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Marine Heatwave Stress Test of
Ecosystem-Based Fisheries
Management in the Gulf of Alaska
Pacific Cod Fishery

Steven J. Barbeaux*, Kirstin Holsman and Stephani Zador

Alaska Fisheries Science Center, National Oceanic and Atmospheric Administration (NOAA), Seattle, WA, United States

In 2014-2016 an unprecedented warming event in the North Pacific Ocean triggered
changes in ecosystem of the Gulf of Alaska (GOA) impacting fisheries management.
The marine heatwave was noteworthy in its geographical extent, depth range, and
persistence, with evidence of shifts in species distribution and reduced productivity.
In 2017 a groundfish survey indicated that GOA Pacific cod (Gadus macrocephalus)
had experienced a 71% decline in abundance from the previous 2015 survey. The
GOA Pacific cod fishery supports a $103 million fishery which is 29% of the groundfish
harvest value in the GOA. In this paper, we demonstrate that an increase in metabolic
demand during this extended marine heatwave as well as a reduced prey supply can
explain the decline in GOA Pacific cod biomass. Although increased mortality likely led
to the decline in the Pacific cod population, historically low recruitment concurrent with
the heatwave portends a slow recovery for the stock and gives a preview of impacts
facing this region due to climate change. We evaluate the intersection of climate change
with ecosystem-based fisheries management in the context of GOA Pacific cod with
a description of the sensitivities of the ecosystem, how the changes in the ecosystem
affected the Pacific cod stock, and a description of how the management system in
the North Pacific handled this shock. We also provide suggestions on how fisheries
management systems could be improved to better contend with the impacts of climate
change such as the effects of heatwaves like that experienced in 2014-2016.

Keywords: climate change, ecosystem-based fisheries management, fisheries, Gulf of Alaska, marine heatwave,
Pacific cod

INTRODUCTION

Climate change is beginning to have a direct impact on marine resources globally
(Poloczanska et al., 2013; Gattuso et al., 2015; Pecl et al., 2017; Barange et al., 2018) and current
management tools must be able to adapt to future challenges that these impacts will bring (Busch
et al,, 2016; Holsman et al., 2019a,c; Karp et al., 2019). In 2014-2016 an unprecedented warming
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event occurred in the eastern North Pacific Ocean
(Bond et al., 2015; Di Lorenzo and Mantua, 2016) that triggered
changes in ecosystem productivity in the Gulf of Alaska (GOA,
see Figure 1; Zador and Yasumiishi, 2017; Holsman et al,
2019b). The intensity and duration of this warming event has
been attributed to natural drivers exacerbated by anthropogenic
forcing on climate (Jacox et al, 2018; Walsh et al., 2018),
and climatologists predict it is a precursor to more common
occurrence of marine heatwaves for this region (Walsh et al.,
2018) may be ill-equipped to address an increasing frequency
of extreme heatwaves (Holsman et al., 2019¢c). The availability
of ecosystem information provided to GOA groundfish (e.g.,
Pacific cod, walleye pollock, flatfish, and rockfish) fisheries
managers is arguably some of the most comprehensive in the
world, providing a wealth of information on ecosystem dynamics
and trends to decision-makers during the management process
(Zador and Yasumiishi, 2017). Even so fishery management was
challenged in 2017 when an abrupt and unexpected 71% decline
in GOA Pacific cod (Gadus macrocephalus Tilesius) abundance
was detected following a marine heatwave (Barbeaux et al., 2017).

From 2007 to 2017 the GOA Pacific cod stock supported
a $103 million-a-year (first wholesale) industry, comprising
29% of the revenue generated in the GOA groundfish fisheries
(Fissel et al., 2017). Although Pacific cod has been important
to GOA communities for millennia, Native coastal communities
of the region have long recognized the ephemeral nature of
this population; the Aleut word for Pacific cod, atxidax, literally
translates to “the fish that stops” (Betts et al., 2011). Recoveries
from middens on Sanak Island in the Western GOA show a
long history (at least 4,500 years) of exploitation and reveal
fluctuations in Pacific cod size distribution which (Betts et al.,
2011) tie to changes in abundance due to climate variability.
Over this period, warm climate conditions appear to have
led to lower abundance with fewer small Pacific cod in the
exploited population; however, zooarchaeological methods are
unable to resolve the overall magnitude or timescale over
which rapid population changes occur. Nevertheless, Pacific
cod population dynamics appear to include periodic large-
magnitude fluctuations.

In the GOA, climate-driven changes to physical
oceanographic features, such as temperature and circulation
structure food-web dynamics, mediate trophic interactions,
and impact distribution of key predators. Gaichas et al. (2015)
provide evidence for strong food-web responses to perturbations
in the GOA suggesting that its dynamic ecosystem structure is
more prone to dramatic reorganization and is inherently less
predictable than the neighboring Bering Sea ecosystem. Further
Gaichas et al. (2015) provide evidence to support predation as
a major structuring pressure in the Gulf of Alaska ecosystem.
Under the extreme conditions experienced during the 2014-2016
heatwave, the extent and persistence in warm temperatures
caused increases in metabolic demands in ectothermic fish such
that prey may have been limiting through both (1) bottom-up
forced decreases in lower-trophic prey availability and quality
(i.e., smaller zooplankton); and (2) through competition with
fish, bird, and mammal predators with overlapping diets.
This hypothesis is explored below with evidence provided to

demonstrate how climate-influenced trophic interactions could
explain the decline in Pacific cod relative to other groundfish
during the 2014-2016 marine heatwave and its ramifications for
fisheries management.

The majority of regulated fisheries worldwide are managed
through single-species stock assessments with assumptions of
a steady ecological state around mean conditions (Skern-
Mauritzen et al, 2016). Management systems that have
implemented harvest control rules which explicitly take into
consideration ecosystem indicators are rare (e.g., Bering Sea
northern rocksole, Lepidopsetta polyxystra; Wilderbuer et al,
2002; Wilderbauer and Nichol, 2016) and have been at times
implemented on incorrect or incomplete relationships [e.g.,
Pacific sardines, Sardinops sagax, (Zwolinski and Demer, 2014),
and Bay of Biscay anchovy, Engraulis encrarischolus (De Oliveira
et al., 2005)]. Therefore, few fisheries management systems are
able to explicitly take into consideration changing ecological
conditions and adjust management advice through single species
assessments. This highlights a global challenge for fisheries that is
particularly pressing given the volatility of marine environmental
conditions that are expected under likely future climate scenarios
(Hollowed et al., 2013), and one that, although long recognized
(Ecosystem Principles Advisory Panel, 1999; Pikitch et al., 2004),
has not been well addressed.

Climate-ready fisheries management will require Ecosystem-
based Fishery Management (EBFM) and robust ecosystem
indicators of productivity and change (Pinsky and Mantua,
2014; Busch et al, 2016; Holsman et al., 2019¢). A wide
range of approaches for incorporating climate and ecosystem
information into fisheries management have been proposed
such as dynamic management, in-season adjustments to harvest
and bycatch rates, climate-informed biological reference points,
and ecological condition forecasts (Stram and Evans, 2009;
Link et al, 2011; Patrick and Link, 2015; Karp et al., 2019).
The NPFMC EBFM process employs components similar to
those implemented throughout the world, but applied within its
unique set of ecological and sociological circumstances. There
are similar challenges in implementation, from determining
consistent quantitative processes linking specific population
dynamic parameters to ecosystem indicators, to dealing with
uncertainty in model results in public decision processes where
economic and social aspects are considered. In GOA groundfish
management there are specific quantitative rules codified in a
tier system which concerns data availability and uncertainty
for single-species assessment models (DiCosimo et al., 2010;
Dichmont et al., 2016), however, how to incorporate ecosystem
considerations that are not integrated into the single-species
models in setting annual catch limits is not prescriptive and has
been largely driven by concerns of the individual assessment
scientists (Ianelli et al., 2015; Zador et al., 2017).

