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An integrated ecosystem assessment (IEA) is a framework that organizes science to aid in the transition from
traditional single-species management towards ecosystem-based management. Within the Gulf of Alaska, we
started a small-scale IEA framework with active engagement of local stakeholders in the fishing community of
Sitka. The initial step of this framework was the development of conceptual models. Here, we present a co-
produced conceptual model using data gathered from participatory focus groups and a literature review of
ecosystem attributes driving the abundance of sablefish (Anoplopoma fimbria). We then assembled a qualitative
network model (QNM), a mathematical representation of a conceptual system in which perturbations of indi-
vidual components can be assessed for their qualitative effect. Simulations were conducted to test different
biophysical scenarios, while evaluating tradeoffs across ecological and human dimension components. In
contrast to large adult sablefish, juvenile and small adults responded similarly to most biophysical conditions. In
general, human dimension components responded negatively to the tested scenarios. These results highlight the
potential need for management strategies that differentiate between small and large adults, particularly if current
sablefish stock assessment trends persist, such as the lack of older fish contributing to spawning biomass and
uncertainties in estimates of year-class strength.

1. Introduction participants, size of the ecosystem investigated, and stakeholder and

management needs. However, there are many commonalities in the

An Integrated Ecosystem Assessment (IEA) is a formal synthesis
involving both a qualitative and quantitative analysis of information
related to natural, social, and economic factors that are relevant to
specific ecosystem management objectives (Levin et al., 2009). An IEA
can inform management decisions in an ecosystem-based fishery man-
agement (EBFM) framework. A primary IEA goal is to inform and engage
natural resource managers, policy makers, scientists, stakeholders, and
other citizens (Levin et al., 2009). IEAs have been established in several
coastal regions of the United States (NOAA IEA Program,https://www.
integratedecosystemassessment.noaa.gov/) and abroad (Dickey-Collas,
2014). The size and scope of an IEA varies depending on the number of

* Corresponding author.
E-mail address: jrosellondruker@umassd.edu (J. Rosellon-Druker).

https://doi.org/10.1016/j.dsr2.2020.104912

process involved in establishing and conducting an IEA. This process
involves defining ecosystem-based goals and targets, developing in-
dicators, assessing ecosystem status, analyzing uncertainty and risk, and
evaluating management strategies (Levin et al., 2009).

A place-based IEA is one that is focused on a place or community
within scientifically defined and distinctive socio-ecological subregions
that addresses the concerns of stakeholders. Fishing villages and coastal
communities in Alaska are, by definition, placed-based, and are pro-
tected under National Standard 8 of the Magnuson-Stevens Fishery
Conservation and Management Act, which highlights the importance of
fishery resources to fishing communities and establishes a requirement
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to provide for the sustained participation of such communities, and to
the extent practicable, minimize adverse economic impacts on those
communities (NMFS, 2007).

Sitka, Alaska is a coastal community in Southeast Alaska located on
the west coast of Baranof Island (Fig. 1) where commercial, subsistence
and recreational fishing are the most important economic, social, and
cultural activities (Himes-Cornell et al., 2013). In 2017, Sitka ranked
10th among all US ports in terms of total landed fishery value (US$75
million; SEDA, 2019) despite a population size under 9000. Compared
with other Southeast Alaska fishing communities, Sitka is the largest
with respect to the number of active vessels and number of federal and
state fishing permits (Fey et al., 2016).

The Southeast Alaska sablefish (Anoplopoma fimbria) fishery is the
oldest and one of the most lucrative groundfish fisheries in Alaska
(Carroll and Green, 2013; Fissel et al., 2019), and is important to the
commercial, sport, and personal use sectors of Sitka (Himes-Cornell
et al.,, 2013). The commercial sablefish fishery is prosecuted by fixed
gear (longline and pot) in the Bering Sea, Aleutian Islands, and Gulf of
Alaska (GOA), including within both state- and federally-managed
fisheries. Since 1995, the federal directed sablefish fishery has been
managed under an Individual Fishing Quota (IFQ) program, through
which fishermen have a transferable fishing privilege (quota share) that
translates into an individual annual harvest allocation (pounds) based
on the total allowable catch. Hereinafter, the commercial sablefish fleet
is referred to as the sablefish IFQ fleet for simplicity.

Large recruitment events of Alaska sablefish occur episodically. Two
such events occurred recently with large 2014 and 2016 year classes
(Hanselman et al., 2019). The 2014 year-class was initially estimated to
be extremely large, but estimates have declined with the addition of new
age data in more recent assessments. The 2016 year-class is currently
estimated to be 2.5 times larger than any other observed year-class
(1977 to date), but it is possible that it is also overestimated as were
initial estimates for the 2014 year-class (Hanselman et al., 2019).

Dockside price per pound for sablefish is positively correlated with
fish size, categorized by weight ranges (1-2 lbs; 2-3 1bs; 3—4 1bs; 4-5 1bs;
5-7 1bs; 7 1bs and greater). On average the next biggest size class results
in a 16% increase in the average dockside price, and prices for the
largest size class (7 lbs and up) are on average 35% greater than the
smallest size class that is typically captured by the sablefish IFQ fleet
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(3-4 1bs), based on prices from 2012 to 2017 (NPFMC 2018; NPFMC
2019). Therefore, to the extent practicable, the IFQ fleet targets
larger-sized fish primarily through larger hook sizes and greater fishing
depths. A larger percentage of smaller fish are being landed in recent
years as the 2014 year-class has entered the commercial fishery and the
current retention policy does not allow fishermen to discard small fish (i.
e. high-grading). Increased harvests of smaller fish are putting down-
ward pressure on the price of small fish as well as increasing the price
margin between small and large fish, further reducing average prices
(Hanselman et al., 2019). Therefore, despite increasing allowable har-
vests, revenues decreased 22.5% to $92.4 million from 2017 to 2018 as
ex-vessel prices fell 30% (Hanselman et al., 2019).

Additionally, several recent observations have raised concerns
regarding the population dynamics of this stock. Although recent strong
year classes are clearly positive signs and help reverse decades-long
declines in sablefish biomass, the lack of older fish contributing to
spawning biomass, below average body condition (i.e. lighter fish for a
given length), uncertainties in estimates of the strengths of the 2014 and
2016 year classes, and uncertainty about rapid, ongoing changes in
environmental conditions in the GOA in recent years lead to concerns
about the future condition of this stock (Hanselman et al., 2019). Over
the short-term, spawning biomass is projected to increase rapidly from
2020 to 2022 as the 2014 and 2016 year classes continue to mature,
after which spawning biomass is expected to stabilize (Hanselman et al.,
2019).

To better understand the social and economic consequences of these
changes in the sablefish population, a series of participatory focus
groups were held with community members and resource stakeholders
in Sitka to co-produce a socio-ecological conceptual model. These type
of models are representations of systems that allow for the integration of
intrinsically linked social, environmental and biological components,
capturing in turn the scientific understanding of an ecosystem and
promoting engagement of stakeholders via the incorporation of diverse
types of knowledge (Levin et al., 2016). The sablefish socio-ecological
model serves then as a communication tool to describe connections
between the ecosystem, sablefish, and humans in the community of
Sitka based on the amalgamation of both local ecological knowledge
(LEK) and scientific knowledge. The incorporation of LEK (i.e.
day-to-day observations and practical experiences) into science is
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Fig. 1. Study site map. Locations shown are Sitka, Sitka Sound and St. John Baptist Bay, an important sablefish nursery area in Southeast Alaska.
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needed to achieve sustainable, effective, and equitable management of
fisheries at local scales (Palacios-Agundez, 2013; Wadsworth et al.,
2014; Raymond-Yakoubian et al., 2017).

