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EXECUTIVE SUMMARY

One of the overall goals of the Gulf of Alaska Integrated Ecosystem Research Program was to
identify and quantify the major ecosystem processes that regulate recruitment strength of key groundfish
species in the Gulf of Alaska (GOA). We concentrated on a functional group of five predatory fish
species (walleye pollock, Pacific cod, arrowtooth flounder, sablefish and Pacific ocean perch) that are
commercially important and account for most of the predatory fish biomass in the GOA. We focused on
recruitment success because these species are characterized by large fluctuations in recruitment that are
likely driven by environmental variability. The early life of each of the focal species begins with an
offshore pelagic phase followed by a nearshore settlement phase. We hypothesized that variability in egg
and larval transport, and in the conditions for growth and survival along this ‘gauntlet’ from spawning to
settlement, determine overall recruitment success. Field sampling and process studies, combined with
modeling studies that simulated the transport of the early life stages, are essential to understanding the
distribution and potential transport pathways of these critical stages, as well as the conditions they
encounter along the gauntlet. However, intensive field studies alone are not sufficient for understanding
interannual variability in productivity or recruitment success. Therefore, we conducted retrospective
analyses to evaluate conditions during the field years relative to longer-term variability, provide essential
context for the two main field years, and test hypotheses about linking environmental variability to
biological responses. The retrospective component focused on compiling and analyzing available time
series of physical and biological variability in the GOA to contribute to a better understanding of the
processes influencing overall productivity and, specifically, processes that determine the recruitment
dynamics of the five focal species.

Although the coastal GOA features nearly continuous alongshore currents and strong alongshore
connectivity between the eastern and central regions, we found a pronounced faunal break in the
northcentral GOA associated with climatic and oceanographic discontinuities that likely arise from
interactions of the topography of the region with winds and currents. Broadly distributed marine species
in the region, including the five focal groundfish species, have life histories that exploit both the
continuity and the differences between the eastern and western regions. Slope-spawning species such as
sablefish and arrowtooth flounder likely release their offspring upstream of the productive shelf regions in
the central GOA and utilize alongshore currents for egg and larval transport, while at the same time
exploiting discontinuities along the shelf and slope to facilitate cross-shelf transport onto the shelf
towards suitable nursery areas.

Patterns of egg and larval abundances on the shelf greatly improved our understanding of the
phenology and spatial distribution of the early life stages of the five focal species and supported the
importance of advective processes for successful settlement. However, interannual variations in spring-
time larval abundances were poor predictors of subsequent recruitment in most cases. The lack of
significant relationships between the early larval stages and ultimate recruitment success (typically at age
2 or 3) suggests that much of the larval mortality occurs after the spring. Processes occurring during the
later stages of the ‘gauntlet’ from offshore spawning to nearshore settlement are likely to be important to
recruitment. Moreover, the coastal GOA is a highly advective environment, hence processes related to
larval transport mechanisms are of particular interest. Indices of connectivity between potential spawning
areas and juvenile nursery areas that integrate advective processes over the early life history stages did
indeed hold some predictive power for recruitment strength. Incorporating these indices into stock
assessment, combined with other indicators that characterize conditions for feeding and growth on the
shelf, have the potential to improve recruitment estimates and forecasts of future abundances.



GOAIERP PREAMBLE
Program origins

The Gulf of Alaska Integrated Ecosystem Research Program (GOAIERP) was created by the
North Pacific Research Board (NPRB) to provide a comprehensive examination of the Gulf of Alaska
(GOA) marine ecosystem and its response to environmental variability. The intent of the program was to
bring together researchers from a wide variety of scientific disciplines and enable them to design and
carry out a highly integrated study that linked not only their research expertise but also the parts of the
ecosystem that were the focus of the research. The NPRB structured the program as four separate groups
of investigators who would work within their groups but also establish ties to the other components.
Three of the components would focus on separate parts of the ecosystem: physical, chemical, and
biological oceanography were to be the domain of the Lower Trophic Level (LTL) group; the Middle
Trophic Level (MTL) component would focus on forage fishes and other organisms with similar roles;
the Upper Trophic Level (UTL) group would investigate fishes, seabirds, and marine mammals and their
roles as predators and competitors. The three trophic-level components were intended to be primarily
“observational”, conducting field surveys and process studies. The fourth group, Modeling, would create
linked systems of computer models that paralleled the conceptual framework of the observational studies
and incorporated data from the other components.

The program began with a request for proposals (RFP) for only the UTL component, with the
winning proposal decided in May 2009. The UTL proposal provided the core rationale and conceptual
approach for the entire program; proposals for the remaining components were required to respond
specifically to the UTL research design. An RFP for the LTL, MTL, and Modeling components was
issued in July 2009; the LTL and MTL groups were chosen in January 2010 and the Modeling group was
finalized in April 2010. In May of 2010 the first full meeting of all of the GOAIERP principal
investigators (PIs) occurred in Seattle, WA. This was a critical meeting for integrating the various
components and planning coordinated research activities and two important goals were achieved. The Pls
united around three overarching hypotheses that would guide the program, as well as 9 research
objectives (listed later in this report). These common hypotheses and objectives superseded those
described in each component’s original proposal and became the standard by which to gauge the progress
and success of the program. A second major achievement was to create a coordinated plan for the
program’s research activities. This included delineating a common study area, establishing common
stations for oceanographic research, sharing of expertise, ensuring that research tools were compatible,
and planning for shared use of research platforms. The overview section below reflects the conceptual and
logistical integration achieved at the beginning of the GOAIERP.

Program overview

Rationale

Fish populations in the rich and diverse GOA marine ecosystem exhibit strong spatial and
temporal gradients in population stability and species composition. The GOA environment is highly
complex and the mechanisms underlying these population fluctuations are poorly understood (Mueter and
Norcross 2002, Mundy 2005). The dynamics of fish populations are governed by processes that include
environmental variability, predation, competition, fishing activity, and increasingly, climate change
(Hollowed et al. 2000). The interactions among these processes manifest through variability in measures
of recruitment, natural mortality, growth, and catchability (Maunder and Watters 2003). Recruitment
depends on the survival of early life stages (eggs, larvae, and young juveniles), which is subject to both
bottom-up and top-down controls (Bailey 2000, Mundy 2005, Yatsu et al. 2008). Therefore, the initial
guiding concept of the GOAIERP was to improve understanding of the GOA ecosystem through a
regional comparison of recruitment variability in five commercially and ecologically valuable groundfish
species: arrowtooth flounder (Atheresthes stomias), Pacific cod (Gadus macrocephalus), Pacific ocean
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perch (POP; Sebastes alutus), sablefish (Anoplopoma fimbria), and walleye pollock (Gadus
chalcogrammus). In aggregate, these species account for most of the commercial fishery catch and
represent a large proportion of the fish predator biomass in the GOA. In addition, they exhibit a wide
range of life history strategies: from opportunistic to selective foragers, shelf to slope adult habitats, fast
to slow growth rates, and short to long lifespans. A variety of life history strategies have evolved to
tolerate various environmental conditions, and specific population response to the same climate event
may be different depending on the strategy (Yatsu et al. 2008; Doyle and Mier 2012). Understanding how
populations of these five species simultaneously respond to environmental change allows for
identification of successful strategies given a particular set of ecological conditions.

The main goal of the program was to examine how ecosystem processes of environmental
variability, competition, and predation influenced survival from the egg stage to young-of-the-year
(YOY) fish, which is widely believed to be a critical period for determining recruitment and future stock
size (Hjort 1914, Myers and Cadigan 1993). Variability in recruitment results from fluctuations in
spawning stock size (i.e. egg production) and variability in egg-to-recruit survival. Since recruitment
estimates for these species appear unrelated to spawning stock size and large fluctuations in recruitment
have occurred despite precautionary fishing levels (Hanselman et al. 2007, Turnock and Wilderbuer 2007,
Dorn et al. 2008, Hanselman et al. 2008, Thompson et al. 2008), our research focused on how the
environment influenced recruitment rather than the direct effects of fishing or the level of adult spawning
biomass. Additionally, processes occurring at regional scales (100 to 1000 km) were determined to be
most important in driving recruitment variability of fish stocks in the GOA (Mueter et al. 2007).
Therefore, we compared ecosystem processes and their effects on recruitment in two large study areas on
either side of the GOA that represented the upstream and downstream conditions of the dominant current
systems in this region.

The early life of marine groundfishes typically begins with a pelagic planktonic phase followed
by settlement in suitable demersal habitats once juveniles reach a certain size. This may also involve
movement from offshore spawning areas to nearshore nursery grounds, but the location and spatial extent
of such spawning and nursery grounds varies significantly among species. Further, early life history
strategies representing the spatial and temporal interaction with the marine ecosystem during early
ontogeny differ widely among species in the GOA (Doyle and Mier 2012). The amount of information
available regarding the ecology of early life stages varies among the five focal fish species, but is
generally limited in some way. The recruitment processes of walleye pollock have been extensively
studied in the central and western GOA (e.g. Kendall et al. 1996, Megrey et al. 1996, Bailey 2000, Bailey
et al. 1996 & 2005, Ciannelli et al. 2005, Wilson et al. 2005, Dougherty et al. 2012), but little is known
about pollock ecology in the eastern GOA. For the remaining species a variety of studies in the western
GOA explored aspects of their early life history ecology (e.g. Kendall and Matarese 1987, Doyle et al.
2002, 2009, Blood et al. 2007, Matarese et al. 2003, Bailey et al. 2008), but a fully comprehensive
understanding of that critical first year of life is still lacking. Survival during this period is dependent on a
myriad of factors in the pelagic environment related to temperature, along-shelf and cross-shelf transport,
nutrients, phytoplankton and zooplankton production, and predation that control the quantity, condition,
and location of these fish delivered to suitable demersal habitats.

The primary overarching hypothesis of the GOAIERP was that successful recruitment for these
species depended on the survival of early life stages as they ran a biophysical “gauntlet” during their first
year of life. A second hypothesis emphasized the importance of regional differences across the vast and
complex GOA ecosystem and the utility of using those differences as a basis for comparative study. The
third overarching hypothesis focused on how interactions among species are shaped by intrinsic and
extrinsic factors. These hypotheses, as well as the specific research objectives designed to test them, are
listed below:

Hypotheses
e The gauntlet: The primary determinant of year-class strength for marine groundfishes in the GOA
is early life survival. This is regulated in space and time by climate-driven variability in a
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biophysical gauntlet comprising offshore and nearshore habitat quality, larval and juvenile
transport, and settlement into suitable demersal habitat.

e Regional comparison: The physical and biological mechanisms that determine annual survival of
juvenile groundfishes and forage fishes differ in the eastern and western GOA regions.

e Interactions: Interactions among species (including predation and competition) are influenced by
the abundance and distribution of individual species and by their habitat requirements, which vary
with life stage and season.

Obijectives

1) Quantify the importance, timing and magnitude of the climactic and oceanographic
mechanisms that control ocean conditions in the eastern and western Gulf of Alaska
regions.

2) Determine how physical and biological mechanisms influence the distribution, timing,
and magnitude of primary and secondary productivity in nearshore, inshore, and offshore
areas of the eastern and western Gulf of Alaska regions.

3) Provide a synoptic view, from the shoreline out to beyond the shelf-break, of the
distribution and abundance of forage fishes and the early life stages of five focal
groundfish species.

4) Use a comparative approach to assess spatial and temporal variability in the ecosystem,
primarily between the eastern and western Gulf of Alaska regions among spring, summer,
and fall.

5) Analyze habitat associations, create habitat suitability maps, and use that information to
study the influence of habitat requirements on the spatial overlap among species and
resulting predation and competition.

6) Use multiple techniques to analyze the diets of species from different trophic levels and
use these data to elucidate trophic relationships.

7) Assess nutritional condition and determine rates of growth and consumption to determine
how physical and biological factors influence the physiological ecology of the focal fish
species.

8) Use historical datasets to analyze temporal variability in potential climatic,
oceanographic, or biological drivers influencing the early life survival of key groundfish
species.

9) Build a system of linked models that describe the connections among climate,
oceanography, primary and secondary productivity, and the early life survival of the focal
fish species.

Approach and Research Design

The GOAIERP combined field observations, laboratory analyses, retrospective analyses of
existing data sets, and biophysical modeling to address the project objectives in an integrated fashion.
While the overall goal was focused on investigating the early life of the five focal fish species as
originally proposed by the UTL component, the field program and analyses were designed as an
integrated ecosystem study to meet the cross-disciplinary objectives. Integration across disciplines was
achieved through a unified set of common objectives, coordinated sampling using shared platforms, and
regular interactions through monthly phone conferences and annual Pl meetings.

Field sampling and process studies

The core of the study consisted of two years of intensive field sampling in 2011 and 2013 (Table
1; Figures 1 & 2), which was enhanced by additional field efforts with substantial agency support and
existing surveys to achieve good temporal coverage spanning the spring, summer and fall seasons from
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2010 through 2013. The field program was designed to achieve the multiple objectives of this project,

collect data in previously under-sampled regions, and complement or extend existing sampling programs.
Detailed descriptions of the sampling design for each component are included in the component chapters,
but the overall spatial sampling plan was developed based on the following principles and considerations:

To provide good contrast between the narrow shelf off Southeast Alaska and the broad shelf in
the central and western GOA, sampling was primarily focused on two separate study regions: an
eastern region extending from the southern end of Baranof Island to just north of Cross Sound,
and a western region covering the shelf and offshore regions northeast and east of Kodiak Island
(Figure 2).

The eastern region included likely but poorly known spawning areas for several of the focal
species (sablefish, POP, arrowtooth flounder), while the western region encompassed important
gateways for larvae of slope-spawning fish species towards likely nursery areas on the shelf and
around Kodiak Island.

Within each of these regions, sampling extended across the shelf from shallow nearshore waters
into offshore waters beyond the slope to try to resolve the offshore extent of larval and juvenile
fish distributions, particularly in the eastern GOA (Figure 2). The offshore extent of sampling
differed among seasons and years as described in the component chapters.

A grid sampling approach was adopted following established FOCI methodology to facilitate the
consistent estimation of larval abundances and comparisons with previous work (Figure 2).
Stations were more closely spaced in the eastern GOA because this region has historically been
under-sampled and to better resolve cross-shelf gradients. These gradients were expected to be
particularly strong over the narrow shelf, so sampling density was particularly high over the shelf.
Additional stations were sampled off Yakutat Bay and around Kayak Island to better resolve
alongshore gradients in the Alaska Coastal Current, to better understand the connections between
the eastern and central GOA, and to resolve a possible discontinuity in the Alaska Coastal Current
off Kayak Island (Figure 2). These stations added several regions that are otherwise rarely
sampled. Most of this additional sampling was conducted by the LTL group, but the UTL vessel
also occupied some of these “intermediate” stations.

Several additional transects of closely-spaced stations were sampled during LTL cruises to better
resolve flows (a) at the lower end of Chatham Strait and around Icy Strait in the eastern GOA and
(b) in the region of bifurcation of the Alaska Coastal Current between Kodiak Island and the
Kenai Peninsula (Figure 2).

The Seward line off Resurrection Bay, which overlapped with the northern edge of the western
study region, was sampled during the spring and fall to maintain this long-term oceanographic
data series in the central GOA (Figure 2).

To identify and characterize likely inshore nursery areas, a series of inshore sampling sites were
selected in both regions (Figure 2). These sites were selected where possible to provide continuity
between offshore transects and these inshore locations.

Synoptic field observations were achieved through direct and indirect connections among the
UTL, MTL, and LTL groups and the various research activities (Figure 1).

Sampling was conducted across these regions in the spring, summer, and fall of each main field

year (Table 1) to resolve spatial patterns and seasonal dynamics. In particular, the work was designed to
follow (a) the seasonal evolution of cross-shelf and along-shelf flows, (b) the seasonal progression of
lower-trophic level production and prey availability, (c) the hypothesized transport of early life stages of
the five focal species along and across the continental slope and shelf, and (d) the abundance and
distribution of important competitors and predators along this “gauntlet”. Spring cruises conducted by the
LTL group focused on hydrographic sampling, including the deployment and retrieval of moorings in
Southeast Alaska, nutrients (including iron), lower trophic levels (phytoplankton, zooplankton), and



ichthyoplankton (larval fishes) as described in the respective sections (Table 1 and Figure 1). The MTL
component also conducted spring surveys at inshore sites. In the summer and fall, UTL and MTL surveys
focused more on later larval and early juvenile stages of the focal fish species, as well as forage fishes and
seabird. Unfortunately sampling by the UTL and MTL groups in the fall of 2013 was disrupted by poor
weather and the shutdown of the federal government, hindering some of the seasonal comparisons.

In all years 2011-2013 the UTL offshore surveys included hydrography, chlorophyll and
zooplankton sampling, and surface trawling to resolve the horizontal distribution and relative abundance
of YOY and larger fishes. In 2011 and 2013 the UTL surveys also included hydroacoustics to investigate
horizontal and vertical distributions of macrozooplankton and fishes, and underway observations of
seabird and marine mammal abundance. The MTL surveys (conducted in 2011 & 2013) sampled
nearshore fishes using primarily seines and trawls, conducted oceanographic work simpler than but
complementary to the work done aboard the larger offshore vessels, and performed extensive acoustic
transects. The MTL and UTL surveys collected diet and tissue samples to resolve nutrient sources and
trophic relationships and to assess energetic status. Finally, tagging and diet work was conducted on
several seabird species at St. Lazaria Island in Sitka Sound (Figure 2) during the summer of each year to
assess the role of seabirds as predators of early life stages of fish.

Mapping and habitat modeling

Enhanced soundings data and other information from the original GOA bathymetric surveys were
digitized and brought into a Geographic Information System to develop high-resolution maps of the
inshore sites and large swathes of the offshore GOA environment. This information aided the analysis of
inshore habitats and enabled better placement of the LTL moorings. A habitat modeling project used the
map data and other sources of information to produce small- and large-scale maps of habitat suitability for
the five focal fish species.

Laboratory analyses

Biological samples collected during the cruises were returned to various laboratories for
processing, including stable isotope and fatty acid analyses, identification and quantification of
phytoplankton, zooplankton and ichthyoplankton samples, trophic analyses, and energetic studies. Live
juveniles of several focal fish species were collected during several UTL surveys and other dedicated
surveys and transported to the NOAA laboratory in Juneau to quantify early growth dynamics.

Retrospective analyses

To evaluate conditions during the field years relative to longer-term variability and provide
essential context for the two main field years, retrospective analyses were conducted using available time
series of physical and biological variability including large-scale climate drivers such as the Aleutian
Low, Pacific Decadal Oscillation, and El Nino conditions; regional measures of environmental conditions
including water mass characteristics, upwelling conditions, freshwater discharge, and local and regional
winds; and measures of biological variability including primary and secondary production,
ichthyoplankton abundances, the abundance and condition of forage fishes and groundfishes, and trends
in seabird and marine mammal diets. These historical time series were examined graphically and
statistically to quantify temporal and spatial patterns in important physical drivers and biological
responses.

Modeling

The GOAIERP modeling approach, which covered a much longer time period than the field
sampling program, was designed to help in the interpretation of observations by providing a broader
spatial and temporal reference framework. To assess the impact of environmental variability in driving
transport and success of early life stages from spawning to settlement, the modeling component integrated
a suite of modeling tools to relate physical variability to recruitment variability. These tools included
physical ocean models based on the Regional Ocean Modeling System (ROMS), lower trophic level
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modeling using a nutrient-phytoplankton-zooplankton (NPZ) model, individual-based models that
simulated the early life stages of the five focal fish species, an Ecosim food web model, and a population
genetics model.

Program overview- Tables & Figures

Table 1. Timeline of major field research activities conducted during the GOAIERP, 2010-2013. Shaded
cells indicate when activities took place, and the colors correspond to those used in the general map
(Figure 2). The text in shaded cells refers to the vessel(s) employed, except for “bird colony studies”
where the text indicates the colony under study. For “moorings”, the vessels used to deploy and recover
moorings are listed. The main field years for the GOAIERP were 2011 and 2013. Fieldwork in 2010 was
preliminary (e.g. the MTL group conducted pilot studies to determine best practices) and not all of the
data collected in 2010 were applicable to the program. The summer 2012 work conducted by the UTL
was not part of the original design and required agency funding and resources from the LTL group.
Although monitoring the Seward Line was not part of the GOAIERP proper, data from the Seward Line
cruises as well as the historical dataset were important to the program.
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Figure 1. Overview of the “observational” research performed during the GOAIERP. The figure is
divided vertically among the three components that were oriented by trophic level (UTL = Upper Trophic
Level, MTL = Middle Trophic Level, LTL = Lower Trophic Level). Rectangles indicate major research
activities, which generally included multiple individual projects. For example, “seabird and mammal
studies” included seabird and marine mammal surveying conducted aboard the UTL offshore vessel as
well as tagging and diet studies carried out at St. Lazaria Island. Solid lines connecting activities indicate
a direct connection: either the activities were conducted simultaneously aboard the same vessel (e.g. all 3
components performed work aboard the UTL offshore vessel) or a particular activity was performed by
representatives from different components (e.g. a retrospective analysis component was created as a
collaboration including Pls from all 3 components. Dashed lines indicate indirect connections among
activities, i.e. the activities were separate but intended to be complementary and/or working towards
common objectives. Colored dots indicate the corresponding color in the general map (Figure 2). Both
green and blue are indicated for “dedicated oceanographic surveys” because those surveys occupied
common stations as well as LTL-specific stations.
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Figure 2. General map of the GOAIERP study area. “Common offshore stations” were those occupied by the spring LTL surveys and the
summer/fall UTL surveys; “LTL-only stations” were visited only during the spring LTL surveys. Station spacing in the eastern study region was
10 nm, with an additional station at 5 nm on the continental shelf. Station spacing in the western study region was 20 nm and the stations
corresponded to the sampling grid used by the Eco-FOCI program at the Alaska Fisheries Science Center. Light gray box in the eastern study
region indicates stations sampled only during 2013.



GENERAL INTRODUCTION

The retrospective data analysis group was formed in response to a need for coordinating
retrospective analyses across groups of investigators. It was recognized early in the project that such
analyses were an integral part of each of the major components of the GOA-IERP and were needed to
examine available historical information regarding the nine objectives listed in the preamble. Therefore, a
separate retrospective data analysis group that included investigators from each the other major
components (LTL, MTL, UTL, modelling) was formed after the first GOA-IERP meeting in 2010. By
coordinating retrospective analyses across components we avoided unnecessary duplication when
compiling and processing historical data from the Gulf of Alaska, facilitated the sharing and analysis of
retrospective data, ensured better integration of historical data and coordinated analyses across trophic
levels.

The goal of the retrospective data analyses was to examine physical and biological characteristics
across the Gulf of Alaska to (1) provide historical context for new observations and measurements, (2)
guantify spatial and temporal variability in key physical and biological characteristics of the coastal GOA,
(3) elucidate relationships between physical and biological drivers of recruitment and upper trophic level
variability, (4) test a priori hypotheses about these relationships, and (5) develop new hypotheses for field
biologists and modelers to test.

Background and Justification

The overall goal of the GOAIERP focused on identifying and quantifying the major ecosystem
processes that regulate recruitment strength of key groundfish species in the GOA. We concentrated on a
functional group of five predatory fish species that are commercially important and account for most of
the predatory fish biomass in the GOA. Taken together they encompass a range of life history strategies
and geographic distributions that provide contrast to explore regional ecosystem processes. We focused
on recruitment success because large swings in the abundance of these species have occurred despite
precautionary fishing levels. The causes of these fluctuations remain elusive but are most likely related to
environmental variability rather than fishing or other anthropogenic effects (Mueter et al. 2007). The early
life of each of the focal species begins with an offshore pelagic phase followed by a nearshore settlement
phase. However, the spatial distribution, food preferences and habitat requirements of these life history
phases are poorly known. The field portion of this project was designed to provide new information on
the early life stages in the eastern and central GOA by examining the gauntlet they endure while crossing
from offshore spawning to nearshore settlement areas. Both the field work and retrospective analyses
contrasted and compared the central GOA from Prince William Sound to downstream of Kodiak Island,
which has a broad shelf dominated by high oceanographic variability and large demersal fish biomass,
with the eastern GOA, which has a narrower shelf, lower demersal biomass, and higher species diversity.

Field sampling and process studies, combined with modeling studies that simulated the transport
of early life stages from spawning to settlement, are essential to understanding the distribution and
potential transport pathways of these critical stages, as well as the conditions they encounter along the
gauntlet. However, intensive field studies alone are not sufficient for understanding interannual variability
in productivity or recruitment success. Retrospective analyses are critical to evaluating conditions during
the field years relative to longer-term variability, provide essential context for the two main field years,
and test hypotheses about linking environmental variability to biological responses. Therefore, the
retrospective component focused on compiling and analyzing available time series of physical and
biological variability in the Gulf of Alaska to address several key objectives of the project as described
below. These retrospective analyses have contributed to a better understanding of the processes
influencing overall productivity and, specifically, processes that determine the recruitment dynamics of
the five focal species.
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Primary Hypotheses and Objectives

The retrospective component addressed at least two of the overall list of objectives that were developed to
address the three overarching project hypotheses (see GOAIERP PREAMBLE):

(1) Use a comparative approach to assess spatial and temporal variability in the ecosystem, primarily
between the eastern and western Gulf of Alaska regions among spring, summer, and fall.

(2) Use historical datasets to analyze temporal variability in potential climatic, oceanographic, or
biological drivers influencing the early life survival of key groundfish species.

Specific objectives were addressed within each of the different retrospective components and are listed
separately by component:

1) Upper Trophic Level (UTL) component:

a.

Collate relevant life history information for the five focal species and other linked species
such as time of spawning, development, growth, recruitment histories, and habitat
preferences.

Compile available datasets to characterize spatial and temporal variability in the physical
and biological environment of the GOA shelf and slope regions, including adjacent
offshore regions, and identify datasets that represent potential drivers of recruitment
variability of the five focal species in the study region.

Develop spatial maps of mean conditions for representative datasets by trophic category
to identify long-term patterns and delineate a faunal or physical break between the
eastern and central GOA.

Quantify, by region, the temporal variability in potential climatic, oceanographic, or
biological drivers influencing the early life survival of the five target groundfish species.
Link variability in these drivers to observed recruitment variability using a generalized
modeling approach informed by available information on potential mechanisms.
Compare temporal trends in estimated recruitment trajectories between regions and
across species to identify successful life history strategies under different climate
regimes.

2) Forage fish or Mid Trophic Level (MTL) component:

a.
b.

Collate historical information on forage community structure in the coastal GOA.
Analyze how community structure has changed over time and relate observed changes to
variability in the environment and to the abundance of upper level predators.

Collect and analyze data on historical habitat associations and compare to environmental
information to investigate how climate affects habitat.

Compare current predator-prey relationships involving forage fish, as inferred from diet
compositions, to historical food web information.

3) Lower trophic Level (LTL) component:

a.
b.

Characterize scales of inter-annual and longer-term variability in phyto- and zooplankton.
Examine egg and larval distributions and abundances of target species in relation to
topographic features and local physical oceanography to infer ontogenetic drift patterns
of target species.

Examine early life survival relative to forcing variables to illuminate potential
mechanisms of environmental forcing of variability in larval abundances.

Elucidate the importance of wind forcing (gap & barrier winds) to shelf circulation

11



Approach

To address our objectives and examine long-term variability in the Gulf of Alaska, we conducted
retrospective analyses using available time series of physical and biological variability including large-
scale climate drivers such as the Aleutian Low, Pacific Decadal Oscillation, and El Nino conditions;
regional measures of environmental conditions including water mass characteristics, upwelling
conditions, freshwater discharge, and local and regional winds; and measures of biological variability
including primary and secondary production, ichthyoplankton abundances, the abundance and condition
of forage fishes and groundfishes, and trends in seabird and marine mammal diets. These historical time
series were examined graphically and statistically to quantify temporal and spatial patterns in important
physical drivers and biological responses. Statistical modeling was used both in an exploratory sense to
identify potentially important relationships and in an inferential, confirmatory sense to address specific
hypotheses linking biological responses to potential drivers.

Data compilation

During in-person meetings and conference calls of the retrospective group we identified physical
and biological data series that are suitable to addressing our objectives. Although far from comprehensive,
we compiled an extensive list of available data sets with a focus on long-term time series for describing
spatial patterns and temporal trends in physical and biological characteristics of the Gulf of Alaska (Table
2). This list was originally compiled under the current project and has since been updated by the NCEAS
Portfolio Effects Working Group and a web-based version has since been maintained by Drs. Anne
Beaudreasu (UAF) and Franz Mueter. A working list of these datasets was shared with all investigators
throughout the project and datasets for analysis were acquired and analyzed by individual investigators.
Datasets that were processed and analyzed were submitted to NPRB through the ocean workspace. Only a
small subset of the datasets had sufficient temporal coverage for retrospective analyses. Other datasets
were used to help identify potential spawning locations and to define suitable settlement areas for
juveniles.

Spatial comparisons

To address objectives relating to the differences between the eastern and western GOA, we
developed spatial maps of mean conditions for several representative datasets of environmental conditions
and biological measures of abundance at several trophic levels to delineate potential physical or faunal
breaks between the eastern and western GOA (Chapter 2). East-West comparisons were also an integral
part of many of the other analyses because differences in temporal trends between the eastern and western
GOA need to be accounted for when developing indices of physical and biological variability and when
analyzing relationships between them. Combining trends across both regions may mask variability that is
important to mechanisms of interest, for example processes driving recruitment, which may be spatially
confined to a particular region.

Patterns in atmospheric and oceanographic variability

Time series of large-scale (basin-wide) and regional-scale (GOA shelf) variability in atmospheric
(winds, sea-level pressure, solar irradiance) and oceanographic (temperature, salinity, currents, sea-
surface height, nutrients) conditions were reviewed and analyzed to identify patterns of temporal and
spatial variability. These patterns were identified by isolating major modes of variability in high-
resolution gridded datasets using statistical methods such as Empirical Orthogonal Function (EOF)
analysis (= Principal Components Analysis or PCA). These analyses helped identify the most important
large-scale drivers that influence variability in the Gulf of Alaska (Gibson et al. 2015), produced 8-day,
monthly and/or annual indices of variability in solar irradiance, temperature, discharge, upwelling and
other variables (Chapter 1), and highlighted the contrast between the eastern and western Gulf of Alaska
(Chapter 2).
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https://www.nceas.ucsb.edu/featured/marshall
https://www.nceas.ucsb.edu/featured/marshall
https://docs.google.com/a/alaska.edu/spreadsheets/d/1_b1L9-_VPKOVBeIMcGK2ZuBu0omXPgkBtAatyzNQtSc/edit?usp=sharing

Table 2: Datasets and variables identified for possible analysis with spatial and temporal resolution and source information (Version as of August
22, 2016, see here for an updated version). Datasets used or reviewed for analysis by GOAIERP investigators are highlighted in bold.

Start End Spatial
Category Variable Dataset Region year year | Data type resolution | Frequency Link Agency / Source(s)
Oceanographic various IPHC setline survey GOA 2009 2010 | Grid 10 nm annual - summer e “ | IPHC
Oceanographic temperature GOA ROMS GOA 1997 2012 | Grid sub-daily NOAA/JISAO
Oceanographic various various CTD casts GOA points variable variable T — =2 | NOAA/PMEL
Oceanographic various Buoy data various 1982 present | points hourly [ —— NOAA
Oceanographic various UAF-IMS various UAF/IMS (Danielson)
Oceanographic Salinity GOA ROMS 1997 2012 | grid sub-daily NOAA/JISAO
Oceanographic velocity GOA ROMS 1997 2012 | grid sub-daily NOAA/JISAO
temperature o
Temperature profiles GAK-1 GAK 1 1972 point irregular / monthly o ———— Y\ &
sea-surface daily / 5-day / 7-day
Temperature temperature | AVHRR global 1981 grid 4 km / monthly / annual [ — NASA/JPL
sea-surface 2x2
Temperature temperature | ERSST global 1854 grid degrees monthly i — rest. | NOAA/CDC
sea-surface 1x1
Temperature temperature OISST global 1981 present | grid degrees weekly / monthly e e NOAA/CDC
temperature
Temperature profiles SECM SE Alaska 1997 transect variable seasonal NOAA/AFSC/ABL
temperature GLOBEC LTOP & present WHOI/GLOBEC &
Temperature profiles IMS/UAF Seward line 1998 transect 10km seasonal e e s et e | AF/IMS
temperature western
Temperature profiles EcoFOCI GOA 1974 2009 grid annual - spring B — =2 | NOAA/PMEL
bottom stratified
Temperature temperature RACEBASE shelf 1984 present | random biennial AFSC, RACE
salinity
Salinity profiles GAK-1 GAK 1 1972 present | point irregular / monthly Tpunsuledlpidienineseie | YAF-GAK 1
salinity
Salinity profiles SECM SE Alaska 1997 present | transect irregular NOAA/AFSC/ABL
TR aT h=pat
ametersOCEANS|SALINITY%2FDENSITY
salinity GLOBEC LTOP & e MDA EAon s om oD
Salinity profiles IMS/UAF Seward line 1997 present | transect irregular / seasonal o cute0s | \WHQI/GLOBEC
salinity western
Salinity profiles EcoFOCI GOA 1974 present | grid annual - spring B — =2 | NOAA/PMEL
Sea-surface sea surface 1/3 x1/3 AVISO, other
height height AVISO global 1993 grid degrees weekly/monthly e e .| altimetry
Sea-surface eddy kinetic 1/3x1/3
height energy AVISO global 1993 grid degrees weekly/monthly T e | TOPEX, ERS ??
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https://docs.google.com/a/alaska.edu/spreadsheets/d/1_b1L9-_VPKOVBeIMcGK2ZuBu0omXPgkBtAatyzNQtSc/edit?usp=sharing
http://www.ecofoci.noaa.gov/projects/IPHC/efoci_IPHCData.shtml
http://www.ecofoci.noaa.gov/projects/IPHC/efoci_IPHCData.shtml
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.ndbc.noaa.gov/rmd.shtml
http://www.ims.uaf.edu/gak1/data/TimeSeries/gak1.dat
http://www.ims.uaf.edu/gak1/data/TimeSeries/gak1.dat
http://poet.jpl.nasa.gov/
http://www.cdc.noaa.gov/cdc/data.noaa.ersst.html
http://www.cdc.noaa.gov/cdc/data.noaa.ersst.html
http://www.esrl.noaa.gov/psd/thredds/catalog/Datasets/noaa.oisst.v2/catalog.html
http://www.esrl.noaa.gov/psd/thredds/catalog/Datasets/noaa.oisst.v2/catalog.html
https://www.sfos.uaf.edu/sewardline/Zooplankton_time-series.html
https://www.sfos.uaf.edu/sewardline/Zooplankton_time-series.html
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.ims.uaf.edu/gak1/data/TimeSeries/gak1.dat
http://www.ims.uaf.edu/gak1/data/TimeSeries/gak1.dat
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|SALINITY%2FDENSITY|%5bFreetext%3D%27+Alaska%27%5d&OrigMetadataNode=GCMD&EntryId=ctd_ak_ltop_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb3
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|SALINITY%2FDENSITY|%5bFreetext%3D%27+Alaska%27%5d&OrigMetadataNode=GCMD&EntryId=ctd_ak_ltop_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb3
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|SALINITY%2FDENSITY|%5bFreetext%3D%27+Alaska%27%5d&OrigMetadataNode=GCMD&EntryId=ctd_ak_ltop_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb3
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|SALINITY%2FDENSITY|%5bFreetext%3D%27+Alaska%27%5d&OrigMetadataNode=GCMD&EntryId=ctd_ak_ltop_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb3
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|SALINITY%2FDENSITY|%5bFreetext%3D%27+Alaska%27%5d&OrigMetadataNode=GCMD&EntryId=ctd_ak_ltop_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb3
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|SALINITY%2FDENSITY|%5bFreetext%3D%27+Alaska%27%5d&OrigMetadataNode=GCMD&EntryId=ctd_ak_ltop_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb3
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|SALINITY%2FDENSITY|%5bFreetext%3D%27+Alaska%27%5d&OrigMetadataNode=GCMD&EntryId=ctd_ak_ltop_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb3
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-products/index.html
http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-products/index.html
http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-products/index.html
http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-products/index.html

Discharge discharge OSU model e GOA 1962 2009 | Model watershed | monthly D.F. Hill, OSU
Discharge discharge Royer model w GOA 1931 2013 | Model E/W GOA | monthly B s wledkldefieete | JAF, IMS
Discharge discharge USGS model e GOA Model watershed | climatology Ed Neal, USGS
NOAA Fisheries,
Alaska Regional
Habitat habitat type Alaska ShoreZone GOA N/A N/A continuous | N/A T — Office
Habitat depth NOS GOABATH GOA N/A N/A | grid variable N/A NOAA/AFSC
sediment
Habitat type usSEABED database e ——— MO G
vegetation ADF&G Herring
Habitat cover Assessments various variable present annual ADF&G
daily / 3-day / 8-day
4km/9 / monthly / seasonal
Solar irradiance | PAR PAR global 2002 present | grid km / annual hitpflaceancolor gsfe nasa govicgina Aqua MODIS
wind vectors, 25 km /50
Winds wind speed ASCAT global 2007 present | grid km daily hitpisearch.scp byu.ed ASCAT
wind vectors, 2x2
Winds wind speed NCEP/NCAR reanalysis global 1948 grid degrees monthly e s " | NOAA/CDC
wind vectors, 12.5km/
Winds wind speed QUuIkSCAT global 1999 2009 | grid 25 km daily [E——— QuikSCAT
wind vectors, | QUIkSCAT / ASCAT/ QUIikSCAT / ASCAT/
Winds wind speed ERS/SAR global 1999 grid daily [E——— SAR
Winds upwelling upwelling global 1967 present | grid 1 degree monthly / 6-hourly e e aouprocslesiost. | NOAA/PFEL
ot e
ameters|OCEANS|[Freetext%3D%27+LTOP
%27]&Or de= Mn&»:mryld
Nutrients nitrate GLOBEC LTOP Seward line 1998 2004 | transect 10 km irregular usanmeareea =F | WHOI/GLOBEC
:‘l;pda/éag;md gsfc.nasa. guleeywordSear;::h/PV\:
;.i;%egoorCEANs Fvee(ex:%:i[::/;}z?;:;l’rvolz
Nutrients ammonium GLOBEC LTOP Seward line 1998 2004 | transect 10 km irregular s | WHOI/GLOBEC
ool lebec iepar
;.i;%egoorCEANs Fvee(ex:%:i[::/;}z?;:;l’rvolz
Nutrients iron GLOBEC LTOP Seward line 2004 2004 | transect 10 km irregular TR et | WHOI/GLOBEC
Nutrients nitrate SECM SE Alaska 1997 2006 | transect seasonal R el WHOI/GLOBEC
Nutrients ammonium SECM SE Alaska 1997 2006 | transect seasonal I — WHOI/GLOBEC
Nutrients phosphate SECM SE Alaska 1997 2006 | transect seasonal oyl el WHOI/GLOBEC
Nutrients silicate SECM SE Alaska 1997 2006 | transect seasonal i — WHOI/GLOBEC
Nutrients nitrate FOCI (CTD + Mooring) GOA T — =2 | NOAA/PMEL
Nutrients ammonium FOCI (CTD + Mooring) GOA T — <2 | NOAA/PMEL
Nutrients nitrate OocC GOA NOAA/AFSC/ABL
4km/9 3-day / 8-day /
Phytoplankton surface chl-a | MODIS global 2002 present | grid km monthly / annual hitpfoceancolor asfe.nasa govicgia MODIS
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http://www.ims.uaf.edu/gak1/data/FreshwaterDischarge/Discharge.dat
http://www.ims.uaf.edu/gak1/data/FreshwaterDischarge/Discharge.dat
http://alaskafisheries.noaa.gov/habitat/shorezone/szintro.htm
http://alaskafisheries.noaa.gov/habitat/shorezone/szintro.htm
http://coastalmap.marine.usgs.gov/regional/contusa/index.html
http://coastalmap.marine.usgs.gov/regional/contusa/index.html
http://oceancolor.gsfc.nasa.gov/cgi/l3
http://search.scp.byu.edu/
http://www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis.surfaceflux.html
http://www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis.surfaceflux.html
http://search.scp.byu.edu/
http://search.scp.byu.edu/
http://www.pfeg.noaa.gov/products/las/docs/global_upwell.html
http://www.pfeg.noaa.gov/products/las/docs/global_upwell.html
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=CGOA_ltop_nut_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=CGOA_ltop_nut_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=CGOA_ltop_nut_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=CGOA_ltop_nut_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=CGOA_ltop_nut_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=CGOA_ltop_nut_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=CGOA_ltop_nut_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
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Patterns in lower trophic level variability

Spatial and temporal patterns in satellite-based, high-resolution (8-day x 1/4 degree) estimates of
Chlorophyll-a (chl-a) concentration, as a measure of lower trophic level productivity, were examined to
identify possible drivers of productivity (Chapter 1), provide a longer-term context for the field
observations (Chapter 1) and to examine relationships between chl-a and recruitment of the focal species
(Chapter 3) and other biological responses (see Collaborations). Eight-day and annual indices of
variability in chl-a were computed separately for several distinct regions identified by EOF/PCA,
combined with cluster analyses, as well as for the coastal GOA as a whole (Chapter 1). Statistical
analyses of these indices relative to potential drivers helped reveal the role of temperature, light,
discharge and upwelling in determining primary production on the GOA shelf (Chapter 1) and contributed
to understanding biological differences between the eastern and western GOA (Chapter 2).

