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About this Document

This document provides scientific guidance to the California Department of Fish and
Wildlife (CDFW) regarding the potential impacts of climate change on California
fisheries and recommendations for building resilience to buffer climatic forces. At
CDFW's request, the California Ocean Protection Council (OPC) provided funding to
the Ocean Science Trust (OST) to convene an OPC Science Advisory Team (OPC-SAT)
Working Group with relevant ecological, social science, and governance expertise.
This guidance was prepared by OST and the OPC-SAT Working Group in partnership
with CDFW, in adherence with the requirements in the OPC Staff Recommendation:
"California State Fisheries Management: Current Efforts and Future Needs." This
project was developed for consideration by the California Department of Fish
and Wildlife (CDFW) to help inform the state's process to amend the Marine
Life Management Act (MLMA) Master Plan. Products from this project have been
submitted to CDFW for review and may be integrated, in full or in part, into a draft
Master Plan Amendment. In addition, given the broad potential ecological, social
and economic impacts from climate change, we hope the document provides
useful guidance for other government agencies and departments, funders, affected
individuals and communities, and non-governmental organizations engaging in
action on this issue. Additional information about the Master Plan amendment
process, including key resources and opportunities for stakeholder engagement, is
available at https://www.wildlife.ca.gov/Conservation/Marine/Master-Plan.
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READYING CALIFORNIA FISHERIES

FOR CLIMATE CHANGE

Executive Summary

Key Messages

e (limate change has linked ecological, social, and economic consequences for all fisheries in California.

o There are existing management strategies that can make fisheries more resilient.

o e are already seeing the effects of climate change and taking action in some fisheries. These approaches can be leveraged and built

upon to improve fisheries management in California.

e Collaboration with fishing communities, Tribes and Native Communities, and others can support adaptive approaches.

In California, the ocean supports a diversity of marine organisms
and a vibrant fishing economy. However, increased greenhouse
gases in the atmosphere are leading to a warmer ocean and more
extreme climate variations. This has implications for the location
and abundance of fish and invertebrates as well as the people who
depend on these species for their livelihoods and wellbeing.

We have seen market squid moving farther north, loss of kelp beds in
Northern California, and compromised shellfish populations - which
are just some of the climate-related changes in California’s oceans in
recent years.

To provide guidance to all who are engaged today in building resilient
fish stocks and fishing communities, we have identified four possible
future scenarios along with the challenges they are likely to pose to
ecological systems as well as to the fishermen and communities that
depend on them. We then suggest seven adaptable and responsive
management strategies to prepare for impacts and opportunities as
the climate changes.

The California Current: A Naturally Variable
System

The California Current experiences a great deal of natural variability
occurring over inter-annual and -decadal timescales. Simply put,
the system fluctuates between cool and warm phases. These phases
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Many California fish and invertebrate stocks
favor either warm or cool phases

Image credit: G. Bergsma

WARM PHASE

Basses (kelp bass, barred sand
bass, spotted sand bass)
California halibut
California sheephead
California spiny lobster
Kellet's whelk

Pacific (chub) mackerel .
Pacific bonito
Pacific sardine
White seabass

20N

COOL PHASE

California market squid
Chinook salmon
Dungeness crab
Geoduck clam

Most groundfish
Northern anchovy
Ocean (pink) shrimp
Pacific halibut

Red abalone




drive recruitment, species composition and distribution, and overall production. In general, cool phases tend to be more productive
and warm phases tend to be less productive, as more nutrients are available for phytoplankton growth in cool waters. Under warmer
conditions, including those associated with El Nifio events, it is largely warm water or subtropical species that thrive, including Pacific
sardine, California spiny lobster, and California halibut. Under cool conditions many northern and transitional species, Dungeness crab,
Pacific halibut, and anchovy are productive.

Climate Change: Extremes, Variability, Uncertainty

Historically these warm and cool phases have been fairly consistent. However, long-term temperature records indicate that the California
Current is warming. In addition, there has been unusual variability in recent years (2014-2016), as occurred with the large patch of
warm water along the West Coast known as “the Blob" followed by an El Nifio. Climate change will likely lead to more extreme and
variable environmental conditions. Predictions for climate change can be grouped into four scenarios.

Scenario 1 assumes no impact of climate change. Scenarios 2, 3, and 4 assume a long-term directional climate change (i.e., warming)
affecting the oceanography and physical conditions of the CCLME:

1. Variability equivalent to that observed in the past ("Historical Variability")

2. Increases in the amplitude and changes to the period (or duration) of natural variations (“Increased Variability")
3. Poleward displacements as tropical waters expand over time ("Range Shifts")
4

Abrupt changes in the ecosystem as thresholds are crossed due to slow and steady or rapid changes in the biophysical and
geochemical environment (“Crossing Thresholds")

These scenarios are not mutually exclusive but provide a way to understand the range of possibilities that could occur under climate
change.

What is a fishery?

Fisheries are social-ecological systems, involving the physical environment, marine organisms, and the people who harvest, utilize,
and make rules about managing these resources. This include not only fishermen (commercial, recreational, and subsistence) but also
buyers, processors, wholesalers, retailers and consumers; support industries such as equipment, fuel and ice suppliers; families and
community networks; and scientists, managers, administrators, and legislators.

How may California fisheries be impacted by climate change?

Climate change is already impacting California fisheries, affecting fish stocks and fishing communities. The physical changes associated
with climate change (warming, ocean acidification, hypoxia, changes in circulation patterns, etc.) will continue to have both direct
and indirect impacts on fish stocks. More extreme or variable environmental conditions are predicted to impact species’ physiology,
habitat availability, prey quality and abundance, species interactions, and/or other factors that influence population dynamics and
sustainability of fish stocks. As a result, stock abundance and/or spatial distribution may increase or decrease, expand or contract, or
simply become more variable. These changes will in-turn affect fishing communities.

Direct impacts on fishing communities include increased storms or sea level rise and associated damage to fishing infrastructure and
businesses. Indirect impacts could include changes in the abundance and/or distribution of fished species and may lead to human
responses such as changes in fishing practices, which in turn can affect shoreside support infrastructure, goods, and services.

Fishing Communities and Climate Change

Fishery participants have adapted - both more and less successfully - to the range of historic variability and uncertainty in climate
and weather in California, such as El Nifio events, harmful algal blooms, and declines and increases in fish stocks due to sea surface
temperature fluctuations. To do this, they have a variety of strategies, including intensification, substitution, diversification, pluralism,
migration, and exit.

