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The Gulf Ecosystem Momtonng (GEM) Program Document has been prepared m 
two volumes to more easily describe the basic momtonng and research program 
(Volume I) whtle proVIdmg access to the factual basIS for the program (Volume TI) 
Volume I explams the basic mohvab.ons for the program, mformatlon needs, and 
the strategies for meeting these information needs (see Table 0 1 below) Volume II 
presents the factual basis for the program, including the detailed descriptions of 
two important components of the program (1) modeling and (2) data management 
and information transfer Table 0 l 1denttfles the question addressed by each 
chapter and the products proVIded The OverVIew Figure, followmg the table, 
illustrates the structure of the GEM Program Document 

Table 0.1 Contents of the GEM Program Document 

Chapter Trtle & Quest.on Addreued Products 

1 

2 
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5 
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Why do tl11s and what do we hope to 
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M1ssion and goals 

Program context 

Human Uses and Actrvltles Issues of concern to the Trustee 

What are the human actMtles m the regton ~ Council and public 

and their potential impacts? 

GEM lnformabon Needs 

What mformatJOn do we need? 

Program Components and Strategies 

How can we get the mformabon we need? 

Momtonng Plan & Research Agenda 

What are we gomg to do to get the 
mformabon, when Wiii we do tt, and wdh 
whom? 

Program Management 

What are the processes and po/1C1Bs for 
mrn11toJ1na and research? 

Specific quesbons and 
mformabon needs 

Key components and 
1mplementabon strategl8S 

Starbng pomt for 1mplementabon 
process 

The Gulf Ecosystem Momtoong 
and Research Program 

Volume II-The H1stoncaJ Legacy Building Blocks for the Future 

1 Bu11d1I1g on Lessons of the Past Past expenence 

2 
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What do other regtonal manna SC10nce Hypotheses and strategies 
programs have to teach us? 

Lmgenng Effects of the 011 Spdl 

What does expenence from the at/ sp1/I teach 
us? 

Scienl:tflc Background 

What 1s pub/IShed that can help us? 

Pastexpanence 

Current knowledge of the Gulf of 
Alaska 

General research quesbons 
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Table 0 1 Contents of the GEM Program Document 
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Programs and Projects 
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Scientific background & 
general research questions 

l Gap Analysis 
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Figure 0.1 . An overview of the structure of the GEM Program Document showing the relation of 
key concepts to the habitat types and the schedule of implementation 
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1. BUILDING ON THE LESSONS OF THE PAST 

In Tlus Chapter 

}>- Background on other relevant programs 

~ Studies supported by Trustee Councl funding 

The Gulf Ecosystem Morutonng (GEM) program IS not the first attempt to look 
at large areas of Alaska's manne ecosystems from a broader perspectJ.ve The 
Exxon Valdez Otl Spill Restorabon Program, as well as a number of other programs, 
provides valuable guidance 

As explamed m Volume I, long-term environmental morutonng and ecosystem 
studies will be designed to mcrease our understanding of the biological processes 
of the spill area ecosystem m the conteXt of natural forces and human acbvthes 

1.1 Alaska Regional 
Marine Research Plan 
(1993) 

The Alaska Regumal Manne Research Plan (ARMRP) 
(1993) IS a manne saence planrung document with 
a broad geographic scope that was prepared 
under the US Regional Manne Research Act of 
1991 For all manne areas of Alaska, mcludmg the 

Gulf of Alaska (GOA), the plan provided five elements of interest to the GEM 
program 

1 An overview of the status of manne resources, 

2 An inventory and description of current and 
anhcrpated manne research, 

3 A statement of short- and long-term manne 
research needs and pnonbes, 

4 An assessment of how the research and 

Goals of other ma1or 
programs are relevant 

to the GEM effort 

morutonng acbvihes under the program take advantage of existmg 
pro]ects, and 

5 Descriptions, bme tables, and budgets for research and morutormg to be 
conducted under the program 

ARMRP goals express the saenbhc needs of the Alaska region as of 1992 and are 
sbll relevant to the GEM effort because they will accomplish the folloWing 

• DIStmguIBh between natural and human-mduced changes m manne 
ecosystems of the Alaska region, 
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• 

• 

• 

DISbngwsh between natural and human-mduced changes m water quahty 
of the Alaska reg10~ 

Stmmlate the development of a data gathenng and sharing system that will 
serve SCienhsts m the reg10n from government, academia, and the pnvate 
sector m dealmg with water quality and ecosystem health ISSues, and 

Provide a forum for enhancmg and mamtanung broad discussion among 
the manne SCienbfic commuruty on the most drrect and effectJ.ve way to 
understand and address ISSUes related to mamtarmng the health of the 
water quality and ecosystem health m the region 

1.2 Bering Sea 
Ecosystem Research 
Plan (1998) 

The Benng Sea has received a good deal of 
attention because of concern about long-term 
declmes m populations of high-profile specres 
such as la.ng and tanner crab, Steller sea hons, 
spectacled eiders, Steller's eiders, common 

murres, tluck-btlled murres, and red-legged and black-legged kittiwakes (OOI et al 
1998b) The GEM rmss10n statement IS coilSl.Stent with the VISIOn of the federal
state regulatory agencres for the Bering Sea Ecosystem Research Plan (DOI et al 
1998a), which follows ''We enVISion a produchve, ecologically diverse Benng Sea 
ecosystem that will provide long-term, sustamed benefits to local cornmuruties and 
the nation " The basic concepts of the GEM program are also corunstent with the 
overarching hypotheses of the Benng Sea plan 

• Natural vanabihty m the physical environment causes shifts m trophic 
(food web) structure and changes m the overall produchVlty of the Bermg 
Sea 

• Human rmpacts lead to environmental degradabon, mcludmg mcreased 
levels of contammants, loss of habitats, and mcreased mortality on certam 
species m the ecosystem that may tngger changes m spea.es composibon 
and abundance 

In addibo~ four of the research themes of the Benng Sea plan-vanabihty and 
mecharusms m the physical environment, mdividual specres responses, food web 
dynamics, and contammants and other mtroducbons-are closely ahgned with the 
conceptual foundation of the GEM: program (see Chapter 4, Volume II) Current 
research programs for the Benng Sea (DOI et al 1997) often overlap with the 
programs identtfJ.ed m the database of ongomg and histoncal GOA pl'Ojects 
( dJ.scussed m Chapter 4, Secbon 4, Volume I) 

1.3 GLOBEC (1991 to 
Present) 

The Screnbfic Committee on Ocearuc Research 
(SCOR) and the Intergovernmental 
Oceanographic ComrmsSion (IOC) estabhshed the 
Global Ocean Ecosystem Dynamics (GLOBEq 

program m late 1991 GWBEC IS the core prOJect of the Internabonal Geosphere
Biosphere Programme responsible for understandmg how global change will affect 
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abundance, diversity, and productmty of marine populations The program 
focuses on the regulatory control of zooplankton dynan:ucs on the b10m.ass of many 
fish and shellfish 

The GWBEC Scrence Plan (US GWBEC 1997) descnbes an approach that uses 
a combmation of field observahons and modeling to concentrate on the middle and 
upper trophic levels of the ecosystem The GWBEC goal IS as follows "To 
advance our understanding of the structure and functiorung of the global ocean 
ecosystem, its ma1or subsystems, and its response to phySical £orang so that a 
capability can be developed to forecast the responses of the marine ecosystem to 
global change n 

The overarching concept IS that marine and terrestnal ecosystems have close 
connechons among energy flow, chemical cyclmg, and food web structure GEM 
morutonng actmhes will be consIStent with these addinonal GWBEC concepts 

• Changes m abundances of brrds, fish, shellfish, and mammals (higher 
trophic levels) usually reflect changes m physical and chemical processes, 

• The actual effects on abundances of higher trophic level animals may 
depend on how these physical and chemical changes act on food 
produchon through effects on lower trophic level specleB, 

• Changes m the dominant specres at each trophic level are conSistent with 
changes m the physical and chemical systems, and 

• Understandmg how the dominant specleB at each trophic level change 
through hme reqwres knowledge of the energy and nutrient budgets of the 
ecosystem 

lA Scientific Legac.y of 
the Exxon ValdezOil 
Spill (1989 to 2002) 

Ecological knowledge gamed m the years 
followmg the 1989 Exxon Valdez Otl Spill (EVOS) 
forms a substantJ.al porhon of the foundation of 
the GEM program The recovery status of each 
affected resource IS based to the extent possible 

on knowledge of the resource's role m the ecosystem 1b.e screntific legacy of the 
Exxon Valdez Otl Spill Trustee Council (Trustee Council) creates the need to 
understand the causes of populahon trends m md.tvidual speaes of plants and 
arumals through hme and the need to d.tstmgmsh human impacts from those of 
chmate and mterachons with related speoes 

The studies supported by the Trustee Council smce 1989 mclude more than 1,60 
damage assessment studies coshng more than $100 mtllion,. as well as hundreds of 
restorahon studies costing approXImately $170 mtllion These studies have resulted 
m more than 400 peer-reviewed screntific pubhcahons, mcludmg numerous 
d.tssertations and theses In addition,. hundreds of peer-reviewed prOJect reports 
are available through the Alaska Resources Library and Information Services 
(ARLIS) and state and uruverSity hbrary systems Many final reports are available 
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m electrornc format through the Trustee Council offices or ARLIS A current 
electrornc bibliography of screnhftc publicabons sponsored by the Trustee Council 
IS available on its Web site (www otlsptll state ak us) or on request to the Trustee 
Council (EVROTCB 2001) A hst of Trustee Council pl'O)ects, as well as a complete 
list of fma1 and annual pl'O)ect reports, also IS available on the Web Site or on 
request (EVROFAB 2001) 

In addibon to much specific mformabon on the effects of otl on the plant and 
animal life m the spill area, the studies also provide a wealth of ecological 
mformabon Most pronunent among the Trustee Council's studies are three 
ecosystem-scale pl'O)ects, known by their acronyms SEA, NVP, and APEX 

The Sound Ecosystem Assessment (SEA) IS the largest of the three studies 
Funded at $22 million for a seven-year penod, SEA brought together a team of 
screnhsts from many chfferent d.Isoplmes to understand the biological and physical 
factors responsible for producmg hernng and salmon m PWS When completed, 
the data collected dunng SEA are expected to form the baSis of numerical models 
capable of srmulatmg the oceanograpruc processes that mfluence the surv:tVal and 
productivity of JUvernle pmk salmon and herring m PWS SEA has already 
provided new ms1ghts mto the cnbcal factors that mfluence fisheries production, 
mcludmg ocean currents, nutrient levels, InlXlllg of water masses, sahruty, and 
temperatures These observabons have made it possible to model how phySical 
factors mfluence production of plant and aruma1 plankton, prey, and predators m 
the food web 

The Nearshore Vertebrate Predator (NVP) project IS a SJX-year, $6 5 million 
study of factors hmitmg recovery of two fish-eatmg specres, nver otters and pigeon 
guillemots, and two mvertebrate-eatmg species that Inhabit nearshore areas, 
harlequm ducks and sea otters The project looked at otl exposure, as well as 
natural factors such as food availability, as potenbal factors m the recovery of these 
mdicator specres, and has contributed to increased understand.mg of the lmkages 
between terrestrial and marme ecosystems (see Chapter 3, Sect10n 2, Volume II) 

The Alaska Predator Ecosystem Expenment (APEX) IS an eight-year, 
$10 8 million study of ecological relabons among seabirds and their prey speaes 
The APEX project explored the cnbcal connecbon between productivities of marme 
bird populabons and forage fish species, m an attempt to understand how wide
rangmg ecological changes rrught be related to fluctuatmg seabird populabons In 
addibon, analyzmg the food of manne birds shows promise m providing 
abundance esbmates for key f:tsh specres, such as sand lance and hemng 

The followmg topics also have been covered by other Trustee Council-funded 
studies and the results are available m pubhshed screnb..fic literature 

• PhySical and biological oceanography, 

• Manne food web structure and dynamics, 
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• Predator-prey relation.slups among bll'ds, fish, and mammals, 

• The source and fate of carbon among species, 

• Developmental changes m tropluc level witlun speaes, 

• Manne growth and sUI'Vlval of salmon,. 

• Intertldal commumty ecology, and 

• Early hfe lustory and stock structure m hemng 

Many studies have focused on key mdividual species 1I1Jured by the otl spill, 
mcluding pmk and sockeye salmon,. cutthroat trout, Pac:t.ftc hernng, black 
oystercatchers, nver otters, harbor seals, mussels, and kelp 

One of the most exte11SJ.ve senes of smgle--speaes mvestigations IS the 
$14 mtlhon SUlte of pmk salmon studies These mclude morutonng the toxic effect 
of otl, conductmg genetic studies related to SUI'Vlval, and supplementing select 
populations Another extensive senes of studies was done on Pac:t.ftc hernng 
Roughly $6 mtlhon has been spent on the restoration of Pac:t.ftc hernng m addition 
to the funding for the hernng component of SEA Smee the crash of 1993, the 
populahon has yet to recnnt a lughly successful post-spill year-class Current 
mveshgahve strategies are focused on the full range of causes of the crash, such as 
disease and ecological factors, mcluding the effects of oceanograpluc processes on 
year-class strength and adult distnbuhon and understanding stock structure 

More than $5 mtlhon has been spent on the restoration of manne mammals, 
pnmartly harbor seals, a ma.JO! source of subsIStence food m the diet of Native 
Alaskans m the northern GOA Harbor seal populations were dechrung before the 
spill, took a big lut at the time of the spill event, and have continued to declme ever 
smce, although the rate of declme seems to have slowed Food availability IS the 
ma1or focus of current research, because disease and other factors have been ruled 
out as causes 

1.5 References 

ARMRB 1993 Alaska Regional Manne Research Board, Alaska research plan 
School of FISheries and Ocean Scrences, Uruversity of Alaska Frurbanks 

001, NOAA, and ADF&G 1997 Bermg Sea ecosystem workshop report 
Anchorage, Alaska, December 4-5, 1997 Alaska Department of FISh and 
Game Anchorage 

OOL NOAA, and ADF&G 1998a Draft Benng Sea ecosystem research plan Alaska 
Department of FISh and Game, Commercral FIShenes DIVlSlon Juneau 

DOI, NOAA, and ADF&G 1998b Benng Sea ecosystem - a call to achon Alaska 
Department of FISh and Game, Commercral FIShenes DIVIs10n Juneau 

VOlUME Il, OIAPTER 1 5 



GULF ECOSYSTEM MoNITORING AND REsEAROi PR.OGRAM 

6 

EVROFAB 2001 Exxon Valdez Otl Spill Restoration Office bibhography of fmal and 
annual reports Anchorage, Alaska, Exxon Valdez Otl Spill Trustee Counctl 

EVROTCB 2001 Exxon Valdez Otl Spill Restorahon Office b1bhography of 
pubhshed otl spill mveshgatlons Anchorage, Alaska, Exxon Valdez Otl Spill 
Trustee Counctl 

U S GLOBEC 1997 Global Ocean Ecosystems Dyn.anucs (GLOBEq SCience plan 
IGBP Secretanat, The Royal Swedish Academy of Scrences Stockholm, 
Sweden 

VOLUME II, CHAPTER 1 



) 2. UNGERING EFFECTS 
OF THE EXXON VALDEZOIL SPILL 

In This Chapter 

);> Descnption of the Exxon Valdez 011 spill and settlement 

);> Status of InJUied resources and services 

);> Concerns with hngenng 011 effects 

On March 24, 1989, the T/V Exxon Valdez ran aground on Bhgh Reef m PWS, 
sptlhng almost 11 nulhon gallons of North Slope crude 011 The event was the 
largest tanker spill m US lustory, contanunatmg about 1,500 mtles of Alaska's 
coasthne, ktlhng birds, mammals and fls~ and disruptmg the ecosystem m the 
path of the spreadmg 011 

