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OVERVIEW

Our initial evaluation of groundfish vulnerability to non-fisheries risks indicates that groundfish
appear to be at highest risk from systemic threats such as ocean acidification and change in average
sea surface temperature. This evaluation represents a first step towards evaluating the vulnerability
of groundfish to such risks.

EXECUTIVE SUMMARY

A recent development in the use of risk assessment is fisheries management is the
productivity-susceptibility analyses (PSA) which have been used as an evaluation of the vulnerability
of fish stocks to current fisheries management practices, based upon their susceptibility to the
fishery and a suite of life history traits which indicate productivity (as a main factor in the resilience
of the population). We used a modified PSA approach to provide information on the relative risk
imposed by the various non-fisheries threats to the four species in the California Current. Habitat
Suitability Probabilities (HSPs) describe the distribution of each species/life-history stage, and the
overlap of the HSPs with the spatial distribution and intensity of the threat were used to determine
the exposure to each threat (e.g. Figure GFii). Exposure combined with sensitivity to each threat
provides a metric of susceptibility for the PSA.
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Figure GFRii. Exposure intensity index of ocean-based pollution for sablefish Anoplopoma fimbria
adults. High = upper tercile, Medium = middle tercile, low = lower tercile.
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DETAILED REPORT

INTRODUCTION

Quantitative risk assessment is a general analytical approach for describing the likelihood and
magnitude of adverse consequences due to exposure to particular threats (and, if possible, cumulative
impacts of multiple threats). In ecotoxicology, for example, risk is generally described using the response (or
sensitivity) of a species to different levels of exposure to a threat (typically a chemical contaminant) (Suter,
2007). A recent development in the use of risk assessment is fisheries management is the productivity-
susceptibility analyses (PSA) which have been used as an evaluation of the vulnerability of fish stocks to
current fisheries management practices, based upon their susceptibility to the fishery and a suite of life
history traits which indicate productivity (as a main factor in the resilience of the population) (Patrick et al.,
2009, 2010; Hobday et al., 2011).This has been especially useful for data poor species and stock, where full
assessments have not been conducted, and may not be currently feasible (Cope et al. 2011).

Both the ecotoxicological and PSA risk approaches allow an evaluation of the probability (and
magnitude) of adverse effects given information about exposure to a stressor (e.g. a contaminant or a fishery)
while taking into account species-specific variation in responses to the stressor (and in the case of the PSA,
resilience to the impact). Information on trends is also important in evaluating whether management actions
to diminish (or even stabilize) threat intensities may have been taken effectively, and this is treated
elsewhere in the [EA.

In this update of the analysis on “Relative risk associated with non-fisheries threats to four focal
groundfish species in the California Current” (Chapter 3 of the 2011 CCIEA), we have taken the approach of
modifying the ecotoxicological /PSA approach taken last year (which was based on Samhouri and Levin,
2012) to more closely mimic the PSA approach with the goal of providing more useful and clear information
on the relative risk imposed by the various non-fisheries threats to the four species in the California Current.

 METHODS

FOCAL SPECIES

We re-examined the relative risk of 19 non-fisheries related threats to four groundfish species in the
California current: Bocaccio (Sebastes paucipinis) and canary (S. pinniger) rockfish, Pacific hake (Merluccius
productus), and sablefish (Anoplopoma fimbria). Each species is managed under the Pacific Fishery
Management Council’s (PFMC) groundfish Fishery Management Plan (FMP). There are over 90 species of
groundfish managed under the FMP, and the four species we examined represent species of high value
(Pacific hake and sablefish) and species that are of high concern due to depleted stock levels (bocaccio and
canary rockfish). These four also cover a range of productivities, variability in recruitment, migratory
behavior, habitat associations, longevities, and ages at maturity, and thus are reasonably representative of the
variability of life history among groundfish in the CC. For each species we examined risk to both the juvenile
and adult life-stages.
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Bocaccio juveniles are generally associated with inshore benthic habitats, rocks with algae, and
sandy zones with eelgrass or drift algae. Juveniles gradually shift to deeper high-relief rocky habitats at
depths of ~50 - 250 m; however, max depths have been reported to 478 m (Love et al. 2002).

Canary rockfish juveniles are generally associated with benthic habitats, tide pools, kelp beds, and
the interface between sand and rock outcrops at depths of ~15-20 m. Juveniles shift to deeper habitat at the
end of the summer and adults are commonly found near pinnacles and high-relief rocky habitats with high
currents at depths of ~80 - 200m with max depths to 838 m. Canary rockfish commonly school near but not
on bottom (Love et al. 2002).