Here we develop a Qualitative Network Model (QNM), a mathe-
matical representation of a conceptual model, to advance an IEA for
Southeast Alaska that promotes an EBFM approach of the sablefish
fishery. We begin by describing the process of co-developing a socio-
ecological model for sablefish between scientists from the Alaska Fish-
eries Science Center (AFSC) of the National Marine Fisheries Service
(NMFS), University of Alaska Fairbanks (UAF) and stakeholders from
the Sitka community. This co-produced model summarizes the main
biological and environmental factors driving the abundance of sablefish
and the economic well-being associated with this commercial fishery in
Sitka. Through QNM perturbation scenarios, we predicted qualitative
changes in the abundance of sablefish and how these resulting pre-
dictions are determined by intertwined ecosystem processes that might
explain present and future changes of the stock at an ecosystem level.

2. Methods
2.1. Development of the conceptual model

We followed a five-step process to develop a co-produced socio-
ecological model for sablefish (Fig. 2; Rosellon-Druker et al., 2019).
First, we undertook a comprehensive literature review to determine
relevant biological and environmental aspects driving the abundance of
sablefish. Key components within and linkages among environmental
and Dbiological components were identified. We documented
peer-reviewed publications and agency technical reports for each link.
Link directions (i.e. positive, negative, or unknown) and link de-
scriptions (i.e. summary of the interaction) were recorded (Appendices
A and B). Sablefish life stages were selected based on two sources: 1) the
most recent stock assessment (Hanselman et al., 2019) and 2) ontogenic
differentiation by depth (e.g. Norris, 1997; Saunders et al., 1997; Sogard
and Berkeley, 2017).

Second, information obtained from the previous step was used to
develop a preliminary conceptual model, which included the following
nodes: a) life stages of sablefish (eggs and larvae, juveniles, small adults,
and large adults); b) environmental features (oceanographic properties
and intra-decadal patterns of climate variation); and c) biological
components (primary and secondary producers, prey, predators and
competitors).

Third, we conducted two participatory focus groups in Sitka with
local residents in April and November 2018 (Rosellon-Druker et al.,
2019; Szymkowiak and Kasperski, 2020). These meetings involved
fishery and social scientists and local participants including commercial,
subsistence, and sport fishermen, harvester representatives and fishery
managers, community health and well-being educators and leaders,
Alaska Natives with cultural ties to local resources and representatives
from the resources department at the Sitka Tribe of Alaska, and re-
searchers with expertise in the local ecosystem. The focus groups were
divided into two sections: a) ecological connections in the local
ecosystem and b) human dimensions of local fisheries.

The ecological connections section centered on the identification of
biological and environmental factors that influence the abundance of
focal fisheries (e.g. Chinook salmon (Oncorhynchus tshawytscha), Pacific
halibut (Hippoglossus stenolepis), Pacific herring (Clupea pallasii) and
sablefish) over time and the direction of connections between these
factors, as well as current knowledge gaps about species’ biology and
ecosystem dynamics, based on personal experiences, knowledge, and in
situ observations (i.e. LEK components) by Sitka residents. Workshop
participants were encouraged to draw, or otherwise describe, their own
sablefish conceptual model. Following this individualized exercise,
participants were shown the pre-constructed model and asked to com-
plement it with their own written or drawn elements.

The human dimensions section examined how residents interact with

Deep-Sea Research Part II 184-185 (2021) 104912

(1) Synthesis of
scientific information

® N

Key environmental

Linkages among
and biological variables (direction
variables and description)

% ¢

(2) Scientific-
based pre-
constructed model

\ 4

(3) Participatory focus
groups in Sitka

?® %

Ecological Human
connections dimensions
LEK-derived
environmental and Well-being
biological components
variables

« ¢

(4) Integration of
information

\ 4

(5) Final co-
produced model

Fig. 2. Flow diagram illustrating the development of the co-produced con-
ceptual model for sablefish.

their local fisheries and how those interactions may affect community
well-being. The discussion during this focus group illuminated the
multifaceted nature of how a community derives well-being from fish-
eries participation, including economic welfare, family connection to
cultural values and traditions, and the psychological benefits of a
connection to the water (Rosellon-Druker et al., 2019; Szymkowiak and
Kasperski, 2020). Here, we explored the linkages between sablefish and
community well-being in Sitka, focusing only on economic welfare, in
terms of livelihood and income security, due to the substantial depen-
dence of the local commercial fleet on sablefish in terms of their fishing
portfolio, the comparatively lower reliance of the local sport and sub-
sistence users on this resource (Sill and Koster 2017), and to maintain
model tractability.

Fourth, the focus groups were followed by an immediate debriefing
process whereby researchers discussed and summarized the major
themes that emerged of the discussion. The environmental and
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biological components provided by Sitka participants were co-
referenced with the components already identified during the litera-
ture review process. Last, the science-based pre-constructed model, LEK-
generated components, and human dimension components were com-
bined into one unifying model, which is described in more detail in the
Results section.

2.2. Qualitative network models

The structure of socio-ecological systems can be described through
qualitative models (Puccia and Levins, 1985; Dambacher et al., 2009).
These models are represented by signed diagraphs that depict all vari-
ables of interest as well as links and link direction (+, -, neutral or un-
known) among those variables. A signed diagraph can be also
represented as a matrix of interactions (i.e. community matrix A; Levins,
1974) and a set of simultaneous differential equations (Puccia and
Levins, 1985):

dx, i

di :fi(xlvx% <o X3 €1y €y ---701,)7

where the rate of change in variable x; is a function f; of the othern -1
variables and their rate parameters ¢ (Harvey et al., 2016). The com-
munity matrix A is composed of a;elements (i.e. interaction coefficients)
that indicate the direct effect of variable j on variable i (Dambacher

et al., 2009) and is defined as the partial derivative a; = % evaluated at

equilibrium (Raymond et al., 2011; Reum et al., 2015). In a press (sus-
tained) perturbation of one or more rate parameters c, the system ap-
proaches a new equilibrium and the response variables can experience a
shift of direction. Predictions of these shifts are obtained from the in-
verse of the community matrix A D.

A probabilistic QNM approach was used to determine the sign
outcome of system variables to a press perturbation (Reum et al., 2015).
This simulation approach can be summarized as follows: 1) a community
matrix A is generated with the signs specified in the conceptual model.
Additionally, negative “self-effects” (i.e. —1 on the diagonal of the ma-
trix) are added to increase overall stability (Puccia and Levins, 1985)
although these negative self-effects were not considered for further
analysis; 2) absolute values of each a;element are randomly drawn from
uniform distributions spanning 0.01 to 1 or -0.25 to —1 for the diagonal
of the matrix; 3) the resulting matrix is evaluated against system sta-
bility criteria (i.e. feedback of the whole system is negative) (Dambacher
et al., 2009) and if stable, the final sign response is calculated. If un-
stable, the community matrix is discarded, and a new matrix is gener-
ated restarting the simulation approach. We repeated this process until
obtaining at least 1000 stable matrices for a given analysis. Raymond
et al. (2011) considered a sign consistency threshold of 70% meaning
that a model component response was considered highly positive or
negative (i.e. high sign consistency) if it was positive or negative,
respectively, in >70% of the total number of simulations (10,000).
Model components with positive or negative responses in <70% of the
total simulations were considered ambiguous.

We then identified linkages with the strongest relative influence on
the sign outcome of target variables (i.e. sablefish life stages and human
dimension model components with a non-ambiguous sign response)
using a Generalized Boosted Regression (GBR) where the simulated re-
sponses (i.e. signs) of the target variables were treated as a response
variable and the simulated interaction strengths between each linkage
were treated as a predictor variable (Melbourne-Thomas et al., 2012;
Harvey et al., 2016). GBR models resemble additive regression models in
which individual terms are simple trees, fitted in a stage-wise fashion
(Melbourne-Thomas et al., 2012). All analyses were run in R language
using the “QPress” package (Melbourne-Thomas et al., 2012) and the
“dismo” package (Hijmans et al., 2017).
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2.3. Press perturbation scenarios

To determine press perturbation scenarios, we performed explor-
atory Pearson correlations to evaluate possible relationships between
sablefish recruits (age 2) and sablefish total biomass (age 2-+) and a suite
of environmental and biological variables. We also incorporated LEK
into these scenarios, based on the responses given by Sitka residents
during the participatory focus groups. Yearly sablefish recruitment and
biomass data were obtained from the 2019 sablefish stock assessment
(Hanselman et al., 2019). Years analyzed were 2000-2018, a span for
which observations on all variables were available. Environmental and
biological variables were obtained from six different sources (Table 1)
and are described in detail below. Although we prioritized data from
Sitka Sound (i.e. Southeast Alaska), data sets from this region were not
commonly available, so we considered data from other regions of the
GOA. For the exploratory analysis, strong (r > 0.50) and moderate (0.30
> r < 0.50) correlations were considered for further analysis (Cohen,
1988) (Table 1). To obtain p-values, all dependent and independent
variables were log base 10 (x+1) transformed to meet assumptions of
heteroscedasticity (Zar, 1999). Given the exploratory nature of this
analysis, correlations with p-values < 0.10 were selected as final can-
didates for press perturbation scenarios (Tables 1 and 2).