Variability in larval abundances

Based on historical surveys of fish eggs and larvae in the western Gulf of Alaska, we quantified
interannual variability in abundance and determined the phenology and exposure profiles for the five
focal groundfish species (Chapter 4). New information regarding the early ontogeny of the five focal
species from both field observations and retrospective analyses were incorporated into species-specific
life history profiles that were later developed for the final GOA-IERP Pl meeting in 2015. These species
profiles combined several elements of different GOA-IERP program results along with historical
information from the species’ stock assessment and literature.

Recruitment of focal fish species

One of the main goals of the overall project is a better understanding of the recruitment dynamics
of the five focal fish species. The field work, particularly in the previously under-sampled eastern GOA,
described the cross-shelf distribution of their early life stages from the spring through the fall and
differences between the eastern and central GOA (UTL report). Modeling allowed an evaluation of the
likely pathways that larvae take from probable spawning grounds over the slope to likely nursery areas on
the shelf or in nearshore waters. The retrospective component coordinated with the modeling component
to analyze the connectivity matrices of individual-based model (IBM) trajectories and to compare major
patterns in connectivity with the historical time series of recruitment for each of the five focal species. A
Principal Component Analysis (PCA) was used to develop indices for each species that captured major
patterns of connectivity, which were then statistically linked to recruitment indices (Chapter 5). A
retrospective analysis for Pacific ocean perch and sablefish used a structured modeling approach to relate
a suite of a priori selected environmental variables to sablefish and Pacific ocean perch recruitment
(Chapter 3). Recruitment indices for the focal species were obtained from NOAA Alaska Fisheries
Science Center stock assessment models as updated in 2015 (NPFMC 2015). We used the estimated
numbers of age-2 year old fish reported in the assessment as indices of recruitment (year class strength)
and analyzed variability in these indices relative to connectivity patterns or environmental conditions two
years prior, corresponding to the year of hatching.

Groundfish community: spatial patterns and trends in focal species and community metrics

We examined both spatial and temporal patterns in the groundfish community, in particular the
five focal species, and in species diversity and richness across major fish and macroinvertebrate species
(Chapter 6). For this analysis we used data from standardized bottom trawl surveys conducted biennially
by the Alaska Fisheries Science Center. Updated indices of diversity and overall abundance were also
submitted to the Ecosystem Considerations chapter of the Stock Assessment and Fishery Evaluation
report that is annually produced for the North Pacific Fishery Management Council (NPFMC 2015).
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Seabird and mammal diets

Some attempt was made to include a comparison of the consumption of the early life stages of the
focal species by seabirds and mammals in the eastern and central/western GOA in the overall analysis to
extend analyses to these upper trophic level predators. Relevant datasets were compiled through
collaborations with USGS, the US F&WS, and ADF&G. While data on seabird diet and abundance from
the North Pacific Seabird database and other sources were obtained, along with monitoring data collected
by USFWS, an analysis of seabird and mammal diets and abundance trends proved beyond the scope of
the current project. However, analyses of unpublished sea lion diet and abundance data for the north
GOA coast (Prince William Sound, Resurrection Bay, and surrounding sites) and analyses of harbor seal
diets are ongoing through continued collaborations (see Collaborations).

Harbor seal diets were constructed from scat samples collected by ADFG over a 9 year period
(2001 — 2009) from Tugidak Island, south of Kodiak Island in the central GoA. The study was largely
conducted by a master’s candidate who was funded by the Pollock Conservation Cooperative Research
Center. The hard parts were analyzed and identified to the lowest possible taxa. These were evaluated as
% frequency of occurrence (%FO), split sample of FO, and % biomass. The species compositions were
compared across ‘warm’ and ‘cold’ years (Geiger et al. 2013, see 'Collaborations'). These data were
further analyzed to model different scenarios that include potential realistic conditions that could result in
the prey base changing. This work is currently in manuscript preparation stage.

During the course of the GOAIERP a massive common murre die-off occurred in the northern
GOA. Because the wintering foraging grounds from COMU overlap with the area of the central GoA
IERP sample grid, it provided an ideal discreet project. The die-off occurred in 2015, although this study
was not incorporated into the retrospective analysis until spring 2016. Nevertheless, the information
collected by the MTL and LTL were timely and extremely valuable to help understand the possible cause
of the die-off. Retrospective analyses of bird counts collected by the Audubon Society were core to the
analysis. These were combined with recruitment process alliance (RPA) data that were collected by the
NMFS FOCI and GOAIERP efforts. These data highlighted the lack of age 0 pollock, capelin and
eulachon during months that preceded the actual die-off. Environmental data are currently being added to
the analysis, and preliminary results demonstrate a relationship between several environmental parameters
and the lack of forage fish prey and the COMU die-off. The results are being prepared for publication and
a manuscript is anticipated to be completed by September 30, 2016.

Report Organization

The retrospective component analyzed a wide variety of physical and biological datasets, which
together provide a long-term perspective on variability in the Gulf of Alaska ecosystem than cannot be
obtained from short-term field studies. Retrospective analyses were conducted by all of the project
components (LTL, MTL, UTL, Modeling), but only analyses conducted by the LTL and UTL groups are
included here. Other retrospective analyses are summarized in the MTL and Modeling reports. Chapters 1
and 2 provide a detailed analysis of a range of high-resolution gridded datasets, as well as datasets with a
high alongshore resolution (e.g. upwelling, groundfish survey data). Chapter 1 focuses on variability in
chl-a and some of the underlying environmental driver, while Chapter 2 examines a broad range of
datasets to identify and document a strong physical and faunal discontinuity at around 148°W, separating
the eastern and central/western GOA. Chapter 3 specifically examines recruitment in two species,
sablefish and Pacific ocean perch, relative to large-scale and regional environmental drivers.

The field component of GOAIERP contributed new information on the distribution of early life
stages of the five focal species, as well as other fish species, in both the central and eastern GOA. While
ichthyoplankton in the eastern GOA had been poorly sampled in the past, a rich, long-term data series
exists for the central GOA thanks to work over several decades conducted by NOAA's EcoFOCI group.
Chapter 4 takes advantage of this rich dataset to specifically examine seasonal and long-term variability
in the distribution and abundance of fish eggs and larvae, thereby synthesizing nearly four decades of
Ichthyoplankton surveys and greatly advancing our ecological understanding of the pelagic phase of the
five focal species.
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One of the overall goals of the project aims to better understand recruitment variability in the
five focal species. We present statistical analyses in Chapter 5 that relate measures of connectivity derived
from biophysical models (Gibson et al. 2015) to recruitment estimates from stock assessment models
(NPFMC 2015). Finally, in chapter 6, we examine the variability in space and time of the groundfish
community as a whole to better understand how environmental-linked variations in recruitment and
fishing interact to affect the groundfish community.
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CHAPTER 1 - SPATIAL AND TEMPORAL VARIABILITY OF CHLOROPHYLL-A
CONCENTRATIONS IN THE COASTAL GULF OF ALASKA, 1998-2011, USING CLOUD-
FREE RECONSTRUCTIONS OF SEAWIFS AND MODIS-AQUA DATA

*This chapter has been published as Waite, J.N., and F.J. Mueter. Spatial and temporal variability of
chlorophyll a concentrations in the coastal Gulf of Alaska, 1998-2011, using cloud-free reconstructions
of SeaWiFS and MODIS-Aqua data. Progress in Oceanography 116:179-192.

Abstract

We examined the spatial and temporal variability of chlorophyll-a (chl-a) concentrations in the
coastal Gulf of Alaska (GOA) using a 14-year time series of cloud-free reconstructions of SeaWiFS and
MODIS-Aqua chl-a data. Coast-wide and regional relationships between chl-a and likely environmental
drivers, including anomalies in sea surface temperature (SST), photosynthetically-available radiation
(PAR), sea surface height (SSHa), freshwater discharge and coastal upwelling, were explored. Coast-wide
chl-a showed strong seasonal variability with pronounced spring and fall blooms, but both the magnitude
and the seasonal patterns showed considerable interannual variability. Coast-wide annual chl-a anomalies
were positive in years with elevated PAR, low SST, and a reduction in downwelling-favorable winds —
conditions that are indicative of reduced cyclonic circulation associated with a weak Aleutian Low. The
apparent negative effect of strong cyclonic circulation in the GOA on chl-a levels was further supported
by negative relationships between elevated sea levels and coast-wide chl-a in both the spring and fall. If
chl-a concentrations in the coastal GOA reflect productivity, these results are contrary to the prevailing
view that strong cyclonic circulation enhances productivity in the GOA. The variability in the chl-a in
each of four distinct and spatially contiguous regions that differed in the timing and magnitude of the
spring and fall blooms was associated with different combinations of environmental variables.

Introduction

The continental shelf and slope region of the Gulf of Alaska (GOA, Figure 1) is a highly
productive coastal region and supports a number of commercially important fisheries, in spite of being
dominated by downwelling-favorable winds. Mechanisms supporting this high productivity include (1)
onshore fluxes of nutrients at depth during periods when downwelling relaxes or when wind reversals
lead to upwelling (Childers et al., 2005; Weingartner et al., 2009), coupled with episodic mixing due to
tides and winds (Stabeno et al., 2004); (2) cross-shelf exchanges associated with eddies propagating along
the slope, transporting macronutrients (e.g. nitrate, silicate) onto the shelf and supplying micronutrients
(iron) to the slope and offshore regions (Childers et al., 2005; Hermann et al., 2009; Janout et al., 2009;
Ladd, 2005; Stabeno et al., 2004); (3) the interaction of the Alaska Current and Alaska Stream with
gullies and banks, resulting in onshelf fluxes of nutrient-rich slope waters (Stabeno et al., 2004); (4)
vertical nutrient transport over shallow banks associated with tidal mixing (Hermann et al., 2009; Stabeno
et al., 2004); and (5) upwelling events associated with cross-shelf shear resulting from local wind-stress
curl such as that associated with barrier jets (Stabeno et al., 2004). How these and other mechanisms
interact to determine patterns of productivity on the GOA shelf, from primary producers to upper trophic
levels, remains poorly understood.

The bathymetry of the coastal GOA is characterized by a 5 — 200 km wide continental shelf that
separates a coastal mountain range from abyssal depths in excess of 3000 m. The shelf has an extremely
irregular topography with shallow banks that are separated by numerous troughs or gullies cutting across
the shelf. In Southeast Alaska, a narrow continental shelf is connected to the inland waters of the
Alexander Archipelago, which includes several deep straits and numerous estuaries. The shelf widens
considerably in the western GOA and is connected to several large inlets, including Prince William Sound
and Cook Inlet.
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Circulation in the coastal GOA is dominated by two major current systems: the subarctic gyre and
the Alaska Coastal Current (Reed & Schumacher, 1986). The eastward flowing North Pacific Current of
the subarctic gyre bifurcates into two broad eastern boundary currents offshore of British Columbia. The
Alaska Current is the northern extension of this current and flows northward along the coast of Southeast
Alaska before turning westward along the continental slope off the southcentral coast of Alaska. It
continues as the Alaskan Stream along the south side of the Alaska Peninsula and the Aleutian Arc with
speeds ranging from 30 — 100 cm s (Reed & Schumacher, 1986; Reed & Taylor, 1965). Flow in the
Alaska Current is not uniform, but characterized by frequent development of eddies that spin off into the
center of the gyre (Crawford et al., 2005; Crawford et al., 2007) or propagate westward along the slope in
what is sometimes referred to as the "eddy corridor” (Janout et al., 2009; Ladd et al., 2007; Okkonen et
al., 2001). In the northern GOA, eddies near the shelf break advect nutrients and iron from the shelf into
offshelf waters as they propagate along the continental margin. When these anti-cyclonic eddies move
away from the shelf break and decay, their isopycnals relax upwards, allowing nutrients and iron carried
in their core waters to rise back toward the euphotic layer, enhancing productivity along the slope
(Crawford et al., 2007). Sitka eddies originating in Southeast Alaska typically propagate away from the
coast into deep waters (Gower, 1989; Ladd et al., 2009; Matthews et al., 1992) and are therefore less
effective at enhancing cross-shelf transport along the slope. Variability in eddy activity is likely to affect
spatial and temporal patterns in chl-a concentrations, particularly in the eddy corridor.

The Alaska Coastal Current (ACC), a narrow coastal current flowing in a counter-clockwise
direction along the continental shelf of the GOA (Weingartner et al., 2005), is driven by downwelling-
favorable winds and massive freshwater runoff (Royer 1982). Freshwater discharge affects shelf salinities
and is a major determinant of both horizontal (cross-shelf) and vertical density gradients (Royer, 1998;
Stabeno et al., 2004). Discharge rates have a strong seasonal signal related to spring snow melt and to
strong seasonality in storm intensity and frequency (Weingartner et al. 2005). Variability in spring-time
discharge affects the onset of stratification and hence the timing of the spring chlorophyll blooms.
Stratification begins where runoff first enters the ocean along the coast and then gradually spreads
offshore. Therefore, interannual differences in the timing and magnitude of discharge are likely to affect
the timing and magnitude of the spring bloom.

The coastal GOA is characterized by strong physical, chemical, and biological cross-shelf
gradients (Childers et al., 2005; Strom et al., 2006; Weingartner et al., 2002). Spring and summer
production on the inner and middle shelf is limited by the availability of macronutrients (Strom et al.,
2006) and light (Strom et al., 2010). The source of these nutrients is in deep offshore waters that are
advected onto the shelf such that surface waters can be replenished each winter by vertical mixing
(Childers et al., 2005). Therefore peak production on the shelf during spring may be linked to the intensity
of wind mixing and the magnitude of Ekman pumping associated with positive wind stress curl during the
previous winter (Brickley & Thomas, 2004; Fiechter & Moore, 2009). High productivity in the coastal
GOA is not confined to the shelf, but extends up to 300 km seaward of the shelf break (Brickley &
Thomas, 2004). In contrast to the shelf, production in these offshore waters (Martin et al., 1989), and
possibly in some outer shelf waters (Strom et al., 2006; Wu et al., 2009), is limited by the availability of
iron. The primary source of iron is freshwater discharge from rivers, resulting in a strong gradient in iron
concentration from the inner to the outer shelf (Lippiatt et al., 2010; Wu et al., 2009). Hence, mechanisms
supporting onshore flow of macronutrients enhance production on the shelf and mechanisms exporting
iron-rich shelf waters from the shelf enhance production in offshore regions.

Direct observations of phytoplankton and primary production on the shelf are limited (Sambrotto
& Lorenzen, 1986; Strom et al., 2001; Strom et al., 2006), but suggest strong cross-shelf and seasonal
variability in phytoplankton biomass, size composition, growth, and species composition on the shelf east
of Kodiak Island (Strom et al., 2006). Satellite-based surface chlorophyll-a (chl-a) patterns (Brickley &
Thomas, 2004) suggest strong cross-shelf and along-shelf variability, as well as seasonal and interannual
variability in primary production. Brickley and Thomas (2004) used four years of satellite-based
observations (1997-2000) to provide a preliminary examination of seasonal and inter-annual variability of
chl-a over the Northeast Pacific and coastal GOA. They demonstrated that chl-a is intensified over the
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shelf and slope, as well as in areas extending up to 300 km beyond the shelf break in the eastern GOA
and off Kodiak Island; that concentrations peak in May, decrease during summer, and have a secondary
peak in August-September; and that concentrations display large interannual variability, particularly in
spring. Satellite observations have also been used in conjunction with in situ measurements to examine
the effects of eddies on chl-a distributions in the eastern (Batten & Crawford, 2005; Crawford et al., 2005;
Ladd et al., 2009) and northern GOA (Crawford et al., 2007).

While it is likely that chl-a concentrations in the coastal GOA are at least in part regulated
through grazing by zooplankton (Liu et al., 2008; Strom et al., 2001; Strom et al., 2007), our analyses
focused on bottom-up effects. Here we extend earlier analyses of Brickley and Thomas (2004) to (1)
better characterize the spatial and temporal variability of chl-a concentrations in the coastal GOA using a
14-year time series of remotely-sensed data, (2) explore relationships between chl-a and likely
environmental drivers, and (3) examine the congruence between remotely-sensed and in situ
measurements of chl-a in GOA waters.

Methods

Data sources and data processing

To examine spatial, seasonal, and interannual variability in chl-a in the coastal GOA relative to
environmental variability we retrieved 8-day and monthly composite Level-3 SeaWiFS and MODIS-
Agua chl-a data from the Goddard Space Flight Center OceanColor web site
(http://oceancolor.gsfc.nasa.gov) at 9-km spatial resolution. Data for a rectangular region (50-62°N and
135-165°W) that encompasses our study area (Figure 1) were extracted from the global coverage
datasets. In order to produce the longest possible continuous time series of remotely-sensed chl-a data, we
examined the feasibility of merging SeaWiFS and MODIS-Aqua data. We compared the first six full
years of overlap between the two datasets (2003-2007) based on the root mean square (RMS) log error
and absolute differences (log bias) of the logarithmically transformed data (Gregg & Casey, 2004;
O'Reilly et al., 2000) on a pixel-by-pixel basis. The overall RMS log error between SeaWiFS and
MODIS-Aqua chl-a measurements in the range of 0.1 to 10 mg m (99.2% of total observations) was
0.297, which is only slightly higher than the RMS log error of 0.22 of the OC4v4 band-ratio algorithm
used to estimate chl-a from remotely-sensed data (O'Reilly et al., 2000) when compared to in situ data.
The overall log bias was -0.006, indicating that on average, MODIS-Aqua measurements are only slightly
lower than SeaWiFS measurements of chl-a at the same location. This similarity was expected because
the MODIS-Aqua sensor is, in part, calibrated using SeaWiFS water-leaving radiances (Meister et al.,
2012). There were no significant differences in RMS log error among years (F13 = 3.287, p = 0.1675,
range 0.247 —0.320) or 8-day composite periods (F1,2 = 0.1774, p = 0.6767, range 0.219 — 0.381);
however, RMS log error was higher during the spring and fall blooms. There were no significant
differences in bias among years or 8-day composite periods, although SeaWiFS measurements tended to
be slightly higher (log bias 0.16 + 0.03) than MODIS-Aqua measurements during the spring and fall
bloom periods, while MODIS-Aqua measurements tended to be higher during the early-spring and
summer (log bias 0.01 + 0.02). Approximately 68% of pixels have relative differences of < 0.2 (log
scale), and 42% have relative differences < 0.1 (log scale). Based on the low RMS log error and bias
between the two sensors, we concatenated SeaWiFS data for 1998 — 2001 with MODIS-Aqua data for
2002 — 2011 to form a continuous 14-year time series without additional treatment (Zhang et al., 2006).

Eight-day composite SeaWiFS Photosynthetically-Available Radiation (PAR) data for 1998-2001
and MODIS-Aqua PAR data for 2002 — 2011 were retrieved for the study region at 9 km spatial
resolution using the Giovanni online data system, developed and maintained by the NASA Goddard Earth
Sciences Data and Information Services Center (Acker & Leptoukh, 2007). Eight-day and monthly
composite version 5.0 Pathfinder Advanced Very High Resolution Radiometry (AVHRR) nighttime sea-
surface temperature (SST) data (1998-2009) for the study region were extracted using the NASA Jet
Propulsion Laboratory’s PO.DAAC Ocean ESIP Tool (POET, http://poet.jpl.nasa.gov) at 4 km spatial
resolution with a minimum pixel quality level of 4 . Eight-day and monthly composites for 2010 were
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compiled from daily Pathfinder version 5.2 SST data downloaded directly from the NOAA National
Oceanographic Data Center website (http://data.nodc.noaa.gov/pathfinder) and resampled to match the
version 5.0 grid. Eight-day mean sea surface height anomaly (SSHa) composites were created from daily
1/4° merged global reference sea level anomaly data downloaded from Aviso
(http://www.aviso.oceanobs.com).

Prior to analysis, pixels in the chl-a and SST data missing due to cloud cover were gap-filled
using a data interpolating empirical orthogonal function (DINEOF) method, which reconstructs missing
data by identifying the dominant spatial and temporal patterns (Alvera-Azcéarate et al., 2005; Beckers &
Rixen, 2003), resulting in a spatially congruent dataset suitable for further analysis. A filtered temporal
covariance matrix was used with the DINEOF method to reduce spurious temporal variation in the
reconstructed data due to temporal discontinuities in the source data (Alvera-Azcarate et al., 2009). The
chl-a data were log transformed prior to interpolation to meet the DINEOF requirement of normal
distribution. Data for the winter months (November through February) and periods with >95% missing
data were excluded due to missing data resulting from seasonal low light conditions. Land masks at 9 km
resolution, required by the DINEOF program, were generated by isolating pixels that were missing data
across the entire time period, and then manually excluding inland lakes and rivers. On a pixel-by-pixel
basis, 39.4 + 10.8% of the non-winter 9 km chl-a data were missing due to factors such as cloud cover or
sun glint, and were reconstructed by the DINEOF program (Error! Reference source not found.). The
amount of missing data was greatest in the far southwest corner and along the seaward boundary of the
study region. The longest consecutive period of missing data for any given pixel was 10 weeks, with an
average of 1.9 + 1.4 weeks. The reconstructed cloud-free data sets were then resampled to a 1/4°
Cartesian (rectangular) projection to allow for direct spatial comparisons with SSHa data. Waters > 200
km seaward of the 1000 m isobath, as well as the Bering Sea, major river inlets, glacial fjords, and the
inside waters of Southeast Alaska were masked from subsequent analyses. Finally, the 14-year temporal
mean was removed from each pixel for each 8-day period to produce the anomaly time series.

Daily upwelling indices derived from 6-hour sea level pressure data were obtained from the
NOAA Pacific Fisheries Environmental Laboratory (PFEL, http://www.pfeg.noaa.gov) for stations
located at 60°N 149°W, 60°N 146°W, and 57°N 137°W. This index is the amount of water upwelled from
the base of the Ekman layer, 50-100 meters deep, and is based on estimates of offshore Ekman transport
driven by geostrophic wind stress (Pickett & Schwing, 2006). Negative values of this index indicate
downwelling. A mean 8-day upwelling index was created for each station based on the corresponding
daily values for consistency with other indices. Monthly freshwater discharge time series have been
estimated for the entire Gulf of Alaska coastline from Southeast Alaska to Seward using a model first
developed by Royer (1982). Updated time series for 1998-2008 were obtained from the University of
Alaska GAK1 Time Series webpage (http://www.ims.uaf.edu/gak1/).

Analytical approach

We examined spatial and temporal variability in chl-a and PAR based on (1) visual examination
of monthly and yearly climatologies and (2) an empirical orthogonal function (EOF) analysis of the 14-
year, 8-day anomaly time series. Monthly chl-a and PAR climatologies were produced by averaging each
individual month over the entire 14-year dataset. Yearly climatologies were created by averaging the 8
months within each year (March — October, i.e. over the growing season) for which chl-a and PAR data
were available. The mean date of onset of the spring bloom was determined based on when the pixel-by-
pixel chl-a concentration first exceeds the median chlorophyll-a concentration of the study area by 5%.

To identify regions that show similar patterns of variability in chl-a we applied a model-based
cluster analysis to the spatial loadings from the chl-a EOF analysis. Minor EOF modes that explained
<5% of the total variance in the chl-a anomaly time series were excluded from the analysis. The optimal
covariance structure and number of clusters retained was determined using the Bayesian Information
Criterion (BIC), with the cutoff occurring when the addition of new clusters changed the BIC by less than
1%. The analysis was implemented using the R package 'mclust' (Fraley and Raftery 2002, 2007).
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To identify potential drivers of coast-wide (i.e., the entire study area) chl-a, we modeled spatially
averaged chl-a as a function of SST, PAR, SSHa, upwelling at 60°N, 149°W, and freshwater discharge.
Both the response and the explanatory variables were averaged over three time periods—annual (March —
October), spring/summer (March — June, hereafter referred to as spring), and summer/fall (July — October,
hereafter referred to as fall)—and were modeled using a stepwise linear regression procedure based on the
Akaike information criterion (AIC; Hastie & Pregibon, 1992). For this analysis we examined coast-wide
and larger-scale indices because the primary mode of variability in chl-a and all of the environmental
indices show coast-wide anomalies. Pairwise Pearson's product moment correlations were computed
between selected annual indices, including annual mean chl-a, maximum peak chl-a during spring and
fall, mean annual, spring, and fall PAR and SST, the mean winter (November — March) Pacific Decadal
Oscillation (PDO) index, and the mean annual North Pacific Gyre Oscillation (NPGO) index. Separate
chl-a indices for spring and fall were examined because of distinct differences in their interannual
patterns. The mean magnitude and timing of the spring and fall bloom peak chl-a concentrations were
determined using the 8-day period within each season that had the highest chl-a levels.

To elucidate potential mechanisms that drive variability in chl-a in each of the regions identified
by the cluster analysis, we modeled 8-day chl-a for the spring and fall periods in each region as smooth
functions of SST, PAR, SSHa, upwelling, and discharge associated with each region using a Generalized
Additive Modeling (GAM) approach. To avoid over-fitting, we limited the estimated degrees of freedom
for single variable terms to < 3, which allowed GAMs to fit linear, dome-shaped, or sigmoidal
relationships between response and explanatory variables, which we considered to be a reasonable range
of biological responses. Lags of zero, one, two, or three 8-day composite periods prior to the current chl-a
observation were considered for all variables except PAR (for which only a lag of 0, or co-occurring
observations, was considered) and the best fitting model was selected using AIC.

To compare satellite-based measurements of chl-a to in situ measurements, a rosette sampler was
used to obtain discrete water samples at the surface and at 10-meter depth from 70 locations in the eastern
and central GOA during April and July of 2010. Stations in the central GOA were located along the
Seward line, extending from approximate 25 to175 km offshore. Stations in the eastern GOA were
located along the coast from approximately 56 — 59°N and ranged from approximately 10 to 175 km
offshore, and including both onshelf and offshelf stations (Figure 1). Samples were filtered onto glass
fiber filters (Whatman GF/G), stored frozen at -80°C, and later analyzed at shore-based facilities using the
acidification technique following Parsons et al. (1984a) on a TD 700 benchtop fluorometer (Turner
Designs, Sunnyvale, CA, USA). Surface and 10-meter measurements were averaged for each station to
more closely represent the penetration depth of the remotely-sensed measurements. This range was based
on the mean penetration depth inferred from the diffuse attenuation coefficient at 490 nm (zgo; 11.9 £ 4.6
m) for the time periods in which the in situ measurements were made. In situ measurement were matched
with the nearest 9-km, 8-day composite MODIS-Aqua data. We used 8-day composites for the
comparison, rather than daily data, to maximize the number of spatial match-ups, which was limited by
cloud cover and the small number of available in situ measurements.

All means are reported £ 1 SD unless otherwise noted. Statistical analyses were performed using
R version 2.15.0 (R Development Core Team, 2010).

Results

Validation of in situ vs. remotely sensed chlorophyll-a data

Depth-averaged (0-10 m) in situ chl-a measurements were significantly correlated with MODIS-
Aqua measurements made within the same 9 km spatial bin and 8-day time period (r = 0.62, p < 0.001).
The RMS log error between the two types of measurements was 0.91. In situ measurements were higher
on average with a log bias of 0.62. The regression slope was not significantly different from 1 (slope =
0.76, 95% CI 0.45 — 1.07; Error! Reference source not found.).

Global validation efforts have shown that satellite measurements of chl-a in most ocean basins
are lower than measurements made in situ. An analysis by Gregg and Casey (2004) of 102 in situ chl-a
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measurements from the North Pacific with matching measurements from daily 9km Level-3 SeaWiFS
data found that remotely-sensed chl-a measurements were lower with a log bias of 0.041, a RMS log error
of 0.316, and a correlation of r = 0.84. These error estimates are substantially lower than in the present
study. However, due to sample size restrictions, our comparisons to the remotely-sensed data were based
on 8-day composites rather than daily values and as such, larger errors would be expected as a result of
differences in timing between the in situ and satellite measurements. Multiple studies have also suggested
that in situ chl-a concentrations measured using a fluorometer were higher than those made using high-
performance liquid chromatography (HPLC) methods (Bianchi et al., 1995; Marrari et al., 2006; Trees et
al., 1994), which may account for some of the biases reported by studies that attempt to validate remotely-
sensed chl-a measurements using fluorometrically-derived in situ measurements, including the present
study. The bias between chl-a concentrations measured using a fluorometer and HPLC are largely due to
high concentrations of the accessory pigment chlorophyll-c (Jeffrey et al., 1997), typically found in
diatoms and dinoflagellates (Parsons et al., 1984b). For example, in the Southern Ocean, much like the
coastal Gulf of Alaska, diatoms and microzooplankton such as dinoflagellates are among the dominant
phytoplankton taxa (Strom et al., 2006). Here, Marrari et al. (2006) found that chl-a measurements made
using fluorometric methods were approximately 2.5 times higher than those made using HPLC, and
contrary to the findings of other studies, concluded that remotely sensed SeaWiFS measurements were an
accurate measure of chl-a concentrations in the Southern Ocean if HPLC-based in situ measurements
were used in the ground truth comparisons. Therefore, despite the relatively large bias with only a
moderate correlation between our in situ measurements and the remotely-sensed data, our assumption is
that the remotely-sensed data used in the present study accurately reflect the general temporal and spatial
trends of chl-a variability in the Gulf of Alaska.

Interannual and spatial variability of chlorophyll-a

Monthly climatologies show pronounced cross-shelf, along-shelf, and seasonal differences in chl-
a concentrations (Error! Reference source not found.). Chl-a concentrations of individual pixels
throughout the non-winter months of the 14-year period averaged 0.77 + 2.12 mg m™ (range 0.03 — 82.11
mg m-), with the highest mean overall concentrations occuring around Kodiak Island in the western GOA
and with persistently high concentrations in the waters northeast of Haida Gwaii (formerly known as the
Queen Charlotte Islands) in the southeast year-round (Error! Reference source not found.). In March,
chl-a concentrations were < 0.5 mg m= over deep waters and < 1.0 mg m over shelf waters, with the
exception of higher concentrations in the waters northeast of Haida Gwaii. In April, concentrations in the
eastern shelf waters were enhanced, with levels ranging from 1.0 mg m= along the shelf break up to 4
mg m- towards shore. In the west, April chl-a concentrations increased to ~2.0 mg m in waters south of
the Kenai Peninsula and Kodiak Island, waters west of the Shumigan Islands, and along the 1000m
isobath.

By May, the spring bloom is in full swing in all shelf waters. Chl-a concentrations in May ranged
from ~2.0 — 8.0 mg m™ along the shelf, with the highest concentrations occurring in waters surrounding
Kodiak Island, the Shumagin Islands, and in the near-coastal waters of Southeast Alaska. The spring
bloom typically progressed from nearshore to offshore in the eastern GOA, but the onset of the bloom
showed a more complex spatial pattern in the western GOA (Error! Reference source not found.) with
the bloom typically starting later in offshore waters and inside and downstream of Shelikof Strait. During
the bloom, chl-a in the offshelf waters increased up to 2.0 mg m=, with the highest levels occuring
towards the shelf break. Coast-wide, the average spring bloom peaked in the first week of May (range
April 23 — May 25) with an average magnitude of 1.49 + 0.32 mg m™ (range 1.02 — 2.05 mg m=3;

Table 1, Error! Reference source not found.). The highest magnitude spring bloom occurred in
2000 and was followed by the lowest magnitude spring bloom in 2001.

Following the spring bloom, offshelf chl-a concentrations dropped to < 0.75 mg m= by June and
remained low through July. Chl-a in shelf waters also declined during June and July, most noticably in
the central region, though levels remained high around Kodiak Island and near-coastal Southeast Alaska.
Coast-wide, chl-a levels decreased to 0.65 + 0.08 mg m= (range 0.49 — 0.84 mg m®), with the minimum
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occurring between June 2 and August 20. There was a moderate coast-wide bloom beginning in August —
September, especially in the western shelf and offshelf waters. This fall bloom peaked at 0.96 + 0.14 mg
m-3 (range 0.71 — 1.26 mg m™®) during September 14 — October 7. With the exception of 2001, the
magnitude of the fall bloom was 63.60 + 9.50% that of the spring bloom of the same year. Because of the
weak spring bloom, 2001 was the only year in which the magnitude of the fall bloom exceeded that of the
spring bloom (Error! Reference source not found.). By October, coast-wide chl-a levels had begun to
decline.

Coast-wide, 8-day means of chl-a showed strong seasonal and spatial variability with pronounced
spring and fall blooms, but both the magnitude and the seasonal patterns showed considerable interannual
variability (Error! Reference source not found.). Mean chl-a concentrations were higher on the shelf
than in offshelf regions, particularly in the shallow waters of British Columbia, in Southeast Alaska, and
around Kodiak Island. The first four chlorophyll EOF modes explained 36.1% of the total variance in the
chlorophyll time series. The spatial pattern of the first EOF mode (14.6% of the total variance, Error!
Reference source not found.) has positive loadings throughout most of the area, reflecting overall
region-wide chlorophyll with the highest variability occuring in waters from 136 to 150°W and further
westward along the 1000 m isobath as a swath approximately 50 — 100 km in width, roughly following
the paths of shelf-break eddies (Ladd et al., 2007). The two regions of highest variability are centered in
the central GOA shelf at approximately 57.8°N 147.7°W (200 km south of Montague Island) and 58.1°N
141.9°W (200 km south of Icy Bay), respectively. These two locations are frequently associated with
strong eddy activity such as the particularly strong Sitka and/or Yakutat eddies occuring in the region
between 2004 and 2006 (Crawford et al., 2007). EOF loadings near 0 in the waters east of approximately
136°W suggest weak intra-annual and inter-annual variability associated with this mode in southeast
Alaska.

The corresponding time series for the first EOF mode primarily captures coast-wide chl-a
anomalies in the magnitude and/or timing of the spring and fall blooms, which are dominated by short-
term variability but show a clear multi-year pattern of anomalously high and low chlorophyll
concentrations. Positive chl-a anomalies dominated from 1999 — 2002 and 2006 — 2010 when the GOA
was in a cold temperature regime, while negative anomalies dominated from 2003 — 2005 during a warm
regime. Short-term patterns of variability include anomalously late spring blooms in 1999 and 2001 (large
negative anomalies in early spring followed by large positive anomalies) and an anomalously early bloom
in 2006 (positive anomaly followed by negative anomaly in spring), relative to the average bloom timing.

The spatial pattern of the second chlorophyll EOF mode (10.7% of the total variation) shows a
strong, out-of-phase pattern inshore and offshore of the 1000 m isobath west of approximately 143°W,
whereas the pattern in the eastern GOA is coherent between onshore and offshore regions. Opposite
loadings in the “Yakutat eddy corridor” (offshelf waters from 145° to 165°W) and in the eastern GOA
and on the western/central shelf imply that enhanced chl-a in the eddy corridor is associated with reduced
chl-a in the other regions and vice versa. The corresponding time series for the second EOF mode appear
to primarily capture chl-a variablity due to eddy activity because the strongest loadings are associated
with the eddy corridor and the eddy-generating region off Southeast Alaska (Haida and Sitka eddies).
Prominent positive values, especially during 1998 — 1999 and 2003 — 2008, are associated with periods of
increased eddy activity (positive SSH anomalies) in western offshelf waters (Error! Reference source
not found.). The positive association between eddy activity is also evident in a signifcant positive
relationship between SSH anomalies and chl-a in the western offshelf region (see below).

Photosynthetically-Available Radiation (PAR)

The 14-year Gulf-wide PAR time series showed an annual cycle of intensified PAR which peaks
around the first week of June (range May 9 — August 4) at 43.06 + 2.31 E m?2 d*, with mean PAR levels
of 27.76 + 1.01 E m2 d*! during the non-winter months. The highest maximum PAR level of 48.28 E m™
d* occurred in 2000, corresponding to the year with the maximum spring chlorophyll bloom (Error!
Reference source not found.).
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The first four PAR EOF modes explained 62.5% of the total variance in the anomaly time series.
The spatial pattern of the first PAR EOF mode (32.8% of the total variability) represents overall region-
wide PAR anomalies with the highest variability occurring in waters between approximately 137 —
157°W and especially between Kodiak Island and the Kenai Peninsula (151 — 154°W; Error! Reference
source not found.). The corresponding time series shows a multi-year cycle of alternating anomalously
high and low PAR values which corresponds roughly to the multi-year cycle of positive and negative
chlorophyll anomalies (Error! Reference source not found.). Annual mean PAR values were positively
correlated with annual mean chl-a values (r = 0.48, p < 0.001, Error! Reference source not found.). The
spatial pattern of the second PAR EOF mode (16.6% of the total variability) shows an out-of phase spatial
pattern between the eastern and western GOA with a break at approximately 148°W, implying that
periods of anomalously high PAR values in the eastern Gulf are associated with periods of anomalously
low values in the western Gulf and vice versa. The corresponding time series indicates that this east-west
pattern follows a multi-year cycle with substantial high-frequency, within-year variations that are likely
associated with the passage of storms.

Cluster analysis and seasonal chl-a patterns

The model-based cluster analysis using the first 4 chlorophyll-a EOF modes (36.1% of the total
variance) resulted in 4 distinct and spatially contiguous regions that differed in the timing and magnitude
of the spring and fall blooms (Error! Reference source not found.). The mean seasonal chl-a pattern for
the eastern region is characterized by moderately strong spring and fall blooms occuring in early May and
September, respectively (

Table 1). The mean seasonal chl-a pattern for the central offshelf region was similar to that of the
eastern region, but the magnitudes of the spring and fall blooms were more variable across years. The
western offshelf region is the major transit path for Yakutat and Sitka eddies and is characterized by a
moderate spring bloom with a highly variable magnitude but with relatively consistant timing, peaking 1 —
2 8-day periods earlier than the other regions. Summer levels are the lowest of any region and are
followed by a highly variable fall bloom. The western shelf region had the highest mean chl-a
concentration throughout the year but the spring bloom peaked later on average than in the other regions.
The western and central offshelf regions had the lowest mean annual chl-a concentrations with a slightly
earlier spring bloom on average in the western offshelf region. Of the 4 regions, the spring bloom peaked
last on the western shelf; however, this region experienced the strongest spring blooms on average, as
well as a strong fall bloom with mean chl-a concentrations higher than the spring blooms in the other 3
regions.

Regional 8-day chl-a anomalies

The best regression models for spring chl-a by region (as defined by the cluster analysis) suggest
that increased chl-a was associated with high light levels (PAR), except in the western offshelf region
(Error! Reference source not found.). Enhanced chl-a was associated with lower SST (lag 2) and
increased upwelling (or reduced downwelling, lag 1) in the eastern GOA, whereas chl-a in the western
regions was positively associated with SST at lag 0 but had no significant relationship with upwelling.
Reduced chl-a on the western shelf was associated with high discharge values, indicative of stronger
stratification and reduced mixing. The deviance explained for each model was 23.3% for the eastern
region, 4.8% for the central region, 0.7% for the western offshelf region, and 26.6% for the western shelf
region.

Fall chl-a was positively associated with PAR only in the eastern region and in the western shelf
region (Error! Reference source not found.). SST was negatively associated with fall chl-a except in
the western offshelf region. Positive SSHa was associated with reduced fall chl-a in the eastern and
central regions, but was positively associated with fall chl-a in the western offshelf ("eddy corridor")
region. High freshwater discharge rates during fall were associated with reduced chl-a in the Western
Shelf Region. The deviance explained for each model was 48.4% for the eastern region, 34.4% for the
central region, 13.1% for the western offshelf region, and 29.2% for the western shelf region.

28



Coast-wide chl-a anomalies

The annual coast-wide mean chl-a concentrations were negatively correlated with mean annual
SST (r =-0.73, p = 0.004), suggesting that enhanced annual mean chl-a levels in the coastal GOA are
associated with cooler than average water temperatures. This correlation was not significant when just the
spring months were considered (p = 0.838), but was highly significant for the summer and fall months (r
=-0.719, p = 0.004). Coast-wide 8-day chl-a means were positively, but weakly, correlated with coast-
wide 8-day PAR means (r = 0.175, p = 0.0002), as well as with upwelling at all three upwelling locations
(e.g., station at 60°N 137°W: r = 0.187, p < 0.001). Coast-wide 8-day chl-a means were negatively
correlated with coast-wide 8-day SSH anomalies (r = -0.197, p < 0.001).

Coast-wide annual chl-a anomalies were also negatively associated with SST anomalies and
positively associated with PAR and upwelling anomalies (Table 2). Together, these three variables
accounted for 97% of the variability in 1998 — 2010 coast-wide chl-a anomalies. Stronger upwelling (or
reduced downwelling) and lower SSHa, factors associated with a weak Aleutian Low (Overland et al.,
1999), were associated with positive coast-wide chl-a anomalies in the spring, while chl-a in the fall was
negatively associated with both SSHa and freshwater discharge (Table 2).