Pacific hake juveniles live in shallow coastal waters, bays, and estuaries (Bailey 1981, Bailey et al.
1982, Dark 1975, Dark and Wilkins 1994, Dorn 1995, NOAA 1990, Sakuma and Ralston 1995, Smith 1995),
and move to deeper water as they get older (NOAA 1990). Pacific hake school at depth during the day, then
move to the surface and disperse at night for feeding (McFarlane and Beamish 1986, Sumida and Moser 1980,
Tanasich et al. 1991). Adults are epi-mesopelagic (Bailey et al. 1982, NOAA 1990, Sumida and Moser 1980).
Highest densities of Pacific hake are usually found between 50 and 500 m, but adults occur as deep as 920 m
and as far offshore as 400 km (Bailey 1982, Bailey et al. 1982, Dark and Wilkins 1994, Dorn 1995, Hart 1973,
NOAA 1990, Stauffer 1985). Spawning is greatest at depths between 130 and 500 m (Bailey et al. 1982, NOAA
1990, Smith 1995).

As juveniles, sablefish are generally found in schools near surface offshore and then migrate to
inshore waters after several months (Hart 1973). As sablefish mature, they migrate offshore and live near
bottom at depths to 1500 m, but are most commonly found between 366 — 915 m (Hart 1973, Schirripa
2007).

NON-FISHERIES THREATS

We continue to focus on the 19 non-fisheries related threats used in Halpern et al (2009a):
aquaculture, atmospheric deposition, coastal engineering, direct human impacts, inorganic pollution, light
pollution, nutrient input, ocean-based pollution, offshore oil activity, organic pollution, power planets (here
refered to as “coastal seawater exchange” so as to include desalination plants, etc.), sediment runoff decrease,
sediment runoff increase, shipping activity, species invasions, coastal trash, ocean acidification, sea-surface
temperature anomalies, and UV radiation (see Table GFR1). These data describe the relative spatial intensity
of each threat within 1-km? grid cells of the California Current. Data were downloaded from the National
Center for Ecological Analysis and Synthesis website
(http://www.nceas.ucsb.edu/globalmarine/ca current data). Each threat is described in detail in Appendix
GFR B and in the supporting material of Halpern et al (2008; 2009a).

This analysis represents an attempt to synthesize and describe spatial and temporal variation in the
intensity of these threats as they relate to the four groundfish species. We have highlighted particular areas
(data sources, etc.) which could be improved or enhanced given sufficient time.

OVERVIEW OF RISK CALCULATION

We assess the risk that various non-fisheries threats will lead to negative effects on the adult and
juvenile populations of bocaccio, canary rockfish, sablefish, and Pacific hake within the U.S. borders of the
California Current Large Marine Ecosystem. As was done last year, we evaluate risk, assuming management
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practices continue unchanged, based on two axes of information. However, we use different axes than were
employed in that document. There, the two axes represented exposure to a threat and the sensitivity of a
species/stage to that threat (from Samhouri and Levin, 2012). However, the sensitivity metric also included
the intrinsic productivity of a species. The goal of risk analysis (according to NOAA Technical Memorandum
NMFS-NWFSC-109, April 2011, p xvi) is “to fully explore the susceptibility of an indicator to natural or human
threats, as well as the ability of the indicator to return to is previous state after being perturbed”, i.e. to assess
susceptibility and resilience (or productivity). Generally these two measures have been kept separate as they
represent, respectively, the effect of the threat and the intrinsic resilience of the population. Here we return
to the productivity-susceptibility (PSA) approach of assessing vulnerability as put forward by Patrick et al.
(2009, 2010), applying this method to non-fisheries threats.

The first axis is related to the productivity P of a species, a value based on various life history traits of
the species, such as fecundity and age at maturity. The second axis is related to the susceptibility S of the
population to the threats. In Patrick et al. (2009, 2010), this had to do with susceptibility to fishing, but for
this risk analysis it is calculated as the product of two other values, exposure (e) and sensitivity (s) to each
threat. The final value for relative risk R to each species/life history stage was then calculated as

Rij =/P?+ 52 = /P2 + (e * 5)?