The first data source used to determine perturbation scenarios were
report cards from the Ecosystem Status Reports (ESRs), which are pro-
duced annually by the AFSC to summarize biological, environmental,
and social information about the status of the Alaska marine ecosystems
via ecosystem indicators. Further details about these reports and con-
tained information is provided in Zador and Yasumiishi (2018) and
https://access.afsc.noaa.gov/reem/ecoweb/Index.php. We analyzed
the following ecosystem indicators from the eastern GOA: rhinoceros
auklet (Cerorhinca monocerata) chick mean growth rate, Steller sea lion
(Eumetopias jubatus) abundance (non-pups), herring mature biomass,
motile epifauna biomass (i.e. eelpouts, octopi, crab, sea stars, brittle
stars, sea urchins, sand dollars, sea cucumbers, snails, and hermit crabs),
copepod community size index, zooplankton density in Icy Strait, and a
multivariate ENSO index (MEI) for December-January. We also
analyzed two indicators from the western GOA: freshwater discharge
from Resurrection Bay and capelin (Mallotus villosus) in prey composi-
tion from various piscivorous seabird and groundfish species, due to
their relevance to sablefish abundance and recruitment (Shotwell et al.,
2014; Coutré et al., 2015; Coffin and Mueter, 2016).

The Southeast Coastal Monitoring (SECM) annual survey started in
1997 to identify the relationships between year-class strength of juvenile
Pacific salmon (Oncorhynchus spp.) and biophysical variables that in-
fluence their habitat preferences, growth, and biological interactions.
Further details of this survey can be found in Fergusson et al. (2018). We
explored chlorophyll-a (Chl-a, pg/L) concentrations estimated from
water samples. In a study of potential indicators for age-2 sablefish re-
cruits as estimated by annual stock assessments, Yasumiishi et al. (2015)
found that the best-fitting general linear model included chl-a concen-
trations. Strom et al. (2016) found that higher chl-a concentrations were
related to diatom-dominated spring blooms in the GOA, so we used chl-a
as a proxy for primary production (phytoplankton).

The AFSC conducts annual longline surveys to estimate sablefish and
other groundfish species’ abundance on the continental slope of the
eastern Bering Sea, Aleutian Islands, and GOA (AFSC, 2020). A detailed
description of this survey and gear used is found in Sigler and Lunsford
(2016). Besides determining relative abundance, size composition, and
migration patterns of sablefish, the survey also records depredation by
killer (Orcinus orca) and sperm whales (Physeter macrocephalus) when
gear damage or removal of fish from the hooks is observed (Sigler and
Lunsford, 2016). We explored the sperm whale depredation variable for
Southeast Alaska (Table 1). Sperm whale world-wide population has
grown at about four percent a year since 1986 (i.e. moratorium went
into effect) (ADFG, 2020) while depredation on sablefish and other
species has increased since the implementation of the IFQ program


https://access.afsc.noaa.gov/reem/ecoweb/Index.php

J. Rosellon-Druker et al.

Table 1
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Data sources (with temporal and spatial scales) for QNM press perturbation scenarios and exploratory Pearson correlations to determine those variables correlated with
sablefish recruits and biomass. P-values are only reported for moderate to strong correlation coefficients (>0.30) and (*) represent significant p values (<0.10) for
log10 transformed data. NA indicates that no correlations were performed for LEK components.

Data source Scenario  Temporal and spatial scales Component Correlation p- Correlation p-

# coefficients (biomass) value coefficients (recruits)  value
ESR Report cards 1 Southeast Alaska (2000-2016) Rhinoceros Auklet Chick —0.26 —0.54 0.02*

Growth
ESR Report cards Southeast Alaska (2000-2017) Steller Sea Lion Non-pups 0.31 0.21 0.40 0.10
ESR Report cards Southeast Alaska (2000-2018) Herring Mature Biomass -0.27 -0.23
ESR Report cards Southeast Alaska (2003, 2005, 2007, Motile Epifauna Biomass 0.27 0.35 -0.04 0.24
2009, 2011, 2013, 2015, 2017)
ESR Report cards Southeast Alaska (2000-2018) Copepod Community Size 0.32 0.28 0.33 0.19
ESR Report cards Southeast Alaska (2000-2018) Zooplankton Density 0.14 —0.20
ESR Report cards 4 Tropical Pacific (2000-2018) Multivariate ENSO Index 0.14 0.56 0.01*
ESR Report cards 1 Western Gulf of Alaska (2000-2013) Freshwater Input 0.48 0.08* 0.31 0.27
ESR Report cards 1 Central and Western GOA (2000-2018)  Capelin (as prey in seabirds  —0.36 0.02* -0.31 0.01%
and groundfish)
SECM survey 1 Southeast Alaska (2001-2018) Chlorophyll-a concentrations ~ 0.15 0.45 0.06*
AFSC Longline survey 3 Southeast Alaska (2000-2018) Whale depredation 0.43 0.06* 0.04
NCEP/NCAR model 1,4 Southeast Alaska (2000-2018) Modeled surface temperature  0.27 0.43 0.06*
Fisheries and Oceans 4 North Pacific (2005-2015) ALPI Index 0.42 0.19 0.54 0.09%
Canada Government

LEK (Sitka community) 2 Sitka Sound (2015-2018) Pyrosomes and squid blooms NA NA NA NA

Table 2

Summary of QNM scenarios evaluated for the sablefish co-produced model: (1)
local ecosystem change, (2) increased cephalopods/jellies, (3) whale recovery,
and (4) atmosphere-ocean warming.

Variable Scenario Press perturbation
Temperature 1 +
Freshwater input 1 +
Primary production 1 +
Seabirds 1 -
Capelin/Sand lance 1 -
Gelatinous zooplankton 2 +
Cephalopods and jellyfish 2 +
Whale depredation 3 +
Aleutian low, ENSO, the Blob 4 +

(Wild et al., 2020).

The National Center for Environmental Prediction (NCEP) and the
National Center for Atmospheric Research (NCAR) Reanalysis Project
began in 1991 to produce a 40-year record of global analyses of atmo-
spheric fields. This project uses a frozen state-of-the-art analysis/fore-
cast system and performs data assimilation using data from 1957 to the
present (Kalnay et al., 1996). Reanalysis information and selected
output is available online (https://www.esrl.noaa.gov/psd/data
/gridded/data.ncep.reanalysis.surfaceflux.html). We analyzed a time
series of modeled daily sea surface temperature from a single Southeast
Alaska position (56.5°N, —138.0°W) located ~160 km offshore Sitka
Sound (Table 1).

Since 1993, the Pacific Biological Station (Department of Fisheries
and Oceans Canada, DFO) has produced an index of the relative in-
tensity of the Aleutian Low (Aleutian Low Pressure Index, ALPI). The
ALPI describes decadal-scale changes in North Pacific climate-ocean
conditions (Surry and King, 2015) and is calculated annually and
available from  https://open.canada.ca/data/en/dataset/4bb821c
e-bef7-46d3-95d2-064065f1bda4 and explored here as another envi-
ronmental variable (Table 1).