In 1991 Exxon Corporabon agreed to pay the Uruted States and the State of 
Alaska $900 nnlhon over 10 years to restore, replace, enhance, or acqwre the 
equivalent of natural resources lllJured by the spill, and the reduced or lost human 
sel'Vlces they provide (Uruted States of America and State of Alaska 1991) Under 
the court-approved terms of the settlement, the Trustee Counctl was formed to 
admJ.ruster the restorabon funds Twelve years after the spill, total recovery has still 
not been aclueved Table 2 1 hsts resources and the status of their recoveries as of 
March 1999 More detail as of March 2001 are provided below 

2.1 Status of Recovery Not Recovering 
Eight Specles contmue to be hsted as not 
recovenng common loons, cormorants (pelagic, 

double-crested, and red-faced), harbor seals, harleqwn ducks, killer whales (AB 
pod), and pigeon guillemots The factors affectmg their recovery status vary or are 
unknown 

Common Loon. Loons are long-hved, are slow-reproduC1Ilg, and have small 
populations Common loons m the spill area may number only a few thousand, 
mcludmg only hundreds m Pnnce Wiiham Sound (PWS) Yet carcasses of 395 
loons were recovered folloWing the spill, mcludmg at least 216 common loons 
Boat surveys m the sound show no recovery through 2000 

Comumint. Cormorants are large flsh-eatmg brrds that spend much of their 
time on the water or perched on nearby rocks Three speaes typically are found 
withm the 011-spill area pelagic, double-crested, and red-faced Post-spill counts 
showed s1giu.ficant declmes m the estimated numbers of cormorants (all three 
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Table 2.1. Status of Resources lnJ ured by the Exxon Valdez 011 Splll 
as of March 1999 

Not Recovenng Recovenng 

Common loon Archaeological 
resources 

Connorants Black oystercatcher 
(3 species) 

Harbor seal Clams 

Hartequin duck Common Murre 

Killer whale (AB Intertidal commurubes 
pod) 

Pigeon guillemot Marbled murrelet 

Mussels 

Pacrtic hemng 

Pink salmon 

Sea otter 

Sechments 

Sockeye salmon 

Subbdal commumbes 

Recovered 

Bald eagle 

River otter 

Recovery Unknown 

Cutthroat trout 

Designated Wilderness 
Areas 

Dolly Varden 

Krttl1tz's murrelet 

Rocidlsh 

The following injured human services are conS1dered to be recovenng commercral fishing, 
passlVe use, racreabon and tounsm, and subSlstence 

speaes combIDed) ID PWS when compared to pre-spill populatlons Boat surveys 
ID the sound show no recovery through 2000 (--

Harbor SeaL Harbor seal populatlons m PWS and the GOA have dechned by 
80 percent m the last 20 years The dechnes may be related to envrronmental 
changes occurnng smce the late 1970s, but tlus IS unclear The ml spill killed an 
est:Imated 300 seals, resultlng ma 1-year drop of 43 percent ID otled areas of the 
sound The dechne has contlnued at an average rate of about 3 3 percent from 1990 
to 1999 

Harlequin Duck. Harlequm ducks feed ID IDtertldal and shallow subtldal 
habi.tats where most of the spilled otl was rmbally stranded Three years of data on 
overwmtermg adult female harlequms mdicate Sigrubcantly lower SUl'VIVal rates ID 
oiled versus unotled parts of the sound Researchers contlnue to view contlnued 
hydrocarbon exposure as a p-0tentlal contnbutlng factor to therr lack of recovery 

Killer Whale. The AB pod of killer whales, wluch lost 13 of 36 members m the 
2 years followmg the otl spill, has yet to regam its former size, even though the 
overall size of the GOA populatlon has mcreased smce the spill The pod lost 
several adult females and JUVentles, and it IS expected to take many years for 
natural reproductmn to make up for those losses The pod has mcreased by two 
members sIDce 1996 

Pigeon Guillemot The pigeon guillemot populatlon m PWS had dechned 
before the spill, and it IS estimated that 10 to 15 percent of the spill-area populatlon 
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may have died followmg the spill Surveys m the sound show no evidence of a 

post-spill population mcrease through 1998 

Recovered 

At the other end of the recovery scale are bald eagles and nver otters These 
specres have been declared "recovered" because therr populations now appear 

healthy 

Bald Eagle. An estlrnated 6,000 bald eagles 'hve year-round or seasonally m 
PWS Although an est:J.inated 250 eagles died dunng the spill, the population 
rebounded qwckly and the bald eagle was formally designated as recovered m 
1996 

River Otter. River otters feed m mtertldal areas, makmg them vulnerable to 
spilled otl Studies from 1989 to 1991 idenbfted d:tfferences m the b1ochenustry and 
behavior of nver otters m otled and unotled areas River otters were hsted. as 
recovered m February 1999 after 2 years m which d:tfferences were no longer 
measurable 

Recovering 

Several resources appear to be making clear progress toward recovery, but 
have not yet met specrfic recovery objectlves These mclude black oystercatchers, 
common murres, marbled murrelets, mussels, Pacrf:tc herrmg, pink salmon, sea 
otters, sock.eye salmon, clams, and mtertldal and subtldal communities 

Black Oystercatcher. It IS estlmated that there are only about 15,000 black 
oystercatchers worldwide, about 10 percent of which summer m PWS They spend 
their entire hves m the mtertldal area and are highly vulnerable to spilled otl 
Oystercatchers appear to be reoccupymg and nesting at once-otled sites, and there 
are no oil-related d:tfferences m the productM.ty of black oystercatchers and 
SUTVJ.val to fledgmg of therr chicks 

Common Mlm't!. About three-quarters of all the brrd carcasses found after the 
spill were murre.s, and the losses resulted m declmes of as much as 40 percent m 
local common murre populations By 1997, common murre colorues had bounced 
back to near pre-spill population levels Though the 1997 El Nifio brought a 
temporary setback for the murres, the murre populations appear to be recovered 
now at the Barren Islands Surveys at the Ou.swell Islands will take place m 2001 

Marbled Murrelet. The marbled murrelet IS hsted as a threatened speoes 
throughout the Pacrf:tc Northwest, but is relatively abundant m Alaska It JS 

estlmated that as much as 7 percent of the marbled murrelet population m the spill 
area was killed by the spill Marbled murrelets declmed before the spill, losmg 67 
percent of their population m PWS smce 1972 Murrelet numbers m wmter 
mcreased after the spill and productivity appears to be withm normal bounds 
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Mussel Beds To protect mussel beds and the many speaes they harbor from 
addihonal InJury, the beds were not cleaned after the spill Twelve years later, 011 
persISts m some mussel beds m PWS, providmg potenbal pathways of otl 
contammabon for sea otters, nver otters, black oystercatchers, and harlequm ducks 

Paciftc Hemng. Some Pacrfic herrmg spawrung areas were contammated by 
otl, resulhng m mcreased egg mortahhes and larval defomubes Although the 
s1gru.6.cance of these uubal m1unes to long-term populahon levels has not been 

established, sharp declmes m herrmg numbers after the spill and httle recovery 
smce are cause for concern Pacrfic herrmg m PWS suffered a dramahc collapse m 
1993 The commercral herrmg fIShery m the sound was closed for four successive 
years, operung agam m 1997and1998 In 1999, the hernng populabon suffered 
another setback and the commercial season was agam closed m 1999 and 2000 
Although 1t IS highly unlikely that Pacrfic hernng conhnue to be affected by any 
residual 011 m the spill area, full recovery to pre-spill populabon levels awaits 
recnntment of a ma1or new year-class of fish 

Ptnk Salmon. Overall, pmk salmon are recovermg well from the effects of the 
011 spill There had been recent concerns about the serunbvity of early hfe stages of 
pmk salmon to very low locahzed concentrabons of crude 011, and on this basIS the 
Trustee Council listed the pmk salmon as recovermg from the effects of the otl spill 
m 1999, the last hme the ll1JUied species list was fully evaluated 

Sea Otter. An eshmated 13,000 sea otters currently populate PWS It 1S clear 
that recovery IS under way for sea otters, with the excepbon of local populahons m 
the most heavily oiled bays on Krught Island The lack of recovery at Krught Island 
may reflect the extended bme required for populabon growth for a long-lived 
mammal with a low reproduchve rate and slow dispersal rate, but 1t also could 
reflect the effects of conhnumg exposure to hydrocarbons or a combmahon of both 
factors 

Sockeye Salmon. Nearly all commercral salmon fishing was closed throughout 
the spill region m 1989, allowmg many more sockeye spawners than desirable to 
enter some watersheds This produced an unusually high abundance of JUVentle 
sockeye that depleted the food resources of the nursery lakes The result was an 
overall declme m growth of JUVentles and reduced rates of adult returns to some 
areas Although the rates of adult returns appear to be returnmg to normal, 
accounhng for returns from some of the affected brood years has yet to be 

completed 

Intertidal and Subttdal Communities. Interbdal and subhdal commuruhes are 
well on their way to recovery, but recovery has generally been lagging m the upper 
mterbdal zone Subhdal commurubes mclude such specres as eelgrass, starfish, 
and helmet crabs that remam nearshore but underwater at all hmes Interhdal 
commurubes mclude the flora and fauna that live between the low- and high-bde 
Imes, such as clams, Fucus, barnacles, and chitons 

VOUJME II, CHAPTER 2 



GULF Ea:>sY5TEM MONITORING AND REsEAROi PRoGRAM 

Recovery Unknown 

For some species, not enough IS known about therr ongmal lllJury, current 
populabons, reproduci:lve success, and overall health to make a JUdgment on therr 
recovery Speoes for wluch recovery is unknown are cutthroat trout, Dolly 
Varden, Kltthtz' s murrelets, and :rockfrsh 

Cutthroat Trout. PWS cutthroat trout populations are small and 
geograplucally ISOiated Cutthroat trout, therefore, are lughly vulnerable to 
explo1tabon, habitat alteration, and pollution In 1989 and 1990, followmg the otl 
spill, cutthroat trout ma number of otled streams grew more slowly than m 
unotled streams However, studies have smce found Inherent differences m 
growth between the eastern and western sound, and a farrly lugh degree of overall 
vanability m growth Current mformabon IS not suffJ.crent to quanbfy the possible 
InJury to cutthroat trout, and therr recovery status is unknown 

Dolly Varden. Dolly Varden had some of the lughest hydrocarbon 
concentrabons of any fl.Sh studied m 1989 There IS evidence that Dolly Varden ma 
number of otled streams grew more slowly than m unotled streams m 1989 and 
1990 The degree of exposure makes it likely that Dolly Varden were mJured by the 
spill, but the lack of hl.Stoncal data prevents quantlfymg those lllJllnes and therr 
recovery status IS unknown 

Kittlttz's Murrelet I<Itthtz's murrelets are found only m Alaska and portions 
of the Russian Far East It IS esbmated that more than 1,000 mdividuals died from 
the otl spill, wluch would represent a substanbal fraci:lon of the world populabon 
Very little IS known about thlS speoes Small population, low reproduci:lve 
success, and affmity to tidewater glaaers (some of wluch are receding rapidly) are 
reasons for concern about the long-term conservation of Kltthtz' s murrelet 

Rockft.sh Relabvely little IS known about the complex of rockfuh populabons 
m the northern GOA Some dead adult rockfl.Sh were recovered followmg the otl 
sptll, and autopsies mdicated otl mgesbon as the cause of death In addibon, 
closures of salmon ftshenes apparently mcreased fIShmg pressure on rockftsh 
However, the ongmal InJury from the spill is uncertam, as are any long-term 
effects 

Human Serrnces. The hves of the people who hve, work, and play m the areas 
affected by the spill were completely disrupted m the spnng and summer of 1989 
Commercial fislung families did not fish Those people who tradibonally subsist 
on the fish, wtldhfe, and plants of the region could no longer trust what they were 
eating and turned mstead to lugh-pnced grocenes Recreational opporturubes 
were mostly shut down and the worldwide rmage of an attraci:lve and pIIShne PWS 
was tamIShed with otl 

Twelve years later, a sense of normalcy IS retummg to the spill region, but 
residents, fishers, and the tounsm/recreabon mdustry have not fully recovered 
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The Trustee Counal deternuned that the "human servJ.ces" of comme:rcral 
ftshmg, subsIStence, recreat10n/ touns:m, and passive use will have recovered when 
the l.IlJured resources on wlu.ch they depend are once agam healthy and produchve 
Because that level of recovery has not been aclueved, each of these servJ.ces IS 

considered to be recovenng 

There are two mam concerns about the 
2.2 Concems about hngermg effects of 01hng from the 1989 EVOS 
Lingering Effects The first IS the potenhal effect of pockets of 

residual otl m the environment Laboratory 
studies have shown that contact with petroleum hydrocarbons from weathered otl, 
even m very small amounts, can kill or harm early hfe stages of pmk salmon and 
Pao&c hemng It IS not yet known, however, whether such effects are actually 
occurnng to any s1gruficant degree m PWS or at other localities with residual otl 
TISSUe samples from lugher vertebrates, such as sea otters and harleqwn ducks, 
also mdicate possible ongomg exposure to petroleum hydrocarbons m PWS The 
effects of thIS exposure are not well estabhshed at the level of mdiVIdual arum.a1s or 
at the population level 

The second concern IS the ability of populations to fully recover by overconung 
the changes m the population dynamics resulting from the uuhal oil-related 
mortalities and the mteractlon of these effects with those of other kinds of changes 
and disturbances m the marine ecosystem Changes m population dynamics are 
mdicated by changes m the age distnbution m the population or abundance, 
among other metncs Sea otters around northern Krught Island are an example of a 
specres that have expenenced prolonged changes m population dynarrucs m the 
heavily oiled western portion of PWS The combmed effects of the 011 spill and the 
1998 El Nmo event on abundance of common murres m the Barren Islands IS an 
example of possible mteracbve, or cumulative, rmpacts Another example IS how 
the negative rmpacts of changes m the availability of forage fIShes may have 
combmed with oil-related mortalities to Interfere with the rate of recovery of 
seabirds, such as the pigeon guillemot 

Long-tenn enVTronmental 
monltonng and ecosystem studies 

WJll be designed to mcrease 
our understanding of 

the biolog1cal processes of 
the spill area ecosystem m 

the aJ11text of natural forces 
and human act.Mties. 