Climate change will likely lead to more extreme or altered variability or uncertainty; with certain responses being more prevalent in
some scenarios than others. Fishermen's ability to adapt is shaped and constrained by regulatory, economic, social, and ecological
factors.

Both NOAA and CDFW have developed a set of social vulnerability indicators for coastal communities to help bolster social resilience.
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Table 1. Four Future Ecological Change Scenarios.
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SCENARIO

@ Historical Variability

D

Historical climate variability is characterized
by fluctuations between warm and cool
phases. Cool phases are generally more
productive for some fisheries, while warm
phases are more productive for others.

@ Increased Variability

D

Increased climate and oceanographic
variability causes extreme and sometimes
unpredictable environmental conditions
(e.g., warming, ocean acidification, hypoxia,
more extreme/frequent storms, erosion and
flooding of coastal areas).

Long-term warming trends, more frequent
warm phases, and fewer cool phases can lead
to changes in acidity, temperature, and ocean
circulation.

@ Crossing Thresholds

—iCoe

Slow and steady changes in ecosystem
properties can result in dramatic, rapid, and
step-wise shifts in species composition and
food web productivity when a threshold in
one or several of these properties is crossed.
The properties may be either biotic or abiotic.

RESPONSES & IMPACTS

Ecological Impacts

Productivity of stocks fluctuates with warm (less
productive) and cool (more productive) conditions.
Species shift their range to ‘follow’ favorable
environmental conditions.

Potential Human Responses

No change, increase effort, shift or diversify target species,
follow the fish, increase non-fishing activity.

Potential Social & EconomicImplications

Patterns of activity and associated costs and benefits shift
as fishery participants adapt to opportunities or cope with
loss; participants modify or expand social networks.

Ecological Impacts

Contraction and expansion of species’ spatial distributions
and variable fish production or possibly reduced fish
production.

Potential Human Responses

All responses listed in historical variability plus leave fishing.

Potential Social & Economic Implications
Variable economic returns; higher costs (fuel, learning,
shifting); disruption in fishery support and seafood
distribution links; safety concerns due to volatile weather;
social, cultural and economic stress; modified or expanded
social networks; increased production may lead to economic
gains in some sectors; enhanced fishery and community
well-being.

Ecological Impacts

Changes in quality and/or quantity of prey; range
contraction and/or reduced production of species that

favor cool-more productive conditions; range expansion of
species that favor warm-less productive conditions; changes
in species life histories due to warming (tropicalization).

Potential Human Responses
No change, shift or diversify target species, follow the fish.

Potential Social & Economic Implications
Higher costs (fuel, learning, shifting); disruption in fishery
support and seafood distribution links; displacement

of existing fishery participants; modified or expanded

social networks; increases in fishing opportunity result in
economic benefits.

Ecological Impacts

Asstep-wise change in the CCLME may result in an extreme
case of tropical- or subarctic-dominated systems or to a
fundamentally different ecological state. These shifts are
difficult to predict in terms of their timing, magnitude, and
ecological state.

Potential Human Responses

No change, shift or diversify target species, increase non-
fishing activity, leave fishing.

Potential Social & Economic Implications

Risk of economic disaster for fishing communities;
potential for emerging fisheries; participants modify or
expand social networks.

VULNERABILITY

Fish & Invertebrate Stocks
Species that favor warm conditions include
sardines, highly migratory species, and
California spiny lobster. Those that favor
cool conditions include Northern anchovy,
Dungeness crab, Pacific halibut, and spot
prawn.

Fishing Communities

Highly specialized and localized fisheries,
those without the ability to adapt to new
fishing opportunities, and/or those without
integrated and diversified socioeconomic
systems are more vulnerable.

Fish & Invertebrate Stocks
Highly specialized or localized species
and calcifying organisms are more
vulnerable. Long-lived species with
built-in buffer to high variability are less
vulnerable.

Fishing Communities

Highly specialized and localized
fisheries, small-scale fishing operations,
those with specialized gear, and
communities dependent on a small
number or narrow range of species are
more vulnerable.

Fish & Invertebrate Stocks

Populations near the poleward edge
of their distribution and species
that favor warm conditions are less
vulnerable. Short-lived species are
more vulnerable.

Fishing Communities
Small-scale fishing operations, those
without access to permits, and those
not in risk-sharing networks are more
vulnerable.

Fish & Invertebrate Stocks

Highly specialized or localized
species are more vulnerable.
Generalist species are better able to
adapt to changes.

Fishing Communities
Communities with less livelihood
diversity, smaller-scale fishing
operations, or those that rely on a
smaller range of fisheries are more
vulnerable.



MANAGEMENT APPROACHES

1. Manage for ecological resilience
Reduce compounding stressors
Apply the precautionary principle in stock management
Manage for population structure
@ Evaluate the vulnerability of fish stocks
® Expand climate and fisheries research
Protect nursery grounds and/or essential fish habitat

2. Manage for social resilience
Adopt flexible permitting mechanisms

Promote collaborative planning and research among
fishermen, managers, and partners

® Work with fishing communities to plan for unexpected
changes

@ Evaluate vulnerability of fishing communities

3. Increase management adaptability
Incorporate adaptable catch control rules
Account for climate change in stock assessments

Move single-species conservation area boundaries when
needed

Change seasonal closures when needed

Incorporate changes in indicators/ecological factors into
management

4. Support fisheries transitions
Manage for human well-being
@ Prepare for emerging fisheries

Establish a new permitting program/policy to change
access to expanded or emerging fisheries

@ Plan for tipping points

5. Strengthen monitoring and forecasting
@ |ncrease collection of effort information

@ |Identify critical biophysical, social and ecological
indicators to monitor

@ Expand monitoring to inform both MLMA and MLPA
objectives

Streamline monitoring programs
@ Inventory ecological hotspots

@ Support regional climate change impact projection
projects
Implement co-monitoring

6. Expand cross-boundary coordination
Increase interagency coordination
Expand transboundary fisheries management

Expand meaningful engagement with Tribes and Native
Communities

7. Increase research and management
capacity
Identify and address personnel and funding needs

Expand training and other capacity-building opportunities
for fisheries professionals
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Flexible, Responsive, & Adaptive
Fisheries Management

To some extent, existing management approaches and tools
have allowed communities to adapt to the high degree of
variability in the California Current. Yet they may need to be
modified to address predicted extremes in weather and climate.
Managers must be able to anticipate and respond to current
and future changes to help communities adapt to variability.
This includes adopting flexible, responsive, and adaptable
management approaches that could make the system more
resilient to changes that may occur under any scenario.