The following provides a detailed description of the NPFMC
EBFM process and a case study on how this process performed
in regards to the Gulf of Alaska Pacific cod stock management in
the face of a severe marine heatwave which precipitated a sudden
drop in abundance of the Pacific cod stock, a key contributor
to the economics of the region. With the understanding that
climate change will likely have severe impacts on marine fisheries
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FIGURE 1 | Map of the central Gulf of Alaska, including place names referenced in the paper.

in the near future, the impact on cod was a stress test of
the resilience of the NPFMC system. The resilience of fisheries
management to climate change will in part depend on ecological
foresight that can help coastal communities anticipate change and
allocate resources and effort accordingly in order to minimize
economic impacts (Allison and Bassett, 2015; Holsman et al,
2019c). Evaluating the biological and management response to
the 2014-2016 heatwave event in regards to Pacific cod provides
an opportunity to identify key nodes of intervention and gaps in
information or tools that are needed to support successful EBFM
response to future extreme events.

MATERIALS AND METHODS

Marine Heatwave Index

The daily sea surface temperatures for 1981 through December
2018 were retrieved from the NOAA High-resolution Blended
Analysis Data database (National Oceanic and Atmospheric
Administration, 2017) and filtered to only include data from
the central GOA between 145 and 160°W longitude for waters
less than 300 m in depth. The overall daily mean sea surface
temperature was then calculated for the entire region by
averaging all points. The daily mean sea surface temperature data
were processed through the R package heatwaveR (Schlegel and
Smit, 2018) to obtain the marine heatwave cumulative intensity
(MHCI) value (Hobday et al., 2016) where we defined a heatwave
as 5 days or more with daily mean sea surface temperatures
greater than the 90th percentile of the 1 January 1983 through
31 December 2012 time series. MHCI were then summed for
each year to create an annual index of MHCI (Figure 2) and
summed for each year for the months of January through March,
November, and December to create a winter marine heatwave
cumulative index (WMHCI).

Food Habits and Bioenergetics

Stomach contents have been collected during the GOA summer
bottom trawl surveys tri-annually from 1981 to 1996 and bi-
annually from 1999 to 2017 (Livingston et al., 2017) to produce
stomach fullness and diet composition estimates. From these
and environmental data a bioenergetics model for GOA Pacific
cod (Holsman et al, 2019c) was parameterized in order to
evaluate potential mechanisms impacting Pacific cod growth
and survival. Pacific cod samples were divided into juvenile
and adult sizes classes, and their diets were analyzed for mean
composition of prey items using a Dirichlet error distribution
(Ainsworth et al., 2010). The relative foraging rate (RFR) was
calculated as the ratio of daily rations based on synoptic stomach
samples to the theoretical maximum consumption rate given
a predator’s size and thermal experience. An RFR value of 0.5
indicates sampled fish foraging at 50% the rate observed in the
lab, whereas a value of 1.5 indicates that fish are foraging at
twice the rate observed in the lab, thus giving an indication of
temperature and size-corrected foraging rate (Holsman et al,
2016, 2019c¢). Temperature for RFR calculations were based on
the gear temperature recorded during the survey at the station
where each sample was collected.

In addition to RFR, we use the bioenergetics model to
estimate the scope for growth given an index of Climate Forecast
System Reanalysis (CFSR) bottom temperatures for the central
GOA. CFSR is the latest version of the National Centers for
Environmental Prediction (NCEP) climate reanalysis (Saha et al.,
2010). To make the index the CFSR reanalysis grid points
were co-located with the AFSC bottom trawl survey stations in
the central Gulf of Alaska between 145 and 160°W longitude.
The co-located CFSR oceanic temperature profiles were linearly
interpolated to obtain the temperatures at the depths centers
of gravity for Pacific cod at 10-100 cm at 10 cm intervals as
determined from the AFSC bottom trawl survey. All co-located
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FIGURE 2 | Index of the sum of the annual marine heatwave cumulative intensity (°C days) for 1981-2019 (larger red points) and index of the sum of the annual
winter marine heatwave cumulative intensity for 1981-2019 (smaller blue points) from the daily mean sea surface temperatures NOAA high-resolution blended
analysis data for the central Gulf of Alaska. The 2019 index value is the sum through 26 February 2019.

grid points were then averaged to get the time series of CFSR
temperatures over the period of 1979-2018. We set RFR and
energy density of the prey and used the model to estimate how
much energy is available for growth given a RFR of 1.0 (i.e,,
foraging at the laboratory-based theoretical consumption rate)
and a RFR of 0.49 (mean RFR reported for GOA Pacific cod in
Holsman et al., 2016).

To evaluate the condition of Pacific cod across time, length-
weight residuals (Brodeur et al., 2004; Boldt et al., 2017; Holsman
et al., 2019¢c) were calculated from the AFSC Gulf of Alaska
summer bottom trawl survey data and January through April
fisheries data for each gear type. The length-weight relationships
for the survey and fisheries were estimated separately with linear
regressions of log-transformed values overall years for each
data set. Residuals for each fish were calculated by subtracting
the predicted log-transformed weights from the observed log-
transformed weights. Length-weight residuals were then averaged
and standard deviations calculated for each data set for each year
and plotted for evaluation.

Ecosystem-Based Fisheries

Management in the Gulf of Alaska

The U.S. National Marine Fisheries Service (NMFS), National
Oceanic and Atmospheric Administration (NOAA), defines
EBFM as:

«

a systematic approach to fisheries management in a
geographically specified area that contributes to the resilience
and sustainability of the ecosystem; recognizes the physical,
biological, economic, and social interactions among the affected
fishery-related components of the ecosystem, including humans;
and seeks to optimize benefits among a diverse set of societal
goals” (National Marine Fisheries Service, 2016).

In the GOA, groundfish fisheries management has evolved
within the operations of the North Pacific Fishery Management
Council (NPFMC) into a system which meets the above criteria
and which in its most recent iteration (North Pacific Fishery
Management Council, 2019) specifically calls for incorporation
of ecosystem-based considerations. GOA groundfish fisheries
management is an adaptive multi-layered process with scientific
and public consultation designed to achieve a wide range of
objectives which are defined in the GOA Fishery Management
Plan (FMP). The management approach is stated as follows:

“As part of its policy, the Council intends to consider and adopt, as
appropriate, measures that accelerate the Council’s precautionary,
adaptive management approach through community-based
or rights-based management, ecosystem-based management
principles that protect managed species from overfishing, and
where appropriate and practicable, increase habitat protection
and bycatch constraints. All management measures will be based
on the best scientific information available. Given this intent, the
fishery management goal is to provide sound conservation of
the living marine resources; provide socially and economically
viable fisheries for the well-being of fishing communities;
minimize human-caused threats to protected species; maintain
a healthy marine resource habitat; and incorporate ecosystem-
based considerations into management decisions” (North Pacific
Fishery Management Council, 2019).

The process relies on the integration of single species or multi-
species complex stock assessments and ecosystem status reports
(ESRs) in setting annual catch limits for each managed groundfish
species or groundfish complex within the 200 nautical mile (nmi)
U.S. Exclusive Economic Zone off Alaska. The integration of
information is overseen by the NPFMC and NOAA. To inform
this decision-making process, NOAA’s Alaska Fisheries Science

Frontiers in Marine Science | www.frontiersin.org 4

August 2020 | Volume 7 | Article 703


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Barbeaux et al.

Pacific Cod Management Stress Test

Center (AFSC) produces annual groundfish stock assessments.
These assessments provide an evaluation of the health of each
managed stock, makes recommendations on allowable catch
levels, and highlights possible concerns for individual species or
multi-species complexes. The AFSC also produces annual ESRs'
to provide ecosystem context for the catch level-setting process
of the NPFMC (Zador et al., 2017). ESRs include assessments
based on ecosystem indicators that reflect the current status and
trends of ecosystem components, which range from physical
oceanography to biology and human dimensions. Indicators
are defined as time-series of data that represent an ecosystem
component or attribute. Many indicators are based on data
collected from AFSC surveys. All are developed and include
contributions by scientists at NOAA, other U.S. federal and
state agencies, academic institutions, and other sources. The
ESRs are used to inform an assessment of factors that influence
groundfish stock dynamics but are external to the single-species
stock assessment models.