Dunng the next several years, studies of hngermg otl 
spill l.IlJllrY and recovery will mcreasmgly be mcorporated 
mto long-term enVIronmental morutonng and ecosystem 
studies These long-term studies are expected to mcrease 
our understanding of the biological processes of the spill 
area ecosystem m the context of natural forces and human 
actlVlties, mcluding the oil spill Some otl spill morntonng 
actlVlhes (such as residual otl m the environment) may be 
repeated penodically as mdicated by Information 
developed m the long-term studies 

When evaluating hngenng effects of the otl spill, 1t IS rmportant to bear m nund 
that not all screntiflc results from the NRDA and Trustee Council mveshgations are 
available yet Although the otl spill occurred more than a decade ago, results of 
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studies are sttll bemg pubhshed on a regular basIB The Trustee Counctl database 
of peer-reviewed pubhcabons and theses result1ng from its 011 spill mvesbgabons 
currently contams more than 400 crtabons (EVROTCB 2001) New pubhcabons 
from otl spill mveshgabons are expected for at least the next three years In 
adchbon,, much adchbonal detailed data that cannot be pubhshed m peer-reviewed 
hterature because of space hmitabons IS bemg added m the form of :fmal reports 
from otl spill mvesbgahons (EVROF AB 2001) It will be a number of years after the 
complebon of the otl spill restoratJ.on mvestJ.gatJ.ons before thIS mformatJ.on IS fully 
available 
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3. SCIENTIFIC BACKGROUND 

In This Chapter 

> Descnpnon of the screnl:If:tc und~tan.chn.g of the Gulf of Alaska 

> Idenl:If:tcahon of physical, cherrucal, and biological charactenshcs 

> DlscusSion of changes m populahons, predators, and prey 

Summary of the 
Scientific Background 
for the Northern 
Gulf of Alaska 

Introduction 

The cold and turbulent Gulf of Alaska (GOA) IS 

one of the world's most produchve ocean regions 
It sustams 11I1Il1.ense populahons of seabirds, 
manne mammals, and fishes, and provides a way 
of hfe for tens of thousands of Alaskans Indeed, 

the gulf IS still wtld, full of hfe, and deserves protechon and wise management as 
one of the b1o-gems of the planet 

Just why the GOA IS so unusually productive remams unclear The fish, brrds, 
and mammals at the top of the food cham are supported by a diverse manne food 
web, dependent on the physical charactenstics of an ever-changmg ocean- one 
that experiences seasonal, annual, and longer-period extremes m weather and 
chmate The plant nutnents come from deep water, fueling produchon at the base 
of the manne food web This produchon IS eventually expressed m the stock SIZe 

and produchon of higher-level consumers Somehow, physical condihons m this 
region promote sufficrent exchange between deep and shallow waters to brmg 
these fertilizmg elements to the surface, where they stunulate plant growth each 
year To understand the gulfs complex ecosystem, and the producl:Ivity of its 
specres big and small, will reqwre more preo.se knowledge about the mterachons 
between many biological and physical factors 

Fortunately, recent studtes provide a SCienl:If:tc framework for the region and 
suggest a dtrechon for future long-term research and morutormg In aggregate, this 
new knowledge on how selected speaes mteract with prey, predators and 
compehtors-and most nnportantly, how these assocrahons are mfluenced by 
shifts m ocean chmate and human achvihes-provides excrhng new poss1bihhes 
for understanchn.g this great ecosystem ThIS knowledge will help resource 
managers sustam populahons of these specres despite groWing human mfluence m 
the region (poSSlble chmate change and elevated polluhon levels) and the pressure 
of increased human use (harvests, recreahonal nnpacts, and populahon) 
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Tius summary describes the northern GOA ecosystem as it 18 now understood, ,,--
and reveals gaps m current knowledge about the dynamics of higher-level ( 
productJ.vity (A reader seekmg greater detail IS referred to the text m the full 
Screnbfic Background ) 

The Principal Habitats and Living Resources 

The extent of damage resultmg from the massive otlmg of Pnnce Wtlham 
Sound and the coastal waters to the west rn the spnng of 1989 will never be fully 
known In the short term, Gulf Ecosystem Morutonng {GEM) studies will focus on 
the spill-affected resources that rem.run at nsk But the Exxon Valdez Otl Spill 
Trustee Council (frustee Counctl) has decrded to commit its long-term support to a 
program of broader ecological research and envrronmental morutorrng The effort 
will center on the ma1or physical and biological phenomena that influence marine 
productivity rn the prrncrpal habitats of the northern GOA For purposes of the 
GEM program, these habitats have been identified as 

• The coastal watersheds, 

• The intertidal and shallow subtidal zones to a depth of 20 meters, 

• The Alaska Coastal Current (ACq, and 

• The offshore areas embracmg the continental shelf break and beyond to the 
contmental slope and deep ocean basm 

In these mteractmg environments, soentISts will seek to understand how the 
dommant fishes, seabrrds, and marine mammals use therr cntical habitats to 
sustain therr populations rn the face of cyclrng ocean climate, commercral and 
subslStence harvests, and threats from pollution and diseases 

The Watersheds 
The extensive coastal watersheds that dram rnto the northern GOA represent 

spawnmg and rearing habitat for anadromous specres like Pacrfic salmon and 
eulachon, and nesting habitat for some seabirds like marbled murrelets The 
carcasses of spawned-out salmon supply substantial amounts of marme-denved 
nutrients to the poorly nourIShed streams, lakes, and nvers used for therr 
reproduction In addition, dymg salmon provide a food supply for many birds and 
mammals throughout the coastal range Bears, eagles and many gulls benefit 
locally from this extensive forage resource Analyses have also shown that manne
denved rutrogen from anadromous fishes leaves a detectable Signal m many coastal 
plant commuruties 

The human harvest of anadromous species may affect not only those specres, 
but also all of the plants and animals touched by marine nutrients Therefore, 
understandmg the distribution of marine nutrients by anadromous fish speoes 
puts a new dimension on fishenes management So, it 18 reasonable to ask to what 
extent human consumption of salmon effects the production of other plants and 
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-"" aruma1s rn the coastal watersheds Movmg beyond srngle-specres management 
toward ecosystem-based management rn coastal watersheds will reqwre long-term 
morutonng of the flux of manne nutnents 

These same watersheds expenence extensIVe human aci:Ivlty m addihon to 
fishrng Large-scale loggmg and commercrahzahoI'lt mcludrng coastal settlements 
and towns, can alter or destroy some habitats Expandrng recreahonal actrvihes rn 
the coastal zone between Prrnce Wtlham Sound and Kodiak Island will also rnclude 
additional land uses Compared with other regions m North Amenca, however, 
most watersheds rn the periphery of the GOA are remote and relatively 
undisturbed 

The Intertidal and SUbtldal 
The rnterhdal and shallow subhdal habitats are represented by a variety of 

near-shore estuarine, fJord, and exposed coastal sethngs These habitats range from 
precrpitous and rocky, to gently slopmg with muddy or sandy bottoms The 
rntertrdal and shallow subhdal zones are among the most productive of manne 
habitats rn the GOA Here the annual growth of nncroalgae, seaweeds, and 
seagrasses supports many mvertebrates that, m ~ are food for fishes, manne 
birds, and mammals Gutllemots and sea otters, for example, depend on the crabs, 
clams, and mussels, along with small bentluc f:J.shes, found m the mtertrdal and 
subhdal habitats Tius speaahzed edge-zone habitat IS also a nursery for 1uverule 
pink and chum salmoI'lt and JUVerule Paaf:rc hemng for several months each year 

) Huge schools of spawrung hemng and capelm depoSit therr eggs m the shallows 
each sprmg These mass spawrungs rnduce a feed.mg frenzy that may last for a 
week or more Gulls, kittiwakes, seals, sea hons, f:J.shes, and a variety of large 
rnvertebrates gather to feed on the egg masses The f:J.sh eggs are often eaten rn 
huge numbers by shorebirds and other species that stop over m the region dunng 
the spnng migration 

The mtertrdal and shallow subhdal zones may be at greatest nsk to human 
actrVIties There IS rncreasmg use of vehicles, boats, and aircraft by recreahonahsts 
and sport fishermen to exploit these areas In additJ.OI'lt floatmg pollutants and 
refuse, particularly plastic matenals from the f:J.shrng rndustry, make landfall rn the 
rntertrdal zone Unhke the coastal watersheds that rem.run relatively unaltered at 
many locations, it IS rare to walk the rntertrdal zone anywhere rn the GOA and not 
see evidence of human actrVIty The degree to which these /1 footpnnts" result m 
environmental degradation IS clear rn the case of otl and toXIC sptlls, but largely 
unknown for other polluhon ' 

The Alaska Coastal Cummt 
Huggmg the inner third of the contmental shelf, the ACC provides a sizeable 

and ecologically rmportant tran.81tion zone between the shallow, nearshore 
commumties and the huge outer-shelf and oceanic pelagic ecosystems Fed by 
runoff from glacrers, snowmelt, and rarnfall, the well-defmed coastal current IS a 
near-shore "nver rn the sea" with a freshwater output about one and a half hmes 
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that of the Mlsslssippi River It flows consIStently to the north and west around the 
northern GOA from Bntlsh Columbia to Urumak Pass on the Aleutian Cham The 
ACC, mged along by coastal wmds, d.Jst:nbutes subarcb.c plankton commumhes 
around the region and mto protected. mside waters such as Pnnce Wilham Sound 
and lower Cook Inlet Dunng the summer months, the ACC has local reversals and 
small eddies, wluch can concentrate plankton and small fishes m convergence 
zones, for foragmg fish, birds, and manne mammals 

The ACC IS an important feedmg habitat for many fish, birds, and mammals 
Most seabirds nest m coastal colomes or on ISlands where protecbon from 
predators IS afforded by the ISOlabon of rocky chffs Because of thIB nesbng 
behav10r, the dIStribuhon and abundance of seabirds dunng their reproduchve 
season IS governed pnmanly by the availability of swtable, safe nestmg Sites and 
access to adequate prey Seabirds m the GOA are often grouped on the basIS of 
therr foragmg behavmr Surface feeders hke lathwakes obtain prey mostly m the 
upper 1 meter (m), coastal divers such as guillemots and murrelets expl01t the 
shallow water column and nearshore seabed, wlule murres are deep divers capable 
of feed.mg m the water or on the bottom to depths of 200 m Seabirds feed close to 
colorues when opporturuhes anse, but most are also capable of flying a long 
dIStance to feed It IS not unusual for coastal seabirds to fly to the outer shelf and 
shelf-break reg10ns to feed themselves and their offspring 

Manne mammals residing m the ACC are pnmanly fish eaters, although a few 
feed on bottom-dwelling mvertebrates and some hunt other manne mammals or 
even seabirds Killer whales are either resident (fish eaters pnmanly) or transient 
(feedmg mostly on other manne mammals) Seals, sea hons, and sea otters bear 
and protect their offspnng m coastal rookeries sprinkled around the edge of the 
GOA and mfluenced by the ACC Fur seals and sea hons expl01t a broad array of 
nearshore and oceamc habitats, although the 1uvemles appear to be more confmed 
to the waters near rookeries By companson, sea otters and harbor seals are almost 
sedentary m habit, usually rangmg only short dIStances for food Juvemle and 
adult harbor seals hunt and consume a variety of fishes, sqwds, and octopus m 
mostly coastal habitats Wlule sea otters can retrieve food from depths to 100 m, 

they rarely leave the shallow coastal areas where they hve as generalist predators 
on a broad array of sessile or slow-movmg macro-mvertebrates, mcludmg clams, 
mussels, crabs, sea urcluns, and starfishes 

Many fishes and shellfIShes also hve, feed, and reproduce m the ACC Coastal 
rockfishes, Paaflc herrmg, JUVemle and adult walleye pollock, 1uvemle and adult 
salmon, adult cod, and many species of shnmps and crabs occur m protected 
fjords, inlets, bays, and sounds where they forage and/ or reproduce, and where 
their early hfe stages feed and grow Halibut and hngcod occur abundantly m 
some seasons, and king crabs that feed and grow m deeper shelf and slope 
environments VlSlt the shallower inner shelf to reproduce each year Because the 
eggs and larvae of many manne mvertebrates and fishes dnft with the plankton for 
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weeks or even months, the flow of the ACC serves to distnbute these forms to the 
vanety of coastal habitats found around the edge of the gulf 

The same coastal flow that benefits so many species may also serve to d.J.stnbute 
manne pollutants Otl spilled m the northeastern comer of Pnnce Wtlham Sound 
by the Exxon Valdez entered the coastal flow and was earned hundreds of nules to 
the west, fouhng beaches along the outer Kenai Perunsula, m lower Cook Inlet, on 
Kodiak Island, and along the southern Alaska Pemnsula A future toxic spill m 
shelf or coastal waters southeast of Prmce Wtlham Sound could conceivably be 
spread across the entire northern GOA by the coastal flow 

Offshore: Nid·shelf and Deeper Watets 
Arrowtooth flounder, Pacrft.c ocean perch, walleye pollock, Pacrft.c halibut and 

Paafic cod (m descendmg order of rmportance) composed the bulk of the trawl
caught stock of ground ft.shes m shelf and contmental slope environments of the 
GOA m 1996 These waters, wluch begm at the outer edge of the ACC-about 20 to 
30 nules offshore-delmeate a huge manne ecosystem East of Pnnce Wtlham 
Sound, the shelf JS narrow, so the rmd-shelf and deeper waters are close to the 
coast, about 30 to 50 nules South and west of the sound, the shelf broadens to 100 
to 120 nules m width before narrowing agam south of the Alaska Pemnsula and 
Aleuhan Islands These differences m shelf width provide seabrrds, seals, and sea 
hons at some coastal locahons with easy access to the deepwater environments for 
feedmg purposes when needed, at other sites, access to the shelf edge and open 
ocean is much farther away Spahal drfferences of tlus kmd may be rmportant to 
recogruze when companng the reproduchve successes of birds and mammals m 
rookeries from different locahons m the gulf 

Because the Alaska Current has it southern ongms m the oceanic Suba:rchc 
Current, manne polluhon and floatmg refuse from as far away as Asia, or 
ongmatmg from deliberate deep-ocean dumpmg or accrdents at sea, can be swept 
north and westward around the shelf edge m the GOA Trash from the 
mternatlonal flshmg mdustry operatmg 200 nules offshore is commonly found on 
beaches Some of these pollutants can also be earned westward to the gulf m the 
atmosphere 

Intermediate Levels of the Food Web 

Food webs are really pyrarmds with seabirds, manne mammals, and fishes at 
the top that depend rmtially on energy captured by manne plants at their base 
Although there are hundreds-perhaps thousands- of dtf:ferent plant and animal 
plankters mvolved m the synthesIS and rmhal transfer of organic matter through 
the food web, the pyramid of herbivores and predators narrows qwcl<ly 

The diets of seabirds, manne mammals, and fishes are composed of a relahvely 
modest vanety of small schoolmg fJShes and macroplankters, but they are 
consumed m very large numbers Seabrrds are the clearest illustration Out of the 
hundreds of ft.sh speaes m the gulf, a substanhal porhon of the diets of seabirds 
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consISts mamly of smelts (capehn, eulachon, and rainbow smelt), JUVerule hemng, 
pollock and salmon, Paclflc sand lance, Paclflc sandhsh, lantern&shes, and adult 
euphaus11ds In shallow waters, small bentluc fishes hke pncklebacks and gunnels 
are also rmportant Many of these forage specres are nch m fats, and almost all 
exlub1t schoolmg behav10rs that concentrate them for their bird, mammal, and 
larger fish predators Hernng, capehn, sand lance, and lanternfish are probably 
preferred for their high calonc content Juverule pollack,. cod, and salmon are less 
preferred, despite their abundance, because of their lower energy content 

Despite the ecological rmportance of macroplankton and small schoolmg fishes, 
the distnbubons, abundances, and forage requt.rements of these species are poorly 
understood The mfluence of clrmate change on their populabons 18 also poorly 
known Tlus 18 partly because roubne censusmg techruques are used pnmanly to 
count and map adult stocks of commeraal rmportance, and ignore the smaller 
forage fishes Modern techruques that use high-speed rrud-water and surface 
trawls, manne acousbcs, LIDAR (hght detechon and ranging), aerial surveys, and 
momtormg the diets of top consumers hke birds and large commeraal fishes will 
make 1t posSible to learn more about tlus vital lmk m the food web 

Forage fishes are often taken m the bycatch of federal and state-regulated 
fishenes m the GOA, and whtle the proporbon relative to the target specres tends to 
be small, 1t may be ecologically s1gnrficant m some cases FIBhenes targebng 
hernng, salmon, and pollock all have lilCldental catches of 1uverules that nught be 
avoided as the industry develops new eqmpment and techruques to IIllil1ID1Ze the 
rmpact of bycatch mortality Mortality of forage fishes assocrated with marine 
polluhon and chseases 1s also poorly understood There is some evidence that the 
failure of hernng m Prmce William Sound to recover from otl spill m1unes may be 
due, m part, to an abnormally high lilCldence of Viral Hemorrhagic Septicemia 
(VHS) and a manne fungus plagwng these stocks 

