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Over recent years there have been rapid changes occurring across marine
ecosystems worldwide, with high latitude systems seeing ecosystem shifts emerging
at unprecedented rates. The Gulf of Alaska and Bering Sea marine ecosystems have
experienced substantial fluctuation in fish stocks, with some species experiencing
considerable decreases while others thrive. Following the marine heatwave of 2014,
sablefish (Anoplopoma fimbria) had a historically unparalleled juvenile recruitment class
that is now dominating the stock composition. While this recruitment class bodes
well for future fisheries, it is currently undermining the value of the fishery with limited
incentives to retain the smaller and less valuable fish, compounding adverse effects on
earnings in the fishery due to whale depredation that has been occurring for years.
This study examines the well-being implications of fishermen’s adaptive strategies
to these ecosystem conditions within the Alaska sablefish fishery using a socio-
ecological system framework, operationalized as a qualitative network model (QNMs)
and quantitative indicators. We examine the extent to which adaptation strategies,
derived from a literature review and stakeholder interviews, are being utilized in the
fishery with quantitative indicators. These strategies are then examined with QNMs
that explore their impacts across the spectrum of well-being. By coupling quantitative
indicators and QNMs, we were able to demonstrate how adaptive strategies can
be examined to capture the multi-faceted well-being effects of fisheries participants’
adaptations to changing conditions. This study directly addresses several of the key
guiding principles of the U.S. EBFM Road Map, including advancing our understanding
of ecosystem processes, exploring trade-offs within an ecosystem, and maintaining
resilient ecosystems, inclusive of community well-being. Thus this paper demonstrates
how coupled socio-ecological models can elevate the inclusion of human adaptive
behaviors, providing a framework for the development of policymaking that can mitigate
adverse effects on both the participants and the resource by facilitating the mixture of
adaptive strategies that maximizes desired well-being outcomes.
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INTRODUCTION

High latitude marine ecosystems are experiencing unparalleled
climatic change (Serreze and Francis, 2006) and in 2013,
a record breaking marine heatwave began in the Northeast
Pacific and continued through 2015 with substantial system-
wide changes throughout the Gulf of Alaska (GOA) (Bond
et al., 2015). This extended anomalous warming episode was
immediately followed by a particularly intense El Nino event
and the subsequent atmospheric mechanisms drew the warm
water into the Bering Sea and prolonged the heatwave (Walsh
et al., 2018). While the impacts are still being fully assessed,
many commercial fisheries along the US West Coast from
California to the Bering Sea were severely adversely affected
(Barbeaux et al., 2019; Laurel and Rogers, 2020). In contrast,
sablefish (Anoplopoma fimbria) had a historically unprecedented
recruitment class during 2014 and 2016 (Hanselman et al., 2019).
Under climate change, it is anticipated that the Gulf of Alaska
and Bering Sea will continue to undergo extreme heating events
like the 2013 heatwave (Walsh et al., 2018) and subsequent
above average sablefish recruitment events will likely persist
(Hanselman et al., 2019).

The 2014 sablefish recruitment class that followed the
marine heatwave is currently dominating the stock composition,
creating uncertainty for both stock assessors and harvesters
alike (Hanselman et al., 2019). Prior to 2014, the last large
recruitment event occurred in 2000 and pales in comparison
with what occured in 2014 and 2016 (Figure 1) (Hanselman
et al., 2019). From age-0 to two, juvenile sablefish reside in
nearshore habitat before moving to the deeper waters on the
upper continental slope (Rutecki and Varosi, 1997) where they
are in reach to both the longline and trawl fleets. During those
first 2 years, juvenile sablefish can grow upwards of 1.2 mm
a day (Sigler et al., 2001), before their growth rate asymptotes
with adults reaching an average maximum length of 80 cm
(Echave et al., 2012). Though these large recruitment classes
are expected to enter the fishery, there is still a high level
of uncertainty in the timing and their condition. Managers
consider the high recruitment estimates and future stock
trajectories to be associated with considerable uncertainty, as
early recruitment estimates of unusually strong year classes have
frequently been overestimated in past assessments (Hanselman
et al., 2019). For example, the estimated size of the 2014 years
class declined by over 40% between the initial estimates
and the 2019 assessment (Hanselman et al., 2019). Further
compounding the uncertainty is the decline of the spawning
biomass during the last 30 years (Figure 1) and overall ecosystem
variability. The magnitude and frequency of events like the
2013 marine heatwave are still being assessed for sablefish
(Hanselman et al., 2019), creating additional challenges in
predicting if and when recruitment events of this nature will
occur in the future.

The influx of small fish and the overall decline of older
fish is having substantial adverse effects on the fishery, as it
is difficult for fishermen to avoid the vast numbers of small
fish (Rosellon-Druker et al., 2020). Large sablefish receive a
substantial price premium and the high numbers of smaller fish

are currently causing average dockside prices to plummet across
all size categories (Fissel et al., 2019). Fishermen have also been
encountering large numbers of fish that are too small to be
marketable (NPFMC, 2018). In addition, the price differential
between small and large fish has grown over the last 2 years as
the increased supply of smaller fish is putting downward pressure
on the price of small fish, further increasing the price margin
between the size classes (Fissel et al., 2019; NPFMC, 2019a).
The net effect is that although total allowable catch (TAC) for
this fishery has increased, revenues have concurrently dropped
with estimates of average vessel revenues for 2019 at 68% of
the previous 5-year average, based on harvest data used in this
analysis as described below. In addition, revenue declines are
coupled with increased operating costs from gear damage and
loss of fish caused by persistent whale depredation on longline
gear from both sperm whales (Physeter macrocephalus) and killer
whales (Orcinus orca), as well as rising expenses in terms of bait,
fuel, and crew due to the additional time it takes to harvest quotas
under conditions of both whale depredation and small sablefish
abundance (Peterson et al., 2014).

Understanding the ways in which fishermen are being affected
by and responding to these changes is critical to ensuring the
resilience of the fishing fleet and fishing dependent communities
as well as to the biological sustainability of the fishery in the
long run (Lord, 2011; van Putten et al., 2013; Ono et al., 2017).
The increased ecological uncertainty has required fishermen to
adapt in a variety of ways, all of which have diverse implications
in terms of well-being outcomes. Additionally, the continual
capture of the less than desirable size class and the potential
for illegal discarding has the capability to reduce the spawning
potential of the large recruitment classes. This study examines
these types of impacts from adaptive behaviors in the sablefish
IFQ fishery in response to both small sablefish abundance and
whale depredation using quantitative indicators and qualitative
network models (QNMs).

Qualitative network models are operationalized conceptual
models, which employ a qualitative understanding of variables
and the direction of their linkages to build a system of
interest (Dambacher et al., 2009). Their qualitative assessment
is useful in discerning how a community responds to a
sustained (press) or short (pulse) perturbation (Raymond et al.,
2011; Melbourne-Thomas et al., 2012) and is favored in data
limited systems where a quantitative assessment of variable
interactions is not feasible (Dambacher et al., 2009; Reum
et al., 2015). Within QNMs, link directions of positive and
negative are assigned to community variable interactions and
assembled into a sign directed graph, known as a digraph.
The digraph corresponds to a community matrix and can be
analyzed using graph theory and matrix algebra (Reum et al.,
2015). Random variable interaction strengths are assigned to the
community matrix to simulate a system, which is then perturbed
to probabilistically predict how a community responds to a
perturbation (Melbourne-Thomas et al., 2012).