At the single-species or multi-species complex level, a control
rule tier system is used to relate the level of uncertainty in
biological reference points into consistent methods for specifying
annual catch limits (DiCosimo et al., 2010). Annual catch
limits are set with the intent of keeping catch below maximum
sustainable yield (MSY) with the size of the buffer between the
overfishing level (OFL), which is MSY or a proxy for MSY,
and the allowable biological catch (ABC), which is an upper
bound to the final annual catch limit, and is determined by
the level of uncertainty in the reference points. There are six
management tiers, from Tier 1 with the least uncertainty to
Tier 6 with the most uncertainty (see North Pacific Fishery
Management Council, 2019). For all managed species the annual
catch levels for a stock must be set at or below the ABC
which may be adjusted downward for ecosystem and other
precautionary considerations.

The main integration of data for management occurs in the
development of the annual single-species or species complex
stock assessment models. The assessment models are developed
in consideration of biology, population dynamics, and tier.
Initial formal public review of newly developed single-species
stock assessment models occurs at a public NPFMC Plan Team
meeting. The Plan Team is comprised of scientists delegated by
the NPFMC. ESRs for each ecoregion (Gulf of Alaska, Bering
Sea, and Aleutian Islands Area) are presented prior to the
presentation of new assessment models. During this meeting the
Plan Team conducts a technical review of each new assessment
model. In a separate public meeting the NPFMC Science and
Statistical Committee (SSC) provides an additional technical
review of the assessment models in consideration of the Plan
team recommendations. The SSC is comprised of senior federal
and state agency researchers and university faculty selected by the
NPFMC. After the meetings the assessment models are further
refined and populated with the latest data and stock assessment
documents for each managed species or species complex are
completed. Stock assessment documents provide a written report
on the performance of the assessment models, the status of

Uhttps://access.afsc.noaa.gov/reem/ecoweb/

the stock, and include sections on ecosystem and economic
considerations specific to the stock. The final ESRs and stock
assessment documents are then presented to the Plan Team.
The technical merits of each model are evaluated and the Plan
Team recommends to the SSC which assessment models should
be used for determining reference values for the coming year.
In consideration of the advice of the Plan Team, the stock
assessment documents, and ESR the SSC sets the OFL and
ABC for the coming year for each managed stock. Afterward
the Advisory Panel of the NPFMC (AP) recommends annual
catch levels in the form of total allowable catch (TAC) for each
stock and recommends allocations across a broad range of sector
divisions (e.g., vessel type, gear type, management regime etc.).
The AP consists of fishing industry representatives appointed by
the NPFMC. The sum of the TACs for each stock must be less
than or equal to the ABC set by the SSC. The NPFMC general
body then sets the TACs, recommends regulatory actions, and
deliberates on management objectives and research priorities for
the groundfish fisheries for the coming year. Public testimony is
sought formally at each stage of the NPFMC process.

Single-Species Stock Assessment
Modeling and Projection

Pacific cod is a Tier 3 species meaning there is a reliable
estimate of biomass, spawning biomass at 40% virgin biomass
(B40%), and fishing mortality rates which reduce the stock to
35 and 40% of the virgin biomass (F35% and F40%), but no
reliable probability density function for FMSY. These reference
points were estimated through a single-species age-structured
assessment model (Spies et al., 2017) built in Stock Synthesis
version 3.30 (Methot and Wetzel, 2013). The stock assessment
model description is provided in Supplementary Material - Gulf
of Alaska Pacific cod assessment model documentation.

RESULTS

Marine Heatwave Cumulative Index
The marine heatwave analysis using the daily mean central
GOA sea surface temperatures indicated a prolonged period of
increased temperatures in the central GOA from 2 May 2014 to
13 January 2017 with heatwave conditions persisting for 815 of
the 917 days in 14 events of greater than 5 days (Figure 2). The
longest stretch of uninterrupted heatwave conditions occurred
between 14 December 2015 and 13 January 2017 (397 days).
Using the criteria developed by Hobday et al. (2018) for marine
heatwave classification the event in the central GOA reached a
Category III (Severe) on 16 May 2016 with a peak intensity (Imax)
of 3.02°C. The heatwave had a summed cumulative intensity
(Icum) for 2016 of 635.26°C days, more than 25% of the sum of
the I.um for the entire time series (1981-2018). The 14 events of
this prolonged heatwave period summed to 1291.91°C days or
52% of the summed I, for the time series.

There were three periods of increased winter heatwave activity
in the central GOA, the first in 1983-1986, second in 1997-
2006, and the third 2014-2016. The I,,.x of each event for these
periods appears to have a linear increasing trend over time
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(Imax = 0.000006D + 1.0016 where D is the day in the timeline;
R? =0.22) while the cumulative intensity increased exponentially
(Teum = 5.82€0.0002D; R? = 0.40). Short moderate to strong
(Category I-II) winter marine heatwaves occurred every winter
between 1983 and 1986 with I,,x between 0.82 and 1.6, however,
none of these exceeded 17 days and the total winter Iy for this
period was 84.23°C days over a total of 86 days. In the winter
of 1997 there were two short (7 and 12 days) moderate to strong
(Category I and IT) winter heatwave events with a total cumulative
intensity of 17.19°C days. In 1998 there was a strong (Category
IT) heatwave from 3 March to the 14 June (102 days) with an
Imax of 2.36°C and cumulative intensity of 146.01°C days. From
2001 through 2006 there were 6 winter heatwave events, most
were moderate and less than 2 weeks in length, however, between
6 November 2002 and 4 March 2003 there were two strong
(Category II) marine heatwaves that lasted in sum 141 days with
a cumulative intensity of 165.94°C days and an In,x of 2.04°C.
The 2014-2016 series of marine heatwave as described above
was substantially longer lasting and more intense than anything
experience previously in the region.

The Pacific Cod Bioenergetics
For comparison a table of life history traits for Pacific cod and
other Gulf of Alaska groundfish species have been provided in
Table 1. Stomach fullness of Pacific cod sampled from the AFSC
summer bottom trawl survey was the lowest in the time series
for 40-80 cm fish in 2015 (Figure 3), and diet composition
varied from previous years, with a 47.8% drop in Tanner crab
(Chionoecetes bairdi) relative to previous years and an absence of
capelin which had been abundant, particularly in smaller Pacific
cod, during 2011 and 2013. The proportion of Tanner crab in the
diets of 40-80 cm Pacific cod dropped from the long-term mean
of about 14-7% in 2015. Mean prey energy densities and annual
shifts in diet composition show moderate changes in diet energy
density over time, with highest cumulative diet energy densities
in 2013, which occurred at the end of a 7-year cold temperature
stanza in the GOA, and slightly lower values in 2015 near the
long-term mean (Figure 4A).

Pacific cod foraging demand was elevated above long-
term mean estimates, and peaked in 2015, according to adult
bioenergetic model estimates of relative energetic demand

(Figure 4C). During the two most recent marine heat waves
(2014-2017 and the 1999) foraging demand never dropped below
70% of maximum demand, indicating a sustained demand for
prey resources especially during the winter months when demand
typically falls. Based on water temperatures at preferred depth,
metabolic demand was greatest for 10 cm fish and > 40 cm fish
but lowest for 30 cm fish. Bioenergetic model estimates of Pacific
cod growth and respiration also suggest poor thermal conditions
for growth in 1998 (following the record El Nifio of 1997/98) and
2015 (Figure 4B) that were driven by high metabolic demand
during those years (Figure 4C).

The condition of cod in the biannual AFSC summer bottom
trawl surveys was the poorest in 2015 during the heatwave with
a return to positive condition in 2017 (Figure 5A). For the
January through April fisheries the condition of the population
appeared to depended on gear with the pot (Figure 5B) and
longline fisheries (Figure 5C) first seeing a decline in condition
in 2015 and reaching its lowest in 2016. The pot fishery returned
to positive condition in 2017, while the longline did not return
to positive until 2018. The trawl fishery (Figure 5D) didn’t
show negative conditions until 2016 with the poorest condition
observed in 2017 and continued poor condition through 2018.
The lowest condition in 2015 in the AFSC summer trawl
survey matches the bioenergetics estimates for highest metabolic
demand, however, the pattern of condition and metabolic
demand were not strongly correlated across all years.