Plankton and Unkages to the Physical Oceanography 

Ocearuc, shelf, and coastal plankton are the base of a vast food web supporting 
most seabirds, manne mammals, and fishes These bny dnfters are supplemented 
by nch populahons of plants and mostly small bentluc mvertebrates that feed 
higher-level consumers m mtertidal and shallow subhdal areas Although adult 
birds, fishes, and mammals rarely feed directly on plankton, there are notable 
exceptions, such as adult walleye pollock, Paclflc herrmg, baleen whales, and some 
seabirds On the other hand, the plankton commuruty does play a direct and 
rmportant role dunng the early hfe history of most fishes Ichthyoplankters- larval 
and 1uverule fishes and shellfishes-derive cnhcal nutntion from the plankton, but 
are themselves also preyed upon by plankters, mostly small Jellyfish 

Because fish are highly vulnerable m the egg, larval, and early JUVerule stages, 
only a fraction survive to JOlil the adult populations Traditionally, this sUIVIval 
rate was eshmated m field studies of the early hfe stages of fish, mcluding the 
physical and cherrucal characteruhcs of the reanng waters These studies have led 
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to several rmportant ideas about cnbcal ecological bottlenecks m the early 
development of fish larvae and 1uventles hnkmg changes m ocean currents and 
chmate with distnbubon, growth, and SUIVIval Tius chrect be to ocean chmate 
creates an rmportant "handshake" that extends through the food web to adult fish 
stocks Unfortunately, the small number and patchy distnbubon of 
1chthyoplankters relabve to the non-fish plankton creates some extremely serious 
difficulbes with samplmg and data mterpretabon that hrmt the early-hfe history 
approach 

The bloom of plankton each sprmg defines the cycle of manne producbon for 
that and succeedmg years as the rmpact of the plank.tome biomass moves through 
the food web The plankton commurubes undergo huge seasonal changes m rates 
of photosynthesis and growth, and m their standmg stocks each year Irubated m 
the sprmg by a stabtlizmg upper layer and mcreasmg ambient hght levels, the 
phytoplankton commuruty undergoes explOSive growth durmg Apnl, May, and 
June before being controlled by nutnent deplehon, smkmg, and zooplankton 
grazing The organic matter produced m this burst of producbvlty mostly 
compnses a relabvely small number of dominant specres In a S1D11lar way, 
shallow-water plants-rmcroalgae, seaweeds, and sea grasses-provide much of 
the plant-denved orgaruc matter m mterbdal and shallow subhdal areas In the 
late fall, plankton stocks plummet dra.mabcally and remam low durmg winter and 
earlysprmg 

The tirmng, durabon and mtens1ty of manne plant blooms are controlled 
largely by the phySical structure of the water column Dependmg on the vanable 
condibons of any given spring, the plant bloom may be early or late by as much as 
3 weeks Warming and freshemng of the surface layers m response to longer and 
bnghter days promote intense photosynthesis However, the seasonal stability of 
the upper layers that rmbates the growth of phytoplankton stocks also restncts the 
verbcal movement of dissolved mtrogen, phosphate, and Slhcon, resulbng m a 
dra.mabc slowing of growth m early and mid-summer Previous work suggests 
that winter-condiboned temperature and saliruty mfluences plankton producbon, 
work.mg m concert with spring weather condibons to estabhsh the overall success 
of the spring bloom Recent observabons from moormgs that morutor chlorophyll 
m the water indicate that a fall phytoplankton bloom also occurs m Pnnce William 
Sound m some years, but not others Tius burst of producbon peaks m September 
and can last through November The ecological rmportance of this late-season 
producbon and the phySical forces that unleash the bloom are not yet understood 

By defrmbon, the plankton are drifters, they have httle or no mobility 
Therefore, their geographical locabons are detemuned pnmanly by ocean currents 
However, because many zooplankters are capable of datly and/ or seasonal vertical 
rmgrabons of 100 m or more, these rmgrat10ns may interact with vertical or 
honzontal currents m ways that create locahzed swarms and layers (patches) of 
plankton m the ocean These patches provlde food for birds, fl.shes, and manne 
mammals Whales feed.mg on surface or subsurface swarms of large copepods or 
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euphusnds, and adult pollock and hernng ftltenng or gulpmg large calan01d 
copepods m surface layers, are examples of patch feedmg Because the plankton 
can be concentrated or dispersed by ocean currents, fronts, and eddies, the physical 
oceanography plays a huge role m creatmg and mamtammg "feedmg stations" for 
manne birds, mammals, and flshes 

The manne productlon cycle beyond the shelf edge IS exceptionally complex 
Phohc zone levels of rutrogen, phosphate, and silicon are apparently available m 
suf:&CTent quanhties to promote phytoplankton produchon dunng the spnng, 
summer, and fall However, levels of chlorophyll (a measure of the concentrahon 
of hvmg phytoplankton m the water) m the upper layers rem.am very low 
throughout the year at many locahons In the coastal regions and mner shelf, there 
IS a burst of chlorophyll-the "bloom" -each sprmg Th1S bloom results from an 
rmbalance between rates of phytoplankton growth and rates of plant loss to grazers 
or smkmg Over the deep ocean and outer shelf, th1S burst/bloom does not usually 
occur, mean.mg that growth and loss rates of the plants are nearly equal, and that 
there IS very httle /1 excess" plant matter m the water to smk to the deep sea bed 
ThIS balancmg act m offshore waters has generally been attributed to the ability of 
the rmcrograzers to efficiently" crop down" the plant stocks and prevent blooms 

It has been suggested that morgaruc iron from atmospheric sources IS hnutmg 
plant productlvity to very small cell sIZeS at the ocean surface These rmcroscop1c 
plants are cropped effi.CTently by ocearuc protozoans and other nucroconsumers 
Unhke the shelf and coastal plankton, where large cham-fomung diatoms feed the 
macrozooplankton chrectly, the ocearuc food web ll1.Stead supports an additional 
level of tmy consumers that are then grazed by larger zooplankters On the basIS of 
food-cham theory, th1S addihonal step at the base of the food web should reduce 
the open ocean's ablhty to feed consumer stocks higher m the food web The fact 
that the open GOA IS the preferred feedmg ground for a ma1onty of salmon stocks 
with ongins m North Amenca and Asia suggests that an additional step m the food 
web does not compromI.Se the region's ability to feed hundreds of rmlhons of these 
fish each year 

Very httle IS known about how the plankton commuruty responds to human 
actlvity Some recent and dramatic shifts m phytoplankton stocks m the Benng 
Sea, aSS0C1ated with a summer warnung trend, were accomparued by very 
nohceable dechnes m seabird SUIVIvals m the shelf environment These 
observahons suggest that any mcreased climate wamung due to human mfluence 
could alter high-lahtude food webs with drashc effects for some consumers 

Influences of Weather and Climate 

Gulf orgarusms are mfluenced by a vanety of currents, frontal regions, eddies, 
water temperatures, and salmihes These conditions defme the ocean state and 
reflect the mfluence of weather and climate From September through Apnl each 
year, weather m the GOA region responds to the poSihon and mtens1ty of the 
Aleuhan Low pressure system The cycloruc storms that develop m and around the 
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GOA m assooatJ.on with the Aleutian Low cause strong easterly winds to blow 
along the northern coastlme The fnctlon of these winds on the sea surface 
promotes a net shoreward flow m the upper 60 to 90 meters, and a counter
clockwise dnft of the Alaska Gyre, the Alaska Current, Alaskan Stream, and Alaska 
Coastal Current The frequency and mtens1ty of storms establishes a ,, conveyor 
belt," carrymg ocean-derived plankton stocks shoreward, some reachmg as far as 
the protected coastal waters By usmg carbon lSotopes as mdicators, a strong 
offshore signal can be found m Inshore zooplankton and ftshes at some locatJ.ons 
In contrast, dunng June, July, and August, the conveyor belt slows or weakly 
reverses m response to the appearance of the North Pact.f:tc !ugh-pressure system m 
the GOA The reversal of the conveyor belt over the outer shelf allows deep water 
below the surface to overrun the shelf break at some locabons, providmg a crucral 
source of deep nutrients and oxygen renewal for deep coastal areas 

The locabon and mtens1ty of the Aleutian Low 18 not constant When the low 18 

mtense, the weather 18 stormy with mcreased precrp1tabon m the coastal 
mountams, and elevated sea levels and warmer water temperatures m the eastern 
GOA Under these condibons, described as the pos1bve phase of a weather 
phenomenon called the Pacific Decadal Oscrllabon (PDO), the wmd-mduced cross
shelf transport mcreases, as does flow m the ACC Dunng the long term, these 
condibons seem to favor production of salmon, pollack, cod, and flounder, but 
other specres are disadvantaged, such as seabirds at many locabons, some forage 
fishes, and shellft.sh hke shrimp and crab When the POO cycles back to its next 
negabve phase-as it IS predicted to do, with colder, less stormy, lower sea levels
condibons should favor the recovery of shellfish stocks, with salmon and gadid 
populabons expected. to shp mto dechne Why these populabons fluctuate the way 
they do m response to changes m ocean chm.ate IS unknown However, the cychng 
of nature's laboratory from year to year, and through longer periods, provides a 
strong basIS for a number of mtrigumg studies to search for and descnbe the 
underlying mecharusms that create change, and somebmes complete reversals, m 
fi.s~ bird, and mammal abundance 

Toward a More Functional Understanding of GOA Ecosystems 

Current knowledge about coastal, shelf, and ocearuc ecosystems supportmg the 
hvmg manne resources of the GOA IS hmlted and skewed heavily toward 
structural elements-species lISts, lustoncal patterns of produchon (catch and 
harvest statisbcs), crude maps of distributlon and abundance, some diet 
mformabon, migratory behav10rs, and, m a few cases, rates of produchon At the 
level of plankton, the seasonal cycle IS qwte well understood m relabonslup to 
factors Wee hght and nutrients, but lugher m the food web at the zooplankton level 
and that of the small schoohng ftshes, httle mformabon IS available Therefore, 
with a few excepnons, the "puzzle pieces" are begmrung to form reasonably 
coherent pictures at the top and bottom of the food web, but are absent or mostly 

\ mISSmg from the nuddle reg10ns of the web 
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The challenge for GEM will be to eventually understand how the ma1or ,,-
physical and biological components mteract dynamically to produce the histoncal l 
patterns m stock SIZe and production of key speoes Convenhonal populahon 
theory teaches that vanabihty at the highest levels m food webs reflects the balance 
between reproduction and mortality (due to natural causes, predahon, harvests, 
diseases, and polluhon) A few stabshcal analyses pomt to Sigrubcant correlahons, 
however, between populahon levels and weather, chmate, or physical 
oceanographic condihons, some apparently hed to recumng cycles hke the PDO, 
the North PaCI.f:t.c Index (NPI), the 18 6 year Lunar Nodal Tidal Cycle, and epISOdic 
events hke El Nrfio/La Nrfia Unfortunately these mtngumg and often ephemeral 
correlahons suggest, but do not identify, the mecharusms behmd these 
relahonships This cnhcal IIUSSlilg Informahon must be obtamed at some pomt m 
comprehensive field and modelmg studies that focus on selected ecosystem 
processes 

To be successful, these studies must be funded at levels suffiaent to identify 
and collect the relevant data, and supported over periods of hme that bndge the 
cycles m climate and ocean condihons Few studies anywhere have been able to 
sustam their activihes long enough, or were sufficrently comprehensive to meet 
these cntena The GEM program will be uruque m that regard and could assume a 
strong leaderslup role m taking the next bold steps m marme ecolog:t.cal research 
In so domg, GEM will fmd ways to more fully exploit some emergmg research 
u themes" that are suggeshng new d.J.recllons for process studies of large 
ecosystems 

:I.. Nature Is Complex 
Food web theory has played a ma1or role m shapmg quanhtahve approaches to 

studymg marme systems Smee the early 1940s, when aquatic commurutles were 
perceIVed as a hnear senes of mterconnected levels-producers (plants), f:trst-order 
consumers (herbivores), higher-level consumers (predators), and recyclers 
(bactena)-this powerful idea has pomted to ever more sophisticated mqumes 
about how matter and energy are cycled through these systems However, m the 
last few years, there has been a growmg awareness that the rnabihty to more fully 
understand how nature works may be tied to a number of srmphfymg assumphons 
that have always been made about hvmg systems It IS now understood that at 
some level of detail, natural processes cannot all be adequately explamed by stnct 
lmear theory This means that unless the complexity of nature IS acknowledged 
and that constramt dealt with m a reahstlc manner, the GEM program work will 
fall short, as will the ability to resolve resource management and other ISSUes 

2. SUrvhlal Strategies Define Habitat Dependencies 
There IS a groWing need to more fully understand what has been passed over 

as mostly u old saence" - how the hfe history of a target species exploits the marme 
ecosystem dtmng its entire hfe span For example, most manne fl.shes begin hfe as 
tiny pelagic or demersal eggs followed by a dnfting larval stage that may last for 
weeks or months The dnftmg period IS followed by successive JUVerule and 
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maturmg older stages that may use different parts of the ecosystem from those that 
host the adults Understand.mg the entire ecological domam of a parhcular species 
will help establish the "connecb.veness" needed to more fully understand how 
human mfluences and perturbabons m chm.ate and weather work their way though 
the manne ecosystem m the GOA 

3. Use of Common Biological CU/TSllCY 
Oceanographers have traditionally used measures of carbon or rutrogen as 

common denorrunators to descnbe processes of orgaruc matter synthesIB and 
transfer at lower trophic levels At the other end of the food web, the ftshenes 
hterature tracks the abundance and biomass of expl01ted stocks, usually expressed 
m numbers or weight Recently, the energy content of species has been suggested 
as a useful measure for assessmg the status of stocks and therr pnncrpal prey 
B10energettc modehng IS becommg more common and measures of whole body 
energy content easier to obtain For instance, the overwmtermg starvation 
mortahty of Juverule Pacrfic hernng residing m Pnnce Wilham Sound can now be 
estm:tated through numerical analySIS of the fat stores of the herring as they gcrmto 
wmter and the wmter water temperatures 

4. Problems of TTme and Space 
Attempts to understand how marine ecosystems react to chmate and human 

mfluences pose huge samphng problems for systems on the scale of the GOA 
Current understanding suggests that the impacts of large-scale chmate shifts and 
pollution are not uruform, but seem to be temporally and spattally d.Istnbuted m 
ways that are not fully understood For example, seabird colorues at some 
locations do well, whtle others do not Two aspects may be nnportant contributors 
to this uncertamty (1) vanability m the tmung, location, and durabon of primary 
productivity each year as mfluenced by weather-a kmd of "tlmmg IB everythmg" 
lSSUe, and (2) spabal patchmess on a vanety of length scales m forage stocks 
responding locally to changmg temperature, sahruty, currents, and other ocean 

characterIBbcs This suggests that GEM will have to study a number of d.Ifferent 
environments at different bmes to fully understand the ecological ramfilcations of 
chm.ate-driven change, and that care must be taken m generahzmg about cause and 
effect within the region 