Based on a review of recent literature from around the nation,
the working group generated seven management strategies
and associated implementation approaches and actions, which
managers can use to prepare and respond to climate change.
Some of these approaches require actions that are outside of
CDFW's jurisdiction, and therefore will require efforts by other
entities to be implemented. In addition, to ensure fishermen
and communities are better able to adapt to change, they
must be involved in collaborative decision-making regarding
changes to fishery management regimes and strategies. These
strategies are listed in the Management Apporaches Box to the
left. In some cases, such as the market squid fishery, range shifts
require management approaches that can help vulnerable
human communities adapt. In other cases, such as the California
sardine fishery, management measures will protect fish stocks
from reaching dangerously low levels under changing ocean
conditions.

Expanding and maintaining partnerships with stakeholders,
academia, othergovernmentagencies, and fishing communities
that directly address agency needs is critical to improving data
and capacity for management.

Adaptive Fisheries Management Framework
(Governance practices apply throughout)

EVALUATE

& ADAPT

Legend for Management Approaches Box:
® Plan &Research Act
Governance Practices



Some fisheries are already adopting flexible, adaptable management
strategies as they experience the effects of a changing climate

What they are doing can be leveraged and/or applied to other fisheries to improve
management throughout the State.*

» Harmful algal blooms and whale entanglements

In 2015 and 2016, California's Dungeness and rock crab fisheries experienced
unprecedented impacts when a harmful algal bloom prompted closures to protect
public health. The closures delayed the season statewide and caused financial and
social impacts on fishing communities. The warmer ocean conditions associated with
the 2014-15 climate event also compressed prey species closer to shore, attracting
whales to areas where they were more susceptible to entanglement with fishing gear.
Climate change may increase the frequency of harmful algal blooms, highlighting
the need to better understand these events and prepare for their impacts.

» New fishing opportunities

Preparing fisheries governance for climate-related changes means preparing not
only for negative impacts, but also for new opportunities that may arise - such
as emerging or expanded fisheries. Generalist species, such as lingcod, that are
physiologically tolerant to variable or extreme conditions or are able to capitalize
on a wide variety of prey, may increase in abundance. These species may become
emerging fisheries. We are already seeing examples of expanded fisheries in
California, forexample in 2014, squid became abundant north of the fishery's typical
range and a small number of permittees and associated buyers briefly shifted their
efforts into this area, with squid trucked south to processing facilities. The ability to
access these opportunities will depend on how large they are as well as the adaptive
capacity of fishing communities. Flexible permitting is one management approach
that can help fishermen access these new opportunities.

» Accounting for environmental variability

The commercial fishery for Pacific sardines is one of two in California for which
management accounts for environmental variability by incorporating a climate
indicator into its harvest control rule. Because this species responds to warm and
cool phases, temperature serves as a valuable indicator of the stock’s status and thus
helps to support determination of sustainable harvest levels. The expanded use of
climate indicators to provide more comprehensive information in the management
of other stocks could decrease the likelihood of a collapse (such as that which
occurred in the 1950s) when conditions are unfavorable while supporting an active
fishery when conditions are favorable. This report outlines a range of strategies to
account for environmental variability in fisheries management.
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*See case studies in the report for more information.
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California fisheries are at risk from a variety of forces including a changing climate. Increased greenhouse gases in the atmosphere
are leading to unprecedented changes in ocean temperature, acidity, oxygen levels, ocean circulation, sea level, and the frequency
and magnitude of extreme events (Sydeman and Thompson 2013, Pinsky and Mantua 2014). The consequences of these changes for
marine fish and invertebrates are already being observed in changes in species’ metabolic stress (Somero et al. 2016), abundance, and
distribution (Parmesan 2006, Sydeman and Thompson 2013), as well as fundamental changes to ecosystem integrity (Williams and
Jackson 2007). In turn, fishing communities dependent on these species are being affected (e.g., changes in resource availability and
landings, damage to shoreside infrastructure, etc.) (Hamilton and Butler 2001, Pinsky and Fogarty 2012).

Despite these observations, many questions remain about how California fisheries will be affected by climate change and how they can
adapt. This report focuses on addressing the following key questions:

1. What social-ecological changes to fisheries might we expect with a changing climate?
We present four future ecological change scenarios, with associated impacts to fishing and ecological communities.

2. What changes to California’s fisheries management would contribute to more resilient, prosperous, and adaptive fisheries, under
current climate conditions (i.e., even in the absence of climate change)?
There are strategies and approaches that can help fishing communities and fish and invertebrate stocks adapt to existing climate
variability.

3. What additional changes to California fisheries management would help ensure effective adaptation to anticipated future climate
change?
Proactive changes to fisheries management could help ensure stocks and fishing communities are prepared for and responsive to
climate change.

In addressing these questions, we define fisheries as integrated social-ecological systems composed of three dynamic and interacting
elements: an ecological subsystem (including fished species and habitat), a social subsystem (people, practices, and relationships), and
a governance subsystem (the norms, strategies, and rules that guide fishing behavior). In this view of fisheries, changes in any of these
subsystems affect one another and the system itself, with ecological and social outcomes that are of interest to decision-makers (Field
and Francis 2006, Ostrom 2009, McCay 2012).