Pacific Cod Stock Assessment

In the assessment Pacific cod abundance exhibited a significant
decrease during the 2014-2016 marine heatwave in both survey
indices used in the stock assessment model. The 2017 AFSC
Gulf of Alaska summer bottom trawl survey estimated the
population of Pacific cod to be 1.96 x 10% fish and 107,324
t (0.117 CV) (Figure 6A), a 71% decline in abundance since
2015 and 83% decline since 2013. The annual AFSC longline
survey (1990-2017) revealed a 53% decline in abundance from
2016 to 2017. Additional surveys not used in the assessment
model corroborated declines in Pacific cod during the heatwave
(Figure 6B). The annual IPHC longline survey (1997-2016;
Figure 6C) observed the lowest numbers during 2016; and the
ADF&G large-mesh bottom trawl survey (1988-2017; Figure 6D)

TABLE 1 | Life history traits of groundfish in the Gulf of Alaska.

Life span (yr) 9Age at 50% mature (yr) Max length (cm)¢ Adult diet® Trophic levelf
Pacific cod Short (14)2 4.3° 0147, ¢134 Fish, crab 4.1
Arrowtooth flounder Medium (29)2 7¢ 591 Fish, euphausiids, shrimp, eelpouts 4.3
Walleye pollock Medium (28)P 4.8° 9105, 92 Euphausiids, copepods, fish 3.7
Pacific halibut Long (55)° 13.19 290 Fish, crab 45
Pacific ocean perch Long (103)° 8.4-10.5¢ 70 Euphausiids, copepods 3.6
Sablefish Long (94)° 6.6° 9134, 7138 Fish, cephalopods 4.1

aSource is the Alaska Fisheries Science Center Otolith database. PSource is FishBase (www.fishbase.org). ©Sources are the AFSC groundfish stock assessments
(https://www.afsc.noaa.gov/REFM/Stocks/assessments.htm). 9Source is the AFSC life history database (https://access.afsc.noaa.gov/reem/Ihweb/index.php). €Source
is the AFSC groundifish diet composition tables (https.//access.afsc.noaa.gov/REEM/WebDietData/DietTablelntro.php). T Source is Aydin et al., 2007. A comparison of the
Bering Sea, Gulf of Alaska, and Aleutian Islands large marine ecosystems through food web modeling. U.S. Dep. Commer., NOAA Tech. Memo. NMFS-AFSC-178, 298

p.

Frontiers in Marine Science | www.frontiersin.org

August 2020 | Volume 7 | Article 703


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Barbeaux et al.

Pacific Cod Management Stress Test

0.020

W.Pollock
Structural.epifauna
Squids
Shelf.forage
Sandlance
Pred.zoop
Pandalidae
Oth.demersal
OTH
Motile.epifauna
Jellyfish
Infauna

Herring

Flatfish
Discards
Copepods
Capelin
Basin.forage
Bairdi

(64)

0.015

|
SN D0DC0DCDDNENEEEEEE

o

o

=

o
|

specific C (g/g)

0.005

0.000

1990
1993

0.020
W.Pollock
Structural.epifauna
Squids
Shelf.forage
Sandlance
Pred.zoop
Pandalidae
Oth.demersal

OTH
Motile.epifauna
Jellyfish

Infauna

Herring

Flatfish

Discards
Copepods

Capelin
Basin.forage

Bairdi

0.015

IS 0OD00CDDNENEENEEED

(338)
(718) (868)

=

o

-

IS
|

specific C (g/g)

0.005

0.000

1990
1993
1996

40-80 cm fish. The 2019 index value is the sum through 26 February 2019.

mean diet weight (g/g pred)

B mean diet weight (g/g pred)

(230) (879)

FIGURE 3 | Specific weight (g prey/g pred) of prey in the diets of GOA Pacific cod, averaged across all survey diet samples and prey sizes for (A) 20-40 cm and (B)

20-40 cm

1999
2001
2003
2005
2007
2009
2011
2013
2015
2017

40-80 cm

(99)

1999
2001
2003
2005
2007
2009
2011
2013
2015
2017

recorded lowest densities in 2016 (Spalinger, 2017), which
remained low in 2017 (Barbeaux et al., 2017). The Pacific
cod bycatch rate in other directed fisheries was used as an
independent indication of Pacific cod population trends (Spies
et al., 2017). Both the pelagic walleye pollock and shallow water
flatfish fisheries which regularly encounter Pacific cod showed
declines in incidental catch of Pacific cod, with 2017 (walleye
pollock) and 2016-2017 (shallow-water flatfish) having the lowest
bycatch rates of Pacific cod on record.

Total Pacific cod landings in the directed Pacific cod fisheries
(longline, pot, and trawl) declined in 2016 and again in 2017. The

catch in 2017 was less than 60% of the total allowable catch (TAC).
All sectors had low catch per unit effort (CPUE) in 2017 in the
Central GOA. In the Western GOA the pot fishery CPUE (fish per
pot) declined in 2017, while the trawl and longline fishery CPUE
(fish per minute towed and fish per hook) increased from 2016.
However, fish weight at length was low for Pacific cod less than
80 cm from 2014 to 2017 in longline and pot fisheries in both
regions indicating poor condition (Barbeaux et al., 2017).

The GOA Pacific cod stock has a long history of exploitation
with an increase in fishing mortality since 1980. However
exploitation rates have remained low (Figure 7) in comparison
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FIGURE 5 | Gulf of Alaska Pacific cod condition calculated from length-weight regression residuals for the (A) summer AFSC bottom trawl survey and (B) pot, (C)

to other gadid stocks in other regions (Rose, 2019). The
species is relatively short-lived (maximum age of 14) and
there hasn’t been significant truncation of the age distribution
(Barbeaux et al.,, 2018). Female spawning stock biomass (Be,)
and reference points based on female spawning stock biomass
are the standard units on which groundfish stocks in the North

Pacific are managed. The stock was at a healthy status prior
to the 2014-2016 marine heatwave according to the single-
species assessment model (Bs3y in 2013) (Barbeaux et al,
2017). In the 2016 assessments there were no substantial
concerns for the health of stock as it appeared to be on an
increasing trajectory through at least 2017 with a series of
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(e o]

1

™ 0.20 1 |

n

Q

% o

« 0.151 L

o °

Y LIPS

'.G_)' o o0

© ° Y °

< 0.10 1 = =

c ° ° ° °

(@) O 7 °

= .. (4 °

S [

‘S 0.05 1 5h¢ °

—_— ° LI

o °

>< °

L o
o

0.00 1

N~ o ™ © D N v (o] = < N~ o [sp] (o]
N~ o8] (o] (o] (e8] ()] ()] D o o o ~— ~— ~—
()] ()] ()] (o)} ()] (o)) ()] (e} o o o o (@] (@]
= ~ ~ ~— ~ ~ ~ (qV] N [qV] [qV] [qV] [qV]

FIGURE 7 | Exploitation rates (F) of Gulf of Alaska Pacific cod age 3-8 with 95% confidence intervals for 1977-2016 (Barbeaux et al., 2017).

high abundance cohorts projected for 2005-2008 and 2012
(Barbeaux et al., 2016).

In the 2017 assessment model presented at the NPFMC
(Barbeaux et al., 2017) unfished female spawning stock biomass
(B1oo%) was estimated at 168,583 t. The all-time high female
spawning stock biomass was estimated at 190,465 t (Bj139)

in 1990 following a succession of large recruitment events
throughout the 1980’s (Figure 8A). The 2017 female spawning
stock biomass was estimated by the 2017 assessment model to
be the lowest on record at 47,326 t (Bygy) (Figure 8B), lower
than the previous all-time low of 54,470 t (B3,9,) in 2008 and a
drop of 47% since 2013. A brief increasing female spawning stock
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biomass trend observed from 2010 to 2014 was founded on large
2005 through 2008 year classes. Low recruitment was estimated
for 2014 through 2016, with 2014 being the lowest and 2016 and
2015 being the second and third lowest recruitment estimates
in the 1976-2016 time series. Due to these poor recruitment
estimates and estimated higher natural mortality of adults during
the 2014 through 2016 heatwave, the 2017 reference model
projected a continued drop in Pacific cod female spawning stock
biomass, reaching an all-time low in 2020 of 33,876 t (B2g.1%)
under the harvest levels recommended for 2018 and 2019, a
drop of 62% from 2013. Assuming mean recruitment post-2016
the first increase in female spawning stock biomass will not be
expected until 2021.