Under this framework, the risk to a species increases with Euclidean distance from the origin and
productivity and susceptibility received equivalent weight in estimating risk. This is the approach developed
by Patrick et al. (2009, 2010), and provides a nice visualization of the relative components of risk for each
threat (e.g. Figures GFR1-19), although since the Susceptibility score is currently a relative score, the risk is
not generally comparable among threats. Nor have we attempted to calculate cumulative risk in this
document.

Values of P and s for each species/life history stage are averages of several sub-scores, each based on
standardized set of criteria. The value for e is a product of metrics of habitat suitability and threat intensity
across the area of the California Current.

PRODUCTIVITY AXIS

Productivity P for each species was taken from Cope et al. (2011), which used a weighted average of
10 criteria (The intrinsic rate of population grown, r; maximum age; maximum size; the von Bertalanffy
growth coefficient k; natural mortality rate M; fecundity; a metric of breeding strategy; a metric of temporal
recruitment variability; age at maturity; and mean trophic level). Each criterion was designated 1, 2, or 3
(Table GFR2). Naturally, values for P varied only across species, not across life history stages within each
species.

Eventually, the productivity axis could be expanded to reflect resilience to the particular threat
including productivity and other factors specific to the particular threat being considered

SUSCEPTIBILITY AXIS

Susceptibility is calculated as the product of Exposure and Sensitivity. This is similar to the concept
from Patrick et al. (2009; 2010) for fisheries susceptibility. In that case exposure can be thought of as the
areal overlap of fishing and habitat along with the intensity of fishing, and sensitivity can be thought of as
catchability and selectivity of the fisheries for that species, along with habitat impacts, etc. Here we have
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instead the areal overlap of the threat and the habitat for that species/stage, along with the intensity of the
threat for exposure, while the sensitivity of the species/stage to the threat represents direct and indirect
impacts to that species/stage.

EXPOSURE

The value for e is a measure of overlap between each species’ spatial distribution and the relative
intensity of each threat across the area of the California Current. For this calculation we took advantage of
two published GIS data sets. The exposure values are the same as those in the previous CCIEA, except divided
by 2 to get back to the simpler scale of 0 to 1.

First, we used Habitat Suitability Probabilities to describe the distribution of each species/life-
history stage (Figs. 18-25). HSP values describe the probability of occurrence of each species/life history
stage within the U.S. boundaries of the California Current. Briefly, the HSP values were calculated for the
National Marine Fisheries Service (NMFS) Northwest Region and the Pacific Fishery Management Council in
support of an Environmental Impact Statement (EIS) to consider the designation and conservation of
Essential Fish Habitat (EFH) for Pacific Coast Groundfish (http://www.nwr.noaa.gov/Groundfish-
Halibut/Groundfish-Fishery-Management/NEPA-Documents/EFH-Final-EIS.cfm). HSP values were generated
from merged habitat and bathymetry GIS data and a Bayesian Network model that incorporated information
about species’ habitat preferences (bottom type and depth preferences) from NMFS trawl surveys and the
Habitat Use Database (see Figures GFR20-27 and Appendix GFR A for more details). We used data if HSP
values were 2 0.01 because HSP values for habitat <.01 were not retained during the modeling.

Second, we used data from Halpern et al (2009a) to describe the spatial intensity of each threat
throughout the distribution of each species/life history stage. These data layers provide a relative score for
the intensity of each threat (log-transformed and rescaled between 0 and 1) in 1-km? grid cells across the
entire California Current. The data sources and calculations for each threat are described in detail in the
supporting materials of Halpern et al (2008; 2009a), and briefly outlined in Appendix GFR B.

HSP data layers for each species/life history stage and the 19 threat data layers were brought into
ArcView version 9.3 for analysis The HSP data layer was then multiplied by each threat data layer to calculate
the exposure intensity (ei) for each threat across the distribution of each species/life history stage (Table
GFR4). Thus, the threat j intensity scores were weighted by the probability of species/life history stage i
occurring in each 1-km? cell. For each cell we then had

where ¢; is the intensity (log-transformed and scaled 0-1) of threat j (Table GRF5).

For visual representation, we classified the distribution of eij values into three terciles (high,
medium, and low), although offshore oil activity data was divided into only high and low categories based on
the median value because there were so few unique values.