Setting the scene

Commercial, recreational, and tribal fishermen harvest more than 350 species of fish and invertebrates and 25 species of kelp and
other marine algae from marine ecosystems in California (Leet et al. 2001, Allen et al. 2006). Fisheries exist in almost every marine
ecosystem, from intertidal beaches to the upper regions of the continental slope (Bjorkstedt et al. 2015). In 2012, approximately
1,900 commercial fishing vessels landed catch at 34 California ports and several smaller landings, with about 480 dealers buying
and distributing the catch (Culver and Pomeroy n.d.). Recreational fisheries, which include charter boat, private boat, and shore-based
activity, account for a small fraction of total landings (by weight) overall, but account for the majority of landings of some species,
including lingcod (Ophiodon elongatus), bocaccio (S. paucispinus), and blue rockfish (S. mystinus) (Bjorkstedt et al. 2015). In 2011,
1.5 million recreational marine anglers took at least 6.1 million trips and supported approximately 7,700 jobs (NMFS 2012). Tribes and
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Figure 1.The most common commercially- and recreationally-caught species in each of California's five coastal regions.
The North Bight and South Bight comprise the “Southern California Bight." Highly Migratory Species (HMS) include tunas,
sharks, billfish/swordfish, and dorado. Coastal Pelagic Species (CPS) include sardine, anchovy, and mackerel. Groundfish is
comprised of flatfish, roundfish, and rockfish species. The mix of fisheries in each region of the state has implications for
the impacts of and adaptation to climate change. Changes in one fishery can affect other fisheries locally, regionally, and
statewide. For example, if one species becomes scarce, fishermen may shift to another, with implications not only for the
fished species but also for the human and ecological systems that support and depend upon both fisheries.
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Native Communities harvest a variety of fish, invertebrate, kelp and marine algae species along the California coast for long-standing
cultural and subsistence, as well as commercial, purposes. The particular mix of species varies among tribes (and regions), but some
commonly harvested groups include salmon, algae, rockfish, lingcod, and bivalves.

Fishing communities also differ along the California Coast. For example, high-volume, low price-per-pound commercial fisheries for
coastal pelagic species are particularly active in Southern California, though this region also includes low-volume landings like red
sea urchin. While less seafood is landed in the North and North Central coast regions, fisheries there include higher price-per-pound
species such as Dungeness crab and Chinook salmon (Figure 1). Recreational fisheries are much larger in southern California than in the
north (Bjorkstedt etal. 2015). The coastal communities associated with these fisheries vary in their engagement in and dependence on
fisheries for social, cultural, and economic well-being, the particular configurations of infrastructure, goods, and services they provide;
and the social and economic relationships that bind them to one another and their larger sociocultural and economic context.

Fisheries management in California

The Marine Life Management Act (MLMA), which became effective in 1999, directs CDFW and the California Fish and Game Commission
(FGC) to manage state fisheries sustainably “to assure the long-term economic, recreational, ecological, cultural, and social benefits
of these fisheries and the marine habitats on which they depend.” To help achieve its goals, the MLMA calls for the development of a
Master Plan. The Master Plan is intended to help focus management efforts on the highest priority fisheries and to describe specific
tools and approaches to be applied in achieving the MLMA's goals. Fishery Management Plans (FMPs) represent the main vehicle for
managing fisheries; required FMP components are provided within the MLMA itself, while the specifics on the process for developing
and implementing these FMPs are contained within the Master Plan. The existing MLMA Master Plan was adopted in 2001. CDFW is
amending the plan to incorporate tools and approaches developed since that time that have the potential to significantly improve
fisheries governance and management outcomes. This report is intended to inform that amendment process.

Anumber of management tools and measures are available to the State for managing its fisheries. These include: harvest control rules;
restricted access/limited entry programs; regional management; in-season management with the ability to close fisheries when harvest
limits are met; conservation areas (closures to protect one or a few species); MPAs; gear restrictions; and experimental fishing permits.
All of these tools are, to some extent, used to manage one or more fisheries at the state or federal level. FGC policies are available for
both restricted access and experimental fishing permits, and a network of MPAs is now in place along the entire coast of California. The
State has also experimented with a small number of novel data and management tools and measures that leverage fishermen, NGOs,
and other stakeholders to help collect data, provide other information, and engage in limited co-management activities.

Considerations of climate variability and change do not figure prominently in the traditional fisheries science that guides management
in the United States (Keyl and Wolff 2008, Pinsky and Mantua 2014). Environmental indicators are not incorporated consistently into
population models, although most United States fisheries are managed based on either constant mortality rates or threshold harvest
control rules (e.g., sloping control rules that are bounded by thresholds). Threshold harvest control rules are a mechanism that can
be inherently responsive or adaptive to variability. The only fisheries in California where management has explicitly accounted for
environmental variability are the commercial drift gill net fishery for swordfish (NOAA 2007) and the commercial fishery for sardine
(Pinsky and Mantua 2014). For most fisheries, climate variability is recognized to be a key factor in variable recruitment and population
growth and distribution. However, due to a lack of strong predictive power and mechanistic understanding of the relationship between
climate and managed species' productivity, such factors typically can only be explained or quantified retroactively, and can rarely be
accounted for or reliably predicted in population or assessment models (DeOliveira and Butterworth 2005, Mohn and Chouinard 2007,
Puntetal. 2013).

Additionally, Tribes and Native Communities in California have a long and diverse history of marine resource use and management and
have adapted to variability over time. However, little is known about how climate change may impact their cultural, subsistence, and
commercial practices. In this document, we primarily address how climate change may affect state-managed fisheries; however, moving
forward it will be essential to work closely with Tribes and Native Communities to understand and address these effects.

Climate Change in a Fisheries Context: Adaptation and Vulnerability

We presenta framework for considering the impacts of climate change on California fisheries by identifying the vulnerabilities to climate
change among fishes, invertebrates, and fishing communities, and how fisheries management may reduce or exacerbate negative
impacts and enhance or preclude positive impacts (Figure 2). This framework adopts the approach of focusing on both vulnerability
and adaptation to climate change (e.g., Smit and Wandel 2006, Parry et al. 2007). Consistent with the IPCC, we define vulnerability as
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"the degree to which a system is susceptible to, and unable to cope with, adverse effects of climate change” (Parry et al. 2007). It is a
function of four elements: exposure, sensitivity, impacts, and human and ecological responses (influenced by their adaptive capacity).

In a fisheries context, exposure is the magnitude and extent of the physical effects of climate change on the human and ecological
components of fisheries. Sensitivity is the degree to which human components (fishery participants/communities) and ecological
components (fished species) are affected by climate change (e.g., dependence on affected species for the former, magnitude of effects
on abundance, distribution, or phenology (Pecl et al. 2014 for the latter)). Exposure and sensitivity influence the type, magnitude,
and the potential extent of impacts, as do potential and human or ecological responses. Adaptive capacity is "the ability or potential
of a system to respond successfully to climate variability and change, and includes adjustments both in behavior and in resources and
technologies” (Parry et al. 2007). It enables potential negative impacts to be offset (e.qg., Allison et al. 2009). We focus on human and
ecological responses to climate change, but recognize the need for future work.