Discussion

Chl-a concentrations in the coastal GOA are characterized by pronounced spatial, interannual,
and seasonal variability. The spatial patterns associated with two major modes of variability were very
similar to EOF modes previously described for the first four years of SeaWiFS data (Brickley and
Thomas 2004), suggesting remarkable stability in these modes over time. The first mode reflects a
spatially coherent signal characterized by multi-year periods of above-average and below-average chl-a
(Figures 6 and 11). The second mode of variability for both chl-a and PAR (Error! Reference source
not found.), as well as for SST (not shown) suggests a see-saw pattern between the eastern and western
GOA and a pronounced contrast in chl-a variability between the shelf and offshelf region (offshore of
~1000 m depth) in the western GOA (Error! Reference source not found.).

Coast-wide annual chl-a anomalies were positive in years with elevated PAR (reduced cloud
cover), low SST, and a reduction in downwelling-favorable winds — conditions that are indicative of
reduced cyclonic circulation in the GOA associated with a weak Aleutian Low (Overland et al., 1999;
Stabeno et al., 2004). If chl-a concentrations in the coastal GOA reflect productivity, these results are
contrary to the prevailing view that strong cyclonic circulation enhances productivity in the GOA
(Gargett, 1991). The apparent negative effect of strong cyclonic circulation in the GOA on chl-a levels
was further supported by negative relationships between elevated sea levels and coast-wide chl-a in both
the spring and, more strongly, in the fall (Error! Reference source not found.).

Surprisingly, average light levels (PAR) did not enter the best model for coast-wide spring chl-a,
in spite of strong positive effects of PAR on chl-a in three of the individual regions (Error! Reference
source not found.). This may have been the result of moderate confounding between PAR and upwelling
(r =0.407) and of unusually low chl-a levels associated with the highest observed PAR in 2001. When
the 2001 outlier was removed, PAR was retained as the most influential variable in the best model — in
addition to SSHa and upwelling — and the model r? increased from 0.46 to 0.71. Light limitation in the
spring is consistent with Strom et al. (2010), who showed that the phytoplankton community on the GOA
shelf is adapted to high light levels.

The coast-wide patterns mask significant regional differences in chl-a variability that likely
reflect different mechanisms driving variability in each region (Error! Reference source not found.).
The eastern GOA has characteristics of an upwelling system, where positive upwelling anomalies and
cooler nearshore waters are associated with enhanced chl-a concentrations in the spring at a lag of 1 — 2
8-day periods (Error! Reference source not found.). Although upwelling did not have a significant
effect in the fall, reduced sea levels along the coast — consistent with reduced downwelling — were
associated with increased chl-a concentrations.
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In the western and central offshelf regions we found weak and inconsistent effects of PAR, SST
and SSHa on chl-a, suggesting that the variables included in our analysis do not capture the mechanisms
driving variability in offshelf waters well. The lack of a relationship with discharge or upwelling was
expected because these processes primarily affect the shelf. Unlike on the shelf, PAR had no significant
effect on chl-a in the western offshelf region during spring (Error! Reference source not found.) or in
either offshelf region during fall. Much of the offshelf region consists of high-nutrient, low chlorophyll
(HNLC) waters occupying the central GOA, where chl-a levels are generally lower and are likely limited
by micronutrients rather than light (Whitney et al., 2005; Wong et al., 1995). Any relationships with
region-wide measures of SST and SSHa in this region are likely masked by high meso-scale variability
associated with anticyclonic eddies propagating westward along the slope. Chl-a is positively associated
with SSH anomalies in the western offshelf region, which is likely due to enhanced chl-a levels in the fall
around the peripheries of eddies (Ladd, 2005; Okkonen, 2003) that originate at ~140°W and slowly
propagate west along the shelf break over a period of 3 — 4 years (Error! Reference source not found.).
Although eddy activity is clearly associated with enhanced chl-a levels (Crawford et al., 2007; Janout et
al., 2009; Ladd, 2005), elevated chl-a levels in this region are not limited to eddy events.

The western onshelf region encompasses the broad continental shelf from Prince William Sound
in the east to the end of the Alaska Peninsula in the west, and includes numerous gullies and banks around
the Kodiak archipelago. Certain topographic features in this region are consistently associated with
enhanced chl-a levels, such as the shallow banks east and northeast of Kodiak. Mechanisms driving
variability across this large region are unlikely to be captured by simple region-wide indices, but our
results suggest that — in addition to PAR — variability in surface temperatures and discharge contribute to
the observed variability in chl-a. Strong freshwater discharge appears to reduce mean chl-a levels,
particularly in the fall (Error! Reference source not found.). This may be a result of enhanced
stratification in the nearshore region, which can either limit chl-a production by preventing the mixing of
deeper, nutrient-rich waters into the surface layer (Gargett, 1997), or produce a deep chl-a maximum that
satellites cannot detect (Ladd, 2005; Whitney & Robert, 2002). Spring chl-a was positively related to SST
in the western regions only, possibly reflecting the importance of thermal stratification over the outer
shelf and slope during spring, which helps stabilize the water column and allows the spring bloom to
develop.

Our models of regional, 8-day chl-a anomalies explained a relatively moderate amount of
variability in chl-a. Clearly, other physical and biological factors contribute to variability in chl-a levels
in the coastal Gulf of Alaska. The physical processes regulating the availability of light and nutrients in
the region reflect the interaction between storms, the Alaska Coastal Current, the Alaska Current/Alaskan
Stream, and a highly complex bathymetry. Here we only considered along-shelf wind direction
(upwelling) but not variability in local wind stress, wind stress curl, or wind mixing that are known to
affect nutrient supply (Herman et al., 2009; Stabeno et al., 2004). Brickley and Thomas (2004) note that
low spring chl-a concentrations were associated strong wind mixing during the previous winter with in
1998, while strong spring blooms in 1999 and 2000 followed weaker wind mixing, and suggest that this is
consistent with light limitation during years with strong mixing and weak stratification. Our analyses do
not directly address this hypothesis and further work is needed to resolve the effects of wind mixing.

In general, standing stocks of chl-a reflect the influence of both bottom-up processes and top-
down effects from grazing by zooplankton, hence variability in grazing pressure may lead to variability in
phytoplankton and chl-a levels (Longhurst, 1995). While there is large uncertainty about the impacts of
grazing, enhanced grazing by microzooplankton and abundant copepods on phytoplankton at higher
temperatures could be a contributing factor to the inverse relationship between SST and chl-a documented
here. While the grazing impact of copepods in the central Gulf of Alaska may be limited to less than 10%
of phytoplankton standing stocks (Coyle & Pinchuk, 2003), microzooplankton alone can consume up to
half of the production by phytoplankton >20 um in size, and all of the production by smaller
phytoplankton (Strom et al., 2007). There is considerable interannual variability in zooplankton species
composition in the coastal GOA (Coyle and Pinchuk 2003), but current data are insufficient to quantify
interannual variability in zooplankton abundances or biomass relative to phytoplankton production.
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However, the growth of copepods (Hirst & Lampitt, 1998), which dominate zooplankton biomass on the
GOA shelf, and possibly the growth of microzooplankton (Strom et al., 2007) increases with temperature.
Therefore, top-down control of chl-a standing stocks maybe higher in warm years and could contribute to
the observed negative relationship between SST and chl-a. We suggest that this may be a fruitful area for
future research.

Variability in chl-a concentration may also be influenced by interannual, seasonal, and spatial
variability in the phytoplankton taxonomic composition in the water column. In general, higher chl-a
levels are generally associated with a higher proportion of larger phytoplankton species, while lower chl-a
is associated with a higher proportion of small phytoplankton taxa. For example, in the central GOA,
Strom et al. (2006) found that chl-a concentrations >2 mg m were associated with a high proportion of
cells >20 pm, such as chain diatoms, which dominated the spring blooms, especially in the shelf regions.
Offshelf regions, which contain some of the lowest chl-a concentrations throughout the year, were
dominated by phytoplankton <5 um in size. In addition, our analyses of shelf waters are restricted
primarily to chl-a in the upper 15 m of the water column and do not account for variability in sub-surface
chl-a blooms, which have been observed on the GOA shelf during late summer at depths between 15 and
25 m (Strom et al., 2010). The relationship between variability in surface-layer chl-a and variability in
subsurface chl-a cannot be evaluated with available data; hence our implicit assumption is that surface-
layer variability reflects whole-water column variability in chl-a.

Satellite-derived estimates of chl-a can also be affected by suspended sediment and colored
dissolved organic matter (CDOM) entering the Gulf of Alaska via freshwater discharge along the coast.
Several large rivers, such as the Copper River, discharge large volumes of turbid freshwater that can
affect chl-a estimates. However, high-turbidity waters in the Gulf of Alaska are typically limited to a
narrow band along the coast and limited sensitivity analyses indicated that the broad spatial patterns
reported here were not affected by the inclusion or exclusion of nearshore coastal waters at the quarter-
degree resolution used for this study. Therefore we believe that our results were not affected by either
sediment or CDOM.
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Tables

Table 1. Summary of chlorophyll-a magnitudes and timings.

Annual  Spring bloom Peak Summer low Fall bloom peak
mgm? mgm? Date mgm=2  Date mg m3 Date
Region +SD +SD + days +SD  tdays +SD + days
Coast-wide 0.76 1.45 May 13 0.65 Jul 16 1.01 Sep 4
+1.38 +1.23 +10 +1.13 +11 +1.15 15
Eastern 0.80 1.62 May 11+  0.69 Aug 1 1.10 Sep 12
+1.39 +1.36 22 +0.16 +24 +1.15 +22
Central offshelf 0.61 1.60 May 13+  0.45 Jul 8 0.89 Sep 1
+1.52 +1.64 22 +0.18 +35 +1.28 +28
Western offshelf 0.55 1.32 May 3 0.37 Jul 4 0.80 Aug 31
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+1.49 + 1.57 +12 +0.09 +14 +1.25 +21

Western shelf 1.15 2.74 May 17+  0.97 Jul 24 1.86 Sep 1
+1.57 +141 11 +0.11 +21 +1.18 +21

Table 2. Summary of results from stepwise regression of annual (Mar-Nov) and seasonal (spring: Mar-
Jun; fall: Jul-Oct) chl-a as a function of the corresponding annual and seasonal means of sea-surface
temperature (SST), photosynthetically active radiation (PAR), sea-surface height anomalies (SSHa),
upwelling at 60°N, 149°W , and total freshwater discharge.

Predictor Coefficient Std. error t-value P-value
Annual SST -0.879 0.0580 -15.2 < 0.001
(r*=0.97) PAR 0.454 0.0616 7.37 < 0.001

Upwelling 0.213 0.0608 3,51 0.007
Spring Upwelling 0.587 0.222 2.64 0.023
(r? = 0.46) SSHa -0.403 0.222 -1.81 0.098
Fall SSHa -0.821 0.210 -3.918 0.002
(r>=0.59) Discharge -0.412 0.210 -1.967 0.075
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Figure 1. Map of study area. Dots represent locations where in situ chlorophyll-a measurements were
taken.
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Figure 2. Percentage of non-winter, 9 km chlorophyll-a data missing spatially (upper panel) and
temporally (lower panel) due to factors such as cloud cover and sun glint, 1998-2011. Red line in lower
panel represents the monthly moving average.
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Figure 3. Comparison between remotely-sensed chlorophyll-a concentrations (MODIS-Aqua, 9km, 8-day)
and measurements made in situ within the same 9km region and during the same 8-day period. Dashed
line is the 1:1 line, solid line is the regression relationship. The in situ values are the mean of
measurements made at the surface and 10 m depth.
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Figure 5. Average onset of spring bloom, 1998-2011, based on when the pixel-by-pixel chlorophyll-a
concentration first exceeds the median coast-wide chlorophyll-a concentration by 5%. Dashed line
represents 1000 m isobath.
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Figure 7. Hovmoller diagrams for 1998-2011 8-day average sea-surface height anomalies (left, cm) and
chlorophyll-a (right, log mg m-3) for waters seaward of the 1000 m isobath between 165°W and 130°W.
Solid contour lines in right panel represent sea surface height anomalies >5 cm to highlight anticyclonic
eddy events.
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Figure 2. Relationships between spring (March-June) chlorophyll-a anomalies and photosynthetically-available radiation anomalies (PAR), sea
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Figure 3. Relationships between fall (July-October) chlorophyll-a anomalies and photosynthetically-available radiation anomalies (PAR), sea
surface temperature anomalies (SST), sea surface height anomalies (SSHa), and freshwater discharge anomalies determined from generalized
additive models (GAM). Blue bands represent 95% confidence intervals. Lag values refer to 8-day periods. Missing panels are due to non-
significant results for that particular variable.
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CHAPTER 2 - SHARP GRADIENTS IN BIOLOGICAL COMMUNITIES ALONG THE GULF
OF ALASKA SHELF ARE ASSOCIATED WITH TOPOGRAPHIC, CLIMATIC AND
OCEANOGRAPHIC DISCONTINUITIES

*This chapter will be submitted for review as Waite, J.N., and F.J. Mueter. Sharp gradients in biological
communities along the Gulf of Alaska shelf are associated with topographic, climatic and oceanographic
discontinuities. Deep-Sea Research I, Topical Studies in Oceanography, Special Issue 3: Gulf of Alaska
Integrated Ecosystem Research Program.

Introduction

The highly complex and dynamic marine environment in the Gulf of Alaska (GOA) supports a
rich and diverse ecosystem, which exhibits strong gradients in population stability and species
composition over space and time (Mueter and Norcross 2002). The mechanisms underlying such
gradients are poorly understood, but likely involve both top-down and bottom-up controls (Mundy, 2005).
The Gulf of Alaska Integrated Ecosystem Research Program (GOA IERP) has adopted a largely bottom-
up approach to elucidate the processes determining the early life survival of marine fishes from the time
of spawning through their first year of life. These early life stages are thought to be influenced by climate
driven variability, and differences in survival of fish among years and areas result in fluctuations in
available prey, which directly affects the dietary preference and foraging strategy of top level predators
such as seabirds. One of the hypotheses of the program was that environmental and biological variability
are less pronounced in the eastern GOA than in the western GOA and the greater stability and higher
species diversity in the eastern GOA make the region more ecologically resilient to climate change and
human forcing (Hughes et al., 2005; Miller et al., 2005).

Local weather and oceanographic processes along the coastal GOA are to a large extent shaped
by its rugged topography. The coastal mountains stall storms arriving from the west, capturing much of
the associated moisture and contributing large amounts of freshwater to the shelf (Weingartner et al.,
2002). Storm centers often remain over the open GOA, contributing to cyclonic circulation over the shelf
and generating coastal downwelling. The mountains also channel local winds (gap winds), thereby
contributing to regional oceanographic variability (Ladd and Cheng, in press; Ladd et al., in press). The
bathymetry along the coast is characterized by a broad continental shelf that separates the coastal
mountain range from abyssal depths in excess of 3000 m. The shelf and upper slope (waters less than
1000 m depth) have an extremely irregular topography with shallow banks that are separated by
numerous troughs or gullies cutting across the shelf. In Southeast Alaska, the shelf is connected to the
inland waters of the Alexander Archipelago, which includes several deep straits and numerous estuaries.
The shelf east of Prince William Sound (east of 145° W) is narrow and deep, extending 50-80 km from
the outer coast (i.e., not including the inside passage) with an average depth of ~200 m. Beyond the
eastern shelf, the continental slope is relative gradual, with depths reaching approximately 4000 m in the
central GOA, over 600 km from the shelf break. In contrast, the shelf west of Prince William Sound is
broader and shallower, extending up to 200 km from the mainland coast with an average depth of ~150 m.
In contrast, the continental slope along the western shelf is steep, dropping to depths exceeding 6000 m
within 50-75 km of the shelf break.

The coastal GOA is a highly advective system dominated by two major current systems: the
subarctic gyre and the Alaska Coastal Current (Reed and Schumacher, 1986). The eastward flowing North
Pacific Current of the subarctic gyre bifurcates into two broad eastern boundary currents offshore of
British Columbia. The north branch is the Alaska Current which narrows and intensifies near Prince
William Sound as it changes from an eastern boundary current to a western boundary current known as
the Alaskan Stream (Weingartner et al., 2009; Weingartner et al., 2002). The Alaska Coastal Current
(ACC) is a narrow, wind- and freshwater-driven current that flows in a counter-clockwise direction and
dominates the flow along much of the continental shelf. These currents provide a near-continuous
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connection along the coast from British Columbia to the Aleutians that provides an advective or
mirgatory pathway for early life stages of many fish species such as salmon, whose juveniles migrate
along the shelf, and a number of groundfish species, whose eggs or larvae are released along the slope and
transported to downstream nursery areas (Doyle et al., in press; Gibson et al., in press; Stockhausen et al.,
in review-a; Stockhausen et al., in review-b).

Although the eastern and western GOA represent the upstream and downstream conditions of the
dominant current systems along a continuum, both the current structure and the bottom topography differ
greatly between these regions. Flow in the ACC differs in magnitude and velocity between the eastern
and western GOA with much weaker flow over the narrow shelf in Southeast Alaska compared to strong
currents on the wider shelf around Kodiak Island in the western Gulf of Alaska (Stabeno et al., in press-a;
Stabeno et al., in press-b). The wider and more productive continental shelf in the western GOA is
associated with a higher biomass of demersal fishes but relatively lower species diversity, whereas the
narrow shelf of the eastern GOA has a much higher species diversity and lower biomass (Mueter and
Norcross, 2002). In spite of obvious differences in physical and biological characteristics between the
eastern and western GOA, these characteristics have not been fully described or delineated to date.

Therefore, our goal was to delineate these two regions and identify potential biophysical or faunal
break points along the coast by examining physical and biological gradients along the GOA shelf and
slope regions through retrospective analyses of available spatial datasets. Specifically, our objectives are
(1) to examine to what extent regional climatic and oceanographic responses to large-scale variability are
coherent across the coastal GOA or differ between the eastern and western GOA,; (2) to quantify spatial
gradients in regional climatic, oceanographic, and biological variables and test for physical or faunal
break points; and (3) to compare spatial gradients and temporal variability between biological measures at
two different trophic levels (phytoplankton and groundfish) and their physical environment. By
comparing the responses of biological variability to climate and oceanographic forcing between these two
contrasting systems, we can gain a better understanding of what drives spatial differences and variability
over time, how these systems may respond to future climate variability and how inherent differences in
the structure of these systems affect their resilience to such variability and to long-term trends. Moreover,
as these two regions of the GOA are likely affected by both top-down and bottom-up drivers in dissimilar
ways, results will help shape management approaches that account for such differences.

Methods

To address our objectives, we first compiled and mapped mean conditions for several
representative datasets of environmental conditions and biological measures of abundance at several
trophic levels. Data sets examined included satellite-derived measures of Photosynthetically Active
Radiation (PAR), Sea-Surface Temperature (SST), Sea-Level Anomalies (SLA) and chlorophyll-a (chl-
a), as well as upwelling indices along the slope and the total density and diversity of fishes along the shelf
to 400 m. We then conducted Empirigal Orthogonal Function (EOF) analyses on time series of satellite-
based measures, which were aggregated over 8 days and at a 1/4° spatial resolution to identify major
modes of variability, map their spatial loadings for visual examination and test for break points in the
longitudinal (alongshore) direction. Upwelling indices and groundfish survey data were aggregated in
longitudinal slices to visually examine trends and test for break points.

We retrieved 8-day composite Level-3 SeaWiFS and MODIS-Aqua chl-a data from the Goddard
Space Flight Center OceanColor web site (http://oceancolor.gsfc.nasa.gov) at 9-km spatial resolution. In
order to produce the longest possible continuous time series of remotely-sensed chl-a data, we used a
concatenated dataset containing SeaWiFS data for 1998 — 2001 and MODIS-Aqua data for 2002 — 2011
to form a continuous 14-year time series without additional treatment (Waite and Mueter, 2013). Eight-
day composite SeaWiFS PAR data for 1998-2001 and MODIS-Aqua PAR data for 2002 — 2011 were
retrieved for the study region at 9-km spatial resolution using the Giovanni online data system, developed
and maintained by the NASA Goddard Earth Sciences Data and Information Services Center (Acker and
Leptoukh, 2007). Eight-day composite version 5.0 Pathfinder Advanced Very High Resolution
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Radiometry (AVHRR) night-time sea-surface temperature (SST) data (1998-2009) for the study region
were extracted from the NASA Jet Propulsion Laboratory’s PO.DAAC archive
(http://podaac.jpl.nasa.gov) at 4-km spatial resolution with a minimum pixel quality level of 4. Eight-day
composites for 2010 were compiled from daily Pathfinder version 5.2 SST data downloaded directly from
the NOAA National Oceanographic Data Center website (http://data.nodc.noaa.gov/pathfinder) and
resampled to match the version 5.0 grid. We created seven-day composites of mean sea-surface salinity
(SSS) at a 1/3° spatial resolution from the PO.DAAC archive for September 2011 through May 2013.
Salinities are estimated based on a relationship between salinity and brightness temperature as measured
by the Aquarius satellite (http://aquarius.nasa.gov). The available time series for SSS was too short to
include in time series analyses. Eight-day mean sea level anomaly (SLA) composites were created from
daily 1/4° merged global reference sea level anomaly data downloaded from Aviso
(http://www.aviso.oceanobs.com) from 1998-2011. Bathymetry data were extracted from the General
Bathymetric Chart of the Oceans (GEBCO) global 30-arc-second grid retrieved from the British
Oceanographic Data Centre (http://www.bodc.ac.uk/data/online_delivery/gebco). The GEBCO data was
generated from quality-controlled ship depth soundings and interpolated between soundings by satellite-
derived gravity data. Data for a rectangular region (50-62°N and 135-165°W) that encompasses our
study area (Figure 2.1) were extracted from each of the global coverage datasets.

Daily upwelling indices derived from 6-hour sea level pressure data were obtained from the
NOAA Pacific Fisheries Environmental Laboratory (PFEL, http://www.pfeg.noaa.gov) for 25 locations
located along the GOA coast between 130°W and 160°W longitude from 1967-2011. This index is the
amount of water upwelled (m?® s') from the base of the Ekman layer, 50-100 meters deep, along 100 m of
coastline and is based on estimates of offshore Ekman transport driven by geostrophic wind stress (Pickett
and Schwing, 2006). Negative values of this index indicate downwelling. Monthly freshwater discharge
time series have been estimated for the entire Gulf of Alaska coastline from Southeast Alaska to Seward
using a model first developed by Royer (1982). Updated time series for 1998-2011 were obtained from
the University of Alaska GAK1 Time Series webpage (http://www.ims.uaf.edu/gak1).

Fisheries bottom-trawl survey data for 1990-2015 were obtained from the Alaska Fisheries
Science Center of the National Marine Fisheries Service
(http://www.afsc.noaa.gov/RACE/groundfish/survey data/data.htm). These data were collected on a
triennial basis through 1999, and then biennially basis through 2015. Data were processed and for each
haul, indices of species diversity (Shannon-Wiener index), species richness (total number of species), and
total CPUE were calculated according to Mueter and Norcross (2002).

Prior to analysis, pixels in the chl-a and SST data that were missing due to cloud cover were gap-
filled using a data interpolating empirical orthogonal function (DINEOF) method, which reconstructs
missing data by identifying the dominant spatial and temporal patterns (Alvera-Azcarate et al., 2005;
Beckers and Rixen, 2003), resulting in a spatially congruent dataset suitable for further analysis (Waite
and Mueter, 2013). A filtered temporal covariance matrix was used with the DINEOF method to reduce
spurious temporal variation in the reconstructed data due to temporal discontinuities in the source data
(Alvera-Azcérate et al., 2009). The chl-a data were log transformed prior to interpolation to meet the
DINEOF requirement of normal distribution. Data for the winter months (November through February)
and periods with >95% missing data were excluded due to missing data resulting from seasonal low light
conditions or excessive cloud cover. Land masks at 9 km resolution, required by the DINEOF program,
were generated by isolating pixels that were missing data across the entire time period, and then manually
excluding inland lakes and rivers. The reconstructed cloud-free data sets were then resampled to a ¥4°
Cartesian (rectangular) projection to allow for direct spatial comparisons with SLA data. Waters >200 km
seaward of the 1000 m isobath, as well as the Bering Sea, major river inlets, glacial fjords, and the inside
waters of Southeast Alaska were masked from subsequent analyses. Finally, the 14-year temporal mean
was removed from each pixel for each 8-day period to produce the anomaly time series.

Spatial breaks were determined for each variable using a variety of methods. We modeled EOF
loadings for SST, PAR, chl-a, and salinity, each of which exhibited a clear spatial dichotomy, as smooth
functions of longitude using a Generalized Additive Modeling (GAM) approach. The spatial breaks were
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assigned to the longitude at which the fitted EOF loadings changed sign (e.g., positive to negative).
Breakpoints for these variables were also determined separately for shelf (<1000 m) and offshelf (>1000
m) waters. Demersal fish CPUE and diversity indices were modeled as smooth functions of longitude,
and spatial break points (change points) were estimated using the R package ‘bfast’ (Breaks for Additive
Season and Trend, Verbesselt et al., 2010), which iteratively estimates the location of abrupt changes in
longitudinal data. Spatial patterns in upwelling were examined using a hierarchical cluster analysis of
daily time series at a series of 1°x1° grid points along the GOA slope to identify regional upwelling
patterns (Coffin and Mueter, 2015). Pairwise Euclidean distances and Ward’s minimum variance were
used to identify groups of spatially consecutive stations with similar upwelling patterns.

In addition to examining spatial means and anomalies across space, we tested for difference in
both the spatial variability and temporal variability of SST, chl-a, and PAR anomalies, as well as in the
temporal variability of groundfish density and diversity. To assess spatial variability, we computed the
variance of each of the three satellite-based measures across all pixels in the eastern and western GOA,
respectively, for each 8-day composite, as well as the difference in variance between regions at each point
in time. To assess temporal variability for each measure, we computed the variance over time of 8-day
composites (satellite data) or annual values (groundfish density) within the eastern and western GOA,
respectively, as well as their difference.

Finally, we conducted sensitivity analyses to examine if spatial patterns were stable over time.
Sensitivity analyses for the gridded time series were conducted by repeating the EOF and breakpoint
analyses for consecutive 5-year intervals and visually comparing results. Similarly, cluster analyses to
determine a breakpoint in upwelling were repeated for 5-year intervals, but nono-overlapping intervals
were used because a longer time series was available. Analyses of breakpoints in CPUE data were
repeated for three separate periods that each included four surveys (1990-1999, 2001-2007, 2009-2015).

Results

We found significant break points associated with each of the variables examined that were
centered near 147°W -148°W (Table 1), which appears to be a natural dividing line between the eastern
and western Gulf of Alaska. The major mode of variability identified by EOF analyses was typically
associated with a coherent signal across the entire shelf, as evident in loadings with the same sign, but the
spatial loadings for the second EOF mode generally had opposite signs in the eastern and western GOA
with a transition in the northcentral Gulf of Alaska between approximately 145°W and 150°W (Figure
2.2). Here we first summarize mean conditions in the eastern and western GOA for each variable,
describe the major modes of variability for relevant variables with a focus on those modes that show a
clear contrast between the two regions, and compare the temporal variability in each variable between
regions.

Sea-surface temperature

The waters of the eastern GOA tend to be warmer than the western GOA overall, with an average
difference of 1.58 £ 0.48°C. The mean SST in the eastern GOA was 8.63 + 3.20°C, with shelf waters only
slightly warmer than offshore waters (8.94 + 3.09°C vs 8.84 + 3.16°C, respectively). The mean SST in the
western GOA was 7.05 + 3.15°C, but in contrast to the eastern GOA, shelf waters tended to be cooler
than offshore waters (7.06 + 3.10°C vs 7.19 + 3.20°C, respectively).

While the spatial pattern of the first SST EOF mode is relatively homogenous across the region,
reflecting coherent, coast-wide SST anomalies (Waite and Mueter, 2013), the second SST EOF mode was
characterized by an out-of-phase spatial pattern indicating that, relative to the coast-wide anomalies,
warmer anomalies in the east were associated with cooler anomalies in the west, and visa-versa. The
spatial discontinuity in this mode is relatively gradual and extends over a broad region that begins further
upstream (East) off the shelf. The overall analysis identified a break centered at approximately 147.8° W,
with the break occurring farther west on the shelf (148.8° W) compared to off-shelf waters (144.6° W).
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Temporal variability of SST anomalies in eastern GOA waters was higher than that of anomalies
in western waters and shelf waters were less variable over time than offshelf waters (Figure 2.3). Large
contributors to the high average variability in the eastern GOA are the far southeastern corner of the study
region off Haida Gwai and the off-shelf region near Yakutat, where many eddies are generated. The
offshelf waters between Yakutat and Haida Gwai have variability similar to the central off-shelf waters to
about 155°W, beyond which the variability drops substantially.

Chlorophyll-a

Mean log-transformed chl-a values in shelf waters were higher in the eastern GOA (0.24 + 0.75)
than in the western GOA (0.14 £ 0.69). Offshore chl-a values were similar between east and west (-0.57 +
0.57 vs -0.54 £ 0.66). Spatial and seasonal patterns in mean chl-a are described in more detail in Waite
and Mueter (2013).

The spatial patterns of the second chl-a EOF mode shows a strong, out-of-phase pattern inshore
and offshore of the 1000 m isobath in the western GOA, whereas the pattern in the eastern GOA is
coherent between shelf and offshelf regions, as well as with the majority of the western shelf region
(Waite and Mueter 2013). The third chl-a EOF mode shows a similar pattern, with coherency among the
eastern GOA shelf and offshelf region, as well as with the western offshelf region. Modes 2 and 3 differ
primarily in terms of within-year variation in the timing of the spring and fall blooms, but both show a
strong east-west difference. Combining these two modes (similar to Brickley and Thomas, 2004) results
in a spatial pattern very similar to that of SST mode 2 and PAR mode 2 (below). The spatial break based
on the combined modes 2 and 3 occurs at 147.8 °W overall, and similar to SST occurs further west on the
shelf (146.8 °W) compare to off the shelf (143.5 °W). Similar break points were found in modes 2 and 3
individually; however, mode 3 had two break points in offshore waters at 146.7°W and 138.2°W,
respectively, encompassing the central offshelf chl-a region identified in Waite and Mueter (2013).

Temporal variability of chl-a anomalies in the western GOA was higher than in the eastern GOA,
but there was no difference in anomaly variability between shelf and offshore waters. Over the eastern
shelf, variation in chl-a anomalies, while relatively low overall, was very high close to shore within
Alaska Costal Current waters southeast of Cross Sound (Figure 2.3).

Photosynthetically Active Radiation

The second PAR EOF mode was characterized by an out-of phase spatial pattern between the
eastern and western GOA with a break at approximately 148.0 °W, implying that periods of anomalously
high PAR values in the eastern Gulf are associated with periods of anomalously low values in the western
Gulf and vice versa, relative to the Gulf-wide anomalies captured in the first EOF mode. As with the SST
and chl-a spatial breaks, the dividing line occurs further west on the shelf than offshore (148.4 °W vs
147.6 °W). The corresponding time series for EOF 2 indicates that this east-west pattern follows a multi-
year cycle with substantial high-frequency, within-year variability.

Overall, there was no difference in temporal variability of PAR anomalies over eastern and
western waters, but PAR anomalies were more variable over shelf waters compared to offshore waters
(Figure 2.3). Differences between the eastern and western GOA are masked by opposite patterns in
onshelf and offshore waters. PAR anomalies over the western shelf were significantly more variable than
over the eastern shelf, while PAR values over the eastern offshelf waters were more variable than over
western offshelf waters.

Upwelling.

Two distinct upwelling regimes within the GOA were identified through a cluster analysis of
daily upwelling indices. The two main clusters separated the eastern and western GOA between the
upwelling locations at 147.5 °W 148.5 °W (Figure 2.4, Coffin and Mueter, 2015). Upwelling in the
eastern GOA had a much stronger seasonal signal, stronger downwelling during winter, and weak
upwelling or downwelling during summer. In contrast, the western GOA had a weaker seasonal pattern,
weaker wintertime downwelling on average and considerably more upwelling during summer. Temporal
variability in upwelling anomalies, after removing the seasonal signal, was nearly twice as high in the
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eastern GOA compared to the western region, with daily anomalies ranging from -5,260 to +530 m® s
per 100m of coastline in the east compared to -1,470 to 770 m® st in the west and interquartile ranges of
59 and 95 m® s, respectively.

Groundfish abundance and diversity

The density of all groundfish species combined on the GOA shelf (to 400 m depth) varied along
the shelf from East to West with significantly higher densities observed in the western GOA as well as
significant trends within each region (Figure 2.5). Highest densities were observed around Kodiak Island
and near the Shumagin Islands in the far west. Densities decreased dramatically east of Kodiak Island to
their lowest values off Prince William Sound, then increased gradually towards the southeast. Species
diversity showed the opposite pattern from total fish density with the lowest diversities observed in the
western GOA and much higher diversities in the east. Significant breakpoints in alongshore densities and
diversity were identified at 148.2 °W and 150.2 “W, respectively.

Total abundances, in spite of large increases in arrowtooth flounder abundance and large
fluctuations in other species, has remained stable in the western GOA but has increased in the eastern
GOA. The increase in the eastern GOA was associated with a decrease in diversity, but not in average
species richness, suggesting an increase in the dominance of some of the species showing an increase in
this region, such as arrowtooth flounder, walleye pollock and Pacific ocean perch.

Sensitivity Analyses

Sensitivity analyses showed that geographic breakpoints in the physical and biological time series
were detected for all time periods examined. The estimated locations of the breakpoints were generally
consistent over time, but sometimes shifted to the east or west by several degrees longitude.

Discussion

Our results from analyzing a wide range of spatially explicit datasets for the Gulf of Alaska,
including climatic, oceanographic and biological measures, were consistent with the hypothesis that the
processes driving biological variability in these regions are distinct to each region, as evident in distinct
patterns of variability in the eastern and central GOA, respectively. Although much of the variability in
PAR, SST, SSS, and chl-a was associated with consistent anomalies in mean conditions across the entire
study region, we documented a second mode of variability that reflects an out-of-phase pattern in
variability of all of these variables examined between the eastern and western GOA, a pronounced
contrast in upwelling variability between the two regions and large differences in the abundance and
diversity of groundfish communities. Specifically, we confirmed previous results showing that the eastern
GOA is characterized by larger groundfish species diversity, lower abundances and less variability in
abundance (Chapter 6). These differences were associated with similar differences in the variability of
lower trophic level conditions, suggesting that more variable production (chl-a) was associated with a
higher variability in the abundance of fishes.

Overall, the major division line between the eastern and western GOA consistently occurred
around 145 W to 148 °W. The cause for the faunal discontinuity is not fully understood but it coincides
with several obvious physical and oceanographic changes in the northcentral GOA. First, the shelf
broadens considerably from less than 70 km width near 145°W to nearly 180km at 148°W. Second, the
major offshore current, a portion of the subarctic gyre circulation, changes from a broad and relatively
sluggish eastern boundary current (Alaska Current) to a narrower, more intense western boundary current
(Alaska Stream). Third, the large-scale winds, combined with a change in the angle of the coastline result
in upwelling conditions for much of the year west of 148°W, whereas the eastern GOA is strongly
dominated by downwelling conditions throughout the year (Chapter 2). Therefore, onshore Ekman
transport is dominates throughout the year in the eastern GOA, while offshelf Ekman transport is much
more prevalent in the western GOA. While data are lacking to directly measure differences in cross-shelf
Ekman transport, large-scale winds (Chapter 2) and the ROMS model suggest that onshelf transport on
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average prevails in the upper 50m east of about 148°W while the opposite pattern holds to the West
(Figure 7.1). Finally, meso-scale eddies may play an important role in cross-shelf exchanges in the Gulf
of Alaska and have been associated with elevated productivity (Atwood et al., 2010; Brickley and
Thomas, 2004; Crawford et al., 2005; Crawford et al., 2007; Ladd, 2007; Ladd et al., 2005; Ladd et al.,
2007; Okkonen et al., 2003; Waite and Mueter, 2013). However, while eddies formed in the eastern GOA
typically move westward off the shelf (Ladd, 2007), those that form off Yakutat propagate westward
along the slope, impacting cross-shelf exchanges along the western GOA shelf.

Our results suggest that the western GOA is considerably more productive than the eastern GOA
as evident in higher levels of chl-a and substantially higher densities of groundfish, which integrate lower
trophic level production over several years. The observation that a strong faunal discontinuity in the
groundfish community coincides with obvious physical, oceanographic and lower trophic level gradients
suggests that these observed differences are a response to bottom-up forcing. High production in the
western GOA is supported by a number of mechanisms that bring new nutrients onto the shelf and into
the surface layer. These include in particular the intrusion of deep, nutrient-rich slope currents onto the
shelf through gullies and the subsequent mixing of cold, nutrient-rich waters into the surface layer
through strong tidal mixing on the shallow banks around Kodiak Island (Mordy et al., in review; Stabeno
et al., 2004). This mechanism likely supports the observed high levels of phytoplankton in the waters
around Kodiak Island, which are sustained throughout much of the summer (Brickley and Thomas, 2004;
Stabeno et al., 2004). In addition, mesoscale eddies promote shelf-basin exchanges of nutrients and
organisms (Janout et al., 2009) and periodic summertime upwelling allows the penetration of deep,
nutrient-rich waters onto the shelf (Childers et al., 2005), which may subsequently be mixed into surface
waters.

Upwelling conditions, which are more prevalent in the central and western GOA are likely to
contribute to the higher productivity of fish populations in the western GOA as they can affect biological
processes in at least two important ways. First, upwelling or relaxed downwelling conditions are likely to
enhance productivity on the shelf. We provide evidence in Chapter 1 that variability in chl-a
concentrations in the eastern GOA can at least in part be explained by variations in upwelling, where
higher chl-a concentrations follow periods of upwelling with a lag of approximately one week. Similarly,
stronger upwelling or more frequent periods of upwelling in the western GOA likely contributes to
greater overall productivity in the west (Chapter 1). Second, Ekman transport associated with upwelling
affects the transport of eggs and larvae in surface waters and is particularly important for species whose
early stages occur in surface waters beyond the shelf break, such as Pacific ocean perch and sablefish
(Chapter 5; Coffin and Mueter, 2015).
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Table 1: Estimated mean longitude dividing the eastern and western Gulf of Alaska based on breakpoint
analysis of datasets along the Gulf of Alaska shelf and upper slope (Shelf), off the shelf from the 1000 m
contour line to 200 km offshore (Off-shelf), or for both regions combined (overall). Breakpoints were
identified using different approaches for spatial EOF loadings, time series anomalies, or temporal means
(see text for details).

Variable Spatial Statistic Dividing line
coverage
SST Overall EOF Mode 2 145.3°W
SST Shelf EOF Mode 2 148.4°W
SST Off-shelf EOF Mode 2 144.6°W
Chl Overall EOF Mode 2+3 147.8°W
Chl Shelf EOF Mode 2+3 148.5°W
Chl Off-Shelf EOF Mode 2+3 143.5°W
PAR Overall EOF Mode 2 148.0°W
PAR Shelf EOF Mode 2 149.8°W
PAR Off-shelf EOF Mode 2 147.6°W
Salinity Shelf EOF Mode 2 148.8°W
Upwelling Shelf Anomalies 148.0°W
Bottom Trawl CPUE Shelf Means 148.2°W
Bottom Trawl diversity Shelf Means 150.2°W
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Figure 2.1: Maps of study area with major currents and geographic features (top) and detailed bathymetry
(bottom). Black-and-white dashed line in bottom panel denotes 1000m depth contour.
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CHAPTER 3 - ENVIRONMENTAL COVARIATES OF SABLEFISH (ANOPLOPOMA
FIMBRIA) AND PACIFIC OCEAN PERCH (SEBASTES ALUTUS) RECRUITMENT IN THE
GULF OF ALASKA

*This chapter has been published as Coffin, B., and F.J. Mueter. Environmental covariates of sablefish
(Anoplopoma fimbria) and Pacific ocean perch (Sebastes alutus) recruitment in the Gulf of Alaska. Deep-
Sea Research I1, Topical Studies in Oceanography, Special Issue 1: Gulf of Alaska Integrated Ecosystem
Research Program.

