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EXECUTIVE SUMMARY

One of theoverall goas of the Gulf of Alaska Integrated Ecosystem Research Progasio
identify and quantifithe major ecosystem processes that regulate recruitment strength of key groundfish
species in the Gulf of Alaska (GOANe concentration a functional group of five predatory fish
speciegwalleye pollock, Pacific cod, arrowtooth flounder, sablefish and Pacific ocean peathje
commercially important and account for most of the predatory fish biomass in theVgOiacused on
recrutment success because thgsecges are characterized by large fluctuations in recruitment that are
likely driven by environmental variabilityrheearly life of each of the focal specibggins with an
offshore pelagic phase followed by @anshore settlement pha¥ée hypothesized that variability in egg
and |l arval transport, and in the conditions for g
settlement, determine overall recruitment sucdeistd sampling and process sieg] combined with
modeling studies that simulated the transpothegarly 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 gaurttlelowever, intensive field studies alone are not sufficient for understanding
interannual variability in productivity or recruitment succdwerefore, we conductedtrospective
analyses tevaluateconditions during the field years relatiteelongerterm variability,provide essential
context for the two main field yearand test hypotheses about linking environmental variability to
biological responsed.he retrospective component focused on compiling and analgzaitable time
series of physicalral biological variabilityin the GOA to contributeto a better understanding thie
processes influencingverall productivity and, specifically, processes that determingetiiaitment
dynamics of the five focal species.

Althoughthe coastal GOAeaturemearly continuous alongshore currents and stedoiggshore
connectivitybetween the eastern and centegionswe founda pronounced faunal break in the
northcentral GOA associated with climatic and oceanographic discontinuities that likeljram
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 betweeg trastern and western regions. Siepawning speciesuch as
sablefish and arrowtootliotinder likely release their offspring upstream of the productive shelf regions in
thecentralGOA and utilize alongshore currents for egg and larval transport, vitiiie aame time
exploiting discontinuities along the shelf and slope to facilitate «losE transport onto the shelf
towards suitable nursery areas.

Patterns of egg and larval abundances on the gieglflyimproved our understanding of the
phenologyand spatial distribution of the early life stages of the five focal spaniksupported the
importance of advective processes for successful settlement. Howgesannual variations in spring
time larval abundances were poor predictors of subsegeemitmentin most caseslhe lack of
significant relationshipbetween the early larval staggnd ultimate recruitment succeggically at age
2 or 3)suggests thahuch ofthelarval mortality occursfter thespring Processes occurring during the
lat er st ages of the 6gauntletd from of fshore spawni
recruitmentMoreover, tle coastal GOA is a highly advective environméeticeprocesses related to
larval transportmechanismsreof particular inerest 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 indicetedht
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 ofAlaska 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 inteatppbgram 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 tocof 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.
Threeof the components would focus on separate parts of the ecosystem: [pbisicacal, and
biological oceanography wete bethe 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 wouldviestigate fishes, seabirds, and marine mamamalgheir
roles as predators and competitdrse three trophitevel compoents were intended to be primarily
Afobservational 6, conducting field surveyceatmnd pro
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 200%he 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, MAig 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 (PIsyccurred in Sattle, 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 weles ¢h
objectives ljsted later in this report)rhese common hypotheses and objecthgrerseded those

described in each componentdés original proposal a
and success of the program. A second majaeaement was to create a coordinated plan for the
programbs research activities. This included deli

stations for oceanographic researstaring of expertise, ensuring that research tools were compatible,
andplanning 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 thech and divers&sOA marineecosytemexhibit strong spatial and
temporal gradients in population stability and species compashiGOA environment isighly
complexand the mechanisms underlyitigese populatiofiuctuations are poorly understof@dueter and
Norcross 2002, Mundy 2005)he dynamics of fish populations are governed by processes that include
environmental variability, predationpmpetition fishing activity,and increasingly, climate change
(Hollowed et al. 2000). The interaction®i@ng these processes manifest through variability in measures
of recruitment, natural mortality, growth, and catchability (Maunder and Watters Ze@3jitment
depends on the survival of early life stageggs, larvae, and young juvenjleshich issulject to both
bottomup and topdown controls Bailey 2000 Mundy 2005, Yatsu et al. 2008). Therefdte initial
guiding concept of the GOAIERP wasimprove understanding of the GOA ecosystem thr@ugh
regional comparison of recruitment variability imef commercially and ecologically valuable groundfish
speciesarrowtooth flounderAtheresthes stomigsPacific cod Gadus macrocephalysPacific ocean

2



perch POP;Sebastes alutiissablefish Anoplopoma fimbrig and walleye pollockGadus
chalcogramms). In aggregatethesespecies account fanost of the commercial fishery catch and
represent gargeproportionof thefish predator biomass in the GO addition, they exhibia wide
range of life history strategiesom opportunistic to selective fagers, shelf to slope adult habétdast
to slow growth rates, and short to long lifespahvariety of life history strategies have evolved to
tolerate various environmental conditions, and specific population response to the same climate event
may bedifferent depending on the strategy (Yatsu et al. 20@8/le and Mier 201 Understandindgpow
populationsof these five speciesmultaneously respond to environmental chaaltpvs for
identification of successful strategies given a particular setabgical conditions.

The main goal of the program was to examine hoceggstem processes of environmental
variability, competition, and predation influencagtvivalfrom the egg stage to yowud-theyear
(YOY) fish, which is widely believed to be awcal period for determiningecruitment anduture stock
size (Hjort 1914, Myers and Cadigan 199&riability in recruitment results from fluctuations in
spawning stock size (i.e. egg production) and variability integecruit survival. Since recruitent
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. 200Bpmpson et al. 2008pur research focuden how the
environment influenagrecruitment rather thatme direct effects of fishing or the level of adult spawning
biomassAdditionally, processes occurring at regional scales (100 to 1000 km) were detetoiye
most important in driving recruitment variabiliof fish stocks in the GOAMueter et al. 2007).
Therefore, we compared ecosystem processes and their effects on recruitmenaige study areas on
either side of th&OA that epresergdthe ustream and downstream conditions of the dominant current
systems in thisegion

The early lifeof marine groundfishetypically begins with gelagicplanktonicphase followed
by settlement in suitable demersal habitats once juveniles reach a certaithszeay also involve
movement from offshore spawning areas to nearshore nursery grbutith®, location and spatial extent
of such spawning and nursery grounds varies significantly among species. faantlyéife history
strategiesepresenting thepatial and temporal interaction with the marine ecosystem during early
ontogenydiffer widely among specida the GDA (Doyle and Mier2012) The amount of information
available regarding thecologyof early life stages varies among the five focal fish species, but is
generally limited in some way. Thiecruitmentprocessesf walleye pollockhave been extensively
studied in the central and western GOA (e.g. Kendall. 498l Megrey et al1996 Bailey 200Q Bailey
et al 1996& 2005 Ciannelli et al. 2009Wilson et al. 2005Dougherty et al. 20)2but little is known
about pollock ecology in the eastern GOA. For the remaining spegdety of studies thewestern
GOA exploral aspects of theearly life history ecologyd.g. Kendall and Matarese 19&byle et al.
2002,2009 Blood et al. 200/Matarese et al. 200Bailey et al. 2008 but afully comprehensive
understanding of that critical first year of lifessll lacking. Survival during this period is dependent on a
myriad of factors in the pelagic environment relatetbtoperature, alonghelf andcrossshelf transport,
nutrients phytoplankton and zooplankton productiamd predatiothatcontrol the quantity, conditign
and location of these fish deliveredsaitable demersal habitats

The primary overarchingypothesisof the GOAIERPwas that successful recruitment for these
species depended time survival of early life stages as they rdviaphysicalfigauntled rthgitheirfirst
yearof life. A second hypothés emphasized thienportanceof 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 fosed 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
1 Thegauntlet Theprimary determinant of yeanlass strength for marine groundfishes in the GOA
is early life survival. This is regulated in space and time by clitiaten variability in a
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biophysical gauntlet comprising offshore and nearshore habitat quality, lanjavande
transport, and settlement into suitable demersal habitat

1 Regional comparisorm he physical and biological mechanisms that determine annual survival of
juvenile groundfishes and forage fishes differ in the eastern and western GOA regions.

9 Interections 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.

Objectives

1) Quantify the importanceiming 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 primagnd 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-Bresk, of the
distribution and abundance of forage fishes anceénly 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 asgiations, 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 speciesdiffenent 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 fdtal fis
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 connectionscaotiamate,
oceanography, primary and secondary productivity, and the early life survival of the focal
fish species.

Approach and Research Design

The GOAIERPcombing field observations, laboratory analysestrospectiveanalyses of
existing data setsnd biophysical modelintp addresshe project objective#n an integrated fashion
While the overall goal was focused iowestigatingthe early life ofthefive focalfish speciess
originally proposed by the UTL componetite field program andnalyses were designed as an
integrated ecosystem stuttymeetthe crossdisciplinary objectives.ntegrationacross disciplines was
achieved through unified set of common objectiveiordinated sampling using shared platforms, and
regular interactionthrough monthlyphone conferencemnd annual Pl meetings.

Field sampling and process studies
The core of the study consisted of two years of intensive field sampling in 2011 and abie3 (
1; Figures 1 & 2, which was enhanced by additional field ef$avith substantial agency suppartd
existing surveys tachieve good temporal coverage spanning the spring, summer and fall seasons from
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2010 through 2013 he field program was designaalachievehe multiple objectivesf this project,

collect datan previously undesampled regions, aremplemenbr extend existing sampling programs
Detailed descriptions of the sampling design for each component are included in the component chapters
but theoverall spatial sampling plan was developed basedefotlowing principles and considerations:

9 To provide good contrast between the narrow shelf off Southeast Alaska and the broad shelf in
the central and western GOAmpling was primarily fogsedontwo separatstudy regions: an
eastern region extendirigom the southern end of Baranof Islandust north of Cross Sound,
and a western regiaoveringthe shelf and offshore regiom®rtheast and east of Kodiak Island
(Figure 2)

1 The easternegionincludedlikely but poorly known spawning areas for severaheaffocal
species (sablefis®OPR, arrowtooth flounder), while the western regemcompasseiinportant
gateways for larvaof slopespawningfish species towards likely nursery areas on the shelf and
around Kodiak Island.

1 Within eachof theseregiors, sampling extended across the shelf from shallow nearshore waters
into offshore waterbeyond the slop® try to resolve the offshore extent of laraald juvenile
fish distributiors, particularly in theeasterrGOA (Figure 2) The offshore exterdf sampling
differed amongeasons angkars as described in the component chapters.

1 A grid sampling approach was adoptetiowing established FOCI methodology facilitate the
consistenestimation of larvahbundanceand comparisons with previous wdikigure 2)

9 Stations were more closely spaced in the eastern GOA because this region has historically been
undersampled and to better resolve crshelf gradients. These gradients were etqubto be
particulrly strong ovethe narrow shelfsosampling density wagarticularlyhigh over the shelf.

9 Additional stations were sampled off Yakutat Bay and around Kayak Island to better resolve
alongshore gradients in the Alaska Coastal Curteiietter understantthe connections between
the eastern and central GO#nd to resolve a possible discontinuity in the Alaska Coastal Current
off Kayak Island(Figure 2) Thesestationsadded several regions that are otherwise rarely
sampledMost of this additional sampling was conducted by the LTL group, but the UTL vessel
al so occupied some of these fAintermediateo sta

1 Severaldditionaltransects of closelgpaced stations were sampthding LTL cruses to better
resolve flowga) atthe lower end of Chatham Strait and around Icy Strait in the eastern GOA and
(b) in the region obifurcation of the Alaska Coastal Current between Kodiak Island and the
Kenai Peninsul@Figure 2)

1 The Seward line off Resurrection Bay, which ovepkeghwith thenorthernedge of thevestern
study regionwas sampled during the spring and fall to maintain this-termg oceanographic
data series in the central GQRigure 2)

1 Toidentify and characterize likely inshore nursery areas, a serigshofré sanipg sites were
selectedn both regiongFigure 2) These sites were selected where possible to provide continuity
between offshore transects and these inshore locations.