5. Immigration or Emigration 
Particularly for seabrrds and marine mammals censused at nesting sites and 

rookenes, some population trends rmght be explained by nugrations away from or 
to these location's H this 1S occurnng, these migrations could pose serious 
problems m the mterpretabon of hIBtoncal trends m the GOA Some believe that 
fish or shellflsh stocks can also shift their dlStnbubons m response to 
environmental change, lead.mg to mcreases m some areas and declmes m others, 
although the overall stock productton rmght remam unaltered ThIB potenbal 
source of error must be addressed by GEM 
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6. Top-Down and Bottom-Up Controls 
Histoncal approaches to studies of marine systems have led to a dichotomy of 

discrplmes Oceanographers have focused on the base of the food web and 
relahonshtps with ocean physics and chemistry, whereas flshenes screnhsts have 
studied exploited stocks and, occas1onally, the forage resources that support them 
Top-down or bottom-up control has been debated endlessly for years without 
resoluhon It IS now begmrung to be understood, that this IS not an either/ or 
problem, but rather one of process rnteraction Top-down and bottom-up control 
of populabons occurs simultaneously rn all hvrng systems and must be studied as 
such to refme understandmgs of system function For example, recent studies of 
JUVerule pmk salmon rn Pnnce Wtlham Sound have demonstrated that top-down 
losses to fish predators, such as adult pollock and herring, are modulated by the 
krnds and amounts of zooplankton available, a bottom-up funcilon The 
opportunistlc pollock and herring prefer to feed on macrozooplankton when 
plenhful, thereby rmprovrng the chance of JUVerule salmon to fatten up and escape 
their role as prey However, when macrozooplankton IS not abundant, pollock and 
herring begrn augmentrng their diets by feedrng more heavily on small fIShes, 
mcludrngJuverule salmon In this way, bottom-up processes affecting the 
production of copepods not only help feed and fatten young salmon, but top-down 
processes of pollock feedmg on copepods help protect the salmon fry 

Condusion 

In the ftna1 a:nalySIS, the GEM program will engage a complex ecosystem -a 
product of evoluhonary adaptahon through many thousands of years This robust 
hvrng assemblage exlubtts ch.fferent charactenstics of speaes donunance, 
distnbubon, and abundance rn response to short-term and longer-penod changes 
rn chmate forcrng and human rnfluences These dtfferent "states" have most 
recently been descnbed as regimes In the GOA, at least two donunant physical 
states-El NJ.fio /La Nma - and PDO are known to affect the production cycles of 
several manne species It IS also hkely that long-term warm.mg of the North Pacific 
Ocean IS havrng an as yet unaBSigned roles rn ecological change GEM proposes to 
rnveshgate why some resources, but not others, benefit from these changrng and 
rnteractrng oceamc conditions This understandrng will ultimately provide 
rnformahon to more prudently exploit and/ or conserve specres of high value for all 
users Knowrng why a particular set of resources IS perfornung at a given level of 
productrvrty will ulbmately provide a means to more effectively manage the 
system under chfferent states of specres dommance and external rnfluences This 
amb1bous goal will be addressed through a long-term commitment to rnnovahve 
SCience, and the thoughtful apphcabon of results 
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The GOA encompasses watersheds and waters 
3.1 The Gulf of Alaska south and east of the Alaska Perunsula from Great 

S1tkm Island (176° W), north of 52° N to the 
Canadian mamland on Queen Charlotte Sound (127° 30' W) Twelve and a hall 
percent of the contrnental shelf of the Uruted States hes withm GOA waters (Hood 
1986) 

The area of the GOA drrectly affected by the EVOS (Figure 3 1) encompasses 
broadly diverse terrestnal and aquatic envrronments W1thm the four broad 
habitat types of the watersheds, mtertldal-subbdal, Alaska Coastal Current (ACq, 
and offshore (contrnental shelf break and Alaska Gyre), the geological, chmatic, 
oceanographic, and biological processes mteract to produce the highly valued 
natural beauty and bounty of this region 

Human uses of the GOA are extensrve The GOA 15 a ma1or source of food and 
recreation for the entire nation, a source of traditional foods and culture for 
mdigenous peoples, and a source of food and enjoyment for all Alaskans Servmg 
as a "lung" of the planet, GOA resources are part of the process that provides 
oxygen to the atmosphere In addition, the GOA provides habitat for drverse 
populations of plants, fish, and wildlife and 18 a source of beauty and msprration to 
those who love natural thmgs 

The eastern boundary of the GOA 18 a geologically young, tectorucally act:Ive 
area that contains the world's third largest permanent icefield, after Greenland and 
Antarctica Consequently, the watersheds of the eastern boundary of the GOA he 
ma senes of steep, high mountam ranges Glaoers head many watersheds m this 
area, and the eastern boundary mountams trap weather systems from the west, 
makmg orographic, or mountam-directed, forong rmportant m shapmg the 
region's chmate From the southeastern GOA hrmt (52° Nat landfall) movmg 
north, the eastern GOA headwater mountrun ranges and height of the highest 
peaks are the Pacmc Coast (10,290 feet [ft]), St Elias (18,000 ft), and Wrangell 
(16,390 ft) Northern boundary mountam ranges from east to west are the Chugach 
(13,176 ft), Talkeetna (8,800 ft), and Alaska (20,320 ft) The western boundary of the 
GOA headwaters 15 formed m the north by the Alaska Range and to the south
southwest by the Aleutian Mountains (7 ,585 ft) 

Relatively few ma1or nver systems manage to pierce the eastern boundary 
mountams, although thousands of small mdependent dramages dot the eastern 
coasthne and ISiands of the Inside Passage Ma1or eastern nvers from the south 
movmg north to the penmeter of PWS are the Skeena and Nass (Canada), the 
Sbkme, Taku, Chtlkat, Chtlkoot, Alsek, S1tuk, and Copper All ma1or and nearly all 
smaller watersheds m the GOA region support anadromous fish speoes For 
example, although PWS proper has no ma1or nver systems, it does have more than 
800 mdependent dramages that are known to support anadromous fish speoes 
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Figure 3.1 Distribution of oil from the Exxon Valdez oil spill. 

Prince William 
Sound 

Gulf of 
Alaska 

To the west of PWS lie the major rivers of Cook Inlet. Two major tributaries of 
Cook Inlet, the Kenai and the Kasilof, originate on the Kenai Peninsula. The Kenai 
Peninsula lies between PWS, the northern GOA and Cook Inlet. Cook Inlet's 
largest northern tributary, the Susitna River, has headwaters in the Alaska Range 
on the slopes of North America's highest peak, Mt. McKinley. Moving southwest 
down the Alaska Peninsula, only two major river systems are found on the western 
coastal boundary of the GOA, the Crescent and Chignik, although many small 
coastal watersheds connected to the GOA abound. Kodiak Island, off the coast of 
the Alaska Peninsula, has a number of relatively large river systems, including the 
Karluk, Red, and Frazer. 

The nature of the terrestrial boundaries of the GOA is important in defining the 
processes that drive biological production in all environments. As described in 
more detail below, the ice cap and the eastern boundary mountains create 
substantial freshwater runoff that controls salinity in the nearshore GOA and helps 
drive the eastern boundary current. The eastern mountains slow the pace of and 
deflect weather systems that influence productivity in freshwater and marine 
environments. 
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The GOA shoreline is bordered by a continental shelf ranging to 200 meters (m) 
in depth (Figure 3.2). Extensive and spectacular shoreline has been and is being 
shaped by plate tectonics and massive glacial activity (Hampton et al. 1986). In the 
eastern GOA, the shelf is variable in width from Cape Spencer to Middleton Island. 
It broadens considerably in the north between Middleton Island and the Shumagin 
Islands and narrows again through the Aleutian Islands. The continental slope, 
down to 2,000 m, is very broad in the eastern GOA, but it narrows steadily 
southwestward of Kodiak, becoming only a narrow shoulder above the wall of the 
deep Aleutian Trench just west of Unimak Pass. The continental shelf is incised by 
extensive valleys or canyons that may be important in cross-shelf water movement 
(Carlson et al. 1982), and by very large areas of drowned glacial moraines and 
slumped sediments (Molnia 1981). 

Figure 3.2 Satellite radar image of the northern Gulf of Alaska. Continental shelf, 
seamounts, and abyssal plain can be seen in relief. (Composite image from Sea
viewing Wide Field-of-view Sensor [SeaWiFSJ, a National Aeronautics and Space 
Agency remote-sensing satellite.) 

3.2 Climate 3 .2.1 Introduction 

The weather in the northern GOA, and by 
extension that of adjacent regions such as PWS, is 

dominated for much of the year by extratropical cyclones. These storms typically 
form well to the south and east of the region over the warm waters of the central 
North Pacific Ocean and propagate northwestward into the cooler waters of the 
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GOA (Lwck et al 1987) (Wilson and Overland 1986) Eventually these storms make 
landfall m Southcentral or South east Alaska where their further progress IS 

rmpeded by the extreme terram of the Samt Elias Mountams and other coastal 
ranges In fact, weather forecasters call the coastal region between Cordova and 
Yakutat "Coffin Corner," m reference to the frequency of decaymg extra tropical 
storms found there 

The high probability of cyclomc disturbances m the northern GOA IS s1gruficant 
to the local weather and clrmate of PWS Associated with these storms are large 
offshore-directed, low-level pressure gradients (tightly packed ISObars roughly 
parallel to the coast) Dependmg on other factors (such as static stability, upper
level wmd profile) these gradients can produce strong gradient-balance wmds 
parallel to the coastlme or downslope ( offshore-drrected) wmd events (Macklm et 
al 1988) Further, because of the complex glaaally sculptured nature of the terram 
m PWS, several regions experience sigruficant upslope wmds m certam favorable 
storm situations Tlus wmd configuration, m concert with steep terrain and nearly 
saturated, low-level arr masses, produces the local extreme m precrp1tat10n 
responsible for tidewater glacrers of PWS 

The combmabon of general stormmess, s1gmficant wmdmess (and conconutant 
wave generahon), and orographically enhanced precrp1tabon are essenbal features 
of the northern GOA and PWS, and have a strong rmpact on the vanety and 
compos1tlon of the biota this region supports In addition, the annual melting of 
seasonal snowfall accumulations, m combmation with glacral ablatlon, IS 

responsible for the bulk freshwater mput mto PWS In this context, any changes m 
clrmate-naturally mduced or anthropogenic-that substantively alter the frequency 
and duration of these common yet transient weather features should also affect 
related parts of the region ecosystem In the following discusSion, the factors 
responsible for chmate change are identilled and explained on a general level m 
preparation for specrfic relationships among clrmate, physical, and chenucal 
oceanography, specres, and groups of specres that follow Clrmate IS recogmzed to 
be a IDaJOr natural force mfluencmg change m biological resources 

The GEM IDISSion IS to promote, /1 greater understandmg of how its 
producbvlty IS mfluenced by natural changes and human acbvities" (EVOSTC 
2000) Chmahc forang lS an rmportant natural agent of change m the region's 
populations of birds, fish, mammals, and other plant and anrmal specres (Hare et 
al 1999, Mantua et al 1997, Anderson and Piatt 1999, FranCIS et al 1998) Human 
acbvihes, or anthropogeruc forang, may have profound effects on clrmate There lS 

growmg evidence that human acbvities producrng "greenhouse gases" such as 
carbon dioxide may contnbute to global clrmate change by altermg the global 
carbon cycle (Sigman and Boyle 2000, Allen et al 2000) Understanding how 
natural and human forcrng mfluences b10logical producbvlty requrres knowledge 
of the ma1or determmants of clrmate change descnbed m this secbon 

Chmate m the GOA results from the complex mteracbons of geophysical and 
astrophysical forces, and also m part by b10geocherrucal forCing Physical processes 
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~ actmg on the global carbon cycle and its hvmg component, the biological pump, 
dnve osc:tllations m clmtate (Sigman and Boyle 2000) The most promment 
geophysical feature associated with clmtate change m the GOA IS the Aleutian Low 
Pressure system (Wilson and Overland 1986) The location and mtens1ty of this 
system affects storm tracks, arr temperatures, wmd velocttles, ocean currents and 
other key physical factors m the GOA and ad1acent land areas Sharp variations, or 
oscillations, m the location and mtensity of the Aleutian Low are the result of 
phySical factors operatmg both proxmrally and at great distances from the GOA 
(Mantua et al 1997) Periodic changes m the location and mtensity of the Aleutian 
Low are related to movements of ad1acent contmental arr masses and the Jet stream 
to oceanography and weather m the eastern tropical Pacrfic 

Astrophysical forces contribute to long-term trends and periodic changes m the 
chmate of the GOA by controlling the amount of solar radiation that reaches earth, 
or msolation (Rutherford and D'Hondt 2000) Cb.mate also depends on the amount 
of global msolation and the proportion of the msolation stored by the atmosphere, 
oceans, and biological systems (Sigman and Boyle 2000) Changes m clrmate and 
b10logical systems occur through physical £orang of controlling factors, such as 
solar radiation, strength of lunar IIllXlilg of water masses, and patterns of ocean 
crrculahon Periodic vanations m the earth's solar orbit, the speed of rotation and 
onentation of the earth, and the degree of mclmahon of the earth's ruas m relation 
to the sun result m penodlc changes m clmtate and assocrated brnlogical achvity 

Understanding clmtahc change requrres sorting out the effects of physical 
£orang factors that operate srmultaneously at dlfferent periods Penodicrbes of 
phySical forcing on factors potenbally controlling chmate and biological systems 
mclude are 100,000 years, 41,000 years, 23,000 years, 10,000 years, 20 years, 
18 6 years, and 10 years, among many others For example, Mmobe (1999) 
ident:rlled periods of 50 and 20 years m an analysIS of the North Pacrfic Index (NPI) 
(Figure 3 3) (Mmobe 1999) The NPI IS a time series of geographically averaged 
sea-level pressures representmg a uruvanate (depending on only one random 
variable) measure of location for the Aleutian Low (I'renberth and Hurrell 1994) 

Advances and retreats of icefields and glacrers mark ma1or changes m weather 
and biology Changes m the seasonal and geographic distribution of solar 
radiation are thought to be primarily respoilSlble for the perrndic advance and 
recess10n of glaaers dunng the past 2 mtlhon years (flays et al 1976) The amount 
of solar radiation reachmg earth changes periodically, or oscillates, m response to 
vanahons m the path of the earth's orbit about the sun Geographic and seasonal 
changes m solar radiation caused by periodic vanabons m the earth's orbit around 
and onentation toward the sun have been labelled 0 Mtlankovich cycles," which are 
known to have characterishc frequenaes of 100,000, 41,000, and 23,000 years 
(Berger et al 1984) Slufts m the periodicity of long-term weather patterns 
correspond to shifts from one Mtlankovich cycle to another How and why slufts 
from one Mtlankovich cycle to another occur are among the most rmportant 
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Figure 3 3 Fiitered North Pactfic Index m the wmter-spnng, wmter, and spnng seasons 
NPI 1s shown m hectoPascaJs, a measure of barornetnc pressure at sea level The three 
curves show the NPI band-pass filtered over intervals of 10 to 80 years, 10 to 30 years 
(btdecadal), and 30 to 80 years Source Mmobe 1999 

questions ID paleoechmate research (Hays et al 1976, Rutherford and D'Hondt 
2000) 

3.2.2 Long Time Scales 

3.2.2.J Orb/ta/ Eccentricity and Obliquity 
Slufts ID the penodiaty of glacrahon from 41,000to100,000 years between 1 5 

and 0 6 mtlhon years before present (Myr bp) emphasize the im.portance of the 
atmosphere and oceans ID translahng the effects of physical forcmg IDto weather 
cycles Glaaal cycles may have rmhally shifted from the 41,000-year penod of the 
"obhqmty cycle" to the 100,000-year penod of the "orbital eccentncrty'' perhaps 
caused rmhally by changes ID the heat flux, from the equator to the higher lahtudes 
(Rutherford and D'Hondt 2000) (Obhqmty 1s the angle between the plane of the 
earth's orbit and the equatonal plane ) Accordmg to the theory advanced by 
Rutherford and D'Hondt (2000), IDterachons between long-penod phySical forcrng 
(Mtlankovich cycles) and shorter-penod forcmg (precession) may have been a key 
factor ID lengtherung the ttme penod between glacrahons ID the tranSihon penod of 
1 5 and 0 6 Myr bp Trans1hons from glaaal to IDterglacial penods may be 
triggered by factors such as the nucronutnent iron (Marhn 1990) that control the 
achvity of the b10logical pump ID the Southern Ocean, described below 
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Theones about regulabon of heat flux from the equator to northern labtudes 
are central to understandmg chmate change For example, the heat flux that occurs 
when the Gulf Stream moves equatonal warmth north to surround the Uruted 
Kingdom, Iceland, and Northern Europe defines comfortable human bfe styles m 
these countnes Anythmg that chsrupts tlus heat flux process would drasbcally 
alter cbmate m Northern Europe 