Abstract

Incorporating biologically relevant variables into stock assessment models can improve forecasts,
leading to more effective fisheries management. In this study, we examine the relationships between two
commercially important fish species and multiple environmental indices associated with circulation in the
Gulf of Alaska (GOA) to identify variables of potential use in recruitment forecasts. Specifically, we
focus on sablefish (Anoplopoma fimbria) and Pacific ocean perch (POP; Sebastes alutus), comparing
variability in their recruitment to large-scale climate indices (the Pacific Decadal Oscillation, the Northern
Oscillation Index, and the North Pacific Gyre Oscillation) and regional-scale environmental conditions
(indicated by downwelling and freshwater discharge in the eastern and central GOA) at different seasonal
lags throughout each species’ early life history. We propose that the conditions associated with climate
indices are indirectly associated with recruitment through the influence of intermediary regional
environmental conditions, which affect larval advection towards nearshore nursery sites. Structural
equation modeling was used to examine sequential relationships between large-scale climate and regional
oceanography, as revealed by indices, and recruitment in two stages: one testing specific a priori
hypotheses and the other exploring an expanded range of temporal lags to elucidate any potential
relationships not hypothesized beforehand. Sablefish recruitment was positively related to July
upwelling-favorable winds and negatively related to spring freshwater discharge in the eastern GOA
during age 1. POP recruitment was negatively related to June upwelling-favorable winds in both regions
during age 0 and age 1 and positively related to late spring freshwater discharge in the eastern GOA
during age 1. Given these results, we reject our a priori hypotheses and conclude that large-scale climate
processes do not influence larval advection through conditions reflected by the chosen intermediary
variables, though it is plausible that POP recruitment is significantly enhanced by strong downwelling-
favorable winds during late spring. Potential mechanisms behind the significant relationships found in
our exploratory analysis are uncertain, suggesting a need for targeted studies at the appropriate scales.

Introduction

Sablefish (Anoplopoma fimbria) and Pacific ocean perch (POP, Sebastes alutus) both support
highly lucrative commercial fisheries in the Gulf of Alaska (GOA). Improved management of these
fisheries, including more accurate recruitment forecasts in stock assessments, can help make them more
efficient and thus more profitable while lowering the risk of overfishing (Haddon, 2001). Incorporating
influential environmental variables at appropriate geographic scales into stock assessment models can
contribute towards improving forecast accuracy, particularly for species without established stock-recruit
relationships (Haddon, 2001; Deriso et al., 2008; Shotwell et al., 2014). This study seeks to determine
potential relationships of several specific climate and regional-scale environmental processes (as revealed
by derived indices) to sablefish and POP recruitment in the GOA, as well as to identify the specific
regions that exhibit the strongest recruitment-environment relationships.
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Sablefish

Fishery

Sablefish are one of the most commercially important fisheries in Alaska, with annual ex-vessel
values ranging from US $85 million to US $143 million between 2007 and 2011 (Fissel et al., 2012). The
sablefish stock assessment (Hanselman et al., 2011a) contains a review of this fishery’s history: it was
primarily exploited by the United States and Canada until the late 1950s, when Japanese longliners began
expanding through the Bering Sea and GOA. Foreign fisheries, including Japan, Russia, and Korea,
continued to dominate the sablefish fishing effort in Alaskan waters until the 1980s, with particularly
heavy fishing during the 1970s. Catch peaked at over 53,100 t in 1972 and declined through the late
1970s due to population declines and the establishment of the Fishery Conservation and Management Act
of 1976. The Alaskan sablefish fishery was domesticated in the 1980s, and catches increased again until
they reached another peak in 1988 (about 38,400 t); since then, abundance has remained relatively low,
averaging around 12,000 t in recent years. The sablefish fishery is primarily prosecuted as a longline
fishery, though the use of pot gear has increased in recent years as a response to whale depredation.
Individual Fishing Quota (IFQ) management was established for Alaskan sablefish in 1995, and quotas
are allocated by gear type and region.

Effective management is necessary to ensure optimum yield and continued profitability for this
fishery. Incorporating relevant environmental variables into stock assessment models may improve year-
class strength (YCS) predictions, which allows for more accurate predictions of future biomass and
biological reference points, reducing the risk of overfishing and underutilization (Haddon, 2001; Deriso et
al., 2008; Shotwell et al., 2014). For sablefish, variability in YCS is likely heavily influenced by factors
affecting survival during their early life history, about which little is known.

Biology

Sablefish are a deep-sea fish inhabiting the North Pacific, with a southern range limit extending to
Sagami Bay, Japan, in the western Pacific to Baja California, Mexico, in the eastern Pacific (Sasaki,
1985; Wolotira et al., 1993). Sablefish in federal waters off Alaska are managed as a single stock due to
their widespread migration within this region (Heifetz and Fujioka, 1991; Kimura et al., 1998; Hanselman
etal., 2011a). Sablefish in British Colombia spawn offshore at depths of 300 — 500 m during spring
(Mason et al., 1983). Based on studies on their larval distribution, Alaskan sablefish are also believed to
spawn offshore at similar depths, with an approximate peak spawning date during February — March
(Wing and Kamikawa, 1995; Wing, 1997). While there is little information on the incubation time and
depth of Alaskan sablefish eggs, studies on other stocks indicate that their eggs incubate for several
weeks, during which time they increase in density and sink to depths of 400 — 1000 m before hatching
(Mason et al., 1983; Kendall and Matarese, 1987). Newly hatched larvae move to the surface and remain
neustonic as they drift towards nearshore waters, which serve as important nursery habitat (Sasaki, 1985;
Kendall and Matarese, 1987; Rutecki and Varosi, 1997b; Wing, 1997). Alaskan young-of-year sablefish
are believed to reach the nearshore and settle during summer and fall (Rutecki and Varosi, 1997a, b);
juveniles remain in these nearshore nursery sites until roughly age 2, at which point they migrate back
offshore (Rutecki and Varosi, 1997b; Maloney and Sigler, 2008). They reach their adult habitat and
recruit to the fishery at around age 4 (Maloney and Sigler, 2008).

Pacific Ocean Perch

Fishery
POP comprise the majority of commercial rockfish catch in the GOA, which had an ex-vessel
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value ranging from US $5.1 million to US $9.1 million between 2007 and 2011 (Hanselman et al., 2011b;
Fissel et al., 2012). The POP stock assessment (Hanselman et al. 2011b) contains a review of the POP
fishery: it was primarily prosecuted by Japan and the USSR from the 1960s until the 1980s, when the
domestic fishery began expanding. POP were overfished during the 1960s, when annual catch peaked at
350,000t in 1965 and decreased throughout the rest of the 1960s through the early 1980s. Catches
increased somewhat after reaching a minimum in 1985, but remained low through the mid-1990s due to
restrictive management measures, including total allowable catch (TAC) reductions meant to help rebuild
stocks. Since the late 1990s, catch has increased and has remained near 13,000 t in recent years. The
POP fishery in the GOA is primarily prosecuted as a bottom trawl fishery, though pelagic trawls have
increased in recent years as smaller catcher vessels comprise an increasing portion of the fishery. As
with sablefish, POP fishery management may benefit from incorporating environmental variables that
reflect conditions affecting survival during their early life history if those variables improve recruitment
forecasts.

Biology

POP inhabit demersal shelf and slope habitat throughout the North Pacific, but catches are most
abundant in the GOA and Aleutian Islands (Carlson and Haight, 1976; Allen and Smith, 1988). POP in
the GOA consist of genetically distinct subpopulations that occur at small geographic scales, indicating
that larval dispersal is limited (Palof et al., 2011; Kamin et al., 2013). Female POP are ovoviviparous,
maintaining fertilized eggs internally until hatching and larval parturition (Gunderson, 1971). They
spawn during the fall, and parturition occurs during April and May in gullies, canyons, and along the
slope at depths of 500 — 700 m (Paraketsov, 1963; Gunderson, 1971, 1972; Rooper et al., 2007). Larvae
remain planktic near the ocean surface for an unknown time period before settling in their demersal
nearshore nursery habitat, which consists of rough substrata and complex structure comprised of boulders,
corals, and sponges (Carlson and Haight, 1976; Rooper et al., 2007). They remain in their nursery habitat
until roughly age 3, at which point they begin to migrate offshore towards their adult habitat (Carlson and
Haight, 1976; Carlson and Straty, 1981). They reach their adult habitat in gullies and along the
continental slope by age 6 (Carlson and Haight, 1976; Gunderson, 1977).

Study Area
The GOA continental shelf varies in width from 5 km to 200 km, being generally narrower in the

eastern GOA and broader to the west (Weingartner, 2007). Depth on the shelf predominantly ranges over
150 m to 200 m, and the shelf-break occurs at a depth of 200 — 300 m (Weingartner, 2007). Bathymetry
on the GOA shelf is highly complex, including many cross-shelf canyons and gullies, due to millennia of
heavy tectonic and glacial activity; these canyons and gullies may serve as major pathways for the
exchange of water masses and associated nutrients and organisms between the shelf and basin
(Weingartner, 2007).

Ocean circulation in the GOA is primarily influenced by two main current systems: the Subarctic
Gyre over the slope and basin and the Alaska Coastal Current (ACC) along the coast (Fig. 1; Stabeno et
al., 2004). The Subarctic Gyre system is comprised of three currents that combine to create a cyclonic
circulation pattern: the North Pacific Current, the Alaska Current, and the Alaskan Stream (Stabeno et al.,
2004). Transport of water in this current system is mostly driven by cyclonic winds, which are associated
with downwelling-favorable conditions along Alaska’s southern coastline (Stabeno et al., 2004). During
spring and summer months, these downwelling conditions weaken and are accompanied by intermittent
and variable upwelling events (Stabeno et al., 2004).

The ACC flows counter-clockwise along the GOA coastline before flowing into the Bering Sea
through the Aleutian passes, and is driven by a combination of alongshore winds and freshwater discharge
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into the GOA (Royer, 1982; Stabeno et al., 2004; Weingartner et al., 2005). The prominence of its
freshwater core is reduced during spring and summer as water spreads offshore due to relaxed
downwelling or upwelling (Stabeno et al., 2004).

Regional environmental conditions in the GOA may be related on interannual time scales to
large-scale climate oscillations, including those indexed by the Northern Oscillation Index (NOI; Schwing
et al., 2002), the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al., 2008), and the Pacific Decadal
Oscillation (PDO; Mantua et al., 1997). The NOI is based on differences in sea level pressure anomalies
(SLPa) between the North Pacific High (NPH) and a low-pressure region near Darwin, Australia
(Schwing et al., 2002), thus incorporating both tropical and extratropical variations in climate. The NOI is
dominated by similar variations to those associated with EI Nifio-Southern Oscillation (ENSO), with
which it shares a strong negative correlation (Schwing et al., 2002). Greater differences in SLPa between
the NPH and Darwin, Australia result in stronger, easterly-flowing trade winds, strengthening Hadley-
Walker circulation between the two regions (Schwing et al., 2002). This creates greater anticyclonic
surface wind stresses in the northeast Pacific, resulting in greater upwelling at the coast and cooler sea
surface temperatures (SST) in the northeast Pacific (Schwing et al., 2002). In the GOA, positive NOI
values reflect lower sea level pressure towards the east, higher sea level pressure towards the west, cooler
SST, and stronger upwelling-favorable winds (Schwing et al., 2002).

The NPGO is defined as the 2" principal component of variability in sea surface height
anomalies in the northeast Pacific Ocean (Di Lorenzo et al., 2008). This index reflects changes in wind-
stress throughout this region, and is significantly correlated with anomalies in sea surface salinity, surface
chlorophyll-a concentration, and nutrient concentrations (Di Lorenzo et al., 2008). During a positive
NPGO phase, the Subarctic Gyre shifts farther north and geostrophic circulation in the northeast Pacific is
generally intensified, resulting in increased transport in both the ACC and the California Current System
(Di Lorenzo et al., 2008). These conditions are associated with increased coastal upwelling, greater
nutrient concentrations, greater sea surface salinity, and increased primary productivity in the California
Current region; in the GOA, these conditions are associated with stronger downwelling in coastal waters
and stronger upwelling within the Subarctic Gyre (Di Lorenzo et al., 2008).

The PDO is defined as the leading principal component of sea surface temperature variability in
the North Pacific (Mantua et al., 1997). The forcing mechanisms behind the PDO are uncertain, but some
evidence suggests that these include ENSO, circulation anomalies in the Kuroshio-Oyashio Extension
Region, and the location and intensity of the Aleutian Low (Mantua et al., 1997; Bond et al., 2003;
Rodionov et al., 2005; Schneider and Cornuelle, 2005; Chhak et al., 2009; Di Lorenzo et al., 2013).
During a positive PDO phase, the Aleutian Low is intensified and its location shifts farther east, resulting
in lower pressures and enhanced cyclonic winds over the North Pacific (Trenberth, 1990; Trenberth and
Hurrell, 1994; Mantua et al., 1997). These cyclonic winds enhance the flow of warm, moist air along the
south Alaskan coast, leading to increased precipitation and freshwater discharge (Cayan and Peterson,
1989; Trenberth, 1990; Mantua et al., 1997). Additionally, this wind stress pattern enhances anticyclonic
circulation in North Pacific waters, resulting in warmer coastal SST, enhanced upwelling in the center of
the Subarctic Gyre, and lower flow of water entering the California Current System (Trenberth, 1990;
Salmon, 1992; Trenberth and Hurrell, 1994). Thus, positive PDO values reflect enhanced downwelling-
favorable winds, warmer sea surface temperatures, and greater precipitation in the GOA (Cayan and
Peterson, 1989; Trenberth, 1990; Salmon, 1992; Trenberth and Hurrell, 1994; Mantua et al., 1997).

Goals and rationale

Sablefish and POP recruitment in Alaska both have very high interannual variability (Fig. 2).
Estimated YCS at age 0 for sablefish ranges from less than 1 million recruits in 1983 and 1990 to
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approximately 95 million in 1960 (Hanselman et al., 2011a). For POP, YCS at age 0 ranges from
approximately 18 million recruits in 1975 to nearly 229 million in 1986 (Hanselman et al., 2011b). No
reliable stock-recruit relationships have been identified for either species, suggesting that environmental
factors play a dominant role in determining their YCS (Hanselman et al., 2011a; Hanselman et al., 2011b;
Shotwell et al., 2014). Sablefish recruitment in the North Pacific has been linked to several large-scale
climate and oceanographic features, including the PDO, the Aleutian Low, and the North Pacific Polar
Front (McFarlane and Beamish, 1992; Hare and Mantua, 2000; King et al., 2000; Sogard, 2011; Shotwell
et al., 2014). However, relationships between either species’ recruitment and regional-scale
environmental indices remain largely unexplored, and may contribute insight into the mechanisms linking
recruitment to large-scale oceanographic features (Shotwell et al., 2014).

One potentially important factor affecting variability in the recruitment of slope-spawning
species, such as sablefish and POP, is their need to cross the shelf to reach nearshore nursery habitats after
hatching. There are several proposed mechanisms of cross-shelf advection for other GOA groundfish
species (e.g., flatfish) during their larval phase, including onshore advection in deep waters during
upwelling and relaxed downwelling for species occurring deeper in the water column, propagation of
retention features such as eddies, bathymetric steering at depth, and shoreward advection at the surface
during downwelling-favorable conditions (Weingartner, 2007; Bailey et al., 2008). While mechanisms
operating at depth are unlikely to apply to sablefish or POP larvae, it is likely that the cyclonic currents
and wind conditions in the GOA influence larval advection of both species across the shelf to their
juvenile nursery habitats, as they do for other deep-spawning fish species in Alaska (e.g., Bailey et al.,
2008; Doyle et al., 2009). Sablefish recruitment for the United States west coast stock has been linked to
timing of spring transition in the California current system, with earlier shifts towards upwelling-
favorable southward flow resulting in greater year-class strength (Schirripa and Colbert, 2006). However,
this relationship applied to upwelling during months after larval sablefish had reached their nearshore
nursery habitat, and the relationship was attributed largely to the effect of upwelling on juvenile sablefish
prey condition and abundance (Schirripa and Colbert, 2006). Such relationships between downwelling
conditions, physical advection, and recruitment have not been rigorously evaluated for sablefish or POP
in the GOA.

The main goal of this study is to investigate potential relationships between large-scale climate
variables (indicated by the PDO, the NPGO, and the NOI), regional environmental variables (indicated by
downwelling and freshwater discharge indices), and recruitment of sablefish and POP in the GOA. We
focus on downwelling and freshwater discharge because cross-shelf transport of larvae at the surface is
likely to be strongly affected by surface Ekman transport and alongshelf currents. Specifically, we
propose that their recruitment may be enhanced if shoreward advection is increased by strong
downwelling conditions during the period of larval drift. If this is the case, recruitment of both species
may show a positive relationship to downwelling strength during this time. A strong ACC, in contrast,
may act as a barrier to shoreward advection when coupled with downwelling conditions that intensify the
front between this freshwater-core current and surrounding seawater, and may therefore weaken
recruitment if larvae are lost through alongshore advection towards unfavorable areas. Finally, given that
the population structure of POP suggests limited lifetime dispersal, enhanced alongshore transport may
reduce their larval survival and subsequent recruitment through enhanced advection towards unfavorable
habitat.

Our climate indices were chosen primarily based on their relationships to oceanographic
circulation in the GOA. The NOI contains information on forcing mechanisms operating across both the
northeast and tropical Pacific regions (Schwing et al., 2002). While it is strongly related to the ENSO
index, the NOI is based on the NPH and has a more direct relationship with processes operating at high
northern latitudes, making it more suitable for investigating relationships between physical forcing and
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biological responses in the northeast Pacific (Schwing et al., 2002). Therefore, this index was chosen
over ENSO as an indicator of climate conditions associated with downwelling conditions along the GOA
coast.

The association between the NPGO and wind stress in the northeast Pacific makes this index
useful for describing variability in the gyre circulation throughout the GOA. Although it is more strongly
associated with coastal upwelling and downwelling south of 38° N, the relationship between the NPGO
and the strength of the Subarctic Gyre make it potentially useful for testing relationships between
alongshelf advection and recruitment in the GOA. Furthermore, given its correlation with primary
productivity in the northeast Pacific, the NPGO index may be useful for exploring ecological forcing
mechanisms beyond those related to circulation (Di Lorenzo et al., 2008).

The PDO is associated with both downwelling and freshwater discharge in the GOA.
Specifically, the index is highly correlated with coastal upwelling and downwelling at latitudes north of
38° N (Mantua et al., 1997), making it a useful complement to the NPGO when examining temporal
downwelling variability in the northeast Pacific. In addition, the PDO is linked to variability in coastal
temperatures, which affect the amount of precipitation and the melt-freeze cycle and therefore the amount
and timing of freshwater discharge (Royer, 1982; Mantua et al., 1997; Royer and Grosch, 2006). While
each of these three climate indices is associated with winds and circulation in the northeast Pacific, weak
to moderate correlations among the indices suggest that each captures unique aspects of the variability in
circulation and transport in the GOA; therefore we included all three indices in the analysis. The NOI
oscillates at shorter interannual time scales than the other two indices, which operate on interdecadal time
scales; furthermore, the NPGO and the PDO are statistically independent of each other and thus relate to
different sources of variability in winds and circulation (Mantua et al., 1997; Schwing et al., 2002; Di
Lorenzo et al., 2008; Chhak et al., 2009).

We further propose that conditions in the eastern (E) GOA may have a more significant impact on
recruitment than conditions in the western (W) GOA, especially for sablefish. Regional variability in
downwelling and freshwater discharge may have different effects on total recruitment of both species due
to the broader continental shelf in the W GOA (Weingartner et al., 2002; Weingartner et al., 2009), which
may provide a greater challenge to shoreward advection of larvae spawned in this region due to the
greater distance required to travel from shelf-break to shore. Additionally, it has been proposed that most
sablefish spawning likely occurs in the E GOA (Heifetz and Fujioka, 1991; Wing and Kamikawa, 1995;
Sigler et al., 2001; Maloney and Sigler, 2008). Therefore, we examined downwelling-favorable winds
and freshwater discharge separately for each region of the GOA and used regional-scale indices in
addition to large-scale climate indices in our analysis.

Methods

We used a structural equation modeling (SEM; Bollen, 1989) approach to examine sequential
relationships between recruitment, regional environmental variables, and large-scale climate variables at
different seasonal lags. SEM is a confirmatory modeling technique that allows simultaneous testing of
multiple hypothesized relationships, referred to as “paths” in SEM, between variables as separate steps
within a complex model (Bollen, 1989; Ullman et al., 2007; Grace et al., 2010). Each path leads from an
exogenous (explanatory) variable to an endogenous (response) variable; variables fulfilling both roles
(i.e., those occupying the middle step within the model) are often referred to as “intermediary” variables
(Bollen, 1989; Uliman et al., 2007; Grace et al., 2010). The use of multiple paths within a model makes
SEM a useful technique for evaluating hypotheses that propose a sequential series of causal effects
between variables (Grace et al., 2010). This approach has been used in other studies to investigate
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sequences between large-scale climate variables, regional variables, and fish recruitment (e.g., Fukuwaka
et al., 2011), and we used it similarly here.

Data

We compiled monthly or annual time series of biological (response) and physical (explanatory)
variables spanning at least three decades (Table 1; Fig. 3). The abundances of recruits for each species
were obtained from an age-structured model that is used in each species’ stock assessment (Hanselman et
al., 2011a; Hanselman et al., 2011b). The model is fit to abundance indices from trawl and longline
surveys, as well as to age- and length-composition data from the surveys and from the fishery, in order to
estimate spawning biomass, fishing mortality, and abundance of recruits at age-2. Recruit abundance is
estimated at age-2 because the traditional adult surveys do not select for younger ages and data on earlier
life history stages are incongruent (Hanselman et al., 2011a; Hanselman et al., 2011b; Shotwell et al.,
2014).

The assessment model is then used to project future biomass trends under different harvest
scenarios as a basis for recommending an acceptable biological catch (ABC; Hanselman et al., 2011a;
Hanselman et al., 2011b; Shotwell et al., 2014). Due to the lack of clear spawner-recruit relationships for
sablefish or POP, future recruit abundances for the projections are simulated to mimic the distribution of
historical recruit abundances. For each year of the projections, numbers at age (including the simulated
number at age 2) are projected forward using estimates of natural mortality, selectivity, and fishing
mortality (under the pre-determined harvest scenario). These projections are repeated for each of several
alternate harvest scenarios ranging from no harvest to maximum ABC to determine stock status
(Hanselman et al., 2011a; Hanselman et al., 2011b).

Although there is little evidence for a stock-recruitment relationship in these species and
uncertainty about its functional form (Fig. 4; Hanselman et al., 2011a; Hanselman et al., 2011b), we
considered it prudent to remove potential density-dependence prior to analysis. To adjust for potential
effects of spawner abundance on recruitment, we fit a Ricker model for each species as follows:

log (R”Z/St) =a+pBS;+¢,
where R+ denotes age 2 recruit abundance in year t+2, S; denotes spawning biomass in year t, o and S
denote the productivity and carrying capacity parameters of the Ricker stock-recruitment relationship, and
&t denotes residual errors. The time series of residuals from each Ricker model were used as the response
variable (hereafter referred to as “recruitment”) in all SEM analyses as a measure of anomalies in (log-
transformed) survival from spawning to recruitment. Repeating the analyses with log-transformed raw
recruitment time series did not affect our overall conclusions, indicating that results are robust to the
nature of the stock-recruitment relationship. This was expected given that the log-transformed recruit
abundance and Ricker model residual time series were highly correlated for both sablefish (r = 0.97; p <
0.001) and POP (r = 0.92; p < 0.001).

For each environmental variable, the full time series (Table 1) was used to elucidate seasonal and
spatial patterns. For use in the SEM analysis, time series were truncated to only include years that had
data for all variables (1977 — 2010 for POP; 1968 — 2009 for sablefish). Monthly freshwater discharge
estimates (m3st) are based on a model incorporating precipitation, air temperature, and glacial melt
(Royer, 1982; Royer and Grosch, 2006). These estimates are provided for two coastal drainage regions:
discharge in the eastern (E) GOA (east of Yakutat) was used to characterize variability in the ACC in
southeast Alaska, while discharge in the central (C) GOA (Seward to Yakutat) was used as a separate
index to characterize variability in the central transition region where the ACC is highly complex (Royer,
1982, Stabeno et al. 2004). A combined index (“total discharge™) consisting of the sum of E GOA
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discharge in a given month plus C GOA discharge in the following month provides a measure of
variability in the total volume flow of the ACC in the W GOA downstream of Seward, or west of
~149.4°W (Royer, 1982; Weingartner et al., 2005). Although the three indices are moderately to highly
correlated (E GOA vs C GOA: r = 0.66; E GOA vs total: r=0.74; C GOA vs. total: r =0.74; all p <
0.001), we used all three indices in the analysis to try to disentangle possible regional-scale differences in
the effects of discharge on recruitment based on the available indices.

The downwelling index is described as the onshore/offshore component of Ekman transport, and
is calculated based on geostrophic wind stress and the orientation of the adjacent coastline (PFEL, 2011).
Index time series were obtained for 25 selected locations positioned along the shelf-break in the GOA at
1° longitudinal intervals (Fig. 5). Positive values denote upwelling-favorable winds and negative values
denote downwelling-favorable winds. Downwelling-favorable winds at the shelf-break may not
necessarily reflect local downwelling at the coast; however, measuring vertical transport near the coast
was not the purpose of this index in our study. Rather, we used this index as an indicator of broad-scale,
cross-shelf Ekman transport towards shore, which may be conducive to shoreward advection of slope-
spawned larvae towards their nursery areas. The index captures links between variability in winds and
subsequent ocean transport associated with large-scale climate processes related to variability in the NOI,
NPGO, or PDO indices.

Analytical Approach

Before our SEM analysis, we characterized spatial and/or seasonal variability in each
environmental variable to select appropriate spatial and seasonal averages for the analysis. Freshwater
discharge was available for two separate, relatively large regions and could not be analyzed at a smaller
spatial scale. Climate indices (PDO, NOI, and NPGO) represent large-scale phenomena; hence only
temporal variability was analyzed for these variables.

Because of large variability in downwelling-favorable winds along the GOA shelf break, we
examined spatial patterns in upwelling using a hierarchical cluster analysis. Daily time series were
compiled for each of the locations identified in Figure 5. Temporal patterns of variability in these time
series were compared among locations using pairwise Euclidean distances and Ward’s minimum variance
clustering (Ward, 1963). Results from this cluster analysis were mapped into dendograms, wherein
locations whose time series showed similar patterns of variability were grouped together. These were
used to visually identify groups of spatially continuous locations with similar patterns in variability in
downwelling-favorable winds, each of which was considered a downwelling region. Within each
identified region, representative locations were selected based on their proximity to the shelf break;
upwelling indices at these locations were then averaged by region for further analyses.

A similar hierarchical cluster analysis was performed on the monthly time series of all
environmental and climate indices in order to identify times of year showing coherent patterns of
variability, thus defining seasonal patterns. For each variable, indices were averaged by month to form an
interannual time series for each month. Temporal patterns of variability in these time series were
compared among months using pairwise Euclidean distances and Ward’s minimum variance clustering
(Ward, 1963). The resulting dendograms were used to visually identify groups of months with similar
interannual patterns of variability. Any consecutive months grouped together were considered a distinct
"season" for the purposes of further analysis. Conversely, individual months showing no or limited
similarity to the preceding or following months were considered their own distinct season. For regional
indices, this analysis was performed separately for each region. In the event that a break was found
between “December” and “January” for a given variable, cluster analysis was repeated using a non-
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calendar year (e.g., November of year t through October of year t+1) to investigate whether or not this
was merely an artifact from using a calendar year. If so, the non-calendar year was used.

To examine relationships between recruitment and potential drivers we applied the SEM
approach described in Bollen (1989) and Ullman et al. (2007), which can be briefly summarized as
follows. First, a model outlining paths among climate variables, regional variables, and recruitment was
specified. Next, each hypothesized path was translated into an equation from which parameters were
estimated. These parameter estimates were used to construct a covariance matrix for the model, which
was compared to the sample covariance matrix using a chi-square ()?) test. An insignificant x> value
reflects similar covariance matrices, indicating that the specified model is consistent with the observed
data. Models with significant y? values (p < 0.05) were therefore considered implausible and were ruled
out as candidate models, while those with insignificant y2 values were considered plausible and examined
further. Within a given model, each included path was tested for statistical significance separately.

While SEM allows for inclusion of latent variables, or variables for which no observed
measurements are available (Bollen, 2002), such variables are seldom used in ecological analyses (Grace
et al., 2010) and were not used here. Instead we used a variation of structural models more typically used
by ecologists, in which latent variables are excluded:

Ye =TIx + By + ¢,

Where, if q is the number of endogenous variables and p is the number of exogenous variables, y: denotes
a g x 1 vector of endogenous and intermediary variables (e.g., recruitment and upwelling) at time t; X
denotes a p x 1 vector of exogenous variables (e.g., PDO) at time t; I"denotes a g X p matrix of regression
coefficients between exogenous and endogenous variables; B denotes a g x g matrix of regression
coefficients between endogenous and intermediary variables; and ¢; denotes a vector of error terms
(Bollen, 1989). The placement of y on both sides of the equation is due to the ability of endogenous
variables to predict one another in SEM when they serve as intermediary variables (Bollen, 1989).
Within each matrix of regression coefficients, the coefficients corresponding to a given pair of variables
can be set to 0 if no relationship between those variables is hypothesized, set to a previously hypothesized
fixed value, or estimated (Bollen, 1989; Ullman et al., 2007). Thus, relationships between endogenous
variables and intermediary variables can be established in the B matrix by estimating the regression
coefficient between them rather than fixing it at 0 (Bollen, 1989; Ullman et al., 2007). To visually
represent the proposed relationships between variables, SEM models were mapped into path diagrams
(e.g., Fig. 6).

We used two separate approaches of SEM analysis for each species. The first approach was a
hypothesis-testing phase, in which we tested a priori hypotheses based on current information about each
species’ early life history. Each of these hypotheses was consistent with the overarching hypothesis that
large-scale climate conditions affect the survival of young-of-year larvae, and their subsequent
recruitment, through variability in cross-shelf advection towards suitable nursery grounds. For this phase,
we applied a two-year lag between pre-selected seasonal indices of explanatory variables and age 2
recruitment in order to model variability in YCS against environmental conditions affecting early life
stages during the hypothesized time periods at age 0. Because we found little support for these a priori
hypotheses, we extended the analyses to include an exploratory phase, in which we examined potential
effects of selected large-scale and regional variables at other biologically reasonable lags. For this phase,
we applied lags ranging from zero to two years between explanatory variables and age 2 recruitment in
order to model variability in YCS against environmental conditions affecting larvae and juveniles
between hatching and settlement at age 2.

To form a priori hypotheses about the relationship between environmental variables and
recruitment processes, it is important to select appropriate spatial and temporal periods over which the
hypothesized mechanisms operate (e.g., Mueter et al., 2005). Sablefish larvae are present on the shelf

70



during April and May (Miriam Doyle, University of Washington, Seattle, pers. comm.), which coincides
with the timing of larval parturition for POP (Gunderson, 1971, 1972, 1977). It is likely during this time
period that downwelling-favorable winds at the shelf break play a role in enhancing onshore advection for
both species. Because the ACC is located close to shore (Royer, 1982; Stabeno et al., 2004), freshwater
discharge may play a role in the advection of sablefish larvae during late summer and fall (approximately
July through September), just prior to their nearshore settlement (Rutecki and Varosi, 1997a, b). While
the timing for POP settlement is unknown, their larvae may reach the ACC during the same approximate
time period as sablefish larvae if sablefish hatching and POP parturition occur along the slope during the
same approximate time period. Therefore, during the hypothesis-testing phase of our analysis, we used
downwelling during April and May and discharge during summer (July — September) and fall (October —
November) as the hypothesized time periods during which these variables are related to recruitment of
each species. For the PDO and the NOI, we used winter indices because large-scale wintertime
conditions tend to relate to groundfish recruitment more strongly (Hollowed and Wooster, 1992), likely
through delayed effects on spring and summer regional variables, consistent with their use in other
studies. We used an annual NPGO index because our cluster analysis did not suggest distinct seasonal
patterns of variability.

Based on these considerations, we specifically tested the following a priori hypotheses during our
hypothesis-testing phase:

Ha1: Recruitment is negatively related to upwelling-favorable winds in the E GOA during mid-spring,

which in turn are positively related to winter NOI and negatively related to winter PDO.
Ha2:  Recruitment is negatively related to total freshwater discharge during summer or fall, which in turn
is positively related to winter PDO.

Has: Recruitment shows a negative relationship to the NPGO.

Ha1 and Haz apply to each species, but Hasz was only hypothesized for POP. To test these hypotheses, a

series of alternative SEM models were compared for each species, including:

1) A full model containing all variables at appropriate lags that tested all applicable hypotheses
simultaneously (Fig. 6),

2) Multiple reduced models testing all possible combinations of hypotheses at a time (e.g., Ha1 and Haz;
Hai1 only, Ha2 only, etc.), and

3) Variants of each model wherein the hypothesized seasonal time period for each variable was
represented by alternate seasonal averages, if applicable. For example, mid-spring downwelling was
represented by April downwelling in one model and May downwelling in another.

Because Hai1 and Haz each involve multiple sequential relationships, these hypotheses were rejected

unless all such relationships were found to be significant (at a = 0.05) within one or more plausible

candidate structural models. For instance, if a plausible model contained a significant path between

summer discharge and recruitment and an insignificant path between winter PDO and summer discharge,

this model would be insufficient for rejecting the null hypothesis in favor of Ha2. Therefore, for each of

the alternative hypotheses, the null hypothesis (Ho) is that one or more of the proposed relationships

between variables is insignificant.

In the exploratory analyses, recruitment was modeled against an extended range of seasonal lags
for each variable throughout each species’ early life history (age 0 through age 2), testing different
combinations of climate and regional explanatory variables. Although exploratory, these models still
contained assumptions of sequential causation between climate and regional variables; therefore, climate
variables at each seasonal lag were always modeled with regional variables at concurrent or later seasonal
lags. We also considered models that contained only climate indices with no intermediary variables in
order to test for direct links between climate variables and recruitment that may not be evident in regional
indices.
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The large number of models tested in the exploratory phase contains an increased risk of Type |
error. We address this by employing multiple criteria by which models were eliminated from the
analysis. Implausible exploratory models (i.e., those with significant %2 values) were excluded, and
remaining candidate models were compared using the small-sample Akaike Information Criterion (AlCc);
if the difference in AICc values (AAICc) was larger than 2, the model with the smallest AICc was chosen
as the final model (Burnham and Anderson, 2002). If multiple alternative models had similar support
(AAICc < 2), the most parsimonious model was chosen. In the event that models with similar support
also had the same number of parameters, all such models were equally considered. Consequently, all
models with AAICc values > 2 relative to the smallest AICc value were eliminated from the analysis
alongside models deemed implausible according to their 2 values, reducing the potential for spurious
relationships. Additionally, we took into account incidents in which multiple final candidate models
contained the same significant relationship, strengthening the evidence for an effect. The Adjusted
Goodness of Fit Index (AGFI) was also reported to provide information on each model’s fit to the data,
but was not used to inform model selection. The AGFI values range from 0 (no fit) to 1 (perfect fit). The
exploratory phase was performed in such a way that relationships during each year of each species’ early
life history were examined separately; i.e., models testing relationships during age 0 were only compared
with other models testing relationships during age 0, and likewise for ages 1 and 2.

The statistical software package R, version 2.14.0 (R Development Core Team, 2011), was used
for all analyses. Structural models were fit using the 'sem' package (Fox, 2006).

Results

Cluster Analysis

Two distinct downwelling regions within the GOA were identified via cluster analysis: one for
the E GOA and one for the W GOA, with a break point between locations K (147.5° west) and L (148.5°
west; Fig. 5). The location of this break point may be a function of the abrupt change in coastline
orientation that occurs here, with the E GOA coastline oriented northwest-southeast and the W GOA
coastline oriented southwest-northeast. The downwelling index in the E GOA indicated a stronger
seasonal signal, with stronger downwelling-favorable conditions during fall and winter; in contrast, the W
GOA exhibited a weaker seasonal pattern, weaker wintertime downwelling-favorable winds, and a longer
period of upwelling-favorable winds (Fig. 7). The most striking difference occurred during the latter half
of the year (approximately mid-July through December), when the E GOA region was dominated by
downwelling winds, whereas winds in the W GOA region were primarily upwelling-favorable with
occasional reversals.

For the locations representing the E GOA nine distinct monthly groupings (*seasons™) with
respect to downwelling were identified (Fig. 8) because several months did not cluster with any other
group. Because the “winter” season included November of year t through January of year t+1, the time
series’ first year (1967) had to be excluded from the sablefish analysis and only years 1968 — 2009 were
used. For the locations representing the W GOA, eight distinct seasons were identified (Fig. 9). For E
GOA discharge, four distinct seasons were selected: early winter (Nov — Jan), late winter (Feb — Mar),
April, and summer/fall (May — Oct). For C GOA discharge, three seasons were selected: winter (Nov —
Feb), early spring (Mar — Apr), and summer/fall (May — Oct). For total discharge, five seasons were
selected: winter (Dec — Jan), early spring (Feb — Apr), late spring (May — Jun), summer (Jul — Sep), and
fall (Oct — Nov).

Seasons selected for the NOI included winter (Sep — Apr) and summer (May — Aug). For the
PDO, three seasons were selected: winter (Jan — Mar), spring/summer (Apr — Sep), and late fall (Oct —
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Dec). The NPGO showed no obvious seasonal patterns; therefore, an annual mean NPGO index was used
in all further analyses.

Structural Equation Modeling

Sablefish

In the hypothesis-testing phase for sablefish, both a priori hypotheses (Ha: and Haz) were
rejected. As previously mentioned, Has was not proposed and therefore was not tested for sablefish. A
total of 12 models were tested in the hypothesis-testing SEM phase; of these, 11 models had the
insignificant y? values required to be considered as candidate models. Candidate models testing both Hay
and Haz simultaneously had less support than smaller models testing one of these hypotheses at a time
(Table 2). The two best candidate models both tested Haz only, but contained no paths that were
individually significant. Among the remaining models, the most consistently significant paths were a
negative correlation between winter PDO and winter NOI and a negative relationship between winter NOI
and March (E GOA) upwelling-favorable winds. No models contained any significant paths between
environmental variables and recruitment and the coefficients of variation for recruitment (endogenous R?
in Table 2) were generally smaller than 5%.

The exploratory analysis indicated that sablefish recruitment was negatively related to above
average late winter and early spring discharge at both age 1 and age 2, and positively related to stronger
July upwelling-favorable winds at age 1 (Fig. 10). Recruitment was unrelated to downwelling or
discharge conditions during the larval and early juvenile phase (age 0). A total of 37 models were tested
examining relationships during age 0; of these, 28 models had insignificant ? values and the 10 best
models had similar AICc values and the same number of parameters (Table 3). Only three significant
paths were found within these models: a positive relationship between winter PDO and early spring (total)
discharge, a negative relationship between winter PDO and summer/fall (E GOA) discharge, and a
negative correlation between winter PDO and winter NOI. Coefficients of variation for recruitment were
all below 5% in these models.

Recruitment was positively related to July upwelling-favorable winds and negatively related to
late winter discharge in the E GOA during age 1. Of the 44 models testing relationships during age 1, 36
models had insignificant 2 values; the 15 best models had similar AICc values and the same number of
parameters (Table 4). Of these, 4 models showed a significant positive relationship between July (E
GOA) upwelling-favorable winds and recruitment. One model showed a sequential set of significant
relationships wherein winter PDO was positively related to late winter (E GOA) discharge, which was
negatively related to recruitment. Six models showed no significant relationships.

Sablefish recruitment showed a negative relationship to total discharge during early spring of age
2. A total of 43 models were tested to examine relationships during age 2, 37 of which had insignificant
¥? values. The 11 best models had similar AlCc values and the same number of parameters (Table 5).
One model showed a sequential set of significant relationships wherein winter PDO was positively related
to early spring (total) discharge, which was negatively related to recruitment. Other models showed
significant relationships between winter PDO and E GOA discharge during late winter and summer/fall,
and 6 models showed no significant relationships.

POP
In the hypothesis-testing phase for POP, all three a priori hypotheses were rejected; however, in
the exploratory analysis, recruitment was found to be negatively related to June upwelling-favorable
winds in both the E and W GOA during ages 0 and 1, and positively related to late spring total discharge
during age 1 (Fig. 11).
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Though we found little support for our a priori hypotheses for POP during the hypothesis-testing
SEM phase, there was support for some components of Hai; specifically, we found that recruitment of
POP was positively related to stronger downwelling-favorable winds during late spring. Of the 35
models tested during this phase, 13 models had insignificant y? values and were thus considered as
candidate models. Three models contained a significant negative relationship between June (E GOA)
upwelling-favorable winds and recruitment, and 2 models contained a significant negative relationship
between June (W GOA) upwelling-favorable winds and recruitment. A significant negative correlation
between winter PDO and winter NOI was shown in 11 plausible models (Table 6). The best candidate
model tested Has only and contained no significant paths.

The exploratory SEM phase indicated several significant relationships between POP recruitment
and environmental variables at multiple lags. Recruitment of POP was negatively related to stronger June
upwelling-favorable winds in the western GOA during age 0. A total of 49 models were tested examining
relationships during age 0, 35 of which had insignificant % values. Of these, the 9 best models had
similar AlCc values and the same number of parameters (Table 7). Two of these models showed a
significant negative relationship between June (W GOA) upwelling-favorable winds and recruitment.
March (E GOA) upwelling-favorable winds showed a negative relationship to the NPGO in one model
and to winter NOI in another. In 5 models, no significant relationships were found.