Qualitative network models are being increasingly employed
to examine ecosystems more holistically and their qualitative
responses to system perturbations (Reum et al., 2015; Harvey
et al., 2016). Despite this increased use, the incorporation of
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FIGURE 1 | Age-2 sablefish recruits and spawning biomass of sablefish in Alaska from 1977 to 2019. The blue line and primary y-axis indicate the average number
of age 2-recruits; the orange line and secondary y-axis indicate the average spawning biomass.

human dimensions into these models is often overly simplistic,
with limited if any consideration of human adaptability and
variability in terms of well-being (Kelble et al., 2013; Okamoto
et al., 2020). Well-being, as described in more detail below,
is conceptualized as a state of being when needs are met
and individuals and communities can pursue their goals and
enjoy a good quality of life (Breslow et al., 2016). In this
study, we present a novel application of QNMs, moving
beyond static assumptions to incorporate adaptive behaviors
and better reflect the reality of how coupled socio-ecological
systems function. We first examine the extent to which
various adaptive strategies are being used with fishery derived
quantitative indicators; then, we apply QNMs to demonstrate
the diversity of well-being outcomes associated with these
adaptations. This coupling of quantitative indicators with
QNMs provides insights into which adaptive strategies are
being employed and in turn how adaptive choices may affect
well-being, informing managers about the potential trade-offs
associated with policy decisions that may facilitate one type of
adaptation over another.

The remainder of this paper is organized as follows. The
following section provides a discussion of how the fixed-gear
fishery is conducted and managed in Alaska. This is followed by
a description of the data and methodology. The results of the
study are presented in terms of both insights into the choice

of adaptations and their well-being outcomes, followed by the
conclusions including potential policy implications.

MANAGEMENT OF THE ALASKA
SABLEFISH FISHERY

The vast majority (over 90%) of Alaska sablefish is harvested
in the federal fixed-gear fisheries (longline pot and hook-and-
line). The fixed-gear sablefish fishery is the third most valuable
groundfish fishery in Alaska, with average landings of 9,640 total
metric tons over the last 5 years averaging $87.9 million in
ex-vessel values (nominal US dollars) (Fissel et al., 2020). The
fishery is prosecuted by a large number of relatively small vessels,
averaging 279 total vessels with the majority of vessels around
50–60 feet in length (Fissel et al., 2020).

The management of the Alaska sablefish fishery provides
important context for how fishermen make decisions about
adapting to changing conditions. The North Pacific Fishery
Management Council (NPFMC) develops and amends fishery
management plans for the sablefish fishery that are implemented
by the National Marine Fisheries Service Alaska Regional
Office (NMFS AKRO). The federal fixed-gear sablefish fishery
is managed under the Pacific halibut and sablefish individual
fishing quota (IFQ) Program (hereinafter IFQ Program) wherein
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participants have quota shares that are translated into annual
IFQs on the basis of the TAC. There are both catcher vessels and
catcher processors that participate in the sablefish IFQ fishery;
the former of which land their IFQs at shoreside processors while
the latter process their catch onboard. This study focuses on the
catcher vessel fleet, which accounts for about 80% of sablefish IFQ
landings. Catcher processors are subject to different regulations
that could affect the adaptive strategies that they employ and
differentiate them from catcher vessels (NPFMC/NMFS, 2016).

When the IFQ Program was implemented in 1995 it included
a number of diverse provisions intended to address a variety of
social objectives for the fisheries that in turn have implications for
how fishermen can respond to changing ecological conditions.
Quota shares (QS) are both area and vessel class specific, with
trading of QS between areas and vessel classes prohibited. In
order to ensure that the benefits of the sablefish IFQ fishery
flowed to active participants, IFQ leasing (the harvest of IFQ
by someone other than the QS holder for which the QS
holder is compensated) was prohibited for catcher vessel quota
shareholders except under emergency medical and survivorship
conditions. However, initial recipients of QS may use hired
masters (anyone designated by the QS holder) to land their
IFQ, and for many participants doing so effectively amounts
to leasing (Szymkowiak and Himes-Cornell, 2015). There are
emergency leasing provisions under which quota shareholders
with medical conditions or who are beneficiaries of quota may
outright lease their IFQs for harvest. The program also includes
limits on consolidation including individual QS accumulation
limits and vessel use caps; the former limits the amount of QS
that can be held by an individual while the latter constrains the
amount of IFQ that can be landed on a vessel. Participants in the
sablefish IFQ fishery are also mandated to retain all sablefish that
they land, irrespective of size. In an effort to limit gear conflicts
between hook-and-line and longline pot gear users, the program
also originally included a prohibition on using pots to harvest
sablefish in the Gulf of Alaska, which are generally allowed in
the rest of the Alaskan sablefish fishery. In 2017, in response to
increasing concerns about whale depredation on sablefish caught
on hook-and-line gear this prohibition was lifted allowing the use
of longline pot gear in the Gulf of Alaska sablefish IFQ fishery.

DATA AND METHODS

This study couples quantitative indicators with QNMs to
understand the potential well-being effects of adaptive strategies
on participants. The strategies that fishermen are employing to
mitigate economic losses from changing ecological conditions
were determined through literature review and stakeholder
interviews. Indicators were developed to examine the utilization
of these strategies. The indicators were compiled from Alaska
harvest data that is the principal source of information for
fisheries analyses in the region. Conceptual models describing
the linkages between adaptive strategies and components
of well-being were developed from links described during
stakeholder interviews and within the literature. The models
were operationalized as QNMs and perturbed to reflect current

ecological conditions, including abundant juvenile sablefish and
whale depredation.

Identifying the Sablefish IFQ Fleet’s
Adaptive Strategies
In order to determine fishermen’s adaptive strategies to
minimize whale depredation and harvest of small sablefish
as well as the well-being outcomes of those strategies, we
conducted stakeholder interviews and a literature review. Semi-
structured interviews were conducted over the telephone with
key informants using an open-ended question format on the
topics of whale depredation, small sablefish abundance, and
adaptive strategies in the fleet. Key informants were chosen
on the basis of their expertise in the sablefish fishery and
representation of stakeholder groups in key geographic areas –
Seattle, Sitka, Homer, and Kodiak- that fish throughout all
of the sablefish fisheries management areas off Alaska. The
literature review consisted of analyses conducted for the NPFMC
regarding whale depredation and small sablefish abundance
issues (NPFMC, 2013, 2015, 2018, 2019a,b; NPFMC/NMFS,
2016). Furthermore we used search databases including Google
Scholar and Scopus with variations of a combination of the
search terms “Alaska,” “sablefish,” “whale depredation,” “juvenile
sablefish,” which resulted in a series of peer reviewed publications
largely pertinent to whale depredation, given the relative recency
of issues with small sablefish in the region (Peterson and
Carothers, 2013; Peterson et al., 2014; Peterson and Hanselman,
2017; Hanselman et al., 2018).

