1 to 1 (H;,) and O to 1 (H,,). Hj, values closer
to |1| indicate stronger interactions, whereas H,, values closer to 0 indicate stronger density
dependence. Zero values indicate no significant interaction. X, is a p x 1 vector of natural log
abundances of p interacting groups at year ¢ minus the time lag ¢ (here varied from 1 to 5 years),
and E; is a p x 1 vector of process error at year ¢, presumed to be stochastic variability not
specified in the model, that has a multivariate distribution with mean vector 0 and covariance
matrix Y. For each pair of functional groups, we estimated the vectors A and E and the matrix
biomass using conditional least squares, and calculated 95% confidence intervals around each
parameter using 2,000 bootstrapped data sets. We assessed the fit of the model by calculating
conditional R* values for each functional group’s estimated time series of biomass. We limited
the scope of our analyses to pairs of groups; therefore, the interaction coefficients H;, reported
here should be interpreted as the maximum potential influence of phytoplankton biomass on the
other groups.

Simulations of Top-down Effects

The second simulation tracked the response of the system to a dramatic change in the
biomass of a top predator, raptors (bald eagles). We allowed the simulation to evolve normally
(i.e., like the baseline scenario) for the first 20 years, then we increased raptor mortality by
imposing what amounted to a harvest pressure on them, with an instantaneous annual harvest
mortality rate of 0.2 yr''. This pressure was maintained for the duration of the scenario and
caused a dramatic decline in raptor biomass. We did not use the MAR model approach of the
previous simulations, but opted instead for a simple examination of the signs and magnitudes of
change of other functional groups following the perturbation, in order to demonstrate the
responsiveness of the system to this apex predator. In particular, we looked for evidence of
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trophic cascade-like dynamics, where a change in a top predator biomass affects biomass
dynamics at several lower trophic levels.

In the third simulation, all fisheries were closed in year 1 and kept closed for the duration
of the simulation. To assess the effect of the closure, we calculated the ratio of all groups’ B; in
year 50 of the no-fishing scenario to B; in year 50 of the baseline scenario. This simulation
demonstrated the response of the system to a top-down, anthropogenic stressor.

Finally, a series of diagnostic scenarios were constructed to examine the equilibrium
yield curves of functional groups that are currently targeted or were historically targeted by
fisheries, that is, all groups with F' greater than 0, along with Pacific hake and walleye pollock.
We did not include hatchery salmon, due to the artificial nature of their production that
fundamentally alters the relationship between fishing effort and sustainability. In each
simulation, " was kept at initial values for all groups except one focal group; that group’s F' was
set at 0 for the first 50-year simulation, then was increased in small increments in successive
simulations until we reached an F' that drove the group extinct by year 50. We compiled the
year-50 landings for all simulations for each group i. The maximum year-50 landing was
assumed to be the maximum sustainable yield (MSY) for the group, and the associated Fysy was
compared with other sources of mortality (e.g., Finitial, total natural mortality) to assess the
apparent sustainability of current fisheries. Finita/Fmsy should be less than one to ensure
sustainability in a single-species context, and some authors have further recommended that F
should be less than natural mortality (e.g., Gulland 1970, Patterson 1992, Walters and Martell
2004). We also plotted estimated year-50 landings vs. effort for each targeted group and
examined the shapes of each group’s curve; in general, the curves should be dome-shaped and
not have long tails.’

2 C. Ainsworth, NWFSC, Seattle, WA. Pers. commun., 4 March 2010.
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Results

General Characteristics and Mass Balancing of the Ecopath Model

Following the iterative process of adjusting parameters, as described in the Methods
section, the PSCB model came into balance. The missing parameter values that Ecopath
calculated were generally credible relative to Ecopath models of nearby marine ecosystems
(Beattie 2001, Ainsworth et al. 2002, Aydin et al. 2002, Field 2004, Priekshot 2007) and to
available empirical data (functional group descriptions, Appendix A). Figure 2 provides a visual
representation of the PSCB food web’s 65 biomass pools, the trophic relationships that link them
together, and the sources of production that fuel the system. The core parameters of the mass-
balanced PSCB Ecopath model (including estimated trophic level, TL) are shown in Table 3;
further descriptions of the parameters, data sources, and underlying assumptions are provided in
Appendix A.

The main indicator of mass balance is that all EE; are less than one, although some
biomass pools have non-zero values for B4, which means that the Ecopath model, though
balanced, is not in strict equilibrium. Moreover, all EE; are greater than zero, indicating at least
some level of mortality attributable to another model component, either a predator or a fishery.
High EE values indicate a greater degree of linkage between a group and its predators or
fisheries, and thus a greater prospect of response to perturbation in dynamic Ecosim scenarios.
Low EE values indicate a relative disconnect between functional groups and their predators or
fisheries, at least in the reference model state.

Another useful mass-balancing diagnostic is the P/Q ratio (Table 3), which is the P/B
ratio divided by the (/B ratio and is an approximation of growth efficiency. In general, P/Q
ratios for consumers were between 0.05 and 0.3, which is reasonable (Christensen et al. 2005);
moreover, most groups with low P/Q ratios (<0.05) were longer-lived, slower-growing species,
for which P/Q should be low. These groups included seabirds, marine mammals,
elasmobranchs, and geoducks.

The finalized Ecopath diet matrix, after all minor adjustments were made for purposes of
mass balancing, is shown in Table 4. Sources, general descriptions, and assumptions related to
the diet values are presented in detail in the functional group profiles in Appendix A. One prey
category of particular note is the Import category. This is a nondynamic pool comprised of all
prey resources that are not themselves modeled functional groups. For example, a functional
group may migrate out of PSCB for part of the year. During that time, it would be assigned
Import for its diet, as it will continue to consume prey resources even though it is outside of the
model domain. Or a functional group may remain within PSCB but consume rare prey or
exogenous resources; for example, gulls scavenge human garbage, and that component of their
diet falls under Import.
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Figure 2. Food web diagram for the PSCB Ecopath model, arranged along a vertical axis of trophic level.
Sizes of boxes are scaled to the biomass densities of the functional groups. Lines link prey
sources to predators; line thickness is scaled to the flow of material from prey to predator.

The diet matrix and mass-balancing step give rise to Ecopath estimates of trophic levels
(TL, Table 3) for all functional groups. With primary producers and detrital groups all assigned
TL equals 1, the top predator in the system is sea lions (TL =4.63). (Killer whales are
intentionally not included in the models; see Appendix B.) In terms of the cumulative living
biomass of the entire community, approximately 82% of the system is at TL less than 3.

The finalized Ecopath fishery landings matrix is shown in Table 5. Estimation methods,
data sources, and general descriptions of relevant fisheries and other removals are described in
the functional group profiles in Appendix A and the Commercial Harvest Estimates subsection in
Appendix C. With a few exceptions, recreational fishery landings are poorly quantified in this
model, and should be regarded with caution. Moreover, bycatch mortality and discard across
gear type is currently unknown. It is likely that the fishing mortalities in Table 5 are
underestimates, although we do not know by how much.
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Table 3. Ecopath parameters for the functional groups in the PSCB model. This page, vertebrates only;
all remaining functional groups continued on the next page. See the Ecopath with Ecosim
subsection of the Methods section for description of parameters. Boldfaced values were
calculated by the mass-balancing routine in the Ecopath model.

Group TL Bmtkm? PByrY QB ((yrl) EE BA(yrY) P/Q

Harbor seals 4.44 0.0240 0.126 24594  0.397 0 0.005
Sea lions 4.63 0.0240 0.076 24350  0.329 0 0.003
Gulls 3.62 0.0622 0.120 172.533  0.600 0 0.001
Resident diving birds 4.42 0.0112 0.164 118.379  0.370 0 0.001
Migratory diving birds 4.15 0.0414 0.195 118.965  0.123 0 0.002
Nearshore diving birds 3.13 0.0846 0.291 205.235 0.076 0 0.001
Herbivorous birds 2.06 0.0550 0.427 329.082  0.080 0 0.001
Raptors 3.56  0.00131 0.314 39.744  0.287 0.09 0.008
Juvenile wild salmon 3.46 0.0951 5.591 30.000  0.200 0 0.186
Subadult wild salmon 3.73 11.918 0.989 7.000  0.200 0 0.141
Juvenile hatchery salmon  3.63 0.0819 6.492 30.000  0.200 0 0.216
Subadult hatchery salmon 3.91 6.0710 1.017 7.000  0.200 0 0.145
Juvenile pink salmon 3.34 0.0085 9.844 32.850  0.200 0 0.300
Subadult pink salmon 3.32 0.0772 1.577 13.429  0.100 0 0.117
Juvenile Pacific herring 3.24 3.4072 3.656 15.984  0.900 0 0.229
Adult Pacific herring 3.28 2.5310 1.600 7.489  0.851 0 0.214
Forage fish 3.30 3.4606 1.500 7.000  0.800 0 0.214
Surfperches 3.20 3.1700 1.300 6.000  0.800 0 0.217
Spiny dogfish 4.28 5.2540 0.103 2.692 0.175 0 0.038
Skates 3.88 0.6800 0.127 3.201 0.084 0 0.040
Ratfish 3.19  36.1000 0.305 1.653 0.105 0 0.185
Pacific hake 3.51 3.4050 0.405 2.602  0.900 0 0.156
Pacific cod 4.07 0.2000 0.260 3.784  0.520 0 0.069
Walleye pollock 3.44 3.7040 0.800 4.000 0.900 0 0.200
Juvenile lingcod 4.38 0.1240 0.389 3.070  0.900 0 0.127
Adult lingcod 451 0.3000 0.280 1.932 0.141 0 0.145
Juvenile rockfish 3.81 0.4540 0.360 2.672  0.800 0 0.135
Adult rockfish 3.89 0.3270 0.240 1.437  0.500 0 0.167
Piscivorous flatfish 3.64 1.1550 0.467 6.007 0.686 0 0.078
Small-mouthed flatfish 3.19 7.9620 0.345 5,512  0.654 0 0.063
Demersal fish 3.54 4.5650 1.200 6.000  0.800 0 0.200
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Table 3 continued. Ecopath parameters for the functional groups in the PSCB model. This page, all
remaining functional groups, including invertebrates, primary producers, and detrital groups.
See the Ecopath with Ecosim subsection of the Methods section for description of parameters.
Boldfaced values were calculated by the mass-balancing routine in the Ecopath model. NA = not

applicable.