POP were also found to be negatively associated with stronger June upwelling-favorable winds in
both the eastern and western GOA during age 1, as well as with total discharge during late spring. A total
of 51 models were tested examining relationships during age 1, 42 of which had insignificant ¥ values.
The 9 best models had similar AlCc values and the same number of parameters (Table 8). Three of these
models showed a significant negative relationship between June (E GOA) upwelling-favorable winds and
recruitment, and 3 others showed a significant negative relationship between June (W GOA) upwelling-
favorable winds and recruitment. March (E GOA) upwelling-favorable winds showed negative
relationships to both the NPGO and winter NOI, respectively, and late spring (total) discharge showed a
significant positive relationship to recruitment in one model.

POP recruitment was unrelated to any environmental variables during age 2. Out of 49 models
tested, 28 had insignificant y? values and the two best models had similar AlCc values and the same
number of parameters (Table 9). Neither of these models showed any significant relationships between
variables tested, and all coefficients of variation for recruitment were below 5%.

Discussion

All a priori hypotheses were rejected for both species, suggesting that the climate variables
examined in this study do not relate to either species’ recruitment through intermediary effects on larval
advection. Sablefish recruitment was unrelated to the environmental factors that we used as indicators for
variability in cross-shelf and along-shelf transport during age O, suggesting that variability in larval
advection towards nursery sites may not have a significant impact on their recruitment. POP recruitment
was negatively related to upwelling-favorable winds during June, but none of the hypotheses tested were
accepted in their entirety. Although one may expect surface-dwelling larvae to quickly reach the shelf in
a downwelling system such as the GOA, this is not necessarily the case, in particular in the western GOA,
where upwelling-favorable winds at the shelf break are common during spring and predominate after June
(Fig. 7).

While we found little support for our a priori hypotheses, the exploratory analysis revealed some
statistically significant relationships for both species that may reflect environmental influences on
recruitment during juvenile stages, including a positive relationship between sablefish recruitment and
July upwelling-favorable winds in the E GOA during age 1. The mechanism behind this relationship is
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unlikely to be related to advection, as sablefish reach their nursery sites well before this time period
(Rutecki and Varosi, 1997a, b). Reduced downwelling in the summer may result in increased fall
production along the E GOA coast (Waite and Mueter, 2013), which could benefit young sablefish in
their coastal nursery grounds. Several studies documenting relationships between sablefish recruitment
and upwelling attribute the relationship to food availability rather than advection (e.g., Schirripa and
Colbert, 2006; Shotwell et al., 2014). McFarlane and Beamish (1992), examining recruitment of British
Columbia sablefish, found that the Aleutian Low is positively associated with copepod abundance,
southwesterly winter winds, and sablefish recruitment. They also found that sablefish diets in this region
consist primarily of calanoid copepods, concluding that enhanced abundance of these prey is the likely
mechanism behind these relationships (McFarlane and Beamish, 1992).

We found a positive relationship between our sablefish recruitment index and seasonal
chlorophyll-a indices (Waite and Mueter 2013) for the western GOA shelf region during fall at age 1
during 1998 — 2009 (r = 0.60, p = 0.04). However, none of the chlorophyll-a indices were significantly
correlated with July (E GOA) upwelling-favorable winds, suggesting that the relationship between
sablefish recruitment and summer upwelling-favorable winds in the E GOA is unrelated to the
relationship between summer upwelling and fall chlorophyll-a abundance found by Waite and Mueter
(2013). This relationship may be spurious or may result from unknown mechanisms. However, the
correlation between July (E GOA) upwelling-favorable winds and W GOA onshelf chlorophyll-a, while
insignificant, does show the expected positive sign. Its insignificance may simply be due to the limited
length of the time series available for chlorophyll-a, resulting in low power for statistical tests of
significance. Furthermore, while it is possible that the relationship between July (E GOA) upwelling-
favorable winds and sablefish recruitment is spurious, its prevalence among the candidate models testing
relationships between recruitment and environmental conditions during age 1 suggests that a more in-
depth examination of the relationship between July upwelling-favorable winds, summer and fall
productivity, and sablefish recruitment is warranted, perhaps when a longer chlorophyll time series is
available.

The sequential relationships between winter PDO, late winter/early spring freshwater discharge
during ages 1 and 2, and sablefish recruitment may also be due to productivity-related mechanisms. The
intensified Aleutian Low associated with a positive PDO phase enhances onshore flow of moist air in the
North Pacific (Cayan and Peterson, 1989; Trenberth, 1990; Trenberth and Hurrell, 1994; Mantua et al.,
1997). This can lead to enhanced precipitation, earlier and enhanced water column stability, and earlier
phytoplankton blooms during spring (Cayan and Peterson, 1989; Trenberth, 1990; Gargett, 1997;
Weingartner et al., 2005; Henson, 2007). These early blooms tend to be more intense and shorter-lived,
as they deplete nutrients more quickly than less intense blooms; furthermore, stronger water column
stability throughout spring and summer can reduce primary and secondary productivity due to reduced
mixing with nutrient-rich waters (Freeland et al., 1997; Eslinger et al., 2001; Henson, 2007). Because
zooplankton reproduce more slowly than phytoplankton, this can result in underutilization of the intense,
brief productivity associated with earlier blooms and reduced zooplankton biomass (Eslinger et al., 2001).
Although the relationship between water column stability and primary productivity is more complex for
the GOA shelf than for inner bays like Prince William Sound, both regions exhibit lower primary
productivity during years with earlier, stronger, shallower stratification (Eslinger et al., 2001; Weingartner
et al., 2005; Henson, 2007; Miller et al., 2012). It is plausible that these results indicate that a positive
PDO phase, which corresponds to warmer temperatures and enhanced precipitation, leads to greater
freshwater discharge during late winter and early spring, and that this results in earlier water column
stability, shorter, underutilized phytoplankton blooms, and reduced sablefish recruitment. Furthermore,
the observation that freshwater discharge is related to recruitment at a slightly later lag during age 2
compared to age 1 is consistent with the observation that spring blooms typically occur later on the shelf
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than in enclosed coastal bays (Eslinger et al., 2001; Weingartner et al., 2005), and that age 2 is around
when sablefish begin to leave coastal bays for shelf waters (Rutecki and Varosi, 1997b).

The observed negative relationship between POP recruitment and June upwelling-favorable
winds in both the E GOA and W GOA during age 0 provides some support for our supposition that
onshelf Ekman transport is conducive to POP recruitment, although it occurred after the period during
which larval advection towards shore was hypothesized to occur. Our hypothesis was based on the timing
of parturition, which occurs during April and May for POP. However, larval rockfish abundance on the
shelf (not identified to species) has been observed to peak during summer (Doyle et al., 2009). Rockfish
larvae found on the GOA shelf during July are similarly sized to those found over the slope and shelf
during May, which suggests that the annual peak in rockfish larvae may be comprised of two cohorts: one
that peaks during late spring and one during mid-summer, with POP likely associated with the earlier
cohort (Miriam Doyle, University of Washington, Seattle, pers. comm.). This hypothesis is supported by
recent genetic identification of rockfish larvae. Therefore, it is plausible that late spring is close to the
peak time period for POP larvae reaching surface waters on the shelf. Moreover, Doyle et al. (2009)
found a positive relationship between larval rockfish abundance on the shelf and optimal strength of
alongshore winds during late spring. This may be analogous to the negative relationship between POP
recruitment and June upwelling-favorable winds found in our analysis, which may indicate that June is
the time at which many POP reach the surface and that they are vulnerable at this time to advection
towards or away from shore.

POP recruitment was also negatively related to June upwelling-favorable winds during age 1.
While this may be indicative of a mechanism acting during both age 0 and age 1 but unrelated to larval
advection, it may also reflect different mechanisms at different ages. Throughout much of the year,
strong downwelling winds transport zooplankton from oceanic origins towards shore (Cooney, 1986,
1988). Shotwell et al. (2014), after linking sablefish recruitment to advection of oceanic properties
associated with the North Pacific Polar Front, proposed a mechanism in which cool air from the Arctic
enhances both primary and secondary production in central North Pacific waters, which are then advected
onto the shelf during spring. Zooplankton and juvenile fish in Prince William Sound have exhibited
offshore isotopic carbon signatures that vary interannually, indicating that planktivorous organisms in
nearshore surface waters rely somewhat on a varying supply of productive waters from offshore that are
likely transported to the shelf through onshore transport processes such as downwelling (Eslinger et al.,
2001). It is possible that stronger downwelling-favorable winds at the slope enhance advection of age 0
POP towards shore while simultaneously transporting waters abundant in phytoplankton and/or
zooplankton, enhancing prey availability to age 1 POP already located close to shore.

Downwelling may also affect larval fish diets through an influence on zooplankton community
composition rather than merely their abundance. Along the United States west coast, the greater
downwelling of warm surface waters associated with a positive PDO phase leads to dominance of warm-
water zooplankton taxa (Keister et al., 2011). These differ from cold-water zooplankton in size and fat
content (Lee et al., 2006; Keister et al., 2011), which can have important implications for fish diets (e.g.,
Trudel et al., 2002). The influence of onshore transport variability on zooplankton community
composition is poorly understood for the GOA shelf, and may be pertinent to the relationship between
downwelling and POP recruitment.

The observed positive relationship between POP recruitment and late spring (total) discharge may
also be related to enhanced prey availability on the shelf. It is possible that higher discharge during late
spring corresponds to longer winters, later stratification, and later spring blooms. In contrast with the
dynamics of early spring blooms discussed earlier, years in which stratification occurs later in the year are
associated with longer periods of weak water column stability accompanied by intermittent vertical
mixing, longer phytoplankton blooms, and greater zooplankton productivity (Eslinger et al., 2001,
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Henson, 2007). This may enhance availability of the copepods and euphausiids that comprise the largest
portion of juvenile POP diets (Carlson and Haight, 1976; Boldt and Rooper, 2009).

Given that their recruitment time series are uncorrelated (r = -0.10; p = 0.58) and show different
degrees of interannual variability (Fig. 2), it may seem counterintuitive to investigate the same variables
as potential mechanisms of both POP and sablefish recruitment. However, there are a number of
scenarios in which species susceptible to similar mechanisms can exhibit different interannual patterns in
their YCS. For instance, the influence of wind-induced transport on ichthyoplankton advection towards
shore may differ according to their position in the water column, with deeper larvae being more
susceptible to geostrophic flows and shallower ones to wind-driven flows (Lanksbury et al., 2007; Duffy-
Anderson et al., 2013). Horizontal movement of Greenland halibut (Reinhardtius hippoglossoides) in the
Bering Sea varies by depth, and is more variable at shallower depths (Duffy-Anderson et al., 2013).
Similar dynamics have been observed in the GOA , where arrowtooth flounder (Atheresthes stomias) and
Pacific halibut (Hippoglossus stenolepis) larvae, which remain deeper (roughly 30 m) in the water column
during their drift stage, exhibited more direct onshore movement than the surface-dwelling larvae of other
flatfish species (Bailey et al., 2008). Although both POP and sablefish are believed to occupy near-
surface waters during their drift phase, only sablefish are known to be neustonic (Kendall and Matarese,
1987; Wing and Kamikawa, 1995; Matarese et al., 2003). It is likely that, similar to the species examined
in Bailey et al. (2008), sablefish exhibit less direct movement towards shore due to their shallower
position in the water column. Additionally, some evidence suggests that sablefish undergo vertical
migrations and are located deeper in the water column during the day (e.g., Wing and Kamikawa, 1995).
Such behavior is not known in POP larvae. Differences in their vertical migration behavior may result in
different responses to surface transport, which may require circulation models incorporating depth and
behavior to more fully explore these concepts (Lanksbury et al., 2007).

Larvae can also be differentially affected by similar transport mechanisms if their spatial
distributions differ (Lanksbury et al., 2007; Duffy-Anderson et al., 2013; Vestfals et al., 2013). For
species that spawn in deep waters, location of spawning sites can strongly affect onshore movement. For
example, spawning near cross-shelf canyons and gullies can allow eggs and larvae to take advantage of
deep water transport along these features towards shore (Bailey et al., 2008). Onshelf flow at depth is
associated with the downstream side of submarine canyons in the Bering Sea (Vestfals et al., 2013) and
with the upstream side in the GOA (Stabeno et al., 2004). Flows can also vary among different canyons,
potentially leading to variable relationships between onshore transport and recruitment of species whose
eggs and larvae are located in different geographic areas (Duffy-Anderson et al., 2013; Vestfals et al.,
2013). While specific spawning grounds are unknown for sablefish, POP are believed to release their
larvae near canyons at depth (Paraketsov, 1963; Gunderson, 1971; Rooper et al., 2007). If POP larvae are
partially advected towards shore through canyons by deepwater currents prior to reaching the surface, the
relationship between their recruitment and onshore surface transport may differ in timing or magnitude
from that of sablefish.

Differences in other life history characteristics may also result in dissimilar recruitment patterns
between two species that are susceptible to similar mechanistic influences on their recruitment. Species
with slower larval development may require longer pelagic drift periods prior to settlement, and may fail
to settle if they reach their nursery sites prematurely (Vestfals et al., 2013); therefore, years associated
with faster advection towards nursery sites may not be similarly beneficial to two species with different
rates of larval development. Different spawning or hatching times between two species may result in the
same environmental factor becoming relevant at a different seasonal time period for each species, which
can also contribute to differences in their recruitment time series. Precise drift timing is poorly
understood for POP in the GOA, and may not be as similar to sablefish hatch timing as hypothesized in
our a priori hypotheses.
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Finally, multiple factors affect the recruitment of each species and differences in their relative
importance can mask the effect of shared drivers that tend to synchronize recruitment between species.
Recruitment of arrowtooth flounder, rock sole, and flathead sole in the Bering Sea were higher in years
with enhanced onshelf flow, but other factors affected each species differently (Wilderbuer et al., 2002).
Recruitment of English sole (Parophrys vetulus) off the Oregon and Washington coast is better explained
by models incorporating temperature-mediated hatching success and successful wind-mediated advection
to nursery sites compared to models only incorporating one or the other (Kruse and Tyler, 1989). Thus,
while shared drivers can result in synchronous recruitment between species, species-specific drivers can
mask their effects and lead to different recruitment patterns.

This study further supports the idea that the shelves of the E and W GOA are subject to very
different environmental influences. Both of our regional-scale variables exhibited different patterns of
variability between the E GOA and areas further west. Freshwater discharge shows more interannual
variability during winter and early spring in the E GOA and during fall in the C GOA (Fig. 12). This may
help explain why neither species’ recruitment was related to springtime indices of freshwater discharge in
the C GOA; sablefish recruitment was related to E GOA discharge and both species’ recruitments were
related to total discharge. Because the total index is a measure of total discharge entering the Seward line
from upstream, it is indicative of variation in freshwater discharge and the strength of the ACC in the W
GOA (Royer, 1982; Royer and Grosch, 2006).

Downwelling patterns show a stark contrast between the E and W GOA, with the latter showing
strong upwelling-favorable winds throughout much of the year, particularly during summer and fall,
whereas the former exhibits a strong seasonal pattern with downwelling-favorable winds throughout most
of the year. In light of these differences in variability, it is noteworthy that POP are related to late spring
upwelling-favorable winds in both regions of the GOA while sablefish are related to summer upwelling-
favorable winds in the E GOA only. This may reflect the higher density of young sablefish in the E GOA
(Heifetz and Fujioka, 1991; Sigler et al., 2001; Maloney and Sigler, 2008), whereas juvenile POP are
widely distributed throughout the northern GOA and Aleutian Islands (Rooper, 2008).

One of the concerns with this analysis is the use of SEM with relatively short time series that may
have non-linear relationships. While SEM is a promising approach to testing relationships among large-
scale climate drivers, regional environmental variability, and local or regional biological responses,
several factors may limit the utility of SEM in this study. Firstly, SEM is based on linear regression and
requires appropriate transformations, for example exponential terms, to evaluate nonlinear relationships
(Bollen, 1989; Ullman et al., 2007). Since only linear relationships were hypothesized, it is possible that
significant nonlinear relationships were overlooked. Secondly, SEM is a large-sample technique. Kline
(1998) recommended a minimum sample size equal to ten times the number of parameters, which our
larger models failed to meet, and all of our models failed to meet the sample sizes recommended by
MacCallum et al. (1996), which range from 132 to 3,488 depending on the degrees of freedom.

Another complication in interpreting our results is the population structure of POP, which
consists of numerous genetically distinct sub-populations throughout the GOA (Palof et al., 2011; Kamin
et al., 2013). The authors hypothesize that this is not due to a sweepstakes effect, but to limited physical
dispersal at all life stages. Thus, a gulfwide recruitment index for POP in the GOA may mask differences
in local recruitment patterns and links between the gulfwide recruitment index and our environmental
indices may be weak even if upwelling and discharge have local effects on some of the GOA POP
subpopulations.

Finally, recruitment is a complex process susceptible to factors operating at multiple life stages
(e.g., Kruse and Tyler, 1989; Wilderbuer et al., 2002). Here we focused on factors associated with larval
drift and found no support for our a priori hypotheses, but exploratory analyses revealed relationships
that may imply productivity-related mechanisms and may act during later life stages, such as during the
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return migration to adult habitat. Conversely, when more information on factors such as the locations of
hatching and parturition becomes available, examining conditions prior to their larval drift period may
also be informative.

Our results point to potential mechanisms warranting further investigation using more targeted
process studies. We identified variables that may indicate advection and productivity-related mechanisms
affecting recruitment of sablefish and POP, as well as the time periods during which these mechanisms
may operate. Before these results can be applied in the management of these two species in the GOA,
process studies would need to be conducted to confirm the proposed mechanisms.

The assessment model used to estimate sablefish and POP recruitment in the GOA, described
previously, is capable of incorporating environmental time series as additional input (Wilderbuer et al.,
2002; Maunder and Watters, 2003; Deriso et al., 2008; Hanselman et al., 2011a; Hanselman et al., 2011b).
This allows managers to determine how recruitment is likely to deviate from the mean, given certain
environmental conditions (Maunder and Watters, 2003). If the mechanisms behind the relationships
found in our study are ascertained by further study, relevant variables could be incorporated into each
species’assessment following, for example, the method outlined in Shotwell et al. (2012). They
incorporated methodology from several other studies (Maunder and Watters, 2003; Francis, 2006; Deriso
et al., 2008) to create the following approach, which rigorously evaluates an index’s usefulness before its
use in management:

First, an environmental time series (e.g., late winter E GOA discharge) is incorporated into the
base model, creating an “environmental model” (Maunder and Watters, 2003):

Ry = pexp(a + Bl + &),
where Ry is the estimate of recruit abundance in year t; « is the mean historical recruit abundance; g is a
scaling parameter determing the magnitude of the relationship between the environmental index and
recruitment; I; is the environemtal index value in year t; & refers to deviations in recruitment; and « is a
scaling parameter that removes bias from the environmental time series distribution (ensuring that u
remains equal to the recruitment mean) and is defined as follows:

n

a=In (Z exp(st+ﬂ1t))'
where n is the number of observations in the recruitment time series.

Next, multiple candidate indices (e.g., late winter and early spring discharge indices) are each
incorporated into separate environmental models, and evaluated using a multi-stage hypothesis-testing
procedure (Deriso et al., 2008), which rules out indices that are not useful. In this procedure, a ¥? test is
performed comparing each environmental model’s negative log-likelihood to that of the base model, and
those with insignificant differences from the base model are discarded (Deriso et al., 2008; Shotwell et al.,
2014). Remaining models are then evaluated through randomization tests, in which the environmental
index is randomly resampled many times and each re-sampling is used as an alternate index in its own
environmental model. Differences in negative log-likelihoods are then compared among all of the
resulting alternate environmental models; if the negative log-likelihood of the model using the observed
index is within the first percentile of those using randomized indices, the index is considered important.

Prediction error is then assessed using cross-validation (Francis, 2006), in which remaining
models are re-run several times, leaving out one year each time. That year is estimated based on the rest
of the time series, and mean absolute error (MAE) is estimated as a measure of reliability in model
predictions (Francis, 2006; Shotwell et al., 2014). Finally, the utility of remaining environmental models
is evaluated using impact analysis, in which they are re-run with the environmental covariate held fixed
and set to the average value for the environmental time series (Deriso et al., 2008; Shotwell et al., 2014).
This helps determine what the impact of fluctuations in the environmental covariate would be on
variability in the recruitment estimates (Deriso et al., 2008; Shotwell et al., 2014).
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If one of our environmental time series is evaluated using this procedure and shown to have
significant use in predicting recruitment variability, an environmental model that includes it as a covariate
can then be used to improve recruitment estimates in stock assessments. For predicting futures biomass
trajectories, the assessment models for POP and sablefish use mean historical recruitments for the
terminal year, and random draws from the statistical distribution of historical recruitments for future years
(Hanselman et al., 2011a; Hanselman et al., 2011b). By incorporating pertinent environmental covariates,
abundance of age 2 recruits can be estimated rather than randomly assigned for an additional three years,
since the environmental data from the current year informs YCS two years into the future (Shotwell et al.,
2014). This can reduce the uncertainty in recruitment projections, allowing for more accurate estimates
of future biomass projections under alternate harvest scenarios and more accurate management reference
points (Haddon, 2001; Maunder and Watters, 2003; Deriso et al., 2008; Hanselman et al., 2011a;
Hanselman et al., 2011b; Shotwell et al., 2014).

While the mechanisms behind the relationships found in our study are uncertain, our methods and
results may still be useful to researchers. More conclusive results, especially for our more complex
models, can be obtained with a longer time series and with a more spatially explicit recruitment index for
POP. Even if such an index is not developed, it would be beneficial to repeat this analysis in future years
when longer time series are available for the variables used. In the meantime, our results provide
information that may inform directed surveys investigating potential environment-recruit relationships,
which may help improve recruitment estimates. It may be beneficial to analyze these relationships
individually using approaches that relax the linearity assumption, such as generalized additive models,
until sample sizes are large enough to more reliably incorporate sequential causation into model structure
using SEM.
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Tables

Table 1: Variables used in analyses: Sources, timespans, and resolutions of time series used in analyses.

Variable Source Time Period Spat'él Tempo.ral
Resolution Resolution
Sablefish
age 2 recruit Hanselman et al. (2011a) 1960 - 2011 Alaskan waters Annual
abundance
Sablefish
spawning Hanselman et al. (2011a) 1960 - 2011 Alaskan waters Annual
biomass
POP age 2
recruit Hanselman et al. (2011b) 1977 - 2011 Gulfwide Annual
abundance
POP
spawning Hanselman et al. (2011b) 1977 - 2011 Gulfwide Annual
biomass
Eastern GOA
Freshwater University of Alaska Fairbanks Institute of Marine Science (IMS !
discharge http://wv\\//w.ims.uaf,edu/gakl/ ) 1931-2011 central GOA, Monthly
and total

Upwelling-favorable Pacific Fisheries Environmental Laboratory (PFEL) .
winds http://www.pfeg.noaa.gov/products/PFEL/modeled/indices/upwelling/upwelling.html 1967-2011 1-degree grid 6-hourly
Pacific Decadal University of Washington North Pacific
Oscillation Joint Institute for the Study of the Atmosphere and Ocean (JISAQO) 1900 - 2012 Ocean Monthly
(PDO) http://jisao.washington.edu/data_sets/pdo/
Northern

S Pacific Fisheries Environmental Laboratory (PFEL) North Pacific
lCr)]sdcg)l(a(tllloor]) http://www.pfeg.noaa.gov/products/PFEL/modeled/indices/NOIx/noix.html 1948 - 2012 Ocean Monthly
North Pacific Georgia Institute of Technology School of Earth & Atmospheric Sciences (EAS) North Pacific
Gyre Oscillation 1950 - 2010 Monthly
(NPGO) http://www.o03d.org/npgo/ Ocean
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Table 2: Sablefish analysis results (hypothesis-testing phase): Summary statistics for SEM models from the sablefish hypothesis-testing phase.
Summary statistics for individual paths are only included for plausible models. Arrows point from exogenous to endogenous variables; double-
headed arrows denote correlations with no causal relationship hypothesized. AAICc is given relative to the model with the lowest AlCc; K
represents the number of parameters. Shaded cells indicate p-values < 0.05.

Hypotheses Adjusted Pr AAICE K path Path Path Endogenous Ho
Tested Goodness-of-fit (>1x?1) p-value B-estimate Variable R? Outcome
April (E GOA) Upwelling = Recruitment 0.31 -0.16
0.04
Summer (Total) Discharge - Recruitment 0.38 -0.14
Winter NOI = April (E GOA) Upwelling 0.86 0.03
Ha1, Haz 0.76 0.10 14.80 11 0.02 Failure to Reject
Winter PDO = April (E GOA) Upwelling 0.56 -0.11
Winter PDO = Summer (Total) Discharge 0.06 -0.28 0.08
Winter PDO €< -> Winter NOI <0.01 -0.57 NA
Ha1, Haz 0.52 <0.01 29.20 10 Failure to Reject
March (E GOA) Upwelling = Recruitment 0.55 -0.09
0.02
Summer (Total) Discharge = Recruitment 0.40 -0.13
Winter NOI = March (E GOA) Upwelling 0.02 -0.43
Ha1, Haz 0.83 0.27 12.27 11 0.15 Failure to Reject
Winter PDO > March (E GOA) Upwelling 0.68 -0.07
Winter PDO = Summer (Total) Discharge 0.06 -0.28 0.08
Winter PDO €<-> Winter NOI <0.01 -0.57 NA
May (E GOA) Upwelling = Recruitment 0.74 0.05
0.01
Summer (Total) Discharge = Recruitment 0.52 -0.10
Winter NOI = May (E GOA) Upwelling 0.06 -0.34
Ha1, Haz 0.80 0.20 13.13 11 0.08 Failure to Reject
Winter PDO - May (E GOA) Upwelling 0.32 -0.18
Winter PDO - Summer (Total) Discharge 0.06 -0.28 0.08
Winter PDO €= Winter NOI <0.01 -0.57 NA
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Table 2: (continued)

Hypotheses Adjusted Pr AAICC K path Path Path Endogenous Ho
Tested Goodness-of-fit (>1x%]) p-value B-estimate Variable R? Outcome
March (E GOA) Upwelling = Recruitment 0.71 -0.06 <001
Fall (Total) Discharge = Recruitment 0.87 0.02
Winter NOI = March (E GOA) Upwelling 0.02 -0.43 . .
Ha1, Haz 0.90 0.57 10.04 11 . - 0.15 Failure to Reject
Winter PDO - March (E GOA) Upwelling 0.68 -0.07
Winter PDO - Fall (Total) Discharge 0.18 -0.21 0.04
Winter PDO €= Winter NOI <0.01 -0.57 NA
April (E GOA) Upwelling = Recruitment 0.39 -0.13 0.02
Fall (Total) Discharge = Recruitment 0.93 0.01
Winter NOI = April (E GOA) Upwelling 0.86 0.03 . .
Ha1, Ha2 0.85 0.33 11.71 11 - 3 - 0.02 Failure to Reject
Winter PDO = April (E GOA) Upwelling 0.56 -0.11
Winter PDO - Fall (Total) Discharge 0.18 -0.21 0.04
Winter PDO € Winter NOI <0.01 -0.57 NA
May (E GOA) Upwelling = Recruitment 0.61 0.08 001
Fall (Total) Discharge = Recruitment 0.74 0.05
Winter NOI = May (E GOA) Upwelling 0.06 -0.34 . .
Ha1, Ha2 0.86 0.41 11.10 11 - - 0.08 Failure to Reject
Winter PDO - May (E GOA) Upwelling 0.32 -0.18
Winter PDO -> Fall (E GOA) Upwelling 0.18 -0.21 0.04
Winter PDO €<-> Winter NOI <0.01 -0.57 NA
March (E GOA) Upwelling = Recruitment 0.69 -0.06 <0.01
Ha 0.92 0.50 4.07 8 Winter NOI = March (E GOA) Upwelling 0.02 -0.43 015 Failure to Reject
Winter PDO = March (E GOA) Upwelling 0.68 -0.07
Winter PDO €= Winter NOI <0.01 -0.57 NA
April (E GOA) Upwelling = Recruitment 0.39 -0.13 0.02
Ha1 0.90 0.43 4.37 8 Winter NOI = April (E GOA) Upwelling 0.86 0.03 0.02 Failure to Reject
Winter PDO = April (E GOA) Upwelling 0.56 -0.11
Winter PDO €= Winter NOI <0.01 -0.57 NA
May (E GOA) Upwelling = Recruitment 0.65 0.07 <0.01
Ha 0.88 0.36 4.74 8 Winter NOI & May (E GOA) Upwelling 0.06 -0.34 0.08 Failure to Reject
Winter PDO = May (E GOA) Upwelling 0.32 -0.18
Winter PDO €= Winter NOI <0.01 -0.57 NA
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Table 2: (continued)

Hypotheses Adjusted Pr AAICC K path Path Path Endogenous Ho
Tested Goodness-of-fit (>1x21) p-value B-estimate Variable R? Outcome
Fall (Total) Discharge = Recruitment 0.82 0.04 <0.01 . )
Haz 1.00 0.91 0.00 5 - - Failure to Reject
Winter PDO - Fall (Total) Discharge 0.18 -0.21 0.04
Summer (Total) Discharge - Recruitment 0.48 -0.11 0.01 . .
Haz 0.99 0.71 0.12 5 - - Failure to Reject
Winter PDO = Summer (Total) Discharge 0.06 -0.28 0.08
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Table 3: Sablefish analysis results (exploratory phase, age 0) - Summary statistics from exploratory sablefish analysis examining conditions during
age 0. Data are provide for the best SEM candidate models, sorted by AAICc relative to the model with the lowest AICc. Arrows point from
exogenous to endogenous variables; double-headed arrows denote correlations with no causal relationship hypothesized. K represents the number
of parameters. Shaded cells indicate p-values < 0.05.

Adjusted Pr Path Path Endogenous
Goodness-of-fit (>1x?1) AAICc K Path p-value B-estimate Variable R?
Summer/Fall (E GOA) Discharge = Recruitment 0.67 0.07 <0.01
1.00 0.99 0.00 5
Winter PDO - Summer/Fall (E GOA) Discharge 0.02 -0.33 0.11
June (E GOA) Upwelling = Recruitment 0.80 0.04 <0.01
1.00 0.93 0.01 5
Winter PDO - June (E GOA) Upwelling 0.05 -0.29 0.08
July (E GOA) Upwelling = Recruitment 0.89 0.02 <0.01
1.00 0.88 0.02 5
Winter PDO - July (E GOA) Upwelling 0.65 -0.07 <0.01
May (E GOA) Upwelling - Recruitment 0.65 0.07 <0.01
1.00 0.87 0.03 5
Winter PDO = May (E GOA) Upwelling 0.94 0.01 <0.01
April (E GOA) Upwelling = Recruitment 0.39 -0.13 0.02
0.99 0.79 0.07 5
Winter PDO = April (E GOA) Upwelling 0.41 -0.13 0.02
Early Spring (Total) Discharge = Recruitment 0.63 0.07 0.01
0.96 0.54 0.38 5
Winter PDO -> Early Spring (Total) Discharge <0.01 0.65 0.43
April (E GOA) Upwelling = Recruitment 0.39 -0.13 0.02
0.90 0.30 1.08 5
NPGO - April (E GOA) Upwelling 0.56 0.09 0.01
July (E GOA) Upwelling = Recruitment 0.89 0.02 <0.01
0.89 0.27 1.20 5
Winter NOI - July (E GOA) Upwelling 0.71 0.06 <0.01
April (E GOA) Upwelling = Recruitment 0.39 -0.13 0.02
0.86 0.23 1.44 5
Winter NOI = April (E GOA) Upwelling 0.54 0.10 0.01
Early Spring (Total) Discharge = Recruitment 0.88 -0.02 <0.01
0.86 0.22 1.52 5
Winter PDO €= Winter NOI <0.01 -0.57 NA
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Table 4: Sablefish analysis results (exploratory phase, age 1) - Summary statistics from exploratory sablefish analysis examining conditions during
age 1. Data are provided for the best SEM candidate models, sorted by AAICc relative to the model with the lowest AICc. Arrows point from
exogenous to endogenous variables; double-headed arrows denote correlations with no causal relationship hypothesized. K represents the number
of parameters. Shaded cells indicate p-values < 0.05.

Adjusted Pr Path Path Endogenous
Goodness-of-fit (>1x2]) ARlCc k Path p-value B-estimate Variable R?
May (E GOA) Upwelling = Recruitment 0.56 -0.09 0.01
1.00 0.97 0.00 5
Winter PDO - May (E GOA) Upwelling 0.89 0.02 <0.01
April (E GOA) Upwelling = Recruitment 0.18 0.20 0.04
1.00 0.90 0.01 5
Winter PDO - April (E GOA) Upwelling 0.38 -0.13 0.02
July (E GOA) Upwelling = Recruitment 0.01 0.37 0.14
1.00 0.89 0.02 5
Winter PDO - July (E GOA) Upwelling 0.63 -0.07 0.01
June (E GOA) Upwelling = Recruitment 0.50 0.10 0.01
1.00 0.87 0.02 5
Winter PDO = June (E GOA) Upwelling 0.04 -0.30 0.09
July (E GOA) Upwelling = Recruitment 0.01 0.37 0.14
1.00 0.82 0.05 5
NPGO - July (E GOA) Upwelling 0.69 -0.06 <0.01
March (E GOA) Upwelling = Recruitment 0.07 -0.27 0.07
0.98 0.64 0.21 5
NPGO > March (E GOA) Upwelling 0.06 -0.28 0.08
Summer (Total) Discharge = Recruitment 0.16 -0.21 0.05
0.98 0.64 0.22 5
Winter PDO = Summer (Total) Discharge 0.05 -0.28 0.08
Summer/Fall (E GOA) Discharge > Recruitment 0.24 -0.18 0.03
0.98 0.63 0.23 5
Winter PDO = Summer/Fall (E GOA) Discharge 0.02 -0.34 0.11
Early Spring (Total) Discharge = Recruitment 0.22 -0.19 0.04
0.91 0.31 1.01 5
Winter PDO > Early Spring (Total) Discharge <0.01 0.65 0.43
July (E GOA) Upwelling = Recruitment 0.01 0.37 0.14
0.87 0.23 1.41 5
Spring/Summer PDO > July (E GOA) Upwelling 0.95 -0.01 <0.01
Summer (Total) Discharge = Recruitment 0.16 -0.21 0.05
0.86 0.22 1.50 5
Spring/Summer PDO - Summer (Total) Discharge 0.75 -0.05 <0.01
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Table 4: (continued)

Adjusted Pr Path Path Endogenous
Goodness-of-fit (>1x?1) AAICc Path p-value B-estimate Variable R?
Late Winter (E GOA) Discharge = Recruitment 0.02 -0.34 0.12
0.85 0.20 1.62
Winter PDO - Late Winter (E GOA) Discharge <0.01 0.49 0.24
April (E GOA) Upwelling = Recruitment 0.18 0.20 0.04
0.85 0.20 1.64
Winter NOI = April (E GOA) Upwelling 0.50 0.10 0.01
July (E GOA) Upwelling = Recruitment 0.01 0.37 0.14
0.83 0.17 1.88
Winter NOI > July (E GOA) Upwelling 0.68 0.06 <0.01
Winter PDO - Recruitment 0.96 -0.01 <0.01
0.82 0.16 1.95
Winter PDO €< - Winter NOI <0.01 -0.57 NA
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Table 5: Sablefish analysis results (exploratory phase, age 2) - Summary statistics from exploratory sablefish analysis examining conditions during
age 2. Data are provided for the best SEM candidate models, sorted by AAICc relative to the model with the lowest AlCc. Arrows point from
exogenous to endogenous variables; double-headed arrows denote correlations with no causal relationship hypothesized. K represents the number
of parameters. Shaded cells indicate p-values < 0.05.

Adjusted Pr Path Path Endogenous
Goodness-of-fit (>1x3]) BAICe K Path p-value B-estimate Variable R?

July (E GOA) Upwelling = Recruitment 0.44 -0.12 0.01

1.00 1.00 0.00 5
NPGO - July (E GOA) Upwelling 0.69 -0.06 <0.01
March (E GOA) Upwelling = Recruitment 0.99 -0.01 <0.01

1.00 0.96 <0.01 5
NPGO - March (E GOA) Upwelling 0.06 -0.28 0.08
Winter PDO - Recruitment 0.09 -0.25 0.06

1.00 0.83 0.04 5

Winter PDO €< -> Winter NOI <0.01 -0.57 NA

Summer (Total) Discharge = Recruitment 0.41 0.13 0.02

0.99 0.79 0.07 5
Spring/Summer PDO - Summer (Total) Discharge 0.75 -0.05 <0.01
July (E GOA) Upwelling = Recruitment 0.44 -0.12 0.01

0.99 0.75 0.10 5
Spring/Summer PDO > July (E GOA) Upwelling 0.95 -0.01 <0.01
Early Spring (Total) Discharge - Recruitment 0.05 -0.29 0.09

0.97 0.57 0.33 5
Winter PDO -> Early Spring (Total) Discharge <0.01 0.65 0.43
April (E GOA) Upwelling = Recruitment 0.97 -0.01 <0.01

0.94 0.43 0.62 5
Winter NOI = April (E GOA) Upwelling 0.50 0.10 0.01
March (E GOA) Upwelling = Recruitment 0.99 <0.01 <0.01

0.94 0.41 0.69 5
Winter NOI = March (E GOA) Upwelling 0.01 -0.35 0.12
July (E GOA) Upwelling = Recruitment 0.44 -0.12 0.01

0.93 0.40 0.70 5
Winter NOI > July (E GOA) Upwelling 0.68 0.06 <0.01
Late Winter (E GOA) Discharge = Recruitment 0.25 -0.18 0.03

0.85 0.20 1.63 5
Winter PDO > Late Winter (E GOA) Discharge <0.01 0.49 0.24
Summer/Fall (E GOA) Discharge = Recruitment 0.15 0.22 0.05

0.85 0.20 1.66 5
Winter PDO - Summer/Fall (E GOA) Discharge 0.02 -0.34 0.11
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Table 6: POP analysis results (hypothesis-testing phase) - Summary statistics for SEM models from the POP hypothesis-testing phase. Summary
statistics for individual paths are only included for plausible models. Arrows point from exogenous to endogenous variables; double-headed
arrows denote correlations with no causal relationship hypothesized. AAICc is given relative to the model with the lowest AICc; K represents the
number of parameters. Shaded cells indicate p-values < 0.05.