Through this process we identified several key strategies,
which fishermen are employing in Alaska to try to mitigate
the adverse impacts of changing ecological conditions on their
earnings. These strategies include highgrading (or discarding of
small or damaged fish), avoidance behaviors, leasing IFQ, and
stacking IFQ on pot boats, Table 1, which are described in
detail below. (The associated indicators are described in Section

TABLE 1 | Adaptive strategies in response to small sablefish and whale
depredation.

Adaptive strategies Drivers Quantitative
Indicators

Highgrading Small sablefish, whale
depredation

Sablefish discard rates
for the sablefish IFQ
vessels

Avoidance behaviors
– Shorter sets
– Increased distances

between sets
– Deeper sets

– Whale depredation
– Whale depredation
– Small sablefish

Average season length
in days and average
catch per day in
pounds for sablefish
IFQ vessels

Leasing IFQ Small sablefish, whale
depredation

Percent of IFQ sablefish
landed by permit
holders and hired
masters

Stacking IFQ Small sablefish, whale
depredation

Percent of IFQ sablefish
landed by gear type
(pot versus
hook-and-line)
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“Quantitative indicators of adaptive behavior”). In general these
adaptations are not mutually exclusive but may be invoked by
fishermen over differing time horizons. An adaptive strategy was
utilized if there was a minimum of one publication supporting
the strategies identified by stakeholders. Some of the strategies
are specific to avoiding small sablefish while others are intended
to limit whale depredation.

In the short run, fishermen noted that they may respond
to small sablefish abundance by highgrading their catch – the
practice of discarding smaller size fish or those damaged by
whale depredation. Currently, regulations mandate retention of
all sablefish for IFQ participants, irrespective of size; however,
fishermen indicated that highgrading likely occurs in the fishery
anyway. The sablefish IFQ fleet is only subject to partial observer
coverage, with 7% of the sablefish IFQ harvests actually observed
in 2018 (Hanselman et al., 2019), a limitation that can facilitate
highgrading. Fishermen noted that they may also employ a
variety of avoidance behaviors on fishing trips to try to limit both
whale depredation and small sablefish. In order to avoid whales,
fishermen may use shorter sets to minimize the amount of time
that whales have to depredate the gear. Fishermen also described
increasing distances between sets in order to prevent whales from
learning to follow the boat. In an effort to avoid small sablefish,
fishermen target deeper waters where smaller fish are less likely
to aggregate. Deeper sets are likely to be coupled with shorter sets
because fishing deeper affords whales a longer amount of time
to try to pick fish off the gear. In essence, this implies a squeeze
between avoiding whales and small fish using this strategy, which
similarly to the other strategies likely results in variability in its
application depending on which condition, small fish or whales,
is problematic at any given time in any given area.

Because, according to fishermen, avoidance and highgrading
have not been wholly effective at mitigating adverse effects
on earnings within the sablefish IFQ fishery, fishermen have
also begun to employ more strategic planning behavior in
the medium term. Fishermen noted attempting to minimize
operating costs by leasing IFQ, essentially aggregating IFQ from
multiple quota shareholders in order to make economically
efficient trips. This was a strategy relevant in terms of increasing
costs associated with both avoiding whales and small fish. In
order to specifically address whale depredation issues, fishermen
discussed stacking IFQ on boats employing pot gear, which
whales cannot depredate. Therefore, whereas leasing is explored
herein in terms of both leasing to hook-and-line and pot boats,
stacking IFQ is understood to be a strategy specific to moving
quota onto pot boats only.

Quantitative Indicators of Adaptive
Behavior
The extent to which each of the adaptive strategies delineated
above is being employed in the sablefish fishery is examined using
quantitative indicators that align with each of the strategies, see
Table 1. An indicator of at sea discarding was used to assess
whether fishermen are highgrading their catch to minimize the
retention of small fish. Despite the prohibition on discarding
in the sablefish IFQ fishery, the practice does take place and

data is recorded by onboard monitoring efforts in the fleet (see
NMFS, 2019). According to fishermen, avoidance behaviors have
compounded the season prolongation that has resulted from the
increased time needed to harvest quotas with whale depredation
and small fish. Because direct indicators of the various avoidance
behaviors were not available, proxy indicators were developed
that examine season duration in terms of average annual days-at-
sea and daily harvest. These indicators are examined with respect
to linear time trends and using locally weighted scatterplot
smoothing (LOWESS) regression to determine whether trends
change relative to the more recent data. A bandwidth of 0.4
is applied, indicating that the LOWESS smoother has a span
equal to 40% of the data. Leasing is examined as the percent
of sablefish IFQ landed by permit holders and hired masters,
as described above the relationship between permit holders and
hired masters is often akin to leasing. Stacking IFQ is examined
with respect to the distribution of sablefish IFQ landed by pot and
hook-and-line gear.

Specific well-being outcomes of adaptive strategies identified
by the QNM simulations, or more simply variables within our
models, were also assessed using quantitative indicators. Non-
target bycatch is considered a product of fishermen harvesting
in deeper waters to target larger sized adults and avoid the large
number of juvenile sablefish. Specifically, stakeholders indicated
increased interactions with rockfish due to the transition to
deeper waters, which is examined with an indicator of rockfish
bycatch for the sablefish IFQ fleet, for the top six rockfish
species landed by volume. As fishermen try to reduce operational
costs, they aggregate quota on fewer vessels either by leasing
or stacking IFQ on pot boats. That consolidation implies fewer
opportunities for crew to participate in this fishery resulting
potentially from both fewer participating vessels and from quota
shareholders cooperating in the harvest of their quota; the latter
of which implies that shareholders in turn act as crew on
someone else’s vessel (NPFMC/NMFS, 2016). This well-being
effect is captured with an indicator that examines the number
of unique vessels and average crew size per fishing trip in the
sablefish IFQ fleet.

The vast majority of the indicators in this study are based
on harvest data that is collected by the Alaska Department of
Fish and Game (ADFG) and utilized by NMFS AKRO to track
sablefish harvests relative to IFQ accounts. The harvest data,
commonly referred to as “fish tickets,” contains information on
species landed, weight, gear used, prices, product types, and
harvest dates, as well as permit, vessel, and processor identifiers.
Permit holder data was coupled with harvest data to identify
whether the person making the landing was the IFQ permit
holder or a hired master.

In order to align our analysis of the indicators with the QNMs
developed from the literature and stakeholder interviews we
limited the data to catcher vessels making shoreside landings of
sablefish IFQ. The only indicator that was not derived directly
from fish ticket data is for sablefish discards by the IFQ fleet. This
indicator was developed from an analysis presented by the NMFS
AKRO to the NPFMC and based on data from the NMFS Catch
Accounting System and Restricted Access Management Program
databases, inclusive of a variety of required industry reports of
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harvest and at-sea discards and data collected through the fishery
observer program (Cahalan et al., 2014; NMFS, 2019).