DISCUSSION
The 2014-2016 Marine Heatwave

Many ecosystem indicators representing physical processes such
as climate and oceanography in the GOA showed strong shifts
in signal direction or exhibited anomalous values beginning
in early 2014 that remained relatively unchanged through the
marine heatwave. Sea surface temperature and sea level pressure
anomalies reflected the appearance and persistence of warm sea
surface temperature anomalies described in detail by Bond et al.
(2015); Di Lorenzo and Mantua (2016). At the start of the 2014~
2016 marine heatwave the Pacific Decadal Oscillation (PDO;
Mantua et al., 1997) shifted from a negative to positive (warm)
phase where it has mostly remained through 2019 reflecting
the warm sea surface temperatures in the GOA. The MHCI
and WMHCI indicate a strong heatwave for this entire period
persisting through the winter months (Figure 2). This was not
only a surface event as warm sea temperatures deepened during
the course of the heatwave (Figure 9) and remained warm
throughout the winters of 2014-2015 and 2015-2016. The marine
heatwave came to an end in the spring of 2017 as large portions
of the GOA cooled to average sea surface temperatures, however,
some warmth remained at depth. In addition to temperatures
the North Pacific Gyre Oscillation (NPGO) (Di Lorenzo et al.,
2008)shifted from positive to generally negative in late 2013,
where it has largely remained (as of April 2019)?, indicating lower
salinity and nutrients in the GOA.

Ecosystem Response

Ecosystem indicators representing biological components varied
in expression and timing of response to the marine heatwave.
Mean mesozooplankton biomass appeared abundant during
the heatwave although the size of copepods was smaller than
average (Figure 10; Batten, 2018; Zador and Yasumiishi, 2018).
Euphausiid acoustic biomass appeared moderate during summer
2015 relative to other years sampled outside the heatwave
(Ressler, 2017). In general, forage fish appeared to be scarce.
Age-0 walleye pollock (Gadus chalcogrammus) and Pacific cod
were nearly absent from surface trawl surveys during 2015
(Dougherty and Rogers, 2017), although abundant in the year

Zhttp://www.03d.org/npgo/

before and after the heatwave (2013 and 2017 respectively). Both
capelin (Mallotus villosus) and Pacific sand lance (Ammodytes
personatus) were lacking in seabird and groundfish diets in
2015 relative to years before the heatwave. Capelin all but
disappeared from seabird diets at Middleton Island in the first
year of the heatwave in 2014 and have remained so through 2017
(Hatch et al., 2017).

Indicators of upper trophic organisms appeared to show
negative responses to the heatwave, although the timing and
expression of the responses varied. Biennial bottom trawl surveys
throughout the GOA in 2015 showed slight increases in catch
rates of large piscivorous groundfish such as arrowtooth flounder
(Atheresthes stomas), Pacific halibut (Hippoglossus stenolepis),
and sablefish (Anoplopoma fimbria), but a substantial decrease
in Pacific cod catch rates, and the presence of uncommon
species such as ocean sunfish (Mola mola) that are typically
found south of the GOA (Zador and Yasumiishi, 2016, 2017).
After the heatwave in 2017, arrowtooth flounder and Pacific
halibut catch rates declined, Pacific cod declined further, but
sablefish increased again (Barbeaux et al., 2017; Hanselman et al.,
2017; International Pacific Halibut Commission, 2017; Zador and
Yasumiishi, 2017). Groundfish condition as indicated by mean
weight-length residuals showed that all measured groundfish
species had average to positive condition in 2013 before the
heatwave, but all had poor condition with negative mean weight-
length residuals in 2015, with Pacific cod and southern rock
sole (Lepidopsetta bilineata) showing record low condition that
year. Pacific cod condition improved after the heatwave in 2017,
but all other species’ condition remained lower than average
(Zador and Yasumiishi, 2018). Alaska Department of Fish and
Game annual large mesh bottom trawl surveys implemented at
a smaller spatial scale also showed a decline in catch rates of
Pacific cod during the heatwave, with a record low in 2016, but
increasing catch rates of Pacific halibut during that time, while
arrowtooth flounder remained at the lowest rates seen since 2010
(Zador and Yasumiishi, 2017).

Seabirds in the western GOA had good reproductive success
in the first year of the heatwave, but showed widespread
reproductive failures in 2015 (Renner et al, 2017; Zador
and Yasumiishi, 2017). This included common murres, which
also experienced a record die-off in the GOA during the
winter of 2015-2016 (Piatt et al., 2020). In general, forage
fish eating seabird fared poorly during the heatwave, while
mixed fish and zooplanktivorous seabird fared better. Steller
sea lions (Eumetopias jubatus) surveys showed declines in
numbers of pups and adults between 2015 and 2017 throughout
the GOA where recent counts had been trending upwards
(Zador and Yasumiishi, 2017). Humpback whale calf production
in Glacier Bay was high in 2014 but declined dramatically
in 2015-2017 (Neilson et al, 2017). An unusually large
number of fin, humpback and gray whale carcasses were
documented throughout the western GOA in 2015-2016
(Zador and Yasumiishi, 2016).

What Happened to GOA Pacific Cod?

There are increasing lines of evidence that in temperate/subarctic
ecosystems such as the GOA anomalously warm water, and
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FIGURE 8 | (A) Age-0 recruits (1 x 109 and (B) female spawning stock biomass (t) and from the 2017 Pacific cod stock assessment (Barbeaux et al., 2017) with

MCMC derived posterior distributions for each year (1977-2019). The dotted line is the posterior median of Bxgg, and the yellow shading indicates the 95% credible

interval for Bogo,. Catch in 2018 was assumed to be at 18,000 t and recruitment for 2017 through 2019 were assumed to be at the mean.

in particular, consecutive years of warm water patterns, can
have an overall negative effect on ecosystem productivity (Smale
et al., 2019). At the population level for ectotherms, it is well
understood that temperature affects consumption, recruitment,
mortality, growth, and phenology (Johnston and Bennett, 2008),
but it is less certain how marine heatwaves impact dynamic
ecosystem components in aggregate as the interactive and
cumulative effects play out among all the constituents of an
ecosystem. At a global scale and over the long-term ocean
warming will reduce overall marine production by as much as
20% due to changing currents and deposition of nutrients into
the deep ocean where it will no longer be available for primary
production (Moore et al., 2018). This will have a net negative
effect on wild marine fisheries. Free et al. (2019) investigated
individual stock production under warming conditions. Where

they could show an impact, warming more often reduced
productivity than increased, but this was not a general rule
as other factors often confounded the effects. The reasons for
changes in productivity for each stock varied considerably. In
the absence of overfishing, their review of 154 stocks found
little evidence for isolated effects of climate variability or
fast population growth rates on risk of stock collapse, but
cumulatively these factors interacted to increase the risk of stock
collapse (Pinsky and Byler, 2015). How individual stocks perform
in the face of a marine heatwave where temperatures are within
the breadth of their thermal tolerance is uncertain and will
likely differ depending on stock status (e.g., unfished versus
overfished), biogeography, bioenergetics, genetic and phenotypic
diversity and plasticity of the stock in regards to temperature, as
well as the state of the species a stock is dependent upon (e.g.,
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forage, competitors, and predators), and on the overall health
of the ecosystem at the time of the heatwave (e.g., unexploited
versus highly impacted or compromised) (Hollowed et al., 2013;
Poloczanska et al., 2013; Pinsky and Byler, 2015).