For the final exposure score e, we summed all exposure intensity values for each species/life history
stage i/threatj. We then scaled each sum between 0 and 1, with 1 corresponding to the sum of the HSP values
for that species/life history stage (theoretically a measure of exposure if threat intensity were 1 everywhere).
This is a slightly different approach than that taken in the last version of the CCIEA. There the exposure scores
were rescaled between 1 and 3 (instead of 0-1) with the threat with the greatest summed exposure intensity
score for each species/stage acting as the scaling factor, such that that threat would receive a 3 for that
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species/stage, even if the total exposure intensity score was less than the sum of the HSP values (whereas in
the current approach, a value of 1 would only be achieved if the total exposure intensity score was equal to
the sum of the HSP values. i.e. if the level was the same everywhere).

SENSITIVITY

Sensitivity criteria include one criterion that describes the mortality induced by a threat and two
more that describe the behavioral and physiological responses to a threat. We used the definitions in Table
GFR3 to score the criteria (Table GFR6). Scoring for these criteria was based on the primary literature and is
addressed in detail in Appendix GFR B. These three criteria were then averaged (with mortality given twice
the weight of the other two) for each threat for each species/life history stage to arrive at the final Sensitivity
score s between 1 and 3 (Table GFR7). Again, this is different than the definition of Sensitivity from the last
CCIEA. In that document, the impacts of each threat on the individuals within the population and the
resilience of the population (productivity) were bundled together in “Sensitivity”. However, in returning to
the PSA concept, Productivity and Sensitivity scores are kept separate.

There are some rather large remaining issues with quantifying sensitivity. We do not have a direct
link between the actual levels of the threat in the environment and the sensitivity of the species. Therefore,
we cannot state what the true sensitivity is to the current level of threat, nor can we comfortably compare
threats. The sensitivity score should be linked to either the maximum level of a threat (i.e. linked to a value of
1) or to some other consistent value across threats. We requested information on the maximum value
observed for each of the threats from Halpern et al. (2009a), but they were unable to provide those values in
time for this document. Future work should link the threat intensities and sensitivity as well as explore the
suitability of using a log(x+1) transform for scaling the level of the threat.

 RESULTS

EXPOSURE INTENSITY

The calculated exposure intensity index for each species/life-history stage/threat varied throughout
the distribution of each species for most threats. As examples, Figures GFR28 - 46 show the exposure
intensity for Pacific hake adults for each of the 19 threats. There are several threats that show very little
overlap with hake adult habitats, e.g. aquaculture (fish farms), coastal engineering, direct human impacts
(trampling), offshore oil activities, coastal seawater exchange, and coastal trash (Figures GFR28, 30, 31, 36,
38, & 43, respectively). Spatially expansive threats affect nearly the entire distribution of adult hake, e.g.
atmospheric deposition, ocean-based pollution, shipping, and the three climate change threats - ocean
acidification, sea surface temperature, and UV radiation (Figures GFR29, 35, 41, 44 - 46, respectively).
Threats that occur as point-sources show relatively high exposure intensity in coastal areas and low or no
exposure in offshore portions of their distribution, e.g. inorganic pollution, light pollution, nutrient input,
organic pollution, sediment runoff decrease and increase, and species invasions (Figures GFR32 - 34,37, 39 -
40, and 42, respectively).

Across species/life history stages, exposure intensity generally varies in relation to the offshore
distribution of adult habitats and the nearshore concentration of juvenile habitats. Thus, juveniles of most
species tend to be exposed to higher intensities of point-source threats because of their higher probabilities
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of occurrence in nearshore habitats, while adults tend to have much broader exposure to spatially expansive
threats, such as atmospheric deposition or the climate change threats. One generality among these four
species may be that in the waters off Oregon and Washington, we found higher exposure intensities for
juveniles as a result of their nearshore habitat, while adults experience broader, higher exposure intensities
in waters off California due to broader habitat occurrence (compare Figures GFR47 & 48,49 & 50, and 52 &
53).

RELATIVE RISK

In general, the current work indicates that the most spatially expansive threats are more likely to be
of greater relative risk to each of the four species than threats related to point-sources (Figures GFR1-19).
However, without a real link between the current and anticipated levels of the threat and the impacts, these
results only indicate expansiveness/overlap of each threat, and not the actual potential impact.

. CONCLUSIONS

Our analysis builds on the risk assessment framework of others and that of last year’s CCIEA, making
progress towards a method that will allow for comparison of relative risk among multiple non-fisheries
threats, and potentially cumulative risk across threats. This framework will show which threats are relevant
to focal species and provides a basis for prioritizing which threats are in need of management actions. Rapid
assessments of other species can then be easily integrated into this framework.