Trends that became evident in 2017 were generally considered
consistent with a response to small sablefish abundance, which is
aligned with the timing of when fishermen reported encountering
large numbers of small fish (NPFMC, 2018). A response to whale
depredation is less easily discernible because that depredation
has been occurring for decades. However, quota stacking on
pot boats is examined as a response to whale depredation
following the amendment to the IFQ Program that allowed
pot gear usage in the Gulf of Alaska in 2017. The timing of
the implementation of this amendment may be confounding
trends examined with respect to adaptive strategies. Given the
recency of small sablefish abundance and the short length of
time series that we can examine, the intent of this study is
really to demonstrate the potential utility of coupling quantitative
indicators with QNMs rather than ascertaining actual trends
based on the indicators themselves. The use of indicators to
denote potential ecosystem changes that may affect stocks and
fisheries is becoming increasingly important in the face of rapid
marine ecological shifts and increasingly applied in North Pacific
fisheries (Shotwell, 2018), and indicators focused on human
adaptation can be readily incorporated within that mix.

Development of the Baseline and
Adaptive QNMs
Five QNMs were constructed to explore the well-being effects of
each of the adaptive strategies of the sablefish IFQ fleet. As noted
above, similar to identifying adaptive strategies, linkages were
determined from the well-being effects that were identified from
stakeholder interviews and evidenced in the literature. Well-
being is framed in terms of its multiple components, linking the
individual, environmental, and social domains that provide for a
good quality of life beyond when basic needs are met (Breslow
et al., 2016). These domains consist of a broad array of elements
that have previously been associated with fisheries participation
in Alaska (Figure 2) (Szymkowiak and Kasperski, 2020).

The QNMs developed explore the impacts of each of the
adaptive strategies described by stakeholders with respect to the
elements shown in Figure 2 – social relationships, environmental
connection, health, knowledge and values, freedom and agency,
and equity and sustainability. Whereas the literature points
to positive relationships between the well-being components
denoted in Figure 2 and fisheries participation in Alaska
(Szymkowiak and Kasperski, 2020), stakeholders described how
small sablefish abundance and whale depredation undermine
these well-being relationships, with expressed stress regarding
these changes and their perceptions of their capacity to
understand their marine environment. Similarly, the various
adaptive strategies have had differing, often negative impacts
across the well-being components, according to stakeholder
interviews and as described in the literature (NPFMC, 2013,
2015, 2019a; Peterson and Carothers, 2013; Peterson et al., 2014;
NPFMC/NMFS, 2016). Table 2 provides examples of quotes and
the linkages that were derived from them to build the QNMs.

In order to build the models we had to make simplistic
assumptions about link directionality that masked the realities of
heterogeneous linkages across diverse user groups. For example,
leasing IFQs may have adverse implications for physical safety
for lessees who have to harvest the quotas often under stressed
conditions; but for the quota shareholder this can have positive
effects on safety because they no longer have to go out to sea.
This implies differing relationships between model variables and
well-being components for these two user groups. However,
the simplistic assumptions of QNMs preclude heterogeneity in
link directionality so that divergent linkages cannot be included.
Because the intent of this study is to examine the implications
of adaptations on the spectrum of well-being and we did not
specifically engage in discussions about the divergent application
of adaptive strategies across different user groups. Only linkages
specific to those who are actively participating in the fishery
harvest were examined within our QNMs, omitting quota
shareholders who are not directly participating.

In the instance where link directionality diverged between
stakeholders and the literature, the link was excluded from the
QNM. This was the case for the implications between pot gear
usage and the size of fish harvested. Multiple stakeholders voiced
concern that the use of pot gear actually results in the harvest
of smaller fish than hook-and-line gear. However, scientists
examining this potential relationship in the sablefish stock
assessment did not find conclusive results in the relationship
between pots and fish size (Hanselman et al., 2019). Therefore
this relationship is not included in the QNMs.

The core of the QNMs is a simplistic relationship between the
major components of fisheries participation. That participation
or fishing effort results in harvests, which when coupled with
prices determine gross revenues. Gross revenues are positively
associated with livelihood and income security (the two economic
components of well-being) while fishing costs, as determined
by effort, have negative implications for the same variables. All
five models were perturbed by increasing both small sablefish
abundance and whale depredation simultaneously, which then
triggers the adaptive strategies to examine how well-being
components are affected. Because each model includes distinct
adaptive strategies, the perturbation of small sablefish and whale
depredation allows for examining how each of these adaptations
will impact well-being.

The first model is the baseline model, which explores
the effects of increased small sablefish abundance and whale
depredation when fishermen are assumed to have no adaptive
responses. Small sablefish abundance and whale depredation pull
harvests in opposite directions because of how they affect the
TAC, with the former providing for TAC increases due to positive
stock implications and the latter driving it down as another
source of mortality. Both of these ecological stressors also result
in increased fishing costs due to damaged fish and the greater
amount of time necessary to harvest quotas.

The following four models explore the effects of the diverse
adaptive strategies on the components of well-being. In the
short term, fishermen are expected to address the harvest of
small fish by highgrading their catch. This is eventually coupled
with avoidance behaviors (e.g., fishing deeper waters, setting
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FIGURE 2 | Elements of well-being that are explored in the QNMs of adaptive behaviors to small sablefish abundance and whale depredation.

shorter sets, increasing distances between sets) that, as discussed
above, are differentially intended to avoid small sablefish and/or
whales. In addition to direct well-being effects, these avoidance
behaviors are also assumed to lead to increased non-target
bycatch due to fishing in deeper waters; in turn, this bycatch has
its own well-being implications. Similarly, in addition to their
direct well-being effects, leasing IFQ and stacking IFQ on pot
boats are associated with secondary impacts on gear conflicts,
consolidation, lease fees and QS prices, which in turn have
their own well-being implications. Leasing and stacking on pot
boats are employed in addition to avoidance and highgrading,
because none of the adaptive strategies are completely effective
at mitigating harvests of small fish or whale depredation.

Figure 3 is the matrix representation of the linkages that
are incorporated within the baseline, highgrading and avoidance
behaviors QNMs, built from the stakeholder interviews and
literature as described above. Supplementary Table 1 provides
a breakdown of this matrix, describing the variables utilized, link
direction, and the references; the Supplementary Material also
depict the relationships in the baseline model using a flowchart
(Supplementary Figure 1). The highgrading model builds on
the baseline model and the avoidance behaviors model builds on
the highrading model. In other words, the highgrading model
includes all of the linkages within the baseline model as well as

linkages specific to highgrading; the avoidance behaviors model
includes all of the linkages within the highgrading and baseline
models as well as linkages specific to the avoidance behaviors
model. Each of the linkages within a model is demarcated
with a square, which includes a positive or negative symbol
that indicates the link direction. The colors of the squares
denote which model(s) include the linkage. In general, well-being
components are the terminal nodes in the models, comprising
the majority of the variables on the x-axis; the exception to
that is livelihood which appears on both axes because of its
role in incentivizing fishing effort in the adaptive models. The
leasing IFQ and stacking IFQ models include all of the linkages
represented in Figure 3; the additional linkages included in each
of these two models are provided in Figure 4, and also described
in the Supplementary Table 1. As described above, leasing and
stacking trigger other variables – gear conflicts, consolidation,
lease fees, and QS prices – that in turn have their own impacts
across well-being components.