Group TL B(mtkm? P/B(yr') QB(yr') EE BA(yrY) P/Q

Squid 3.50 0.902 3.000 15.000  0.800 0 0.200
Octopus 3.37 1.158 0.860 2.500  0.900 0 0.344
Shrimp 2.94 8.134 2.250 12.000  0.900 0 0.188
YOY Cancer crab 3.17 0.757 2.500 8.197 0.900 0 0.305
Age 1+ Cancer crab 3.45 0.547 1.500 3.084  0.900 0 0.486
Sea stars 3.06 0.346 0.519 2.595 0.125 0 0.200
Sea urchins 2.00 0.453 0.500 10.880  0.500 0 0.046
Other grazers 213 11431 0.753 8.859 0.800 0 0.085
Small crustaceans 231 38.195 3.410 25.000 0.900 0 0.136
Large sea cucumbers 2.16 0.0471 0.860 11.300 0.800 0 0.076
Predatory gastropods 2.95 0.979 1.010 6.733 0.700 0 0.150
Mussels 2.01 3.785 0.927 3.090  0.900 0 0.300
Barnacles 251 2.310 1.245 6.225 0.800 0 0.200
Geoducks 2.03 52.442 0.036 2.000  0.366 0 0.018
Infaunal bivalves 205 70.506 2.059 6.863 0.718 0 0.300
Soft infauna 210 67.899 4.400 22.000  0.568 0 0.200
Deposit feeders 2.16 7.512 1.421 25.000 0.344 0 0.057
Suspension feeders 2.10 6.494 2.763 13.815 0.800 0 0.200
Tunicates 2.10 0.157 2.059 10.295 0.099 0.05 0.200
Bacteria 2.00 6.395 150.000 300.000  0.400 0 0.500
Microzooplankton 2.05 5.343 100.000 285.714 0.800 0 0.350
Copepods 221  24.419 15.000 75.000  0.800 0 0.200
Euphausiids 217 11.152 10.683 44.145 0.800 0 0.242
Sm. gelatinous zooplankton  2.59 6.388 9.000 30.000  0.800 0 0.300
Jellyfish 3.43 8.483 3.000 11.500  0.500 0 0.261
Macrozooplankton 2.77 6.234 7.000 35.000 0.800 0 0.200
Phytoplankton 1.00 51.0 226.300 NA 0.320 0 NA

Benthic microalgae 1.00 4.298 100.000 NA 0.500 0 NA

Benthic macroalgae 1.00 3.182 15.000 NA 0.400 0 NA

Overstory kelp 1.00 0.08 42.955 NA 0.661 0 NA

Eelgrass 1.00 3.558 24.542 NA 0.156 0 NA

Algal/plant material 1.00 1 NA NA 0.626 0 NA

Salmon carcasses 1.00 1 NA NA 0.002 0 NA

Detritus 1.00 1 NA NA 0.393 0 NA
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Table 4. Ecopath diet matrix for consumers in the PSCB model. Each column represents the diet

proportions of a consumer and sums to 1. Asterisk (*) <0.001, S/a = subadult.

Prey

Predators

Harbor seals

Sea lions

Seagulls

Resident diving birds

Migr. diving birds

N’shore diving birds

Herbivorous birds

Juvenile wild salmon

S/a wild salmon

Juv. hatchery salmon

S/a hatchery salmon

Harbor seals

Sea lions

Seagulls

Resident diving birds
Migr. diving birds
N’shore diving birds
Herbivorous birds
Raptors

Juvenile wild salmon
S/a wild salmon

Juv. hatchery salmon
S/a hatchery salmon
Juvenile pink salmon
S/a pink salmon

Juv. Pacific herring
Adult Pacific herring
Forage fish
Surfperches

Spiny dogfish

Skates

Ratfish

Pacific hake

Pacific cod

Walleye pollock
Juvenile lingcod
Adult lingcod
Juvenile rockfish
Adult rockfish
Piscivorous flatfish
Sm.-mouthed flatfish
Demersal fish

Squid

Octopus

Shrimp

YOY Cancer crab
Age 1+ Cancer crab
Sea stars

Sea urchins

Other grazers

Small crustaceans
Large sea cucumbers
Predatory gastropods
Mussels

Barnacles

Geoducks

Infaunal bivalves
Soft infauna

Deposit feeders
Suspension feeders
Tunicates

Bacteria
Microzooplankton
Copepods
Euphausiids

Sm. gelatinous zoopl.

Jellyfish
Macrozooplankton
Phytoplankton
Benthic microalgae
Benthic macroalgae
Overstory kelp
Eelgrass
Algal/plant material
Salmon carcasses
Detritus

Import

0.030

0.001

0.004

0.100
0.400

0.333

0.333

0.012
0.013

0.383

0.230

0.100
0.050

0.600

0.015

0.015
0.010

0.010

0.006

0.007
0.003
0.005

0.032

0.032
0.020

0.020

0.016

19



Table 4 continued horizontally. Ecopath diet matrix for consumers in the PSCB model. Each column
represents the diet proportions of a consumer and sums to 1. Asterisk (*) <0.001, S/a = subadult.

Predators

Prey (column list
repeated from
previous page)

Pacific hake
Walleye pollock

Adult Pacific herring
Pacific cod

Juvenile pink salmon
S/a pink salmon

Juv. Pacific herring
Forage fish
Surfperches

Spiny dogfish
Skates

Ratfish

Harbor seals
Sea lions — — — — — — — — — — _
Seagulls — — — — — — — — _ _
Resident diving birds — — — — — — — — — — — _
Migr. diving birds — — — — — — — — — _ _ _
N’shore diving birds — — — — — — — — — — _ _
Herbivorous birds — — — — — — — — — _ _ _
Raptors — — — — — — — _ _ o

Juvenile wild salmon — — — — — — — — _ _
S/a wild salmon — — — — — — 0.019 — — — . _
Juv. hatchery salmon — — — — — — — — — _ _ _
S/a hatchery salmon — — — — — — 0.018 — — — - _
Juvenile pink salmon — — — — — — — — _ _

S/a pink salmon — — — — — — — — _
Juv. Pacific herring — 0.001 — 0.010 — — 0.090 0.040 0.025 0.040 — —
Adult Pacific herring — 0.001 — — — — 0.100 — — 0.020 0.200 —
Forage fish — 0.003 — 0.020 — — 0.007 0.003 — 0.003 0.050 —
Surfperches — — — — — — 0.001 0.004 0.012 — — —
Spiny dogfish — — — — — — — — - — -
Skates — — — — — — _ _ _ _
Ratfish — — — — — — 0.082 — — - _ -
Pacific hake — — — — — — 0.013 — — 0.045 — 0.030
Pacific cod — — — — — — — — — — 0.010 —
Walleye pollock — — — — — — 0.088 0.023 0.017 — 0.050 —
Juvenile lingcod — — — — — — — — — — _
Adult lingcod — — — — — — — — — _ _ _
Juvenile rockfish — — — — — — — _ _

Adult rockfish — — — — — — * — — — — —
Piscivorous flatfish — — — — — — 0.020 — _ — _ _
Sm.-mouthed flatfish — — — — — — 0.072 0.010 0.004 — 0.050 —
Demersal fish — — — — — — 0.025 0.017 0.008 — 0.250 0.009
Squid — — — — — — — — — — 0.005 —
Octopus — — — — — — 0.061 — — — — —
Shrimp — — — — — 0.020 0.030 0.606 0.018 0.145 0.050 0.134
YOY Cancer crab — — — — — — 0.005 0.001 0.014 — — —
Age 1+ Cancer crab — — — — — — 0.031 0.008 — — 0.050 —
Sea stars — — — — — — — — _ _ _
Sea urchins — — — — — — _ _ _ _
Other grazers — — — — — 0.075 — * 0.010 — — _
Small crustaceans 0.030 — 0.050 — 0.150 0.200 0.019 0.083 0.200 0.080 0.150 0.378
Large sea cucumbers — — — — — — — - _ - _ _
Predatory gastropods — — — — — 0.010 — — 0.001 — — —
Mussels — — — — — 0.050 — — 0.002 — — —
Barnacles — — — — — 0.050 0.003 — 0.002 — — —
Geoducks — — — — — — — — — _ _ _
Infaunal bivalves — — — — — 0.325 — * 0.460 — 0.010 0.001
Soft infauna — — — — — 0.010 * — 0.160 0.016 — 0.001
Deposit feeders — — — — — 0.010 — — 0.025 — 0.050 —
Suspension feeders — — — — — — — — _ _

Tunicates — — — — — — _ _ _ _
Bacteria — — — — — — _ . _ _
Microzooplankton — — — — _
Copepods 0.250 — 0.800 0.500 0.650 0.250 — — * — 0.025 0.030
Euphausiids 0.130 0.080 0.100 0.370 0.050 — — 0.016 — 0.504 0.025 0.318
Sm. gelatinous zoopl. 0.130 — — — 0.090 — — — — — — _
Jellyfish — — — — 0.010 — 0.010 — — — — —
Macrozooplankton 0.060 0.015 0.050 0.100 0.050 — — 0.189 0.002 0.147 0.025 0.099
Phytoplankton — — — — — — — — — — _ _
Benthic microalgae — — — — — — — — — — _ _
Benthic macroalgae — — — — — — — — — . _ _
Overstory kelp — — — — — — —

Eelgrass — — — — — — 0.005 — — — — _
Algal/plant material — — — — — — — — 0.040 — —
Salmon carcasses — — — — — — — — _ _

Detritus — — —
Import 0.400 0.900 — — — — 0.300 — — — — —
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Table 4 continued horizontally. Ecopath diet matrix for consumers in the PSCB model. Each column
represents the diet proportions of a consumer and sums to 1. Asterisk (*) <0.001, S/a = subadult.

Predators

Prey (column list
repeated from
previous page)

YOY Cancer crab
Age 1+ Cancer crab

Sm. mouthed flatfish
Demersal fish

Juvenile lingcod
Adult lingcod
Juvenile rockfish
Adult rockfish
Piscivorous flatfish

Harbor seals
Sea lions — — — — — — — — — — — —
Seagulls — — — — — — — — — — —
Resident diving birds — — — — — — — — — — — —
Migr. diving birds — — — — — — — — — —
N’shore diving birds — — — — — — — — — —
Herbivorous birds — — — — — — — — — —
Raptors — — — — — — — — — —
Juvenile wild salmon — — — — — — — — —
S/a wild salmon — 0.001 — — — — — — — — — —
Juv. hatchery salmon — — — — — — — — —
S/a hatchery salmon — 0.001 — — — — — — — —
Juvenile pink salmon — — — — — — —
S/a pink salmon — 0.001 — — — — — — — —
Juv. Pacific herring 0.117 0.044 0.295 0.255 0.060 0.001 0.035 0.100 — — 0.001 0.001
Adult Pacific herring 0.013 0.005 — 0.050 0.010 — — 0.030 — — — —
Forage fish 0.295 0.020 0.010 0.010 0.017 * 0.002 0.020 — — 0.010 0.100
Surfperches 0.022 0.001 0.004 0.005 0.170 0.003 0.018 — — — 0.010 0.020
Spiny dogfish — 0.001 — — — — — — — — — —
Skates — — — — — — — — — —
Ratfish — — — — — — — — — — — —
Pacific hake 0.005 * — — 0.005 — 0.002 — — — — —
Pacific cod — 0.023 — — — — — — — — — —
Walleye pollock 0.068 0.033 — — 0.010 0.001 0.001 — — — — —
Juvenile lingcod 0.030 0.047 — — — — * — — — — 0.003
Adult lingcod — — — — — — — — — — — —
Juvenile rockfish 0.091 0.128 — — — — — — — — — —
Adult rockfish 0.001 0.007 — — — — — — — — — —
Piscivorous flatfish 0.016 0.032 — — — — — — — — — 0.025
Sm.-mouthed flatfish 0.006 0.117 — 0.002 — — 0.012 — — — — 0.025
Demersal fish 0.185 0.448 0.025 0.035 0.050 — 0.013 — 0.030 — 0.030 0.100
Squid 0.002 * — — —
Octopus 0.014 0.043 — — — — — — — — — —
Shrimp 0.127 0.035 0.245 0.275 0.084 0.031 0.161 — 0.050 0.020 0.050 0.050
YOY Cancer crab — — — — — * 0.004 — 0.100 — 0.050 0.050
Age 1+ Cancer crab — — 0.030 0.060 — — — — 0.020 — — 0.010
Sea stars — — — — — — — — —
Sea urchins — — — — — — — — — —
Other grazers — — — — 0.011 0.012 0.012 — 0.250 0.010 — 0.025
Small crustaceans * * 0.255 0.275 0.215 0.161 0.222 — 0.100 0.200 0.225 0.100
Large sea cucumbers — — — — — — * — — — —
Predatory gastropods — * — — 0.001 0.001 0.001 — 0.050 — — 0.001
Mussels — — — — — — 0.001 — 0.050 — 0.025 0.025
Barnacles — — — — 0.005 0.002 0.001 — — — 0.050 0.010
Geoducks — — — — — — — — — — — —
Infaunal bivalves — — — — 0.005 0.231 0.025 — 0.350 — 0.400 0.300
Soft infauna — — 0.048 0.031 0.080 0.472 0.109 — — 0.300 0.020 0.010
Deposit feeders — — — — 0.006 0.011 — — — 0.010 — 0.020
Suspension feeders — — — — — — — — — — — 0.010
Tunicates — — — — — — — — —
Bacteria — — — — — — — — — —
Microzooplankton — — — — — — — — — —
Copepods — — 0.047 — 0.001 0.002 0.024 0.050 — 0.050 — —
Euphausiids 0.007 — 0.021 0.002 0.008 0.002 0.112 0.600 — 0.100 — —
Sm. gelatinous zoopl. — — — — — 0.001 — — —
Jellyfish — — — — — * 0.001 — — — — —
Macrozooplankton — — 0.020 — 0.170 0.057 0.207 0.050 — 0.060 — —
Phytoplankton — — — — — — — — — — — —
Benthic microalgae — — — — — — — — — —
Benthic macroalgae — 0.012 — — — 0.008 0.013 — — — 0.010 *
Overstory kelp — — — — — — — — — — —
Eelgrass — — — — * * — — — — 0.009 0.005
Algal/plant material — — — — 0.079 — 0.004 — — — 0.010 0.010
Salmon carcasses — — — — — — — — — —
Detritus — — — — — — — — — 0.250 0.100 0.100
Import — — — — — — — 0.050 — — — —
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Table 4 continued horizontally. Ecopath diet matrix for consumers in the PSCB model. Each column
represents the diet proportions of a consumer and sums to 1. Asterisk (*) <0.001, S/a = subadult.