3.2.2.2 Day Length 
Day length IS mcreasmg by one to two seconds each 100,000 years pnmanly 

because of lunar bdal aci::lon (US Naval Observatory [USNOJ) Understandmg the 
role of day length m chmate vanation IS problematic because the rotational speed 
of the earth cannot be predicted exactly due to the effects of a large number of 
poorly understood sources of vanation (USNO) Short-term effects are probably 
mconsequential biologically, because vanations m daily rotational speed are very 
small, but cumulattve effects could be more substantial m the long term 

3.2.2.3 carbon Cycling and the Bio/O(lical Pump 
Changes m the amount of solar radiation available to dnve phySical and 

biological systems on earth are not the only causes of chmate oscrllabons m the 
GOA, or elsewhere m earth Of cntical rmportance to bfe on earth, changes m 
msolation result m changes m the amount of a "greenhouse gas," carbon dioxide m 
the atmosphere resulting from changes m phySical properties, such as ocean 

temperature, and due to bmlogical processes collectively known as the biological 
J pump (Ousholm 2000) The rmportance of the biological pump m deternurung 

levels of atmospheric carbon dioxide IS thought to be substantial, smce the direct 
phySical and chermcal effects of changes m msolabon on the carbon cycle alone 
(Sigman and Boyle 2000) (Figure 3 4) are not suffi.oent to account for the magrutude 
of the changes m atmosphenc carbon dioxide between ma1or chmate changes, such 
as glacrabons 

The Biological Pump. PhotosynthesIS and resprrabon by marine plants and 
animals play key roles m the global carbon cycle by /1 pumpmg" carbon dioxide 
from the atmosphere to the surface ocean and mcorporabng it mto organic carbon 
durmg photosynthesIS Orgaruc carbon not liberated as carbon dioxide durmg 
resprrabon IS "pumped" (exported) to deep ocean water where bacteria convert 1t 
to carbon dioxide Over a permd of about 1,000 years, ocean currents return the 
deep water's carbon dioxide to the surface (through upwelhng) where 1t agam 
dnves photosynthesIS and venblates to the atmosphere The degree to which tlus 
deep-water's carbon dioxide IS "pumped" back mto the atmosphere or /1 pumped" 
back mto deep water depends on the mtens1ty of the photosynthetic acbvity, which 
depends on availability of the macronutnents phosphate, rutrate, and silicate, and 
on nucronutnents such as reduced iron (Ousholm 2000) 

Areas where rutrates and phosphates do not hnut phytoplankton producbon, 
such as the Southern Ocean (60° S), can have very large effects on the global carbon 
cycle through the acbon of the biological pump When sbmulated by the 
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Figure 3.4 Global carbon cyde diagram showing the movement of carbon compounds of the 
atmosphere, land, marine photic zone, the deep ocean, and the sea floor. 

micronutrient iron, the biological pump of the Southern Ocean becomes very 
strong because of the presence of ample nitrate and phosphate to fuel 
photosynthesis, as demonstrated by the Southern Ocean iron release experiment 
(SOIREE) at 61° S 140° E in February 1999 (Boyd et al. 2000). SOIREE stimulated 
phytoplankton production in surface waters for about two weeks fixing up to 
3,000 metric ton (mt) of organic carbon. Although it has not been demonstrated 
that "iron fertilization" increases export of carbon to deep waters (Chisholm 2000), 
it clearly does enhance surface production. The Southern Ocean and much of the 
GOA share the quality of being "high nitrate, low chlorophyll" (HNLq waters, so 
it is tempting to speculate that iron would play an important role in controlling 
production, if not export production, in the GOA. 

The Carbon Cycle. An accounting of changes in the amount of carbon in each 
component of the earth's terrestrial and ocean carbon cycles (Sigmon and Boyd, 
Figure 3.4), as influenced and represented by the physical and chemical factors of 
ocean temperature, dissolved inorganic carbon, ocean alkalinity, and the deep 
reservoir of the nutrients phosphate and nitrate, has to incorporate changes in the 
strength of the ocean's biological pump to be complete (Sigman and Boyle 2000). 
The amount of atmospheric carbon dioxide decreases during glacial periods. 
Because physical-chemical effects do not fully account for these changes, the ruling 
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hypothesis is that the b10logical pump is stronger dunng glacrations But why 
would the biological pump be stronger dunng glaciations? 

Two leadm.g theones explam decreases m atmosphenc carbon dioxide by 
means of mcreased activlty m the ocean's b10logical pump dunng glacrations 
(Sigman and Boyle 2000) Both theones explam how mcreased export producbon 
of carbon from surface waters to long-term storage m deep ocean waters can lower 
atmospheric carbon dioxide dunng glacral penods The Broecker theory develops 
mecharusms based on mcreasmg export from low- to rmd-latitude surface waters 
(Broecker 1982, McElroy 1983), and the second theory relies on high-latitude export 
producbon of direct relevance to the GOA Patterns and trends m nutrient use m 
high-latitude oceans, such as the GOA, where nutrients usually do not hrmt 
phytoplankton producbon, could hold the key to understandmg chmate 
osctllations 

3.2.2.4 OCean Orculatlon 
Because of the heat energy stored m seawater, oceans are vast mtegrators of 

past chmatic events, as well as agents and buffers of chmate change Wmd, 
prea.pitation, and other features of chmate shape surface ocean currents (Wtlson 
and Overland 1986), and ocean currents m tum strongly feed back mto cltmate 
Deep ocean waters dnven by thermohahne crrculation m the Atlantic and southern 
oceans mfluence arr temperatures over these portions of the globe by transporting 
and exchanging large quantities of heat energy with the atmosphere (Peixoto and 
Oort 1992) Patterns of thermohahne (affected by salt and temperature) ocean 

crrculation probably change dunng penods of glacration (Lynch-Stieglitz et al 
1999) The nature of changes m patterns of thermohahne crrculation appear to 
determme the duration and mtensity of chmate change (Ganopolski and Rahmstorf 
2001) Although the climate of the GOA IS not directly affected by thermohalme 
crrculation, chmate m the GOA is mfluenced by thermohahne crrculation through 
chmatic hnkages to other parts of the globe 

Teleconnecbon between North Pacrftc and the Tropical Paaftc can penod.Ically 
strongly mfluence levels of coastal and mterior prea.pitation Because changing 
patterns m prea.pitation alter the expression of the ACC (Figure 3 5), which IS 

largely dnven by runoff (Royer 1981a), periodically changing weather patterns 
such as the Pacrftc Decadal Oscillation (POO) and them Nlfio Southern Osallation 
(ENSO) can profoundly alter the crrculation and biology of the GOA (See 
Secbon 3 2 2 3 ) 

The effects of the cool ACC and the warmer Alaska Stream moderate arr 
temperatures GOA ocean temperatures are rmportant m determmmg chmate m 
the fall and early wmter m the northern GOA and may be mfluenbal at other tunes 
of the year Because the cool glacrally mfluenced waters of the ACC moderate arr 
temperatures along the coast, the strength and stabihty of the ACC are rmportant m 
determmmg chmate 
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Figure 3.5 Schematic surface circulation fields in the Gulf of Alaska and mean annual 
precipitation totals from coastal stations (black vertical bars) and for the central gulf (Baumgartner 
and Reichel 1975). 

3.2.3 Multi-decadal and Multi-annual Time Scales 

3.2.3.1 Precession and Nutation 
Short period changes in the seasonal and geographic distribution of solar 

radiation are also due to changes in the earth's orientation and rotational speed 
(day length) (Lambeck 1980). Wobbling (precession) and nodding (nutation) of the 
earth as it spins on its axis are primarily due to the fluid nature of the atmosphere 
and oceans, the gravitational attraction of sun and moon, and the irregular shape of 
the planet. 

Small periodic variations in the length of the day occur with periods of 
18.6 years, 1 year, and 60 other periodic components. The periodic components are 
due to both lunar and solar tidal forcing. In addition to its effect on day length, 
lunar tidal forcing with a period of 18.6 years has been associated with high
latitude climate forcing, periodic changes in intensity of transport of nutrients by 
tidal mixing, and periodic changes in fish recruitment (Royer 1993, Parker et al. 
1995). Biological and physical effects of the lunar tidal cycle may extend beyond 
effects associated with tidal mixing. About one-third of the energy input to the sea 
by lunar forcing serves to mix deep-water masses with adjacent waters (Egbert and 
Ray 2000). Oscillations in the lunar energy input could contribute to oscillations in 
biological productivity through effects on the rate of transport of nutrients to 

VOLUME II, CtiAPTcR 3 



surface waters The lunar tJ.dal cycle appears to be approXImately synchronous 
with thePDO 

Contemporary cllillate m the GOA IS defmed by large-scale atmosphenc and 
ocearuc crrculatJ.on on a global scale Two penochc changes m ocean and 
atmosphenc conditJ.ons are particularly useful for understandmg change m the 
ch.mate of the GOA the PDO and the ENSO Although weather patterns m the 
ArctJ.c and north AtlantJ.c are also correlated with weather m the North Pacrft.c, 
these relatJ.ons are far from clear The POO, ENSO, and other patterns of ch.mate 
vanabtltty combme to give the GOA a variable and someb.mes severe ch.mate that 
serves as the mcubator for the wmter storms that sweep across the North Amencan 
contJ.nent through the AleutJ.an storm track (Wtlson and Overland 1986) 

Increased understandmg of the PDO has been made possible by srmple yet 
highly descriptive mdices of weather, such as the NPI These mdices are dJ.scussed 
below Changes m the annual values of these mdices led to the reahzatJ.on that 
weather conditJ.ons m the GOA sometJ.mes change sharply from one set of average 
conditJ.ons to a chfferent set dunng a penod of only a few years These rapid 
ch.mane and oceanographic regime slufts are assocrated with sIIllllarly rapid 
changes m the arumals and plants of the region that are of VItal interest to 
government, mdustry, and the general public 

3.2.3.2 Pacific Oecadal Osei/lat/on 
The POO and associated phenomena appear to be ma1or sources of 

oceanographic and b10logical vanabtltty (Mantua et al 1997) Assoaated with the 
PDQ are three semi-permanent atmosphenc pressure regions dommatJ.ng chmate 
m the northern GOA-the S1benan and East Pacift.c high-pressure systems and the 
AleutJ.an Low pressure system These regions have variable, but charactensl:lc, 
seasonal locatJ.ons A promment feature of the PDO and the ch.mate of the GOA IS 

the AleutJ.an Low, for which average geographic locatJ.on changes penodically 
dunng the wmter WmtertJ.me locatJ.on of the AleutJ.an Low affects ocean 
crrculatJ.on patterns and sea-level pressure patterns It IS charactenstJ.c of two 
ch.mane regimes a southwestern locus called a negatJ.ve POO regrme (as m 1972) 
and a northeastern locus called a pos1tJ.ve POO (1977) (Figures 3 6 and 3 7) The 
locatJ.on of the AleutJ.an Low m the wmter appears to be synchroruzed with armual 
abundances and strength of recrwtment of some fISh specres (Hollowed and 
Wooster 1992,, Franas and Hare 1994) The AleutJ.an Low pressure system averages 
about 1,002 mtlhbars (Favonte et al 1976), IB most mtense m wmter, and appears to 
cycle m its average poSitJ.on and mtensity with about a 20- to 25-year period 
(Rogers 1981, Trenberth and Hurrell 1994) 

The POO 1B studied with multJ.ple mdices, mcludmg the anomalies of sea level 
pressure (as m the NPL which 18 discussed below), anomalies of sea surface 
temperature, and wmd stress (Mantua et al 1997, Hare et al 1999) The PDO 
changes, or oscillates, between positJ.ve (warm) and negatJ.ve (cool) states 
(Figures 3 8 and 3 9) In decades of pOSitJ.ve POOs, below-normal sea surface 
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Figure 3.6 Oceanic circulation patterns in the far eastern Pacific Ocean proposed for 
negative PDQ (left) and positive PDQ (right) (Hollowed and Wooster 1992). 
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Figure 3.7 Mean sea-level pressure patterns from the winters of 1972 (left) and 1977 
(right) (Emery and Hamilton 1985). 

120W 

temperatures occur in the central and western North Pacific and above normal 
temperatures occur in the GOA. An intense low pressure is centered over the 
Alaska Peninsula, resulting in the GOA being warm and windy with lots of 
precipitation. In decades of negative POOs, the opposite sea surface temperature 
and pressure patterns occur. 

The NPI, a univariate time series representing the strength of the Aleutian Low, 
shows the same twentieth-century regimes defined by the POO. The NPI is the 
anomaly, or deviation from the long-term average, of geographically averaged sea
level pressure in the region from 160" E to 140" W, 30° to 65" N, for the years 1899 to 
1997 (frenberth and Hurrell 1994, Trenberth and Paolino 1980). The NPI was used 
to identify climatic regimes in the twentieth century, for the years 1899to1924, 
1925to1947, 1948to1976, and 1977to1997, and to explore the interactions of short 
(20-year) and long (50-year) period effects on the timing of regime shifts. Negative 
(cool) PDOs occurred during 1890 to 1924 and 1947to1976, and positive (warm) 
PDOs dominated from 1925 to 1946 and from 1977 to about 1995 (Mantua et al. 
1997, Minobe 1997). Minobe's analysis of the NPI identified a characteristic~ 
shaped waveform with a 50-year period (sinusoidal pentadecadal) (Figure 3.3). His 
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Figure 3.8 Schematic of physical processes during the winter in a positive PDQ dimatic regime 
in the Gulf of Alaska from offshore to nearshore areas showing the Alaska Current and the Alaska 
Coastal Current. 

analysis pointed out that rapid transitions from one regime to another could not be 
fully explained by a single sinusoidal-wavelike effect. The speed with which 
regime shifts occurred in the twentieth century led Minobe to suggest that the 
pentadecadal cycle is synchronized or phase locked with another climate variation 
on a shorter bidecadal time scale (Anderson and Munson 1972). 

In addition to periodic and seasonal changes, there is evidence that the 
Aleutian storm track has shifted to an overall more southerly position during the 
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Figure 3.9 Schematic of physical processes during the winter in a negative PDQ climatic 
regime in the Gulf of Alaska from offshore to nearshore areas showing the Alaska Current and 
the Alaska Coastal Current. 

I' 

twentieth century (Richardson 1936, Klein 1957, Whittaker and Hom 1982, Wilson 
and Overland 1986). 