Finally, direct LEK contributions from Sitka community members
were used to construct another press perturbation scenario (Table 1). In
the first focus group held in Sitka in April 2018, participants stressed the
unusual presence of pyrosome (Pyrosoma spp.) blooms in recent years. In
that same focus group, as well as in the one held on November 2018,
participants also highlighted the abundant presence of market squid
(Doryteuthis opalescens) in Sitka Sound. Blooms of these gelatinous spe-
cies in recent years (2015-2018) have also been scientifically docu-
mented (e.g. Cavole et al., 2016; Archer et al., 2018; Brodeur et al.,

2018). Gelatinous zooplankton and a corresponding increase of jellyfish
and squid abundance (important prey of sablefish; Yang and Nelson,
2000 and Hanselman et al., 2019) were thus selected as the last set of
variables.

For the press perturbations, based on exploratory correlation results,
we used four scenarios that characterize recent or expected future
ecosystem conditions (Table 2). First, we imposed a positive press
perturbation to sea surface temperature, freshwater input, and primary
production (diatoms and picoplankton), and a negative press perturba-
tion to seabird depredation and capelin abundance. We nicknamed this
scenario, “local ecosystem change” which describes relevant local or
regional biophysical conditions in the last decade (Zador and Yasu-
miishi, 2018). Second, we imposed a positive press perturbation to
gelatinous zooplankton, cephalopods and jellyfish abundance (nick-
named, “increased cephalopods/jellies”) which is based on LEK. Third,
we imposed a positive press perturbation to whale depredation (nick-
named, “whale recovery”), one of the most important sources for stock
variation over time (Hanselman et al., 2019). And fourth, we imposed a
positive press perturbation to intra-decadal patterns of climate varia-
tion: Aleutian Low, ENSO, and The Blob (i.e. a large mass of warm water
over the North Pacific Ocean with water temperatures 3 °C above the
long-term (1982-2014) average), which we nicknamed, “atmospher-
e-ocean warming”. For each scenario, shifts in community equilibrium
were calculated using the simulation algorithm explained above. Sce-
narios 1, 2 and 4 capture various facets of climate change (e.g. Brodeur
et al., 2018; Zador and Yasumiishi, 2018; Yang et al., 2019) whereas
scenario 3 largely represents ongoing recovery of whales in the North-
east Pacific as a result of cessation of commercial whaling (Hanselman
et al., 2018).

3. Results
3.1. Sablefish conceptual model

The sablefish co-produced model included a total of six environ-
mental components (rectangles), sixteen biota components (triangles),
and five human dimension components (diamonds) (Fig. 3 a). Lines
between model nodes indicate either a positive (arrow head) or negative
(dot head) effect on the terminal group (Fig. 3 a).

Model components and link directions determined during the sci-
entific literature review process remained unaltered by Sitka community
members during the focus group activities. About 80% of biological and
environmental model components and link directions determined
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during the scientific literature review process were also identified by
stakeholders, where the missing components were related to a few prey
and predator species. This high concurrence displays the expert-like
knowledge that stakeholders possess on their surrounding ecosystem
based on observational experience. Participants also added other com-
ponents to the model such as anthropogenic impacts on the ecosystem
and the importance of nursery habitats (e.g. fjords). All the LEK-
generated components were grouped into four topic groups (Table 3):
1) Anthropogenic impacts on ecosystems; 2) Biological interactions; 3)
Miscellaneous; and 4) Knowledge gaps. Only some of these components
were included in the final model (yellow highlighted components; Fig. 3
a), based on the following selection criteria: 1) components with a direct
effect on the abundance of sablefish, their prey, or predators (i.e. first
and second-order interactions); and 2) components that have a poten-
tially quantifiable effect on the abundance of sablefish. The motivation
for the aforementioned criteria was model simplicity to keep the model
tractable and interpretable across different stakeholder groups to facil-
itate its use as a communication tool. The sablefish co-produced model
was illustrated to engage a broader audience and this image is expected
to be used for teaching, outreach, and tourism (Fig. 3 b).

All the prey-predator interactions identified by focus group partici-
pants were considered for the final model and added to a correspondent
biota node (Appendix B; Fig. 3 a) as they were cross-referenced with
diverse diet composition studies. For example, rockfish (shortspine
thornyhead; Sebastolobus alascanus) was identified by Sitka participants
as an important commercial species consumed by sablefish (Yang et al.,
2006) and also as a potential competitor and predator (Gaichas and
Ianelli, 2005; Aydin et al., 2007). Rockfish were considered inside the
“Other prey/predator” nodes of the model (Appendix B). Another
interesting example was the observation by some participants of
“greenish algae/matter” in sablefish stomachs. This might refer to a high
content of terrestrial leaf litter, which is consumed by juvenile sablefish
(Coutre, 2014). These components were also considered inside the
“Other prey” node (Appendix B).

The connection between ecological and human dimension compo-
nents in the sablefish co-produced model was specified through eco-
nomic drivers between small and large adults and average price, fishing
effort, harvest, and gross revenue. The human dimension components
represent participation in the commercial sablefish fishery only,
focusing on how the changing fish size composition in the fishery is
affecting prices, effort, and revenues. Thus, we omit the subsistence
sablefish fishery from our analysis (herein meaning fishing for the pur-
poses of personal consumption rather than under a permit specified as
subsistence), which is small in Sitka (and throughout Alaska) due to the
difficulty of harvesting this deep-water resource relative to other sub-
sistence fisheries (Sill and Koster, 2017). For simplicity, the conceptual
model also assumes that the Sitka community well-being components
derived from commercial fisheries participation are constrained to
livelihood and income security, through the positive link with gross
revenue, which is consistent with other conceptual models of GOA
fisheries (Zador et al., 2017). This allows for assumptions of a unidi-
rectional and constant link between gross revenue and community
well-being. Incorporating other well-being components would necessi-
tate more complex linkages and feedback loops than were feasible for
the purposes of exploring ecological scenarios, which were the focus of
this study. Other well-being components associated with commercial
and subsistence participation in the sablefish fishery for Sitka stake-
holders are described in Rosellon-Druker et al. (2019).

The human dimension components of the sablefish conceptual model
reflect the basic economic relationships between earnings expectations
and fishing behavior, as well as the economic components of well-being
derived from fisheries as reflected in discussions with Sitka community
stakeholders during participatory focus groups. The size-based pricing
for sablefish is reflected in the links between small adults (negative) and
large adults (positive) and these combine to produce an average price
received for the sablefish landed. The relationship between earnings
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expectations and fishing effort is captured through the positive link from
average price to fishing effort. Fishing effort drives the total harvest of
sablefish, within the bounds of the total allowable catch (TAC). The link
between small adults and fishing effort captures the negative effect of
the smaller average size composition of the stock on effort due to low-
ered earnings expectations associated with both lower average prices as
well as increasing fishing costs due to greater use of bait, fuel, and time
to harvest one’s full quota, as well as other behaviors to avoid small
sablefish. In contrast, large adult sablefish have the opposite effect on
fishing effort due to increased earnings expectations. Price multiplied by
harvest volume yields gross revenue. In this conceptual model, this
relationship is captured through positive links from average price and
catch to gross revenue, omitting the multiplicative component due to the
formulation of conceptual models with only positive and negative
linkages. Gross revenue, in turn, positively contributes to community
well-being through its association with livelihood and income security
(Breslow et al., 2016). The negative links between catch (volume) and
small and large adult sablefish reflect the removals of fish from the
population.

3.2. Sablefish responses across perturbation scenarios

For all scenarios, the socio-ecological model configuration respon-
ded strongly to the selected perturbations, although with highly variable
sign consistency among model components (Fig. 4). Scenario 1 (local
ecosystem change) resulted in a positive response of sablefish juveniles
and small adults (73% and 72%, respectively) and an ambiguous
response in large adults (59%). In the case of other model components,
positive responses with high sign consistency (100%) were observed in
picoplankton, small copepods, and gelatinous zooplankton as well as in
the abundance of cephalopods and jellyfish. Positive responses with high
sign consistency were also observed in herring, Pacific cod (Gadus
macrocephalus), and pollock (Gadus chalcogrammus) (75%), and other
sablefish prey (85%) (Fig. 4 a).