Predators

Prey (column list
repeated from
previous page)

Infaunal bivalves

Predatory gastropods
Deposit feeders

Small crustaceans
Large sea cucumbers

Sea stars

Sea urchins
Other grazers
Mussels
Barnacles
Geoducks
Soft infauna

Harbor seals — — — — — — — — — — — —
Sea lions — — — — — — — — _ — _ -
Seagulls — — — — — — — — _ _ _ _
Resident diving birds — — — — — — — — — — _ _
Migr. diving birds — — — — — — — — — _ _ _
N’shore diving birds — — — — — — — — — — _ _
Herbivorous birds — — — — — — — — _ _ _ _
Raptors — — — — — — — . — _ _ o
Juvenile wild salmon — — — — — — —
S/a wild salmon — — — — — — — — — — . _
Juv. hatchery salmon — — — — — — — — — _ _ _
S/a hatchery salmon — — — — — — — — _ _ _ _
Juvenile pink salmon — — — — — — — — _ _ _ _
S/a pink salmon — — — — — — — — — — _ _
Juv. Pacific herring — — — — — — — — — — — —
Adult Pacific herring — — — — — — — — — _ _ _
Forage fish — — — — — — — — — — _ _
Surfperches — — — — — — — — _ _ _ _
Spiny dogfish — — — — — — — — — _ _ _
Skates — — — — — — — — _ _ _ _
Ratfish — — — — — - — — _ _ _ .
Pacific hake — — — — — — — — _ _ _ _
Pacific cod — — — — — — — — _ _ _ _
Walleye pollock — — — — — — — — — _ _ _
Juvenile lingcod — — — — — — — — — — _ _
Adult lingcod — — — — — — — _ _ _ _ _
Juvenile rockfish — — — — — — — — _ _ _ _
Adult rockfish — — — — — — — — — — _ _
Piscivorous flatfish — — — — — — — — _ _ _ _
Sm.-mouthed flatfish — — — — — — — — — _ _ _
Demersal fish — — — — — — — — _ _ _ _
Squid — — — — — — — — — _ _ _
Octopus — — — — — — — _ _ _ _ _
Shrimp — — — — — — — — — _ _ _
YOY Cancer crab — — — — — — — — — _ _ _
Age 1+ Cancer crab — — — — — — — — — — _ _
Sea stars 0.025 — — — — — — — — — — _
Sea urchins 0.050 — — — — 0.010 — — — — — .
Other grazers 0.100 — — — 0.025 0.100 — — — — _ _
Small crustaceans 0.020 — — 0.050 — — — — — — _ _
Large sea cucumbers 0.010 — — — — — — — — . — _
Predatory gastropods 0.010 — — — — 0.010 — — — — — _
Mussels 0.075 — — — — 0.020 — — — — _ _
Barnacles 0.075 — — — — 0.050 — — — — _ _
Geoducks 0.001 — — — — — — — — — — _
Infaunal bivalves 0.350 — — 0.050 — 0.360 — — — — — —
Soft infauna — — — 0.100 — — — 0.080 — — — 0.050
Deposit feeders 0.100 — — — _ _

Suspension feeders 0.100 — 0.030 0.010 0.025 0.250 — — — — — —
Tunicates * — — — — 0.001 — _ _ _ _ _
Bacteria — — 0.100 0.044 0.100 — 0.005 0.160 0.025 0.050 0.100 0.100
Microzooplankton — — — 0.001 — — 0.005 0.160 — — — —
Copepods — — — 0.020 — — — 0.080 — — — —
Euphausiids — — — — — — — — — — _ _
Sm. gelatinous zoopl. — — — — — — — — — — — _
Jellyfish — — — — — — — — — _ _ _
Macrozooplankton — — — — — — — — — _ _ _
Phytoplankton — — — 0.050 — — 0.100 0.320 0.750 0.280 — —
Benthic microalgae 0.025 0.200 0.450 0.010 0.050 — — — — — 0.100 0.050
Benthic macroalgae — 0.200 0.080 0.005 — — — — — — _ _
Overstory kelp — 0.050 0.020 — — — — — — —
Eelgrass — — 0.020 0.010 — — — — _ _ _ -
Algal/plant material — 0.500 0.100 0.050 — — — — — _ _ _
Salmon carcasses — — — — — — — — — — — _
Detritus 0.059 0.050 0.200 0.600 0.800 0.149 0.890 0.200 0.225 0.670 0.800 0.800
Import — — — — — — — — — — — —
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Table 4 continued horizontally. Ecopath diet matrix for consumers in the PSCB model. Each column
represents the diet proportions of a consumer and sums to 1. Asterisk (*) <0.001, S/a = subadult.

Predators

Prey (column list
repeated from
previous page)

Suspension feeders
Microzooplankton
Sm. gelatinous zoopl.
Macrozooplankton

Tunicates
Bacteria
Copepods
Euphausiids
Jellyfish

Harbor seals —
Sea lions — — — — — — —
Gulls — — — — — — — _ _
Resident diving birds — — — — — — — — —
Migr. diving birds — — — — — — — _ _
N’shore diving birds — — — — — — — — —
Herbivorous birds — — — — — — — _ _
Raptors — — — — — . _ _ .
Juvenile wild salmon — — — — — — _ _
S/a wild salmon — — — — — — — — _
Juv. hatchery salmon — — — — — — — _ _
S/a hatchery salmon — — — — — — — — _
Juvenile pink salmon — — — — — — — _ _
S/a pink salmon — — — — — — — _ _
Juv. Pacific herring — — — — — — — - _
Adult Pacific herring — — — — — — — — _
Forage fish — — — — — — — — —
Surfperches — — — — — — — _ _
Spiny dogfish — — — — — — — — —
Skates — — — — — — — _ _
Ratfish — — — — — — — _ _
Pacific hake — — — — — — — _ _
Pacific cod — — — — — — — — _
Walleye pollock — — — — — — — _ _
Juvenile lingcod — — — — — — — — _
Adult lingcod — — — — — — — _ _
Juvenile rockfish — — — — — — — — _
Adult rockfish — — — — — — _ _ _
Piscivorous flatfish — — — — — — — _ _
Sm.-mouthed flatfish — — — — — — — — —
Demersal fish — — — — — — — _ _
Squid — — — — — — _ _ _
Octopus — — — —
Shrimp — — — — — — — - _
YOY Cancer crab — — — — — — — _ _
Age 1+ Cancer crab — — — — — — — — —
Sea stars — — — — — — — _ _
Sea urchins — — — — — — - — _
Other grazers — — — — — — — _ _
Small crustaceans — — — — — — — — _
Large sea cucumbers — — — — — — — — _
Predatory gastropods — — — — — — — _ _
Mussels — — — — — — — — —
Barnacles — — — — — — — _ _
Geoducks — — — — — — — — —
Infaunal bivalves — — — — — — — _ _
Soft infauna — — — — — — — _ _
Deposit feeders — — — — — — — _ _
Suspension feeders — — — — — — — . _
Tunicates — — — — — — — _ _
Bacteria 0.050 0.050 — 0.050 — 0.025 0.100 — 0.100
Microzooplankton 0.050 0.050 — — 0.200 0.025 0.100 — 0.100
Copepods — — — — — 0.100 0.200 0.425 0.300
Euphausiids — — — — — — 0.050 0.200 0.100
Sm. gelatinous zoopl. — — — — — — 0.049 0.245 0.040
Jellyfish — — — — — — 0.001 0.100 0.010
Macrozooplankton — — — — — — — 0.030 —
Phytoplankton 0.700 0.700 — 0.900 0.800 0.800 0.350 — 0.300
Benthic microalgae — — — — — — — — _
Benthic macroalgae — — — — — — — — —
Overstory kelp — — — — — — — _ _
Eelgrass — — — — — — — — _
Algal/plant material — — — — — — — _ _
Salmon carcasses — — — — — — — — —
Detritus 0.200 0.200 1.000 0.050 — 0.050 0.150 — 0.050
Import — — — — — — — — _

23



144

Table 5. Landings (mt km™ yr') by gear type of targeted groups. S/a = subadult and asterisk (*) indicates arbitrary placeholder value for a
functional group known to experience recreational harvest until more data are available.
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Harbor seals 0.0004 0.0008

Sea lions 0.0006

S/a wild salmon 3.6E-08 0.463 0.0002 9.0E-08 1.35 0.162 0.061

S/a hatchery salmon 9.0E-07 0.186 9.4E-05 6.3E-05 0.164 0.348 0.229

S/a pink salmon 0.0021 5.0E-06 0.0013 0.0012 0.001

Juv. Pacific herring 0.0025 0.202 0.0005

Adult Pacific herring 0.0002 0.02 1.0E-05

Forage fish 2.4E-07 0.007 5.4E-06 0.0001%*

Surfperches 0.0001*

Spiny dogfish 0.0007 0.043 0.0032 0.0001*

Skates 0.0002

Pacific cod 6.4E-06

Adult lingcod 0.01*

Adult rockfish 2.0E-05 0.01*

Piscivorous flatfish 9.0E-08 0.001*

Sm.-mouthed flatfish 0.001*

Squid 6.8E-05 0.0001*

Octopus 1.5E-05 6.0E-08

Shrimp 0.0093 0.0001*

Age 1+ Cancer crab 0.0905 0.015

Sea urchins 0.0024

Large sea cucumbers 0.0207

Mussels 0.0001*

Geoducks 0.697

Infaunal bivalves 0.0003 0.0297 0.0001*

Sum 0.091 0.003 0.652 6.8E-05 0.043 0.697 0.222 0.009 0.03 6.3E-05 1.523 0.514 0.329 0.023 0.001




Biomass, Functional Diversity, and Evenness Patterns

Based on our parameterization, the PSCB Ecopath model reflects a system dominated by
species and guilds associated with demersal habitats. In Figure 3, the initial biomass estimates of
all nondetrital functional groups are coarsely aggregated by taxonomy, functional role, and
habitat use. About 54.5% of all living standing stock biomass are comprised of benthic
invertebrates, and 12.9% of living biomass are bony and cartilaginous fishes that spend much of
their lives on or near the bottom. Including the relatively small amount of benthic primary
producer biomass, bottom-associated functional groups make up about 70% of the living
biomass in the PSCB Ecopath model. Species and functional groups that are primarily pelagic in
nature comprise 28.7% of the total biomass, with several zooplankton pools making up the
largest component. Phytoplankton, the dominant source of total system production, makes up
about 10.2% of total standing biomass in the mass-balanced model. Less than 2% of total
biomass is comprised of species and guilds that are considered to make extensive use of both
pelagic and benthic habitats (e.g., bacteria, pinnipeds, seabirds, squid).