The variable representing fisheries participation in these
models does not respond directly to adaptive behaviors. Instead
these behaviors are included as distinct variables in the model,
with their own linkages and well-being effects. This is because
QNMs preclude the inclusion of divergent relationships (positive
and negative) for the same link. The variable representing
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TABLE 2 | Example quotes and the linkages derived from them to build QNMs.

Quote (source) Linkages determined from quote
and associated sign (+ or −)

“...because of the wear and
tear. Wages are down and
you’re out later because the
season is extended because
the whales are eating all your
fish and you’re trying to fish to
avoid the small fish” (Fisheries
stakeholder)

Avoidance behaviors to physical health
(–)
Avoidance behaviors to sense of
enjoyment (–)
Avoidance behaviors to average fishing
costs (+)
Whale depredation to harvests (–)

“Preferential selection of large
sized sablefish, as a result of
small sablefish discard, could
result in negative
consequences for the existing
spawning stock, which has
been in decline over the last
decade. The fundamental
enforcement concern on the
fishery as a whole is how
discards impinge on IFQ
accounting and the degree that
this affects accuracy in discard
reporting.” (NPFMC, 2019b)

Discarding to stewardship (–)
Discarding to resilience (–)
Discarding to sustainability (–)
Discarding to governance/management
(–)
Discarding to education/information (–)

“If longline pot gear is set over
previously deployed
hook-and-line gear, the weaker
hook-and-line gear can be
damaged or lost as it is being
retrieved mortality of fish caught
in lost gear (deadloss) from lost
or abandoned gear”
(NPFMC/NMFS, 2016)

IFQ stacking to gear conflicts (+)
Gear conflicts to stewardship (–)
Gear conflicts to
governance/management (–)
Gear conflict to sustainability (–)

fisheries participation has positive effects on well-being as
described above, but under changed conditions and adaptive
behaviors that participation is altered and undermines well-being
outcomes. Therefore, there is a necessity for the inclusion of
new variables to model the well-being impacts of each of the
adaptive strategies within the QNMs. These adaptive strategies
are incorporated as responses to changes in average fish prices or
average fishing costs or both, as fishermen are essentially trying
to attenuate profit declines from small and depredated fish.

Operationalizing the QNMs
In order to operationalize the QNMs, we began by building a
sign directed graph in the diagram creation program Dia (ver.
0.97.2)1. The digraph is interpreted as a community matrix in
the R package QPress (Melbourne-Thomas et al., 2012; R Core
Team, 2019) with the community matrix elements corresponding
to a variable interaction direction (→ = 1, • = −1, and no
link = 0). Consistent with previous applications of QNMs, a
negative self-interaction was applied to each variable to account
for the assumed negative self-effects not included in the model as
well as to enhance overall model stability (Raymond et al., 2011;
Melbourne-Thomas et al., 2012).

1http://live.gnome.org/Dia

The known link direction (positive and negative sign) is
retained to create a simulated community matrix and the stability
is tested against known stability criteria (see Melbourne-Thomas
et al., 2012). The predicted response of the community to the
perturbation is determined from the inverse of the stable matrices
retained. This process is repeated for 10,000 simulations and
the results are summarized and expressed as the probability
of occurrence with the impact from the perturbation readily
assessed for each variable across the stable matrices. A predicted
response was assumed to have high sign consistency and
therefore high sign determinacy when ≥ 70% of the responses
were positive or negative, with those falling between 30 and 70%
having an indeterminate sign response and considered equivocal
(Melbourne-Thomas et al., 2012; Reum et al., 2015).

RESULTS AND DISCUSSION

The extent to which adaptation strategies are being employed
in the sablefish fishery is explored within section “Examining
adaptive strategies with quantitative indicators.” In turn,
understanding the utilization of strategies provides information
on the relevance of the well-being effects for each of the
adaptive QNMs that are described in section “Understanding the
well-being effects of adaptations.” Finally the well-being effects
delineated through the QNMs are explored with quantitative
indicators in section “Examining QNM results with indicators.”

Examining Adaptive Strategies With
Quantitative Indicators
In this section quantitative indicators are employed to examine
the application of various adaptive strategies. Figure 5 represents
the annual sablefish discard rate in terms of the percent of
the number of fish that are discarded relative to total harvests
in the sablefish IFQ fleet. The figure demonstrates an increase
in discarding in 2019 aligned with stakeholder interviews
indicating that “a fair amount of highgrading is happening
on the grounds, despite sablefish being mandatory retention.”
This lagged response may reflect declining prices across all size
categories and the substantial increase in the price differential
between small and large fish that occurred in 2018 (NPFMC,
2018). The lack of a visible increase beginning in 2017 when the
small fish began to substantially contribute to the harvestable
biomass may be due to smaller price differentials at that time and
higher prices overall (Fissel et al., 2019). The increase in discards
is further attributed to the rise of pot gear vessels in the fishery –
a response to whale depredation that is explored below - because
these boats account for the majority of discards.

The annual average season length for vessels in the sablefish
IFQ fleet demonstrates a statistically significant (at the 0.0%
level) increasing trend of 1.2 days per year from 2006 to 2019,
as well as a marked increase in the average season length
beginning in 2017 evident in the LOWESS curve (Figure 6A).
Thus average season length is aligned with expectations of the
effects of current ecological conditions and changing behaviors
leading to more time on the water. Concurrently, average daily
harvests (Figure 6B) have been decreasing significantly (at the
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FIGURE 3 | A matrix representation of the variable interactions obtained from the signed digraphs for the baseline, highgrading and avoidance QNMs, derived from
stakeholder interviews and literature review. All variables have negative self-interaction (not shown). Symbols within squares indicate the link direction (+, –). Blue
boxes indicate links specific to the baseline model, green boxes are specific to the highgrading models and teal boxes apply to the avoidance. Figure created with R
package “ggplot2” (Wickham, 2016; R Core Team, 2019). The highgrading model includes all of the links in the baseline model; the avoidance model includes all of
the links in the highgrading and baseline models.

0.0% level) at a rate of 58 pounds a year, aligned with CPUE
trends for the sablefish IFQ fishery noted in the stock assessment
(Hanselman et al., 2019). In fact, the correlation coefficient for the
average season length and daily harvest (0.81) indicates a strong
relationship between these two variables demonstrating that the
fleet has been experiencing reduced efficiencies contributing to
prolonged fishing seasons over the time series.

The influx of juveniles is exacerbated by the rapid decline
of older fish over the last several years, resulting in fewer big
fish to target among the inundation of small fish (Hanselman
et al., 2019). Yet the LOWESS curve demonstrates that the
rate of the decline of daily harvests has actually decreased over
the last several years, with slight increases in harvest rates in
2017 relative to 2016 and 2019 relative to 2018. Thus despite
overall evidence of declining harvest rates for the fleet, the last
several years of data do not point to adverse effects of avoidance
strategies on these rates. However in part this may be attributed
to fishermen “dropping out” and leaving their quota un-fished
as evidenced in 2018 and 2019 when approximately 82% of
the quota was harvested, compared to 90% for all the previous
years of the IFQ Program (NMFS, 2020). The differential shifts
in the two trendlines in Figure 6 since 2017 point to the
potential that other drivers in addition to reduced daily harvests
are contributing to increasing seasons in the fishery over the
last several years, although a longer time series and a more
robust analysis would be needed to fully examine the reasons
for these changes.