Climate change may have both direct and indirect effects on marine fish stocks (Parmesan 2006, Sydeman and Thompson 2013).
Similarly, some climate change impacts on fishing communities will be direct - such as increased storms or sea level rise (and associated
damage to fishing infrastructure and businesses), with implications for how humans interact with the environment. In addition, indirect
impacts such as changes in the abundance and/or distribution of fished species may lead to human responses such as changes in
fishing opportunities and practices, which in turn can affect economic costs, as well as shoreside support infrastructure, goods and
services.

A wide range of stakeholders that comprise “fishing communities” are potentially vulnerable to climate change impacts. In this
document, we use the definition of fishing community from the Magnuson-Stevens Act, "a community which is substantially dependent
or substantially engaged in the harvest or processing of fishery resources to meet social and economic needs, and includes fishing
vessel owners, operators, and crew, and United States fish processors that are based in such a community” (50 C.F.R. B 600.345(3)).
Included in this definition are commercial, recreational, and subsistence fishermen and their families, both tribal and non-tribal; charter
boat operators, recreational outfitting, and marinas; receivers (e.g., buyers, processors, wholesalers and retailers), harbors, providers of
support goods and services (e.g., fuel, ice, bait, repair and maintenance, groceries); aquaculturists, and consumers, as well as the places
where each of these stakeholder groups lives and works.
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Chapter 2. Future Ecologlcal Change Scenarios
for the CCLME

Image credit: A.T. Nissinen

California's state-managed marine and estuarine waters and living marine resources are part of the much larger California Current
Large Marine Ecosystem (CCLME), which is characterized by substantial natural environmental variability (Figures 4 and 5, Appendix B).
This natural variability provides a dynamic backdrop to the anticipated changes associated with anthropogenic climate change.

Climate change will affect the dynamics of the CCLME, however, limitations of global and regional climate models make it difficult to
provide specific projections of future changes, particularly in coastal environments (Stock et al. 2011). Despite these challenges, we
believe sufficient knowledge and information exist to identify climate-related ecological change scenarios for fisheries in the CCLME.
We define an "ecological change scenario” as a plausible future situation of the CCLME that has indirect or direct impacts on fish stocks
and fisheries (Figure 3; adapted from IPCC 2013).

We describe four potential ecological change scenarios (Table 1). Scenario 1 assumes no impact of climate change. Scenarios 2, 3, and
4 assume a long-term directional climate change (i.e., warming) affecting the oceanography and physical conditions of the CCLME:

1. Variability equivalent to that observed in the past (“Historical Variability")

2. Increases in the amplitude and changes to the period (or duration) of natural variations (“Increased Variability") (Di Lorenzo
and Mantua, 2016)

3. Poleward displacements as tropical waters expand over time (“Range Shifts")

4. Abrupt changes in the ecosystem as thresholds are crossed due to slow and steady or rapid changes in the biophysical and
geochemical environment (“Crossing Thresholds")

The proposed scenarios are not forecasts; rather, each scenario provides an alternative depiction of future fish stock abundance, behavior
and distribution, and the implications for fishery participants and associated fishing communities. The scenarios are not mutually
exclusive, although some scenarios may be more relevant to some fisheries and/or communities than others. We also describe potential
impacts (both negative and positive) on fishery participants, their potential responses, and implications for fishing communities. Finally,
we identify and discuss management approaches that may reduce negative impacts, with a focus on state-managed species.
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Table 1. Four Future Ecological Change Scenarios.

SCENARIO

@ Historical Variability

5D

Historical climate variability is characterized
by fluctuations between warm and cool
phases. Cool phases are generally more
productive for some fisheries, while warm
phases are more productive for others.

@ Increased Variability

D

Increased climate and oceanographic
variability causes extreme and sometimes
unpredictable environmental conditions
(e.g., warming, ocean acidification, hypoxia,
more extreme/frequent storms, erosion and
flooding of coastal areas).

Long-term warming trends, more frequent
warm phases, and fewer cool phases can lead
to changes in acidity, temperature, and ocean
circulation.
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@ Crossing Thresholds

—iCoe

Slow and steady changes in ecosystem
properties can result in dramatic, rapid, and
step-wise shifts in species composition and
food web productivity when a threshold in
one or several of these properties is crossed.
The properties may be either biotic or abiotic.

RESPONSES & IMPACTS

Ecological Impacts

Productivity of stocks fluctuates with warm (less
productive) and cool (more productive) conditions.
Species shift their range to ‘follow’ favorable
environmental conditions.

Potential Human Responses

No change, increase effort, shift or diversify target species,
follow the fish, increase non-fishing activity.

Potential Social & EconomicImplications

Patterns of activity and associated costs and benefits shift
as fishery participants adapt to opportunities or cope with
loss; participants modify or expand social networks.

Ecological Impacts

Contraction and expansion of species' spatial distributions
and variable fish production or possibly reduced fish
production

Potential Human Responses

All responses listed in historical variability plus leave fishing.

Potential Social & Economic Implications

Variable economic returns; higher costs (fuel, learning,
shifting); disruption in fishery support and seafood
distribution links; safety concerns due to volatile weather;
social, cultural and economic stress; modified or expanded
social networks; increased production may lead to economic
gains in some sectors; enhanced fishery and community
well-being.

Ecological Impacts

Changes in quality and/or quantity of prey; range contraction
and/or reduced production of species that favor cool-more
productive conditions; range expansion of species that favor
warm-less productive conditions; changes in species life
histories due to warming (tropicalization).

Potential Human Responses
No change, shift or diversify target species, follow the fish.

Potential Social & Economic Implications
Higher costs (fuel, leaming, shifting); disruption in fishery
support and seafood distribution links; displacement of
existing fishery participants; modified or expanded social
networks; increases in fishing opportunity result in economic
benefits.

Ecological Impacts

A step-wise change in the CCLME may resultin an
extreme case of tropical- or subarctic-dominated systems
or to a fundamentally different ecological state. These
shifts are difficult to predict in terms of their timing,
magnitude, and ecological state.

Potential Human Responses

No change, shift or diversify target species, increase non-
fishing activity, leave fishing.

Potential Social & Economiclmplications

Risk of economic disaster for fishing communities;
potential for emerging fisheries; participants modify or
expand social networks.