Future versions of the CCIEA should further build upon this work by linking the actual current and
anticipated threat exposure levels to the associated sensitivity scores, considering factors other than
productivity in evaluating the resilience of a population to the effects of various threats, exploring the
appropriateness of the log(x+1) transformation used before standardizing the exposure on a 0-1 scale for
each threat.
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Table GFR1. List of non-fisheries threats considered.

Threats

Aquaculture
Atmospheric deposition
Coastal engineering
Direct human impacts
Inorganic pollution
Light pollution

Nutrient input
Ocean-based pollution
Organic pollution
Offshore oil activities
Coastal seawater exchange
Sediment decrease
Sediment increase
Shipping activity
Species invasions

Coastal Trash
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Table GFR2. Raw and final Productivity scores. A weighted average of the ten scores (Cope et al. 2011) is
used, for final values ranging between 1 and 3. Boc = bocaccio Sebastes paucispinis; Can = canary rockfish
Sebastes pinniger; Hake = Pacific hake Merluccius productus; Sable = Sablefish Anoplopoma fimbria; Ad = adult;

Juv = juvenile.

Factor Weight Boc Boc Can Can Hake Hake Sable Sable
Ad Juv Ad Juv Ad Juv Ad Juv
r 2 1 1 1 1 1.5 15 15 1.5
Max age 2 1 1 1 1 2 2 1 1
Max size 1 2 2 2 2 2 2 2 2
k 2 1 1 15 1.5 3 3 25 25
M 2 1 1 1 1 2 2 1 1
Fecundity 1 3 3 3 3 3 3 3 3
Breeding strategy 2 1 1 1 1 3 3 3 3
Recruitment variability 2 1 1 15 15 1 1 1 1
Age at Maturity 2 2 2 1 1 2 2 1 1
Trophic level 2 1 1 1 1 1 1 1 1
Weighted Average (1-3) 1.28 1.28 1.28 1.28 2.00 2.00 161 1.61
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Table GFR3. Definitions and scoring bins for the exposure and sensitivity criteria used in the risk assessment.
Note that either 2 or alt2 and either 3 or alt3 are used.

Criteria

Exposure: Spatial
intensity

Sensitivity
Factors:

1. Mortality
(weight = 2)

2. Behavioral
response (weight
:1)

Alt 2. Effect of
behavioral
response (weight
:1)

3. Physiological
response (weight
=1)

Alt 3. Effect of
physiological
response (weight
= ]_)

Explanation of criteria

The overlap between the probability of
species occurrence (HSP) and the relative
intensity of a threat.

Direct effect of threat on population-wide
average mortality rate of a species

Population-wide effect of threat on
behavior of a species

Population-wide change in sensitivity to
threat due to behavioral response

Population-wide effect of threat on
behavior or physiology of a species

Population-wide change in sensitivity to
threat due to physiological response

Exposure/Sensitivity scores

Standardized distribution (scale=1-3) of the sum of species-specific

exposure intensity values.

Low (1)

Negligible

Negligible behavioral
response

Response reduces
sensitivity

Negligible
physiological response

Response reduces
sensitivity

Moderate(2)

Sub-lethal

Moderate behavioral response

Response does not change
sensitivity

Moderate physiological
response

Response does not change
sensitivity

High(3)

Lethal

Severe
behavioral
response

Response
increases
sensitivity

Severe
physiologi
cal
response

Response
increases
sensitivity
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Table GFR4. Summed Exposure intensities. Boc = bocaccio Sebastes paucispinis; Can = canary rockfish
Sebastes pinniger; Hake = Pacific hake Merluccius productus; Sable = Sablefish Anoplopoma fimbria; Ad =
adult; Juv = juvenile.

