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Risk	and	vulnerability	assessments

events (Smith 2011a, b). In many ways, this is not
surprising: the history of social evolution in
humans is dominated by the dramatic and often
transformative effects of episodic events or catas-
trophes initiated by disturbances in the earth’s
physical system (Gunderson and Holling 2002;
Briske and others 2010; Mertz and others 2010).
More recent accounts clearly demonstrate that
extreme climate-related events (cold snaps, intense
storms, major floods, and cyclones) have the
potential to cause dramatic as well as long-lasting
impacts directly to human communities and to
ecosystems (Mirza 2003; Jentsch and others 2007).
Industries and communities that depend on cli-
mate-sensitive ecosystems are especially vulnera-
ble, facing the double jeopardy of direct risk to life
and infrastructure and indirect risk from loss of
important ecosystem services (Howden and others
2007; Webster and Jian 2011).

Understanding vulnerability is an important first
step in minimizing the impacts of future extreme
weather events on linked socio-ecological systems
(Adger 1999; Adger 2006; Howden and others
2007). Knowledge of vulnerability provides the
foundation for assessing the level of risk, identify-
ing strategies for building resilience, assessing the
urgency of action, evaluating the efficacy and cost-
effectiveness of options, and for engaging and
empowering stakeholders in adaptation processes
(Salinger and others 2005; Marshall and Johnson
2007). Although there are an increasing number of
case studies that have assessed vulnerability, there
remain few examples of vulnerability models being
used to understand the specific components of
vulnerability within linked biophysical and social
systems. The conceptual model of vulnerability to
climate change promoted by the Intergovernmen-
tal Panel on Climate Change (IPCC 2007) and
widely adopted for ecological vulnerability assess-
ments (Marshall and Johnson 2007; Bell and others
2011) provides a basis for an operational model for
assessing the social vulnerability of industries and
communities that are dependent on natural
resources that are themselves vulnerable to
extreme weather and other climate-related events.

The commonly used ‘‘IPCC model’’ describes
vulnerability as a function of a system’s exposure,
sensitivity, and adaptive capacity (Schroter and the
ATEAM consortium 2004; IPCC 2007). Previously
published applications of this model have implicitly
integrated ecological and social vulnerability by
using the sensitivity term to represent response
of the ecological components of the system to
changes in climate, and the adaptive capacity term
to represent the response of the social system to

changes in the biophysical system (Allison and
others Allison and others 2009). Although there is
obvious appeal in an holistic view of the vulnera-
bility of linked social–ecological systems, this sim-
ple application of the vulnerability model does not
allow sensitivity and adaptive capacity to be con-
sidered within each subsystem (ecological or
social). For assessments that aim to elucidate
strategies for building resilience, characterizing the
properties that determine sensitivity and adaptive
capacity of the ecological and the social subsystems
are essential (Lorenzoni and others 2000; Cinner
and others 2011, 2012).

Here, we present a modification to the com-
monly used IPCC vulnerability model that allows
assessments of sensitivity and adaptive capacity to
be undertaken for both social and ecological sub-
systems (Marshall and others 2010b). The modifi-
cation entails linking two vulnerability models: one
represents the components of ecological vulnera-
bility to exposure to climate change, whereas the
other represents social vulnerability to changes in
the ecological system. The co-dependency of eco-
logical and social subsystems means that their
vulnerabilities are intrinsically linked. In this por-
trayal of a linked socio-ecological system, the
exposure term for the social subsystem model
comprises the vulnerability term from the ecologi-
cal subsystem model (Figure 1). Metrics that esti-
mate ecological exposure, sensitivity, and adaptive
capacity based on the same or similar models have
been generated in a range of studies (Smit and
Wandel 2006; Hobday and others 2007; Chin and

Figure 1. A conceptual framework for assessing vulner-
ability to climate change in climate-sensitive socio-eco-
logical systems. The co-dependency of ecological and
socio-economic subsystems means that their vulnerabil-
ities are intrinsically linked. The ecological vulnerability
enters the socio-economic sub-model as the equivalent of
ecological exposure.
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cal subsystem model (Figure 1). Metrics that esti-
mate ecological exposure, sensitivity, and adaptive
capacity based on the same or similar models have
been generated in a range of studies (Smit and
Wandel 2006; Hobday and others 2007; Chin and

Figure 1. A conceptual framework for assessing vulner-
ability to climate change in climate-sensitive socio-eco-
logical systems. The co-dependency of ecological and
socio-economic subsystems means that their vulnerabil-
ities are intrinsically linked. The ecological vulnerability
enters the socio-economic sub-model as the equivalent of
ecological exposure.