Scenario 2 (increased cephalopods and jellyfish) resulted in positive
responses with high sign consistency in juveniles and small adults (97
and 99%, respectively), while large adults had an ambiguous response
(67%). Negative responses with high sign consistency were observed in
fishing effort and average price (94% and 87%, respectively) (Fig. 4 b).

Scenario 3 (whale recovery) resulted in mostly negative responses
across all model components. In the case of the sablefish life stages, large
adults and juveniles had high sign consistency (81% and 77%, respec-
tively) while small adults had an ambiguous response (67%). Other
relevant results include a high sign consistency in gross revenue (80%)
and total harvest (94%) (Fig. 4 c).

Finally, in scenario 4 (atmosphere-ocean warming), the socio-
ecological system responded in different directions. In the case of life
stages, positive responses with high sign consistency to the press
perturbation were observed in both juveniles (70%) and small adults
(71%) while in large adults the sign response was ambiguous (62%).
Other positive responses with high sign consistency (100%) were
observed in picoplankton, small copepods, and gelatinous zooplankton
as well as in abundance of cephalopods and jellyfish (Fig. 4 d).

In the local ecosystem change scenario, according to the GBR model,
the positive sign response of juveniles was mainly attributed to three
links: capelin/sand lance — juveniles, temperature — primary production
(diatoms), and pollock — capelin/sand lance (Fig. 5 a). These linkages
explaining the sign response of juveniles accounted for 17.9% of the
explained deviance by the GRB model. The positive sign response of
small adults was influenced by the links between capelin/sand lance and
different life stages of sablefish (Fig. 5 a). These two linkages explaining
the sign response of small adults accounted for 14.9% of the explained
deviance by the model.

In the increased cephalopods/jellies scenario, the positive sign
response of juveniles was mainly attributed to the interactions of
different sablefish life stages as well as the fishing effort — harvest,
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Table 3
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Topic groups and sablefish model components provided by Sitka community members during a participatory focus group (LEK-generated model components).

Anthropogenic impacts on ecosystem Biological interactions

Miscellaneous

Knowledge gaps

Pollution Predators/Competitors
Squidf

Skatest

Spiny dogfish{
Grenadier{

Rockfisht

Halibutt

Prey/Food source
Rockfish (thornyheads)

Algae and terrestrial leaf litter}
Lantern fish}

Logging

Fishing gears
Bycatch

Ocean acidification

Conservation and health of fjords

Pyrosome/squid blooms{

Empty stomachs as possible sign of starvation

Diet at different depths

Vertical and horizontal movement patterns
Spawning ground habitat characteristics
Modification of the microbial loop

Interactions with aquaculture

Note: t reflects components that were incorporated into the final model.

cephalopods/jellyfish — juveniles, and small adults — harvest links (Fig. 5
b). These six linkages accounted for 52.1% of the explained deviance.
The positive sign response of small adults was mainly attributed to the
fishing effort — harvest link, followed closely by the links corresponding
to all different sablefish life stage interactions (Fig. 5 b). These five
linkages accounted for 37.6% of the explained deviance. In regard to
human dimension variables, the negative sign response of fishing effort
was attributed to the small adult - large adult and the harvest — large
adult links, followed closely by three more links (Fig. 5 b). These five
linkages accounted for 50.9% of the explained deviance. The negative
sign response for average price was mainly attributed to the small adult
— average price link, seconded by the large adult — average price, small
adult - fishing effort, and small adult — large adult links (Fig. 5 b). These
four linkages accounted for 57.6% of the explained deviance.

In the whale recovery scenario, the negative sign response of juve-
niles was mainly attributed to the whale depredation — small adult,
harvest — small adult, and whale depredation - large adult linkages
(Fig. 5 c). These three linkages accounted for 53.7% of the explained
deviance. The negative sign response of large adults was mainly
attributed to five links: harvest — small and large adults, fishing effort —
harvest, and whale depredation - small and large adults (Fig. 5 c). These
linkages accounted for 37.9% of the explained deviance. In the case of
human dimensions, gross revenue negative sign response was mainly
attributed to the small adult — average price link, followed closely by the
whale depredation — small and large adults, along with three more links
(Fig. 5 c). These six linkages accounted for 59.6% of the explained
deviance. Harvest negative sign response was influenced by five links:
whale depredation — small and large adults, small adults — large adults,
fishing effort — harvest, and small adults - fishing effort (Fig. 5 c¢). These
linkages accounted for 30.1% of the explained deviance.

Last, in the atmosphere-ocean warming scenario, the juveniles pos-
itive sign response was mainly determined by the temperature — primary
production (diatoms and picoplankton) as well as the capelin/sand lance
— juvenile links (Fig. 5 d). These three linkages accounted for 16.6% of
the explained deviance. The sign response of small adults was also
influenced by the temperature — primary production (diatoms and
picoplankton) as well as the capelin/sand lance — small adults and pri-
mary production (diatoms) - euphausiid links. These four linkages
accounted for 19.1% of the explained deviance.

4. Discussion
4.1. Interpreting QNM results

4.1.1. Local ecosystem change and atmosphere-ocean warming scenarios

These two scenarios represent recent ongoing changes in regional
biophysical conditions, as well as global intra-decadal patterns of
climate change. In both cases, an ambiguous sign response occurred in
large sablefish in contrast to a high sign consistency observed in juve-
niles and small adults. The positive sign response of juveniles and small
adults under these two scenarios was influenced by links related to the
abundance of capelin/sand lance and different sablefish life stages, as
well as the relationship between temperature and primary (pico-
plankton and diatoms) production. The relative low deviance (<20%)
explained by the model in these two scenarios might be related to the
inherent complexity of both, reflected by the large number of in-
teractions and the presence of countervailing feedback loops within the
system when several press perturbations occur simultaneously.

In general, when the GOA is cold and well-mixed, nutrients are high
and phytoplankton abundant and commonly dominated by diatoms
(Strom et al., 2016). A high abundance of diatoms supports a
zooplankton community dominated by large calanoid copepods and
euphausiids. Such a community sustains a nutritionally rich food web
(due to a higher lipid content and greater efficiency of energy transfer to
higher trophic levels), supporting large numbers of fish, seabirds, and
marine mammals (Liu and Hopcroft, 2008; Chiba et al., 2015; Simonsen
et al., 2016; McKinstry and Campbell, 2018). In contrast, under warm,
stratified, and stable water conditions, nutrients are usually low and the
phytoplankton community, with lower production rates, is dominated
by picoplankton and flagellates. These conditions result in a
zooplankton community dominated by gelatinous zooplankton (e.g.
salps, doliolids, ctenophores, cnidarian medusae) and small copepods
(Simonsen et al., 2016; Strom et al., 2016; McKinstry and Campbell,
2018), that represents a nutritionally poor food web of low nutritional
quality and inefficient energy transfer, supporting a smaller biomass of
higher trophic levels (Richardson, 2008). In general, these conditions
were replicated with press perturbations in scenarios 1 and 4. However,
there seems to be some model feedbacks counteracting the expected net
negative effect of these scenarios on primary production (diatoms),
secondary production (euphausiids), and capelin/sand lance.