In biomass terms, several individual functional groups stand out as major components of
the PSCB food web. In terms of sheer biomass, more than 68% of living biomass are comprised
of just 7 functional groups: infaunal bivalves, soft infauna, geoducks, phytoplankton, small
crustaceans, ratfish, and copepods (Table 3). A plot of functional diversity (H') vs. functional
evenness (£) shows a mildly negative relationship between the two variables (Figure 4). These
results are heavily influenced by our biases in how we aggregated species into functional groups,
however, particularly among the lower trophic levels. For example, benthic primary producers,
small zooplankton, and large zooplankton are each dominated by a few catch-all groups.
Phytoplankton and bacteria were excluded from the relationship altogether because their £
values could not be calculated (each of these groups had one representative and thus had a zero
in the denominator of Equation 4). Diversity was greatest in the benthic invertebrate pool,
although this pool ranked somewhat low in terms of evenness, largely because its biomass was
dominated by four functional groups (infaunal bivalves, soft infauna, geoducks, and small
crustaceans). Fish groups and seabirds also ranked high in diversity, reflecting our familiarity
with their ecology and our bias to realistically represent their contribution to ecosystem services.

Throughput and Transfer Efficiency

At a community scale, throughput was dominated by phytoplankton and detritus, which
together comprised 67.1% of total system throughput (Table 6). That in itself is an
underestimate because Ecopath does not calculate the respiratory losses of primary producers
and thus discounted the total throughput through phytoplankton. Of the total throughput
accounted for by Ecopath (i.e., all but primary producer respiration), about 98.6% moved
through nonvertebrate pools (i.e., primary producers, invertebrates, and detritus); this high
proportion is typical of Ecopath models (C. J. Harvey, personal observation).

What is perhaps more interesting is the manner in which different functional groups rank
in terms of throughput and biomass. We ranked all functional groups from greatest to least in
terms of throughput and biomass (except detritus, algal/plant material, and salmon carcasses, for
which biomass estimates were not available, Appendix A) and conducted linear regression of
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Figure 3. Biomass of coarsely pooled categories of functional groups in the PSCB Ecopath model.
Biomass is expressed in relative and absolute terms. Seabird and pinniped biomasses are each
greater than zero but are very small relative to other categories.

these ranks (Figure 5). Groups with positive residuals had proportionally greater throughput per
unit biomass than would be expected. Notable examples include the seabird groups, bacteria,
benthic primary producers, and many of the pelagic fishes and invertebrates. By contrast, those
with negative residuals were mostly demersal fishes and benthic invertebrates. Thus, even
though most biomass in the system is in demersal pools (Figure 3), relatively high throughputs
emphasize the importance of pelagic pools.

Transfer efficiencies of consumer groups spanned a broad range (Table 6). The average
transfer efficiency for all consumers, weighted by biomass, was 11.9%, which compares
favorably to the Aydin et al. (2002) estimates for transfer efficiency in Bering Sea food webs
(12.1 to 13.5%). In general, consumer transfer efficiency decreased with increasing trophic level
(Figure 6), which is to be expected as higher consumers become less energetically efficient (i.e.,
higher respiration) and also less subject to predation by the relatively small biomass pools that
occupy the uppermost trophic levels. However, the relationship was very weak, in part because
of the large number of functional groups from lower trophic levels that do not experience much
predation, and thus have low transfer efficiencies (e.g., herbivorous birds, geoducks, small
benthic grazers, tunicates, sea urchins, other deposit feeders). Moreover, the relationship was
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Figure 4. Plot of Shannon diversity index (H') against functional evenness (£) for coarsely pooled
categories of functional groups in the PSCB Ecopath model.

weakened by several mid-level consumers (squid, YOY and age 1+ Cancer crab) that had very
high transfer efficiencies, a result of having both high assimilation efficiencies and also relatively
high predation pressure.

Mortality

Allocation of mortality is a function of factors such as the values of P/B and EE, the O/B
of an organism’s predators, and the magnitude of F. As explained earlier and also in Appendix
A, we were forced to input estimates of EE for many functional groups, and inputting EE is
based more on coarse guidelines than on empirical information (e.g., Christensen et al. 2005).
For all such groups, the proportion of total mortality allocated to M, (i.e., 1-EE) was therefore a
direct result of our assumptions, and should be regarded with care until better estimates of
missing parameters such as biomass enable mass-balance estimation of EE.

For functional groups not targeted by fisheries, the relative importance of predation and
M, was taxonomically dependent (Figure 7a). Seabirds, with the exception of gulls, primarily
experienced My, which reflects their relative lack of predators and tendency to spend large
portions of the year outside the model domain. Gulls and resident diving birds had higher
predation mortality than other birds because they spend more time in PSCB and they are more
heavily targeted by raptors. In all seabird groups except gulls, EE was the parameter estimated
in the mass-balancing step of Ecopath (Table 3), so the EE-related issue alluded to in the
preceding paragraph generally does not apply.
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Table 6. Biomass (mt km™), throughput (mt km™ yr™"), and transfer efficiency of functional groups.
Transfer efficiencies are for consumers only.

Biomass Throughput Transfer
Functional group Value Rank Value Rank efficiency
Harbor seals 0.024 58 0.59 59 0.0020
Sea lions 0.024 58 0.58 60 0.0010
Gulls 0.0622 54 10.74 39 0.0004
Resident diving birds 0.0112 60 1.33 54 0.0005
Migratory diving birds 0.0414 57 4.93 45 0.0002
Nearshore diving birds 0.0846 50 17.36 33 0.0001
Herbivorous birds 0.055 55 18.10 32 0.0001
Raptors 0.00131 62 0.05 66 0.0002
Juvenile wild salmon 0.0951 49 2.85 48 0.0373
Subadult wild salmon 11.918 8 83.42 22 0.0283
Juvenile hatchery salmon 0.0819 51 2.46 50 0.0433
Subadult hatchery salmon 6.071 19 42.49 27 0.0291
Juvenile pink salmon 0.0085 61 0.28 65 0.0599
Subadult pink salmon 0.0772 53 1.04 56 0.0117
Juvenile Pacific herring 3.407 28 54.46 24 0.2059
Adult Pacific herring 2.531 32 18.95 31 0.1819
Forage fish 3.461 27 24.22 29 0.1714
Surfperches 3.170 31 19.02 30 0.1733
Spiny dogfish 5.254 21 14.14 36 0.0067
Skates 0.68 39 2.18 51 0.0033
Ratfish 36.1 6 59.67 23 0.0194
Pacific hake 3.405 29 8.86 40 0.1401
Pacific cod 0.2 46 0.76 58 0.0357
Walleye pollock 3.704 25 14.82 34 0.1800
Juvenile lingcod 0.124 48 0.38 64 0.1141
Adult lingcod 0.3 45 0.58 61 0.0204
Juvenile rockfish 0.454 41 1.21 55 0.1078
Adult rockfish 0.327 44 0.47 63 0.0835
Piscivorous flatfish 1.155 35 6.94 41 0.0533
Small-mouthed flatfish 7.962 12 43.89 26 0.0410
Demersal fish 4.565 22 27.39 28 0.1600
Squid 0.902 37 13.53 37 0.3096
Octopus 1.158 34 2.89 47 0.1688
Shrimp 8.134 11 97.61 18 0.1600
YOY Cancer crab 0.757 38 6.21 43 0.2745
Age 1+ Cancer crab 0.547 40 1.69 52 0.4377
Sea stars 0.346 43 0.90 57 0.0250
Sea urchins 0.453 42 4.93 44 0.0230
Other grazers 11.431 9 101.26 17 0.0680
Small crustaceans 38.195 5 954.88 7 0.1228
Large sea cucumbers 0.047 56 0.53 62 0.0609
Predatory gastropods 0.979 36 6.59 42 0.1050
Mussels 3.785 24 11.70 38 0.2700
Barnacles 2.310 33 14.38 35 0.1600
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Table 6 continued. Biomass (mt km™), throughput (mt km™ yr™"), and transfer efficiency of functional
groups. Transfer efficiencies are for consumers only.

Biomass Throughput Transfer

Functional group Value Rank Value Rank efficiency
Geoducks 52.442 3 104.88 15 0.0066
Infaunal bivalves 70.506 1 483.91 9 0.2154
Soft infauna 67.899 2 1,493.78 6 0.1137
Deposit feeders 7.512 14 187.80 13 0.0196
Suspension feeders 6.494 15 89.72 20 0.1600
Tunicates 0.157 47 1.61 53 0.0151
Bacteria 6.395 16 1,918.60 3 0.2000
Microzooplankton 5.343 20 1,526.69 5 0.2800
Copepods 24.419 7 1,831.45 4 0.1600
Euphausiids 11.152 10 492.28 8 0.1936
Sm. gelatinous zooplankton ~ 6.388 17 191.63 12 0.2400
Jellyfish 7.958 13 91.51 19 0.1304
Macrozooplankton 6.234 18 218.20 11 0.1600
Phytoplankton 51 4 11,541.0 1 -
Benthic microalgae 4.298 23 429.84 10 -
Benthic macroalgae 3.182 30 47.73 25 -
Overstory kelp 0.08 52 3.44 46 -
Eelgrass 3.558 26 87.32 21 -
Algal/plant material — - 103.21 16 —
Salmon carcasses - — 2.66 49 -
Detritus - - 11,214.0 2 -
Import - - 145.32 14 -

Unlike seabirds, nontarget fishes and invertebrates typically experienced far greater
predation mortality than M, (Figure 7a). Exceptions included functional groups that spend a
large portion of time outside of the model domain (juvenile salmon) or groups thought to have
few predators (ratfish, sea stars, deposit feeders, tunicates). For most nontarget fish and
invertebrate groups, however, EE was an input parameter (Table 3). Thus the EE-related caveat
mentioned above should be kept in mind.

Among the primary producers, grazing losses and M, were both moderate (i.e., between
30% and 70% of total mortality) for phytoplankton, benthic microalgae, benthic macroalgae, and
overstory kelp (Figure 7a). The EE-related caveat applies to benthic microalgae and benthic
macroalgae. Eelgrass experienced low grazing relative to M.

Among groups targeted by fisheries (or illegal take, in the case of marine mammals), F'
generally accounted for a fairly small proportion of total mortality (Figure 7b). The biggest
exceptions were large sea cucumbers, for which F was about 50% of total mortality, and three
other groups (geoducks, harbor seals, and sea lions) for which F was 30—40% of total mortality.
For several fished groups, M, represented a large proportion (>50%) of total mortality. These
were mostly groups that are top predators (marine mammals, spiny dogfish, lingcod), groups that
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Figure 5. Relationship between the rankings of functional group biomass and functional group
throughput in the PSCB Ecopath model. Symbols correspond to coarsely pooled functional
categories into which the functional groups fall (as in Figure 3 and Figure 4).

are outside of the system for a large amount of time (subadult salmon), or mid-trophic level
groups that have few predators (skates, geoducks).

Among these groups, the aforementioned caveat regarding EE is once again relevant,
most notably for pelagic fishes and several types of benthic invertebrates (Table 3). In contrast,
the allocation of mortality in marine mammals, most demersal fish, geoducks, and infaunal
bivalves relies more on empirical data and less on assumed values of EE. Also, the proportion of
total pinniped mortality derived from illegal take may be an artifact. It assumes that pinniped
populations in PSCB are closed, which seems unlikely for sea lions, which are migratory, and
harbor seals, which are thought to be at or near carrying capacity at the scale of the entire Puget
Sound basin (Jeffries et al. 2003).