798 N. A. Marshall and others

the	chance,	within	a	timeframe,	of	an	adverse	
event	with	specific	consequences



English	Sole	Risk
Salish	 Sea NW	Coast

N	California S	CA	Bight

Abbr. Stressor

A Aquaculture

C Coastal	engineering

D Atmospheric	deposition

I Invasive	species

Ip Inorganic	pollution

N Nutrient	input

O Offshore	 oil	activities

OA Ocean	acidification

Obp Ocean-based	pollution

Op Organic	pollution

P Power	plants

Sd Sediment	decrease

Sh Shipping	 activity

Si Sediment	increase

SST Sea	surface	temperature

T Trash/Coastal	waste

UV UV	radiation
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Cumulative risks

• Use satellite data to model 
species and risk in near real 
time

Maxwell et al. 2013 Nature Comm.; 2013 CCIEA

Multiple risks:
• ship strikes
• bycatch / 

entanglement,
• noise
• climate change
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Ryan et al. 2005 Block et al. 2011

Maxwell et al. 2013

Dynamic Ocean Management

Hobday et al. 2014, Lewison et al. 2015, Maxwell et al. 2015

Management that changes in space and time, at 
scales relevant for animal movement and human use. 
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Scales et al. 2014 J Appl Ecol

Dynamic Ocean Management
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WhaleWatch - Objective
• Use satellite telemetry and oceanographic data to develop

habitat-based models of the probability of occurrence and
densities of blue whales in the California Current System.

• This will assist management efforts to mitigate against
human impacts, such as ship strikes and entanglements.
Working closely with NOAA/NMFS Southwest Regional
Office.

Redfern 
et al. 
2013

Wiley
et al. 
2011
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Seasonal Predictions

March 
2009

July 
2009

Sept 
2009

Dec 
2009

Hazen et al. 
in review
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Fisheries applications (in development)
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Ecosystem

The California Current is a temperate upwelling ecosys-
tem spanning the coastal waters from the Baja California 
peninsula to British Columbia. It is characterized by 
a narrow shelf and steep slope that produce sharp 
offshore gradients in groundfish communities and also 
by distinct physical coastal features that are associated 
with unique biogeographic boundaries. The ecosystem 
consists of two major eco-regions, delimited at Point 
Conception, CA. Like many other upwelling ecosystems, 
the California Current is characterized by environmental 
variability at multiple scales (Huyer 1983, Checkley and 
Barth 2009). Seasonally, the system is defined by the 
transition from net downwelling of coastal water from 
poleward winds in winter to net upwelling produced 
from equatorial winds in spring (Bograd et al. 2009). 
Interannually, the ecosystem displays marked variation 
in the timing of the spring transition to upwelling (Barth 
et al. 2007). Warm- and cold-phase El Niño-Southern 
Oscillation (ENSO) events have strong effects on the eco-
system and food web, with predictable shifts in species 
composition associated with the warm-phase ENSO that 
brings subtropical or tropical species into the ecosystem 
(Bograd et al. 2009). At longer time scales, decadal-scale 
shifts in ocean conditions (Pacific Decadal Oscillation, or 
PDO) are thought to underlie patterns of zooplankton 
diversity and forage fish productivity, affecting the 
entire food web (Francis et al. 1998).