3.2.3.3 El Nino Southern Oscillation 
The ENSO is a weather pattern originating in the equatorial Pacific with strong 

influences as far north as the GOA (Emery and Hamilton 1985). ENSO is marked 
by three states: warm, normal, and cool (Enfield 1997). Under normal conditions, 
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the water temperatures at the contmental boundary of the eastern Pacrllc are 
around 20° C, as cold bottom waters (8° q nux with warmer surface water to form 
a large pool of relatively cool water of the coast of Peru When an El Nlfio (warm) 
event starts, the pool of cool coastal water at the contmental boundary becomes 
smaller and smaller as warm water masses (20" C to 30° q from the west move on 
top of them, and the sea level starts to nse At full El Nlfio, mcreases m the surface 
water temperatures of as much as 5 4• C have been observed very close to the coast 
of Peru El Nlfio also bnngs a sea level nse along the Equator m the eastern Pacrllc 
Ocean of as much as 34 cenbmeters, as warm buoyant waters movmg m from the 
west ovemde cooler, denser water masses at the contmental boundary In a cool 
La N:ri'ia event, the sea levels are the opposite from an El Nlf'io, and relatrvely cool 
(less than 20° q waters extend well offshore along the equator Note that the sea 
surface temperature changes asSOCiated with ENSO events extend well mto the 
GOA 

The ENSO has effects m some of the same geograpluc areas as PDO, but there 
are two ma1or differences between these patterns Frrst, an ENSO event does not 
last as long as a POO event, and second an ENSO event starts, and IS easiest to 
detect, m the eastern equatonal Pacrllc, whereas POO donunates the eastern North 
Pacrllc, mcludmg the GOA The simultaneous occurrence of two InaJOr weather 
patterns m one locabon illustrates Mtnobe's pomt that multiple forang factors with 
different characterISbc frequencies must be operabng srmultaneously to create 
regime slufts (Figure 3 3) 

The role of marme mputs to the watershed 
3.3 Marine-Terrestrial phase of regional biogeochenucal cycles has been 
Connections recogruzed for some bme (Matlusen 1972) 

Expenments m arbficral and natural streams have 
shown that chlorophyll a and the biomasses of the bioftlm (bactena and molds) and 
aquatic macromvertebrates, such as lil.Secl:s, mcrease as the amount of salmon 
carcass biomass mcreases Chlorophyll a has been observed to mcrease over the 
full range of carcass biomass , whereas :mcreases m macromvertebrates stop at 
some hrmtmg value of carcass loadmg (Wipfli et al 1998, W1pfh et al 1999) 
Salmon carcasses stnnulate production of mulbple tropluc levels, mcludmg 
decomposers, m watersheds by proVIdmg carbon and nutnents In earlier studies 
of an Alaskan stream contanung chmook salmon, P10rkowskI (1995) supported the 
hypothesIB of W1pfh et al (1998) that salmon carcasses can be rmportant m 
structunng aquabc food webs In parbcular, rmcrobial composition and diversity 
may determme the ability of the stream ecosystem to use nutnents from salmon 
carcasses, a prmCipal source of marme mtrogen 

Manne nutnents and carbon move from the marme environment mto 
terrestna1 specres m the watersheds of the GOA (W1pfh et al 1999), as has been 
shown to be the case m anadromous hsh-beanng watersheds elsewhere m the 
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north Paa.6.c region (Btlby et al 1996) The followmg specres have been found to ,,,--
transport manne nutnents within watersheds ( 

• Anadromous speoes, such as salmon (Khne et al 1993, Ben-David et al 
1998a), 

• Manne-feedmg land arumals, such as river otters (Ben-David et al 1998b) 
and coastal rmnk (Ben-David et al 1997a), 

• Opporturushc scavengers as nvenne rrunk (Ben-David et al 1997a), wolf 
(Szepansla et al 1999), and martens (Ben-David et al 1997b), and 

• Rlpanan zone plants such as trees (Btlby et al 1996) 

In theory, any terrestnal plant or arumal species that feeds m the manne 
envrronment or that receives nutnents from anadromous fish.. such as harlequm 
duck or Sitka spruce, IS a pathway to the watersheds for manne carbon and 
nutnents Speoes that contain manne nutnents are widely dIStnbuted throughout 
watersheds, as detemuned from levels of manne rutrogen m 1uverule fish.. 
mvertebrates, and aquahc and npanan plants (Btlby et al 1996, Piorkowsla 1995, 
Ben-David et al 1998a, 1998b) The role of manne nutnents m watersheds IS key to 
understandmg the relative rmportance of chmate and human-mduced changes m 
populahon levels of birds, fIS~ and mammals Indeed, losses of basic habitat 
productIVIty because of low numbers of salmon entenng a watershed (Khne et al 
1993, MathISen 1972, Piorkowsla 1995, Fmney et al 2000) may be confused with the 
effects of fIShenes mterceptions or manne chmate trends Companson of 
anadromous fISh-bearmg streams to non-anadromous streams has demonstrated 
differences m productivihes related to manne nutnent cyclmg Import of manne 
nutnents and food energy to the lobe (flowmg water) ecosystem may be retarded m 
systems that have been denuded of salmon for any length of time (Piorkowsla 
1995) 

Paleoecological studies (which focus on anaent events) m watersheds bearing 
anadromous specres can shed hght on long-term trends m marme productivity 
Use of marme rutrogen m sediment cores from freshwater spawnmg and rearmg 
areas to reconstruct prehistonc abundance of salmon offers some InSlghts mto long

As agencies grapple With 
1mplementabon of 

ecosystem-based management, 
conservabon actions are likely 

to foals more on 
ecosystem processes and 

less on single speaes. 

term trends m chmate, and mto how to separate the 
effects of chmate from human rmpacts such as fIShing and 
habitat degradabon (Fmney 1998, Fmney et al 2000) 

Watershed studies 1mlang the freshwater and manne 
porbons of the regional ecosystem could pay rmportant 
benefits to natural resource management agenaes AB 
agenaes grapple with rmplementabon of ecosystem-based 
management, conservabon actions are hkely to focus 

more on ecosystem processes and less on smgle species (Mangel et al 1996) In the 
long-term, protection of Alaska's natural resources will requrre extending the 
protection now afforded to smgle speaes, such as targeted commercrally important 
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salmon stocks, to ecosystem funct10ns (Mangel et al 1996) In process-onented 
conservation (Mangel et al 19%), production of ecologically central vertebrate 
specres ts combined with measures of the production of other specres and measures 
of energy and nutrient flow among trophic levels to identify and protect ecological 
processes such as nutrient transport Apphcations of ecological process measures 
m Alaska ecosystems have shown the feasibility and potential rmportance of such 
measures (Khne et al 1990, I<hne et al 1993, Mathtsen 1972, P10rkowskI 1995, Ben

David et al 1997a, 1997b, 1998a, 1998b, SzepanskI et al 1999), as have apphcations 
outside of Alaska (Btlby et al 19%, Larkin and Slaney 1997) 

3.4 Physical and 
Geological 
Oceanography: Coastal 
Boundaries and Coastal 
and Ocean Circulation 

3.4.1 Physical Setting, Geology, 
and Geography 

The GOA mcludes the continental shelf, slope, 
and abyssal plam of the northern part (north of 
50° N) of the northeastern Pacmc Ocean It 
extends 3,600 ktlometers (km) westward from 
127° 30' W near the northern end of Vancouver 

Island, Bnttsh Columb:ra, to 176°W along the southern edge of the central Aleutian 
Islands (Figure 3 10) It mcludes a continental shelf area of about 3 7 x 1(}5 km2 
(110,000 square nautical mtles [Lynde 1986]) The area of the shelf amounts to 
about 17% of the entire Alaskan contmental shelf area (2 86 x 106 km2 total) and 
approxrmately 12 5 % of the total contmental shelf of the Uruted States (McRoy and 
Goenng 1974) This vast oceanic domam sustams a nch and diverse marme hfe 
that supports the econormc and subsIStence hvehhood for both Alaskans and 
people hving m As:ta and North Amenca The GOA IS also an rmportant 
transportation corridor for vessels carrymg cargo to and from Alaska and vessels 
travehng the Great Grcle Route between North A:menca and Asia 

The high-latitude location and geological history of the GOA and ad1acent 
landmass strongly mfluence present-day regional meteorology, oceanography, and 
sedrmentary environment The northern extension of the Cascade Range, with 
mountams ranging m altitude from 3 to 6 km, rmgs the coast from Bntish 
Columbia to Southcentral Alaska (Royer 1982) The Aleutian Range spans the 
Alaska Penmsula m the western GOA and contains peaks exceedmg 1000 m m 
elevation All of the mountams are young and therefore provide plentiful sources 
of sediment to the ocean The region IS seISffilcally achve because 1t hes withm the 
convergrng boundaries of the Pacmc and North Amencan plates The motions of 
these plates control the seJ.SIIUcrty, tectorucs, vol~ and much of the 
morphology of the GOA and make this region one of the most tectonically active 
regions on earth Gacob 1986) Indeed, tectoruc motion continuously reshapes the 
seafloor through faulting, subsidence, landshdes, tsuna.mIS, and sotl hquefaction 
For example, as much as 15 m of uphft occurred over portions of the shelf dunng 
the Great Alaska Earthquake of 1964 (Malloy and Mernll 1972, Plafker 1972, von 
Huene et al 1972) These geological processes mfluence ocean CII'CUlation patterns, 
dehvery of terrestna1 sedrments to the ocean, and reworking of seabed sedrments 
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Approxrmately 20% of the GOA watershed IS covered by glacrers today (Royer 
1982) making the region the tlurd greatest glacral field on earth (Meier 1984) The 
glacrers reflect both the subpolar, manhme clnnate and the regional distnbuhon of 
mountams, or orography, of the GOA (see Sechon 3 3) of the GOA The chmate 
settmg mcludes lugh rates of preciprtahon and cool temperatures, especially at lugh 
alhtudes, that enhance the formahon of the iceh.elds and glacrers The iceh.elds are 
both a source and sink for the fresh water delivered to the ocean In some years the 
glacrers gam and store the precipitahon as ice and snow, m other years, the stored 
precrp1tahon is released mto the numerous streams and nvers drammg mto the 
GOA Glacral scounng of the underlymg bedrock proVIdes an abundance of h.ne
gramed sedrments to the GOA shelf and basm (Hampton et al 1986) The ma1or 
mputs of glacral sediment are the Bering and Malaspma glacrers and the Alsek and 
Copper nvers m the northern GOA and the Kruk, Matanuska, and Sus1tna nvers 
that feed Cook Inlet m the northwest GOA (Hampton et al 1986) 

The bathymetry, or bottom depth vanahons, of the GOA reflects the diverse 
and complex geomorphological processes that have worked the region dunng 
mtlhons of years The GOA abyssal plam gradually shoals from a 5,000-m depth m 
the southwestern GOA to less than 3000 mm the northeastern GOA Maximal 
depths exceed 7,000 m near the central Aleuban Trench along the conhnental slope 
south of the Aleuban Islands Numerous seamounts, remnants of subsea volcanoes 
assocrated with spreadmg centers m the Pacrh.c hthosphenc plate (at the earth's 
crust), are scattered across the central basm Several of the seamounts or guyots 
(flat-topped seamounts) nse to withm a few hundred meters of the sea surface and 
provide nnportant mesopelagic (middle depth of the open sea) habi.tat for pelagic 
(open sea) and bentluc (bottom) marme organisms 

The conhnental shelf vanes m width from about 5 km off the Queen Charlotte 
Islands m the eastern GOA to about 200 km north and south of Kochak Island 
Along the Aleuhan Islands, the shelf break IS extremely narrow or even absent, as 
depths plunge rapidly north and south of the ISland cham The numerous passes 
between these ISiands control the flow between the GOA and the Benng Sea, with 
depths (and mflow) generally mcreasmg m the westerly direchon (Favonte 1974) 
In the eastern Aleuhans, most of the passes are shallow and narrow, the largest 
bemg Amukta Pass with a maximal depth of 430 m and an area of about 20 km2 
(Favonte 1974) Urumak Pass IS the easternmost pass (of oceanograpluc 
Signih.cance) and connects the southeast Benng Sea shelf directly to the GOA shelf 
near the Shumagm Islands Tlus pass IS about 75 m deep and has a cross-sechonal 
area of about 1 km2 (Schumacher et al 1982) 

The shelf topography m the northern GOA IS enormously complex because of 
both tectoruc and glacral processes (Figure 3 10) Numerous troughs and canyons, 
many onented across the shelf, punctuate the sea floor Subsea embankments and 
ndges abound as a result of subsidence, uphft, and glacral morames These 
geological processes have also shaped the rmmensely comphcated coastlme that 
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mcludes numerous stlled and unstlled fjords, embayments, capes, and lSland 
groups 

The northwestern GOA mcludes several promment geological features that 
mfluence the regional oceanography Kayak Island, wluch extends about 50 km 
across the shelf east of the mouth of the Copper River, can deflect mner shelf 
waters offshore Interaction of shelf currents with tlus ISiand can also spawn eddies 
that transport nearshore waters, wluch have a lugh suspended sedrment load, onto 
the outer shelf (Ahlnaes et al 1987) 

PWS, wluch hes west of Kayak Island, IS a large complex, fjord-type estuarme 
system with characterISb.cs of an mland sea (Muench and Heggie 1978) The sound 
commurucates with the GOA shelf through Hmclunbrook Entrance m the eastern 
sound and Montague Strrut and several smaller passes m the western sound The 
shelf IS relab.vely shallow (about 125 m deep) south of H:rnclunbrook Entrance and 
along the eastern shore of Montague Strrut Hmclunbrook Canyon, however, has 
depths of about 200 m and extends southward from Hmclunbrook Entrance and 
opens onto the conb.nental slope ThIS canyon IS a potenb.ally rmportant condwt by 
wluch slope waters can commurucate dlrectly with sound Central PWS IS about 
60 km by 90 km with depths typically m excess of 200 m and a maxrmal depth of 
about 750 m m the northern sound The entrances to PWS are guarded by the shelf, 
sills, or both of about 180-m depth Numerous ISiands are scattered throughout the 
sound and bays, fjords, and numerous glacrers are mterspersed along its rugged 
coastlme 

Several stlled fjords mdent the northern GOA coast, between PWS and Cook 
Inlet Inner fjord depths can exceed 250 m, wluch are greater than the depths over 
the ad1acent shelf To the west of the Kenai Perunsula IS Cook Inlet, wluch extends 
about 275 km from its mouth to Anchorage at its head The Inlet IS about 90 km 
wide at its mouth, narrows to about 20 km at the Forelands some 200 km from the 
mouth, and then widens to about 30 km near Anchorage Upper Cook Inlet 
branches mto two narrow arms (I'urnagam and Kruk) that extend mland another 
70 km Depths range from 100 m to 150 mat the mouth of Cook Inlet to less than 
40 m m the upper end, with the upper arms bemg so shallow that extensive 
mudflats are exposed during low b.des The bottom topography throughout the 
mlet reflects extensive faulb.ng and glacral erosion (Hampton et al 1986) 

At its mouth, Cook Inlet commurucates with the northern shelf through 
Kennedy Entrance, to the east, and with Shehkof Strrut, to the west The latter IS a 
200-km by 50-km rectangular channel between Kodiak Island and the Alaska 
Penmsula with numerous fjords mdenb.ng the coast along both sides of the strrut 
The mam channel, with depths between 150 and 300 m, veers southeastward at the 
lower end of Kodiak Island and mtersects the conb.nental slope west of Clunk.of 
Island Southwest of Shehkof Strait bottom depths shoal to 100 to 150 m, and the 
shelf IS comphcated by the passes and channels assocrated with the Shumagm and 
Senudl ISiands 
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Figure 3.1 Oa Shelf topography of the northern Gulf of Alaska and adjacent waters (Martin 1997). 
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Figure 3.1 Ob Shelf topography of the northern Gulf of Alaska and adjacent waters (Martin 1997). 
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3.4.2 Atmospheric Forcing of GOA Waters 

The climate over the GOA is largely shaped by three semi-permanent 
atmospheric pressure patterns: the Aleutian Low, the Siberian High, and the East 
Pacific High (Wilson and Overland 1986). These systems represent statistical 
composites of many individual pressure cells moving across the northern North 
Pacific. The climatological position of these pressure systems varies seasonally, as 
shown in Figure 3.11. From October through April, the cold air masses of the 
Siberian High deepen over northeastern Siberia, and the East Pacific High is 
centered off the southwest coast of California. From May through September, the 
Siberian High weakens and the East Pacific High migrates northward to about 
40°N and attains its greatest intensity (highest pressure) in June. The seasonal 
changes in intensity and position of these high-pressure systems influence the 
strength and propagation paths of low-pressure systems (cyclones) over the North 
Pacific. In winter, the Siberian High forces storms into the GOA, and lows are 
strong; in summer, these systems are weaker and propagate along a more northerly 
track across the Bering Sea and into the Arctic Ocean. 