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

Samplingwas conductedcross these regioitsthe spring, summer, and falf eachmain field
year(Table 1 to resolve spatial patterns and seasonal dynardmgsarticula, the work was designed to
follow (a)the seasonal evolution ofossshelf and alonghelf flows,(b) the seasonal progression of
lower-trophic level production and prey availabilifg) the hypothesized transport of early life stages of
the five focal species along and across the continental slope and shédf) tiedabundance and
di stribution of i mportant ¢ o mpSpringcrusessnduateddytiper edat o
LTL groupfocused on hydrographic sampling, including the deployment and réwiewveorings in
Southeast Alaskanutrients (including iron), lower trophic levels (phytoplankton, zooplankton), and



ichthyoplankton (larval fishes)s described in the resgive sectiongTable 1 and Figure 1The MTL
component also conducted spring surveys at inshore sites. mtinees and faJlUTL and MTL surveys
focused moren later larval and early juvenile stages of the focal fish species, as well as foragarfish
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 governnhémdgering some of the seasonal comparisons.

In all years 2012013 he UTL offshore survesincluded hydrograpki, chlorophyll and
zooplankton sampling@ndsurface trawling t@esolve the horizontal distribution anelativeabundance
of YOY and larger fishedn 2011 and 2013 the UTL surveys also inclubgdroacoustics to investigate
horizontal and wical distributiors of macrozooplankton and fishesd underway observations of
seabird and marine mammal abundafi¢tee MTL surveys(conducted in 2011 & 2013ampled
nearshore fishes using primarily seines and trawls, conducted oceanographic wark thiampbut
complementary to the work done aboard the larger offshore vessels, and performed extensive acoustic
transectsThe MTL and UTL surveys collected ditdtissue sample®tresolvenutrient sources and
trophic relationships anw assesgnergetic status-inally, tagging and diet worlvas conductedn
several seabird speciasSt. Lazaria Island iSitka SoundFigure 2)during the summer of each year to
assess the role of seabirds as predators of early life stages of fish.

Mapping andchabitat modeling

Enhanced soundings data and other information from the original GOA bathymetric surveys were
digitized and brought into a Geographic Information System to develogdsghution maps of the
inshore sites and large swathes of the offskD&A environmentThis 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-samalllargescale maps of habitat suiitity for
the five focal fish species.

Laboratory analyses

Biological samples collected during the cruises were returned to various laboratories for
processing, includingtable isotope and fatty acalysesidentification and quantification of
phytodankton,zooplankton and ichthyoplankton sampkesphicanalysesand energetic studies. Live
juveniles of several focal fish specigere collected during several UTL surveys and other dedicated
surveys and transported to the NOAA laboratory in Jurequantify early growth dynamics.

Retrospective analyses

To evaluate conditions during the field yeerkative tolongerterm variabilityand provide
essentiatontextfor the two main field yearsetrospective analyses were conducted using available time
series of physical and biological variability including lasgle climate drivers such te Aleutian
Low, PacificDecadal OscillationandEl Nino conditionsregional measures of environmahtonditions
includingwater mass characteristics, upwelling conditions, freshwater discharge, and local and regional
winds and measures of biological variability including primary and secondary production,
ichthyoplankton abundancebge abundance andmdition of forage fishes and groundfishasd trends
in seabird and marine mammal diiteese historical time series were examinegpbicaly and
statisticaly to quantify temporal and spatial patterns in important physical drivers and biological
respases.

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 agbessnpact 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 toloided
physical ocean models based on the Regional Ocean Modeling System (ROMS), lower trophic level
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modeling using a nutriefthytoplanktorzooplankton (NPZ) model, individudlased models that
simulated the early life stages of the five focal fish sgeeia Ecosim food web model, and a population

genetics model.

Program overview Tables & F

igures

Table 1. Timeline of major field research activities conducted during the GOAIERR2RQBEhaded
cells indicate when activities took place, and the sotorrespond to those used in the general map

(Figure 2).
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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 progiidra.summer 2012 work conducted by the UTL

was not part of the original design and required agency funding and resources from the LTL group.
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GENERAL INTRODUCTION

Theretrospectivalata aalysisgroup was formed in response to a neeatéordinating
retrospective analyses across groups of investigatavasirecognized early in the project thath
analyses wiee an integral part of each of the major componentseoGOAIERP and were needed to
examine available historical information regarding the nine objectives listed in the pre@inaokfore, a
separate retrospective data analysis gthapincluded investigators from each the other major
components (LTL, MT, UTL, modelling)was formedafterthe first GOAIERP meetingn 2010 By
coordinating retrospectivenalyses acrogomponentsve avoided unnecessargtuplication when
compiling and processing historical data from the Gulf of Alaska, facditageshamg and analysis of
retrospective datansure better integration dhfistorical data andoordinate analyses across trophic
levels.

The goalof the retrospective datanalyses wsto examine physical and biological characteristics
across the Gulf of Akka 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 drivierecruitment and upper trophic level
variability, (4) test a priori hypotheses about these relationships, and (5) develop new hypotheses for field
biologists ad modelers to test

Background and Justification

The overall goal ofthe GOAIERPfocuseal on identifying and quantifying the major ecosystem
processes that regulate recruitment strength of keyndfish species in the GOAVe concentratton 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 provientrast to explore regional ecosystem processes. Weefbcus
on recruitment success because large swings in the abundance of these species have occurred despite
precautionary fishing level3he causes of these fluctuations remain elusitteare most likly related to
environmental variability rather than fishing or other anthropogenic effects (Mueter et al. PO&Farly
life of each of the focapeciedegins with an offshore pelagic phase followed by a nearshore settlement
phase However the gatid distribution, food preferences amdbitatrequirementsf these life history
phases are poorly knowmhe field portion of this project was designiegrovide new information on
the earlylife stages in the eastern and central G@Axamiring the gautlet they endure while crossing
from offshore spawning to nearshore settlement aBzshk.the field work and retrospective analyses
contrasédand comparethe central GOArom Prince William Sound to downstream of Kodiak Island
which hasa broad shelf aiminated by high oceanographic variability and large demersal fish bipmass
with the eastern GOAwhich hasa narrower shelf, lower demersal biomass, and higher species diversity.

Field sampling and process studies, combined with modeling studies thkatairthetransport
of early life stages from spawning to settlement, are essential to understanding the distribution and
potential transport pathways of these critical stagesvell aghe conditions they encountaliong the
gauntlet However intensiwe field studieslone are not sufficieribr understanithg interannuabariability
in productivity or recruitmensuccessRetrospective analyses are criticabtmluatingconditions during
the field years relativio longerterm variability,provide essatial context for the two main field years
and test hypotheses about linking environmental variability to biological respdisgsforethe
retrospective component focused on compiling and analgziagable time series of physical and
biological varability in the Gulf of Alaskao address several key objectives of the project as described
below. Theseatrospectivaanalyse have contributed to a better understandintheprocesses
influencingoverall productivity and, specificallprocesses that determitie recruitmentdynamics of
thefive focal species.
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Primary Hypotheses and Objectives

The retrospective component addeeisst least two of the overall list of objectives that were developed to
address the three overarching project hypothgesesGOAIERP PREAMBLE):

(1) Use a comparative approach to assess spatial and temporal variability in the ecosystem, primarily
between theastern 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 objectivesvereaddressed 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 linkedespeci
such as time of spawning, development, growth, recruitment histories, and habitat
preferences.

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

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

d. Quantify, by region, the temporal variability in potential climatic, oceanographic, or
biological drivers influencing the early life survival of theditarget groundfish species.

e. Link variability in these drivers to observed recruitment variability using a generalized
modeling approach informed by available information on potential mechanisms.

f. Compare temporal trends in estimated recruitment trajestbetween regions and
across species to identify successful life history strategies under different climate
regimes.

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

a. Collate historical information on forage community structure in the coastal GOA.

b. 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.

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

d. Compare current predatprey relationships involving forage fish, as inferred from diet
compositions, to historical food web information.

3) Lower trophic Level (LTL) component:

a. Characterize scales of inrtamnual and longeterm variability in phyteand zooplankton.

b. 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.

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

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

To address ouobjectives and examirleng-term variabilityin 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, Pacificddlal 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 primay 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 quantifydeahpnd spatial patterns in important
physical drivers and biological responsgtatistical modeling was used both in an exploratory sense to
identify potentially important relationshigdin an inferential confirmatory sensto address specific
hypoheses linking biological responses to potential drivers.

Data compilation

During inperson meetings and conference calls of the retrospective gmigemtifiedphysical
and biological data series that aoitable to addressing oobjectives. Althougtiar from comprehensive,
we compiled an extensive list of available dedts with a focus on lorgrm time seriefor describing
spatial patterns and temporal trends in physical and biological characteristics of the Gulf of Alaska (Table
2). This list wasoriginally compiled under the current project and has since been update dNWWERS
Portfolio Effectsworking Groupand aweb-based versiohas 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 datasetsdnalysis were acquired and analyzed by individual investigators.
Datasets that were processed and analyzed were submitted to NPRB theooiggan workspac®nly a
small subset of the datasets had sufficient temporal coverage for retrospectivesaDéhgsalatasets
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 gatial maps of mean conditions for several representative dadhsergronmental conditions
and biological measures of abundance at several trophic tevidéineatgotential physical ofaunal
breals between the eastern angsternGOA (Chapter 2)EastWest 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
analying 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 amosphec and oceanographigariability

Time series of largecale (basikwide) and regionascale (GOA shelf) variability in atmospheric
(winds, sedevel pressure, solar irradiance) and oceanogrdfgngperature, salinity, currentea
surface height, nutnigs) conditions wereeviewed andnalyzedo identify patterns of temporal and
spatial variability. These patterns were identified by isolating major modes of variabHityhin
resolutiongridded datasets usisgatistical methods such Bsnpirical Orttogonal FunctiofEOF)
analysis (= Principal Components AnalysisPCA). These analyses helped identify the most important
largescaledrivers that influenceariability in the Gulf of Alaska Gibson et al. 2015 produced &lay,
monthly and/or annual inces of variability in solar irradiee, temperature, discharggpwellingand
other variableg¢Chapter 1)andhighlighted 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 farsgible analysis with spatial and temporabtation and source information (Version as of August
22, 2016, seberefor an updated versionatasets used or reviewed for analysisS@YAIERPinvestigators are highlighted 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 o e " IPHC
Oceanographic temperature | GOA ROMS GOA 1997 2012 | Grid subdaily NOAA/JISAO
Oceanographic various various CTD casts GOA points variable variable o ueslc.noas " NOAA/PMEL
Oceanographic various Buoy data various 1982 present| points hourly it/ . noaa govirm. shirmi NOAA
Oceanographic various UAF-IMS various UAF/IMS (Danielson)
Oceanographic Salinity GOA ROMS 1997 2012 | grid subdaily NOAA/JISAO
Oceanographic velocity GOA ROMS 1997 2012 | grid sub-daily NOAA/JISAO
temperature
Temperature profiles GAK-1 GAK 1 1972 point irregular / monthly | eifesmsuatedioaidiaamnesenel | AR
seasurface daily / 5-day / #day
Temperature temperature | AVHRR global 1981 grid 4 km / monthly / annual hitppost o nasa.aov! NASA/JPL
seasurface 2x2
Temperature temperature | ERSST global 1854 grid degrees monthly i cdc.noaa.dovlcdcldata.noaa.er NOAA/CDC
seasurface 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 o UAF/IMS
temperature western
Temperature profiles EcoFOCI GOA 1974 2009 grid annual spring R ururd. SO 088 29l 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 | efewmsuleddektiaammeserel | JAE. GAK 1
salinity
Salinity profiles SECM SE Alaska 1997 present| transect irregular NOAA/AFSC/ABL
a;nz:;sr:)CEANS SALINITY%2FDENSITY
salinity GLOBECLTOP & R amogosGCDAE et sl op. NEP
Salinity profiles IMS/UAF Seward line 1997 present| transect irregular / seasonal et | \WHOI/GLOBEC
salinity western
Salinity profiles EcoFOCI GOA 1974 present| grid annual spring T " NOAA/PMEL
Seasurface sea surface 1/3 x1/3 AVISO, other
height height AVISO global 1993 grid degrees weekly/monthly e e | @ltimetry
Seasurface eddy kinetic 1/3x1/3
height energy AVISO global 1993 grid degrees weekly/monthly e e 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 D sl edgaakldatafrestuntel JAF, IMS
Discharge discharge USGS model eGOA Model watershed | climatology Ed Neal, USGS
NOAA Fisheries,
Alaska Regional
Habitat habitat type Alaska ShoreZone GOA N/A N/A continuous| N/A T T — Office
Habitat depth NOS GOABATH GOA N/A N/A | grid variable N/A NOAA/AFSC
sediment
Habitat type UsSEABED database ontisandet USGS
vegetation ADF&G Herring
Habitat cover Assessments various variable present annual ADF&G
daily / 3-day / 8day
4km/9 / monthly / seasonal
Solar irradiance | PAR PAR global 2002 present| grid km / annual hipoceancolor gsfe.nasa. aovicgia Agua MODIS
wind vectors, 25 km /50
Winds wind speed ASCAT global 2007 present| grid km daily hito:isearch sep by ed ASCAT
wind vectors, 2x2
Winds wind speed NCEP/NCAR reanalysis | global 1948 grid degrees monthly P e T NOAA/CDC
wind vectors, 12.5km/
Winds wind speed QUuikSCAT global 1999 2009 | grid 25 km daily hipisearch.scp by edu/ QuikSCAT
wind vectors, | QUikSCAT / ASCAT / QUIKSCAT / ASCAT /
Winds wind speed ERS / SAR global 1999 grid daily hipisearch.scp by edu/ SAR
Winds upwelling upwelling global 1967 present| grid 1 degree | monthly / 6hourly it e e NOAA/PFEL
st Patn-p
S eorattetagat i
Nutrients nitrate GLOBEC LTOP Seward line 1998 2004 | transect 10 km irregular e et = | WHOI/GLOBEC
et
S laonmada Mbetma
Nutrients ammonium GLOBEC LTOP Seward line 1998 2004 | transect 10 km irregular e e == | WHOI/GLOBEC
etadata.do ol raseon Path=Pal
S laonmada Mbetma
Nutrients iron GLOBEC LTOP Seward line 2004 2004 | transect 10 km irregular e e == | WHOI/GLOBEC
Nutrients nitrate SECM SE Alaska 1997 2006 | transect seasonal ] el WHOI/GLOBEC
Nutrients ammonium SECM SE Alaska 1997 2006 | transect seasonal i "o WHOI/GLOBEC
Nutrients phosphate SECM SE Alaska 1997 2006 | transect seasonal oy el WHOI/GLOBEC
Nutrients silicate SECM SE Alaska 1997 2006 | transect seasonal o R— WHOI/GLOBEC
Nutrients nitrate FOCI (CTD + Mooring) GOA o e " NOAA/PMEL
Nutrients ammonium FOCI (CTD + Mooring) | GOA T — *1 NOAA/PMEL
Nutrients nitrate occC GOA NOAA/AFSC/ABL
4km/9 3-day / 8day /
Phytoplankton surface chta | MODIS global 2002 present| grid km monthly / annual htp:oceancolor gsfe. nasa.oovicgif3 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
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
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://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://www.epic.noaa.gov/epic/ewb/ewb_selprof.htm
http://oceancolor.gsfc.nasa.gov/cgi/l3