While there are winners and losers, warm water patterns can
lead to bottom-up forcing that favors smaller and less-lipid rich
zooplankton which in turn increases steps in food chains and
decreases trophic transfer efficiency (Hunt et al., 2011; Gaichas
et al.,, 2015). Predator response to environmental and trophic
changes can be rapid or slow and varies with natural history
and adaptive capacity. For example, mobile species can shift
their distributions to more favorable habitat via changes in depth
or horizontal distance (Barbeaux and Hollowed, 2018; Yang
et al., 2018) where biogeographical conditions allow, while sessile
organisms may exhibit temperature-driven physiological changes
in growth or condition (Short et al., 2015; Arias-Ortiz et al., 2018;
Thomsen et al., 2019). However, changing ocean chemistry and
reduced oxygen saturation under warming may limit the scope
for thermal refugia (Deutsch et al., 2015). As such some predator
indicators will rapidly reflect environmental change with little lag,
such as within-season shifts in fish distribution (e.g., presence
of southern species in surveys, Zador and Yasumiishi, 2018),
while other signals may manifest over multiple years (e.g.,
changes in production).

Metabolic demand of Pacific cod is largely a function of
thermal experience and tends to increase exponentially with
increasing temperatures (Paul et al., 1988). Pacific cod can
minimize metabolic costs through behaviors such as movement
to thermally optimal temperatures (Claireaux et al., 1995; Hurst
et al., 2009; Nichol et al., 2013), or can increase consumption
of food energy to meet increasing metabolic demands. The
former requires access to thermally optimal temperatures and the
latter requires sufficient access to abundant or high energy prey

resources. Thus, if either is limiting, metabolic costs can exceed
energetic consumption and decreases in growth or increases in
mortality will occur (Dutil and Lambert, 2000). For Pacific cod in
the GOA during the 2014-2016 marine heatwave, prey demand
was elevated above long-term mean estimates, and peaked in
2015, according to adult bioenergetic model estimates of relative
energetic demand. Thus the increase in metabolic demand in
2015 has two important implications: if Pacific cod did not
migrate out of the region they would have had to (1) consume
an additional 6-12% of prey per day (g/1d/1) over average to
maintain growth and body condition, or (2) access energetic
reserves leading to net body mass loss. The protracted warm
conditions from 2014 to 2016 may have exceeded both adaptive
options, leading to starvation and mortality. There are several
lines of evidence to support this potential mechanism for the
decline in Pacific cod abundance, including poor weight-at-
length condition of Pacific cod observed in 2015 (Figure 5),
lowest potential growth based on mean relative foraging rates,
highest recorded metabolic demands in 2015, and below average
diet energy density. Also of important note is the relative
absence of capelin (an important prey item) in the diets of
piscivorous sea birds during the heatwave and Pacific cod
from 2015, and the overall lower mean stomach fullness for
Pacific cod in 2015. Large-scale northward migration of Pacific
cod was unlikely given the limiting geography of the GOA
(Figure 1). The geography and bathymetry of the GOA would
have required the majority of Pacific cod to traverse a long
southwestward corridor prior to finding an accessible northward
passage. Some portion of Pacific cod in the far western GOA
may have been able to move through Unimak Pass into the
southeastern Bering Sea, however, concomitant declines in Pacific
cod biomass there suggest this was not a significant factor
(Thompson, 2017). Although there appears to have been a shift
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FIGURE 10 | Gulf of Alaska (A) copepod community size anomaly and (B) mesozooplankton biomass anomaly. Data for this figure were from Batten (2018).

Year

in distribution of GOA Pacific cod to deeper waters during the
heatwave (Yang et al., 2018), the shift did not move fish to depths
exceeding the bounds of the survey and therefore would have
been included in survey estimates. In addition temperatures at
the new depth during the heatwave remained up to 2°C warmer
than what Pacific cod would have experienced on average over the
previous decade.

Bottom-up forcing can also be tracked through factors
affecting recruitment; some of which can be expected to show
rapid responses (e.g., age-0 fish abundance and survival) and
others longer-term lagged responses (e.g., recruitment to a fished

stock). Pacific cod have a narrow temperature tolerance for egg
development and larval survival (Alderdice and Forrester, 1971;
Laurel et al., 2008; Laurel and Rogers, 2020) suggesting that
recruitment is likely sensitive to temperature. The low abundance
of larvae and juvenile Pacific cod during the heatwave were
apparent in both the 2015 and 2017 AFSC bottom trawl surveys
and 2015 and 2017 AFSC ichthyoplankton surveys. Although
this low abundance of young fish is expected to lead to poor
recruitment at age 3 into the fishery starting in 2018 and impact
the recovery of the stock, it had little impact on the low survey
biomass and estimated spawning stock biomass in 2017.
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Considered collectively, these lines of evidence suggest that
persistent anomalously warm conditions that extended from
surface waters to depth may have contributed to high mortality
rates for juvenile and adult Pacific cod during the marine
heatwave. Thus mortality is one mechanism linking climate
variability to the Pacific cod stock (Lehodey et al., 2006).
Furthermore, poor recruitment during the heatwave suggests
that recovery will be delayed. Numerous studies link warm
temperature to poor Pacific cod larval survival (Alderdice and
Forrester, 1971; Laurel et al., 2008; Hurst et al., 2009; Laurel et al.,
2011; Laurel and Rogers, 2020), growth-dependent mortality due
to increased prey demand, and lower quality and quantity of
zooplankton prey (Gallego and Heath, 1997; Beaugrand et al,
2003). But our study is the first that we are aware of that directly
links adult Pacific cod mortality to decreased abundance via
insufficient prey to meet increased energetic demands during an
extended warm period.

Why Pacific Cod?

Other ectothermic fish species would be expected to have
similarly elevated metabolic demands during the warm
conditions, increasing the potential for broad-scale prey
limitations. Life history traits predict that Pacific cod would
be most vulnerable (among large groundfish) to multi-year
environmental warming event (Table 1). Most relevant may
be the shorter lifespans and high growth rates compared to
other large groundfish. King and McFarlane (2003) grouped
Pacific cod as “intermediate” strategists, between opportunistic
(r-selected; e.g., anchovies, sardines) and periodic (K-selected)
strategists, the latter which include other groundfish such as
rockfish, flatfish and sablefish. Intermediates tend to exhibit
large swings in abundance, similar to opportunistic strategists,
but are longer-lived than periodic strategists. This group also
includes tunas, which, unlike Pacific cod, are highly migratory,
thereby able to buffer the effects of poor ecosystem conditions
(Polovina, 1996; McFarlane et al., 2000; King and McFarlane,
2003). These traits also allow for the rapid recovery of the Pacific
cod stock biomass when ecosystem conditions are favorable
(i.e., temperature are cooler and prey is abundant). In fact,
the observation of good body condition for Pacific cod during
2017 surveys in contrast to the poor body condition of other
species (Zador and Yasumiishi, 2017) suggests that the remaining
Pacific cod were able to respond more quickly to the improved
conditions post-heatwave than other species.

Specific responses to the marine heatwave appears to have
varied among the other abundant groundfish in the GOA such as
walleye pollock, arrowtooth flounder, and Pacific halibut. While
they would be expected to have similar metabolic responses to the
increased temperature, inherent differences in life history and/or
adaptive capacity may have influenced how their responses
manifested. For example, the relatively more pelagic and lower
trophic (i.e., zooplankton) diet of walleye pollock was sufficient to
maintain growth given the apparent abundance of zooplankton
during the heatwave (Dorn et al., 2018). Although Pacific cod
have a higher thermal optimum than walleye pollock (Laurel
et al,, 2016), their metabolic demand is also higher. At the same
temperature gram for gram Pacific cod require 40% more forage

on a daily basis than walleye pollock (Holsman et al., 2016).
Arrowtooth flounder female spawning biomass also declined
during the 2014-2016 heatwave (Spies et al., 2017), which may
reflect similar stock-wide effects of increased metabolic demands
and limiting prey resources. Additionally, as a major predator
of young walleye pollock, the decline in arrowtooth flounder
may have decreased predatory pressure on walleye pollock. While
Pacific halibut stomachs were also lacking C. bairdi during 2015
(AFSC Groundfish Trophic Interactions Database, accessed 14
February 2019)°, their highly migratory nature, pelagic foraging
capabilities, and longer lifespan may have been sufficient to
buffer the immediate effects of increased metabolic demands
on the population. Pacific ocean perch (Sebastes alutus) and
sablefish which had increasing populations during the heatwave
(Hanselman et al., 2017; Hulson et al., 2017) have higher thermal
optimums than Pacific cod. Recruitment of sablefish in 2014
and 2016 was high, potentially due to the lack of predation by
and competition with juvenile Pacific cod. The explanation for
sablefish high recruitment is speculative as a direct mechanisms
for the increase in sablefish recruitment has yet to be determined.
Finally, recent evidence suggests bottom up controls on other
groundfish species in the GOA and EBS over the past two
decades, with declines in Pacific halibut size at age potentially
driven by increasing metabolic demand and combined with
declines in prey quality (Holsman et al., 2019b).