Threat BocAd BocJuv CanAd CanJuv HakeAd HakeJuv Sable Ad Sable Juv
Aquaculture 0 0 0 0 2 0 2 0
Atmospheric deposition 2,866 9,481 4,180 11,092 42572 55 70,199 25,431
Coastal engineering 2 105 2 263 377 0 224 11
Direct human impacts 1 121 1 100 170 0 63 51
Inorganic pollution 143 935 202 1,505 1,977 7 1,142 421
Light pollution 173 913 189 1,859 2,657 7 2,549 681
Nutrient input 473 2,482 883 3,629 5,100 14 3,221 1,597
Ocean-based pollution 1,314 4,525 2,081 6,678 14,625 19 18,549 6,883
Offshore oil activities 1 2 1 6 6 0 4 0
Organic pollution 416 2,568 969 3,743 4,838 10 2,737 1,488
Coastal seawater exchange 2 30 2 51 43 0 25 0
Sediment decrease 689 3,332 1,282 5,095 7,562 18 5,450 2,427
Sediment increase 1,786 7,384 3,298 10,506 16,773 18 11,868 5,975
Shipping activity 6 254 8 397 2,359 0 132 89
Species invasions 932 4,231 1,443 5,359 10,043 16 6,715 3,327
Coastal trash 3 219 3 408 266 1 94 41
Ocean Acidification 4,579 12,840 7,778 20,410 59,300 65 104,895 36,161
Sea Surface Temperature 2,352 8,710 4,947 10,870 32,291 38 49,054 20,411
UV radiation 4411 12,526 7,354 19,374 57,542 66 100,313 34,891
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Table GFRS5. Final Exposure scores after sums of exposure intensity values were standardized by dividing
by the estimated total suitable habitat (the sum of habitat suitability probabilities (HSP)) to get a value
between 0 and 1. Boc = bocaccio Sebastes paucispinis; Can = canary rockfish Sebastes pinniger; Hake = Pacific
hake Merluccius productus; Sable = Sablefish Anoplopoma fimbria; Ad = adult; Juv = juvenile.

Threat BocAd BocJuv CanAd CanJuv HakeAd HakelJuv Sable Ad Sable Juv

Aquaculture

0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00

Atmospheric deposition

0.53  0.62 045 045 0.61 0.72 0.57 0.60

Coastal engineering

0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00

Direct human impacts
0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Inorganic pollution
0.03 0.06 0.02 0.06 0.03 0.09 0.01 0.01

Light pollution
0.03  0.06 0.02 0.08 0.04 0.09 0.02 0.02

Nutrient input
0.09 0.16 0.09 0.15 0.07 0.18 0.03 0.04

Ocean-based pollution
0.24 0.30 0.22 0.27 0.21 0.25 0.15 0.16

Offshore oil activities

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Organic pollution
0.08 0.17 0.10 0.15 0.07 0.13 0.02 0.04

Coastal seawater exchange

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sediment decrease
0.13 0.22 0.14 0.21 0.11 0.24 0.04 0.06

Sediment increase

033 0.48 035 043 0.24 0.24 0.10 0.14

Shipping activity
0.00 0.02 0.00 0.02 0.03 0.00 0.00 0.00

Species invasions

0.17 0.28 015 0.22 0.14 0.21 0.05 0.08

Coastal trash
0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00

Ocean Acidification
0.84 0.84 0.83 0.83 0.85 0.85 0.86 0.86

Sea Surface Temperature
0.43 0.57 0.53 0.44 0.46 0.50 0.40 0.48

UV radiation
0.81 0.82 0.79 0.79 0.82 0.86 0.82 0.83
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Table GFR6. Raw Sensitivity scores based on literature review (see Table GFR1 for definitions of factors
and scoring bins; see Appendix GFR B for details and rationale for scoring). Boc = bocaccio Sebastes
paucispinis; Can = canary rockfish Sebastes pinniger; Hake = Pacific hake Merluccius productus; Sable =
Sablefish Anoplopoma fimbria; Ad = adult; Juv = juvenile.

Criterion BocAd BocJuv CanAd CanJuv HakeAd HakeJuv Sable Ad Sable Juv
1. Mortality
Aquaculture 1 1 1 1 1 1 1 1
Atmospheric deposition 2 3 2 3 2 3 2 3
Coastal engineering 1 1 1 1 1 1 1 1
Direct human impacts 1 1 1 1 1 1 1 1
Inorganic pollution 2 3 2 3 2 3 2 3
Light pollution 1 1 1 1 1 1 1 1
Nutrient input 1 2 1 2 1 2 1 2
Ocean-based pollution 2 2 2 2 2 2 2 2
Offshore oil activities 1 1 1 1 1 1 1 1
Organic pollution 2 3 2 3 2 3 2 3
Coastal seawater exchange 1 3 1 3 1 3 1 3
Sediment decrease 1 1 1 1 1 1 1 1
Sediment increase 2 2 2 2 2 2 2 2
Shipping activity 1 1 1 1 1 1 1 1
Species invasions 2 3 2 3 2 3 2 3
Coastal trash 2 2 2 2 2 2 2 2
Ocean Acidification 2 3 2 3 2 3 2 3
Sea Surface Temperature 2 2 2 2 2 2 2 2
UV radiation 1 2 1 2 1 2 1 2
2. Behavioral response
Aquaculture 3 3 3 3 2 2 2 2
Atmospheric deposition 2 2 2 2 2 2 2 2
Coastal engineering 3 3 3 3 2 2 1 2
Direct human impacts 1 1 1 1 1 1 1 1
Inorganic pollution 2 2 2 2 2 2 2 2
Light pollution 2 2 2 2 2 2 1 1
Nutrient input 1 1 1 1 1 1 1 1
Ocean-based pollution 3 3 3 3 2 2 2 2
Offshore oil activities 3 3 3 3 2 2 1 2
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Criterion BocAd BocJuv CanAd CanlJuv HakeAd HakeJuv Sable Ad Sable Juv