daily / 8-day /

Phytoplankton surfacechl-a | SeaWiFS global 1997 2010 | grid 9 km monthly / annual hitpiloceancolor gsfe.nasa govicgill SeaWiFS
Phytoplankton chl-a OCSEAP GOA 1970s stations irregular irregular nitps:igon nceas uesb eqursviewrissh 301 OCSEAP
Phytoplankton chl-a SECM SE Alaska 1997 2006 | transect seasonal hitpiiglobec.whoi eduig/dir/globeclnep/cgoaliiop!
Phytoplankton biomass GLOBEC LTOP Seward line 1998 2004 | transect 10 km irregular GLOBEC website WHOI/GLOBEC
primary UAF/IMS (Terry
Phytoplankton production GLOBEC PROCESSES | Seward line 2002 2004 | transect seasonal hipsyigoanceas ussb eduviewaashss.1| VWhitledge)
carbon-chl GLOBEC (Lessard,
Phytoplankton ratios GLOBEC PROCESSES | Seward line 2002 2004 | transect Strom)
Phytoplankton biomass FOCI NOAA/EcoFOCI
primary
Phytoplankton production FOCI NOAA/EcoFOCI
primary
Phytoplankton production GLOBEC PROCESSES | Seward line
Phytoplankton biomass OcCC NOAA/AFSC/ABL
primary
Phytoplankton production OcCC OCC
GLOBEC (Lessard,
Microzooplankton| biomass GLOBEC PROCESSES | Seward line transect Tiogs o Strom)
carbon GLOBEC (Lessard,
Microzooplankton| biomass GLOBEC PROCESSES | Seward line transect gy o Strom)
Microzooplankton| biomass FOCI NOAA/FOCI
abundance,
Zooplankton biomass OCSEAP GOA 1970s irregular e o o s opcesispectl OCSEAP
species
Zooplankton composition SECM SE Alaska 1997 transect irregular NOAA/AFSC/ABL
etadata.do’ lemsa o Path=Pal
ST lanmadat Mbatnna
Zooplankton biomass GLOBEC LTOP Seward line 1998 2004 | transect 10 km seasonal ST shaemats | WHOI/GLOBEC
etadata.do’ Path=Pal
species GLOBEC LTOP - S soraatetadet vl
Zooplankton composition | abundance & biomass | Seward line 1998 2004 | transect 10 km seasonal ST see | WHOI/GLOBEC
zooplankton
Zooplankton rates GLOBEC PROCESSES | Seward line 2002 2004 | transect seasonal UAF/IMS??
UAF/IMS - Russ
Zooplankton abundance SFOS- various funders | Seward line 1998 | present| transect o Hopcroft
Zooplankton biomass FOCI NOAA/FOCI
zooplankton
Zooplankton rates FOCI NOAA/FOCI
species
Zooplankton composition FOCI NOAA/FOCI
Zooplankton biomass OCC NOAA/AFSC/ABL
zooplankton
Zooplankton rates OCC NOAA/AFSC/ABL
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http://oceancolor.gsfc.nasa.gov/cgi/l3
https://goa.nceas.ucsb.edu/#view/df35b.39.11
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
https://goa.nceas.ucsb.edu/#view/df35b.55.15
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://www.arlis.org/resources/special-collections/ocseap-reports/
http://www.arlis.org/resources/special-collections/ocseap-reports/
http://gcmd.gsfc.nasa.gov/KeywordSearch/Metadata.do?Portal=globec&KeywordPath=Parameters|OCEANS|%5bFreetext%3D%27+LTOP%27%5d&OrigMetadataNode=GCMD&EntryId=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_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=WP2_meta_ltop_CGOA_NEP&MetadataView=Full&MetadataType=0&lbnode=mdlb2
https://www.sfos.uaf.edu/sewardline/Zooplankton_time-series.html
https://www.sfos.uaf.edu/sewardline/Zooplankton_time-series.html

Zooplankton zooplankton OCC NOAA/AFSC/ABL
eggs & central
Ichthyoplankton | larvae CPUE | EcoFOCI GOA 1972 present| grid ~25km annual spring hipyiaccess afsc.noaa.goviichthyo NOAA/FOCI
Ichthyoplankton | larvae CPUE | NMFS Sablefish survey | SE Alaska 1990 1990 | grid single survey May NOAA/AFSC/ABL
grid
Ichthyoplankton | larvae CPUE | SEAK ichthyoplankton SE Alaska 2010 present| (variable) irregular NOAA/AFSC/ABL
Ichthyoplankton | larvae CPUE | SECM SE Alaska 1997 | present| transects seasonal A afscnoaagouABLEMAEMA- | NOAAJAFSC/ABL
WHOI/GLOBEC &
Ichthyoplankton | larvae CPUE | GLOBEC LTOP Seward line hitps iy sfos uat edulsewardine/ IMS, SFOS
juvenile
CPUE, ADF&G LMT biennial Central Stratified ADF&G LMT biennial
Fish length survey GOA 1988 random?? annual survey
ADF&G SMT Survey;
juvenile NOAA/Kodiak Lab &
CPUE, Central Stratified ADF&G (Bob Foy,
Fish length ADF&G SMT Survey GOA 1971 random?? annual Nick Sagalkin)
juvenile
CPUE, AFSC bottom trawl Central Stratified
Fish length survey GOA 1984 random biennial hipylo rutgers.edu NOAA/AFSC/RACE
AFSC bottom trawl Central Stratified
Fish adult CPUE survey GOA 1984 random triennial hipoceanadaptsutgers.eduf NOAA/AFSC/RACE
juvenile Central
Fish CPUE, length | AFSC EIT Survey GOA 1980 transects annual NOAA/AFSC
Central
Fish adult CPUE AFSC EIT Survey GOA 1980 transects annual NOAA/AFSC
juvenile Shellfish Assessment Central stratified NOAA/Kodiak (Bob
Fish CPUE, length | Program GOA 1971 random annual Foy)
juvenile various: Logerwelt central
Fish CPUE, length | Kodiak, Foy surveys GOA NOAA/AFSC
Fish diet data AFSC database GOA irregular NOAA/AFSC/REFM
Fish biomass Assessment (SAFE) GOA variable largesscale annual NOAA/AFSC
Fish recruitment Assessment (SAFE) GOA variable largescale annual NOAA/AFSC
adult halibut fixed
Fish CPUE IPHC survey GOA 1977 2014 | stations annual IPHC
juvenile fixed
Fish CPUE, length | longline gillnet survey GOA 1993 2004 | stations NOAA/AFSC/ABL
fixed
Fish adult CPUE Longline survey GOA stations ?? annual NOAA/AFSC/ABL
regulatory
Fish harvests Salmon harvests SCAK 1889 1968 boundaries| annual gpanpanaditalasiagoufed PRI ADF&G
Salmon stock recruitment it alaska.qovistato
Fish recruitment tables for Cook Inlet SCAK variable present annual LBl NS TaS pif ADF&G
Herring Age SCAK,
Weight ADF&G Herring SEAK,
Fish Length Assessments SWAK variable generally annual ADF&G
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http://access.afsc.noaa.gov/ichthyo
http://www.afsc.noaa.gov/ABL/EMA/EMA_SECM.htm
http://www.afsc.noaa.gov/ABL/EMA/EMA_SECM.htm
https://www.sfos.uaf.edu/sewardline/
http://oceanadapt.rutgers.edu/
http://oceanadapt.rutgers.edu/
http://www.adfg.alaska.gov/FedAidPDFs/tdr.026.pdf
http://www.adfg.alaska.gov/FedAidPDFs/tdr.026.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2013-2014/uci/FMS13-13.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2013-2014/uci/FMS13-13.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2013-2014/uci/FMS13-13.pdf

Herring SCAK,
Diving Egg ADF&G Herring SEAK,
Fish Surveys Assessments SWAK variable generally annual ADF&G
Herring ADF&G Herring
Biomass and | Assessments, includes | SCAK,
Age- fisheries independent SEAK,
Fish structure and dependent data SWAK variable generally annual ADF&G
regulatory
Fish harvests Salmon harvests SCAK/PWS 1969 present boundaries| daily ADF&G
juvenile
CPUE, SE estuaries, Katharine
Fish length Miller SE Alaska opportunistic Katharine Miller
juvenile
Fish CPUE, length | SE sablefish surveys SE Alaska 1992 1995 | opportunistic NOAA/AFSC/ABL
Salmon stock recruitment it waw i alaska govistatic
Fish recruitment tables for SE Alaska SEAK variable present annual e e eaaats oot ADF&G
Salmon stock recruitment
tables for Kodiak area itpwaw i alaska govistatic
Fish recruitment streams + Chignik SWAK variable present annual oo o ADF&G
juvenile all GLOBEC data
Fish CPUE, length | (WHOI) pgiobec.uho WHOI/GLOBEC
juvenile NPS, USGS (John
Fish CPUE, length | NPS, USGS (John Piatt) | fiords Piatt)
juvenile
Fish CPUE, length | OCC NOAA/AFSC/ABL
NOAA Nearshore Fish coastal
Fish CPUE, length | Atlas Alaska beach seine, opportunistic| NOAA/AFSC/ABL
F&WS (Dragoo,
Seabirds abundance Colony-based surveys GOA irregular Homer)
N Pac pelagic seabird ship-based
Seabirds abundance database GOA 1973 2012 | observations | irregular irregular hipyalaska usgs govisgienceiologuinpps] IS GS
N Pac pelagic seabird
Seabirds diet database GOA ?? irregular USGS
USFWS MBM (Dave
Seabirds abundance Coastal surveys PWS ?? boat survey annual Irons)
Marine
Mammals abundance Sea lions, harbor seals | GOA ?? index sites annual e puatss.noaa NOAA/NMML
Marine ADFG, NMML,
Mammals Diet Sealions, harbor seals GOA ?? index sites variable e 222 ASLC, UAF
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http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2014-2015/southeast_finfish/fms14-07.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2014-2015/southeast_finfish/fms14-07.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2014-2015/southeast_finfish/fms14-07.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2013-2014/kodiak/fms13-11.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2013-2014/kodiak/fms13-11.pdf
http://www.adfg.alaska.gov/static-f/regulations/regprocess/fisheriesboard/pdfs/2013-2014/kodiak/fms13-11.pdf
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://globec.whoi.edu/jg/dir/globec/nep/cgoa/ltop/
http://alaska.usgs.gov/science/biology/nppsd
http://www.afsc.noaa.gov/nmml/alaska/sslhome/databases/
http://www.afsc.noaa.gov/nmml/alaska/sslhome/databases/
http://www.afsc.noaa.gov/nmml/alaska/sslhome/databases/
http://www.afsc.noaa.gov/nmml/alaska/sslhome/databases/

Patterns in bwer trophic leveVariability

Spatial and temporal patterns in satelitesed, higlresolution (8day x 1/4 degree) estimates of
Chlorophylta (chl-a) concentration, as a measure of lower trophic level productivity, were examined to
identify possible drivers of productivity (Chapter 1), provide a loftgen context for the field
observations (Chapter 1) and to examine relationships betkéarand recuitment of the focal species
(Chapter 3) and other biological responses (see Collaborations)}daighnd anual indices of
variability in chl-a were computedeparately for several distinct regions identified by EOF/PCA,
combined with cluster analysexs 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 (Chapred ¢&pntributed
to understanding biological differences between the eastern and western GOA (Chapter 2).