VULNERABILITY

Fish & Invertebrate Stocks
Species that favor warm conditions include
sardines, highly migratory species, and
California spiny lobster. Those that favor
cool conditions include Northern anchovy,
Dungeness crab, Pacific halibut, and spot
prawn.

Fishing Communities

Highly specialized and localized fisheries,
those without the ability to adapt to new
fishing opportunities, and/or those without
integrated and diversified socioeconomic
systems are more vulnerable.

Fish & Invertebrate Stocks

Highly specialized or localized species
and calcifying organisms are more
vulnerable. Long-lived species with
built-in buffer to high variability are less
vulnerable.

Fishing Communities

Highly specialized and localized
fisheries, small-scale fishing operations,
those with specialized gear, and
communities dependent on a small
number or narrow range of species are
more vulnerable.

Fish & Invertebrate Stocks
Populations near the poleward edge
of their distribution and species

that favor warm conditions are less
vulnerable. Short-lived species are
more vulnerable.

Fishing Communities
Small-scale fishing operations, those
without access to permits, and those
not in risk-sharing networks are more
vulnerable.

Fish & Invertebrate Stocks

Highly specialized or localized
species are more vulnerable.
Generalist species are better able to
adapt to changes.

Fishing Communities
Communities with less livelihood
diversity, smaller-scale fishing
operations, or those that rely on a
smaller range of fisheries are more
vulnerable.
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Figure 3. Potential Impacts of climate change on the oceanography of the CCLME and resulting ecological change scenarios.
Solid black lines are theoretical representations of oceanographic indicators, such as temperature or the Multivariate Ocean Climate
Index, that fluctuate between warm-less productive and cool-more productive states. Dashed lines indicate the range of historic
oceanographic variability; for context, these lines are displayed in each of the Potential Impacts of Climate Change on Oceanography.
Arrows connecting the Potential Impacts of Climate Change on Oceanography to Ecological Change Scenarios indicate which scenarios
may result from a given impact. Scenarios are not mutually exclusive.
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Scenario 1: Historical Variability /\/\/\AA ><3D

Historical variability in atmospheric and oceanographic forcing in the CCLME, occurring over seasonal, interannual, and multidecadal
timescales (Baumgartner et al. 1992, Mantua et al. 1997, Checkley and Barth 2009) has driven substantial variability in recruitment,
fish production, and fish distributions over comparable timescales (MacCall 1996, Chavez et al. 2003, King et al. 2011, Garcia-Reyes et
al. 2015, MacCall et al. 2016). This inherent variability fluctuates along a continuum between ecological endpoints (or regimes) that
differ in their environmental conditions, species composition and distribution, and overall food web productivity (Hare and Mantua
2000, Chavez et al. 2003). For simplicity, these endpoints can be considered as "warm-less productive” or "cool-more productive”
regimes (Figure 4). While most species favor either warm or cool phases (Table 2), there are exceptions to this rule. As such, there are
(and will be) different sets of “winners and losers" among California fisheries under warm versus cold conditions.

Many fishery species exhibit a broad range of

life history strategies and respond to variable
environmental conditions in diverse ways (e.g.,
recruitment). Although the magnitude of such
variability and the nature of the precise response
vary tremendously by taxa, and each taxa responds
to a unique set of environmental conditions (as well
as within-population density dependent processes), warm
some broad generalities have been identified. For
example, under cool conditions (associated with a
mix of greater advection of subarctic water, cooler
ocean temperatures, and/or stronger upwelling),
many northern and transitional species - including
market squid, Dungeness crab, Pacific ocean (pink)
shrimp, northern anchovy, Chinook salmon, and

e basses (kelp bass, barred sand bass, spotted sand
bass) (Jarvis et al. 2014)

California halibut (Allen 1990)

California sheephead (Lenarz et al. 1995)
California spiny lobster (Koslow et al. 2015)
kellet's whelk (Zacherl et al. 2003)

Pacific (chub) mackerel (Parrish 1978)
Pacific bonito (Radovich 1961)

Pacific sardine (Jacobson and MacCall 1995)
Lindegren and Checkley 2013)

e white seabass (Williams et al. 2007)

California market squid (Koslow and Allen 2011)

! . . e Chinook salmon (Mantua et al. 1997, Lindley et al.
most groundfish - are particularly productive 2009, Wells et al. 2016)
(Hannah 2010, Koslow and Allen 2011, Shanks o dungleness crab(.Shank52013)
2013, Stachura et al. 2014, Ralston et al. 2015) e geoduck clam (Zhang and Hand 2006)
(Table 2). Under warmer conditions, including those cool e most groundfish (flatfish, rockfish, roundfish)
associated with El Nifio events, it is largely warm (Ralston et al. 2013, Stachura et al. 2014)
water or subtropical species that thrive, including e Northern anchovy (Lindegren et al. 2013)
Pacific sardine, spiny lobster, and California halibut *  Pacificocean (pink) shrimp (Hannah 2010)
(Jacobson and MacCall 1995, Lindegren et al. 2013, *  Padfichalibut (Clark etal. 1999)
Koslow et al. 2012) (Table 2). e red abalone (Vilchis et al. 2005)
For relatively short-lived species (with maximum unknown, barred surfperch, bay shrimp, California corbina, some
lifespans of 1-2 years), such as market squid and limited groundfish (flatfish, rockfish, roundfish), hagfish, Pacific
Pacific ocean (pink) shrimp, variable temperatures data, or herring (roe), highly migratory species (tuna, shark,
often translate directly into high volatility in large group swordfish), jacksmelt, night smelt, ocean whitefish, pismo
abundance and, in turn, highly variable availability where not clam, red sea urchin, redtail surfperch, ridgeback and spot
to both predators and fisheries. On the other all members | prawn, rock and spider crab, sea cucumber (giant red,

favor the warty), shark (brown smoothhound, Pacific angel), shiner

extreme, despite the fact that many groundfish and
rockfish exhibit year-to-year recruitment variability
of several orders of magnitude, their longevity
typically leads to relatively modest year-to-year
shifts in total population abundance and availability
to fisheries.

same regime | seaperch, spot prawn, white sturgeon

Table 2. Selected fish and invertebrate stocks in California grouped by
favored climate phase (warm-less productive vs. cool-more productive)
for production in California waters, based on best available data.
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Awide variety of additional species, including some that range or recruit well outside of CCLME coastal waters, experience notable shifts
in distribution in response to warm or cool conditions. These include yellowtail, bluefin and yellowfin tuna, barracuda, and other coastal
or highly migratory species that may become more locally abundant during warm conditions (particularly in the Southern California
Bight), and northern albacore, which may become less abundant locally during warm conditions (MacCall 1996, Phillips et al. 2014).