Organic pollution 2 2 2 2 2 2 2 2
Coastal seawater exchange 2 3 2 3 2 2 2 2
Sediment decrease 1 1 1 1 2 2 1 2
Sediment increase 1 1 1 1 2 2 1 2
Shipping activity 2 2 2 2 2 2 2 2
Species invasions 3 3 3 3 3 3 3 3
Coastal trash 3 3 3 3 2 2 1 2
Ocean Acidification 3 3 3 3 3 3 3 3
Sea Surface Temperature 3 3 3 3 1 1 1 1
UV radiation 1 2 1 2 2 2 1 1
3. Physiological response
Aquaculture 2 2 2 2 2 2 2 2
Atmospheric deposition 3 2 3 2 3 2 3 2
Coastal engineering 2 2 2 2 2 2 2 2
Direct human impacts 2 2 2 2 2 2 2 2
Inorganic pollution 3 2 3 2 3 2 3 2
Light pollution 2 2 2 2 2 2 2 2
Nutrient input 2 2 2 2 2 2 2 2
Ocean-based pollution 2 2 2 2 2 2 2 2
Offshore oil activities 2 2 2 2 2 2 2 2
Organic pollution 3 2 3 2 3 2 3 2
Coastal seawater exchange 2 2 2 2 2 2 2 2
Sediment decrease 2 2 2 2 2 2 2 2
Sediment increase 2 2 2 2 2 2 2 2
Shipping activity 2 2 2 2 2 2 2 2
Species invasions 2 2 2 2 2 2 2 2
Coastal trash 2 2 2 2 2 2 2 2
Ocean Acidification 2 2 2 2 2 2 2 2
Sea Surface Temperature 3 3 3 3 2 2 2 2
UV radiation 1 1 1 1 1 1 1 1
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Table GFR7. Final Sensitivity scores: The weighted average of the across the three sensitivity criteria (with
mortality given twice the weight of the other two) to get a value between 1 and 3. Boc = bocaccio Sebastes
paucispinis; Can = canary rockfish Sebastes pinniger; Hake = Pacific hake Merluccius productus; Sable =
Sablefish Anoplopoma fimbria; Ad = adult; Juv = juvenile.

Sable Sable

Threat u Ad Juv

Aquaculture 1.75 1.75 1.75 1.75 1.50 1.50 1.50 1.50

Atmospheric
deposition 2.25 2.50 2.25 2.50 2.25 2.50 2.25 2.50

Coastal engineering 1.75 1.75 1.75 1.75 1.50 1.50 1.25 1.50

Direct human
impacts 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25

Inorganic pollution 2.25 2.50 2.25 2.50 2.25 2.50 2.25 2.50
Light pollution 1.50 1.50 1.50 1.50 1.50 1.50 1.25 1.25

Nutrient input 1.25 1.75 1.25 1.75 1.25 1.75 1.25 1.75

Ocean-based
pollution 2.25 2.25 2.25 2.25 2.00 2.00 2.00 2.00

Offshore oil activities 1,75 1.75 1.75 1.75 1.50 1.50 1.25 1.50

Organic pollution 2.25 2.50 2.25 250 2.25 2.50 2.25 2.50

Coastal seawater
exchange 1.50 2.75 1.50 2.75 1.50 2.50 1.50 2.50

Sediment decrease 1.25 1.25 1.25 1.25 1.50 1.50 1.25 1.50

Sediment increase 1.75 1.75 1.75 1.75 2.00 2.00 1.75 2.00
Shipping activity 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Species invasions 2.25 2.75 2.25 2.75 2.25 2.75 2.25 2.75
Coastal trash 2.25 2.25 2.25 2.25 2.00 2.00 1.75 2.00