Pacific Cod Co-management and EBFM
Ecosystem indicators presented to the NPFMC in 2015 and 2016
suggested the marine heatwave induced marked changes to the
GOA ecosystem, including poor groundfish condition, seabird
die-offs, and large whale strandings (Zador and Yasumiishi,
2017). Nonetheless, owing to a lack of clear implications for
groundfish productivity at the time, these indications of poor
ecosystem performance failed to prompt precautionary change in
groundfish management ahead of the severe decline of Pacific cod
identified in 2017. When the decline was recognized, the fisheries
management system functioned as it was designed in terms of
managing stock biomass and harvest pressure, by reducing the
quota until the stock recovers.

The recommended ABC for Pacific cod was 18,000 t for 2018
and 17,000 t for 2019. These values included further downward
adjustments from the maximum permissible ABCs from the
2017 reference model of 19,401 t and 17,634 t in 2018 and
2019. This reduced level of catch would keep the 2019 and 2020
projections of the Pacific cod female spawning stock biomass
above B20%, a threshold which triggers a fishery closure due
to regulations governing minimum forage requirements for the
endangered western stock of Steller sea lions. The recommended
ABC represented a 77% decline from that projected for 2018
in the 2016 reference model. After acceptance of the ABC, the
federal TAC for 2018 was set at 13,096 t and there were 4,904
t allocated to nearshore state water fisheries. The TAC is the
number which ultimately governs the maximum amount of catch
for a given year in the fisheries. The fishery sector and seasonal
quotas for the federal fisheries are subsets of the TAC.

3https://access.afsc.noaa.gov/REEM/WebDietData/DietDatalntro.php
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The fishery and dependent coastal communities incurred a
substantial loss in catch and revenue with little time to prepare.
Even so the large reduction of the GOA Pacific cod TAC was
non-controversial at the NPFMC public meetings. During the
public comment period at each stage there was no dissent
voiced. At the December AP meeting a question on the technical
aspects of the GOA bottom trawl survey was asked by a fisher.
A captain of one of the commercial fishing vessels that conducted
the 2017 GOA bottom trawl survey was a sitting member of
AP and was able to answer the question and adroitly address
the specific concerns of the fisher. Other public testimony
during the Plan Team, SSC, and general NPFMC meetings
primarily were of concern for the GOA ecosystem following
the marine heatwave. Three fishers during public commentary
at the NPFMC December meeting voiced concern for other
species suggesting the NPFMC consider more conservative TACs
for these species given the uncertainty of the impacts of the
heatwave. The lack of a substantial negative response by fishers,
as seen in other regions when large reductions in fishing quotas
have been enacted (e.g., Newfoundland Atlantic cod quota
reduction protests (Palmer, 2003), New England Atlantic cod
quota reduction protests (Hilborn et al., 2001), France and the
United Kingdom Atlantic cod quota reduction protests (BBC
News, 2002; CNN, 2002; RFI (English), 2009) Newfoundland and
Labrador shrimp quota reduction protests (Canada’s National
Observer, 2017), South Africa quota reduction protests and riots
(Isaacs and Witbooi, 2019), etc.), can be attributed in large
part to the transparent cooperative co-management system (Sen
and Nielsen, 1996) that has evolved in North Pacific groundfish
fisheries (Stram and Evans, 2009). The NPFMC management
apparatus includes both formal and informal venues for public
inclusion in the decision-making process (Stram and Evans,
2009). The formal process includes representation on the AP
and the NPFMC general body and public comment periods
during the meetings. Stakeholders tend to be well versed in how
the system functions and know their concerns will be heard
and considered. Informal dialog between assessment scientists,
fisheries managers, and stakeholders occurs at each stage of the
management process.

EBFM in the North Pacific groundfish fisheries not only
relies on the single-species assessments and aggregated ecosystem
information presented in the ESR, but also on the shared
experience of other stakeholders and the combined knowledge
across the two advisory and two deliberative bodies of the
NPEMC (Zador et al, 2017). Over time this system has
evolved to increasingly include ecosystem, economic, and other
social information within the process (Stram and Evans, 2009;
Livingston et al., 2011). The NPFMC EBFM has developed with
the increasing knowledge that management has been improved
with the inclusion of ecosystem data and collaboration among
stakeholders. In some cases this inclusion and collaboration has
been forced with new regulatory mandates created in response
to Congressional action in the Magnuson-Stevens Act (MSA),
the Marine Mammal Protection Act (MMPA), the Endangered
Species Act (ESA), the Migratory Bird Treaty Act, the National
Environmental Policy Act (NEPA), the Regulatory Flexibility Act
and litigation generated to ensure compliance with these acts.

All of the resource assessment surveys used in the GOA
Pacific cod stock assessment have been conducted cooperatively
with contracted commercial fishing vessels and crews (Rutecki
et al, 2016; Von Szalay and Raring, 2018). Questions on
the technical aspects of the surveys were answered by a
fellow fisher using language and socio-cultural cues readily
understood by fellow fishers. Further, Cooperation among
NOAA researchers and other stakeholders including the fishing
industry, non-government organizations, universities, and state
of Alaska agencies in the collection and interpretation of data
and development of assessment models is an integral part
of the management structure. There are numerous funding
sources that facilitate cooperative research in the region
including federal (e.g., North Pacific Research Board' and
NOAA Fisheries Cooperative Research Program)® and private
industry (e.g., Pollock Conservation Cooperative Research
Center® and North Pacific Fisheries Foundation’). A large
portion of basic groundfish research completed in the GOA is
conducted cooperatively with the commercial fishing industry
on commercial vessels using fishing crew, providing fishers
with a first-hand understanding of where and how data were
collected and by whom.

Another important component of fisheries management in
the northeastern Pacific groundfish fisheries has been the long-
term use of industry-funded, but NOAA administered, biological
technicians (observers) to collect fishery-dependent data on
board commercial fishing vessels (French et al., 1982; Cahalan
et al., 2014; Alaska Fisheries Science Center, 2018). The use
of onboard observers has not only provided a wealth of data
on commercial catch (~40,000 sea days per year), but it has
also provided a venue for daily contact and communication
among fishers and scientists and a training ground for fisheries
scientists and managers. Many researchers, managers, and
industry representatives working in the northeastern Pacific
groundfish fisheries have previously worked as observers. This
familiarity is believed to have further facilitated communication
among stakeholders.

In 2017 the AFSC stock assessors made a concerted effort to
warn stakeholders of the potential for a severe reduction along
with a coherent story of what caused the decline in Pacific cod
abundance. The warning first presented by AFSC researchers
in October 2017 at the SSC and AP meetings was consistent
with what the fishers had observed on the fishing grounds. In
addition the ESRs identifying the heatwave and known ecological
impacts had been presented in public forums since 2015 when the
heatwave was first identified. The authors informed local radio
and print news sources prior to the December 2017 NPFMC
meeting to widen public awareness. Familiarity with the research
and open communication among stakeholders has translated into
a high level of trust in science-based management in this fishery.
An attitude of co-responsibility for the health and management
of the fish stocks has also been fostered. A cooperative political

*https://www.nprb.org
Shttps://www.st.nmfs.noaa.gov/cooperative-research
Chttps://www.pccrc.org
“http://npfisheriesfoundation.org
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climate in the North Pacific groundfish fisheries along with a
degree of co-responsibility toward the resource has facilitated the
implementation of EBFM, and, in the case of GOA Pacific cod
management, has made economically difficult determinations
more readily accepted by stakeholders.