J. Rosellon-Druker et al.

a)
Winds
The Blob

Deep-Sea Research Part II 184-185 (2021) 104912

b)

Temperature

Freshwater input
ENSO
Aleutian low

Whales

Small coge[pods
almon

Picoplankton

1atoms
Pollock

Pacific cod

Other prey

Other predators

Large C(ﬁ)epqu

erring

Gelatinous zooplankton

Euphausiids

Cephalopods & Jellyfish

Capelin & Sandlance

Birds
Gross revenue

Fishing effort

Community wellbeing

Harvest

Average price
Eggs & Larvae

Juveniles

Small adults

Large adults

c)
Winds
The Blob
Temperature
Freshwater ingut
ENSO

Aleutian low
Whales

d)

Small coiae ods

almon

Picoplankton

Diatoms

Pollock

Pacific cod

Other prey

Other predators

Large copepods
Herring

Gelatinous zooplankton
Euphausiids
Cephalopods & Jellyfish
Capelin & Sandlance
Birds

Gross revenue

Fishing effort

Community wellbeing

Harvest

Average price

Eggs & Larvae
Juveniles

Small adults

Large adults

T T T T T
0 2000 4000 6000 8000

Simulations

1 I T T T T 1
10000 0 2000 4000 6000 8000 10000

Simulations

Fig. 4. Responses of the sablefish socio-ecological model to four press perturbation scenarios; a) Scenario 1 (local ecosystem change); b) Scenario 2 (increased
cephalopods/jellies), c¢) Scenario 3 (whale recovery), d) Scenario 4 (atmosphere-ocean warming). Bars indicate the number of simulations (from a total of 10,000)
where the response was of a given direction: Grey, no response; black, positive response; red, negative response. Sablefish life stages are shown in the bottom of each
panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

In the local ecosystem change scenario, one of the press perturba-
tions included an increase of primary production (picoplankton and
diatoms) which resulted in an overall positive response of secondary
production by euphausiids, which in turn favored capelin/sand lance.
This also explained a positive response in other groundfish species such
as herring, pollock and cod. Further, the freshwater input (e.g. glacial
runoff, precipitation) variable increased either as a direct press pertur-
bation (scenario 1) or as a response to other variables (i.e. Aleutian low;
scenario 4). Glacial runoff modifies turbidity, temperature, stratifica-
tion, nutrients, and distribution of phytoplankton (Arimitsu et al.,
2016). In our model (Fig. 3 a), this variable produces a positive response

on primary production (diatoms) and therefore on euphausiids and
capelin/sand lance. Our results suggest that capelin/sand lance are
important for early stages of sablefish either as a direct prey or as a food
source for other species that are also part of the sablefish diet. It is worth
noting that capelin were abundant from 2008 to 2013 in the GOA but
declined during the warm years of 2015-2016 and continue to be
minimal in recent years (Zador and Yasumiishi, 2018). In contrast,
abundance of sand lance increased in the GOA during warm periods. An
apparent tradeoff between sand lance (warm conditions) and capelin
(cold conditions) exists and may explain the importance of these forage
fish in the system for commercially relevant fisheries (Zador and



J. Rosellon-Druker et al.

a)
Capelin & sandlance - Large adults — ee——
Capelin & sandlance - Small adults
Pollock - Capelin & sandlance ———
Temperature - Primary production (diatoms) —se——
Capelin & sandlance - Juveniles
0 1 2 3 4 5 6

Relative influence

- Harvest by volume
) D Average price
l:l Fishing effort

- Gross revenue

Small adults - Fishing effort
‘Whale depredation - Small adults
Fishing effort - Harvest

Small adults - Large adults
‘Whales depredation - Large adults
Harvest - Gross revenue

Small adults - Large adults
Harvest - Large adults

‘Whale depredation - Small adults
Whale depredation - Large adults
Small adults - Average price
Harvest - Large adults

Whale depredation - Large adults
‘Whale depredation - Small adults
Fishing effort - Harvest

Harvest - Small adults

Whale depredation - Large adults
Harvest - Small adults

Whale depredation - Small adults

- Juveniles

o
w

10 15 20
Relative influence

- Large adults

Bl small aduits

Deep-Sea Research Part II 184-185 (2021) 104912

b)

Small adults - Large adults

Small adults - Fishing effort

Large adults - Average price

Small adults - Average price

Small adults - Average price
Cephalopods & Jellyfish - Large adults
Small adults - Harvest

Harvest - Large adults

Small adults - Large adults

Eggs & larvae - Juveniles

Large adults - Eggs & larvae
Juveniles - Small adults

Small adults - Large adults

Fishing effort - Harvest

Small adults - Eggs & larvae

Small adults - Harvest
Cephalopods & jellyfish - Juveniles
Eggs & larvae - Juveniles

Fishing effort - Harvest

Large adults - Eggs & larvac

(e

o

5 10 15 20 25
Relative influence

d

Temperature - Primary production (picoplankton)
Primary production (diatoms) - Euphausiids
Capelin & sandlance - Small adults

Temperature - Primary production (diatoms)
Capelin & sandlance - Juveniles

Temperature - Primary production (picoplankton)
Temperature - Primary production (diatoms)

o

2 3 4 5 6
Relative influence

Fig. 5. Relative influence of linkages on the sign response of target variables for each of the four press perturbation scenarios; a) Scenario 1 (local ecosystem change);
b) Scenario 2 (increased cephalopods/jellies), ¢) Scenario 3 (whale recovery), d) Scenario 4 (atmosphere-ocean warming). The relative influence is unitless and the
sum of all the model linkages (n = 108) for a given scenario sums to 100. Standardized values above 2.5 standard deviations from the mean were selected as the

number of linkages accounting for the highest relative influences.

Yasumiishi, 2018).

The ambiguous response of large sablefish to these two scenarios
may be due to a negative influence of temperature on large adults in
comparison with other life stages. Such differential temperature effects
would not be surprising given the diverse habitats occupied by sablefish
during their life history: adults spawn at depths of 300-500 m along the
continental slope edge (Mason et al., 1983), eggs develop at depth but
larvae develop near the surface far offshore (Wing, 1997), and young
juveniles are found in inshore waters (Rutecki and Varosi, 1997).
Different temperature responses due to size-specific horizontal and
vertical movements could explain some of the disparity between small
adults and large adults. Temperature is an important factor affecting the
early development and maturation of fish. Larvae and age-0 sablefish
experiencing warm temperatures (>14 °C) have higher physiological
rates, which favor faster growth and survival (Sigler et al., 2001; Doyle
and Mier, 2016; Lee et al., 2017). This suggests that juvenile sablefish
can thrive at increased temperatures, when sufficient food supply is
available (Sogard and Olla, 2001). Further, there is an ontogenetic shift
downward in the optimal temperature for growth in sablefish and many
other fish species (Sogard and Olla, 2001), thus tolerance for elevated
temperatures in juveniles differs from that in adults. Krieger et al. (2019)
observed a shift in thermal performance with size, with larger fish
performing better at colder temperatures compared to smaller fish.
Shallow and deep-water sablefish have significant differences in
external morphology, mean weight-at-length, mean length and age at
depth, physiological properties, and histological characteristics (Norris,
1997). Fish experiencing food deprivation, which is a common occur-
rence in deep benthic habitats, have a clear motivation to reduce body
temperature and conserve energy when foraging success declines
(Sogard and Olla, 2001).

Above average recruitment of sablefish appears to be associated with
above average sea surface temperature anomalies (i.e. the Blob) (Sigler
et al., 2001; Sogard and Olla, 2001). However, it is important to
emphasize that there is a steep decline of both growth and survival in
juvenile sablefish outside the boundary between highly favorable (>8
°C) and highly unfavorable (>20 °C) temperatures (Sogard and Olla,

2001; Krieger et al., 2019). As sea surface temperatures keep increasing
and Blob-like warming events occur more frequently (Frolicher et al.,
2018), year-class success may decline for sablefish.

In contrast with scenario 1, the resulting biophysical conditions in
the atmosphere-ocean warming scenario, such as the shift in abundance
from large, lipid-rich copepods to small, lipid-poor copepods, had a
general negative effect on the system (Fig. 4 d) that mirrors the real
situation for many stocks in the GOA in recent years. For instance, fish
apex predator biomass during NOAA trawl surveys in 2017 was the
lowest observed over the 30-year time series, largely due to severe de-
clines in Pacific cod and arrowtooth flounder (Atheresthes stomias)
(Zador and Yasumiishi, 2018). The recent Blob and associated envi-
ronmental conditions in the GOA appear to be the main drivers of these
recent declines. These downward trends act synergistically with those
we explored for sablefish not only on Sitka but also on other
fishing-dependent communities in the eastern GOA. The implications of
downward revenue trends in any one species are compounded when
they are concurrent with revenue declines in other fisheries that
comprise the suite of harvesting or access privileges within a fishing
portfolio (Tuler et al., 2008; Hall-Arber et al., 2009; Murray et al., 2010),
and may increase income variability and risk for fishers (Kasperski and
Holland, 2013). In addition to additive effects on revenue declines, these
sorts of changes can have severe psychological implications due to how
declines across species within a fishing portfolio can negate one of the
chief adaptive mechanisms by which fishermen adjust to revenue de-
clines, that is fisheries diversification (Murray et al., 2010; Lord, 2011).