The California Current supports multiple species of for-
age fish, chiefly Pacific sardine (Sardinops sagax), north-
ern anchovy (Engraulus mordax), Pacific herring (Clupea 
pallasii), eulachon (Thaleichthys pacificus), whitebait 
smelt (Allosmerus elongates), and Pacific sand lance 
(Ammodytes hexapterus). Euphausiids (Thysanoessa 
spinifera, Euphausia pacifica, Nyctiphanes simplex) are 
the key invertebrate forage species. Other species that 
may play similar ecological roles include juvenile hake 
(Merluccius productus) and salmon (Oncorhynchus 
spp.), Pacific (Scomber australasicus) and jack mackerel 
(Trachurus symmetricus), bonito (Sarda chiliensis line-
olata), and market squid (Loligo opalescens) (Field and 
Francis 2006). The abundances of many forage fish 
populations are not routinely estimated, but long-term 
records from scale deposition suggest that sardine and 
anchovy undergo oscillating patterns of abundance, 
with sardines exhibiting the most wide-ranging fluc-
tuations (Baumgartner et al. 1992, but see Box 1.2 on 
variability). Sardines are thought to be more productive 
during warm phases of the PDO, and anchovy productiv-
ity is greater during cold phases (Chavez et al. 2003).

Several fish species of special concern, such as coho 
and Chinook salmon (Oncorhynchus kisutch and 
Oncorhynchus tshawytscha), and some rockfish (Sebastes) 
species prey on forage fish but do not appear to 
specialize on them. Forage fish are also consumed by 
commercially important marine fishes such as lingcod 
(Ophiodon elongatus), Pacific hake (Merluccius produc-
tus), Pacific halibut (Hippoglossus stenolepis), and spiny 

The California Current: 
Supporting Multiple Forage Fish 
and Invertebrates

How	vulnerable	are	marine	
forage	species	in	the	California	
Current	to	climate	change?

Samhouri et al. 2014



82 l itt le f ish BIG IMPACT

Even under the more cautionary hockey stick rule, some forage fish populations 
collapsed when maximum fishing was 100 percent FMSY, exemplifying that no strategy 
can prevent extinction when high levels of fishing are permitted. 
California sea lions feeding on Pacific sardines, © Brandon Cole.

A	vulnerability	framework	for	assessing	
potential	climate	change	impacts
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Vulnerability	to	climate	change	for	10	
forage	species	in	the	California	Current
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VULNERABILITY OF FORAGE FISH 
FISHERIES TO CLIMATE CHANGE



VULNERABILITY OF FORAGE FISH 
FISHERIES TO CLIMATE CHANGE

Also see
Barange et al. 2014,
Ekstrom et al. 2014,

Mathis et al 2015
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Is	a	vulnerable	fish	a	vulnerable	fishery?

Squid:	the	gilded	
seine?newly suitable locales (44). Each of these adapt-

ive mechanisms has constraints, which may limit
the capacity of species and populations to keep
pace with high rates and magnitudes of climate
change (35). These processes are, however, the
subject of an extensive ecological and evolution-
ary literature, which has so far been underex-
ploited for determining adaptive capacity.

Given the number and diversity of species
potentially under threat, the synthesis and ap-
plication of existing evidence on adaptation will
provide necessary—but not sufficient—information
on adaptive mechanisms and capacities. The en-
vironmental controls and absolute limits of pheno-
typic plasticity, and the environmental dependence
of optimum phenotypes (45), must be determined
empirically for a range of species to predict in situ
ecological and evolutionary responses to envi-
ronmental change (34, 35). Empirical and theo-
retical studies of relevant ecological processes
(propagule dispersal, establishment, population
growth, fecundity, mortality, metapopulation dy-
namics) provide a basis for assessing response
times for local, regional, and continental adjust-
ments in distribution and abundance (46). This
task can be simplified by using existing data
and targeted studies of a range of representative
taxa with diverse life history patterns and func-
tional traits.

Biodiversity consequences of past climate
changes. Increasingly, geohistorical records and
paleoecological studies are being integrated with
independent paleoclimate records to reveal ef-
fects of past climate changes (47, 48), which, in
some periods and regions, were as large and rapid
as those projected for the future (49, 50). Al-
though possible future climates will be unlike
those of the past, paleoecological records offer
vital information about how species responded to
different rates and degrees of change, with nu-
merous case studies in terrestrial, freshwater, and
marine ecosystems. The diverse outcomes for
different taxa and life history types emphasize the
range of past responses that are likely to be
reflected in the present and future (Fig. 2).