Variability in larval abundances

Based orhistorical surveys of fish eggs alatvae in the western Gulf of Alaska, waantified
interannual variafity in abundance andetermine the phenology and exposure profiles for the five
focal groundfish species (Chapter Mew information regarding the early ontogeny of the five focal
speciefrom both field observations and retrospective analy@ae incoporated into speciespecific
life history profiles that were later developed for the final GIBRP PI meeting in 2015. These species
profiles combined several elements of different GIBRP program results along with historical
information from the spéce s 6 assessmenkand 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 ish species. The field workarticularly in the previously undsampled eastern GOA,
described the crosshelf distribution of their early life stages from the spring through the fall and
differences between the eastern aadtralGOA (UTL report). Modeling allowed an evaluation of the
likely pathways that larvaeka from probable spawning grounds over the slope to likely nursery areas on
the shelf or in nearshore watef$ie retrospective component coordinated with the modeling component
to analyze the connectivity matricesioflividuatbased model (IBM) trajectims ando compare major
patterns in connectivity with the historical time series of recruitment fér efthe five focal species. A
Principd Component Aalysis (PCA) was used to develop indices for each speciesaitaredmnajor
patterns of connectity, which were then statistically linked recruitment indice@Chapter %. A
retrospective analysis for Pacific ocean perntl sablefish used a structdiraodeling approach to relate
a suite ofa priori selected environmental variablessablefish andPacific ocean perctecruitment
(Chapter 3)Recruitment indicesor the focal speciesere obtained frolNOAA Alaska Fisheries
Science Centestock assessment modaks updated in 201(NPFMC 2015)We used the estimated
numbers of ag@ year old fish rported 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.

Grourdfish communityspatial 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 macroitvegpebras
(Chapter §. 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 Consideratichapter of the Stock Assessment and Fishery Evaluation
report that is annually produced for the North Pacific Fishery Management CENIREMC 2015)
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Seabird and mammal diets
Some attempt was matizinclude a comparison of the consumption of théydiée stages of the
focal species by seabirds and mammals in the eastern and central/westemt@®dverall analysis to
extend analyses to these upper trophic level pred&elsvant datasstvere compiled¢hrough
collaborations with USGS, the USWS, and ADF&G.While data on seabird diet and abundance from
the North Pacific Seabird databasel other sources weobtained, along with monitoring datallected
by USFWS an analysis of seabird and mammal diets and abundance trends proved begoodduf
the current project. However, analgse unpublished sea lion diet and abundance data for the north
GOA coast (Prince William Sound, Resurrection Bay, antbsading sites) and analyses of harbor seal
diets are ongoing through continued collatimns (se€ollaborationk
Harbor seal diets were constructed from scat samples collected by ARF@ @wear period
(20017 2009)from Tugidak Island, south of Kodiak Island in ttentralGoA. The study wakargely
conductedbp master 6s candi date who was funded by the F
Center. The hard parts were analyzed and identified to the lowest possible taxa. These were evaluated as
% frequency of occurrence (%FO), split sample of & % biomass. The species compositions were
compared across O6war mé and 'Goiamilatbd. Theseadatsa wefeGei ger e
further analyzed to model different scenarios that include potentiattieabsditions that could result in
the prey base changing. This work is currently in manuscript preparation stage.
During the course of th e OAIERPa massive common murre et occurred in the northern
GOA. Because the wintering foraging grounds fro®MJ overlap with the area of tleentralGoA
IERP sample grid, it provided an ideal discreet project. Theftlieccurred in 2015, although this study
was not incorporated into the retrospective analysis until spring 2016. Neverttedésformation
collected by the MTL and LTL were timely and extremely valuable to help understand the possible cause
of the dieoff. Retrospective analyses of bird counts collected by the Audubon Society were core to the
analysis. These were combined with recruitment@se alliance (RPA) data that were collected by the
NMFS FOCI and5OAIERPefforts. These data highlighted the lack of age 0 pollock, capelin and
eulachon during months that preceded the actuaffli&€nvironmental data are currently being added to
the aralysis, and preliminary results demonstrate a relationship between several environmental parameters
and the lack of forage fish prey and the COMUdlie The results are beingepared for publication and
a manuscripis anticipatedo be completed bgegember 30, 2016.

Report Organization

The retrospective component analyzed a wide variety of gdiyend biological datasets, which
together provide a lonrerm perspective on variability in the Gulf of Alaska ecosystem than cannot be
obtained from shoitierm field studies. Retrospective analyses were conducted by all of the project
components (LTL, MTL, UTL, Modeling), but only anals 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-hégblution gridded datasets, as well as datasets with a
high alongshore resolution (e.g. upwelling, groundfish survey data). Chapter ésfacugariability 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 physichfaumal discontinuityat around 148N, separating
the eastern anckntralivestern GOA. Chapter 3 specificatyamines recruitment in two species,
sablefish andPacificoceanperch, relative to largscale and regional environmental drivers

The field component dBOAIERPcontributed new information on the distribution of early life
stages of the five focal species, as well as other fishespéic both the central améstern GOA. While
ichthyoplankton in the eastern GOA had been poorly Eahip the past, a rich, lorfigrm data series
exists for thecentral 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-temnamgiability
in the distribution and abundance of fish eggs and latvaeeby synthesizing nearly four decades of
Ichthyoplankton surveys and greadlgivancingour ecological understanding of the pelagic pluthe
five focal species
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Oneof the overall gals of the pojectaims tobetterunderstand recruitment variity in the
five focal species. W present statistical analyses in Chapter 5 that relate measures of connectivity derived
from biophysical models (Gibson et al. 2015) to recruitment estimates from ssesisi@ent 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 environmigmitaed variations in recruitment and
fishing interact to affect the groundfisommunity.
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CHAPTER 1- SPATIAL AND TEMP ORAL VARIABILITY OF CHLOROPHYLL -A
CONCENTRATIONS IN TH E COASTAL GULF OF AL ASKA, 19982011, USING CLOUD
FREE RECONSTRUCTIONS OF SEAWIFS AND MODIS-AQUA DATA

*This chaptethas been publisheasWaite, J.N.andF.J. Mueter Spatial and temporal variability of
chlorophyll a concentrations in the coastal Gulf of Alaska, 12081, using cloudree reconstructions
of SeaWiFS and MODI&qua data. Progress in Oceanography 116:-182.

Abstract

We examined the spatiand temporal variability of chlorophsydl (chl-a) concentrations in the
coastal Gulf of Alaska (GOA) using a-Yéar time series afloudfree reconstructions of SeaWiFS and
MODIS-Aqua chta data. Coastvide and regional relationships betweenahindlikely environmental
drivers, including anomalies in sea surface temperature (SST), photosyntheticétyle radiation
(PAR), sea surface height (SSHa), freshwater discharge and coastal upwelling, were exploredd€oast
chl-a showed strong seasonariability with pronounced spring and fall blooms, but both the magnitude
and the seasonal patterns showed considerable interannual variabilitywiCleaahnual chlh anomalies
were positive in years with elevated PAR, low SST, and a reduction in ddivmgafavorable 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 oa levels was further supported
by negative relationgbs between elevated sea levels and ewédt chiain both the springindfall. 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 tadrchl
each of four distinct and spatially contiguousioeg 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 (G&@gurel) is a highly
productive coastal region and supports a number of commercially important fisheries, in spite of being
dominated by downwellinfavorable winds. Mechanisysupporting this high productivity include (1)
onshore fluxes of nutrients at depth during periods when downwelling relaxes or when wind reversals
lead to upwellingChilders et al., 2005; Weingartner et al., 20@®upled with episodic mixing due to
tides and wind¢Stabeno et al., 2004(2) crossshelf 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 regiq@hilders et al., 2005; Hermann et al., 2009; Janout et al., 2009;
Ladd, 2005; Stabeno et al., 2004) the interaction of the Alaska Current and Alaska Stream with
gullies and banks, resulting in onshelf fluxes of nutritt slope wateréStabeno et al2004) (4)
vertical nutrient transport over shallow banks associated with tidal mipdieignann et al., 2009; Stabeno
et al., 2004)and (5) upwelling events associated with creisslf shear resulting from local wiraress
curl such as that associateith barrier jetgStabeno et al., 2004 ow 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 cludeaized 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 caging ac
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 connectesgteral large inlets, including Prince William Sound
and Cook Inlet.
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Circulation in the coastal GOA is dominated by two major current systBmsubarctic gyre and
the Alaska Castal CurrenfReed & Schumacher, 198djhe eastward flowing North Pacif@urrent of
the subarctic gyre bifurcates into two broad eastern boundary currents offshore of British Caltmbia.
Alaska Currents the northern extension of this current and flows northward along the coast of Southeast
Alaska before turning westwardoalg 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 30100 cm ¢ (Reed & Schumacher, 1986; Reed & Taylor, 1965w in the
Alaska Current is not uniform, but characterized by frequent development of eddies that spin off into the
center of the gyréCrawford et al., 2005; Crawford et al., 20@r)propagate westward along the slope in
what is sometimes referred&s 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. Wheratitésyclonic 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 watef&ower, 1989; Ladd et al., 2009; Matthews et al., 19@8)are therefore less
effective at enhancing crosself transport along the slopéariability in eddy activity is likely to affect
spatial and temporal patterns in-eéhtoncentrations, particularly in the eddy corridor.

TheAlaska Coastal Current (ACC),narrowcoastalcurrent flowing in a counterclockwise
direction along the continental sheffthe GOA(Weingartner et al., 2005% driven bydownwelling
favorable winds and massive freshwater runoff (Royer 192shwater discharge affects shelf salinities
and is a major determinant of both horizontal (cislsalf) and vertical density graadits (Royer, 1998;
Stabeno et al., 2004pischarge ratesave a strong seasonal sigredated to spring snow melt and to
strong seasonality in storm intensity and frequdli¢gingartner et al. 2005). Variability in spritigne
discharge affects the ongststratification 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 chdjecre likely to affect
the timing and magnitude of the spring bloom.

The coastal GOA is characterized by strong physical, chemical, and biologicativetfss
gradientgChilders et al., 2005; Strom et al., 2006; Weingartner et al., 28p&ng and smmer
production on the inner and middle shelf is limited by the availability of macronut¢intsn 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 surfaegers can be replenished each winter by vertical mixing
(Childers et al., 2005 herefore 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 stledhgricig the
previous winte(Brickley & Thomas, 2004; Fiechter & Moore, 2008)igh productivity in the coastal
GOA is not confined to the shelf, but extends up to 300 km seaward of the shelfBrieklkey &
Thomas, 2004)in contrast to the shelf, ptaction in these offshore watdidartin et al., 1989)and
possibly in some outer shelf watég8trom et al., 2006; Wu et al., 2009 limited by the availability of
iron. The primary source of iron is freshwater discharge from rivers, resultingrong gradient in iron
concentration from the inner to the outer skieipppiatt et al., 2010; Wu et al., 200Hence, mechanisms
supporting onshore flow of macronutrients enhance production on the shelf and mechanisms exporting
iron-rich shelf waters fronthe shelf enhance production in offshore regions.