Ocean Acidification 2.25 2.75 2.25 2.75 2.25 2.75 2.25 2.75

Sea Surface
Temperature 2.50 2.50 2.50 2.50 1.75 1.75 1.75 1.75

UV radiation 1.00 1.75 1.00 1.75 1.25 1.75 1.00 1.50
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Table GFR8. Final Susceptibility scores: Exposure multiplied by Sensitivity to get a value between 0 and 2.
Boc = bocaccio Sebastes paucispinis; Can = canary rockfish Sebastes pinniger; Hake = Pacific hake Merluccius
productus; Sable = Sablefish Anoplopoma fimbria; Ad = adult; Juv = juvenile.

Threat

Aquaculture 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Atmospheric
deposition 0.66 0.93 0.56 0.68 0.76 1.08 0.72 0.90

Coastal engineering 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00

Direct human
impacts 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Inorganic pollution 0.03 0.09 0.03 0.09 0.04 0.14 0.01 0.01

Light pollution 0.02 0.03 0.01 0.04 0.02 0.05 0.01 0.00

Nutrient input 0.02 0.12 0.02 0.11 0.02 0.14 0.01 0.03

Ocean-based
pollution 0.30 0.37 0.28 0.34 0.21 0.25 0.15 0.16

Offshore oil activities  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Organic pollution 0.10 0.25 0.13 0.23 0.09 0.20 0.03 0.05

Coastal seawater
exchange 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sediment decrease 0.03 0.05 0.03 0.05 0.05 0.12 0.01 0.03

Sediment increase 0.25 0.36 0.27 0.32 0.24 0.24 0.07 0.14
Shipping activity 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.00
Species invasions 0.21 0.49 0.19 0.38 0.18 0.37 0.07 0.14
Coastal trash 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.00

Ocean Acidification 1.05 1.48 1.04 1.45 1.06 1.49 1.07 1.50

Sea Surface
Temperature 0.65 0.86 0.80 0.66 0.35 0.37 0.30 0.36

UV radiation 0.00 0.62 0.00 059 0.21 0.65 0.00 0.41
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Aquaculture
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Figure GFR1. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to aquaculture
as a threat. The susceptibility axis represents a relative score among species and stages but not among
threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Atmospheric deposition
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Figure GFR2. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to
atmospheric deposition as a threat. The susceptibility axis represents a relative score among species and
stages but not among threats, though values near one indicate little to no impact in all cases. Where the
adult and juvenile Susceptibility scores are identical, the symbols are on top of each other and only the adult
values are visible.
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Coastal engingeering
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Figure GFR3. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to coastal
engineering as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Direct human impacts
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Figure GFR4. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to direct
human impacts as a threat. The susceptibility axis represents a relative score among species and stages but
not among threats, though values near one indicate little to no impact in all cases. Where the adult and
juvenile Susceptibility scores are identical, the symbols are on top of each other and only the adult values
are visible.
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Inorganic pollution
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Figure GFRS5. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to inorganic
pollution as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Light pollution
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Figure GFR6. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to light
pollution as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Nutrient input
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Figure GFR7. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to nutrient
input as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Ocean-based pollution
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Figure GFR8. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to ocean based
pollution as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Organic pollution
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Figure GFR9. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to organic
pollution as a threat. The susceptibility axis represents a relative score among species and stages but not

among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Offshore oil activities
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Figure GFR10. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to offshore
oil activities as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.

GFR - 27



Power plants
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Figure GFR11. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to coastal
seawater exchange (including power plants) as a threat. The susceptibility axis represents a relative score
among species and stages but not among threats, though values near one indicate little to no impact in all
cases. Where the adult and juvenile Susceptibility scores are identical, the symbols are on top of each other
and only the adult values are visible.
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Sediment decrease
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Figure GFR12. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to sediment
decrease as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Sediment increase
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Figure GFR13. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to sediment
increase as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Shipping activity
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Figure GFR14. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to shipping
activity as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no impact in all cases. Where the adult and juvenile
Susceptibility scores are identical, the symbols are on top of each other and only the adult values are visible.
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Species invasions
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Figure GFR15. Productivity-susceptibility analysis (PSA) plot for the 8 species/stages relative to species
invasions as a threat. The susceptibility axis represents a relative score among species and stages but not
among threats, though values near one indicate little to no im