Figure 7A does not indicate increased leasing in response
to small sablefish and whale depredation (Figure 7A). Instead
leasing has been declining since 2014 likely in response to

regulatory measures that were implemented at the time to limit
the use of hired masters in the fishery (Szymkowiak and Himes-
Cornell, 2017). It should be noted that although emergency
leasing has historically not accounted for a large portion of landed
pounds in the sablefish IFQ fishery (NPFMC/NMFS, 2016),
changing ecological conditions may be driving the increasing use
of this lease provision, which is not captured in our data. In
contrast to hired master use, quota stacking on pot boats has
generally been increasing over the last several years (Figure 7B),
aligned with expectations that it serves as a strategy to avoid whale
depredation. The increase is demonstrable starting in 2017, when
the amendment allowing the use of longline pot gear in the Gulf
of Alaska sablefish IFQ fishery was implemented.

Understanding the Well-Being Effects of
Adaptations
The multi-faceted components of well-being are explored using
the adaptive strategies that were evidenced by the quantitative
indicators above. With the exception of leasing, the indicators
in Section “Examining adaptive strategies with quantitative
indicators” point to some increase in the adaptive strategies that
were enumerated by stakeholders, most prominently highgrading
and stacking IFQ. Although the response is not apparent for
leasing and may not be readily distinguishable from other drivers
with the season duration and daily harvest indicators, the QNM
results of all four adaptive strategies are explored within this
section. The well-being outcomes of strategies that are not being
employed are also important to consider, as policymakers can
promote strategies given their intended suite of outcomes.
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FIGURE 4 | A matrix representation of the additional variable interactions obtained from the signed digraphs specific to the leasing and stacking IFQ QNMs, derived
from stakeholder interviews and literature review. All variables have a negative self-interaction (not shown). Symbols within squares indicate the link direction (+, –).
Red boxes indicate links specific to the leasing IFQ model, light blue boxes are specific to stacking IFQ model, and purple boxes indicate links that are shared by
both models. Figure created with R package “ggplot2” (Wickham, 2016; R Core Team, 2019). The leasing and stacking IFQ models also include all of the linkages
represented in the avoidance model.

In the baseline model, small adult sablefish and whale
depredation are both positively perturbed and fishermen do not
undertake any adaptive behaviors (Figure 8). Increasing numbers
of small fish and whale depredation lead to decreasing dockside
fish prices. Concurrently they increase the costs of fishing because
fishermen have to spend more time harvesting in order to catch
their full quota leading to greater expenditures on things like
bait, fuel, and crew expenses. The coupling of lower prices and
increased fishing costs diminish incentives for fishing leading to
reduced harvests. This effect is manifest in declining percentages
of the TAC being harvested in the fishery over the last several
years (NMFS, 2020). Gross revenues decline as both prices and
harvests fall leading to negative responses in livelihood and
income security.

In addition to adverse economic effects in the baseline model,
increasing numbers of small adults and whale depredation
lead to negative impacts across a number of other well-being
components. As fishermen observe a changing ecosystem, they
experience declines in their connection to the ecosystem and
mental health, self determination, stewardship, and sense of
enjoyment and fulfillment. The availability of food declines

with the preponderance of small fish and whale depredation,
which also adversely affect short term food security. The
unprecedented ecological conditions that led to the large sablefish
recruitment class along with continued whale depredation imply
increasing uncertainties in the stock assessment, reflected in
a negative result for governance. Seasonal prolongation has
negative implications for family connection and physical safety
due to fatigue. Physical safety is also adversely affected by
depredating whales, which can be hazardous. The totality of
these effects also implies increasing political participation as
fishermen advocate for increased flexibilities in response to
revenue declines. This has been demonstrable in the North Pacific
fisheries management process with fishermen seeking flexibilities
for the use of pot gear to target sablefish as well as the elimination
of the prohibition on discarding of small fish (NPFMC, 2013,
2018).

Figure 8 demonstrates the results when fishermen respond to
whale depredation and small fish abundance in the highgrading
model (8) and in the avoidance behaviors model (8). Because the
intent of highgrading is to retain larger sized fish to receive a
higher dockside price, there is no longer a consistently negative
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FIGURE 5 | Sablefish discard rates for the sablefish IFQ fleet in terms of the percent of the number of fish that are discarded, based on observer and electronic
monitoring data.

FIGURE 6 | Average season length in days (A) and average catch per day in pounds (B) for sablefish IFQ vessels. Figure includes the linear fit line and the 95%
confidence interval around that line and the LOWESS fit curve calculated using a 0.4 bandwidth.

effect on average prices. However, highgrading is unlikely to
actually ameliorate harvests of small fish due to continued
overabundance of them, as denoted by an inconsistent result

for average prices. Positive effects on average fishing costs
continue as discarding implies the use of extra bait, fuel,
and labor to harvest quotas. Coupled with continued negative
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FIGURE 7 | Percent of IFQ sablefish landed by permit holders and hired masters (A) and percent of IFQ sablefish landed by gear type (B).

effects on harvests, gross revenues have consistently negative
effects, with resultant negative implications for livelihood and
income security.

In addition to the negative effects on various well-being
components from small sablefish abundance and whale
depredation, highgrading undermines the well-being that
fishermen derive from fisheries participation. The prolongation
of the fishing season under the baseline scenario is compounded
by fishermen having to spend more time on the water due
to highgrading, with continued negative implications for
family connection as well as physical safety. Further negative
impacts on a variety of well-being components result from
fishermen experiencing a dissolution from their sense of self
and way of life due to highgrading, with adverse implications
for identity, personal development, and family heritage.
The notion that fishermen are highgrading their catch
can also lead to an erosion of other community members’
perceptions of the role of fishermen in their community
with negative effects on cultural values and traditions and
sense of community. Highgrading also negatively impacts
the national economy and national food security as it results
in fish mortality that does not enter the food system. Since
it is unobserved, highgrading also has adverse implications
for stewardship and the information necessary to effectively
manage the resource.

In the avoidance behaviors model, the coupling of highgrading
with avoidance leads to inconsistent results for fish prices
and harvests and gross revenues as well (Figure 8). Some

of the negative effects on well-being components become less
consistent as avoiding small fish and whales is a strategy to
mitigate not only revenue declines but discarding as well.
Although examination of the season length and daily harvest
indicators above did not indicate that avoidance behaviors are
necessarily prolonging fishing seasons, stakeholder accounts
did indicate more time on the water due to this strategy,
which is reflected in negative results for family connection,
sense of enjoyment/fulfillment, and physical safety. Adverse
effects on physical safety are also associated with fishing in
new waters and moving around more on the water. Some
fishermen also noted that the strategy of fishing in deeper
waters results in bycatch of non-target species, an effect that
is captured in the positive results in “non-target bycatch”
in Figure 8.