Direct observations of phytoplankton and primary production on the shelf are l{{@#strotto
& Lorenzen, 1986; Strom et al., 2001; Strom et al., 2006 suggest strong creskelf and seasonal
variability in phytoplankton biomass, size composition, growth, and species composition on the shelf east
of Kodiak Island(Strom et al., 2006)Satellitebased surface chlorophdl(chl-a) patterngBrickley &
Thomas, 20043uggest strong croshelf and alonghelf variability, as well as seasonal and interannual
variability in primary production. Brickley and Thom@904)used four years of satelliteased
observations (1992000) to provide a preliminarikamination of seasonal and inf@mnual variability of
chl-a over the Northeast Pacific and coastal GOA. They demonstrated tizaisdhtensified 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 @astern

and off Kodiak Island; that concentrations peak in May, decrease during summer, and have a secondary
peak in AugusSeptember; and that concentrations display large interannual variability, particularly in
spring. Satellite observations have also hésad in conjunction witin situmeasurements to examine

the effects of eddies on ealdistributions in the easte(Batten & Crawford, 2005; Crawford et al., 2005;
Ladd et al., 2009and northern GOACrawford et al., 2007)

While it is likely that chda concentrations in the coastal GOA are at least in part regulated
through grazing by zooplanktdhiu et al., 2008; Strom et al., 2001; Strom et al., 200d) analyses
focused on bottorp effects. Here we extend earlier analyses of Brickley and Th@dé4)to (1)
better characterize ¢hspatial and temporal variability of ealconcentrations in the coastal GOA using a
14-year time series of remotegensed data, (2) explore relationships betweea @nd likely
environmental drivers, and (3) exaraithe congruence between remotiynsed anth situ
measurements of clalin GOA waters.

Methods

Data sources and data processing
To examine spatial, seasonal, and interannual variability a iththe coastal GOA relative to
environmental variabilit we retrieved &lay and monthly composite LevglSeaWiFS and MODIS
Aqua chta datafrom the Goddard Space Flight Center OceanColor web site
(http://oceancolor.gsfc.nasa.ga@t 9km spatial resolution. Dafar a rectangular region (562°N and
135 165°W) that encompasses our study akégufel) were extracted from the global coverage
datasets. In ordéo produce the longest possible continuous time series of rerseteded chh data, we
examined the feasibility of merging SeaWiFS and MOBtftia data. We compared the first six full
years of overlap between the two datasets (ZW&) based on the romean square (RMS) log error
and absolute differences (log bias) of the logarithmically transformed@etgg & Casey, 2004,
O'Reilly et al., 2000pn a pixelby-pixel basis. The overall RMS log error between SeaWiFS and
MODIS-Aqua chta measurements e range of 0.1 to 10 mgh99.2% of total observations) was
0.297, which is only slightly higher than the RMS log error of 0.22 of the OC4v4ratindalgorithm
used to estimate clalfrom remotelysensed datgD'Reilly et al., 2000vhen compared tm situdata.
The overall log bias wa$.006, indicating that on average, MOEA§ua measurements are only slightly
lower than SeaWiFS measurements ofacht the same location. This similarity was expected because
the MODISAqua sensor is, in part, datated using SeaWiFS watkaving radiance@Veister et al.,
2012) There were no significant differences in RMS log error among yeass #287,p = 0.1675,
range 0.247 0.320) or 8day composite periods {k= 0.1774p = 0.6767, range 0.2190.381);
however, RMS log error was higher during the spring and fall blooms. There were no significant
differences in bias among years ed@y composite periods, although SeaWiFS measurements tended to
be slightly higher (log bias 0.16 + 0.03) than MOBA§ua measurements during the spring and fall
bloom periods, while MODI&\qua measurements tended to be higher during the-ganilyg and
summer (log bias 0.01 + 0.02). Approximately 68% of pixels have relative differences of < 0.2 (log
scale), and 42% havelative differences < 0.1 (log scale). Based on the low RMS log error and bias
between the two sensors, we concatenated SeaWiFS data far 2898 with MODISAqua data for
200271 2011 to form a continuous dar time series without additional treatrh@hang et al., 2006)
Eight-day composite SeaWiFS Photosyntheticélljailable Radiation (PAR) data for 192801
and MODISAqua PAR data for 20022011 were retrieved for the study region at 9 km spatial
resolution using the Giovanni online data systdaveloped and maintained by the NASA Goddard Earth
Sciences Data and Information Services Ce#eker & Leptoukh, 2007)Eightday and monthly
composite version 5.0 Pathfinder Advanced Very High Resolution Radiometry (AVHRR) nighttime sea
surface tempature (SST) data (199809) for the study region were extracted using the NASA Jet
Propul sion Laboratoryés P @ttpDpheipl.naBagdatd knissBatidP T o o |
resolution with a minimum pixeluglity level of 4 . Eighiday 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 websikigg://data.nodc.noaa.gov/pathfinfland resampled to match the
version 5.0 grid. Eightlay 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.avso.oceanobs.com).

Prior to analysis, pixels in the edland SST data missing due to cloud cover werefiged
using a data interpolating empirical orthogonal function (DINEOF) method, which reconstructs missing
data by identifying the dominant spatédd temporal patterr{glvera-Azcarate 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 temporabvanistie
reconstructed data due to temporal discontinuities in the sourceAiaea-Azcarate et al., 20097 he
chl-a data were log transformed prior to interpolation to meet the DINEOF requirement of normal
distribution. Data for the winter months (ember 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 datsing
across the entire time period, and then manually excluding inland lakes and rivers. Orbg-pixel
basis, 39.4 £ 10.8% of the navinter 9 kmchl-a data were missing due to factors such as cloud cover or
sun glint, and were reconstructed by tHBIPOF 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. Théongest consecutive period of missing data for any given pixel was 10 weeks, with an
average of 1.9 + 1.4 weeks. The reconstructed dimgldata sets were then resampled to a 1/4°
Cartesian (rectangular) projection to allow for direct spatial compangitmn$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. Finallyetiraddporal
mean was removeddm each pixel for each-@&ay period to produce the anomaly time series.

Daily upwelling indices derived from-Bour sea level pressure data were obtained from the
NOAA Pacific Fisheries Environmental Laboratory (PFEL, http://www.pfeg.noaa.gov) for station
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,-500 meters deep, and is based on estimates of offshore Ekman transport
driven by geostrophic wind stre@ickett & Schwing2006) Negative values of this index indicate
downwelling. A mean ®lay 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
estimatedor the entire Gulf of Alaska coastline from Southeast Alaska to Seward using a model first
developed by Royd1982) Updated time series for 1928008 were obtained from the University of
Alaska GAK1 Time Series webpadetp://www.ims.uaf.edu/gak]L/

Analytical approach

We examined spatial and temporal variability inralnd PAR based on (1) visual examination
of monthly and yearly climatologies and (2) an empirical orthogonal function (EOF) analysis of the 14
year, 8day anomaly time series. Monthly ebhbnd PAR climatologies were produced by averaging each
individual nonth over the entire 1jlear dataset. Yearly climatologies were created by averaging the 8
months within each year (Mar¢hOctober, i.e. over the growing season) for whichacahd PAR data
were available. The mean date of onset of the spring bloometasrdned based on when the pikgt
pixel chka concentration first exceeds the median chlorophgbncentration of the study area by 5%.

To identify regions that show similar patterns of variability in&zkate applied a moddtased
cluster analysito the spatial loadings from the eldEOF analysis. Minor EOF modes that explained
O5% of the t ot alanomalytirmeseriesaveré axcluted #omdhie nalysis. The optimal
covariance structure and number of clusters retained was deteusingdhe 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 dvers of coastvide (i.e., the entire study area) enlwe modeled spatially
averaged cha 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 thpgrit® annual (Marchi
October), spring/summer (Mar¢hlune, hereafter referred to as spring), and summer/falli(JDbober,
hereafter referred to as fdll)and were modeled using a stepwise linear regression procedure based on the
Akaike information dterion (AIC; Hastie & Pregibon, 1992). For this analysis we examined-eodst
and largesscale indices because the primary mode of variability iaetrd all of the environmental
indices show coastide anomalies. Pairwise Pearson's product momerglations were computed
between selected annual indices, including annual meam ofdximum peak ckh during spring and
fall, mean annual, spring, and fall PAR and SST, the mean winter (Novérimaach) Pacific Decadal
Oscillation (PDO) index, and threean annual North Pacific Gyre Oscillation (NPGO) index. Separate
chl-aindices 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 pemkaintentations were
determined using the-@ay period within each season that had the highest lelviels.

To elucidate potential mechanisms that drive variability iradhl each of the regions identified
by the cluster analysis, we modeleddy chta for thespring 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 ovitting, we limited the estimated degrees of freedom
for single variable terms to O-sBapedwhsigmdidalal | owed GA]|
relationships between response and explanatory variables, which we considered to be a reasonable range
of biological responses. Lags of zero, one, two, or thhdsy&omposite periods prior to the currentahl
observation were considered for all variables except PAR (for which only a lag of 6pcruroing
observations, was considered) and the best fitting model was selected using AIC.

To compare satellitbased measurements of ehlo in situmeasurements, a rosette sampler was
used to obtain discrete water samples at the surface andraté0depth from 70 locations in the eastern
and central GOA during April and July of 2010. Stations in the central G&A lecated along the
Seward line, extending from approximate 25 to175 km offshore. Stations in the eastern GOA were
located along the coast from approximately’ @°N and ranged from approximately 10 to 175 km
offshore, and including both onshelf andsbklf stations (Figure 1). Samples were filtered onto glass
fiber filters (Whatman GF/G), stored frozen-89°C, and later analyzed at shds@sed facilities using the
acidification techniquéollowing Parson®t al.(1984a)on a TD 700 benchtop fluorotes (Turner
Designs, Sunnyvale, CA, USA). Surface anehiter measurements were averaged for each station to
more closely represent the penetration depth of the rerrsgalsed measurements. This range was based
on the mean penetration depth inferred ftbmdiffuse attenuation coefficient at 490 n;(21.9 + 4.6
m) for the time periods in which the situmeasurements were made. situmeasurement were matched
with the nearest-8m, 8-day composite MODI&\qua data. We used &lay composites for ¢h
comparison, rather than daily data, to maximize the number of spatial-upstcivhich was limited by
cloud cover and the small number of availablsitumeasurements.

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

Results

Validation of in situ vs. remotely sensed chlorophydlata

Depthaveraged (10 m)in situ chl-a measurements were significantly correlated with MODIS
Agua measurements made within the same 9 km spatial bindaylt8ne periodr(= 0.62,p < 0.001).
The RMS log error between the two types of measurements wasrOstl.measurements were higher
onaverage with a log bias of 0.62. The regression slope was not significantly different from 1 (slope =
0.76, 95% CI 0.4%5 1.07;Error! Reference source not found).

Global valdation efforts have shown that satellite measuremerdsl-afin most ocean basins
are lower than measurements madsitu An analysis by Gregg and Caq@904)of 102in situchl-a
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measurements from the North Pacific with matching measurements from daily 9knBLeeaWiFS

data found that remotelsensecathl-a measurements were lower with a log bias of 0.041, a RMS log error
of 0.316, and a correlation of= 0.84. These error estates are substantially lower than in the present

study. However, due to sample size restrictions, our comparisons to the reseotsdyg data were based

on 8day composites rather than daily values and as such, larger errors would be expected a$ a result o
differences in timing between tle situand satellite measurements. Multiple studies have also suggested
thatin situchl-a concentrations measured using a fluorometer were higher than those made using high
performance liquid chromatography (HPLC) hmds(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
sensedhl-a measurements using fluorometricatlgrivedin situmeasurements, includinge present

study. The bias betweahl-a concentrations measured using a fluorometer and HPLC are largely due to
high concentrations of the accessory pigment chlorodéffrey et al., 1997}ypically found in

diatoms and dinoflagellatéBarsons etla 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 tax@Strom et al., 2006 Here, Marrari et al2006)found thatchl-a measurerants 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 ofil-a concentrations in thBouthern Ocean if HPL-Basedn situ measurements

were used in the ground truth comparisons. Therefore, despite the relatively large bias with only a
moderate correlation between amisitu measurements and the remotegnsed data, our assumption is
thatthe remotelysensed data used in the present study accurately reflect the general temporal and spatial
trends ofchl-a variability in the Gulf of Alaska.