Of particular interest for targeted groups is the comparison between predation and fishing
mortality, as predators and humans are often considered competitors for harvestable biomass.
For the largest fisheries by landings (wild and hatchery Pacific salmon, geoducks), total biomass
removed by the fishery exceeded, by one or more orders of magnitude, the amount removed by
predators within the model domain (Figure 7b). Adult lingcod also experienced greater fishing
mortality than predation. For all other groups targeted by both predators and fisheries, predators
were the more important source of mortality, sometimes by several orders of magnitude. In most
of those cases, predation mortality was inflicted by a variety of fishes and invertebrates, seabirds
to a lesser extent, and marine mammals to a much lesser extent (data not shown). Fishery vs.
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predation comparisons should be viewed with some caution, however: first, recreational fishing
and bycatch mortality have likely been underestimated for many groups due to lack of data; and
second, as alluded to earlier, sources of mortality occurring outside the model domain are not
accounted for, which could bias results for migratory species such as salmon.

Some predation mortality estimates in the mass-balanced Ecopath food web imply
particularly strong predator-prey linkages. These are interactions in which a predator accounts
for a large portion (>25%) of the total mortality of a prey group. Spiny dogfish are the most
noteworthy predator in this case. They account for equal to or greater than 25% of the total
mortality of 6 different functional groups, including 2 for which they account for equal to or
greater than 50% and one for which they account for more than 85% (Table 7). The groups that
they depredate include major species like Pacific herring, Dungeness crab, and the flatfish
complex. Another notable predator is the small crustaceans group, which imparts substantial
predation mortality on four groups (including via intraguild cannibalism); however, that output
derives in part from small crustacean omnivore diet composition that is rather arbitrary in nature
(Appendix A). Three groups (Pacific hake, walleye pollock, and mussels) appear twice as prey
species in Table 7; that is, they experience substantial predation mortality from two different
functional groups. Five groups in Table 7 (jellyfish, squid, small crustaceans, Pacific hake, and
juvenile lingcod) experience substantial predation mortality due to intraspecific or intraguild
cannibalism. Four groups (soft infauna, piscivorous flatfish, walleye pollock, and surfperch)
appear in Table 7 in both the predator and prey columns in noncannibalistic relationships.
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Figure 7. Allocation of mortality to fishing (gray), predation (black) or other sources (white), that is,

mortality sources not dynamically modeled in EWE. Panel A is nontarget functional groups and

panel B is functional groups targeted by one or more fisheries.
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Table 7. Trophic relationships in the Ecopath model where a predator accounts for at least 25% of the
total predation mortality experienced by a prey group.

Predator Prey Predation mortality %
Spiny dogfish Adult Pacific herring 34.9
Small-mouthed flatfish 37.1
Walleye pollock 42.0
Piscivorous flatfish 52.4
Age 1+ Cancer crabs 53.4
Octopus 86.7
Small crustaceans Soft infauna 32.0
Infaunal bivalves 32.9
Small crustaceans 36.7
Suspension feeders 53.2
Adult lingcod Pacific cod 25.6
Juvenile rockfish 45.4
Juvenile lingcod 56.6
Raptors Resident diving birds 31.2
Gulls 58.6
Ratfish Walleye pollock 342
YOY Cancer crabs 441
Surfperch Mussels 27.1
Barnacles 33.1
Jellyfish Jellyfish 383
Small gelantinous zooplankton 39.0
Nearshore diving birds ~ Mussels 35.6
Pacific hake Pacific hake 28.9
Walleye pollock Pacific hake 32.2
Piscivorous flatfish Surfperch 28.6
Squid Squid 50.0
Predatory gastropods Sea urchins 29.1
Copepods Microzooplankton 68.5
Other grazers Overstory kelp 58.9
Soft infauna Benthic microalgae 34.8

Dynamic Model Responses

Phytoplankton Variability

Stochasticity in phytoplankton production resulted in variation in biomass throughout
most of the food web (Figure 8). All but 5 groups experienced substantial displacement (i.e., a
change of at least 10% from their initial [Ecopath] biomass values at some point during the 50-
year simulation). In fact, the average CV for the biomass of functional groups in this simulation
was 18.2%. The magnitude and rate of change varied among groups. Groups with relatively low
P/B rates, for example, tended to respond more slowly and to a lesser relative magnitude than
groups with high P/B rates. In addition to P/B ratios, trophic relationships influenced the
response of some groups to phytoplankton variability. The variability of phytoplankton rippled
through all trophic levels, but various feedbacks caused by factors such as dietary overlap or
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the Ecopath model, as in Table 3). Rates, directions, and magnitudes of change are dependent on
inherent vital rates and on trophic linkages.

differences in response rates of predators, prey, and competitors altered the extent of the
responses.

Time-series analyses (MAR modeling) confirmed significant bottom-up effects of
phytoplankton on most functional groups in the ecosystem, at multiple time lags (Table 8). The
best models (i.e., R* > 0.8) included negative (competitive) effects of phytoplankton on other
primary producers, and positive effects of phytoplankton at 1-year time lags (on gulls, subadult
pink and wild salmon, Pacific hake, walleye pollock, small-mouthed flatfish, and demersal fish)
and 4-year and 5-year lags (on herbivorous birds).

By far the highest number of significant models described effects of phytoplankton at a 1-
year time lag, and the number of significant models decreased with increasing time lag.
However, significant interactions were observed between phytoplankton and upper trophic levels
(e.g., pinnipeds and birds) at all time lags. Interestingly, the bottom-up effects of phytoplankton
on some functional groups were delayed, with significant interactions only observed at 3-year, 4-
year or 5-year time lags (e.g. spiny dogfish, raptors, sea urchins, herbivorous birds).
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Table 8. Results of pairwise MAR analyses of relationships between phytoplankton and each functional group at lags of 1-5 years. Results are
interaction coefficients for the effects of phytoplankton on each group (H;,) and for the effect of density dependence (H,;). Coefficient

values in MAR models typically range from —1 to 1 (H;;) and 0 to 1 (H,,). H;;, values close to |1| indicate strong interactions, and Hy,

values close to 0 indicate strong density dependence. Zeros indicate no significant interactions. Only models with measurable effects
(i.e., either H;; or H,, # 0) and R?>0.5 are shown; other models are left blank.

Lag =1 year Lag = 2 years Lag = 3 years Lag =4 years Lag = 5 years
Functional group H, H, R H, H, R H, Hy, R Hp Hp R Hp, Hp, R
Harbor seals 034 0.84 0.62 -0.26 0.86 0.62 048 0.61 0.55 048 048 0.52
Sea lions 025 092 0.1 -0.10 1.03  0.58 041 077 0.56 041 0.67 0.53
Gulls 0.09 096 0.85 0.14 091 0.72 0.00 091 0.68 0.18 0.78 0.65 0.18 0.70 0.66
Resident diving birds 0.30 0.79 0.56 0.05 0.75 0.61 046 052  0.58 043 039 0.55
Migratory diving birds 0.18 091 0.51 035 0.79 0.59 0.00 0.62 0.58 049 053 051
Nearshore diving birds 023 0.89 0.60 043 076 0.69 0.00 0.74 0.58
Herbivorous birds 0.00 0.89 0.61 0.00 0.83 0.70 0.07 0.75 0.80 0.10 0.68 0.86
Raptors 043 043 0.58 049 025 0.65
Juvenile wild salmon
Subadult wild salmon 036 0.83 090 045 0.67 057
Juvenile hatchery salmon 0.87 0.00 0.65 -0.32  0.81 0.52
Subadult hatchery salmon 047 070 0.73 0.64 038 0.64
Juvenile pink salmon
Subadult pink salmon 0.58 0.63 095
Juvenile Pacific herring
Adult Pacific herring 0.75 027 077
Forage fish 0.55 039 052
Surfperches 048 0.65 0.61
Spiny dogfish -0.03 098 0.53 047 0.68 0.52 0.52 056 0.51
Skates 033 0.84 0.66 0.52 0.63 0.67 0.00 0.62 0.51
Ratfish 026 0.87 0.69 043 0.73 0.62 0.00 0.68 0.52
Pacific hake 0.79 034 0.87
Pacific cod 042 070 0.57 -0.34 1.02 0.3
Walleye pollock 043 072 0.80
Juvenile lingcod 048 0.60 0.53 0.100 091 0.57
Adult lingcod
Juvenile rockfish 031 079 054 054 0.53 0.59 0.00 0.68 0.55
Adult rockfish 036 0.73  0.51
Piscivorous flatfish 0.27 084 0.66 0.41 0.68 0.51
Small-mouthed flatfish 0.32  0.85 0.88 040 0.70 0.53
Demersal fish 0.67 050 0.82
Squid 0.99 041 0.79
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Table 8 continued. Results of pairwise MAR analyses of relationships between phytoplankton and each functional group at lags of 1-5 years.
Results are interaction coefficients for the effects of phytoplankton on each group (H;,) and for the effect of density dependence (H,,).
Coefficient values in MAR models typically range from —1 to 1 (H;,) and 0 to 1 (H»,). H;, values close to |1| indicate strong interactions,
and Hy; values close to 0 indicate strong density dependence. Zeros indicate no significant interactions. Only models with measurable
effects (i.e., either H;, or H,, # 0) and R?>0.5 are shown; other models are left blank.

Lag =1 year Lag = 2 years Lag = 3 years Lag = 4 years Lag = 5 years
Functional group H, Hp, R H, H, R H, H, R H, Hp R H, Hp R
Octopus
Shrimp 0.81 0.00 0.78 -0.29 0.54 0.68 -0.36 0.00 0.68
YOY Cancer crabs 0.53 0.64 0.78
Age-1+ Cancer crabs 0.60 038 0.58
Sea stars 028 0.84 0.56 0.53 0.62 0.66 0.00 090 0.54
Sea urchins -0.55 037 0.51
Other grazers 0.10 0.00 0.60 -0.66 0.00 0.70 -0.51 0.00 0.61
Small crustaceans 0.87 -0.20 0.56
Large sea cucumbers 048 0.60 0.67
Predatory gastropods 0.58 0.62 0.77 0.65 0.00 0.60 0.00 0.88 0.54
Mussels 0.55 0.51 0.68
Barnacles 0.62 040 0.67
Geoducks 0.17 093 0.61
Infaunal bivalves
Soft infauna
Deposit feeders 0.62 042 0.73
Suspension feeders
Tunicates
Bacteria
Microzooplankton 0.83 0.00 0.51
Copepods -0.34 0.00 0.54
Euphausiids 0.00 029 0.56
Sm. gelatinous zooplankton
Jellyfish
Macrozooplankton
Benthic microalgae -0.99 -0.10 098
Benthic macroalgae -0.69 043 0.66 0.00 0.79 0.59 0.56 0.00 0.60
Overstory kelp 0.65 0.00 0.60 0.62 0.00 0.58
Eelgrass -0.87 0.00 0.87 -0.23 0.66 0.63 0.30 0.00 0.50
Algal/plant material -0.86 0.00 0.87 -0.30 048 0.63 0.33 0.00 0.52
Salmon carcasses 0.31 0.82  0.78 042 0.66 0.1

Detritus




MAR models revealed generally increasing density dependence with time lag in upper
trophic level functional groups (pinnipeds, birds), as expected in longer-lived species. By
contrast, no density dependence was observed in most of the primary producer functional groups.
The absence of significant models between phytoplankton and known grazers (copepods, small
gelatinous zooplankton, euphausiids) is likely owing to a mismatch between life cycle duration
and an annual time lag; that is, for some functional groups with very short turnover rates, a 1-
year time lag is likely too long to capture predator-prey dynamics. Some indirect effects of
phytoplankton were observed at multiple time lags, including on shrimp at 3-year and 4-year
lags, and on other grazers at 4-year and 5-year time lags.