Hypotheses Adjusted Pr AAICE K path Path Path Endogenous Ho
Tested Goodness-of-fit (>1x21) p-value B-estimate Variable R? Outcome
All 0.58 <0.01 39.47 13 Failure to Reject
All 0.56 <0.01 40.92 13 Failure to Reject
All 0.60 <0.01 40.11 13 Failure to Reject
All 0.59 0.01 38.62 13 Failure to Reject
All 0.58 <0.01 41.09 13 Failure to Reject
April (E GOA) Upwelling = Recruitment 0.52 -0.11
Fall (Total) Discharge = Recruitment 0.65 -0.08 0.02
NPGO -> Recruitment 0.83 0.04
All 0.71 0.10 30.72 13 Winter NOI = April (E GOA) Upwelling 0.76 0.06 0.01 Failure to Reject
Winter PDO = April (E GOA) Upwelling 0.87 -0.03
Winter PDO -> Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO <> Winter NOI 0.01 -0.54 NA
All 0.67 0.05 32.96 13 Failure to Reject
June (E GOA) Upwelling = Recruitment 0.04 -0.33
Fall (Total) Discharge = Recruitment 0.56 -0.09 0.12
NPGO -> Recruitment 0.86 -0.03
All 0.74 0.17 29.10 13 Winter NOI = June (E GOA) Upwelling 0.14 -0.29 011 Failure to Reject
Winter PDO = June (E GOA) Upwelling 0.06 -0.37
Winter PDO - Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO €-> Winter NOI 0.01 -0.54 NA
Winter/Spring (W GOA) Upwelling = Recruitment 0.27 -0.19
Fall (Total) Discharge = Recruitment 0.87 -0.03 0.05
NPGO -> Recruitment 0.62 0.09
All 0.72 0.11 30.39 13 Winter NOI = Winter/Spring (W GOA) Upwelling 0.03 0.38 0.28 Failure to Reject
Winter PDO = Winter/Spring (W GOA) Upwelling 0.23 -0.21
Winter PDO -> Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO €< - Winter NOI 0.01 -0.54 NA
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Table 6: (continued)

Hypotheses Adjusted Pr AAICE K path Path Path Endogenous Ho
Tested Goodness-of-fit (>1x?1) p-value B-estimate Variable R? Outcome
June (W GOA) Upwelling = Recruitment <0.01 -0.64
Fall (Total) Discharge = Recruitment 0.52 -0.09 0.42
NPGO - Recruitment 0.31 -0.14
All 0.71 0.09 31.03 13 Winter NOI = June (W GOA) Upwelling 0.25 -0.23 0.05 Failure to Reject
Winter PDO = June (W GOA) Upwelling 0.28 -0.22 '
Winter PDO > Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO €< - Winter NOI 0.01 -0.54 NA
Ha1 & Has 0.64 0.03 21.17 10 Failure to Reject
Ha1 & Has 0.60 0.02 22.69 10 Failure to Reject
June (E GOA) Upwelling = Recruitment 0.05 -0.32 011
NPGO = Recruitment 0.85 -0.03 '
Ha1 & Has 0.68 0.06 19.57 10 Winter NOI = June (E GOA) Upwelling 0.14 -0.29 011 Failure to Reject
Winter PDO -> June (E GOA) Upwelling 0.06 -0.37 '
Winter PDO €= Winter NOI 0.01 -0.55 NA
Ha1 & Has 0.64 0.03 21.42 10 Failure to Reject
Ha1 & Has 0.61 0.02 22.41 10 Failure to Reject
Haz2 & Has 0.50 <0.01 17.87 7 Failure to Reject
Fall (Total) Discharge - Recruitment 0.72 -0.06 -
<0.
Haz2 & Has 0.75 0.12 9.38 7 NPGO -> Recruitment 0.88 0.03 Failure to Reject
Winter PDO -> Fall (Total) Discharge 0.07 -0.30 0.09
Ha1 & Haz 0.48 <0.01 26.52 11 Failure to Reject
Ha1 & Ha2 0.49 <0.01 26.08 11 Failure to Reject
Ha1 & Ha2 0.50 0.01 25.99 11 Failure to Reject
Ha1 & Ha2 0.52 0.01 24.74 11 Failure to Reject
Ha1 & Ha2 0.49 <0.01 26.59 11 Failure to Reject
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Table 6: (continued)

Hypotheses Adjusted Pr AAICE K path Path Path Endogenous Ho
Tested Goodness-of-fit (>1x?1) p-value B-estimate Variable R? Outcome
April (E GOA) Upwelling = Recruitment 0.54 -0.11 0.02
Fall (Total) Discharge = Recruitment 0.66 -0.08 '
Winter NOI = April (E GOA) Upwelling 0.76 0.06 . .
Ha1 & Haz 0.69 0.09 19.34 11 - - - 0.01 Failure to Reject
Winter PDO > April (E GOA) Upwelling 0.87 -0.03
Winter PDO - Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO € - Winter NOI 0.01 -0.54 NA
May (E GOA) Upwelling = Recruitment 0.98 <0.01 <0.01
Fall (Total) Discharge = Recruitment 0.73 -0.06 ’
Winter NOI = May (E GOA) Upwelling 0.10 -0.33 . .
Ha1 & Ha2 0.67 0.07 19.90 11 - - 0.10 Failure to Reject
Winter PDO - May (E GOA) Upwelling 0.88 -0.03
Winter PDO - Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO € - Winter NOI 0.01 -0.54 NA
June (E GOA) Upwelling = Recruitment 0.05 -0.33 012
Fall (Total) Discharge = Recruitment 0.56 -0.10 '
Winter NOI = June (E GOA) Upwelling 0.14 -0.29 . .
Ha1 & Ha2 0.76 0.20 17.23 11 - - 0.11 Failure to Reject
Winter PDO - June (E GOA) Upwelling 0.06 -0.37
Winter PDO -> Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO € -> Winter NOI 0.01 -0.54 NA
Winter/Spring (W GOA) Upwelling = Recruitment 0.34 -0.16 0.03
Fall (Total) Discharge = Recruitment 0.86 -0.03 '
Winter NOI = Winter/Spring (W GOA) Upwelling 0.03 0.38 . .
Ha1 & Haz 0.73 0.14 18.21 11 - . - - 0.28 Failure to Reject
Winter PDO = Winter/Spring (W GOA) Upwelling 0.23 -0.21
Winter PDO - Fall (Total) Discharge 0.07 -0.30 0.09
Winter PDO €-> Winter NOI 0.01 -0.54 NA
June (W GOA) Upwelling = Recruitment <0.01 -0.60 037
Fall (Total) Discharge = Recruitment 0.51 -0.09 '
Winter NOI = June (W GOA) Upwelling 0.25 -0.23 . .
Ha1 & Ha2 0.74 0.15 17.89 11 - - 0.05 Failure to Reject
Winter PDO = June (W GOA) Upwelling 0.28 -0.22
Winter PDO - Fall (Total) Discharge 0.07 -0.31 0.09
Winter PDO €-> Winter NOI 0.01 -0.54 NA
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Table 6: (continued)

Hypotheses Adjusted Pr AAICC K path Path Path Endogenous Ho
Tested Goodness-of-fit (>1x21) p-value B-estimate Variable R? Outcome
0.55 0.03 12.99 12.19 Failure to Reject
0.55 0.03 13.03 12.23 Failure to Reject
June (E GOA) Upwelling = Recruitment 0.05 -0.32 0.10
Winter NOI = June (E GOA) Upwelling 0.14 -0.29
0.11 i i
Ha 0.66 0.07 1021 8 Winter PDO - June (E GOA) Upwelling 0.06 -0.37 Failure to Reject
Winter PDO € - Winter NOI 0.01 -0.54 NA
Ha 0.58 0.03 11.69 8 Failure to Reject
Ha1 0.57 0.03 11.76 8 Failure to Reject
Haz -0.04 <0.01 13.75 5 Failure to Reject
Ha2 0.48 0.02 6.39 5 Failure to Reject
Has 1.00 NA 0.00 3 NPGO -> Recruitment 0.89 0.02 NA Failure to Reject
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Table 7: POP analysis results (exploratory phase, age 0) - Summary statistics from exploratory POP analysis examining conditions during age 0.
Data are provided for the best SEM candidate models, sorted by AAICc relative to the model with the lowest AICc. Arrows point from exogenous
to endogenous variables. K represents the number of parameters. Shaded cells indicate p-values < 0.05

Adjusted Pr Path Path Endogenous
Goodness-of-fit (>1x3]) BAICe K Path p-value B-estimate Variable R?
March (E GOA) Upwelling = Recruitment 0.98 <0.01 <0.01
1.00 0.97 0.00 5
Winter NOI = March (E GOA) Upwelling 0.01 -0.42 0.18
May (W GOA) Upwelling = Recruitment 0.23 0.21 0.04
1.00 0.91 0.01 5
NPGO > May (W GOA) Upwelling 0.88 0.03 <0.01
July (W GOA) Upwelling = Recruitment 0.95 -0.01 <0.01
1.00 0.89 0.02 5
NPGO - July (W GOA) Upwelling 0.89 0.02 <0.01
March (E GOA) Upwelling = Recruitment 0.98 <0.01 <0.01
1.00 0.87 0.02 5
NPGO - March (E GOA) Upwelling 0.01 -0.42 0.18
June (E GOA) Upwelling = Recruitment 0.05 -0.32 0.10
1.00 0.85 0.03 5
NPGO - June (E GOA) Upwelling 0.32 -0.17 0.03
June (E GOA) Upwelling = Recruitment 0.05 -0.32 0.10
0.99 0.83 0.05 5
Winter NOI - June (E GOA) Upwelling 0.61 -0.09 0.01
Winter/Spring (W GOA) Upwelling = Recruitment 0.32 -0.17 0.03
0.97 0.63 0.23 5
NPGO - Winter/Spring (W GOA) Upwelling 0.06 0.32 0.10
June (W GOA) Upwelling = Recruitment <0.01 -0.60 0.36
0.96 0.59 0.29 5
Winter NOI = June (W GOA) Upwelling 0.51 -0.11 0.01
June (W GOA) Upwelling = Recruitment <0.01 -0.60 0.36
0.89 0.32 0.98 5
NPGO - June (W GOA) Upwelling 0.12 -0.26 0.07
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Table 8: POP analysis results (exploratory phase, age 1) - Summary statistics from exploratory POP analysis examining conditions during age 1.
Data are provided for the best SEM candidate models, sorted by AAICc relative to the model with the lowest AICc. Arrows point from exogenous
to endogenous variables. K represents the number of parameters. Shaded cells indicate p-values < 0.05.

Adjusted Pr Path Path Endogenous
Goodness-of-fit (>1x3]) BAICe K Path p-value B-estimate Variable R?

March (E GOA) Upwelling = Recruitment 0.51 -0.12 0.01

0.93 0.44 0.00 5
Winter NOI = March (E GOA) Upwelling 0.01 -0.43 0.19
June (E GOA) Upwelling = Recruitment <0.01 -0.51 0.26

0.92 0.42 0.05 5
Winter NOI = June (E GOA) Upwelling 0.57 -0.10 0.01
June (W GOA) Upwelling = Recruitment 0.04 -0.34 0.12

0.92 0.42 0.05 5
Winter NOI = June (W GOA) Upwelling 0.51 -0.12 0.01
June (E GOA) Upwelling = Recruitment <0.01 -0.51 0.26

0.90 0.35 0.26 5
Winter PDO - June (E GOA) Upwelling 0.18 -0.23 0.05
June (W GOA) Upwelling = Recruitment 0.04 -0.34 0.12

0.83 0.23 0.86 5
NPGO - June (W GOA) Upwelling 0.11 -0.27 0.07
June (E GOA) Upwelling = Recruitment <0.01 -0.51 0.26

0.81 0.21 0.98 5
NPGO -> June (E GOA) Upwelling 0.27 -0.19 0.04
June (W GOA) Upwelling = Recruitment 0.04 -0.34 0.12

0.79 0.18 1.23 5
Winter PDO = June (W GOA) Upwelling 0.58 -0.10 0.01
Late Spring (Total) Discharge = Recruitment 0.04 0.35 0.12

0.75 0.14 1.56 5
Winter PDO > Late Spring (Total) Discharge 0.82 0.04 <0.01
March (E GOA) Upwelling = Recruitment 0.51 -0.12 0.01

0.74 0.13 1.64 5
NPGO - March (E GOA) Upwelling <0.01 -0.45 0.20
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Table 9: POP analysis results (exploratory phase, age 2) - Summary statistics from exploratory POP analysis examining conditions during age 2.
Data are provided for the best SEM candidate models, sorted by AAICc relative to the model with the lowest AlICc. Arrows point from exogenous
to endogenous variables. K represents the number of parameters.

Adjusted Pr Path Path Endogenous
Goodness-of-fit (>1x2]) ARlCe K Path p-value B-estimate Variable R?
April (E GOA) Discharge = Recruitment 0.81 -0.04 <0.01
1.00 0.96 0.00 5
Winter PDO - April (E GOA) Discharge 0.37 0.16 0.03
March (E GOA) Upwelling = Recruitment 0.27 -0.19 0.04
0.99 0.75 0.10 5
Winter PDO > March (E GOA) Upwelling 0.13 0.27 0.07
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Figure 1. Generalized current systems driving circulation in the Gulf of Alaska.

97



Recruits (millions)
20 40 B0 80

D_
| | | | | |
1960 1970 1880 18990 2000 2010
Year
b)
[
B 8 7
[
S o
— W —
éx—
nm o
.52_
o
@
r 2

| | | | | | | |
1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 2. Sablefish and POP year class strength. Time series of estimated year class strength of (a)
sablefish over 1958 — 2009 and (b) POP over 1975 — 2010.
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Figure 3. Variable time series. Annual time series of variables used in analysis. Panels refer to (a)
recruitment (Ricker model residuals), (b) upwelling-favorable winds, (c) freshwater discharge, (d) PDO,
(e) NOI, and (f) NPGO. For recruitment (a), the solid line represents sablefish (years 1968 — 2009) and
the dotted line represents POP (years 1977 — 2010). For upwelling-favorable winds (b) and discharge (c),
solid lines represent the eastern GOA while dotted lines represent the western GOA (central GOA for
freshwater discharge).
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Figure 4. Spawner-recruit relationships. Spawner-recruit relationships for sablefish (a) and POP (b). Lines
represent fitted values from Ricker models.

100



Latitude

Eastern Upwelling Region

Western Upwelling Region

T T T T T T T T
-165 -160 -155 -150 -145 -140 -135 -130

Longitude

Figure 5. Downwelling index locations. Map showing downwelling index locations used in analysis. The
dotted line marks the division between eastern and western downwelling regions. Black points (labeled in
bold) denote locations used as subsamples to represent regional downwelling variability.
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Figure 6. Hypothesized path diagrams. Path diagrams showing hypothesized relationships between
variables. Relationships are shown for (a) sablefish and (b) POP. Arrows point from exogenous variables
to endogenous variables. Edge labels denote the overarching hypothesis that a given path is part of as
well as the hypothesized sign of that path.
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Figure 7. Downwelling by location and Julian day. Hovméller diagram showing downwelling index
values by Julian day and longitude. Daily values are averaged across years 1967 — 2011 and longitude is
divided between locations A —Y from west to east (see Fig. 5). Warm colors (negative values) represent
downwelling-favorable winds and cool colors (positive values) represent upwelling-favorable winds.
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Figure 8. Eastern GOA downwelling dendogram. Ward’s minimum variance dendogram resulting from
cluster analysis of the monthly eastern GOA downwelling index. Boxes mark groups selected as distinct
seasonal lags.
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Figure 9. Western GOA downwelling dendogram. Ward’s minimum variance dendogram resulting from
cluster analysis of the monthly western GOA downwelling index. Boxes mark groups selected as distinct
seasonal lags. The dotted box around October indicates its exclusion from the larger cluster containing it,
due to its being nonconsecutive with those months.

104



Spring
(E GOA)
Discharge,
agel

July (E GOA)
Upwelling,
agel

Winter PDO

Spring
(Gulfwide)
Discharge,
age 2

Figure 10. Sablefish relationships. Diagram mapping significant relationships found in exploratory
sablefish SEM analysis. Only relationships between environmental variables and recruitment are
represented, including sequential relationships. Arrows point from exogenous to endogenous variables.
Numbers denote parameter estimates.
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Figure 11. POP relationships. Diagram mapping significant relationships found in exploratory POP SEM
analysis. Only relationships between environmental variables and recruitment are represented. Arrows
point from exogenous to endogenous variables. Numbers denote parameter estimates for relationships
during age 0 and age 1 (in parentheses).
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CHAPTER 4 - PELAGIC EARLY LIFE HISTORY EXPOSURE PATTERNS OF SELECTED
COMMERCIALLY IMPORTANT FISH SPECIES IN THE GULF OF ALASKA

*This chapter has been published as Doyle, M.J., Mier,K.L. (in press). Early life history pelagic exposure
profiles of selected commercially important fish species in the Gulf of Alaska. Deep-Sea Research I,
Topical Studies in Oceanography, Special Issue 1: Gulf of Alaska Integrated Ecosystem Research
Program (2015), http://dx.doi.org/10.1016/j.dsr2.2015.06.019

Abstract

A synthesis of nearly four decades of ichthyoplankton survey data from the Gulf of Alaska was
undertaken to provide the most comprehensive information available on the early life history ecology of
five focal species: Pacific Cod (Gadus macrocephalus), Walleye Pollock (Gadus chalcogrammus),
Pacific Ocean Perch (Sebastes alutus), Sablefish (Anoplopoma fimbria), and Arrowtooth Flounder
(Atheresthes stomias). This analysis of historical data, along with information from published studies, is
presented here in the form of ecological reviews of the species during their planktonic phase. The reviews
include descriptions of temporal and spatial patterns of exposure to the environment, and interpretation
regarding associated sensitivities to environmental forcing. On a temporal scale, patterns in abundance of
eggs and larvae are synthesized that characterize seasonal exposure to the pelagic environment, and
interannual variation that is presumed to incorporate responses to long-term environmental forcing.
Spatial patterns are synthesized to identify horizontal and vertical extent of egg and larval distributions,
delineate areas of primary larval habitat, and illuminate egg and larval drift pathways. The observed
patterns are discussed with respect to characterizing species early life history strategies, identifying long-
term adaptations to the Gulf of Alaska environment, and associated resilience and vulnerability factors
that may modulate early life responses to environmental forcing in this region. For each species, gaps in
knowledge are identified and are concerned primarily with the period of transition between the larval and
juvenile stage, and feeding habits and ecology across seasons, habitats and sub-intervals of early
ontogeny. These early life history reviews advance our ecological understanding of the pelagic phase, and
fine-tune our focus for the investigation of potential response mechanisms to environmental forcing at
appropriate, species-specific temporal and spatial scales.

Highlights:

e For each of the focal fish species, interaction with the pelagic environment during the planktonic
phase has been characterized by incorporating synthesis of the historical GOA ichthyoplankton data
into the development of an early life history (ELH) pelagic exposure profile

e The synthesized ELH data representing temporal and spatial patterns during sub-intervals of early
ontogeny have been incorporated into the Individual-Based Models developed for each species

o Unique characteristics of each species’ exposure profile are identified, and evaluated as adaptive
features that may confer vulnerability or resilience during early life to environmental fluctuations

e These ELH pelagic exposure profiles contribute to the development of hypotheses regarding physical
and biological environmental variables that could be tested as plausible predictors of early ontogeny
aspects of recruitment variation, and are suitable for incorporation into risk analysis and management
strategy evaluations for species in the context of a changing climate

(see link above for full text)
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CHAPTER 5 - RECRUITMENT VARIABILITY OF GULF OF ALASKA GROUNDFISH
SPECIES RELATIVE TO PATTERNS OF CONNECTIVITY BETWEEN SPAWNING AND
SETTLEMENT

Introduction

In this chapter we analyze recruitment variability of the five focal species relative to model-
derived patterns of connectivity. The general approach for this analysis was developed during discussions
at the 2014 P1 meeting and proceeds as follows (Figure 5.1): First, results from Individual-Based Models
(IBM) of egg and larval transport, which are linked to a ROMS NPZ model as described in the modeling
report, are summarized in the form of connectivity matrices that quantify the probability p;; of a simulated
particle originating in spawning area i to settle in nursery area j, where spawning and nursery areas are
defined differently for different species as detailed below and in the modeling report. Patterns in the
connectivity matrix are then summarized using a Principal Components Analysis (PCA), which reduces
the connectivity matrix to one or a few annual time series (Principal Components or PCs), which capture
the major differences in connectivity among years. We then developed statistical models to link the
recruitment index of the corresponding groundfish species as dependent variable (response) to the PCs
from the connectivity matrix as explanatory variables. When the PCs were easily interpretable, we
developed more intuitive, directly interpretable indices of connectivity (for example the fraction of
simulated particles that settled in a certain area) and modeled recruitment as a function of these indices.

For a simple, intuitive approach to linking connectivity to recruitment, we used the settlement
success by "nursery area" for each year, that is the proportion of all released particles that ended up in a
given nursery area. This analysis ignores the origin (spawning area) of the simulated particles because
these are largely unknown, hence ‘eggs’ or ‘larvae’ in the simulation were broadly distributed along the
slope or on the shelf, depending on the species. Thus the model outputs used in these simple analyses are
the fractions of all simulated individuals that 'settle' in each nursery area by year. In addition, we also
used the full connectivity matrices in the analysis describing the proportions of particles released in a
given spawning area that settle in each nursery area in a given year (see connectivity matrix in Figure
5.1). Similar analyses are included in the species-specific Individual-Based Model chapters (Modeling
report) and we do not report these results here because we generally found no improvement in predictive
power for explaining recruitment variability. For consistency and simplicity, and to minimize the chances
of identifying spurious relationships, we only report analyses based on the fractions of particles settling in
each nursery area by year, regardless of where they originated. The analysis and results using this
common approach across species are described for four species below. A more detailed analysis of
connectivity was conducted for walleye pollock and is described in the modeling report.

Recruitment series

Annual recruitment indices to quantify year class strength of each focal species and to relate year
class strength to connectivity patterns were obtained from 2015 stock assessment models (NPFMC 2015).
These model-based indices are the number of age-1 or age-2 fish that were estimated to be present in the
Gulf of Alaska based on survey data and age composition data from the surveys and the commercial
fishery. While they are highly uncertain they are the best index of year-class strength currently available.
Our goal was to test whether interannual variability in model estimates of connectivity patterns could
explain variability in recruitment estimates and could possibly be used to improve these estimates in the
context of the annual stock assessments.

The recruitment series were highly variable (Figure 5.2) with coefficients of variation ranging
from 30% for arrowtooth flounder to 105% for sablefish. A PCA of the log-transformed time series
suggests a common pattern of variability that explained 39% of the overall variability in log-recruitment.
The first PC showed a declining trend over time that was statistically significant (linear regression, F =
17.85, p < 0.001) and was positively associated with recruitment trends in Pacific cod, walleye pollock
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and sablefish, but was negatively associated with recruitment of arrowtooth flounder and Pacific ocean
perch. This suggest that recruitment of the former species has shown a declining trend over time (positive
loadings combined with a decreasing trend in PC1), while recruitment of the latter species has increased
over recent decades. However, the magnitude of interannual variability far exceeds the long-term trend.

Considering the first and second PC together confirms the presence of two distinct modes of
variability: sablefish, walleye pollock, and Pacific cod showed similar recruitment trends with 1977 being
somewhat of an outlier that had high recruitment of all 3 species. Recruitment of Pacific ocean perch and
arrowtooth flounder had a distinctly different pattern from the other three species and were positively
correlated with each other.

Principal Component Analysis of connectivity patterns

To identify patterns of settlement that may be associated with high recruitment, we first
summarized settlement patterns using a PCA (Figure 5.1) and then tested statistically for relationships
between recruitment and the principal components. The PCA for each species was performed on a matrix
consisting of the time series (1996-2011) of successful settlement in each of the settlement areas
(regardless of spawning area), which varied by species. Note that we did not use the full connectivity
matrices that contain the connectivity from each spawning area to each settlement area for a given year as
in the more detailed analyses presented in the individual model chapters (see Modeling report), but we
only used the overall proportion of particles settling in each of the settlement areas, regardless of where
they originated. We used this simplified approach for several reasons. First, spawning areas for the four
species examined here are largely unknown, except for their general characteristics, hence there is likely
to be little information in the connectivity between a little used spawning area and any of the settlement
areas. Second, the proportion of simulated particles settling in a given area is readily interpretable and is a
meaningful as measure of areas where particles tend to aggregate, even if not all of the simulated
spawning locations actually contribute to the population. Third, when using the full connectivity matrices
for the analysis, we found little if any improvement in modeling recruitment.

The PCA produces a reduced number of time series that contain much of the information in the
original matrix. To identify the number of principal components that contain interpretable information
(rather than 'noise") we used the broken stick approach (Jackson 1993), and then modeled recruitment as a
linear or smooth function of these components using a Generalized Additive Modeling approach (Wood
2006).

Sablefish

Simulation of egg and larval transport

To seed the simulation model, sablefish eggs were distributed along the entire slope between 500-
2000 m depth because actual spawning locations are largely unknown. Particles that were transported to
inshore waters < 23m depth were considered “settled juveniles”. Those not reaching a suitable nursery
area by December 31 were considered unsuccessful. Based on historical observations of eggs by the
EcoFOCI program (see Chapter 4), eggs were released from late February to early April (Feb 20, Mar 5,
Mar 20, Apr 5) and in early June (June 5). To compute connectivity matrices between spawning and
settlement areas, proportions were weighted by the observed fraction of eggs released during each of
these periods. For the analysis, the Gulf of Alaska was divided into 12 areas from East to West (Figure
Error! Reference source not found.5.3Figure). More details on the simulation are provided in the
modeling report and Gibson et al. (in review).

Connectivity patterns and overall success by year

The overall fraction of individuals released from a given spawning area that settled successfully
in any of the settlement areas suggests that across years most successful individuals originated in the
eastern GOA in areas 1-6, particularly areas 2 and 3 (Figure 5.4). This agrees with the general
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understanding of the early life history of sablefish and the high numbers of larval sablefish collected in
the eastern GOA during all field season (see Chapter 1 of UTL report). The total fractions settling in each
nursery area, regardless of origin and averaged across years, suggest that Icy Bay (area 5), Prince William
Sound (6), and Kodiak Island (8, 9) tend to receive the largest number of settlers on average (Figure 5.4,
Table 5.1).

The average patterns mask individual variability in transport and connectivity across years,
whereas both the patterns of variability and the total number of successful settlers differed among years.
An overall index of connectivity computed as the sum of the probabilities in the connectivity matrix
across all settlement areas for a given year (as in Gibson et al. in review), provides a simple annual index
of settlement success and suggests that overall settlement success is relatively stable (Figure 5.5), at least
when compared to the high variability in sablefish recruitment (Figure 5.2).

Principal Components Analysis

The first two PCs contained interpretable information and accounted for 55.3% and 22.7% of the
overall variability in settlement success by nursery area, respectively (Table 5.1, Figure 5.6). Loadings
(Table 5.1) indicated that PC1 described a contrasting pattern of settlement in the eastern (in particular
areas 4&5) versus the western GOA (area 9), while PC2 had mostly negative loadings, in particular for
the Kodiak area (8,9) and Prince William Sound (PWS). Thus, high values of PC2 indicate low overall
settlement, while high values of PC1 indicate a high probability of settlement in the Kodiak areas (8,9,10)
but a very low probability of settlement in PWS (5).

Recruitment variability

Regression models did not show a significant relationship between recruitment and either PC1 or
PC2, but a linear regression of log-transformed recruitment on overall settlement success was significant
(F =4.86, p =0.045) and explained 25.8% of the variability in recruitment (Figure 5.7). This provides
some evidence from these analyses that recruitment of sablefish is enhanced during years when onshelf
transport at the surface is stronger, presumably allowing more sablefish to reach favorable nursery areas.
This is consistent with results in Gibson et al (in review). However, the result is strongly influenced by an
apparent recruitment failure in 2011, which was also the year with the second lowest simulated settlement
success. Only 2005, a year with near-average recruitment, had a lower simulated settlement success. This
result was not consistent with other results showing a positive relationship between upwelling and
sablefish recruitment (Chapter 3), even though stronger upwelling is associated with offshore transport at
the surface.

Arrowtooth flounder

Simulation of egg and larval transport

To seed the simulation model for arrowtooth flounder, spawning (egg release) was simulated to
occur uniformly over the slope area in the 300-600 m depth range (Figure 5.8). This is the general depth
range where fish in spawning condition have been sampled, although actual spawning locations are
largely unknown. As for the sablefish analysis, the Gulf of Alaska was divided into 12 areas from East to
West and a 13" areas consisting of Cook Inlet (Figure 5.8Error! Reference source not found.Figure).
Each of these areas was further subdivided by depth into shallow strata from 0 to 50 m, 50-150m, 150-
300m, 300-600m, as well as an offshelf zone deeper than 600 m to about 200km off the shelf. For this
analysis, the intermediate depth stratum between 50 and 150 m was considered to include likely nursery
areas as arrowtooth flounder larvae typically settle in waters deeper than 50 m, hence particles that settled
anywhere in this depth range before the end of the simulation period were considered successful settlers.
More details on the simulation are provided in the modeling report and Stockhausen et al. (in review a).
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Connectivity patterns and overall success by year

The overall fraction of individuals released from a given spawning area that settled successfully
in any of the 50-150 m strata by the end of the larval drift period ranged from 20.5% in 1998 to 37.2% in
1997 (Figure 5.9Error! Reference source not found.Figure). There is relatively little variability in the
fraction settling in recent years. Both 1997 and 1999 stand out as years with circulation patterns that
resulted in strong onshelf transport, while 1998 and 2011 had the lowest simulated settlement success.
Successful individuals generally originated in the eastern GOA in areas 1-6 (Figure 5.10), similar to the
sablefish simulations. The simulated probability of settling in different nursery area is highest in the
central and western areas, in particular the area encompassing PWS (Figure 5.10, Table 5.2).

Principal Components Analysis

The PCA resulted in three interpretable principal components that explained 44.7%, 22.0%, and
16.7% of the overall variability in settlement fractions by year and area (total: 80.6%). Their loadings
suggest a relatively straightforward interpretation (Table 5.2) with the first PC reflecting the overall
proportion settling as indicated by moderate to large (negative) loadings on all areas with significant
settlement. This interpretation is confirmed by a highly significant correlation between the overall
proportion settling (Figure 5.9) and PC 1 (r = -0.93, p < 0.001). The second PC contrasts the area to the
east, or upstream, of Amatuli Trough (6) with the area to the west or downstream, suggesting interannual
variability in the relative proportions of particles being transported onto the shelf upstream vs downstream
of Amatuli Trough. Interestingly, in years with enhanced settlement in region 7 (positive loading on
PC2), just downstream of Amatuli Trough, the fraction settling further downstream in area 12 (negative
loading) is also reduced. The third PC has a very high loading on the fractions settling in area 8, thus
positive values of PC 3 reflect a high proportion of settlers in this area encompassing the north end of
Kodiak Island. Areas 1-5 and 13 contribute very little to the overall pattern (Table 5.2). These patterns are
also evident in the biplot for the first two PCs (Figure 5.11).

Recruitment variability
A multiple regression of log-transformed recruitment on the three PC time series resulted in a
highly significant model including only PC2 and PC3 as significant explanatory variables (F = 6.48, p =

0.011, R? = 50%). The regression coefficients were positive, implying that recruitment tends to be higher

when (1) relatively more simulated end points occur in the Kenai area relative to the area just upstream

(east of Amatuli trough) or downstream of the Kodiak/Shelikof Strait area, and (3) more simulated larvae

end up in area 8 on the north end of Kodiak Island.

To simplify interpretation, we repeated the regression analysis using three more intuitive and
readily interpretable indices based on the above results:

(1) The fraction of larvae being transported onto the shelf (i.e. settling anywhere in the 50-150m range),
reflecting the overall strength of onshelf advection.

(2) The proportion of larvae settling in the 50-150m depth range of the Kodiak/Shelikof Strait area (areas
7-11), possibly reflecting the most suitable nursery grounds, relative to the proportion settling
upstream of this area in areas 5&6 (the inclusion of other upstream areas contributes very little). This
corresponds to areas upstream of (and including) Amatuli Trough. When this index was further
simplified by simply taking the ratio of the fraction settling in area 7 relative to the fraction settling in
area 6, results were virtually identical.

(3) The proportion of larvae settling in area 8 (50-150 m), the Northeast corner of Kodiak Island, relative
to all larvae settling in the 50-150m range

The best linear model of recruitment variability as a function of these variables was one that
included the second and third variable (F = 14.6, p < 0.001, R? = 0.71), suggesting that recruitment of
arrowtooth flounder was enhanced when a higher proportion of simulated larvae were transported towards
nursery areas in the western Gulf of Alaska around Kodiak Island and in particularly when a high
proportion of simulated larvae settle in area 8 on the northeast end of Kodiak Island (Figure 5.12). The
very high recruitment in 1999 was underestimated by the model and this data point was an influential
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outlier. When 1999 is excluded from the best regression, the model fit improved and the ratio of
downstream to upstream settlers and the fraction settling in area 8 accounted for 74% of the variability in
log-recruitment (F = 16.1, p < 0.001 , R? = 0.74).

Pacific Ocean Perch

Simulation of egg and larval transport

To seed the simulation model for Pacific ocean perch, spawning (larval parturition) was simulated
to occur uniformly over the slope area in the 300-600 m depth range as shown for arrowtooth flounder in
Figure 5.8. This is the general depth range where spawning is believed to occur, although actual spawning
locations are largely unknown. The Gulf of Alaska was divided into the same 13 areas as for the
arrowtooth flounder analysis (Figure 5.8) and similarly each of these areas was further subdivided by
depth into shallow strata from 0 to 50 m, 50-150m, 150-300m, 300-600m, as well as an offshelf zone
deeper than 600 m to about 200km off the shelf. For this analysis, the two shallow depth strata between 0
and 150 m were considered to include likely nursery areas, hence particles that settled anywhere in this
depth range before the end of the simulation period were considered successful settlers. More details on
the simulation are provided in the modeling report and Stockhausen et al. (in review b).

Connectivity patterns and overall success by year

The overall fraction of individuals that settled successfully in any of the 0-150 m strata by the end
of the larval drift period was high but relatively variable, ranging from 47% in 2000 to 89% and 90% in
2005 and 1999, respectively (Figure 5.13Error! Reference source not found.Figure). Successful
individuals generally originated in the eastern GOA in areas 1-6 (Figure 5.14), similar to the sablefish and
arrowtooth flounder simulations. The simulated probability of settling in different nursery area is highest
in the central and western areas, in particular the northcentral area encompassing PWS (Figure 5.14,
Table 5.3).

Recruitment variability

The PCA resulted in a single interpretable principal component that explained 55% of the overall
variability in settlement fractions by year and area. Loadings suggest that PC 1 primarily reflects the
overall proportion settling as indicated by moderate to large loadings on all areas with significant
settlement (Areas 1-3, and 11-13 contribute very little to these patterns and have very small loadings).
This interpretation is confirmed by a highly significant correlation between the overall proportion settling
(Figure 5.13) and PC 1 (r = 0.91, p < 0.001).

Linear or smooth regressions of log-transformed recruitment (reducing influence of two large
recruitments in 1999 and 2006) on the first PC time series did not result in a significant model (Linear
model: F =0.134, p =0.720, R>=0.01).

Because it is unclear if Pacific ocean perch settle primarily in the shallowest (0-50 m) or
intermediate waters (50-150 m), we also repeated the above analyses using (1) the fraction of settlers in
the 0-50 m range in each of the 13 areas and (2) the fraction of settlers in the 50-150 m depth range in
each area. None of the regressions between log-recruitment and interpretable PCs resulted in models that
explained a significant portion of the overall variability.

Although relationships with PCs were not significant, a pattern that emerged repeatedly in the
PCA loadings was a contrast (opposite loadings) between the areas that encompassed Kodiak Island (4-9)
and areas downstream of Kodiak Island (10-12). Based on this pattern we conducted an exploratory
regression of log-recruitment on the ratio of particles settling upstream of, or around Kodiak Island (areas
4-9) to those settling downstream of Kodiak (areas 10-12), combining the shallow and intermediate strata
(0-150 m). The resulting regression was significant and the ratio explained 36% of the variability in log-
recruitment (F=8.00, p = 0.013, Figure 5.15). The result suggests that recruitment of Pacific ocean perch
is higher when more simulated larvae settled in the Kodiak area relative to areas downstream of Kodiak.
While based on an exploratory analysis and possibly spurious, this provides some evidence that
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circulation patterns that retain larvae around Kodiak Island rather than transporting them further
downstream is associated with enhanced recruitment of Pacific ocean perch.

Pacific cod

Simulation of egg and larval transport

To seed the simulation model for Pacific cod, spawning (egg deposition) was simulated to occur
uniformly over the shelf to 200m. Spawning was simulated to occur on the 15th of February, March,
April, and May. For analysis, the GOA was divided into the same 12 area from East to West as for the
other species (Figure 5.16). Each of these areas was further subdivided by depth into shallow strata less
than 70 m, 70-200m and deep offshore strata (to about 200km off the shelf, Figure 5.16). Separate strata
were used for the waters of Cook Inlet. Any simulated larvae within any of the 0-200 m depth strata were
considered successful settlers, while larvae that ended in the off-shelf areas (0-12) or downstream of the
study area at the end of the larval period were deemed unsuccessful. More details on the simulation are
provided in the modeling report and Hinckley et al. (In review).

Connectivity patterns and overall success by year

The overall fraction of individuals that settled successfully in any of the 0-200 m strata by the end
of the larval drift period was consistently high, ranging from 75 to 83% (not shownError! Reference
source not found.Figure). Settlement success was generally high for individuals originating anywhere
upstream of Kodiak Island and decreased somewhat for areas off Kodiak Island or downstream from
Kodiak Island (Figure 5.17). Settlement was generally much higher in the shallow areas (0-70 m) and was
highest in areas 106 and 112 with moderately high to high settlement in all shallow areas in the central
and western GOA (Figure 5.18). Juvenile nursery areas are generally believed to be in shallow, nearshore
areas, therefore we used the fractions of larvae settling in each of the 13 shallow areas (0-70 m) by year as
a basis for the PCA.

Principal Components Analysis

The PCA resulted in three PCs that had interpretable information based on the broken stick model
and a sharp drop in the amount of variance explained after the third PC. The three PCs explained 37%,
20% and 15% of the variability in the fractions settling by area. The first PC primarily contrasted the
fraction settling in area 102, with those settling in areas further downstream, in particular area 106 and
112. It appears that these areas get highly variable settlement. In particular area 112 had high loadings for
each of the first 3 PCs, suggesting a strong contribution to overall variability. The second PC was more
difficult to interpret as it has an irregular pattern of loadings. The third PC contrasted the areas around
Kodiak (negative loadings areas 106-111) with the upstream and downstream areas, which typically had
positive loadings.

Recruitment variability

A Principal Components regression resulted in a highly significant relationship between log-
recruitment and the 3@ PC only, which explained 36% of the variability in log-recruitment (F = 7.89, p =
0.014, Figure 5.19). The coefficient was positive, suggesting that cod recruitment tends to be higher when
settlement is high in areas 104,105 and 112 (positive loadings, Table 5.4) and low in areas 106-111
(negative loadings). Thus, Pacific cod recruitment appears to benefit when circulation patterns favor
settlement just upstream (104-105) and just downstream (112) of the Kodiak area with lower settlement
around Kodiak Island itself.

Discussion and Conclusions

We analyzed modeled connectivity patterns for four of the focal species relative to recruitment
variability from 1996-2011 as estimated in the 2015 stock assessments (NPFMC 2015) using a unified
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framework across species. Our results differ in detail but generally agree with the more explanatory
analyses presented in the corresponding modeling chapters. We used a relatively simple but more
rigorous approach that only considered the fractions of simulated larvae that successfully settled in the
appropriate depth range for a given species by settlement area, regardless of origin (which is generally
unknown). Variability in these fractions across years was summarized using a PCA and PCA-based
indices were able to explain between 26% and 71% of the variability in log-transformed recruitment of
the four species. By adopting this approach, we reduced chances of identifying spurious relationships.

The PCA-based indices that were significantly related to recruitment generally had a biologically
reasonable interpretation and, where possible, we constructed more directly interpretable indices based on
the observed PCA loadings. Results suggest that variability in connectivity affects recruitment of the four
species in the following ways:

e Sablefish recruitment was related to an index of overall settlement success, suggesting that
recruitment is enhanced when conditions favor onshelf transport of surface waters towards shallow
nearshore areas.

e Recruitment of arrowtooth flounder was enhanced when a higher proportion of simulated larvae were
transported towards nursery areas in the western Gulf of Alaska around Kodiak Island and in
particularly when a high proportion of simulated larvae settle in area 8 on the northeast end of Kodiak
Island.

e Exploratory analyses for Pacific ocean perch suggested that their recruitment was enhanced when
circulation patterns retain larvae around Kodiak Island rather than transporting them further
downstream. This result should be interpreted with caution as they were based on a more subjective
index based on patterns in PCA loadings, while relationships with the PCs themselves were not
statistically significant.

e Pacific cod recruitment is enhanced when circulation patterns favor settlement just upstream and just
downstream of the Kodiak area and less settlement around Kodiak Island. The results in particular
support the importance of the West Shumagins as a nursery area

The connectivity patterns that emerged as possibly important to recruitment success reflect the
different pathways that larvae of each species depend on to reach their respective nursery areas. Sablefish
have neustonic larvae that are often found off the shelf (Wing and Kamikawa, 1995; Kendall and
Matarese, 1987, Siddon et al. in review, Chapter 4) and the most critical challenge may be for a sufficient
number of larvae and juveniles to be transported onto and then across the shelf towards nearshore nursery
areas. Although there may be preferred nursery areas (e.g. St. John the Baptist Bay in Southeast Alaska),
specific connectivity patterns may be less important than general onshore advection, which is consistent
with the observation that young-of-year sablefish are widely found throughout the GOA during years of
high recruitment (Rutecki and Varosi, 1997, Jon Heifetz, NOAA, Juneau, pers. comm.). Hence the
positive relationship we found between recruitment and modeled settlement success in the nearshore is
plausible. However, it only explains a moderate proportion of variability in log-transformed recruitment
and may not reflect onshelf transport associated with downwelling-favorable winds, given that Coffin and
Mueter (Chapter 3) did not find a relationship between downwelling-favorable winds and sablefish
recruitment. Hence other mechanisms that facilitate cross-shelf transport are likely important and could be
clarified through a closer examination of the mechanisms leading to successful settlement in the model.

Arrowtooth flounder resulted in the strongest relationship between connectivity patterns and
recruitment among the four species examined. The results point to Kodiak Island as an important
settlement area and conditions that favor transport towards the north end of Kodiak Island appear to be
particularly favorable for arrowtooth flounder recruitment. This is consistent with the waters around
Kodiak Island, such as Chiniak Bay on the northeast end of Kodiak Island, being a well-documented
nursery area (Norcross et al. 1993). Moreover, the results suggest a discontinuity in connectivity patterns
that approximately corresponds to the location of Amatuli Trough, which is a known conduit for
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arrowtooth flounder larvae to be transported onto the shelf (Chapter 4, Mordy et al., in review). Enhanced
transport onto the shelf via Amatuli Trough towards Kodiak Island could contribute to the relationship
observed here. If this region does indeed prove important to arrowtooth flounder, it also suggests that
spatially restricted sampling of juveniles in this region may be sufficient to develop a reliable recruitment
index for arrowtooth flounder.

Our results provide less inside into potential drivers of Pacific ocean perch recruitment except for
some evidence that enhanced settlement around Kodiak Island as opposed to areas downstream of Kodiak
is conducive to good recruitment. The early life history of Pacific ocean perch is poorly known because
of the difficulties distinguishing their larvae from those of other Sebastes, but available data for Sebastes
is at least consistent with the waters around Kodiak being an important nursery area (Chapter 4).
However, Sebastes larvae were more abundant in the eastern GOA than in the central/western GOA
during both spring and summers sampling in 2011 and 2013 (Siddon et al. in review, Rhea-Fournier et al,
in review).