Interannual and spatial variability of chlorophyi

Monthly climatologies show pronouncetbssshelf, alongshelf, and seasonal differences in-chl
a concentrationgror! Reference source not found). Chl-a concentrations of individual pixels
throughout the nowinter months of the Igear period averaged 0.77 + 2.12 mg (mange 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 northeastidé I&waii (formerly known as the
Queen Charlotte Islands) in the southeast-yeand Error! Reference source not found). In March,
chl-a concentrations were < 0.5 mg®mver deep waters and < 1.0 mg 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°ralpng the shelf keak up to 4
mg m3 towards shore. In the west, April ehkconcentrations increased to ~2.0 mgimwaters 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 ifull swing in all shelf waters. Ckd concentrations in May ranged
from ~2.0i 8.0 mg n? along the shelf, with the highest concentrations occurring in waters surrounding
Kodiak Island, the Shumagin Islands, and in the-geastal waters of Southeast AdasThe 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 &daAr{ Reference source not found) with
the bloom typically starting later in offshore waters and inside and downstream of Shelikof Strait. During
the bloom, chiin the offshelf waters increased up to 2.0 mg with the highest levels occuring
towards he shelf brealkCoastwide, the average spring bloom peaked in the first week of May (range
April 237 May 25) with an average magnitude of 1.49 + 0.32 mignange 1.02 2.05 mg nt;

Tablel, 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,ftshelf chla concentrations dropped to <6.mg n?¥ by June and
remained low through July. Ghlin shelf waters also declined during June and July, most noticably in
the central region, though levels remained high around Kodiak Island andoaestal Southeast Alaska.
Coastwide, chl-alevels dereased to 0.65 + 0.08 mg3range 0.49 0.84 mg n¥), with the minimum
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occurring between June 2 and AugustPere was a moderate coastle bloom beginning in Augu$t
September, especially in the western shelf and offshelf wateissfall bloom gaked at 0.96 = 0.14 mg

m (range 0.71 1.26 mg n¥) during September 14October 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 thely year in which the magnitude of the fall bloom exceeded that of the
spring bloom Error! Reference source not found). By October, coaswide chta levels had begun to

decline.

Coastwide, 8day means of ckh showed strong seasonal and spatial variability with pronounced
spring and fall blooms, but bothe magnitude and the seasonal patterns showed considerable interannual
variability (Error! Refere nce source not found. Mean chla concentrations were higher on the shelf
than in offshelf regions, particularly in the shallow waters of British Columbia, in Southeast Alaska, and
around Kodiak Islandl'he first four chlorophyll EOF modes explained 36.1% of the total variance in the
chlorophyll time series. The spatial patterrited first EOF mode (14.6% of the total varianggor!

Reference source not found.has positive loadings throughout most of the area, reflecting overall
regiontwide chloroplyll with the highest variability occuring in waters from 136 to 150°W and further
westward along the 1000 m isobath as a swath approximatél@D km in width, roughly following

the paths of shelbreak eddies (Ladd et al., 2007). The two regions dfdsgvariability 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 surcas the particularly strong Sitka and/or Yakutat eddies occuring in the region
between 2004 and 2006 (Crawford et al., 2007). EOF loadings near O in the waters east of approximately
136°W suggest weak intannual and inteannual variability associatedtw this mode in southeast

Alaska.

The corresponding time series for the first EOF mode primarily capturesvadasthta
anomalies in the magnitude and/or timing of the spring and fall blooms, which are dominated-by short
term variability but show a clear muitear pattern of anomalously high and low chlorophyll
concentrations. Positive chlanomalies dominated from 1992002 and 2006 2010 when the GOA
was in a cold temperature regime, while negative anomalies dominated frorh 2003 during a warm
regime. Shorterm patterns of variabilitinclude anomalously late spring blooms in 1999 and 2001 (large
negative anonies 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 mod& YA ©f the total variation) shows a
strong, ouf-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
|l oadings ah eHddyin¥akotdoro (offshelf waters from
and on the western/central shelf imply that enhanced iththe eddy corridor is associated with reduced
chl-ain the other regions and vice ver$ae corresponding time sesiéor the second EOF mode appear
to primarily capture cha variablity due to eddy activity because the strongest loadings are associated
with the eddy corridor and the eddgnerating region off Southeast Alaska (Haida and Sitka eddies).
Prominent positig values, especially during 1988999 and 2008 2008, are associated with periods of
increased eddy activity (positive SSH anomalies) in western offshelf witeos! (Reference source
not found.). The positive association between eddy activity is also evident in a signifcant positive
relationship between SSH anomalies andadhl the western offshelf region (see below).

PhotosyntheticalhAvailable Radiation (PAR)

The 14year Gulfwide PAR time series showed an annual cycle of intensified PAR which peaks
around the first week of June (range Maiy August 4) at 43.06 + 2.31 Eha?, with mean PAR levels
of 27.76 + 1.01 E rAd* during the norwinter months. The highestaximum PAR level of 48.28 Efn
d?* occurred in 2000, corresponding to the year with the maximum spring chlorophy!l o (
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) represera gon
wide PAR anomalies with the highest variability occurring in waters between approximatély 137
157°W and especially between Kodiak Island and the Kenai Peninsula {882W; Error! Reference
source not found). The corresponding time series shows a nyaér cycle of alternating anomalously
high and low PAR values which corresponds roughly to the iyedti cycle of positive and negative
chlorophyll anomaliesHrror! Reference source not found). Annual mean PAR values were positively
correlated with annual mean ehvalues (r = 0.48p < 0.001,Error! Reference source not found). The
spatial pattern of the second PAR EOF mode (16.6% of the total variability) showsadrpbase spatial
pattern between the eastern and western GOA with a break at approxid&8t&V, 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 thatilgsteast
pattern follows a multyear cycle with substantial highequency, withiayear variations that are likely
associated with the passage of storms.

Cluster analysis and seasonal &hpatterns

The modelbased cluster analysis using the first 4 chloropalOF 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 bloom&(ror! Reference source not found.). The nean seasonal cllpattern for
the eastern region is characterized by moderately strong spring and fall blooms occuring in early May and
September, respectively (

Tablel). The mean seasonal enpattern 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
westen offshelf regions the major transit path for Yakutat and Sitka eddiessinbaracterized by a
moderate spring bloom with a highly variable magnitudenitht relatively consistant timing, peaking 1
2 8day periods earlier than the other regions. @emevels are the lowest of any region and are
followed by a highly variable fall bloonThe western shelf region had the highest meas chl
concentration throughout the year but the spring bloom peaked later on average than in the other regions.
The westrn and central offshelf regions had the lowest mean annualodmicentrations 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 Bgpeed the strongest spring blooms on average, as
well as a strong fall bloom with mean ehtoncentrations higher than the spring blooms in the other 3
regions.

Regional 8day chta anomalies

The best regression models for springa&bly region (as defined by the cluster analysis) suggest
that increased cfd was associated with high light levels (PAR), except in the western offshelf region
(Error! Reference source not found). Enhanced ckh was associated with lower SST (lag 2) and
increased upwelling (or reduced downwelling, lag 1) in the eastern GOA, whereeis thé western
regions was positively associated with SST at lag 0 but had no signifita@nghip with upwelling.
Reduced chh 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 centredgion, 0.7% for the western offshelf region, and 26.6% for the western shelf
region.

Fall chla 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-al@xcept in
the western offshelf region. Positive SSHa was associated with reduced-&iih ¢he eastern and
central regions, but was positively assteibwith fall chta in the western offshelf ("eddy corridor")
region. High freshwater discharge rates during fall were associated with reduead tin¢ 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.
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Coastwide chla anomalies

The annual coastide mean chh concentrations were negatively correlated with mean annual
SST ¢ =-0.73,p = 0.004), suggesting that enhanced annual meaalekhkls in the coastal GOA are
associated with cooler than average water temperatures. This correlation sigaifioant when just the
spring months were considergqu= 0.838), but was highly significant for the summer and fall momths (
=-0.719,p = 0.004). Coastvide 8day chta means were positively, but weakly, correlated with coast
wide 8day PAR meang & 0.175,p = 0.0002), as well as with upwelling at all three upwelling locations
(e.g., station at 60°N 137°W= 0.187,p < 0.001). Coastvide 8day chta means were negatively
correlated with coaswide 8day SSH anomalies € -0.197,p < 0.001).

Coas-wide annuathl-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 1982010 coastvide chl-a anonalies. Stronger upwelling (or
reduced downwelling) and lower SSHa, factors associated with a weak Aleutigi®kerland et al.,
1999) were associated with positive ceastie chla anomalies in the spring, while ealin 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 associatedwo 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 cohenmat signal characterized by muitear periods of abovaverage and beloaverage cha
(Figures 6 and 11). The second mode of variability for bottaemd PAR Error! Reference source
not found.), as well as for SST (not shown) suggests ssagepattern between the eastern and western
GOA and a pronounced contrast in-ehfariability between the shelf and offshelf region (offshore of
~1000 m depth) in the western GOBrfor! Reference source not found).

Coastwide annual chl anomalies were positive in years with elevated PAR (reduced cloud
cover), low SST, and a reduction in downwelliagoreble windsd conditions that are indicative of
reduced cyclonic circulation in the GOA associated with a weak AleutianQeerland et al., 1999;
Stabeno et al., 2004If chl-a concentrations in the coastal GOA reflect productivity, these results are
contary 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 emletls
was further supported by negative relationships betwesateld sea levels and coadtle chlain both
the spring and, more strongly, in the f&kior! Reference source not found).

Surprisingly, average light levels (PAR) did moiter the best model for coagide spring chia,
in spite of strong positive effects of PAR on-ahh three of the individual region&(ror! Reference
source not found). This may have been the result of moderate confounding between PAR and upwelling
(r =0.407) and of unusually low chllevels associated with the highest observed PAR in 2001. When
the 2001 outlier was removed, PAR was retained as the most influentidleanishe best modél in
addition to SSHa and upwellidg and the modePrincreased from 0.46 to 0.71. Light limitation in the
spring is consistent with Strom et €010) who showed that the phytoplankton community on the GOA
shelf is adapted to hidhlght levels.

The coastvide patterns mask significant regional differences irackdriability that likely
reflect different mechanisms driving variability in each regiendr! Reference source not found).

The eastern GOA has characteristics of an upwelling system, where positive upwelling anomalies and
cooler nearshore waters are associated with enhancadtchtentrations in the spring at a lag af 2

8-day periodgError! Reference source not found. Although upwelling did not have a significant

effect in the fall, reduced sea levels along the cdasbnsistent with reduced downwellidg were
associated with increased &htoncentrations.
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In the western and central offshelf regions we found weak and inconsistent effects of PAR, SST
and SSHa on chd, 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 chiain the western offshelf region dag spring Error! Reference source not found) or in
either offshelf region during fall. Much of the offshelf region consists of-highient, low chlorophyll
(HNLC) watersoccupying the central GOA, where éhlevels are generally lower and are likely limited
by micronutrients rather than ligiivhitney et al., 2005; Wong et al., 1998ny relationships with
regionwide measures of SST and SSHa in this region are likeskeasby high mesecale variability
associated with anticyclonic eddies propagating westward along the §lbpais positively associated
with SSH anomalies in the western offshelf region, which is likely due to enhahleatevels in the fall
aroundthe peripheries of eddi¢sadd, 2005; Okkonen, 2008)at originate at ~140°W and slowly
propagate west along the shelf break over a period @f Bears Error! Reference source not found).
Although eddy activity is clearly associated with enhanceé tdwels(Crawford et al., 2007; Janout et
al., 2009; Ladd, 2005¢levated chh levels in this region are not limited to eddy events.

The western onshelf region encompadbedroad 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 assatiate
enhanced chh 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 regderindices, but our
results suggest thatin addition to PAR vaiiability in surface temperatures and discharge contribute to
the observed variability in ctd. Strong freshwater discharge appears to reduce mearieshdls,
particularly in the fall Error! Reference source not found). This may be a result of enhanced
stratification in the nearshore region, which can either lim#aghoduction by preventing the mixing of
deeper, nutrieatich waters into the surfaceyler (Gargett, 1997)or produce a deep ehlmaximum that
satellites cannot detegitadd, 2005; Whitney & Robert, 20023pring chla was positively related to SST
in the western regions only, possibly reflecting the importance of thermal stratificaginthewouter
shelf and slope during spring, which helps stabilize the water column and allows the spring bloom to
develop.