Bald Eagle Impacts

The strong negative press perturbation on the raptor group caused trophic cascade
dynamics (sensu stricto, Carpenter et al. 2008) in portions of the food web. The initial response
of raptors in the scenario was a gradual increase to a new carrying capacity relative to the
Ecopath state (Figure 9). This was the result of having a positive BA4 term for raptors in the
Ecopath model (Table 3, see also the Raptors description in Appendix A for detail). Changes in
several other groups accompanied the initial increase in raptors. The severe decline in raptor
biomass beginning in simulation year 20 caused profound changes to other groups, and it
generally reversed the signs of the biomass trajectories caused by the earlier increase in raptors.

In general, raptor biomass was negatively related to biomass of all other bird groups
(Figure 10, Table 9), but that negative relationship was complex, probably because of the
interrelationships between the other birds. Raptors prey on all other bird groups in the model,
but gulls also prey on resident diving birds, and there is generally high diet overlap among gulls
and diving birds (Table 4). Thus the effect of raptors on any one bird group was mediated
through several other bird groups. In turn, many prey items of gulls and diving birds declined,
notably juvenile wild salmon, juvenile pink salmon, herring, forage fish, mussels, and demersal
fish; by contrast, the trophic cascade did not extend to the major food of herbivorous birds,
benthic macroalgae (Figure 10). Macrozooplankton and shrimp, which are preyed upon by many
small pelagic and demersal fish, increased by at least 10% and were the only invertebrate groups
to demonstrate a pronounced increase.

The effects spread even further. Because juvenile wild and pink salmon declined,
subadult wild and pink salmon declined as well, resulting in a decrease in salmon carcasses
(Table 9). Because salmon carcasses are a major food source for raptors, the decrease in salmon
carcasses may have further exacerbated the raptor decline and contributed more to the
nonlinearity of the output. Finally, declines in demersal fish biomass appear to have contributed
to declines in Pacific cod and lingcod, which rely on demersal fish for a major portion of their
diet. That may be an artifact of lumping so many species of demersal fish into a single
functional group, though, as it is questionable as to whether diving birds and predatory fishes
would be feeding on the same species of demersal fishes.

Of course, more subtle fluctuations in bald eagle biomass may not produce detectable
changes in the rest of the food web. However, both raptors and their major prey (other seabirds)
have very high Q/B ratios, and thus they have relatively large ecological footprints for groups
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Figure 9. Screen capture from 50-year Ecosim simulation of PSCB food web responding to a sharp
reduction in raptor (bald eagle) biomass. Each line in the central panel of the screen capture
represents a functional group’s relative biomass (i.e., biomass at time ¢ relative to the original
biomass from the Ecopath model, as in Table 3). The knife-edge function at the bottom
represents harvest mortality increasing from 0 to 0.20 yr' beginning in simulation year 20,
causing precipitous decline in raptors and leading to responses in many other functional groups.
Rates, directions, and magnitudes of change are dependent on inherent vital rates and on trophic
linkages.

with such small biomasses. Moreover, the seabirds have low P/B ratios, implying that any
changes they experience will likely persist for many years.

System-wide Fishery Closures

Closing all fisheries in simulation year 1 caused responses in many target groups and in
some groups that are linked to target species via predator-prey interactions or life history (Figure
11). However, most functional groups experienced fairly small changes in biomass relative to a
baseline simulation where fishing mortalities were held at the initial values from the Ecopath
model. If we assume that a change must be on the order of at least 10% in order to be
empirically distinguishable relative to background variability, then only 13 out of 65 functional
groups experienced a distinguishable change (Table 10). Most of the groups that increased
measurably did so either because of reduced fishing mortality (sea cucumbers, subadult wild and
hatchery salmon, geoducks, and age 1+ Cancer crabs), an increase in prey availability (raptors),
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Figure 10. Ecosim outputs representing trophic cascade dynamics caused by a decline in raptor biomass.
The x-axis in each panel begins at year 15 (5 years prior to the onset of the raptor decline) and
ends at year 50 of the 50-year scenario shown in Figure 9. The y-axis in each panel represents the
relative biomass (B, / By) for a functional group, scaled between 0 and 2-fold greater than B,.
Arrows link predators to prey. Solid arrows indicate relationships in which prey increased by at
least 10%, dotted arrows indicate relationships in which prey decreased by at least 10%, and
dashed arrows indicate relationships in which the prey changed by less than 10%.

or a combination of both factors (harbor seals and sea lions). Some groups increased due to life
history linkages (YOY Cancer crabs, juvenile wild salmon, and salmon carcasses). Two groups,
walleye pollock and Pacific cod, experienced measurable decreases, likely due to increased
predation pressure by functional groups such as spiny dogfish, adult lingcod, and pinnipeds.

Equilibrium Yield Curves

The equilibrium yield curves for functional groups that are now or have historically been
targeted showed wide variation in levels of Fysy (Table 11), ranging from very low (0.01375 for
geoducks) to quite high (1.1 for squid). As a general rule, target groups with relatively low P/B
ratios also had low Fugy. These groups were comprised, by and large, of slow-growing or long-
lived species evolved to have relatively low adult mortality rates (profiles in Appendix A), and
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Table 9. Groups that changed by at least 10% following the raptor decline in year 20 of the raptor
simulation. Values represent the percent change in biomass from year 20 (the start of the raptor
decline) to year 50 (the final year of the simulation).

Functional group Percent decline Functional group Percent increase
Raptors —83.3 Shrimp 10.0
Forage fish -28.2 Migratory diving birds 12.4
Mussels -23.0 Macrozooplankton 12.5
Juvenile lingcod -19.6 Nearshore diving birds 17.8
Adult lingcod -18.5 Herbivorous birds 36.4
Demersal fish -16.8 Resident diving birds 48.0
Subadult wild salmon -15.4 Gulls 120.3
Salmon carcasses -14.9

Adult Pacific herring -14.6

Juvenile wild salmon -13.9

Pacific cod -13.3

Octopus -13.2

Subadult pink salmon -12.6

Juvenile Pacific herring -12.1

Subadult hatchery salmon -11.9

Juvenile pink salmon -11.0

thus have a lesser capacity to handle the mortality brought on by intense fishing. Groups with
higher P/B ratios had higher rates of Fysy (Figure 12), consistent with their shorter generation
times or greater productivity. A linear regression of In(Fysy) as a function of In(P/B) was highly
significant (r* = 0.899, p < 0.001).

Most of the F' values that were originally input into the Ecopath model (Finitia) fell well
below the Fyisy values (Table 11), which is consistent with our sense that fisheries are currently
not exerting much pressure on the PSCB community. Among the groups with the highest
landings (Table 5), the Finitia/Fmsy ratios of wild salmon and geoducks were just below one and
Cancer crabs were well below one. In just three functional groups, Finitial/ FMsy Was one or
greater (harbor seals, sea lions and large sea cucumbers). As previously noted, the pinniped
results may be an artifact because of the implicit and unlikely assumption that both pinnipeds
populations in PSCB are closed. Large sea cucumbers appear to be slightly overfished, and were
the only functional group in the entire model with Finiial that was greater than natural mortality
(predation + My). This result may suggest the need for more precautionary fishing of sea
cucumbers. It also highlights the need to better quantify sea cucumber biomass and production,
both of which were parameterized indirectly in the Ecopath mass-balancing process (Appendix
A).

One issue that arose during this exercise was the difficulty in calculating Fysy for the two
herring groups. In initial runs, the Fysy of adult Pacific herring was unreasonably high (=2.4)
and skewed to the right rather than parabolic in shape (data not shown). The likely cause was
constant replenishment of biomass from the large and productive juvenile herring biomass pool.
Likewise in initial runs, Fsy for juvenile herring was high (=1). Our short-term solution to this
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Figure 11. Screen captures from 50-year Ecosim simulations of the PSCB food web subjected to either
baseline fishing mortality (upper panel) or a closure of all fisheries in year 1 (lower panel). Each
line represents a functional group’s relative biomass (i.e., biomass at time ¢ relative to the original
biomass from the Ecopath model, as in Table 3). Rates, directions, and magnitudes of change are
dependent on inherent vital rates and on trophic linkages.

Table 10. Groups that changed by at least 10% following a closure of all fisheries in year 1. Values
represent the percent difference in biomass from year 50 (the final year of the fishery closure
simulation) relative to year 50 of a baseline scenario in which all fisheries remained open and
were held constant at their initial exploitation levels (Figure 11).

Functional group Percent decline Functional group Percent increase

Walleye pollock -10.0 Large sea cucumbers 106.8

Pacific cod -14.4 Subadult wild salmon 81.1
Salmon carcasses 74.0
Sea lions 72.1
Harbor seals 56.3
Geoducks 534
Juvenile wild salmon 48.8
Subadult hatchery salmon 44.1
Raptors 26.7
Age 1+ Cancer crab 26.1
YOY Cancer crab 16.6
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Table 11. Productivity (P/B), fishing rates (F), and MSY for targeted groups, according to equilibrium
fishing scenarios as described in the text. Groups are sorted by P/B ratios. F rates are for the
initial (Ecopath) condition and for the MSY condition, determined iteratively for each functional
group (see Methods section). Large Fiyiia/Fmsy ratios are boldfaced for emphasis.

Functional group P/B(Yr")  Finiar (r")  Fuwsy (") Finiia/Fusy  MSY (mt km? yr™)
Geoducks 0.0363 0.013 0.01375 0.966 0.696
Sea lions 0.076 0.025 0.025 1.000 0.001
Spiny dogfish 0.103 0.009 0.04 0.223 0.137
Harbor seals 0.126 0.050 0.045 1.111 0.001
Skates 0.127 0.0003 0.03 0.010 0.009
Adult rockfish 0.24 0.031 0.11 0.279 0.020
Pacific cod 0.26 0.00003 0.0625 0.000 0.007
Lingcod 0.28 0.033 0.24 0.139 0.036
Small-mouthed flatfish 0.345 0.0001 0.06 0.002 0.265
Pacific hake 0.405 0 0.125 0.000 0.201
Piscivorous flatfish 0.467 0.001 0.1 0.009 0.058
Sea urchins 0.5 0.005 0.09 0.059 0.023
Walleye pollock 0.8 0 0.15 0.000 0.282
Octopus 0.86 0.00001 0.175 0.000 0.112
Large sea cucumbers 0.86 0.439 0.375 1.171 0.022
Mussels 0.927 0.00003 0.2 0.000 0.444
Wild salmon 0.989 0.171 0.2 0.854 2.321
Surfperch 1.3 0.00003 0.3 0.000 0.531
Forage fish 1.5 0.002 0.35 0.006 0.733
Age 1+ Cancer crab 1.5 0.193 0.55 0.351 0.186
Pink salmon 1.577 0.072 0.25 0.286 0.011
Infaunal bivalves 2.059 0.0005 0.45 0.001 17.938
Shrimp 2.25 0.001 0.5 0.002 2.235
Squid 3.0 0.0002 1.1 0.000 0.503
Juvenile herring 3.656 0.060 0.89 0.068 1.916

issue was to simultaneously fish both juvenile and adult herring by incrementally varying fishing
pressure on the primary fishing gear that targets them (i.e., other net gear, Table 5) and then to
determine the Fsy only for the juveniles, which are the major component of herring landings.
That result is given in Table 11. Nevertheless, it is apparent that our parameterization of Pacific
herring is currently insufficient to accurately represent all fishing situations. We may need to
revisit our estimates for herring P/B or add BA terms in Ecopath,® or we may need to reconsider
some of the values that govern the herring delay-difference relationship between the juvenile and
adult pools (Appendix A and Appendix D).