4.1.2. Increased cephalopods and jellyfish scenario

This LEK scenario was based on workshop participants’ observations
relating to the presence of pyrosome and squid blooms in recent years.
An increase of these gelatinous organisms resulted in positive responses
for both juveniles and small adults and an ambiguous response in large
sablefish. The positive sign response of juveniles and small sablefish was
influenced by the positive feedback between different sablefish life
stages and by the net negative effect that human dimension variables
experienced under this scenario. The high deviance explained by the
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model in this scenario suggests that the composition of zooplankton and
the abundance of gelatinous organisms-based food supply is important
to explain the dynamics of sablefish.

Sablefish larvae, juveniles and adults consume gelatinous
zooplankton, jellyfish and squids (Yang and Nelson 2000; Hanselman
et al., 2019). It is plausible that sablefish are able to switch easily from a
fish to a gelatinous organism-based diet. In the case of juveniles, the
increase of cephalopods and jellyfish was one of the most influential
links explaining the positive response of this life stage under this sce-
nario. However, a diet mainly based on these organisms may explain the
ambiguous response in large adults and why the current body condition
of mature sablefish is below average (Hanselman et al., 2019). Focus
group participants were concerned that a perceived increasing propor-
tion of empty adult sablefish stomachs in recent years may be a sign of
starvation. Although observations of empty stomachs from sablefish
caught in longline surveys are not new and might result from regurgi-
tation upon gear retrieval or a rapid digestion rate (Sasaki, 1985), this
LEK component might also be an indication of a poor diet. The “soft or
mushy” flesh condition, present in sablefish and other commercially
harvested species, is associated with several causes, including a
lipid-poor diet (Karinen et al., 2010; Jones et al., 2018), gonad matu-
ration matching low food availability, low temperatures and low oxygen
levels (Norris, 1997). Shenker and Olla (1986) documented an example
of prey quality influence on sablefish growth in which faster growth
occurred with a diet of mysid shrimp compared to a diet of brine shrimp.
Mysids promote sablefish growth primarily due to their higher
dry-to-wet weight ratio in comparison to brine shrimp. Older, larger
sablefish might survive on a squid/jellyfish based-diet but their
poor-lipid, high-water content could have a measurable impact on the
meat quality and potentially lead to starvation and subsequent death.

Driven by the response of sablefish (i.e. increased juveniles/small
adults and a dampened effect on large adults), human dimension com-
ponents such as fishing effort and average price responded negatively to
this scenario. There is a substantial price premium for large sablefish
that provides for positive revenue trends. Increases in juvenile and small
sablefish abundance drive down average prices for sablefish resulting in
lowered revenues. Under nutrient-limited conditions, wherein there are
relatively fewer large, fat fish entering the large adult size class due to
their reliance on gelatinous organisms for food, the continued prose-
cution of this adult class seems to contribute to its lower abundance (i.e.
harvest - large adults link).

4.1.3. Whale recovery scenario

An increase in whale depredation under this scenario resulted in
negative responses for juveniles and large sablefish. These responses
were influenced by the negative effect of whale depredation on the
entire sablefish life history. This scenario also indicated that the joint
dynamics of fishing and whale depredation have a more pronounced
reduction of the abundance of sablefish, which is reflected as a net
negative effect in harvest and gross revenue. The ambiguous response in
small adults might be then explained by the more intense prosecution of
larger sablefish by the fishery, consequently reducing part of the nega-
tive influences on this life stage.

Whale depredation on longline gear has been occurring throughout
Alaskan waters for decades (Peterson and Carothers, 2013). Sperm and
killer whales are the main predators, with sperm whales accounting for
the majority of depredation in the central and eastern GOA (Peterson
and Hanselman, 2017). The estimated reduction in sablefish catch rate
due to depredation is approximately 15% suggesting a significant impact
on commercial harvests, survey abundance indices in terms of reduced
accuracy, and increased costs for the commercial fishery (Hanselman
et al., 2018). Fishermen can also incur additional operating costs due to
changes in fishing behavior intended to avoid whales, such as increased
distances between sets, shorter soak times, and fishing in deeper waters
which are generally further offshore. Further, in response to high levels
of whale depredation, in 2015, the North Pacific Fishery Management
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Council (NPFMC) implemented new management actions intended to
reduce depredation by allowing fixed-gear fishermen in the GOA to use
pots (traps), which deter whales from consuming captured fish (Peterson
and Hanselman, 2017; Hanselman et al., 2018). All of the above reflects
the significance of whale depredation for this stock, which also becomes
evident in the high explained deviances observed under this scenario.

4.2. Sablefish conceptual model as part of a place-based IEA framework
for Southeast Alaska

We demonstrated an example of how a conceptual model can be
transformed from an illustrative communication tool to a simulation
modeling tool that represents a local ecosystem structure. The socio-
ecological sablefish model represents a steppingstone of an IEA pilot
approach for Southeast Alaska. As such, it is a tool that helps to identify
and link social and ecological components of this local ecosystem and
evaluate how biophysical stressors might impact fisheries resources and
well-being of a community to inform future management actions. For
example, our results indicate that certain biophysical conditions seem to
be more favorable towards recruitment and abundance of juvenile sa-
blefish while that same positive effect is somewhat dampened in older
sablefish. A strong desire to reduce or avoid interactions with small
sablefish have led to changes in fishing behavior, which are in turn
increasing operating costs. Over the last two years, these costs have been
coupled to lowered revenues due to smaller fish sizes, decreasing overall
profits for the fleet (Hanselman et al., 2019), and highlight the need for
potential new management strategies. The gap between small and large
sablefish was the basis of a discussion paper presented to the NPFMC by
stakeholders and managers in 2019 exploring the possibility to allow
discarding of small sablefish in the IFQ sablefish fishery (NPFMC, 2019).
Although this is not considered in the short-term, several management
options are currently being explored including the ability to produce
species- and gear-specific discard mortality rates, different discarding
rules depending on stock abundance, likelihood of achieving TAC, effect
of discards on whale depredation, and gear modifications to avoid small
sablefish, among others (NPFMC, 2019).

Conceptual models are valuable tools in communicating complex
systems, identifying knowledge gaps, and making information acces-
sible to a variety of different audiences, however, they also present
disadvantages that are worth noting. Conceptual models are simulations
of ecosystem dynamics that simplify complex interactions. During this
simplification process, assumptions need to be made and, because of
this, many known and unknown linkages are not included (e.g. LEK-
generated components such as anthropogenic impacts on the
ecosystem or ecological processes like changes in the microbial loop
structure; Table 3). Further, the heterogeneity of human responses is
greatly reduced. Humans have both instant and long-term adaptations
that may not be readily incorporated into a simplified model structure
due to the longer time span necessary for adaptation to manifest itself in
a biophysical system. As a simplistic example, in the short run, fisher-
men will seek to mitigate revenue declines in one fishery with increased
harvests in another. This shift in fishing behavior cannot be easily
incorporated into a model without increasing its complexity beyond the
scope of the research. Researchers should ponder the implicit tradeoffs
between oversimplifying a system and contributing to scientific
knowledge in choosing modeling approaches. Similarly, QNMs have
limitations that need to be considered including: variables are treated as
constant or at equilibrium, relationships between variables are consid-
ered linear, and components of the system are weighted equally (Dam-
bacher et al., 2009; Reum et al., 2015).