In contrast to arrowtooth flounder and Pacific ocean perch, strong Pacific cod recruitment was not
associated with enhanced settlement around Kodiak Island. The bays around Kodiak Island clearly
provide suitable nursery areas for Pacific cod (Abbokire et al., 2006; Laurel et al., 2009), but our results
suggested areas upstream and/or downstream of Kodiak Island to be potentially important as well.

The results presented here and in the modeling report provide insights into potentially important
pathways for larvae of the focal species to reach suitable nursery areas and factors that contribute to
variability in recruitment success. However, the indices developed here have limited predictive power for
recruitment and will have to be further refined or combined with other indices to be used within the stock
assessment to improve estimates of year class strength and future abundances.
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Tables

Table 5.1: Mean proportion of simulated sablefish larvae settling successfully in each settlement region
and PC loadings from a Principal Components Analysis of the proportion of simulated sablefish
larvae that settle successfully in each of 12 settlement regions by year (1996:2011). Proportions
of variance explained by each principal component are indicated.

Region | Mean (%) (Ego/i ) (Zgo /3)
1 1.0 0.01 0.00
2 0.8 0.00 0.04
3 2.4 -0.06 0.01
4 8.8 -0.32 -0.18
5 22.0 -0.83 -0.39
6 24.6 -0.17 0.09
7 3.4 0.09 -0.04
8 10.3 0.16 -0.25
9 18.1 0.36 -0.77

10 5.6 0.12 -0.27
11 05 0.01 -0.05
12 2.6 0.03 -0.26
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Table 5.2: Mean proportion of simulated arrowtooth flounder larvae settling successfully in each
settlement region (where settlers consist of any simulated larvae settling in the 50-150 m depth
range) and PC loadings from a Principal Components Analysis of the proportion of simulated
arrowtooth flounder larvae that settle successfully in each of 13 settlement regions by year
(1996:2011). Proportions of variance explained by each principal component are indicated.
Areas that receive less than 5% of successful settlers are shaded. Important loadings for
interpreting patterns are highlighted in bold.

Area  Mean (%) (Zg%l) (Zgo/f) (i?o/f)
Area Mean (%) PC1 PC2 PC3

1 0.1 0.01 0.00 0.00

11 0.03 0.08 0.00

3 0.7 0.01 0.02 0.02

4 17 0.02 20.06 0.06

5 38 :0.04 0.02 :0.08

6 13.1 -0.45 -0.54 0.16

7 243 -0.70 0.62 -0.08

8 155 017 20.06 0.94

9 9.9 20.18 0.05 0.22

10 9.1 021 0.20 20.09

11 48 -0.07 0.05 0.03

12 14.9 -0.44 -0.50 011

13 1.0 20.02 20.04 :0.04
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Table 5.3: Mean proportion of simulated Pacific ocean perch larvae settling successfully in each
settlement region (where settlers consist of any simulated larvae settling in the 0-150 m depth
range) and PC loadings from a Principal Components Analysis of the proportion of simulated
arrowtooth flounder larvae that settle successfully in each of 13 settlement regions by year
(1996:2011). Proportion of variance explained by first principal component is indicated.
Loadings over 0.1 are highlighted in bold.

Area = Mean (%) (F;go /;L )
1 0.4 -0.01
2 2.6 -0.04
3 3.5 -0.02
4 8.1 0.19
5 15.0 0.39
6 27.0 0.87
7 10.0 0.18
8 8.4 0.03
9 8.8 0.08

10 7.2 0.06
11 1.9 0.01
12 53 0.01
13 1.8 0.04
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Table 5.4: Mean proportion of simulated Pacific cod larvae settling successfully in each settlement region
(where settlers consist of any simulated larvae settling in the 0-70 m depth range) and PC
loadings from a Principal Components Analysis of the proportion of simulated arrowtooth
flounder larvae that settle successfully in each of 13 settlement regions by year (1996:2011).
Proportion of variance explained by first principal component is indicated. Loadingswhose
absolute value exceeds 0.1 are highlighted in bold.

Area | Mean (%) (Z?CO/:OL) (3000/5) (igfyf)
101 0.1 0.0 0.03 0.06
102 42 0.76 0.48 0.15
103 33 0.01 10.16 0.04
104 3.7 0.03 0.11 0.32
105 6.0 0.03 0.15 0.60
106 9.8 0.41 0.04 0.32
107 6.1 0.12 012 031
108 6.3 0.11 0.02 20.06
109 73 0.02 0.20 -0.50
110 71 0.03 0.27 -0.20
111 47 0.05 0.02 20.09
112 11.0 0.47 0.76 0.11
113 3.7 0.02 0.02 0.04
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Figure 5.1: Conceptual diagram of connectivity analysis linking model-derived indices of connectivity to
recruitment variability. See text for details.
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to the 12 regions and reflect correlations between fractions in a given region and the principal
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Figure 5.7: Scatterplot of log-transformed recruitment against overall simulated settlement success, 1996-
2011, with best linear fit (F = 4.86, p = 0.045, R? = 25.8%) and 95% confidence bands. Note high-
leverage point in lower left, corresponding to a near complete recruitment failure in 2011.
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Figure 5.8: Spawning and nursery areas used for arrowtooth flounder simulations. From Stockhausen et
al. (in review).
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Figure 5.9: Fraction of simulated arrowtooth flounder larvae that are in one of the settlement regions (50-
150 m depth strata) at the end of the larval simulation period.
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Figure 5.10: Range of probabilities of successful settlement of arrowtooth flounder larvae by spawning
area (top) and by nursery area (bottom, defined as 50-150 m depth range) , based on simulated drift
patterns for years 1996-2011. Nursery area 13 (Cook Inlet, probabilities: 0 to 0.007) is not shown.
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Figure 5.11: Biplot of first two principal components from PCA of 13 time series of the fractions of

particles released that “settle” in intermediate depth range (50-150m) by year and area. Arrows and
numbers refer to the 13 areas and reflect correlations between fractions in a given area and PC1/2.

128



~

2

;.}: L L

= 68

= s (@ o |

j

@

£ 66

]

c

@

E 64

>

S

G

O

X 62

S

—_ _ml II ] I 1l II II ] II ] III IIIIIII ] IIIIII

3 4 5 6 7 0.10 0.15 0.20

Ratio: downstream / upstream Fraction in area 8 (NE Kodiak)

of Amatuli Trough

Figure 5.12: Partial fits based on regression of log-recruitment of arrowtooth flounder on (a) the ratio of
settlement downstream and upstream of Amatuli Trough and (b) the fraction of settlement in area 8
corresponding to Northeast Kodiak with linear model fits (R =74% , F = 16.1, p < 0.001) and 95%
confidence bands.

0.8

0.6

Fraction settling
0.4

0.2

0.0

1996 1998 2000 2002 2004 2006 2008 2010

Figure 5.13: Fraction of simulated Pacific ocean perch larvae that settle in one of the settlement areas (0-
150 m depth range) at the end of the larval simulation period.
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Figure 5.14: Range of probabilities of successful settlement of Pacific ocean perch larvae by spawning
area (top) and by nursery area (bottom, defined as 50-150 m depth range), based on simulated drift
patterns for years 1996-2011. Nursery area 13 (Cook Inlet, probabilities: 0 to 0.007) is not shown.

130



55 7

4.5 7

log-recruitment

3.5

Ratio
Figure 5.15: Relationship between log-recruitment of Pacific ocean perch and the ratio of settlement

upstream of and around Kodiak Island (areas 4-9) to fraction settling downstream of Kodiak Island (areas
10-12) with linear model fit (R? = 0.36, F = 8.0, p = 0.013) and 95% confidence band.
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Figure 5.16: Source and sink areas used for analysis of Pacific cod connectivity.
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Figure 5.17: Range of probabilities of successful settlement of Pacific cod larvae by spawning area for
shallow (0-70 m, top) and deeper (70-200m) spawning areas, based on simulated drift patterns in 1996-
2011. Spawning area 113 is in Cook Inlet (Figure 5.16).
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Figure 5.18: Range of probabilities of successful settlement of Pacific cod larvae by nursery area for
shallow (0-70 m, top) and deeper (70-200m) nursery areas, based on simulated drift patterns in 1996-
2011. Nursery area 113 is in Cook Inlet (see Figure 5.16).
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Figure 5.19: Relationship between log-recruitment of Pacific cod and (a) the third PC from a PCA of
settlement patterns by year (R? = 0.36, p = 0.014) and (b) the ratio of settlement in areas upstream (104-
105) or downstream (112) of Kodiak relative to areas around Kodiak (R? = 0.29, p = 0.032).
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CHAPTER 6 - TRENDS IN ABUNDANCE AND DIVERSITY OF THE GROUNDFISH
COMMUNITY IN THE COASTAL GULF OF ALASKA

This chapter was submitted in two parts to the Ecosystem Considerations section of the Stock Assessment
and Fisheries Evaluation report in collaboration with Bob Lauth (AFSC, NOPAA, Seattle) in August
2012 (Zador and Gaichas 2012). Both parts were updated in August 2014 (Zador, 2014) and August 2016
(Zador, in prep).

The results presented here, combined with zoogeographic analyses of groundfish and longline survey
data are also being prepared for submission as Mueter, F.J., J.N. Waite, and S.K. Shotwell. The
zoogeography of groundfish communities in the coastal Gulf of Alaska.

Introduction

Variability in the overall abundance and diversity of the fish community is of interest to fisheries
managers as it may indicate changes in the overall carrying capacity (abundance), and change in the
overall structure and stability (diversity) of the GOA ecosystem. We have therefore reported trends in
these indicators for several years to the North Pacific Fisheries Management Council as part of the
Ecosystem Considerations chapter of the annual stock assessment reports. We report several measures of
overall variability in the groundfish community based on bottom trawl survey data. First, we provide a
measure of the overall catch-per-unit-effort (CPUE) of benthic, demersal, and semi-demersal fish and
invertebrate species on the GOA shelf. Second, we provide indices of local species richness and diversity
across these species. Measures were aggregated (CPUE) or averaged (richness, diversity) within the
eastern and western GOA, respectively, to compare trends between these two regions.

Methods

We obtained catch-per-unit-effort (CPUE in kg ha?) of fish and major invertebrate taxa for each
successful haul completed during standardized bottom trawl surveys on the GOA shelf from 1993 to
2015. Total CPUE for each haul was computed as the sum of the CPUEs of all fish and invertebrate taxa.
To obtain an index of average CPUE by year, we modeled log-transformed total CPUE (N = 6333 and
1561 hauls in the western and eastern GoA, respectively) as smooth functions of depth, alongshore
distance and sampling stratum with year-specific intercepts using Generalized Additive Models following
Mueter & Norcross (2002). Hauls were weighted based on the area represented by each stratum. To avoid
biases due to gear and vessel issues, data prior to the 1993 survey was not included in the analysis.
Average spatial patterns were mapped for the five GOAIERP focal species.

To assess species richness and diversity, we computed the average number of fish and major
invertebrate taxa per haul (richness) and the average Shannon index of diversity (Magurran 1988) by haul
based on CPUE (by weight) of each taxon. Indices for the Gulf of Alaska were based on 76 fish and
common invertebrate taxa that have been consistently identified since the early 1990s. Indices were
computed following Mueter & Norcross (2002). Annual average indices of local richness and diversity
were estimated by first computing each index on a per-haul basis, then estimating annual averages with
confidence intervals across the survey area using a Generalized Additive Model that accounted for the
effects of variability in geographic location (latitude/longitude) and depth. Year-specific intercepts were
included to obtain annual means. In addition to trends in the indices over time, we mapped average spatial
patterns for species richness and diversity across the survey region.

Results

Total log(CPUE) in the western GoA varied over time with lowest abundances estimated to have
occurred in 1999 and 2001, but with no significant trend from 1993 to 2015. CPUE in the eastern GoA
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significantly increased over time (Figure 6.1, Simple linear regression, t=3.102, p=0.0146). Spatial
patterns in the five focal species show high spatial variability and large differences between the eastern
and western GOA (Figure 6.2). The survey is limited to the shelf regions above approximately 400 m and
does not adequately sample sablefish because most large sablefish live deeper along the slope Wilkins
and Saunders (1997). ...

Richness and diversity were generally higher in the eastern GOA than in the western GOA with,
on average, 2-3 additional species per haul in the east (Figure 6.3). Richness has been relatively stable in
the western GOA with relatively low richness in recent years. Local species richness in the eastern Gulf
increased substantially in 2013, but declined again in 2015. Diversity in the eastern GOA has been
declining since 2007 (Figure 6.3). Both richness and diversity tend to be highest along the shelf break and
slope (Figure 6.4), with richness peaking at or just below the shelf break (200-300m), and diversity
peaking deeper on the slope, as well as in shallow water (< 100m).

Discussion and Conclusions

Commercially harvested species account for over 70% of survey catches. Fishing is expected to
be a major factor determining trends in survey CPUE, but environmental variability is likely to account
for a substantial proportion of the observed variability in CPUE through variations in recruitment, growth,
and distribution. Increases in CPUE in the GoA between 1999/2001 and 2003 were largely due to a
substantial increase in the abundance of arrowtooth flounder, which accounted for 43% of the total survey
biomass in 2003 in the western GOA. The significant increase in total CPUE in the eastern GoA was
associated with increases in arrowtooth flounder, several rockfish species, Pacific hake, and spriny
dogfish. This indicator can help address concerns about maintaining adequate prey for upper trophic level
species and other ecosystem components. Relatively stable or increasing trends in the total biomass of
demersal fish and invertebrates, together with a relatively constant size composition of commercial
species, suggest that the prey base has remained stable or has increased over recent decades.

Local richness and diversity reflect changes in the spatial distribution, abundance and species
composition that may be caused by fishing, environmental variability, or climate change. If species are,
on average, more widely distributed in the sampling area the number of species per haul increases. Local
species diversity is a function both of how many species are caught in a haul and how evenly CPUE is
distributed among these species, hence time trends and spatial patterns in species diversity differ from
those in species richness. Diversity typically increases with species richness and decreases when the
abundance of dominant species increases. For example, the decreasing trend in diversity in the eastern
GOA since 2007 appears to be due to an increase in the abundance and dominance of a few species,
including arrowtooth flounder, walleye pollock and Pacific ocean perch. The unusual increase in local
species richness in the eastern GOA in 2013 appears to have resulted from increased catches of a number
of fish and invertebrate species, including walleye pollock, several Sebastes species, skates, grenadiers,
sea stars and others. There is evidence from many systems that diversity is associated with ecosystem
stability, which depends on differential responses to environmental variability by different species or
functional groups (e.g. McCann 2000). To our knowledge, such a link has not been established for marine
fish communities but richness and diversity are useful measures to monitor whether rare species decline
or disappear from the region, whether new species enter the region, and whether previously rare species
become more widespread.
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Figure 6.1: Model-based estimates of total log(CPUE) for major fish and invertebrate taxa captured in
bottom trawl surveys from in the western Gulf of Alaska (west of 147° W) by survey year with
approximate 95% confidence intervals. Estimates were adjusted for differences in depth and sampling
locations (alongshore distance) among years. Linear trend in eastern GOA based on least squares
regression (t = 3.102, p = 0.0146).
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Figure 6.2. Predicted mean CPUE”"0.25 based on GAM models for the five focal species: sablefish,
Pacific ocean perch, walleye pollock, Pacific cod, and arrowtooth flounder.
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Figure 6.3: Model-based annual averages of species richness (average number of species per haul, top
panels) and species diversity (Shannon index, bottom panels), 1993-2013, for the western (left) and
eastern (right) Gulf of Alaska based on 76 fish and invertebrate taxa collected by standard bottom trawl
surveys with 95% pointwise confidence intervals. Model means were adjusted for differences in depth,
date of sampling, and geographic location.
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GENERAL DISCUSSION

This discussion provides a brief synthesis of the overall results of the retrospective analyses in the
context of addressing the core hypotheses and the objectives of the different components. The discussion
focuses on retrospective analyses conducted under the UTL and LTL components as other retrospective
analyses have been reported by the modeling and MTL groups.

Data compilation

A major goal of the retrospective group, and part of the justification for forming the group, was to
compile relevant datasets and make these data sources, historical information and derived indices
available to other project Pls and other groups. Therefore the group made contributions to many of the
analyses and results reported in each of the component reports. Some of the key results from those
analyses are discussed and referenced here in the context of the more targeted retrospective analyses
presented in Chapters 1-6 and the overall goals of the program. In addition to these results, the
retrospective group contributed to a number of studies by sharing expertise, datasets and indicators with
other researches as detailed in the extensive Collaborations section.

Spatial comparisons

One of the three primary project hypotheses was that the physical and biological mechanisms that
determine annual survival of juvenile groundfishes and forage fishes differ between the eastern and
western GOA regions. To address this hypothesis, we set out to quantify the importance, timing and
magnitude of the climactic and oceanographic mechanisms that control ocean conditions in the eastern
and western Gulf of Alaska regions. As expected, spatial analyses of representative datasets of both
environmental conditions and biological measures of abundance did indeed show pronounced differences
between the eastern and western Gulf of Alaska (Chapter 2). Our results suggest out-of-phase fluctuations
in several climatic and oceanographic variables and a pronounced faunal breakpoint between these two
regions. These sharp biological gradients were associated with and likely caused by similar but weaker
discontinuities in oceanographic conditions, which ultimately may be linked to how the topography of the
region interacts with winds and alongshore currents.

Although we found obvious discontinuities in climatic and oceanographic conditions, the
dominant signals in each of the abiotic variables we examined were generally associated with consistent
gulf-wide anomalies. For example, 8-day anomalies in Photosynthetically Active Radiation (PAR), Sea-
Surface Temperature (SST) and Sea-Surface Salinity (SSS) each showed gulf-wide, coherent signals,
such that warm years or years with larger discharge were associated with positive anomalies throughout
the coastal GOA. However, the second mode of variability in 8-day anomalies of each of these variables
showed an out-of phase spatial pattern between the eastern and central GOA with a dividing line near
145°W to 148.0°W. This implies that, relative to the Gulf-wide anomalies captured in the first EOF mode,
periods of positive anomalies in the eastern GOA are associated with periods of negative anomalies in the
western GOA and vice versa.

Similar discontinuities were evident in several biological datasets that had sufficient data to
compare the eastern and western GOA. Variability at the base of the food chain, as indexed by chl-a
showed similar patterns to the abiotic indices, with dominant gulf-wide positive or negative anomalies
(EOF mode 1) and a second mode of variability characterized by opposite patterns and a distinct
breakpoint between the eastern and western GOA. While other biological time series were not suitable to
quantify temporal patterns of variability across space, both the mean density of groundfish and the
diversity and species composition of the groundfish community showed a strong discontinuity that closely
coincided with the observed physical discontinuities.

The transition zone in all of the variables examined generally occurred between about 145°W and
150°W in the northcentral GOA (Chapter 2). The cause for the faunal discontinuity is not fully
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understood but it coincides with several
obvious physical and oceanographic

changes. First, the shelf broadens

considerably from less than 70 km width

near 145°W to nearly 180km at 148°W.

Second, the major offshore current, a 58,0%)
portion of the subarctic gyre circulation,
changes from a broad and relatively
sluggish eastern boundary current
(Alaska Current) to a narrower, more
intense western boundary current
(Alaska Stream). Third, the large-scale
winds, combined with a change in the
angle of the coastline result in upwelling

conditions for much of the year west of _ =" RS s BN
148°W, whereas the eastern GOA is Figure 7.1: Model-estimated, long-term (1969-2005) mean

strongly dominated by downwelling velocities in the surface layer (0-50m) along the 1000m
conditions throughout the year (Chapter ~ isobaths in the Gulf of Alaska. Line denotes change from

2). Therefore, onshore Ekman transport onshelf transport in the East to offshelf transport in the West.
is dominates throughout the year in the Figure courtesy of Al Hermann, JISAO, Univ. Washington.

eastern GOA, whereas offshelf Ekman

transport is much more prevalent in the western GOA. While data are lacking to directly measure
differences in cross-shelf Ekman transport, ahigh-resolution ocean-circulation model suggests that onshelf
transport on average prevails in the upper 50m east of about 148°W while the opposite pattern holds to the
West (Figure 7.1).

Differences in upwelling conditions are likely to affect biological processes in at least two
important ways. First, upwelling or relaxed downwelling conditions are likely to enhance productivity on
the shelf. We provide evidence in Chapter 1 that variability in chl-a concentrations in the eastern GOA
can at least in part be explained by variations in upwelling, where higher chl-a concentrations follow
periods of upwelling with a lag of approximately one week. Similarly, stronger upwelling or more
frequent periods of upwelling in the western GOA likely contributes to greater overall productivity in the
west (Chapter 1). Second, Ekman transport associated with upwelling affects the transport of eggs and
larvae in surface waters and is particularly important for species whose early stages occur in surface
waters beyond the shelf break, such as Pacific ocean perch and sablefish. However, we found weak
evidence that recruitment in either of these species is linked to strong upwelling during the vulnerable
early life stages, although downwelling-favorable winds in late spring were associated with enhanced
recruitment of Pacific ocean perch (Chapter 3). Contrary to expectations, sablefish recruitment was
negatively related to the magnitude of downwelling in summer. Nevertheless, flow patterns that favor the
transport of larvae across the shelf to nearshore nursery areas were associated with higher recruitment of
sablefish (Chapter 5).

In summary, our results from analyzing a wide range of spatially explicit datasets for the Gulf of
Alaska, including climatic, oceanographic and biological measures, were consistent with the hypothesis
that the processes driving biological variability in these regions are distinct to each region, as evident in
distinct patterns of variability in the eastern and central GOA, respectively. Although much of the
variability in PAR, SST, SSS, and chl-a was associated with consistent anomalies in mean conditions
across the entire study region, we documented a second mode of variability that reflects an out-of-phase
pattern in variability of all of these variables examined between the eastern and western GOA, a
pronounced contrast in upwelling variability between the two regions and large differences in the
abundance and diversity of groundfish communities. Specifically, we confirmed previous results showing
that the eastern GOA is characterized by larger groundfish species diversity, lower abundances and less
variability in abundance (Chapter 6). These differences were associated with similar differences in the
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variability of lower trophic level conditions, suggesting that more variable production (chl-a) was
associated with a higher variability in the abundance of fishes. Potential drivers of variability in each
region are discussed in the next section.

Temporal variability in phytoplankton relative to atmospheric and oceanographic forcing

Time series analyses of large-scale (basin-wide) and regional-scale (GOA shelf) variability in
atmospheric (winds, sea-level pressure, solar irradiance) and oceanographic conditions (temperature,
salinity, currents, sea-surface height, nutrients) revealed strong seasonal and interannual variability
(Chapter 1). Superimposed on these seasonal and longer-term trends are event-scale anomalies that are
likely driven by local to regional anomalies related to the passage of storms, including upwelling
(Chapters 1 and 3; Wilson and Overland, 1986), wind mixing (Wilson and Overland, 1986), gap winds
(Ladd and Cheng, in press; Ladd et al., in press; Wilson and Overland, 1986) and freshwater discharge
(Royer, 1982; Royer et al., 2001). These anomalies partially explain variability in lower trophic level
production as evident in their effect on chl-a concentrations (Chapter 1). Specifically, coast-wide annual
chl-a anomalies were positive in years with elevated PAR, low SST and weaker downwelling-favorable
winds, conditions that are indicative of reduced cyclonic circulation associated with a weak Aleutian Low
(Overland et al., 1999; Stabeno et al., 2004). If chl-a concentrations in the coastal GOA reflect
productivity, these results are contrary to the prevailing view that strong cyclonic circulation enhances
productivity in the GOA (Mundy et al. . The apparent negative effect of strong cyclonic circulation in the
GOA on chl-a levels was further supported by negative relationships between elevated sea levels and
coast-wide chl-a in both the spring and, more strongly, in the fall (Chapter 1).

The coast-wide patterns mask significant regional differences in chl-a variability that likely
reflect different mechanisms driving variability in different regions. Variability differed among four
distinct and spatially contiguous regions: the eastern GOA, a central off-shelf region, the western on-shelf
region and the western off-shelf region (Chapter 1). These regions differed in the timing and magnitude of
the spring and fall blooms and chl-a anomalies in each region were related to different combinations of
environmental variables. A common pattern across most regions during both the spring and fall was a
positive linear relationship between chl-a levels and the availability of light (PAR), consistent with
observations that phytoplankton in the GOA are often light-limited (Strom et al., in press; Strom et al.,
2010). Other drivers varied considerably among regions.

The eastern GOA, in spite of being a downwelling-dominated system has characteristics of an
upwelling system where positive upwelling anomalies (corresponding to reduced downwelling or weak
upwelling) and cooler nearshore waters are associated with enhanced chl-a concentrations in the spring at
a lag of about one to two weeks. Although upwelling did not have a significant effect in the fall, reduced
sea levels along the coast, consistent with reduced downwelling, were associated with increased chl-a
concentrations. We did not find evidence of a link between chl-a in the eastern GOA and freshwater
discharge, thus the volume of discharge may not be limiting production, in spite of the apparent
importance of iron-rich freshwater in supporting the spring bloom (Strom et al., in press). The western
shelf region encompasses the broad continental shelf from Prince William Sound in the east to the end of
the Alaska Peninsula and includes numerous gullies and banks around the Kodiak archipelago. Certain
topographic features in this region are consistently associated with enhanced chl-a levels, such as the
shallow banks east and northeast of Kodiak. Mechanisms driving variability across this large region are
unlikely to be captured by simple region-wide indices, but our results suggest that, in addition to PAR,
variability in surface temperatures and discharge contribute to the observed variability in chl-a. Strong
freshwater discharge appears to reduce mean chl-a levels, particularly in the fall. This may be a result of
enhanced stratification in the nearshore region, which can either limit chl-a production by preventing the
mixing of deeper, nutrient-rich waters into the surface layer (Gargett, 1997), or produce a deep chl-a
maximum that satellites cannot detect (Ladd et al., 2005). Spring chl-a was positively related to SST in
the western regions only, possibly reflecting the importance of thermal stratification over the outer shelf
and slope during spring, which helps stabilize the water column and allows the spring bloom to develop.
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Figure 7.2: Chlorophyll-a time series for the western and eastern Gulf The pattern in the western
of Alaska, comparing 2011 with the 2002-2010 mean. High spring-time s A was similar to
Chlorophyll-a in the western GOA was primarily due to high previous years, although the
concentrations in the offshelf region, while concentrations on the shelf spring and fall blooms
were anomalously low. began and ended earlier

than usual. The apparent early spring bloom was due primarily to unusually high chl-a concentrations in
the off-shelf waters, while concentrations on the shelf were slightly lower than usual compared to the
2002 — 2010 mean. Chlorophyll-a concentrations in the eastern GOA were low throughout the year, but
were particularly low during spring, which lacked an apparent spring bloom in 2011 (Figure 7.2). These
low satellite-derived estimates of chl-a were consistent with low field-based estimates of chl-a and
primary production in 2011 (Strom et al., in press). In contrast to 2011, conditions in the spring of 2013
were more typical of an average year (Strom et al., in press).

Analyses of interannual variability of seasonally averaged indices relative to large-scale and
reginal-scale environmental drivers (not shown) also confirmed that 2011 was an obvious outlier, both in
terms of environmental conditions and chl-a variability. In particular, 2011 was characterized by a high
Southern Oscillation Index, a low Pacific Decadal Oscillation, high winter freshwater discharge followed
by low spring freshwater discharge, and low upwelling, as well as higher than normal spring-time chl-a
concentrations in the western offshelf region, and lower than normal concentrations in the east and on the
western shelf. Canonical correspondence analyses relating variability in large-scale environmental
conditions to regional chlorophyll trends suggested that chlorophyll anomalies were primarily correlated
with high freshwater discharge during the previous winter.

Interannual and seasonal variability in larval abundances

Based on historical surveys of fish eggs and larvae in the western Gulf of Alaska, we quantified
interannual variability in abundance and determined the phenology and exposure profiles for the five
focal groundfish species (Chapter 4). Variability in larval abundances of a given species were weakly
correlated with subsequent recruitment, but common patterns in recruitment of species with similar life
history were evident. New information regarding the early ontogeny of the five focal species from both
field observations and retrospective analyses were also incorporated into species specific life history
profiles that were developed for each species (Moss et al., 2016).

Based on both historical samples and the field sampling conducted in the eastern GOA during this
study, evidence of spawning activity and larval abundances suggest that early life stages of Pacific cod
and walleye pollock were generally more prominent in the western GOA, while those of sablefish and
rockfish species were more prominent in the east (Chapter 4, Siddon et al. in review). Arrowtooth
flounder larvae have primarily been collected along the slope and near canyon and troughs and may be
more abundant in either the eastern GOA (2013) or the western GOA (2011) (Siddon et al. in review).
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Based on historical sampling in the western GOA, we found distinct differences in the timing and
distribution of “hot-spots” in larval abundance that were unique to each species and reflected their
prevailing spawning and larval habitats. We identified cross-shelf larval transport pathways for the deep
water spawners (arrowtooth flounder, sablefish, and rockfish i.e. Sebastes spp.) that were associated with
troughs and gullies along the continental slope, particularly Amatuli trough to the northeast of Kodiak
Island and outer Shelikof sea valley to the southwest. These regions, in particular Amatuli trough, also
emerged as potentially important areas in the analysis of recruitment variability relative to connectivity
(Chapter 5, Gibson et al. 2016).

Larval abundances during late spring from 1981through 2009 differed considerably among years
but showed some common trends among species with similar pelagic exposure profiles. Most notably, a
high degree of synchrony in the time-series is observed for the late winter and shelf spawning Pacific cod
and walleye pollock, as well as northern rock sole (Chapter 4). Correlations between larval abundances

Figure 7.3: Conceptual schematic representing early life history
schedules for (a) Arrowtooth Flounder, (b) Sablefish, (c)
Walleye Pollock, (d) Pacific Cod, and (e¢) Rockfish based on
historical survey data by the EcoFOCI program in the GOA, and
published information. Schedules are aligned with GOA pelagic
ecosystem climatology (lower panel), represented by water
column temperature (Stabeno et al., 2004), phyto-plankton
production based on chlorophyll data (Waite and Mueter, 2013),
and copepod nauplii abundance on the shelf (Coyle and
Pinchuk, 2003; Coyle and Pinchuk, 2005) and in the oceanic
zone for Neocalanus spp. (Coyle et al., 2013; Miller and
Clemons, 1988). Spacing of fish eggs and larvae in the upper
panel represents a range from relatively high density (closest
spacing) to scarcity (farthest spacing) in the plankton. Extent of
juvenile presence illustrated here reflects occurrence from
selective and limited sampling, and not varying levels of
abundance in the pelagic environment, which is largely
unknown except for Walleye Pollock.

146

and recruitment of the same species
were generally weak, with the
exception of a moderate correlation
between the Pacific cod recruitment
index and the larval time series (r =
0.44, p = 0.034). Given these poor
correlations, larval indices alone are
not good predictors of subsequent
year-class strength. This is
consistent with recent findings for
walleye pollock from the Bering
Sea that year-class strength is
determined later in the year and that
the late summer and fall period are
critical to year-class success
(Heintz et al., 2013; Hunt et al.,
2011; Mueter et al., 2011). There
are no regular fall surveys in the
GOA, therefore this project used
models to integrate processes
relating to transport over the first
spring and summer until larvae are
ready to settle into nursery areas
(Gibson et al., 2015), developed
indices of connectivity from these
models, and related these indices to
recruitment (Chapter 5).

Seasonal variability in egg
and larval abundances reflects the
life history strategies employed by
each species to maximize survival.
These life history adaptations may
confer resilience or vulnerability to
the planktonic phase of life,
depending on variability in the
environment relative to long-term
prevailing conditions. All species
occur as pelagic juveniles during
summer months when water



temperatures are on the increase to a maximum in September, and when zooplankton abundance as
represented by copepod species is at an annual peak (Figure 7.3, Chapter 4). The greatest differentiation
in pelagic early life history occurs during the egg and larval stages. Demersal eggs for Pacific cod, and
viviparity for rockfish species reduces and removes, respectively, exposure to the pelagic environment
during embryonic development. In contrast, egg development for arrowtooth flounder, sablefish, and
walleye pollock takes place at depth in the water column during the coldest months of the year, January
through April. Larvae of arrowtooth flounder are at peak abundance during January through early March,
when phytoplankton production and shelf-based zooplankton abundances, as represented by copepod
nauplii, are at their lowest levels. Peak densities of these larvae in deep water over the slope during winter
are synchronized, however, with reproduction of certain species of oceanic copepods such as Neocalanus
species that are later transported onto the shelf as nauplii and early copepodite stages (Coyle et al., 2013).
In contrast, peak densities of rockfish larvae are associated with rapidly warming water, the annual peak
in phytoplankton production, and the early spring rise in abundance of shelf-based copepod nauplii. For
sablefish, walleye pollock and Pacific cod larvae, the peak abundance period coincides with coldest water
temperatures, minimum to maximum levels of phytoplankton production, and low to moderately high
levels of copepod nauplii abundance on the shelf. The duration of the larval period from hatching to
settlement ranges from a minimum of approximately three months for Pacific cod to a maximum extent of
nine months for arrowtooth flounder. These different larval durations result in a highly variable period of
exposure to the pelagic environment, and in the associated range of conditions encountered such as water
temperature and larval food availability (Figure 7.3). The processes affecting survival during this period
remain poorly understood, but are at least partially related to the transport processes that determine
settlement success (Gibson et al., 2015). While time series of growth conditions are lacking to conduct a
formal analysis, bioenergetic modeling informed by field observations suggests that pollock are more
affected by bottom up processes that regulate temperature and food quality while Pacific cod appear to be
more responsive to factors associated with predator avoidance (Zaleski et al., in review).

Recruitment of focal fish species

Modeling connectivity patterns for four of the focal species relative to recruitment variability
from 1996-2011 showed that simple transport-based indices were able to explain between 26% and 74%
of the variability in log-transformed recruitment of the four species. While the time series are short, our
unified modeling framework across species reduced the chances of identifying spurious relationships;
therefore, our indices, when combined with other indicators of year-class strength, may provide useful
predictors of recruitment. The indices that were significantly related to recruitment generally had a
biologically reasonable interpretation and the observed relationships suggest that variability in
connectivity affects recruitment of the four species in the following ways, consistent with results in
Gibson et al. (2015):

e Sablefish recruitment was related to an index of overall settlement success, suggesting that
recruitment is enhanced when conditions favor onshelf transport of surface waters towards shallow
nearshore areas.

e Recruitment of arrowtooth flounder was enhanced when a higher proportion of simulated larvae were
transported towards nursery areas in the western Gulf of Alaska around Kodiak Island and in
particularly when a high proportion of simulated larvae settle in area 8 on the northeast end of Kodiak
Island.

e Exploratory analyses for Pacific ocean perch suggested that their recruitment was enhanced when
circulation patterns retain larvae around Kodiak Island rather than transporting them further
downstream. This result should be interpreted with caution as they were based on a more subjective
index based on patterns in PCA loadings, while relationships with the PCs themselves were not
statistically significant.
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e Pacific cod recruitment is enhanced when circulation patterns favor settlement just upstream and just
downstream of the Kodiak area and less settlement around Kodiak Island. The results in particular
support the importance of the West Shumagins as a nursery area

The connectivity patterns that emerged as possibly important to recruitment success reflect the
different pathways that larvae of each species depend on to reach their respective nursery areas. Sablefish
have neustonic larvae that are often found off the shelf (Chapter 4; Kendall and Matarese, 1987; Siddon et
al., in review; Wing and Kamikawa, 1995) and the most critical challenge may be for a sufficient number
of larvae and juveniles to be transported onto and then across the shelf towards nearshore nursery areas.
Hence the positive relationship between recruitment and modeled settlement success in the nearshore is
plausible. A strong relationship between connectivity patterns and recruitment of arrowtooth flounder
suggests that Kodiak Island is an important settlement area. In particular, conditions that favor transport
towards the north end of Kodiak Island appear to be favorable for recruitment, consistent with
observations of juvenile arrowtooth flounder in the deeper reaches of exposed bays in this area (Norcross,
1993). Our results were inconclusive for Pacific ocean perch, although we found evidence that enhanced
settlement around Kodiak Island - as opposed to areas downstream of Kodiak - is conducive to good
recruitment. The weak relationships between the regional-scale indicators of connectivity and recruitment
may be due to the importance of more local-scale drivers because larval dispersal is limited to relatively
small geographic scales (Kamin et al., 2013; Palof et al., 2011). In contrast to arrowtooth flounder and
Pacific ocean perch, strong Pacific cod recruitment was not associated with enhanced settlement around
Kodiak Island. The bays around Kodiak Island clearly provide suitable nursery areas for Pacific cod
(Abookire et al., 2006; Laurel et al., 2009), but our results suggested areas upstream and/or downstream
of Kodiak Island to be potentially important as well or perhaps more important (Chapter 5, Hinckley et
al., in review).

The results of these connectivity analyses and those in Gibson et al. (2015) provide insights into
potentially important pathways for larvae of the focal species to reach suitable nursery areas and factors
that may contribute to variability in recruitment success. However, the connectivity indices alone had
limited predictive power for recruitment and will have to be further refined or combined with other
indices to be used within the stock assessment to improve estimates of year class strength and future
abundances.

Groundfish community: trends in abundance and diversity

Variations in the abundance of the five focal species are a result of variability in recruitment,
growth and fishing. Changes in biomass generally lag variations in recruitment by several years and the
relative effects of environmental variability and fishing are difficult to untangle. Moreover, abundances
vary due to species interactions, which themselves may be impacted by environmental factors. Given
these complexities, overall community-level characteristics such as total groundfish abundance as a
measure of carrying capacity and the average number of species as a measure of diversity provide useful
metrics to monitor the status of groundfish communities over time. Our analyses suggest that overall
abundances, in spite of large increases in arrowtooth flounder abundance and large fluctuations in other
species, has remained stable in the western GOA but has increased in the eastern GOA. The increase in
the eastern GOA was associated with a decrease in diversity, but not in average species richness,
suggesting an increase in the dominance of some of the species showing an increase in this region, such
as arrowtooth flounder, walleye pollock and Pacific ocean perch.

Conclusions
Retrospective analyses of spatial and temporal patterns along the GOA shelf have contributed to
our understanding that this coastal large marine ecosystem, although featuring nearly continuous

alongshore currents and strong connectivity between the eastern and western regions, is characterized by
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a pronounced faunal break in the northcentral GOA associated with climatic and oceanographic
discontinuities that likely arise from interactions of the topography of the region with winds and currents.
Broadly distributed marine species in the region, including the five focal groundfish species, have life
histories that exploit both the continuity and the differences between the eastern and western regions.
Slope-spawning species like sablefish and arrowtooth flounder likely release their offspring upstream of
the productive shelf regions in the western GOA and utilize alongshore currents for egg and larval
transport, while at the same time exploiting discontinuities along the shelf and slope to facilitate cross-
shelf transport onto the shelf towards suitable nursery areas.

Patterns of egg and larval abundances on the shelf greatly improved our understanding of the
phenology and spatial distribution of the early life stages of the five focal species and supported the
importance of advective processes for successful settlement. However, interannual variations in spring-
time larval abundances were poor predictors of subsequent recruitment in most cases. The lack of
significant relationships between the early larval stages and ultimate recruitment success (typically at age
2 or 3) suggests that much of the larval mortality occurs after the spring. Processes occurring during the
later stages of the ‘gauntlet’ from offshore spawning to nearshore settlement are likely to be important to
recruitment. Moreover, the coastal GOA is a highly advective environment, hence processes related to
larval transport mechanisms are of particular interest. Indices of connectivity between potential spawning
areas and juvenile nursery areas that integrate advective processes over the early life history stages did
indeed hold some predictive power for recruitment strength. Incorporating these indices into stock
assessment, combined with other indicators that characterize conditions for feeding and growth on the
shelf, have the potential to improve recruitment estimates and forecasts of future abundances.
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APPLICATION TO FISHERIES MANAGEMENT

The National Marine Fisheries Service (NMFS) and the North Pacific Fishery Management
Council (NPFMC) manage marine fisheries in federal waters off Alaska and their habitats under the
Magnusson-Stevens Fishery Conservation and Management Act (MSA). A key element of the MSA is the
incorporation of ecosystem information into the management process in an attempt to move towards an
ecosystem-based approach to management (EBM). The integration of ecosystem information into the
stock assessment process is an essential part of marine conservation and management in the US and
around the world, and has long been an important part of fisheries management in Alaska (Witherell et
al., 2000). To succeed, EBM requires effective communication and coordination between stock
assessment and ecosystem assessment scientists. Results from relevant ecosystem research in Alaska is
communicated to stock assessment scientists and to the North Pacific Fishery Management Council
through documents prepared on an annual basis in the form of stock assessment and fishery evaluation
(SAFE) report for each fishery management plan (FMP).