3 See footnote 2.
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Figure 12. Relationship between Fysy and P/B for targeted functional groups in the PSCB Ecosim model.
Fysy estimates derived from single-group equilibrium yield curve analyses.
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Discussion

The EwE model presented here is a first attempt at meeting the objectives described in
the introduction of this report. Though the model encompasses a considerable amount of the
species diversity, total production, and ecological linkages in the PSCB, it remains a
simplification of the system and it also reflects many assumptions and biases on the part of the
model designers. Nevertheless, it is a foundational step forward in developing ecosystem-scale
models of Puget Sound with which to ask meaningful ecological and management-related
questions, and it can only improve with time and additional information.

Objectives 1 and 2: Model Development and Assessment

Objectives 1 and 2 of this project were to build a model that represents the current
understanding of the PSCB food web, which would enable us to ask basic ecological questions
based on the best available information. It also enables us to make broad assessments about how
management actions might be expected to influence the community via direct effects on the
managed species and indirect effects created through food web interactions and feedbacks.

We addressed these objectives throughout the iterative mass-balancing phase of model
development (i.e., the Ecopath model), and further through a series of dynamic heuristic
simulations (the Ecosim model). The mass-balancing phase involved identifying the most
important functional groups and compiling relevant data into a quantitative arena so that we
could evaluate the importance of intergroup dynamics and linkages at the scale of the entire
community, something that is profoundly difficult to evaluate empirically. The dynamic
simulations provide an initial idea of the sensitivity of the model food web to perturbations at
different trophic levels. This is essential for evaluating model performance. It allows us to
answer basic questions, such as:

e Do perturbations propagate in a believable manner, given past observations?

e Do groups with short generation times respond and recover more quickly than groups
with long generation times?

¢ Do minor perturbations lead to dynamic instability, including explosions or collapses of
multiple groups?

These simulations may also offer a preview of groups that will be important indicators of
ecosystem processes.

In essence, the contemporary PSCB food web appears to be a community dominated in
terms of biomass by benthic/demersal species, although the relatively high energy throughput in
the pelagic community somewhat offsets its lower biomass. Phytoplankton is the major source
of primary production and supplemental production (via the large amount of detritus generated
by dead phytoplankton). Although we have represented many functional groups, overall biomass
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is highly aggregated within a subset of seven groups from low and intermediate trophic levels;
only one of these groups is a vertebrate (ratfish). Bottom-up forcing, through phytoplankton
production for example, appears to be a dominant trophic structuring mechanism. Top-down
control was apparent in some instances and may even lead to complex trophic cascades that span
several trophic levels. Such was the case in the raptor scenario. In all of the dynamic
simulations, time lags related to differences in production and life history extend the influence of
trophic interactions for many years. We intend to extend the MAR model analysis approach to
more thoroughly examine the structure of time lags, including subannual time steps. We will
also use the same method to stochastically vary other groups and examine their pairwise
interaction strengths so that we can gauge the relative influence of top-down and bottom-up
forcing in the system.

Some initial diagnostic analyses produced encouraging outputs in terms of model
structure and stability. Obviously we achieved mass balance in the Ecopath model, and in many
exploratory Ecosim simulations (not described above), we saw no evidence of unreasonable
population extinctions or explosions, or of high-amplitude oscillatory behavior. Knife-edge
fishery closure did not cause explosions or extinctions in any group (Figure 11). The equilibrium
yield curves for currently or formerly targeted functional groups showed that Fysy was a
function of P/B (Figure 12), which is in line with expectations (Walters and Martell 2004). Less
encouraging was the rather equivocal analysis of diversity and evenness (Figure 4), which
implies that this model may not be informative in identifying useful ecosystem indicators related
to species diversity.

Overall, fishing mortality does not appear to be a major structuring force in the
contemporary PSCB food web, although contemporary food web structure may be a byproduct
of heavier fishing in previous decades. While F is substantial for Pacific salmon, the heavy
fishing pressure on Pacific salmon does not ripple down to lower trophic levels because subadult
Pacific salmon are outside of the model domain for most of their lives. It probably does affect
food availability for pinnipeds and raptors. Two other groups support large landings: geoducks
and Cancer crabs. Although an important mortality source for geoducks themselves, the
geoduck fishery has little effect on the rest of the system because geoducks are fairly
disconnected from the rest of the food web. Extraction of Cancer crabs, while apparently
sustainable, likely affects the biomass of some Cancer crab prey groups.

Our model suggests that simply terminating fishing would not restore depleted
populations of gadoids (Pacific hake, Pacific cod, walleye pollock) to historic levels of
abundance (e.g., Gustafson et al. 2000). That output has several possible explanations: we may
lack the data to properly characterize current gadoid stocks or biomass trends; our model may
not cover some ecological processes that are influential to gadoid populations; a fundamental
system shift may have occurred, in which the carrying capacity of gadoids has changed; or some
combination of the above.

The simulations presented in the Results section and summarized above are certainly
preliminary, pending testing of the model against time series data to see how effective it is in re-
creating historic trends. Testing Ecosim models against time series is a useful technique for
estimating the relative importance of drivers such as primary production, fishing intensity,
recruitment variability, and the relative strength of donor/recipient control within individual

45



predator-prey interactions (e.g., Walters and Martell 2004, Christensen et al. 2005). Ongoing
development of this model includes the gathering of time series data related to multiple trophic
levels. Data include estimates or indexes of abundance, total landings, and catch-per-unit-effort,
as well as values related to water quality and total phytoplankton. We will subsequently attempt
to fit Ecosim model outputs to all available biomass estimates or indexes by incorporating time
series of fishing, by incorporating primary production and recruitment, and through further fine-
tuning by adjusting the strength of predator-prey interactions.

Objective 3: Identifying Data Gaps

Objective 3 of this work was “to identify significant data gaps that could potentially
constrain model development or increase uncertainty in the outputs.” Meeting this objective is
absolutely critical for developing an ecosystem model if it is to gain credibility with scientists,
managers, and stakeholders who care about the ecosystem that the model is designed to simulate
(Townsend et al. 2008, Levin et al. 2009). A key distinction, however, is that data gaps and
uncertainty are not indications that the model is not yet ready. Models can be used responsibly
in spite of data gaps and uncertainty, provided that users carefully consider data quality, model
structure, and model assumptions as they interpret and apply the model. Uncertainty is an
inherent quality of all ecosystem models, even the best ones. They are simplifications of true
ecosystems, and thus purposefully omit many components and processes in order to efficiently
simulate core dynamics of interest. One of our obligations is to minimize uncertainty that can be
attributed to missing data or poorly understood model elements. Below is a summary of some
critical data gaps that have become clear through the process of parameter development. These
might be thought of as high priorities for future monitoring programs, and would be appropriate
elements to examine in more formalized sensitivity analysis of this model.

A major data gap is the absence of biomass estimates for many functional groups. We
typically addressed this issue by using EE as an input and allowing Ecopath to estimate biomass.
That method was applied to 39 (60%) of 65 functional groups (Table 3), including some of great
ecological or social value. For example, we used Ecopath to estimate biomass of the salmon
groups, most forage fishes, and several groundfish, including groups of conservation concern
(rockfish, Pacific hake, and walleye pollock). Nearly all invertebrates were handled this way.
Trophic linkages spanning multiple trophic levels were affected by this issue. For instance,
juvenile herring and copepods have Ecopath-based biomass estimates. Because juvenile herring
are a major copepod predator and copepods are major grazers of phytoplankton, the mass-
balance estimate of juvenile herring biomass ultimately influences phytoplankton EE and the
production of phytoplankton-derived detritus.

In all such cases, the mass-balancing solution for biomass places heavy reliance on our
perception of EE, our estimates of those groups’ P/B ratios, and how well we characterized top-
down (predatory and fishery) demands. There are guidelines for assigning EE values to groups
at different trophic levels (Christensen et al. 2005), but estimating EE is obviously inexact and
assumption laden. Having credible biomass estimates for most groups is more concrete and
desirable. This will require expanded, prioritized monitoring, to the extent that research budgets
allow. For some groups, biomass will be extremely difficult to estimate through empirical
monitoring due to logistical sampling constraints (examples in Appendix A). For other groups
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(e.g., salmon), biomass data are available, but the data themselves have issues (e.g., interagency
reporting compatibility) or are challenging to interpret due to complex spatial dynamics.

A second and related data gap is the availability of multidecadal time series data on
abundances or biomasses of major biota. Time series of biomass data are powerful assets in
development of EWE models. First, recent trends enable the user to estimate biomass
accumulation (B4 in Equation 1 and Table 3). That leads to better description of the reference
state of the food web by allowing functional groups to be at nonequilibrium if that is appropriate;
we have only done so with two functional groups (raptors and tunicates). Second, time series
biomass data allow the user to tune predator-prey interaction strengths to better fit model output
to historic observations. Such tuning includes adjusting the vulnerability parameters in Ecosim
that affect the rate at which predators diminish prey pools (Christensen et al. 2005). That tuning
process will, in all likelihood, also involve further iterative changes to the parameters described
herein. We have been successful in locating time series of fisheries-independent, survey-based
biomass data for some functional groups, but in general there are few groups for which such data
are available, uninterrupted, and collected at the scale of the basin for long time spans.
Identifying and incorporating such time series are central efforts in our ongoing model
development.

For many groups, diet compositions are a critical data gap, as they represent the principal
means by which functional groups are linked in this model. For many groups, we were unable to
locate mass-based or volume-based data on diet proportions in the PSCB (Appendix A). In some
cases, there were no quantitative data in the literature. In other cases, data were reported as
frequency of occurrence of different prey, and frequency of occurrence data are very difficult to
translate into diet proportions for input into the Ecopath diet matrix. For higher trophic levels,
we generally addressed these issues by using data from adjacent basins in Puget Sound. For
lower trophic levels, our approach ranged from using estimates drawn from field research or
Ecopath models from nearby systems to making arbitrary assignments based on anecdotal
information in the general literature.

The groups for which we found quantitative diet data from research in Central Puget
Sound were primarily fishes, including adult herring, all salmon groups, some surfperches,
Pacific hake, walleye pollock, both flatfish groups, spiny dogfish, ratfish, skates, and the catch-
all demersal fish group. Other groups for which we found local, quantitative diet data were
geoducks, resident and nearshore diving birds, and raptors. Obviously many functional groups
and trophic levels are poorly represented in these lists, including almost all invertebrates and the
marine mammals. Still other groups are examples of cases where we know relatively little about
their predators. For example, we know little about how juvenile salmon contribute to the diets of
nearshore fishes. This forces most juvenile salmon predation mortality in our model to be caused
by bird groups (especially gulls and migratory divers), which may be a misrepresentation.

The fact that there are gaps in diet data is not to say that the diet compositions are right or
wrong, but rather that they may need adjustments in order to improve model performance. Some
adjustments are likely to have pronounced effects. For example, groups with substantial
intraguild cannibalism (squid, juvenile Cancer crab, Pacific hake, small crustaceans) may be
responsive because changing the magnitude of cannibalism will strongly affect the mass balance
of that group. Another example is higher predators that prey on highly aggregated prey groups,
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such as the small crustaceans or some of the zooplankton groups. Aggregating prey groups may
result in competition for the aggregated prey pool when in fact no real competition exists in situ.
Also, we should carefully examine groups that impart considerable predation mortality on one or
more other groups. Some such predators have diet compositions based on recent seasonal
stomach content analysis from samples collected in PSCB (e.g., spiny dogfish). By contrast,
many have diet compositions that were derived arbitrarily (e.g., small crustaceans). The
predator-prey linkages listed in Table 4 are potentially very strong and influential, as they
highlight groups with large biomasses and throughputs at several trophic levels (e.g., spiny
dogfish, ratfish, small crustaceans, copepods) or with the potential for disproportionate influence
via trophic cascades (e.g., raptors).