Paleoecological observations can be further
integrated with modern genetic and ancient DNA
studies to assess the genetic consequences of
these dynamics (47, 51–53). By determining past
climate-driven losses in genetic and species di-
versity at local to regional scales, and by iden-
tifying the circumstances under which species
have escaped extinction and populations have
resisted extirpation, these studies can contribute
to assessments of adaptive capacity and vulner-
ability (Fig. 2).

All species or species groups living on
Earth today have persisted through a glacial-
to-interglacial transition 20,000 to 12,000 years
ago that included rapid, high-magnitude climate
changes at all latitudes and in both terrestrial
and marine environments. This transition fol-
lowed immediately upon a series of abrupt, high-
magnitude glacial-age climate changes with
near-global impact (50). The last glacial-interglacial

cycle is only the most recent of at least 20 such
cycles during the past 2 million years. Ecolog-
ical and biogeographic responses to these cli-
matic changes are particularly well documented
for the past 10,000 to 20,000 years for many
regions; such responses included repeated re-
organization of terrestrial communities, changes
in both the location and overall size of geo-
graphic ranges, and often rapid increases and
decreases in sizes of local and regional popu-
lations (12, 49, 54–56).

The fact that the biodiversity on Earth today
passed through these events indicates natural re-
silience and adaptive responses. Plant and animal
species have shown capacity for persistence in small
populations and microhabitats (52, 55, 57, 58),

long-distance migration and dispersal (59, 60),
shifts along habitat gradients andmosaics (49, 61),
and rapid expansion under favorable conditions
(21). Many species have also undergone rapid
range contraction and widespread population de-
cline (16, 49, 62). Low genetic diversity indicates
that many species have passed through recent
genetic bottlenecks (63, 64). But few docu-
mented species extinctions can be ascribed solely
to climatic change (65–67). Megafaunal extinc-
tions occurred in North America at a time of rapid
climate change during the last deglaciation, but
human exploitation is also a possible cause (66).
Extinction of only one plant species (Picea
critchfieldii) has been documented during the last
deglaciation (65).
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Fig. 3. The vulnerability of a species or ecosystem is based on its exposure to climate change, its sensitivity,
and its inherent capacity to adapt to change. The relative balance of these different components of
vulnerability would lead to different management interventions. The x axis represents the degree of
exposure to climate change faced by species and communities (exogenous factors). This axis is largely
determined by the species’ or population’s geographical location, the rate and magnitude of climate
change anticipated for that region, and the size, cohesiveness, and connectivity of the species’ habitat
within and beyond that region. The other twomeasures from the vulnerability framework, adaptive capacity
and sensitivity (see Box 1), are plotted together on the y axis. This axis is primarily determined by biological
characteristics of species that influence their mobility, specificity, and sensitivity (endogenous factors).
These include, for example, physiological constraints, phenotypic plasticity, evolutionary potential, dispersal
and growth capacity, and biotic interactions critical to persistence. The relative position of species and
ecosystems along the axes can inform decisions on appropriate research, monitoring, and management
strategies. Decisions are also likely to be affected by costs and assessments of benefits (e.g., an ecosystems
service value or lower cost might shift strategies implemented toward the top right). Circled text denotes
generic conservation responses. Specific conservation responses that will be appropriate under the different
circumstances are discussed in the text. Species in the upper left corner have high sensitivity to climate
change but are expected to face relatively minor challenges. Such species are not a priority for intervention
unless there is a change in climate-change pressures or landscape permeability. Their potential vulnerability
means that they need to be monitored to ensure that they are thriving and remain unthreatened, with
contingency plans that can be deployed in a timely manner in case of change. Species with high exposure
but low sensitivity and high adaptive capacity (lower right corner) can presumably cope with change, and
therefore need only low-intensity intervention as change becomes more extreme. Species in the upper right
corner will have relatively high levels of both exposure and sensitivity; with decreasing adaptability, more
intensive and specific management will be required.
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Horizons

1. Scaling	up	and	down

2. Closing	data	gaps

3. Event-based	assessments?

Fisheries	participation	
networks



What	hasn’t	been	covered

1. Human	activities	indicators

2. Ecosystem-based	reference	points	for	
environmental	drivers	and	non-fisheries	human	
activities

3. Climate	change	vulnerability	for	HMS	and	
protected	species

4. Management	strategy	evaluation