Stakeholders indicated that because highgrading and
avoidance behaviors do not completely mitigate adverse effects
on gross revenues, fishermen also employ leasing and stacking
IFQ strategies, the well-being effects of which are explored
in Figure 9. In the leasing IFQ model, new variables are
added to account for relationships that do not exist in the
highgrading and avoidance behaviors models, Figure 9. Low
earnings expectations associated with small fish and whale
depredation have, according to fishermen, resulted in decreased
lease fees and QS prices - a relationship that is aligned with
economic theory (Anderson and Seijo, 2010; Szymkowiak
and Felthoven, 2016). Lease fees are the amount paid by the
fisherman to the QS holder for the harvest of their IFQ, usually
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FIGURE 8 | Results from 10,000 simulations to a positive perturbation in
small adults and whale depredation for the baseline highgrading, and
avoidance behaviors models. The squares indicate the probability of a positive
(blue) or negative (red) response of the variables (y-axis) within each model
(x-axis). Shading increase corresponds with an increase in sign consistency
and the textured squares represent inconsistent results that are less than the
70% cutoff. Figure created with R package “ggplot2” (Wickham, 2016; R Core
Team, 2019).

calculated in terms of the percent of the total ex-vessel revenues
(NPFMC/NMFS, 2016). In turn, the declining lease fees and QS
prices can lead to positive well-being outcomes, by essentially
mitigating the adverse effects that have been associated with
high lease fees and QS prices. In particular, rising QS prices
were associated in the 20-year review of the IFQ Program with
adverse effects on entry, the distribution of benefits to small/rural
communities, and fisheries diversification, which in turn have
negative implications for social justice and equity, personal

FIGURE 9 | Results from 10,000 simulations to a positive perturbation in
small adults and whale depredation for the leasing IFQ and stacking IFQ
models. The squares indicate the probability of a positive (blue) or negative
(red) response of the variables (y-axis) within each model (x-axis). Shading
increase corresponds with an increase in sign consistency and the textured
squares represent inconsistent results that are less than the 70% cutoff Figure
created with R package “ggplot2” (Wickham, 2016; R Core Team, 2019).

development, education and information, sense of community,
and resilience (NPFMC/NMFS, 2016). Lease fees have been
negatively associated in this fishery with physical safety and
stewardship due to the demands on the lessee to harvest the IFQs
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even in poor weather conditions and without much investment
in the long-term health of the resource (NPFMC/NMFS,
2016; Ringer et al., 2018). In addition, the disparities created
by rising lease fees have undermined participants’ sense of
community and the distributional inequities in the benefits
derived from the implementation of the IFQ Program have
eroded perceived social justice and equity (Ringer et al., 2018).
Figure 9 demonstrates how those effects are actually ameliorated
when lease fees and QS prices drop, with positive results across
some of these well-being components and less consistently
negative results across others.

In essence, declining lease fees and QS prices attenuate the
negative impacts of leasing and in a scenario where leasing
becomes the primary adaptive strategy, it may provide for entry
opportunities for new participants as well as other associated
benefits. The positive impacts on new entry due to lowered QS
prices in the leasing IFQ model also buffer the potential effects of
increasing consolidation resulting from leasing. The aggregation
of quota with leasing leads to fewer vessels directly participating
in the fishery; in turn, this limits crew and entry opportunities.
However, that negative effect is cushioned by the positive impacts
of lower QS prices on those opportunities.

Whereas stacking quota on pot boats can be akin to leasing,
the practice also includes quota shareholders participating
in the harvest of their quota on pot boats, Figure 9. The
stacking IFQ model results in the incorporation of two new
variables - gear conflicts and consolidation, which result in
their own well-being effects. There has been historic gear
conflict between longline pot and hook-and-line vessels in the
sablefish fishery, which employ different gear on the same
fishing grounds and at the same depth (NPFMC/NMFS, 2016).
The groundline on longline pot gear is heavier and stronger
than the one used for hook-and-line gear so that when the
two gear types are set in the same place it can result in
entanglement and gear loss. Furthermore, pot gear can sit
in the water for longer periods of time because the fish
caught in it are not subject to sand fleas like those caught
with hook-and-line gear, so that pot gear can preempt fishing
grounds. Therefore, stacking quota on pot boats as an adaptive
strategy is assumed to lead to increased gear conflicts. In turn,
gear conflicts have a number of well-being implications. Gear
loss can result in ghost fishing, which has negative effects
on governance and education and information due untracked
fishing mortality (NPFMC/NMFS, 2016). The coupling of
the ecological implications of ghost fishing and the social
implications of gear conflicts on maintaining intra-community
relationships undermines sense of community, resilience, and
sustainability as well. Although these impacts could imply
negative effects on stewardship as well, there is indication that
the use of pots can have more direct positive impacts on
reducing other ecological interactions including marine mammal
and seabird interactions (NPFMC, 2015); therefore, the ultimate
impact on stewardship is equivocal.

The outcomes of consolidation are different within the
stacking IFQ model than the leasing IFQ model because in
the latter declining QS prices and lease fees provide entry
opportunities buffering the negative effects of consolidation.

Within the stacking IFQ model, with fewer participating vessels,
there is a reduction in the availability of crew jobs and
opportunities for new individuals to enter the fishery with
negative effects on personal development and education and
information. This represents an inequitable distribution of fishery
benefits across generations resulting in a decline in social
justice and equity. The loss of intergenerational access and
learning opportunities is also manifest in negative impacts on
resilience and sustainability due to decreased opportunities to
share traditions across generations.

Examining QNM Results With Indicators
Specific well-being outcomes of adaptive strategies, or variables
in our QNMs, are explored using time-series indicators. In
an effort to understand how prevalent the issue of non-
target rockfish bycatch is, an outcome of avoidance behaviors,
Figure 10 examines landings of the top six rockfish species
by volume harvested by the sablefish IFQ fleet. These harvests
represent rockfish that were incidentally caught on sablefish
IFQ target trips. As in section “Examining adaptive strategies
with quantitative indicators,” well-being outcomes are considered
to be associated with adaptations if they became evident in
2017 or later. The figure demonstrates a substantial increase
in rockfish bycatch but not until 2019, which may imply
that similarly to the timeline discussed for the highgrading
indicator above the incentives for avoiding small sablefish became
particularly acute in 2019.

Increasing rockfish bycatch is especially relevant in the
Central and Eastern Gulf of Alaska, as these deeper waters are
ecological hotspots for various rockfish species, some of which are
considered vulnerable. In addition to the increase in the volume
of rockfish bycatch for the sablefish IFQ fleet, Figure 10 also
indicates an increase in landings of yelloweye rockfish which is a
species of particular concern in Southeast Alaska (ADFG, 2019).
In response, beginning in 2020, the sablefish IFQ fleet is subject
to mandatory rockfish retention due to concerns about both
increasing and unobserved bycatch (NPFMC, 2019c). Overall the
trends in rockfish bycatch substantiate concerns that changing
behavior in the sablefish IFQ fleet may have adverse consequences
for non-target species bycatch, especially if price differentials
between small and large fish continue.