Our models of regional,-8ay chta anomalies explained a relatively moderate amount of
variability in chta. Clearly, other physi¢and biological factors contribute to variability in ehlevels
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 Cueekiitka Current/Alaskan
Stream, and a highly complex bathymetry. Here we only consideredstietfgvind direction
(upwelling) but not variability in local wind stress, wind stress curl, or wind mixing that are known to
affect nutrient supply (Herman ak, 2009; Stabeno et al., 2004). Brickley and Thomas (2004) note that
low spring chla concentrations were associated strong wind mixing during the previous winter with in
1998, while strong spring blooms in 1999 and 2000 followed weaker wind mixinguggdst 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 stks of chiareflect the influence of both botteap processes and top
down effects from grazing by zooplankton, hence variability in grazing pressure may lead to variability in
phytoplankton and ckd levels(Longhurst, 1995)While there is large unceidy about the impacts of
grazing,enhanced grazing by microzooplankemd abundant copepods phytoplanktorat higher
temperaturesould be a contributing factor tbe inverse relationship between SST aneaathbcumented
here.While the grazing impadaif copepods in the central Gulf of Alaska may be limited to less than 10%
of phytoplankton standing stockS8oyle & Pinchuk, 2003)microzooplankton alone can consume up to
half of the production by phytopllysmkieon >20 em i
phytoplanktor(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 phitoplgmoduction.
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However, the growth of copepofsirst & Lampitt, 1998) which dominate zooplankton biomass on the
GOA shelf, and possibly the growth of microzooplankiBtrom et al., 2007hcreases with temperature.
Therefore, togdown control of chi standing stocks maybe higher in warm years and could contribute to
the observed negative relationship between SST aral dhle suggest that this may be a fruitful area for
future research.

Variability in chl-a concentration may also be influenced byrannual, seasonal, and spatial
variability in the phytoplankton taxonomic composition in the water column. In general, higteer chl
levels are generally associated with a higher proportion of larger phytoplankton species, while lawer chl
is associated ith a higher proportion of small phytoplankton taxa. For example, in the central GOA,
Stromet al.(2006) found that ck& concentrations >ghg m?® were associated with a high proportion of
cells >20 & m, such as c¢hai n oans, agperiallg in theasheif edionsd o mi n a
Offshelf regions, which contain some of the lowestabbncentrations throughout the year, were
domi nated by phyt olpaddtork duoamalyseS of shetf waters aseiresticted
primarily to chtain the upper 15 m of the water column and do not account for variability isustace
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 inflacelayer chta and variability in
subsurface ckh cannot be evaluated with available data; hence our implicit assumptionssitiaae
layer variability reflects wholavater column variability in chi.

Satellitederived estimates of clal can alsde 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
affectchl-a estimates. However, higfarbidity 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 olusian 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

Tablel. Summary of chlorophy magnitudes and timings.

Annual  Spring bloom Peak Summer low Fall bloom peak
mgm3 mgm?3 Date mgm? Date mgm?3 Date
Region + SD + SD + days +SD +days + SD + days
Coastwide 0.76 1.45 May 13 0.65 Jul 16 1.01 Sep4
+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 Sepl
+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 Sepl
+1.57 +1.41 11 +0.11 +21 +1.18 +21

Table2. Summary of results from stepwise regression of annual-f&) and seasonal (spring: Mar
Jun; fall: JWOct) chla as a function of the corresponding annual and seasonal meanssaffaga
temperature (SST), photosynthetically active radiation (PAg)ssrface 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*=10.97) 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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Figurel. Map of study area. Dots represent locations wimeséu chlorophylka measurements were
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Figure 2. Percentage of nevinter, 9 km chlorophyla data missing spatially (upper panel) and
temporally (lower panel) due to factors such as clougicard sun glint, 1998011. Red line in lower
panel represents the monthly moving average.
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Figure 3. Comparison between remotegnsed chlorophyt concentrations (MODI8qua, 9km, 8day)
and measurements made in situ within the same 9km ragitbduring the sameday 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, 1298 1, based on when the pbtl-pixel chlorophylia
concentration first exceeds the median cedade chlorophylta concentration by 5%. Dashed line
represents 1000 m isobath.
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CHAPTER 2 - SHARP GRADIENTS IN BIOLOGICAL COMMUNITIE S ALONG THE GULF
OF ALASKA SHELF ARE ASSOCIATED WITH TOPO GRAPHIC, CLIMATIC AND
OCEANOGRAPHIC DISCON TINUITIES

*This chapter will be submittefr review as Waite, J.NandF.J. Mueter Sharp gradients in biological
communities along the Gulf of Alaska shelf are associated with topographic, climabcearbgraphic
discontinuities DeepSea Research Il, Topical StudiagOceanography, Special Issue@ulf 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 nsmehamiderlyinguch
gradientsare poorly understood, but likely involve both{pwn and bottorup controlgMundy, 2005)

The Gulf of Alaska Integrated Ecosystem Rese&rdgram(GOA IERP) has adopted a largely bottom

up approach to elucidate the prases 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 a$liiamong years and ageresulin fluctuations in

available prey, which directly affects the dietary preference and foraging strategy of top level predators
such as seabird®ne of thenypothesgs of the program wadkat environmental and biological variability

are less pronaced in the eastern GOA thamthe westernGOA and the greater stability and higher

species diversity in the eastern GOA make the region more ecologically resilient to climate change and
human forcingHughes et al., 2005; Miller et al., 2005)

Local wedher 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 freshw#tershel{\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 reginal oceanographic variabiliff.add and Cheng, in press; Ladd et al., in pré3s}
bathymetryalong the coass characterized by a broad continental shelf that sepanatesastal

mountain range from abyssal depths in excess of 3000 m. Thastefiper slopgwaters less than

1000 m depthhavean extremely irregular topography with shallow banks that are separated by
numerous troughs or gullies cutting across the shelf. In Southeast Alees$taelf 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, exten8hgraGrom

the outer coast (i.e., notcluding 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 shelbisince William Sound is

broader and shallower, extending up to 200 km from the mainland coast with an average depth of ~150 m.
In contrast, te continental slopalong the western sha#f steepdroppingto depths exceeding 6000 m

within 50-75 km of he shelf break.

The coastal GOA is a highly advective sysominated bywo major current systems: the
subarctic gyre and the Alaska Coastal Cur(Beted and Schumacher, 1986he eastward flowing North
Pacific Current of the subarctic gyre bifurcait@® two broad eastern boundary currents offshore of
British Columbia. The north branch is the Alaska Current which narrows and intensifies near Prince
William Soundas it changes from an eastern boundary currentv@sgern boundary current known as
the Alaskan Streani(Weingartner et al., 2009; Weingartner et al., 2002 Alaska Coastal Current
(ACC) is a narrow, windandfreshwaterdriven current that flows in a courdellockwise directiorand
dominates the flovalongmuch ofthe continental shelfThese currents provide a neamtinuous
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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,rad 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 reviewa; Stockhausen et al., in revid.

Although he eastern and western GOA represent the upstream and downstream conditions of the
dominant current systenadong a continuum, both the current structure and the bottom topography differ
greatly between these regioftow in the ACCdiffers in magnituderad velocity between theastern
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 Al&&daeno et al., in press
Stabeno et al.nipressb). The wider and more productive continental shelf in the western ISGOA
associated witl higher biomass of demersal fishes but relatively lower species diversity, whereas the
narrow shelf of the eastern GOA has a much higher species diveisiiyvaer biomasgMueter 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 delineate theetwo regionsand identify potential biophysical or faunal
break points along the coast by examining physical and biological gradientsreddB@Ashelf and
slope regionshrough retrospective analyses of available spatial dat&msfically, our objectives are
(1) to examine to what extent regional climatic and oceanographic responses-tuédegeariability are
coherent across the coastal GOA or differ between the eastern and western GOA; (2) to quantify spatial
gradients in reignal 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 groundfigig their physical environmerBy
compaing the responses of biologioadriability to climateand oceanographforcing between these two
contrasting systems, we can gain a better understandingabfdrives 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 variahitityp longterm trendsMoreover,
as these two regions of the GOA are likely affectgdbth topdown and bottorup drivers in dissimilar
ways,results will help shapmanagemerapproaches thatccount fo such differences.

Methods

To addressur objectives, wdirst compiled and mappedean conditions for several
representative datasets of environmental conditions and biological measures of abundance at several
trophic levelsData sets examined included sateltierived measures of Photosynthetically Active
Radiation(PAR), SeaSurfa@ Temperature (SST), Seavel Anomalies (SLA) and chlorophydl (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) analysesecseries of satellite
based measures, which were aggregated over 8 days
modes of variability, map their spatial loadings for visual examination and test for break points in the
longitudinal (alongshodadirection. Upwelling indices and groundfish survey data were aggregated in
longitudinal slices to visually examine trends and test for break points.

We retrieved &lay composite Leved SeaWiFS and MODFAqua chta data from the Goddard
Space Flight Cearr OceanColor web sitétfp://oceancolor.gsfc.nasa.gat 9km spatial resolution. In
order to produce the longest possible continuous time series of rersebslyd chh data, we used a
concatenated deagat containing SeaWiFS data for 1998001 and MODISAqua data for 2002 2011
to form a continuous I¥ear time series without additional treatm@haite andViueter, 2013). Eight
day composite SeaWiFS PAR data for 12981 and MODISAqua PAR data for @27 2011 were
retrieved for the study region atkén spatial resolution using the Giovanni online data system, developed
and maintained by the NASA Goddard Earth Sciences Data and Information ServicegAueteand
Leptoukh, 2007)Eightday compos# version 5.0 Pathfinder Advanced Very High Resolution
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Radiometry (AVHRR) nightime seasurface temperature (SST) data (1:2889) for the study region
were extractefomt he NASA Jet Propul siachmvelLaboratoryés PO.
(http://podaac.jpl.nasa.gpat 4km spatial resolution with aimmum pixel quality level of 4Eightday
composites for 2010 were compiled from daily Pathfinder version 5.2 SST data downloaded directly from
the NOAA National Oceanographizata Center website (http://data.nodc.noaa.gov/pathfinder) and
resampled to match the version 5.0 giiée created sevetiay composites of mean sgarface salinity
(SSS) at a 1f3spatial resolution from theO.DAAC archive for September 2011 through M2BA3.
Salinities are estimated based on a relationship between salinity and brightness temperature as measured
by the Aquarius satellitén{tp://aquarius.nasa.gphvi he available time series for SSS was too short to
include in time series analys&Sght-day mean sea level anomaly ¢SLcomposites were created from
daily 1/4° merged global reference sea level anomaly data downloaded from Aviso
(http://www.aviso.oceanobsm) from 19982011 Bathymetry data were extracted from the General
Bathymetric Chart of the Oceans (GEBCO) globabkB®second grid retrieved from the British
Oceanographic Data Centt&tp://www.bodc.ac.uk/data/online_delivery/gehcbhe GEBCO data was
generated from qualitgontrolled ship depth soundings and interpolated between soundings by satellite
derived gravity data. Data for a rectangular regioii §20N and 135165°W) that encopasesour
study areaKigure 2.) were extracted from each of the global coverage datasets.

Daily upwelling indices derived fromBour sea level pressure data were obtained from the
NOAA Pacific Fisheries Environmental Laboratory (PFEttp://www.pfeg.noaa.ggvor 25locations
located along the GOA coast between 130°W and 160°W londitoicke1 9672011 This index is the
amount of water upwelle@in® s1) from the base of the Ekman layer-500 meters deepJong100 m of
coastlineand is based on estimates of offshore Ekman transport driven by geostrophic win@Pitkests
and Schwing, 2006Negative values of this index indicate downwelling. Monthly freshwater discharge
time series have been estimated fer ¢htire Gulf of Alaska coastline from Southeast Alaska to Seward
using a model first developdy Royer(1982) Updated time series for 192811 were obtained from
the University of Alaska GAK1 Time Series webpalggd://www.ims.uaf.edu/gall

Fisheries bottortrawl survey data for 199P2015were obtained from the Alaska Fisheries
Science Center of the National Marine Fisheries Service
(http://www.afsc.noaa.gov/RACE/groundfish/survey data/datd.fthese data were collected on a
triennial basis through 1999, anathbiennially basis through 2015ata were processed and for each
haul, indices bspecies diversity (Shanndiiener index), species richness (total number of species), and
total CPUE were calculated according to Mueter and Norcross (2002).