The seasonal timing, duration, and intensity of winds conducive to upwelling (spring transition) are also highly variable and can affect
marine life. Delayed upwelling and the associated spring bloom in productivity can have substantial negative consequences on food
web productivity and fisheries production (Barth et al. 2007). For example, in 2005, delayed upwelling caused recruitment failures for
many species including rockfishes and Dungeness crab.

Historically, the characteristics of warm-less productive and cool-more productive phases have been relatively consistent; however, our
understanding of these ecological states is restricted by limited time series data, which only encompasses one warm (~1977-1998)
and two cool phases (~1945-76 and 1999-2012) of the Pacific Decadal Oscillation (PDO) (McGowan et al. 2003, Pinsky and Mantua
2014). The ecological impact of El Nifio Southern Oscillation (ENSO) differed in the previous warm and cool phases of the PDO, with
El Nifio events during warm phases having stronger impacts than those during cool phases. Scientists often have used previous ENSO
and PDO cycles to gain insight into potential future climate change impacts (such as warming) on biological productivity. However, an
analysis of recent ENSO events identifies substantial diversity among those events' characteristics (Capotondi et al. 2015), making it
difficult to use any one event as an analog for the future. Further, the CCLME has displayed a pattern of unusual variability, as occurred
in 2014-2016 with "the Blob" followed by an El Nifio, leading some to suggest that climate change may be pushing the CCLME into a
state of increased variability (Di Lorenzo and Mantua 2016). Nevertheless, the general characteristics of warm and cool phases provide
a useful set of conditions that can be summarized into this potential future ecological change scenario. Environmental indicators such
as sea surface temperature (SST) and the Multivariate Ocean Climate Index (MOCI) (Figure 5) can be used to characterize the degree
to which the CCLME is operating in a warm-less productive or cool-more productive ecological state. These indicators could be used to
better assess the status of fish stocks and design and evaluate management responses.

Figure 4. Average SST, sea level pressure, and sea surface winds
(A), and cool (B) and warm phase (C) anomalies of the Pacific. The
cool Northwest Pacific waters of the CCLME result from the atmospheric
circulation around the North Pacific High that generate coastal upwelling
and favorable winds that drive the California Current. The North and
South Pacific Highs drive trade winds toward the Indonesian Low in the
western equatorial Pacific. The mean state is disrupted on interannual
to multidecadal time scales. These disruptions are depicted in panels
B and C. During El Nifio (C) a western migration of the Indonesian
Low reverses and weaken the trade winds. The low pressure Aleutian
Low, an important player in North Pacific dynamics, intensifies and
shifts west and south during El Nifio. The North Pacific High weakens
as do the upwelling favorable winds. The oceanic propagation occurs
via subsurface waves that deepen the thermocline and cause ocean
warming. The timing and spatial extent of the atmospheric and oceanic
effects differs latitudinally and from event to event. The opposite occurs
during cool phases (B). These same players (low and high pressure
systems, ocean temperatures) but with differing timing and intensity
are involved in decadal and multi-decadal variations such as the North
Pacific Gyre Oscillation (NPGO) and the Pacific Decadal Oscillation (PDO).
El Nifio, the NPGO and the PDO are connected but in ways that have not
been fully elucidated. Predictions for climate and global change are for a
poleward shift in the North Pacific High as tropical warm waters expand.
This may result in enhanced variability in the CCLME. (Figure courtesy of
Monique Messié, MBARI)
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Figure 5. Global mean SST and CCLME mean SST (grey and black lines) (A)
and seasonal and smoothed SST anomalies from the University of California's
shore station program (B: Farallon Island station, C: Hopkins Marine Lab/Pacific
Grove station, D: Scripps Pier/La Jolla station). Multiyear and longer variability
is illustrated with a LOWESS filter on top (black line) (Figure courtesy of
Monique Messié, MBARI, A, and Marisol Garcia-Reyes, Farallon Institute, B-D).

Vulnerability of key fish stocks

For most fishery management plans (FMPs), there
is an underlying assumption that population
replenishment is stable when averaged over long
periods of time, spanning multiple favorable
and unfavorable environmental states. However,
climate change (or any other non-stationarity in
the system) may alter the fundamental population
dynamics of a given stock, thereby challenging
the assumption of a “stable” stock-recruitment
relationship. This understanding has led to
intense interest in developing stock assessment
approaches that account for ecosystem changes
in ways that better contribute to adaptive
management. Sardines, like many other fishes,
exhibit temporal dynamics in recruitment that
reflect the natural fluctuations between warm
(higher recruitment) and cool phases (lower
recruitment). Today, the sardine fishery is the
only California fishery with an FMP that accounts
for natural variability in its harvest control rule to
support stock health (see sardine case study).

Most contemporary population models do not
account for variable production regimes, whether
with respect to the recruitment, distribution,
or growth of individuals in a population, as the
estimation of explicitly climate-driven productivity
functions is extremely challenging in the absence
of comprehensive population data (Hollowed
et al. 2013, Punt et al. 2013, Szuwalski and
Hollowed 2016). For example, in an evaluation
of the potential to improve management of
the South African anchovy fishery, De Oliveira
and Butterworth (2005) demonstrated that an
environmental index would have to explain over
half of the total recruitment variability before
benefits of the management procedure outweigh
the risks of poor recruitment forecasts. By contrast,
Mohn and Chouinard (2007) developed a case

study of changing productivity regimes for Northwest Atlantic (Canada) cod and haddock, in which a harvest control rule regime could
account for three to eightfold differences in productivity in response to climate shifts. Although it is not clear that their framework has
been adopted by managers, their work also highlighted the need for monitoring programs and time series data, neither of which is
readily available for many species targeted in California fisheries. Thus, despite broad recognition of climate factors as drivers of such
shifts (e.g., MacCall etal. 1996, Barange et al. 2008, Schirripa et al. 2009, Hollowed et al. 2013) and the potential benefits of developing
population models that account for climate-driven shifts in productivity, the inability to accurately predict or assess changes in stock-
specific productivity typically constrains most population models to the assumption of stationarity. In California fisheries, only a handful
of state-managed species are managed based on assessment models that are updated and applied to management on a routine basis.