Despite drawbacks, our co-produced sablefish model helps to capture
current GOA sablefish stock and ecosystem dynamics (i.e. including
more frequent blooms of gelatinous marine organisms, shifts in
zooplankton composition, and the dominance of juveniles/small sable-
fish) and represents a unique attempt to combine social, environmental,
and biological components of the sablefish fishery in Southeast Alaska.
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Further, the influence of human dimension components within some of
these scenarios (e.g. increased cephalopods/jellies and whale recovery),
underscores the need to understand the relative effects of drivers in
EBFM to account for holistic impacts of management decisions. Con-
ceptual models are an essential step of any IEA framework as they
facilitate the identification of ecosystem objectives, the selection of
ecological and socio-economic ecosystem indicators, and are the basis
for risk assessments and quantitative ecosystem models (Levin et al.,
2009; Harvey et al., 2016). Further, by amalgamating LEK and diverse
scientific sources we improved our overall capacity of interpreting local
biological, ecological, and social dynamics involving sablefish. An
example of the latter was the construction of one press perturbation
scenario solely based on LEK, reflecting local and recent observations on
the distribution and abundance of gelatinous zooplankton, thus helping
scientists to develop new hypotheses and test potential management
scenarios. This interdisciplinary approach between scientists and
stakeholders improves the accuracy in describing complex
socio-ecological systems and helps to develop social learning while
enhancing transparency of the assumptions built into the models (Salter
et al., 2010).
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Appendix A. Environmental variables of the sablefish conceptual model

FROM key TO key variable Link Link description Citation
variable direction
Temperature Sablefish (larvae/ Positive/ High recruitment is correlated with higher coastal water Sogard and Olla (1998); Sigler et al. (2001);
juvenile/adult) Negative temperatures and lower offshore temperatures (where older and Stoner and Sturm (2004); Shotwell et al.
larger sablefish reside). Positive recruitment events for sablefish are (2014); Yasumiishi et al. (2015)
related to intensified Aleutian Low. Otolith-derived growth rate of
late larvae and early juveniles is positively correlated with
temperature.
Freshwater Sablefish (juvenile) Positive Age-2 recruitment is correlated with freshwater discharge. Increased ~ Shotwell et al. (2014); Coffin and Mueter
input freshwater discharge may result in early spring blooms that support ~ (2016)
larger zooplankton biomass. This zooplankton production is
sustained through summer by the onshore transport of nutrient rich
water.
Winds Phytoplankton Positive There is a positive relationship between age-1 recruitment and King et al. (2000); Coffin and Mueter (2016)
(diatoms) upwelling-favorable winds in the Eastern GOA. Upwelling-favorable
winds and freshwater discharge may positively affect recruitment
through productivity-related mechanisms.
The Blob Temperature Positive Anomalously warm sea surface temperatures during the blob or blob- ~ Urawa et al. (2016)
like events.
ENSO Phytoplankton Negative/ During ENSO years (1997-1999), Southeast Alaska experienced Whitney and Welch (2002); Liu et al. (2007);
(diatoms/ Positive nitrate depletion in spring and summer. Low silicate levels were DiLorenzo et al. (2008)
picoplankton) observed in coastal waters, suggesting that diatom growth may have
been nutrient limited. The interannual variability in the structure and
composition of the picoplankton community may also be related to
ENSO. For example, during another ENSO cycle (2001-2002),
chlorophyll-a was low and Prochlorococcus and bacterial biomass was
high.
ENSO Temperature Positive Heat fluxes diminish in winter and contribute to anomalously warm  Spies (2007)
upper ocean temperatures during an ENSO cycle.
Aleutian low Temperature Positive Warmer than average coastal sea surface temperatures during Francis et al. (1998)
Aleutian low.
Aleutian low Winds Positive Enhanced winds during Aleutian Low. Francis et al. (1998)
Aleutian low Freshwater input Positive During Aleutian low, the GOA presents heavy precipitation, snow Wang et al. (2004); Roger and Grosch (2006);
accumulation and intense downwelling, constraining a large coastal ~ Kohan et al. (2019)
freshwater discharge in the nearshore region. The freshwater
discharge is also augmented by subsequent glacial meltwater.
Freshwater Phytoplankton Positive Micronutrients are supplied from mechanisms such as resuspension Stabeno et al. (2004); Etherington et al.
input (diatoms) of shelf sediments and river discharge. This condition is associated (2007); Weingartner et al. (2009); Arimitsu
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(continued)
FROM key TO key variable Link Link description Citation
variable direction
with high and sustained chlorophyll-a levels promoting diatom
blooms.
Temperature Phytoplankton Negative/ In the GOA, under cold and well-mixed water conditions, nutrients Strom et al. (2016)
(diatoms/ Positive are high, and phytoplankton is generally dominated by diatoms. In
picoplankton) contrast, under warm, stratified, and stable water conditions,

nutrients are low, and the phytoplankton community is generally
dominated by picoplankton and flagellates.

Appendix B. Biological variables of the sablefish conceptual model

FROM key variable TO key variable Link Link description Citation
direction
Euphausiids/Large Sablefish (juvenile)/Pacific cod/Herring/ Positive Predominant prey McFarlane and Beamish (1992); Sigler et al. (2001); Coutré
copepods Pollock/Capelin/Sand lance/Other sablefish et al. (2015); Strom et al. (2016); Hanselman et al. (2019)
prey
Small copepods Sablefish (larvae)/Other sablefish prey Positive Prey McFarlane and Beamish (1992); Sigler et al. (2001); Coutré
et al. (2015); Strom et al. (2016); Hanselman et al. (2019)
Shrimpt Sablefish (adult) Positive Prey Hanselman et al. (2019)
Squids*f Sablefish (adult/juvenile) Positive/ Prey/Competition Shaul and Geiger (2016); Hanselman et al. (2019)
Negative
Herring Sablefish (juvenile) Positive Predominant prey Coutré (2014); Coutré et al. (2015)
Amphipodst Sablefish Positive Prey Hanselman et al. (2019)
Polychaetest Sablefish Positive Prey Coutré et al. (2015); Hanselman et al. (2019)
Pollock Sablefish (juvenile) Positive Prey Yang and Nelson (2000)
Capelin Sablefish (adult/juvenile) Positive Prey Coutré et al. (2015); Hanselman et al. (2019)
Pacific cod Sablefish (adult) Positive Prey Hanselman et al. (2019)
Sand lance Sablefish (adult/juvenile) Positive Prey Coutré et al. (2015); Hanselman et al. (2019)
Jellyfish Sablefish Positive Predominant prey Yang and Nelson (2000)
Salmon (coho, Sablefish (juvenile) Negative Predation Wing (1985); Hanselman et al. (2019)
chinook, pink)
Sperm and killer Sablefish Negative Predation Kawakami (1980); Peterson and Hanselman (2017);
whales Hanselman et al. (2018)
Salmon sharkst Sablefish Negative Predation Aydin et al. (2007)
Steller sea lionst Sablefish (juvenile) Negative Predation Aydin et al. (2007); Csepp et al. (2011)
Arrowtoothf Sablefish Negative Predation/ Aydin et al. (2007); Hanselman et al. (2019)
Competition
Puffins Sablefish Negative Predation Sydeman et al. (2017)
Salmon and Sablefish Positive Prey Yang and Nelson (2000); Sturdevant et al. (2009); Coutré
salmonoid offalf (2014); Coutré et al. (2015); Yasumiishi et al. (2015)
Halibut (adult)*} Sablefish Negative Predation/ Best and St. Pierre, 1996; Aydin et al. (2007); Hanselman
Competition et al. (2019)
Rockfish*} Sablefish Positive/ Prey/Predation/ Gaichas and Ianelli (2005); Yang et al. (2006); Aydin et al.
Negative Competition (2007)
Algae and terrestrial Sablefish Positive Part of stomach Coutré (2014)
leaf litter*t content
Spiny dogfish*t Sablefish Negative Predation Jones and Geen (1977)
Grenadier*{ Sablefish Negative Competition Yang et al. (2006)
Lanternfish* Sablefish Positive Prey Yang et al. (2006)
Skates*f Sablefish Negative Predation Aydin et al. (2007)
Diatoms Euphausiids/Large copepods Positive Prey Strom et al. (2016)
Picoplankton Gelatinous zooplankton/Small copepods Positive Prey Strom et al. (2016)

Note: * reflects LEK components. { reflects that these variables were considered as “other prey” or “other predators” within the conceptual model.
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