Lessons Learned and Suggested

Improvements

Despite the identification of the GOA marine heatwave in 2015
and the negative effects on some components of the ecosystem,
prior to the 2017 summer bottom trawl survey the full impact of
the marine heatwave on adult GOA Pacific cod was unforeseen.
Once the issue of low Pacific cod abundance was identified
the management system reacted decisively. The management
response, although appropriate given what was known, was too
late to allow sufficient time for the fishing industry to fully
prepare for the quota reduction and subsequent economic impact
(Bill Walker and Byron Mallot to Wilbur Ross, Federal Fishery
Disaster, 8 March 2018)®. The NPFMC process has been both
cooperative and adaptive, but is generally reactionary and only
rarely proactive. The question remains as to whether the drop
in the GOA Pacific cod population could have been predicted
and more done to prepare the industry or cushion the impacts
to the Pacific cod population or was this event unpredictable. If
the former then what can be done to predict the next event? If the
latter, how can the management system be best adapted to reduce
economic, social, and ecological impacts given unpredictable
events while not unnecessarily forgoing economic opportunities?

In the assessment model, a block of years 2014-2016 with
higher mortality was used as an unexplained mortality event
without a predictive mechanism to allow projection of future
mortality events. It is thought that the increase in adult GOA
Pacific cod mortality can be tied to the marine heatwave and
likely due to nutritional stress over winter as described above.
However finding a relationship to an index which can be used
within the single-species assessment to scale mortality is proving
difficult. Temperature alone is not a consistent measure for adult
Pacific cod mortality. An increase in consumptive requirements
of Pacific cod with increasing temperatures within tolerance
levels is only an issue if forage are not available. Available bottom
trawl and longline surveys currently do a poor job of providing
indices of annual forage levels for Pacific cod.

There are some measures currently reported in the GOA
ESR that may be developed into useful qualitative indices but
likely could not be developed into mechanistic quantitative
predictors within the assessment model. Piscivorous seabird and
fish stomach content samples are annually available and appear
to track forage presence. Low abundance of capelin in both birds
and Pacific cod and low stomach weights in Pacific cod during the
heatwave suggest a possible connection. However, low abundance
of capelin and light stomach contents have been observed in
the past without noticeable increases in Pacific cod mortality
(Barbeaux et al., 2017). Although Dutil and Lambert (2000) show
a relationship between condition factors and natural mortality,
their study was limited to Atlantic cod (Gadus morhua) and show
considerable overlap for weight-at-length condition factors in

Shttps://www.fisheries.noaa.gov/webdam/download/76977930

healthy and starving fish and even more overlap between starving
and dead fish. The weight-at-length condition factor for Pacific
cod in the GOA summer bottom trawl survey is tracked in the
ESR (Figure 5A), but this is a biennial index limited to summer
collections, which is likely not the most critical time for Pacific
cod survival during a marine heatwave that spans the winter.

The only available winter and spring data on Pacific cod
condition are from fishery data (Figure 5). The signal in the
weight-at-length condition factor has been mixed in the fishery
during the 2014-2016 marine heatwave. This is likely due to how
the fisheries are conducted. Trawl fisheries in the late winter and
early spring target pre-spawning aggregations and the weight-at-
length condition factor remains high for these fish even during
the start of the marine heatwave. Weight-at-length condition in
the trawl fishery may be biased toward more healthy fish, those
that have enough energy reserves to partake in spawning. The
longline and baited pot fishery showed a lower than average
Pacific cod condition during the heatwave years for all size classes
and continued poor condition for smaller fish through 2018
post-heatwave (Barbeaux et al., 2018). Unfortunately, due to the
reduction in quota the winter GOA baited pot and longline
fishery effort has been greatly reduced from previous years and
data collection was minimal during the winter and early spring
for 2018 (Ganz et al., 2018). We are therefore left without a
consistent quantitative means of identifying when or how a
marine heatwave will impact Pacific cod until the stock levels
increase to allow a more consistent fishery. Each of these potential
indices need to be assessed in aggregate and used to identify when
management should be more precautionary, but a direct link
through the single-species stock assessment to quantitative ABC
determination is likely not an attainable goal in the short-term.
Therefore, even though there is an understanding of how the
2014-2016 marine heatwave impacted the GOA Pacific cod stock,
how future events will play out in this system remains unclear.

EBFM will continue to rely on adjustments to non-
climate enhanced single-species assessment model with
recommendations tempered by non-integrated evaluations of
oceanographic conditions and other ecosystem components.
However, recent developments of climate-enhanced stock
assessment models in the Bering Sea (Holsman et al., 2016;
Spencer et al., 2016) may provide a method for accounting
for climate- and ecological-driven changes to stock biomass
and survival. In the EBS the climate-enhanced multispecies
assessment model has been used strategically to provide a
climate-specific multispecies target for pollock, Pacific cod
and arrowtooth flounder ABC and has been used to project
recruitment for these species under future climate conditions
(Holsman et al., 2018). As an appendix to the pollock stock
assessment (Ianelli et al., 2018), the model is currently used to
provide strategic contextual advice for that assessment. Such
classes of climate-enhanced models may improve management
advice under climate-change and extreme events.

Another lesson has been that although there is likely a
mechanistic relationship with temperature that will help predict
poor recruitment in the near term, a perfect understanding of
recruitment processes may not improve our ability to predict
the sudden impacts of marine heatwaves. For this species poor
recruitment was already indicated for the 2014-2016 marine
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heatwave in the larval and biennial bottom trawl surveys.
The low recruitment starting in 2014 had been noted in the
assessment in 2016 and taken into account in the projections
of future spawning biomass and management advice. The 2016
and 2017 assessments projected a drop in female spawning
biomass in 2018 and later and provided a warning of probable
sharp drops in ABC after 2019 (Barbeaux et al, 2016). The
issue most surprising in 2017 and of most concern for the
fishery was the unforeseen precipitous drop in abundance of
adult fish. A better understanding of recruitment processes
would have reduced the uncertainty in projections for 2019 and
onward, however, this would not have led to an earlier warning
for the drop in adult abundance. Where an understanding
of recruitment processes may prove useful is in preparing
for the increase in average temperatures with climate change
and the development of climate-enhanced management strategy
evaluations aimed at looking at management under climate
change. A continued problem may be that the relationships
and correlations we see currently will likely change as we have
more marine heatwave events. Populations will die off, move,
or be conditioned to warmer temperatures, advancing the rapid
adaptation of ecosystems to a warmer planet. Relationships that
exists now will not likely be fully applicable in the long-term
(>30 years) if the International Panel on Climate Change (IPCC)
projections are correct.

Although some impacts of the 2014-2016 GOA heatwave
were foreseen, the increase in adult GOA Pacific cod mortality
was not predictable. Climate change will result in more marine
heatwaves resulting in more unforeseen consequences as we are
uncertain which specific species will be impacted or how that
impact will manifest resulting in management challenges both
biologic and economic. Although management will likely never
be proactive enough to adequately address these issues before
they become crises, it will need to be robust to crises and nimble
enough to adapt to emerging issues. Robust management requires
that systems in place for data collection, interpretation, and
dissemination, as well as the management advice process are
structured in such a way that economic and social pressures
created by the crises will not adversely impact them. More
nimble management means that emerging crises are recognized
as such as early as possible and the nature of the crises
communicated within the management structure and to the
public quickly. Management responses need to be decisive which
requires trust by the impacted stakeholders in the management
system and adequate warning given to the stakeholders to adapt.
A very important lesson learned during this event is that as
climate change impacts our world EBFM will require a more
diverse set of expertise than traditionally employed in fisheries
stock assessment.
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