continued on page 13
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Box 1. Potential human responses to environmental
variability and change

Fishery participants have adapted - both more and less successfully - to the range of historic variability and uncertainty in
climate and oceanographic events in California, such as El Nifio, harmful algal blooms, and declines and increases in fish
stocks due to SST fluctuations. To do this, they have responded in a variety of ways:

e |Intensification e Migration
e Substitution o Exit

e Diversification e No change
e Pluralism

Climate change likely will lead to more extreme or prolonged variability and/or uncertainty. Relatively minorand less costly
responses to environmental change are predicted to occur first, with more substantial and costly (and perhaps less reversible)
responses occurring if the initial response is not sufficient or conditions do not improve (McCay 1978, Smitand Wandel 2006).
Human responses can reduce or accentuate pressure on fish stocks and ecosystems (McCay et al. 2011). While fishermen may
respond in any of these ways under a given scenario, we highlight the responses that are expected to be more common under
each scenario.

Intensification refers to increased effort on available species already targeted.

Fishermen may choose to target alternative (previously targeted) or new (previously untargeted) species in place of the
preferred/targeted species.

Diversification refers to targeting a (larger or broader) mix of species. It has the effect of “spreading of the risk” by expanding
alternatives for coping with change (McCay 1978).

Fishermen may choose to engage in income-generating (e.g., occupational pluralism, McCay 1978) or recreational activities
other than fishing, whether ocean or land-based, while continuing to participate in fisheries.

As stock distributions fluctuate with changing oceanographic conditions, fishermen may follow the fish or relocate to a
different coastal area to more easily access desired species. Such movement may occur within or across fishing seasons.

Fishermen may respond to a downturn in resource availability by leaving fishing altogether and seeking alternative
employment to compensate for their inability to pursue traditionally-caught stocks (e.g., Colburn et al. 2016). However,
studies have found that fishermen are often unwilling to leave the industry, even in the face of adverse economic conditions
(Sievanen et al. 2005, Pollnac et al. 2001, Pollnac and Poggie 2008, Coulthard 2009, Colburn et al. 2016). Nonetheless some
may choose this option, particularly those close to retirement.

Some fishermen may not respond in any of the foregoing ways, continuing instead to fish and land what they can and will,
through a range of environmental conditions and upswings and downturns in resource availability.
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Fishermen's ability to adapt is shaped and constrained by regulatory,
economic, social, and ecological factors (Mcllgorm et al. 2010, 2012,
Pinsky and Fogarty, 2012). Specifically, their ability to adapt is influenced
by the nature of their fishing operation; regulations; social and economic
considerations; market forces; their experience, knowledge, and skills;
and the availability and flexibility of seafood buyers. The size and nature
of operations affects their ability to move among regions. For instance, in
the California market squid fishery, purse seiners can move more easily
between Central and Southern California, whereas smaller brail boats
typically are more limited to operating in a single region. The type of
fishing gear used and how specialized it is also can influence fishermen's
capacity to adapt to changing fishing conditions. Shifting among (or to
other) species may be easier for those with less specialized gear (Pinsky
and Fogarty 2012), however access may be limited by the availability and
(market) cost of permits where restricted access is in place, as is the case
for some California commercial fisheries.

Regulations can affect a fisherman'’s flexibility to respond to varying ocean conditions. For example, in the northeastern United
States, when red hake fish stocks shifted northward, participants in the commercial fishery were not able to move northward
because of regulations that prevented fishing there due to bycatch concerns (Pinsky and Fogarty 2012). Similarly, California
commercial nearshore fishery permits restrict access to one of four regional management areas, and fishing access may be lost if
stocks shift their range outside of the permitted area. Recreational fishermen adapt to variable resource availability and fishing
conditions by targeting available (or alternative) species or, less commonly, by moving to an area where they are more likely to
catch the species they prefer.

Finally, the processing and supply chain can greatly affect what options are available to fishermen. For example, in 2012
processing facilities and markets were unable to adapt when American lobster landings increased sharply due to a heat wave
in the Gulf of Maine (Mills et al. 2013). This was largely due to the timing of the catch, coming much earlier in the year when
the processors were not operating (Mills et al. 2013). Lobster prices unexpectedly dropped and as a consequence fishermen
increased their effort.

For tribal fishermen, who may participate in subsistence as well as recreational and/or commercial fisheries, adaptation to
variable and uncertain resource availability is constrained by particular social and cultural ties to (and values associated with)
species and places. For them, adaptation entails adjusting use and other activities in place, relative to a range of local species.
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It will be important to develop assessment models for remaining species and incorporate climate-linked productivity functions. Species
already managed with assessment models with routine updates could benefit by incorporating climate-related shifts in productivity.

Potential human responses

Fishermen historically have responded to variations and changes (both increases and decreases) in the abundance and distribution of
stocks using one or more of the basic responses described in the box on pages 11-12.

Intensification has been used in the commercial fishery for market squid, for example, at the beginning of El Nifio events, as waters
warm and squid become less abundant and available to the fishery (Pomeroy et al. 2002). Fishermen also may intensify their effort
(whether in terms of time fishing, gear used, or other inputs) in response to variable markets, as has occurred in some California
fisheries in response to increased or new demand (e.g., in China for crab and lobster). Similarly regulatory changes, from plans to
restrict access to a fishery to reduced opportunities in other fisheries can prompt intensification (singly or in concert with other factors
such as environmental or market variability), as occurred in the market squid and Dungeness crab fisheries (Mangel et al. 2002,
Pomeroy et al. 2002, 2010).

Substitution has been used by purse seine fishermen who may shift among squid, sardine, anchovy, and mackerel depending on
species availability and market demand (Pomeroy et al. 2010, Aguilera et al. 2015). Substitution also has occurred when less common
species become more available, as with various tuna species during warm water phases or the increase in abundance of jumbo squid
between 2002-2006.

Diversification has been used by commercial fishermen in California. Historically they have relied on a mix of fisheries and species
as part of an "annual round” and as a hedge against risk due to commonly experienced environmental variability in any one fishery.
Fishermen may invest in equipment, gear, and knowledge to target a variety of species, thereby diversifying their options and reducing
the risk of failure due to reduced revenue from any one fishery alone (Pinsky and Fogarty 2012, Kasperski and Holland 2013). This
"annual round