Fishery mortality is also a data gap, although perhaps of lower overall priority than others
identified above. With the exception of a few functional groups, F values in PSCB appear to be
fairly low relative to total mortality or historic levels of exploitation, due to fishery closures and
diminished effort for a variety of reasons (e.g., Palsson et al. 1998, Ruckelshaus and McClure
2007, PSP 2008). The major gaps are recreational catches of certain groups and bycatch
mortality from all gears.

Aside from biomass, diets, and fisheries, there are many explicit and implicit data gaps
described in the functional group descriptions (Appendix A). Some of these gaps have to do
with concrete quantities that possibly could be estimated with adequate study. Examples include
questions such as:

e What are appropriate P/B and (/B ratios for the main zooplankton species?

e What proportion of subadult wild, hatchery, or pink salmon reside in PSCB for the
entirety of their marine phase?

e  Where do adult Pacific herring populations from PSCB and adjacent basins disperse
following spawning?

e What is the magnitude and trend of mortality experienced outside the model domain by
migratory groups like seabirds?

On the other hand, there are implicit information gaps related to assumptions of functional group
structure (e.g., Christensen et al. 2005). That is, we may misrepresent the importance of some
species by lumping them into broad functional groups. For example, we have one functional
group that contains all phytoplankton, which deemphasizes the role of inedible species, harmful
algal blooms, and competition for resources such as dissolved nutrients and light. Similarly, the
roles of individual species are blurred in catch-all groups such as small crustaceans,
macrozooplankton, infaunal bivalves, and demersal fish.

Formal sensitivity analyses will aid in estimating the robustness of model outputs to
groups for which we lack confidence in data. The EwE software contains limited capacity for
sensitivity analysis (Christensen and Walters 2004, Christensen et al. 2005). Unfortunately, that
capacity has not been applied very broadly in the literature (Plaganyi and Butterworth 2004).
Essington (2007) conducted perhaps the most formal published analysis of the sensitivity of
Ecopath parameter estimation to data assumptions. He concluded that the precision of model
estimates (namely estimates of biomass and EE) was similar to the precision of the inputs (P/B,
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Q/B, diet), that iterative adjustments during the balancing process led to only minor
improvements in model performance, and that biomass and P/B are the most influential input
parameters relative to estimation errors. Essington (2007) also concluded that tight food web
linkages and cycles—especially ones involving cannibalism, a feature common in highly
aggregated groups such as our small crustacean omnivore group—are most likely to produce
imprecise or unstable outcomes. As Essington (2007) notes, the impacts of such data gaps are
probably greater if the model is being used as a prediction tool to make quantitative estimates of
future system states, as opposed to more heuristic applications where the model is being used to
screen policy options and identify possible qualitative outcomes to management actions.

Conclusions

This effort documents the initial development of a food web model for the PSCB. It
outlines our progress toward synthesizing available information and identifying important data
gaps. The next major objective we hope to accomplish will be to formally use the model in
support of EBM. As a first step, we hope to identify meaningful indicators of how the food web
responds to ecosystem changes and to human-derived pressures. This objective is intended to
support the PSP’s stated goal of identifying appropriate indicator species that will reflect the
status of the biological community in response to management actions designed to restore Puget
Sound ecosystem health (PSP 2008). Indicator identification will be undertaken using methods
developed by NWFSC scientists (Samhouri et al. 2009, Samhouri et al. 2010).

The model described here is and will continue to be a work in progress. Ideally, model
development should be an ongoing process that is complemented by experiments, field research,
and monitoring. Experimental and empirical approaches will provide data that improve our input
data; in turn, model simulations will identify hypotheses and data gaps integral in devising future
research plans. Further development and improvement of this model would also be fostered by
broad engagement of managers and stakeholders in simulation development. That level of
engagement increases the critical scrutiny of the model and enhances the likelihood that its major
shortcomings will be identified and addressed. Additionally, broad engagement helps ensure that
the most important research and management questions are taken into account as model
development ensues. Finally, we plan to use the model in manuscripts that will be submitted to
the primary literature, in order to ensure that the structure and performance of the model and the
assumptions of its makers are subject to appropriate scientific peer review. This data-based,
stakeholder-engaged, and peer-reviewed approach is essential to producing robust and reliable
models that are qualified to evaluate alternative strategies in an ecosystem approach to
management (e.g., Levin et al. 2009).

Even as EWE model development continues, we are beginning work on a more complex
ecosystem model intended to address questions at the scale of the Salish Sea (Puget Sound, the
Strait of Georgia, and connecting waters). This next generation of ecosystem model will use the
Atlantis software developed by scientists at CSIRO-Australia (Fulton et al. 2004, Fulton et al.
2005, Smith et al. 2007). This model framework offers several advances relative to the EWE
approach. It is spatial in nature, wherein the user divides the model domain into discrete three-
dimensional spatial units to account for spatial and temporal patchiness of processes, habitats,
life histories, and species distributions. It incorporates abiotic drivers such as oceanographic
fluxes, nutrient cycles, hypoxia, and terrestrial inputs of water, nutrients, and sediment. It has
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broad capabilities to simulate age structure, recruitment dynamics, habitat preferences, and
dietary ontogeny in different functional groups. It also simulates human dimensions such as
fisheries, ecosystem monitoring and assessment, and management decision rules.

The Atlantis approach, although more sophisticated, is extremely data-intensive and will
require much longer to develop than the model described here. It is our hope that this model will
continue to improve as the parallel Atlantis model is developed. This will allow us to address
relevant objectives with the EWE model even as the other model is being developed. Moreover,
once both models are functional, we will have two distinct conceptual modeling frameworks
with which to address important ecological and management questions.
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Appendix A: Species and Functional Group
Descriptions

In the sections that follow, we outline the basic biology and ecology of the functional
groups included in our Ecopath models. The descriptions and associated model parameters are
based on published research in the Puget Sound basin where available, but are also informed by
expert opinion, discussions among the authors and with colleagues, and Ecopath with Ecosim
(EwE) models from neighboring ecosystems. In many cases, they reflect simplifying
assumptions that will require additional work to validate. For the sake of organization,
functional group descriptions are pooled at very general levels (e.g., primary producers, benthic
invertebrates, etc.). Many species have been omitted from the model, including some iconic
ones (e.g., killer whales), mostly because they are rare or more important to the ecology of
neighboring basins than they are to the ecology of the Puget Sound Central Basin (PSCB).
Those species are briefly noted in Appendix B, and will likely be incorporated into future models
(e.g., Atlantis) built at the scale of the entire basin.

The parameter descriptions below are meant to describe the baseline model state. In the
body of this document, deviations from this baseline may have been considered in judging the
model’s overall stability and sensitivity to assumptions and perturbations.

Primary Producers
Phytoplankton

Phytoplankton in Puget Sound is highly productive relative to most marine environments
on earth, due in large part to seasonal and spatial patterns of tide-, river-, and wind-driven mixing
and stratification (Strickland 1983). The phytoplankton community is mostly comprised of
diatoms, dinoflagellates, and phytoflagellates, each of which can play different ecological roles.
Diatoms can be solitary or chain-forming; dominant genera are Skeletonema, Chaetoceros,
Thalassiosira, and Coscinodiscus (Strickland 1983). These species are important components of
spring blooms that drive production in the early part of the growing season. Dinoflagellates and
phytoflagellates are better adapted to waters that are warm and highly stratified; phytoflagellates
may dominate in the dark, well-mixed conditions of winter (Strickland 1983). Dinoflagellates
include representatives such as Gymnodinium and Gonyaulax, the latter being responsible for
paralytic shellfish poisoning, while phytoflagellates include taxa such as Pyramimonas and
Dichtyocha (Strickland 1983). Taxonomic representation among phytoplankton can vary
throughout the year and also over relatively short periods of time. For example, in Hood Canal
during 2002, surface diatoms dropped from 70% to less than 10% of the abundance within a
week in February, rose to 70% of the abundance within a week in late March and stayed at
greater than 60% for two more weeks, then crashed to less than 10% a week later (Horner et al.
2005).
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Estimates of steady-state phytoplankton biomass reflect properties such as standing stock,
doubling rate, grazing by herbivores or predators, and loss by sinking; each of these properties
can be highly variable in space and time. Three studies in the PSCB spanning nearly 4 decades
were considered for a biomass estimate. One study was conducted in the spring of 1966 and
1967 (Winter et al. 1975) and a second study was conducted in both spring and summer of 1975
(Campbell et al. 1977). More recently, Newton and Van Voorhis (2002) monitored four sites in
PSCB for 3 contiguous years during all seasons. All studies examined depth-integrated
chlorophyll a levels, which we converted to biomass by assuming a chlorophyll a:carbon ratio of
0.0200 (Robinson et al. 1993) and a total carbon:wet biomass ratio of 0.0828 (Sherr and Sherr
1984). Biomass estimates for the two earlier studies were 14 and 22 mt km™, respectively,
assuming in each case that spring-summer values were applicable for 6 months and that a light-
limited value of 12 mg chlorophyll « m™ was applicable for the other 6 months. The Newton
and Van Voorhis (2002) study, however, yielded a mean annual biomass of 51.0 mt km>. We
used this value for our initial phytoplankton biomass because it is based on more comprehensive
spatial and temporal sampling (n=168 samples) representing contemporary conditions.

Like biomass estimates, production:biomass ratio (P/B) estimates for phytoplankton can
be highly variable, both in spatiotemporal terms and also by species. The size composition and
taxonomy of the phytoplankton community, as driven by environmental conditions, affects
productivity. For example, Table A-1 shows productivity derived for oceanic estuaries,
comparing nanoplankton (<22 um size) and net plankton (>22 um size), and illustrates a
generalized observation on conditions that favor nanoplankton over net plankton: low nutrient
levels, higher water temperatures, and high light levels (Malone 1980).

Puget Sound experiences cyclical episodes of plankton blooms throughout the spring and
summer. Blooms are often extensive; for example, a multiship survey found that the spring
bloom in 1969 covered most of the Central Basin (Munson 1970). Individual "*C assimilation
studies to estimate production in PSCB have shown significant variations from month to month,
probably due to the bloom-bust cycles of growth during spring and summer. Annual production
measurements suggest a trend of increasing production in PSCB. Mean annual production in
1966 and 1967 was 2,462 and 2,314 g wet weight m™, respectively (Winter et al. 1975), while in
1975 it was 3,769 g m™ (Campbell et al. 1977). Experiments in 1999, 2000, and 2001 found
much higher annual production rates of 9,478, 12,334, and 15,570 g m'2, respectively (Newton
and Van Voorhis 2002). The latter study also estimated P/B at four PSCB sites. During the
summer, mean daily P/B averaged 0.92 (0.78 at West Point to 1.02 at Admiralty Inlet), while
during the winter, daily P/B was a mean of 0.33 (0.27 at West Point to 0.42 at Possession
Sound), resulting in a weighted average P/B of 0.62 d'. This equals an annual P/B of 226.3 yr'.

Table A-1. Seasonal production rates of nanoplankton (<22 pum) and net plankton (=22 um) in oceanic
estuaries, derived from Malone (1980). Values are mean production (with upper and lower limits
in parentheses).

Surface Nanoplankton production  Net plankton production
Season temperature (°C) (mgC m?d™ (mg C m?d?)
Winter 0-8 0.16 (0.08-0.48) 0.67 (0.03-1.94)
Spring 9-17 0.77 (0.11-1.56) 0.88 (0.04-3.80)
Summer 18-26 1.90 (0.49-4.41) 0.23 (0.02-1.45)
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Given the inputs for biomass and P/B and the demands of grazers, the Ecopath mass-
balancing routine yielded an ectotrophic efficiency (EE) of 0.32. This is in contrast with studies
that indicated relatively high rates of grazing compared to other sources of loss (e.g., sinking). In
northern Puget Sound, zooplankton grazing rates were lower in fall and winter (35% d') and
higher in spring