The impacts of IFQ stacking on consolidation and lost
opportunities for crew employment are explored in Figure 11
in terms of both the number of active vessels in the fishery
(Figure 11A) and average crew size on sablefish fishing trips
(Figure 11B). Consolidation in terms of active vessels has been
occurring at a statistically significant rate (at the 0.05% level)
of just over 6 vessels per year over the time series. Although
the LOWESS trendline does not indicate that the rate of vessel
consolidation has changed substantially since 2017, there is a
visible dip in 2019. In contrast, the linear trendline for average
crew size is not statistically significant although the LOWESS
trendline for average crew size on sablefish IFQ fishing trips
indicates a marked decrease in 2019. Decreasing vessel numbers
over the time series indicate a substantial decrease in crew
opportunities in the fishery. The marked decrease in vessel
numbers and average crew size in 2019 point to the potential that
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FIGURE 10 | Rockfish bycatch for the sablefish IFQ fleet, for the top six rockfish species landed by volume.

FIGURE 11 | Number of unique vessels (A) and average crew size per fishing trip (B) in the sablefish IFQ fleet. Figure includes the linear fit line and the 95%
confidence interval around that line and the LOWESS fit curve calculated using a 0.4 bandwidth.

changing ecological conditions and adaptive responses to those
may be adversely affecting participation opportunities. Although
a longer time series will be needed to determine significant

trends and parse out other factors, altered crew opportunities and
changes to crewmembers’ capacity to gain requisite experience to
become vested in this fishery have been documented since IFQ
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implementation (Carothers, 2010, 2015; NPFMC/NMFS, 2016;
Ringer et al., 2018).

POLICY IMPLICATIONS

This study demonstrates how indicators coupled with QNMs
can be used to understand adaptive behaviors and their well-
being implications and tradeoffs. The ways in which adaptation
strategies are shaping behavior in a fishery can be examined with
quantitative indicators from harvest data that is readily available
in many fisheries. Such indicators provide valuable insights about
how fishermen are adapting to changing conditions that when
coupled with QNMs can be used to inform well-being outcomes
as well as other ecological effects. For example, the adaptations
that are taking shape in response to large sablefish recruitment
events in Alaska can be readily translated to the US West Coast
where the 2016 sablefish cohort was also the largest in decades
(Haltuch et al., 2019).

The exploration of adaptive strategies using QNMs provides
a means of conceptualizing outcomes across the spectrum
of well-being. To date most policymaking has focused on
economic outcomes because these are more readily quantified
than other well-being effects. The application of QNMs in
this study demonstrates how other well-being impacts can be
examined in parallel to economic effects and essentially places
them on a level playing field. Using stakeholder interviews
and literature review, well-being outcomes can be linked to
variables that are associated with adaptations and fisheries
participation more broadly to build QNMs. Such tools can then
extend the scope of what is considered in shaping policies,
allowing decision makers to consider the spectrum of well-
being components.

The application of quantitative indicators and QNMs in
the context of adaptation strategies to changing ecological
conditions in this study addresses several existing limitations to
the incorporation of human dimensions within EBFM. Firstly,
it moves from static assumptions about human behavior to
incorporate the realities of how adaptation characterizes fisheries
participation. Furthermore, it incorporates the spectrum of
well-being, moving beyond the singular focus on economic
welfare that dominates the conventional discourse on outcomes
in fisheries. Thirdly, it facilitates an understanding about the
implicit tradeoffs of adaptive strategies across the components
of well-being. For example, policymakers could consider the
implications on crew and new entry opportunities associated
with the leasing and stacking IFQ strategies, especially given
the manifest decline in participating vessels in Figure 11.
Whereas QNM results for the leasing IFQ model indicate that
under current conditions of low QS prices and lease fees there
is a positive outcome in inter-generational equity issues, the
stacking IFQ model has the opposite effect. This would imply
that holding all else equal policies that promote leasing could
ameliorate equity issues relative to more stacking. In examining
all of these issues, this study addresses a number of the key
principles of the U.S. EBFM Road Map as well as other guiding
documents for ecosystem based science, including advancing

our understanding of ecosystem processes, exploring trade-
offs within an ecosystem, and maintaining resilient ecosystems,
inclusive of community well-being.

As with all models, QNMs are simplistic representations
of systems that have inherent limitations, which should be
considered by policy makers when utilizing them. Issues with
model stability arise when too many variables are examined in
QNMs; therefore, variables are often grouped or intermediary
variables are removed. The necessity of this reductionist approach
may hinder the capacity of these models to fully represent
fisheries systems. Therefore, in developing QNMs there needs to
be consideration of which variables policy makers may be able
to isolate for regulation in order to ensure that these are not
aggregated. QNMs are also constrained to uniform relationships,
in that a linkage can only be either positive, negative, or neutral.
But the nature of those linkages can vary between and even
within user groups. For example, in the case of sablefish adaptive
strategies we noted the omission of inactive quota shareholders
from our models in order to be able to develop QNMs of
leasing behavior. However, in reality even within the group of
active harvesters in this fishery, the well-being effects of adaptive
strategies could vary based on a multitude of individual variables,
including risk tolerance, access to capital, experience and so
on. Policy makers should therefore consider how representative
the linkages in the QNMs are of the various user groups in
their fisheries. Finally, the binary nature of QNMs also does not
allow for weighting the variable strengths, therefore all variables
are assumed to have equal impact upon one another. Other
modeling frameworks like fuzzy cognitive mapping allow for the
inclusion of the strength of interactions, but policymakers then
have to judge the representativeness of the strengths included
in those models. In essence QNMs provide an easily adaptable
mechanism of examining how adaptive behavior may reverberate
throughout a fishery, but there is a tradeoff in that facility
with impediments in accounting for the inherent complexity
of these systems.

CONCLUSION

In the Alaskan sablefish fishery, the influx of small sablefish and
continued whale depredation has caused earnings to plummet
and fishermen to invoke a variety of strategies to try to
adapt and mitigate that decline. The persistence and likely
acceleration of change in the sablefish fishery will necessitate
further adaptive evolution. Fishermen may have to convert their
existing hook-and-line boats to pot boats or invest in new boats
to accommodate pot gear, a capital intensive proposition that
may be facilitated by partnering with others or technological
advancement. Others may develop or extend existing networks
to facilitate information sharing about small sablefish or whale
hotspots and leasing or quota stacking arrangements. Each
of these and any other strategies that may emerge will have
its own variegated impacts across the spectrum of well-being
that can be explored with indicators and network models.
To expand the utility of these tools there should be greater
consideration of regional differences in ecological and market
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perturbations and thus spatial variation in the application
of adaptation strategies, as well as the potential for distinct
local well-being priorities. This can facilitate policymaking that
maximizes desired outcomes contextualized in locally relevant
adaptive capacities and value systems.

Adaptation is a key component of the resilience that
characterizes fishermen and makes fisheries successful.
Understanding how adaptive behavior unfolds in fisheries and its
well-being outcomes is critical for conceptualizing adaptations
and their impacts in the face of diverse forms of perturbations,
from ecological impacts associated with climate change to market
effects of global shifts. The rate at which marine ecosystems
across the globe are changing is anticipated to increase in the
coming years (Walsh et al., 2018), the necessity for integrating
adaptations into policy frameworks and the assessment of the
techniques that are employed is also going to become more
relevant. The mechanisms of evaluating adaptational impacts
demonstrated in this study have the potential to advance those
frameworks by incorporating the diversity in human adaptation
and well-being, providing a means to more accurately represent
humans within EBFM policy.
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