Prior to analysis, pixels in the ehland SST datthat weremissing due to cloud cover werepga
filled using a data interpolating empirical orthogonal function (DINEOF) method, which reconstructs
missing data by identifying the dominant spatial and temporal pati&iresa-Azcarate et al., 2005;
Beckers and Rixen, 20Q3esulting in a spatiallyangruent dataset suitable for further analydigite
and Mueter, 2013 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 saurce dat
(Alvera-Azcarate et al., 2009T he chia 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 excludedaungissing 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 efleldata sets were then resampled%& a
Cartesian (rectangular) projection to allow for direct spatial comparisons with SLA data. Waters >200 km
seaward of the 1000 m isobath, as well as threnB&ea, major river inlets, glacial fijords, and the inside
waters of Southeast Alaska were masked from subsequent analyses. Finallyyabetédporal mean
was removed from each pixel for eacldd@y period to produce the anomaly time series.

Spatial meaks were determined for each variable using a variety of methods. We modeled EOF
loadings for SST, PAR, cla, and salinity, each of whiakxhibiteda clear spatial dichotomgs smooth
functions of longitude using a Generalized Additive Modeling (GAppraach. 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. Demead fish CPUE and diversity indices were modeled as smooth functions of longitude,
and spatial break points (change points) were estirdat u s i ng t h e (BReaks focAdditigee O bf as
Season and Trend, Verbesselt et al., 204B)ch iteratively estimais the location of abrupt changes in
longitudinal data. Spatial patterns in upwelling were examined using a hierarchical cluster analysis of
daily time series a series ol e xgdidgpointsalong the GOA slopto identify regional upwelling
patterngCoffin and Mueter, 2015P ai r wi se Eucl i dean distameres and Wa
used to identify groups of spatially consecutive stations with similar upwelling patterns.

In addition to examining spatial means and anomalies across space, we tediféztémce in
both the patialvariability and temporal variability of SST, ¢hl and PAR anomaliesis well as in the
temporal variability of groundfish density and diversity. To assess spatial variability, we computed the
variance of each of the threatellitebased measures across all pixels in the eastern and western GOA,
respectively, for each-8ay composite, as well as the difference in variance between regions at each point
in time. To assess temporal variability for each measure, we compatedrthnce over time of8ay
compositegsatellite 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 patternstable over time.
Sensitivity analyses for the gridded time series were conducted by repeating the EOF and breakpoint
analyses for consecutiveygar intervals and visually comparing results. Similarly, cluster analyses to
determine a breakpoint in upwielly were repeated for{ear intervals, but noroverlapping 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 surveyd §999@0012007, 20092015).

Results

We found significanbreak points associated with each of the variables examined that were
centered -hédeWldTeW e 1), which appears to be a n
and western Gulf of Alaska. The majopde 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 oppaosite signs in theazabteestern GOA
with a transition in the northcentral Gul f of Al a
2.2). Here we first summarize mean conditions in the eastern and western GOA for each variable,
describe the major modes of variability fefevant 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.

Seasurface temperature

The waters of the eastern GOA tend to be warmer thamgbern 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
westernGOA was7.05 + 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 thespatial pattern of the first SST EOF mode is relatively homogesioss the region,
refleding coherent, coastide SST anomalies (Waite and Mueter, 201B¢ second SST EOF modeas
characterized bgn outof-phase spatial pattern indicating thatiative to the coastide anomalies,
warmer anomalies in the east reeassociated with coolanomaliesin the west, and visaersa. The
spatialdiscontinuity in this mode is relatively gradual and extends over a broad region that begins further
upstream (East) off the shelfheoverall analysis identified lareak centered at approximately 147.8° W
with thebreakoccuring farther west on the shelf (148.8° W) compared tesbfIf waters (144.6° W).
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Temporal variability of SST anomalies in eastern GOA wateshigher than that of anomalies
in westernwatersand $elf waters were lessriableover timethan offshelf watersHigure 2.3. Large
contributors to the high averaganability in the eastern GOA atle far southeastern corner of the study
regionoff Haida Gwai andhe off-shelf region neayakutat where many eddies are generafEoe
offshelf waters between Yakutat and Haida Gveaidvariability similar to the central ofhelf waterdo
about 155°W, beyond which the variability drops substantially.

Chlorophylta
Mean logtransformecthl-a values in shelf waters were higher in the eastern GOA (0.24 + 0.75)
than in thewesternGOA (0.14 + 0.69). Offshore cfal values were similar between east and w8sh 1 +
0.57 vs-0.54 + 0.66)Spatial and seasonal patterns in mearacile desdoed in more detail in Waite
and Mueter (2013).
The spatial patterns of the secondalOF mode shows a strong, aiftphase pattern inshore
and offshore of the 1000 m isobath in thesternGOA, whereas the pattern in the eastern GOA is
coherent betwaeshelf and offshelf regions, as well as with the majority ofstesternshelf region
(Waite and Mueter 2013). The third ehEOF mode shows a similar pattern, with coherency among the
eastern GOA shelf and offshelf region, as well as witwigternoffshelf region. Modes 2 and 3 differ
primarily in terms of withiryear variation in the timing of the spring and fall blooms, but both show a
strong eastest difference. Combining these two mo@&milar to Brickley and Thomas, 200/sults
in a spatiapattern 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 14¥.8verall,and similar to SST occurs further west the
shelf(146.8°W) compare to off the shelf (1&°W). Similar break points were found in modes 2 and 3
individually; however, mode 3 had two break point
respectively, encompassing the central offsheHaciggion identified in Waite and Mueter (2013)
Temporal variabity of chla anomalies irthe westerrGOA washigher than irthe easterrGOA,
but therewas no difference in anomaly variability between shelf and offshore waters. Over the eastern
shelf, variation in chdla anomalieswhile relatively low overall, was vetyigh close to shore within
Alaska Costal Current waters southeast of Cross S@tigdre 2.3.

Photosynthetically ActivRadiation

The second PAR EOF mogeas characterized an outof phase spatial pattern between the
eastern anwvesternGOA with a brak at approximately 148 W, implying that periods of anomalously
high PAR values in the eastern Gulf are associated with periods of anomalously low valuegestehe
Gulf and vice versa, relative to the Gulide anomalies captured in the first EOF mode. As with the SST
and chia spatial breaks, the diding line occurs further westn the shelthan offshore (148.2W vs
147.6°W). The corresponding time serifes EOF 2indicates that this eastest pattern follows a muiti
year cycle with substantial higinrequency, withiryear variability.

Overall, there was no difference in temporal variability of PAR anomalies over eastern and
western waters, blRAR anomaliesvere more variable over shelf waters compared to offshore waters
(Figure 2.3. Differences between the eastamdwesternGOA are masked by opposite patterns in
onshelf and offshore watefBAR anomalies over theesternshelf were significantly more varibbthan
over the eastern sheifthile PAR values over the eastern offshelf waters were more variable than over
westernoffshelf waters
Upwelling

Two distinct upwelling regimes within the GOA veeidentified through a cluster analysis of
daily upwelling ndices. The two main clusters separatecttisten and westertGOA betweerihe
upwelling locations at 147.5 *\W48.5°W (Figure 2.4, Coffin and Mueter, 2015)pwelling in the
eastern GOA hadmauch stronger seasonal sigrattpnger downwelling during wter, and weak
upwelling or downwelling during summen tontrast, thevesternGOA hada weaker seasonal pattern,
weaker wintertime downwellingn average anconsiderably more upwelling during summer. Temporal
variability in upwelling anomalies, afteemoving the seasonal signal, was nearly twice as high in the
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eastern GOA compared to the western region, with daily anomalies rangings{&@ to +530 rhs?
per 100m of coastline in the east compared 1470 to 770 rhs? in the west and interquartile ranges of
59 and 95 rhs?, 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 higldensities 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 Kodligk Isla
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 diversitieshie east. Significant breakpoints in alongshore densities and
diversity were identified at 148.2 eW and 150. 2 e

Total abundances, in spite of large increases in arrowtooth flounder abundance and large
fluctuations in other species, has ened 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 ishaevegsa 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 periodsaemined. 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 thef@uaska,
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 intte eastern and central GOA, respectivAlfhough much of the variability in
PAR, SST, SSS, and ehlwas associated with consistent anomalies in mean conditions across the entire
study region, we documented a second mode of variability that reflectg-afghase 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 communitieSpecifically, ve 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 differemeeseassociated with similar differencesthe variability of
lower trophic level conditions, suggesting thairevariable production (ckh) was associated with a
highervariability in the abundance of fishes.

Overall, the major division line between the easternveesternGOA consistentlyocaurred
aroundl 4 5 €l48°W. ©he cause for the faunal discontinuity is not fully understood but it coincides
with several obvious physical and oceanographic chandgis northcentral GOAFirst, the shelf
broadens considerably from less than 70 kmiwidtn e ar 145eW t o nearly 180km &
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 bouedary curr
(Alaska Stream). Third, the largeale winds, combined with a change in the angle of the coastline result
in upwelling conditions for much of the year west
dominated by downwelling conditions throughowg yfear (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-shelfoss
Ekman transport, largscale 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
(Figure 7.1)Finally, mesescale eddies may play an impottaoie in crossshelf exchanges in the Gulf

of Alaska and have been associated with elevated produg¢éntpod 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; Okkorn et al., 2003; Waite and Mueter, 2013pwever, while eddies formed in the eastern GOA
typically move westward off the sheltadd, 2007)those that form off Yakutat propagate westward

along the slope, impacting cresiself exchanges along the west&@A shelf.

Our results suggest that the western GOA is considerably more productive than the eastern GOA
as evident in higher levels of ehland substantially higher densities of groundfish, which integrate lower
trophic level production over several ygafhe observation that a strong faunal discontinuity in the
groundfish community coincides withbvious physical, oceanographic and lower trophic level gradients
suggests that tseobservedlifferencesare a response to botteup forcing.High productionin 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, nuicieistope currents onto the
shelf through gullies and the subsequaiking of cold, nutrientich waters into the surface layer
through strong tidal mixing on the shallow banks around Kodiak IgModdy et al., in review; Stabeno
et al., 2004) This mechanism likely supports the observed high levels of phytoplankiios waters
around Kodiak Island, which are sustained throughout much of the syBrizddey and Thomas, 2004;
Stabeno et al., 2004)n addition, mesoscale eddies promote sha#fin exchanges of nutrients and
organismgJanout et al., 2009)nd periodicsummertime upwelling allows the penetration of deep,
nutrientrich waters onto the shdiChilders et al., 2005which may subsequently be mixed into surface
waters.

Upwelling conditionswhich are more prevalent in the central and western @®@Aikely to
contribute to the higher productivity of fish populations in the western GOA as thaffeanbiological
processes in at least two important ways. First, upwelling or relaxed downwelling conditions are likely to
enhance productivity on trehelf. We provide evidence in Chapter 1 that variability irechl
concentrations in the eastern GOA can at least in part be explained by variations in upwelling, where
higher chla concentrations follow periods of upwelling with a lag of approximatelyaaek. 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 amadviae 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 dividithg easterand western Gulf of Alaska based on breakpoint
analysisof datasets along the Gulf of Alaska shelf and upper slope (Stfélf)e shelf from the 1000 m
contour line to 200 km offshore (Gshelf), or for both regions combined (overaljeakpoints were

identified using different approaches for spatial EOF loadings, time series anomalies, or temporal means
(see text for detbs).

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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Figure2.1: Maps of study area with major currents and geographic features (top) and detailed bathymetry
(bottom).Black-andwhite dashed lineén bottom panetlenotes 1000m depth contour.
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Figure2.2: Spatial loadinggrom EOF of available 8lay time seriefor seasurface temperatuenode 2, Chlorophylta (modes 2/3
Photosynthetically Active Radiatioomode 2 andseasurfacesalinity (mode 3. Total length of time series is indicated in each panel. Analysis of
Chlorophylla and PAR did not include winter mont&lid linesand red ovalindicateapproximate location direakpoins between eastern and
western Gulf of Alaska. Dastéine indicaés 1000 m isobath
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