A major focus of the GOAIERP project was a better understanding of the processes determining
recruitment in the five focal species. Pertinent results from the project can therefore directly and indirectly
inform the stock assessment and management of these species. Ecosystem considerations are incorporated
into the annual SAFE documents for the Gulf of Alaska in two ways. First, ecosystem status and trend
indicators are published as part the Ecosystem Considerations report for each of the large marine
ecosystems off Alaska (http://access.afsc.noaa.gov/reem/ecoweb/Index.php) and evaluated in a
comprehensive ecosystem assessment (Zador et al., 2015). Second, individual stock-specific SAFE
chapters include an ecosystem considerations section to assess the ecological factors that influence the
stock. This section provides relevant ecological context with the ultimate goal of including relevant
ecosystem data directly into the assessment model (Townsend et al., 2008).

The retrospective analyses have contributed to and continue to contribute to both of these
components of EBM in Alaska in several ways. Our analyses of east-west differences, combined with
analyses of connectivity by the modeling group, have provided a better understanding of the spatial
structure of the GOA ecosystem and how the five focal species have adapted their life histories to this
spatial structure. Results can inform our understanding of stock structure that forms the basis for
managing fish stocks and is regularly reviewed within the stock assessment process based on the best
available science. The oceanographic and overall faunal discontinuity at approximately 148 °W should be
evaluated in this context relative to existing management boundaries for individual species. For example,
for two of the five focal species, walleye pollock and Pacific Ocean perch, separate catch limits are
specified for the areas east and west of 140 °W, a division based on an existing trawl closure in the
eastern GOA, rather than a biological or oceanographic rational. Shelf-spawning Pacific cod are currently
managed as a single stock throughout the GOA, in spite of limited connectivity between the eastern and
western GOA (Hinckley et al., in review). In contrast to the shelf spawners, the slope spawners such as
arrowtooth flounder and Sablefish have populations that are strongly connected from east to west and
have life histories that are adapted to exploit the strong alongshore advection and cross-shelf exchange
mechanisms for transporting offspring to suitable nursery areas. This requires return migrations of
juvenile and adult fishes to upstream spawning locations and supports the need for spatially explicit stock
assessment models that account for such migrations to obtain improved estimates of abundances in
different areas and avoid local depletion of critical life stages. Such a model is currently under
development for sablefish (Terry Quinn 11, UAF, Juneau) and would also be useful to consider for
arrowtooth flounder given their similar early life history strategy (Chapter 4).

A second area where the retrospective analyses have informed management is through the
development of suitable ecosystem indicators for inclusion in the annual GOA ecosystem assessment. A
number of GOAIERP investigators have been consulted or involved in developing indicators for the
ecosystem assessment report and our results have highlighted the need to develop separate indicators for
the eastern and western/central GOA. The retrospective group also directly contributed to the ecosystem
assessment by contributing two sets of indicators on the abundance and diversity of groundfish stocks in
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the GOA to the annual Ecosystem Considerations report (Chapter 6). These indicators provide a long-
term context for the management of groundfish species by monitoring the status and trend of community-
level characteristics.

Third, species-specific analyses of recruitment variability and other species-specific information
can directly inform individual stock assessments through the recently updated framework for including
indicators of ecosystem change that are relevant to a particular stock (Shotwell et al. 2014). This
framework includes stock/species-specific profiles for each groundfish stock in the GOA. Our results
identified some correlates of recruitment strength for the focal species that can be further evaluated for
their utility in a stock assessment context. In particular, relatively simple measures of connectivity were
able to explain a significant proportion of the observed variability in recruitment in several focal species,
for example arrowtooth flounder. These relationships should be considered for incorporation in the
assessment to improve recruitment estimates and short-term projections of future biomass. However, the
connectivity indices alone were poor predictors of recruitment for the focal species, with the possible
exception of arrowtooth flounder, and will likely have to be further refined or combined with other
indices for use within the stock assessment. Because the observed relationships reflect biologically
plausible mechanisms that relate changes in the environment to recruitment, they can also be used to
evaluate the performance of management approaches in the context of long-term environmental
variability and climate change. Other retrospective results such as the pelagic exposure profiles of early
life history stages (Chapter 4) have contributed to the development of hypotheses regarding physical and
biological environmental variables that have yet to be tested as plausible predictors of early life history
aspects of recruitment variation.

Finally, new information on the early life history of the five focal species reveals vulnerabilities
of each species to environmental variations and climate change. This information has been incorporated
in a vulnerability assessment for all Alaska groundfish stocks that is currently being prepared by the
Alaska Fisheries Science Center. This assessment relies on expert opinion to rank the exposure and
vulnerability of different life stages of the target species, which includes the five GOAIERP focal species.
These vulnerability measures will be included in the stock/species profiles that are being prepared for the
stock-specific ecosystem considerations sections (see also Moss et al., 2016).
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PUBLICATIONS, PRESENTATIONS, AND COLLABORATIONS
Publications

Coffin, B., Mueter, F., 2015. Environmental covariates of sablefish (Anoplopoma fimbria) and Pacific
ocean perch (Sebastes alutus) recruitment in the Gulf of Alaska. Deep Sea Research Part 1l:
Topical Studies in Oceanography. http://dx.doi.org/10.1016/j.dsr2.2015.02.016

Doyle, M.J., Mier, K.L., in press. Early life history pelagic exposure profiles of selected commercially
important fish species in the Gulf of Alaska. Deep-Sea Research II.
http://dx.doi.org/10.1016/j.dsr2.2015.06.019

Waite, J.N., Mueter, F.J., 2013. Spatial and temporal variability of chlorophyll a concentrations in the
coastal Gulf of Alaska waters, 1998-2011, using cloud-free reconstructions of SeaWiFS and
MODIS data. Progress in Oceanography 116, 179-192.

Presentations

2010

o Geiger, G., Atkinson, S., and Carpenter, J. (2010) Evaluation of diet composition of free-ranging
pinnipeds. Poster presentation, Alaska Marine Science Symposium. Anchorage, AK. Jan. 18-22 2010.

o Doyle, M.J. and Mier K.M. Species life history patterns and early life ecology as indicators of
vulnerability and response of fish populations to climate change in the Gulf of Alaska. Oral
presentation at PICES Annual Meeting, October 22-31, 2010, Portland, OR, U.S.A.

o Doyle, M.J. A conceptual model of recruitment processes based on early life history exposure and
response to the pelagic environment. ECOFOCI seminar series, NOAA Alaska Fisheries Science
Center, Seattle, November 10, 2010

2011

e Geiger, G.L., Atkinson, S., Blundell, G.M., Carpenter, J.R., Wynne, K. (2011) Evaluation of diet
composition and plane of nutrition of free-ranging pinnipeds. Poster presentation, Alaska Marine
Science Symposium. Anchorage, AK. Jan. 16-21 2011.

e Geiger, G., Atkinson, S., Blundell, G.M., Carpenter, J.R., Waite, J., Wynne, K. (2011) Evaluation of
diet composition and plane of nutrition on free-ranging pinnipeds. Oral presentation, Alaska Fisheries
Society 15" Student Symposium. Juneau, AK. Apr 6 2001.

o Geiger, G., Atkinson, S., Blundell, G.M., Carpenter, J.R., Wynne, K. (2011) Evaluation of diet-
composition and plane of nutrition of free-ranging pinnipeds. Oral presentation, Kodiak Area Science
Symposium. April 9-12 2011.

o Doyle, M.J. and Mier, K.L. An early life history approach to understanding population responses to
environmental change among marine fish species. Oral presentation in special topic session on Life
History Variability in Marine Fish, at the American Fisheries Society 141st Annual Meeting, Seattle,
Sept. 7th, 2011.

e Doyle, M.J. and Mier, K.L. A multi-species synthesis approach to understanding early life history
aspects of recruitment dynamics in relation to environmental change. Oral presentation in Session H,
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Joint ICES/PICES Theme Session on Recruitment Processes: Early life history dynamics — from eggs
to juveniles, at the ICES Annual Science Meeting, Gdansk, Poland, September 19-23, 2011.

Geiger, G.L., Atkinson, S., Blundell, G.M., Carpenter, J.R., Waite, J., Wynne, K. (2011) Evaluation
of diet composition and plane of nutrition of free-ranging harbor seals (Phoca vitulina) from Tugidak
Island, Alaska. Poster presentation, 18" Biennial Conference of Marine Biology. Tampa, FL. Nov. 27
— Dec 2 2011.

2012

Waite, J.N., Mueter, F.J. Spatio-temporal analysis of chlorophyll-a concentrations in the coastal Gulf
of Alaska, 1998-2010. Oral presentation. Alaska Marine Science Symposium, Anchorage, AK,
January 2012.

Mueter, F.J., Doyle, M.J., Waite, J.N., Shotwell, S.K., Rand, K.M., and Hinckley, S. Gulf of Alaska
Retrospective Data Project. Poster presentation, Alaska Marine Science Symposium, Anchorage,
Alaska, January 2012.

Geiger, G.L., Atkinson, S., Blundell, G.M., Carpenter, J.R., Waite, J., Wynne, K. (2012) Evaluation
of diet composition and plane of nutrition of free-ranging harbor seals (Phoca vitulina) in warm and
cool climatic periods. Poster presentation, Alaska Marine Science Symposium. Anchorage, AK. Jan.
16-20 2012 and Oral presentation, Pollock Conservation Cooperative Research Center Annual
Meeting Anchorage, AK. Jan. 16 2012,

Coffin, B., Mueter, F.J.. Environmental Covariates of Recruitment of Two Demersal Fish Species,
Sablefish (Anoplopoma fimbria) and Pacific Ocean Perch (Sebastes alutus), in the Gulf of Alaska.
Poster presentation, Western Groundfish Conference, Seattle, WA, February 6-12, 2012,

Doyle, M.J. and Mier, K.L. A new conceptual framework for evaluating early life history aspects of
recruitment dynamics among marine fish species. Oral presentation at the Western Groundfish
Conference, Seattle, February 6-10, 2012.

Waite, J.N., Mueter, F.J. Spatio-temporal variability of chlorophyll-a concentrations in the Gulf of
Alaska, 2000-2011. Poster presentation, Ocean Science Meeting, Salt Lake City, Utah, February 2012
and GOA-IERP PI Meeting (March 7) in Juneau, Alaska.

Doyle, M.J. Building early ontogeny pelagic exposure response profiles for GOAIERP species based
on historical ichthyoplankton data: Pacific cod. Poster presentation at ECOFOCI seminar, March 21,
2012, NOAA PMEL, Seattle.

DeForest,L., Matarese, A., Napp, J. and Doyle, M. Preliminary Observations on Fish Eggs and
Larvae Collected During GOA-IERP Cruises in 2010 and 2011. Poster presentation at ECoFOCI
seminar, March 21, 2012, NOAA PMEL, Seattle.

Coffin, B., Mueter, F.J. Environmental Covariates of Recruitment of Two Demersal Fish Species,
Sablefish (Anoplopoma fimbria) and Pacific Ocean Perch (Sebastes alutus), in the Gulf of Alaska.
AFS Student Symposium. April 13, 2012.

Doyle, M.J., and Mier, K.L. Environmental exposure and response framework for early life history
stages of Gulf of Alaska fish. Invited oral presentation at FATE sponsored (Essington et al. Project #
11-02) Stock Dynamics Workshop, Seattle, September 5, 2012.

2014

Waite, J.N. and Mueter, F.J. Delineating a physical and biological break point between the eastern
and central Gulf of Alaska. Poster presentation, Alaska Marine Science Symposium Anchorage, AK,
January 2014.

Doyle, M.J. Early life history phenology among Gulf of Alaska fish species. Invited Speaker: Alaska
Fisheries Science Center Reproductive Biology Workshop, Seattle, January 16th, 2014.

156



Doyle, M.J. Early life history phenology among Gulf of Alaska fish species: ecological implications
for recruitment processes. NOAA Alaska Fisheries Science Center RACE Division seminar series,
Seattle, Feb 25th, 2014.

Doyle, M.J. Early life history phenology among Gulf of Alaska fish species: Ecological patterns and
implications for environmental impacts during early ontogeny. Oral presentation, Alaska Marine
Science Symposium (AMSS) Anchorage, AK, January 2014. AMSS mini-symposium, Alaska
Fisheries Science Center, Seattle, March 2014.

Doyle, M.J. Building early ontogeny pelagic exposure profiles for Gulf of Alaska Integrated
Ecosystem Research Program focal species, based on historical ichthyoplankton data. One poster
each for Pacific Cod, Walleye Pollock, Rockfish (representing Pacific Ocean Perch), Sablefish, and
Arrowtooth Flounder. Poster presentations, Alaska Marine Science Symposium Anchorage, AK,
January 2014, and Gulf of Alaska Integrated Ecosystem Research Program P1 meeting, Seattle,
March 25-28, 2014,

Doyle, M.J., De Forest, L., Debenham, C., Blood., D., Cooper, D., and Wilson, M. The early life
history of Arrowtooth Flounder in the Gulf of Alaska: A strategy of Vulnerability or Resilience. Oral
presentation at the International Flatfish Symposium, Cle Elum, Washington, November 8-13 2014.

2015

Mordy, C.W., Stabeno, P.J., Kachel, N.B., Kachel, D., Ladd, C., Zimmermann, M., and Doyle, M.J.
The Role of Bathymetry in the Cross-Shelf Transport of Nutrients and Ichthyoplankton in the
Northern Gulf of Alaska. Poster presentation at the Alaska Marine Science Symposium, Anchorage,
Alaska, January 19-22, 2015.

Blood, D.M., De Forest, L.G., Matarese, A. C., and Doyle, M.J. Ichthyoplankton assemblages in the
eastern and western Gulf of Alaska during spring and summer of 2011 and 2013. Poster presentation
at the Alaska Marine Science Symposium, Anchorage, Alaska, January 19-22, 2015.

Parada, C., Doyle, M., and Hinckley, S. Effect of spawning timing and location on transport of
Walleye Pollock in the Gulf of Alaska: An individual-based model study. Poster presentation at the
Alaska Marine Science Symposium, Anchorage, Alaska, January 19-22, 2015.

Doyle, M.J. Timing is everything: Early life history phenology among Gulf of Alaska flatfish species.
Oral presentation at the International Flatfish Symposium, Cle Elum, Washington, November 8-13
2014.

2016

Ladd, C., Mueter, F.J. (Presenters). Gulf of Alaska Project: The Gauntlet Games - Final Showdown.
Alaska Marine Science Symposium, Anchorage, Alaska, January 2016.

Collaborations

In addition to collaborations with other members of the GOAIERP team, several members of the
retrospective group have shared expertise, datasets compiled and processed under this project, and results
from analyses with external groups and researchers. Some of these collaborations are listed below:

Jason Waite worked with Varis Ransi (NOS, NOAA) and Gulf Watch Alaska to examine spatial
variability in surface salinity as estimated from Aquarius satellites.

Jason Waite interacted with and shared data with Gulf Watch Alaska and with a Working Group
sponsored by the National Center for Ecological Analysis and Synthesis (NCEAS at UC Santa
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Barbara), which examines the large-scale ecological dynamics of the Gulf of Alaska in the post-oil
spill years (http://www.news.ucsb.edu/2014/014393/exxon-valdez-25-years-later). The time series
will be used to synthesize temporal and spatial scales of biomass, growth, and recruitment variability
among a suite of species and examine metrics of community stability pre- and post- Exxon Valdez oil
spill. Processed Chl-a data for the western shelf region, in the form of seasonal and annual indices,
were shared with Jim Ruzicka at Oregon State University. The list of indicators that was compiled as
part of the retrospective analyses was shared with both of these groups through this Google sheet, and
has been updated by members of the NCEAS Working Group.

Jason Waite also responded to requests for sharing processed Chlorophyll —a data with Jennifer
Rollins, at the time a Ph.D. student at Stony Brook University who used monthly Chl-a data for
Southcentral Alaska as a proxy for productivity and related it to stickleback abundance for a
manuscript to be submitted to Evolutionary Ecology Research.

Shannon Atkinson and Jason Waite worked with UAF master’s student Gretchen Geiger on a
retrospective study of harbor seal diets from Tugidak Island in the central Gulf of Alaska. The time
series of available diet data ultimately proved too short and too spatially limited to include in our
analyses for chapters 1 and 2. However, it was published as:

Geiger, GL, Atkinson, S., Waite, J.N., Blundell, G.M., Carpenter, J.R., Wynne, K. 2013. A new
method to evaluate the nutritional composition of marine mammal diets from scats applied to
harbor seals in the Gulf of Alaska. Journal of Experimental Marine Biology and Ecololgy 449:
118-128, doi: 10.1016/j.jembe.2013.09.005

Abstract: The nutritional profile of harbor seal (Phoca vitulina Linnaeus, 1758) diets was determined

from scats using a new diet formulation software program and a prey nutritional database developed

from proximate analyses of various prey found in Alaskan waters. Scats were collected from Tugidak

Island, Alaska, during summers from 2001 to 2009 and prey composition of the diet was estimated

using split-sample frequency of occurrence (ssFO) and biomass reconstruction (BR). While 60

different prey items were identified across the collection period, only 21 were found in > 10% of scats

during at least one sampling period, and an average of 2.6 prey species were identified per scat. Diet
diversity was consistently lower in the breeding season than in the molting season. The estimated
relative importance of some prey items was significantly different between methods; however, there
were no significant differences in the overall estimated protein, lipid, or gross energy composition of
the diets. The diet formulation software allows evaluation of the nutritional composition of free-
ranging diets using the non-invasive collection of scat. Results from combining the prey database and
nutritional composition of diets across years suggest that harbor seals have flexible diets and can
maintain nutritional input by taking advantage of seasonally or periodically abundant prey.

Geiger, GL. Evaluation of diet composition and nutritional values of free-ranging harbor seals
(Phoca Vitulina) from Tugidak Island, Alaska. MS thesis. University of Alaska Fairbanks,
Juneau. 60 pp.

Abstract: Changes to diet can have significant impacts on predator populations. A change in the

guantity or quality of available prey items can lead to nutritional stress which can contribute to

population declines. Climatic variables are capable of causing dramatic shifts in ecosystem structure
and, due to sex or age specific behaviors, one group may be more significantly impacted. This study
evaluated prey composition and nutritional value of diets of free-ranging harbor seals (Phoca vitulina)
from Tugidak Island, Alaska from 2001 to 2009. Our ability to interpret diet may also be affected by
the methods used to estimate diet from scat analysis. Split-sample frequency of occurrence and
biomass reconstruction calculation methods were both used to estimate average diet. The MIXIT-

WIN computer program was employed to evaluate how the nutritional value of the average harbor

seal diet changed through the collection period. As generalist predators, harbor seals consumed a
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wide variety of prey species throughout the study period. Changes in relative abundance of certain
prey species were correlated to sea surface temperature anomalies but despite changes in prey
composition, the nutritional value of the average diet did not change significantly across the study
period. Analysis of fecal corticosteroid metabolite profiles attempted to identify age or sex of
individual and to identify diet differences between these groups. This ability would help identify how
a changing prey base may differentially impact individuals in a population.

Waite, J.N and Atkinson, S, In Prep for submission to Deep Sea Research Il. Effects of a Changing
Prey Base on the Diet and Gross Energy Available to Harbor Seals.

Once the magnitude of the COMU die-off was discovered, Shannon Atkinson collaborated with John
Piatt from USGS and Janet Duffy-Anderson, Matt Wilson, Libby Logerwell, and Lauren Rogers from
the AFSC. Anne Hoover-Miller also participated to help with the analyses to determine if MTL and
LTL parameters were related to the COMU die-off. These results are being prepared for publication
in GOAIERP Special Issue # 3:

Atkinson, Shannon, Hoover-Miller, Anne, Duffy-Anderson, Janet, Logerwell, Elizabeth, Rogers,
Lauren, Wilson, Matthew, Piatt, John- A perfect storm: The 2015 Common Murre Die-off in the
Gulf of Alaska. In prep for submission to Deep Sea Research Special Issue #3

Kalei Shotwell led a retrospective effort to examine variability in sablefish recruitment relative to
large scale oceanographic variability in the Gulf of Alaska.

Shotwell, S.K., D.H. Hanselman, and I.M. Belkin. Toward biophysical synergy: Investigating
advection along the Polar Front to identify factors influencing Alaska sablefish recruitment.
Deep Sea Research Il 107: 40-53, doi: 10.1016/j.dsr2.2012.08.024

Abstract: In fisheries stock assessment, reliable estimation of year-class strength is often hindered by

lack of data on early life history stages and limited knowledge of the underlying environmental

processes influencing survival through these stages. One solution to improving these estimates of
year-class strength or recruitment is to first develop regional indices representing the spatial and
temporal extent of a hypothesized feature influencing a species’ recruitment. These covariates should
then be integrated within a population model where a variety of model selection techniques may be
conducted to test for a reduction in recruitment uncertainty. The best selected model(s) may provide
insight for developing hypotheses of mechanisms influencing recruitment. Here we consider the
influence of a large-scale oceanographic feature, the North Pacific Polar Front, on recruitment of

Alaska sablefish (Anoplopoma fimbria). Our working hypothesis is that advection of oceanic

properties along the Polar Front and associated currents plays a key role in shaping the oceanographic

climate of Alaskan waters and, hence, the environment that sablefish encounter during their early life
history. As a first step in this investigation, we developed time series of sea surface temperature along
the Polar Front mean path. We then integrated this data into the recruitment equations of the sablefish
assessment base model. Model selection was based on a multistage hypothesis testing procedure
combined with cross-validation and a retrospective analysis of prediction error. The impact of the best
model was expressed in terms of increased precision of recruitment estimates and proportional
changes in female spawning biomass for both current estimates and in future projections. The best
model suggested that colder than average wintertime sea surface temperatures in the central North

Pacific represent oceanic conditions that create positive recruitment events for sablefish. The

incorporation of this index in the sablefish model provided moderate reduction in unexplained

recruitment variability and increased future projections of spawning biomass in the medium term.

Based on this result, we developed a conceptual model of three mechanisms that in combination form

an ocean domain dynamic synergy (ODDS) which influences sablefish survival through the pelagic

early life history stage. Successfully incorporating environmental time series into the sablefish
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assessment could establish a foundation for future ecosystem-based management and allow for more
informed and efficient resource allocation to stakeholders.

Franz Mueter collaborated with UAF master’s student Michael Kohan on a project that used juvenile
salmon data from the GOAIERP field survey in the eastern Gulf of Alaska, combined with sampling
cruises in Southeast inside waters, to examine variability in the energetic status and abundance of
juvenile chum salmon.

Kohan, M., Mueter, F.J., Orsi, J.A., McPhee, M.V. (in review). Variation in abundance and
physiological status of juvenile chum salmon (Oncorhychus keta) in relation to marine factors in
southeast Alaska. Deep-Sea Research 11

Abstract: A better understanding of the relationship between ocean-driven processes and early

marine survival is needed to be able to identify how environmental conditions influence Pacific

salmon (Oncorhynchus spp.) production. Correlation analyses were used to investigate the effects of a

suite of marine factors at local, regional and basin scales on physiological status variables and the

abundance of juvenile chum salmon in Icy Strait. Marine factors at the local scale influenced the
observed physiological status of juvenile chum salmon: average June/July wind speed was negatively
correlated with weight-at-length residuals, sea surface temperatures in July were positively correlated
with length, and the June mixed-layer depth was positively correlated with the energy density of
juvenile chum salmon in July. The abundance of juvenile chum salmon was positively related to
freshwater discharge and negatively correlated with upwelling, indicating that in years with higher
spring discharge and stronger previous winter downwelling, both characteristics of a strong Aleutian

Low and drivers of the Alaska Coastal Current, there are more juvenile chum salmon in Icy Strait in

July. This study identifies links between large-scale and local-scale biophysical variables and their

relationship to the abundance and physiological status of juvenile chum salmon (O. keta) in Icy Strait

of the Alexander Archipelago, Southeastern Alaska.

Franz Mueter collaborated with Mike Litzow on two manuscripts that included some of the indices
compiled under the retrospective component for the Gulf of Alaska:

1. Litzow, M.A., and Mueter, F.J. (2014). Assessing the ecological importance of climate regime shifts:
an approach from the North Pacific Ocean. Progress in Oceanography 120: 110-119, doi:
10.1016/j.pocean.2013.08.003.

Abstract: We used an indicator approach to address outstanding questions concerning the ecological

importance of low-frequency climate variability in the northeast Pacific Ocean. Our data consist of a

previously-published set of 33 climate and 64 biology time series, updated by us for the years 1965—

2011 (for climate data) and 1965-2008 (for biology data). A model-selection approach showed that

the first axis of variability in large-scale climate indices (PCL1ci), the first and second axes for local

climate parameters (PC1cp and PC2cp) and the second axis for biological variability (PC2biol) all
showed temporal variability best described by abrupt shifts. In contrast, PC1lbiol showed gradual,
rather than abrupt, temporal variability, suggesting that the leading axis of biological variability was
not dominated by abrupt transitions following climate regime shifts. The leading mode of variability
in detrended North Pacific sea surface temperature, the Pacific Decadal Oscillation, showed reduced
amplitude from the late 1980s until the mid-2000s, and we found that this change in PDO behavior
was associated with a decline in the strength of the leading pattern of basin-scale biological variability

(PC1biol). A reversion to a PDO-negative state in the winter of 2007/08 was associated with the

largest observed annual change in the PC1bio—PC2bio phase space, suggesting renewed ecological

importance of the PDO. However, a subset of biology time series (n = 23) for which more recent data
were available did not show persistent change in PC1bio or PC2bio during 2008-2011, thus failing to
support the hypothesis of widespread ecological response to the putative 2007/08 shift. To further
assess the possible ecological importance of low-frequency climate variability in recent years, we
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compared changes in the PDO-North Pacific Gyre Oscillation (NPGO) phase space for 2007/08 with
ecologically important (1976/77) and less important (1988/89) climate regime shifts of the past. We
found that all three shifts involved PDO-NPGO variability of similar magnitude (i.e., similar pulse
disturbances), but that the 1976/77 shift was followed by a period of stability in a new climate state
(i.e., strong press disturbance), while the 1988/89 shift was not followed by a period of stability
(weak press disturbance). Data through 2013 suggest that the press disturbance following 2007/08 is
similar to that following 1976/77, implying that the putative 2007/08 shift may eventually prove to be
ecologically important. Our “pulse-press” approach provides a formal framework for distinguishing
transient and persistent climate perturbations at the ends of time series.

2. Litzow, M.A., Mueter, F.J., and Hobday, A.J. (2014). Reassessing regime shifts in the North Pacific:
incremental climate change and commercial fishing are necessary for explaining decadal-scale
biological variability. Global Change Biology 20(1): 38-50, doi: 10.1111/gch.12373

Abstract: In areas of the North Pacific that are largely free of overfishing, climate regime shifts —

abrupt changes in modes of low-frequency climate variability — are seen as the dominant drivers of

decadal-scale ecological variability. We assessed the ability of leading modes of climate variability

[Pacific Decadal Oscillation (PDO), North Pacific Gyre Oscillation (NPGO), Arctic Oscillation (AO),

Pacific-North American Pattern (PNA), North Pacific Index (NPI), EI Ni~no-Southern Oscillation

(ENSO)] to explain decadal-scale (1965-2008) patterns of climatic and biological variability across

two North Pacific ecosystems (Gulf of Alaska and Bering Sea). Our response variables were the first

principle component (PC1) of four regional climate parameters [sea surface temperature (SST), sea
level pressure (SLP), freshwater input, ice cover], and PCs 1-2 of 36 biological time series

[production or abundance for populations of salmon (Oncorhynchus spp.), groundfish, herring

(Clupea pallasii), shrimp, and jellyfish]. We found that the climate modes alone could not explain

ecological variability in the study region. Both linear models (for climate PC1) and generalized

additive models (for biology PC1-2) invoking only the climate modes produced residuals with
significant temporal trends, indicating that the models failed to capture coherent patterns of ecological
variability. However, when the residual climate trend and a time series of commercial fishery catches
were used as additional candidate variables, resulting models of biology PC1-2 satisfied assumptions
of independent residuals and out-performed models constructed from the climate modes alone in
terms of predictive power. As measured by effect size and Akaike weights, the residual climate trend
was the most important variable for explaining biology PC1 variability, and commercial catch the
most important variable for biology PC2. Patterns of climate sensitivity and exploitation history for
taxa strongly associated with biology PC1-2 suggest plausible mechanistic explanations for these
modeling results. Our findings suggest that, even in the absence of overfishing and in areas strongly
influenced by internal climate variability, climate regime shift effects can only be understood in the
context of other ecosystem perturbations.

Franz Mueter shared updated temperature and salinity indices, along with R code for analysis, with
UAF Ph.D. student and USGS employee Vanessa von Biela, which was used in two of the chapters of
her thesis published as:

1. von Biela, V.R., Kruse, G.H., Mueter, F.J., Black, B.A., Douglas, D.C., Helser, T.E., Zimmerman
C.E. (2015). Evidence of bottom-up limitations in nearshore marine systems based on otolith
proxies of fish growth. Marine Biology 162, 1019-1031, doi:10.1007/s00227-015-2645-5

Abstract: Fish otolith growth increments were used as indices of annual production at nine

nearshore sites within the Alaska Coastal Current (downwelling region) and California Current

(upwelling region) systems (~36-60°N). Black rockfish (Sebastes melanops) and kelp greenling

(Hexagrammos decagrammus) were identified as useful indicators in pelagic and benthic nearshore

food webs, respectively. To examine the support for bottom-up limitations, common oceanographic

indices of production [sea surface temperature (SST), upwelling, and chlorophyll-a concentration]
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during summer (April-September) were compared to spatial and temporal differences in fish
growth using linear mixed models. The relationship between pelagic black rockfish growth and
SST was positive in the cooler Alaska Coastal Current and negative in the warmer California
Current. These contrasting growth responses to SST among current systems are consistent with the
optimal stability window hypothesis in which pelagic production is maximized at intermediate
levels of water column stability. Increased growth rates of black rockfish were associated with
higher chlorophyll concentrations in the California Current only, but black rockfish growth was
unrelated to the upwelling index in either current system. Benthic kelp greenling growth rates were
positively associated with warmer temperatures and relaxation of downwelling (upwelling index
near zero) in the Alaska Coastal Current, while none of the oceanographic indices were related to
their growth in the California Current. Overall, our results are consistent with bottom-up forcing of
nearshore marine ecosystems—Ilight and nutrients constrain primary production in pelagic food
webs, and temperature constrains benthic food webs.

2.von Biela, V.R., Zimmerman, C.E., Kruse, G.H., Mueter, F.J., Black, B.A., Douglas, D.C., Bodkin, J.L.
(In Press). Influence of basin- and local-scale conditions on nearshore production in the northeast
Pacific Ocean. Marine and Coastal Fisheries.

Abstract: Nearshore marine habitats are productive and vulnerable owing to their connections to

pelagic and terrestrial landscapes. To understand how ocean basin- and local-scale conditions may

influence nearshore species, we developed an annual index of nearshore production from growth
increments recorded in otoliths of representative pelagic- (Black Rockfish) and benthic-feeding (Kelp

Greenling) nearshore resident fishes at nine sites in the California and Alaska Coastal currents

spanning 1972-2010. We explored the influence of basin- and local-scale conditions across all

seasons at lags up to 2 yr taken to represent changes in the quantity (1 or 2 yr time lags) and quality

(within-year relationships) of prey. Relations linking fish growth to basin-scale (Pacific Decadal

Oscillation, North Pacific Gyre Oscillation, and Multivariate El Nifio-Southern Oscillation Index) and

local-scale (sea surface temperature, sea surface height anomalies, upwelling, photosynthetically

active radiation, and freshwater discharge) environmental conditions varied by species and current
system. Growth of pelagic-feeding Black Rockfish increased with cool basin-scale conditions in the

California Current and warm local-scale conditions in the Alaska Coastal Current, consistent with

existing hypotheses linking climate to pelagic production on continental shelves in the respective

regions. In the California Current, Kelp Greenling relations were more complex, with faster growth
related to within-year warm conditions and lagged-year cool conditions. These opposing, lag-
dependent relations may reflect differences in conditions that promote quantity versus quality of
benthic invertebrate prey in the California Current. Thus, we hypothesize that benthic production is
maximized when cool and warm years alternate because benthic invertebrate recruitment is food-
limited during warm years, while growth is temperature-limited by cool years in the California

Current. Benthic-feeding Kelp Greenling grew faster during and subsequent to warm conditions at

basin- and local-scales in the Alaska Coastal Current.

Franz Mueter shared central Gulf of Alaska indices and helped with the analysis of environmental data
relative to Pacific herring recruitment in Prince William Sound. This resulted in a manuscript led by UAF
student and NOAA contractor Fletcher Sewall:

Sewall, F., Norcross, B., Mathis, J., Kruse, G., Mueter, F., Heintz, R. (In Prep). Comparisons of
empirically-based models of oceanographic and trophic influences on Pacific herring recruitment in
Prince William Sound. For submission to Fisheries Oceanography.

Abstract: Small pelagic fish abundances can change dramatically over time and are difficult to

forecast, partially due to variable numbers of fish that annually mature and recruit to the spawning

population. Recruitment strength of age-3 herring in Prince William Sound has been estimated by
managers as a function of spawning stock biomass via a Ricker spawner-recruit model. However,
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stock size has little influence on the annual numbers of recruits. This study evaluates the usefulness of
herring recruitment models that incorporate oceanographic and ecological variables. Results indicate
herring recruitment estimates may be significantly improved by modifying the standard Ricker model
to include an index of young-of-the-year Walleye Pollock (Gadus chalcogrammus) abundance.
Synchrony of juvenile herring and pollock survival may be caused by trends in abundance of their
shared zooplankton prey, or high juvenile pollock abundance may promote prey switching and
satiation of their shared predators. Including sea surface temperature, primary productivity, and
additional predator or competitor abundances did not improve model performance. Identifying and
monitoring factors that determine juvenile herring survival remain challenging, but the association
between pollock and herring reported here represents a significant step forward in understanding
herring recruitment.

Franz Mueter shared temperature indices and R code for statistical analyses with UAF student Jane
Sullivan for her MS thesis and for an associated manuscript:

Sullivan, J.Y., Kruse, G.H., Mueter, F.J. (Submitted). Spatial and temporal trends in growth and size-at-
age of Pacific Halibut related to environmental and ecological variability in the North Pacific Ocean.
Marine and Coastal Fisheries.

Abstract: Size-at-age of Pacific Halibut (Hippoglossus stenolepis) has declined significantly since the

1980s. For instance, the average weight of a 20-year-old female Pacific Halibut declined from 55 kg in

1988 to 20 kg in 2014. Our study uses fishery independent length-at-age data from the International

Pacific Halibut Commission to explore spatial and temporal patterns in growth and size-at-age of Pacific

Halibut from 1914 to 2014 in the northeast Pacific Ocean. We investigated hypotheses related to declines

in size-at-age, including the effects of environmental and ecological variability on growth using linear

mixed models. We developed an index of proportional growth, which we defined as the median annual
change in length conditioned on initial size for unique combinations of sampling year, cohort, and sex.

Environmental covariates included the wintertime (November to March) mean Pacific Decadal

Oscillation, an index of large-scale climate variability in the North Pacific Ocean, and summer (May to

August) mean sea surface temperatures along the continental shelf of the Gulf of Alaska. Ecological

covariates included annual biomass estimates of Arrowtooth Flounder (Atheresthes stomias) and Pacific

Halibut to investigate the potential role of inter- and intraspecific competition, respectively. We found no

relationship between growth and environmental variables, which is consistent with previous findings.

Results suggest a negative correlation between Arrowtooth Flounder and proportional growth, as well as

some support for a negative relationship between Pacific Halibut and proportional growth. Our best

fitting model explained only 28% of the observed variability in growth, which suggests that other factors

(e.g. bioenergetics or size-selective fishing) are more important contributors to variability in size-at-age.

Future work examining relationships between climate and biological processes such as growth should

focus on integrated effects instead of annual variability.

Miriam Doyle collaborated on a manuscript examining long-term variability in recruitment of a
number of Northeast Pacifid fish stocks including the five GOAIERP focal species.

Stachura, M.M., Essington, T.E., Mantua, N.J., Hollowed, A.B., Haltuch, M.A., Spencer, P.D.,
Branch, T.A., and Doyle, M.J. (2014). Linking Northeast Pacific recruitment synchrony to
environmental variability. Fisheries Oceanography 23: 389-408, doi:10.1111/fog.12066

Abstract: We investigated the hypothesis that synchronous recruitment is due to a shared

susceptibility to environmental processes using stock—recruitment residuals for 52 marine fish stocks

within three Northeast Pacific large marine ecosystems: the Eastern Bering Sea and Aleutian Islands,

Gulf of Alaska, and California Current. There was moderate coherence in exceptionally strong and

weak year-classes and correlations across stocks. Based on evidence of synchrony from these
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analyses, we used Bayesian hierarchical models to relate recruitment to environmental covariates for
groups of stocks that may be similarly influenced by environmental processes based on their life
histories. There were consistent relationships among stocks to the covariates, especially within the
Gulf of Alaska and California Current. The best Gulf of Alaska model included Northeast Pacific sea
surface height as a predictor of recruitment, and was particularly strong for stocks dependent on
cross-shelf transport during the larval phase for recruitment. In the California Current the best-fit
model included San Francisco coastal sea level height as a predictor, with higher recruitment for
many stocks corresponding to anomalously high sea level the year before spawning and low sea level
the year of spawning. The best Eastern Bering Sea and Aleutian Islands model included several
environmental variables as covariates and there was some consistent response across stocks to these
variables. Future research may be able to utilize these across-stock environmental influences, in
conjunction with an understanding of ecological processes important across early life history stages,
to improve identification of environmental drivers of recruitment.

Franz Mueter, with help from Jason Waite, collaborated on two manuscripts that constitute two
chapters of the dissertation of Michael Malick, who is a student at Simon Fraser University working
with Randall Peterman and Sean Cox. Mike conducted analyses that were similar to the analysis of
phytoplankton phenology presented in Waite and Mueter (2013) and greatly benefited from
discussion of chlorophyll variability and the oceanographic mechanisms that contribute to this
variability. Mike's model domain included the Gulf of Alaska but ranged from Washington through
western Alaska.

1. Malick, M.J., Cox, S.P., Mueter, F.J., Peterman, R.M. (2015). Linking phytoplankton phenology to
salmon productivity along a north/south gradient in the Northeast Pacific Ocean. Canadian
Journal of Fisheries and Aquatic Sciences 72(5): 697-708. doi:10.1139/cjfas-2014-0298.

Abstract: We investigated spatial and temporal components of phytoplankton dynamics in the

Northeast Pacific Ocean to better understand the mechanisms linking biological oceanographic

conditions to productivity of 27 pink salmon (Oncorhynchus gorbuscha) stocks. Specifically, we used

spatial covariance functions in combination with multistock spawner—recruit analyses to model
relationships among satellite-derived chlorophyll a concentrations, initiation date of the spring
phytoplankton bloom, and salmon productivity. For all variables, positive spatial covariation was
strongest at the regional scale (0-800 km) with no covariation beyond 1500 km. Spring bloom timing
was significantly correlated with salmon productivity for both northern (Alaska) and southern (British

Columbia) populations, although the correlations were opposite in sign. An early spring bloom was

associated with higher productivity for northern populations and lower productivity for southern

populations. Furthermore, the spring bloom initiation date was always a better predictor of salmon
productivity than mean chlorophyll a concentration. Our results suggest that changes in spring bloom
timing resulting from natural climate variability or anthropogenic climate change could potentially
cause latitudinal shifts in salmon productivity.

2. Malick, M.J. Cox, S.P., Mueter, F.J. Dorner, B. Peterman, R.M. (In review). Effects of the North
Pacific Current on productivity of 163 Pacific salmon stocks. Fisheries Oceanography.
Abstract: Horizontal ocean transport can influence the dynamics of higher-trophic-level species in
coastal ecosystems by altering either physical oceanographic conditions or the advection of food
resources into coastal areas. In this study, we investigated whether variability in two North Pacific
Current (NPC) indices was associated with changes in productivity of North American Pacific salmon
stocks. Specifically, we used Bayesian hierarchical models to estimate the effects of the north-south
location of the NPC bifurcation (BI) and the NPC strength, indexed by the North Pacific Gyre
Oscillation (NPGO), on productivity of 163 pink, chum, and sockeye salmon stocks. We found that
for salmon stocks located in Washington (WA) and British Columbia (BC), both the Bl and NPGO
had significant positive effects on productivity, indicating that a northward-shifted bifurcation and a

164



stronger NPC are associated with increased salmon productivity. For the WA and BC regions, the
estimated NPGO effect was over two times larger than the Bl effect for pink and chum salmon,
whereas for sockeye salmon the Bl effect was 2.4 times higher than the NPGO. In contrast to WA and
BC stocks, we found weak effects of both horizontal ocean transport processes on productivity of
salmon stocks in Alaska. Our results indicated that horizontal transport pathways may strongly
influence population dynamics of Pacific salmon in the southern part of their North American ranges,
but not the northern part, suggesting that different environmental pathways may underlie changes in
salmon productivity in northern and southern areas for the species under consideration.
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