Figure 3.11 Typical summer (left) and winter (right) examples of the Aleutian Low 
and Siberian High pressure systems. Contours are sea-level pressure in millibars. 
(Hollowed and Wooster 1987) 

The low-pressure storm systems that compose the Aleutian Low form in three 
ways. Many are generated in the western Pacific when cold, dry air flows off Asia 
and encounters northward-flowing, warm ocean waters along the Asian continent. 
Additional formation regions occur in the central Pacific along the Subarctic Front 
(near 35° N) where strong latitudinal gradients of ocean temperature interact with 
unstable, winter air masses (Roden 1970). Finally, the GOA can also be a region of 
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achve cyclogenesis (low-pressure formation), particularly rn wrnter when fngid arr 
spills southward over the frozen Benng Sea, the Alaska marnland, or both (Wrnston 
1955) Such conditions can be hazardous to manners because the accompanyrng 
lugh wrnd speeds and subfreezrng arr temperatures can lead to rapid vessel icrng 
(Overland 1990) 

Regardless of ongrn, these lows generally strengthen as they track eastward 
across the North Paabc Tlus rntensibcation results from the flux of heat and 
mmsture from the ocean to the atmosphere The lows attarn max:unal strength 
(lowest pressure) rn the western and central GOA Once rn the GOA, the coastal 
mountarns rnlub1t rnland propagation, so that the storms often stall and dissipate 
here Indeed, Russran manners refer to the northeastern GOA as the "graveyard of 
lows" (Plakhotruk 1%4) 

The mountarns also force arr masses upward, resulting rn coolrng, 
condensation, and enhanced precrp1tation The prea.p1tation feeds numerous 
mountarn drarnages that feed the GOA or, rn wmter, 1S stored rn snowfields and 
glacrers where it can remain for penods rangrng from months to years 

Seasonal vanations rn the rntenslty and paths of these low-pressure systems 
markedly rnfluence meteorological conditions rn the GOA Of particular 
rmportance to the manne ecosystem are the seasonal changes rn radiation, wrnd 
velocrty, prea.prtation, and coastal runoff 

The rncomrng short-wave radiation that warms the 
sea surface and provides the energy for marrne 
photosynthesIB 1S strongly affected by cloud cover 
Throughout the year, cloud cover of more than 75% 
occurs over the northern GOA more than 60% of the 
time (Brower et al 1988), and cloud cover of less than 
25% occurs less than 15% of the time Interannual 

Seasonal vanations m 
the intenstl:y and paths of 

low-pressure systems 
mfluence meteorolog1ca/ 
condlf:Jons m the GOA. 

vanablhty rn cloud cover, espeoally rn summer, can affect sea-surface temperatures 
and poSSibly the nuxed-layer structure (wluch also depends heavily on sahruty 
distnbution) The anomalously warm surface waters observed rn the summer and 
fall of 1997 were probably due to unusually low cloud cover and mild wrnds (Hunt 
et al 1999) The charactenstJ.c cloud cover 18 so heavy that it hinders the effechve 
use of passive rmcrowave sensors, such as Advanced Very High Resolution Radar 
(AVHRR) and Sea-viewrng Wide Field of view Sensor (SeaWifs), rn ecosystem 
momtonng 

The cyclomc (counterclockwise) wmds assocrated with the low-pressure 
systems force an onshore surface transport (Ekman transport) over the shelf and 
downwelbng along the coast Figure 3 U shows the mean monthly Upwellrng 
Index on the northern GOA shelf ThlS rndex 1S negative (rmplyrng downwellrng) rn 
most months, rndicating the prevalence of onshore Ekman transport and coastal 
convergence Downwellrng favorable wrnds are strongest from November through 
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Figure 3 12 Mean monthly upwelling mdex, 1946 to 1999 (red), and mean monthly 
coastal d1Scharge, 1930 to 1999 (blue) (Royer 1982, 2000) m the northern GOA Negabve 
values of the Index imply onshore Ekman transport and coastal downwelhng D1Sdlarge 
1s shown m cubic meters per second, a measure of flow 

March, and feeble or even weakly anhcycloruc (upwelling favorable) m 
summer when the Aleuhan Low IS displaced by the East Paafu: High (Royer 1975, 
Wilson and Overland 1986) Over the central baslil, these wmds exert a cycloruc 
torque (or wmd-stress curl) that forces the large-scale ocean crrculabon 

The lugh rates of preap1tabon are evident m long-term average measurements 
Figure 3 5 IS a composite of long-term average annual precip1tahon measurements 
from stabons around the GOA Precip1tabon rates of 2 to 4 meters per year (m-yr-1) 
are typical throughout the region, but rates m southeast Alaska and PWS exceed 
4 m-yr-1 Except over the Alaska Perunsula m the western GOA, the coastal 
precip1tabon rates are much greater than the esbmated net precrp1tabon rate of 
1 m-yr-1 over the central basm (Baumgartner and Reichel 1975) The coastal 
estimates are undoubtedly biased because most of the measurements are made at 
sea level and therefore do not fully capture the mfluence of albtude on the 
precrp1tabve flux 

Figure 3 12 also mcludes the mean monthly coastal discharge from Southeast 
and Southcentral Alaska as esbmated by Royer (1982) On an annual average tlus 
freshwater Influx IS enormous and amounts to about 23,000 m3 s-1, or about 20% 
greater than the mean annual MlssISS1pp1 River discharge, and accounts for nearly 
40% of the freshwater flux mto the GOA This runoff enters the shelf mamly 
through many small (and ungauged) dramage systems, rather than from a few 
maJOr nvers Consequently, the discharge can be thought of as a diffuse, coastal 
"lme" source" around the GOA perimeter, rather than ansmg from a few, large 
"pomt" sources The discharge IS greatest m early fall and decreases rapidly 
through wmter, when precrp1tabon 1s stored as snow There IS a secondary runoff 
peak m sprmg and summer, because of snowmelt (Royer 1982) The phasmg and 
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magrntude of tlus freshwater flux IS nnportant, because sabruty pnmanly affects 
water dens1bes (and therefore ocean dynarmcs) m the northern GOA 

Figure 3 12 shows that the seasonal vanahon m wmd stress and freshwater 
discharge 1B large, but also that these vanables are not m-phase with one another, 
downwellmg IS maxnnal m wmter and muumal m summer, whereas discharge 1s 
maxnnal m fall and nurumal m late Winter Both wmds and buoyant dtscharge 
affect the verbcal density strabftcahon and contnbute to the formabon of honzontal 
pressure (and density) gradients over the shelf and slope The wmd field over the 
shelf is spabally coherent (Livmgstone and Royer 1980) because the scales of the 
storm systems that enter the GOA are comparable to the stZe of the basm The 
alongshore coherence of the wmd field and the distributed nature of the coastal 
dtscharge suggest that forang by wmds and buoyancy IS approXlIDately uruform 
along the length of the shelf Both the wmds and buoyant flux force the mean 
cyclomc alongshore flow over the GOA shelf and slope (Reed and Schumacher 
1986, Royer 1998), as shown schemattcally m Figure 3 3 On the mner shelf, the 
flow conslSts of the ACC, and over the slope, 1t consISts of the Alaska Current 
(eastern and northeastern GOA) and the Alaskan Stream (northwestern GOA) 
These current systems are extenstve, swift:, and conhnuous over a vast alongshore 
extent Thus, the shelf and slope are strongly affected by advectton (transport of 
momentum, energy, and dissolve and suspended materials by ocean currents), 
rmplymg that climate perturbabons, even those occumng far from the GEM study 
area, can be efftcrently commurucated mto the northwestern GOA by the ocean 
crrculabon The strong advectton also rmphes that processes occumng far 
upstream rmght substanhally mfluence biological produci:J.on withm the GEM area 

3.4.3 Physical Oceanography of the Gulf of Alaska Shelf 
and Shelf Slope 

The GOA shelf can be divided on the basis of water-mass structure and 
crrculabon characterlStlcs mto three domams 

• 

• 

• 

The mner shelf (or ACC domam) consISbng of the ACC, 

The outer shelf, mcludmg the shelf-break front, and 

The rmd-shelf region between the inner and outer shelves 

Because the bound.anes separabng these regions are dynarmc, their locabons 
vary m space and time Although dynarmc connecbons among these domams 
undoubtedly ex:ISt, the nature of these bnks IS poorly understood 

The ACC IS the most pronunent aspect of the shelf crrculahon It ts a persistent 
crrculatlon feature that flows cyclorucally (westward m the northern GOA) 
throughout the year ThIS current onginates on the BntISh Columbian shelf 
(although m some months or years, 1t rmght onginate as far south as the Columbia 

-, Rtver [Royer 1998, Thomson et al 19891), about 2,500 km from its entrance mto the 
Benng Sea through Urumak Pass, m the western GOA (Schumacher et al 1982) 

VOLUME Il, CHAPTER 3 51 



GuLF Ec:osvsrn'1 MONITORING AND REsEAAoi PROGRAM 

52 

The ACC IS a swift (20to180 centnneters per second [cm s-1] [O 4 to 3 6 knots]), 
coastally trapped flow typically found within 35 km of the shore (Royer 198lb, 
Johnson et al 1988, Stabeno et al 1995) Much or all of the ACC loops through 
southern PWS, entermg through Hmchmbrook Entrance and eXItmg through 
Montague Strait (N1ebauer et al 1994) Therefore, the ACC potenhally IS nnportant 
to the crrculahon dynamics of PWS, clearly, it IS a cnhcal advective and nugratory 
path for matenal and orgamsms between the GOA and sound West of PWS, the 
ACC branches northeast of Kodiak Island The bulk of the current curves around 
the mouth of Cook Inlet and contmues southward through Shehkof Strait (Muench 
et al 1978), the remamder flows southward along the shelf east of Kodiak Island 
(Stabeno et al 1995) Although there are no long-term (mulhyear) eshmates of 
transport ill the ACC, drrect measurements (Schumacher et al 1990, Stabeno et al 
1995) along the Kenai Penrnsula and upstream of Kodiak suggest an average 
transport of about 0 8 Sverdrup (Sv, a urut of flow equal to 1 nullion cubic meters 
per second [1 Sv equals 1()6 m3 s-1]), with a maxrmum m wmter and a nurumum ill 
summer 

The large annual cycle m wmd and freshwater discharge IS reflected m the 
mean monthly temperatures and salmihes at hydrograpruc stahon GAK 1, near 
Seward, on the mner shelf (Figure 3 13) Mean monthly sea-surface temperatures 
range from about 3 5° Cm March to about 14° Cm August The amphtude of the 
annual temperature cycle, however, dnnmIShes with depth, with the annual range 
bemg only about 1° C at depths greater than 150 m Surface temperatures are 
colder than subsurface temperatures from November through May, and the water 
column has httle thermal strahficahon from December through May 

Surface sahruhes range from a maxrmum of about 31 practical salmity uruts 
(psu) m late wmter to a nurumum of 25 psu m August Verhcal salrmty (density) 
gradients are nunnnal m March and Apnl and maximal m the summer months 
Surface strahficahon commences m Apnl or May (somewhat earher m PWS), as 
cyclornc wmd stress decreases and runoff mcreases, and IS greatest m nud- to late 
summer The mner shelf and PWS stratify frrst, because runoff rmhally IS confrned 
to nearshore regions and only gradually spreads offshore through ocean processes 
Solar heatmg provides addihonal surface buoyancy by warnung the upper layers 
uruformly across the shelf However, the thermal strahficahon remains weak unhl 
late May or June As wmds mtensify m fall, the strah&cahon erodes, resultrng from 
stronger verhcal nuxmg and illcreased downwelhng, which causes surface waters 
to smk along the coast 

W1thrn the ACC, the annual amphtude m salrmty dnnmIShes with depth and 
has a nurumum of about 0 5 psu at about the 100-m depth At greater depths, the 
annual amphtude illcreases but the annual salrmty cycle IS out of phase with near
surface sahruty changes For example, at and below the 1,50 m depth, the salrmty IS 

nunnnal ill March and maxrrnal m late summer-early fall The phase difference 
between the near-surface and near-bottom layers reflects the combmed mfluence of 
wmds and coastal discharge In summer, when downwelhng relaxes, salty, 
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nutnent-nch water from offshore mvades the inner shelf (Royer 1975) The upper 
porbon of the water column IS freshest m summer, when the wmds are weak (little 
moong) and coastal discharge IS mcreasmg Vertical IIllXl1lg is strong through the 
wmter and redistnbutes fresh water, salt, and possibly nutnents throughout the 
water column 
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Figure 3 13 The mean annual cycle of temperature (upper) and salinity (lower) at vanous depths 
at station GAK1 on the mner shelf of the northern GOA The monthly estimates are based on 
data collected from 1970 through 1999 (fhe figure includes updated information [Xiong and 
Royer 1984] ) 
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The effects of the seasonal cycle of wmd and buoyancy forang are also 
reflected m both the hydrographic properties and the along-shore velocrty 
structure of the shelf The seasonal transitions m temperature and salmity 
properties are shown m Figure 3 14, which 1S constructed from cross-shore sectJ.ons 
along the Seward Lme m the northern GOA for Apnl (representative of late 
wmter), August (summer), and October (fall) 

The ACC domam, or mner shelf, 1S withm 50 km of the coast From February 
through Aprtl, the verbcal and cross-shelf gradients of salmity and temperature are 
weak, and the ACC front hes withm about 10 km of the coast and extends from the 
surface to the bottom Vertical shears (gradients) of the along-shelf velocrty are 
weak and the current dynamics are pnmanly wmd-dnven and barotrop1c 
(controlled by sea-surface slopes setup by the wmds) at this bme aohnson et al 
1988, Stabeno et al 1995) In summer (late May to early September), the vertical 
strat:IfJ.cation IS large, but cross-shelf salmity (and density) gradients are weak The 
ACC front extends from 30 to 50 km offshore and usually no deeper than 40 m 
The along-shelf flow 1S weak, although highly variable, m summer Vertical 
strat:IfJ.cation weakens m fall, but the cross-shelf salmity gradients and the ACC 
front are stronger than at other bmes of the year As coastal downwelhng 
mcreases, the front moves shoreward to witlun 30 km of the coast and steepens so 
that the base of the front mtersects the bottom between the 50 and 100 m ISobaths 

Theory (Garrett and Loder 1981, Yankovsky and Chapman 1997, Chapman and 
Lentz 1994, Chapman 2000) suggests that seasonal vanat10ns m the ACC frontal 
structure should strongly mfluence the vertical and honzontal transport and 
moong of dISsolved and suspended rnatenal, both across and along the mner shelf 
Royer et al (1979) showed that surface dnfters released seaward of the ACC front 
frrst dnfted onshore (m accordance with Ekman dynamics) and then drifted along
shore upon encountermg the ACC front Conversely, Johnson et al (1988) showed 
that, Inshore of the front, the surface layer spreads offshore, with thIS offshore flow 
mcreasmg as discharge mcreases m fall Taken together, these results suggest 
cross-frontal convergence ansmg from differmg dynamics on either side of the 
ACC front Buoyancy effects dominate at the surface Inshore of the front (at least 
for part of the year), wmd forcmg dominates offshore of the front Convergence 
across the front would tend to accumulate plankton along the frontal boundary, 
pOSSibly attractmg foragmg fis~ seabirds, and marme mammals (Haldorson 2001) 
The front might also be a regmn of s1gruficant vertical mobons Downwelhng 
veloobes of about 30 meters per day (m-d-1) m the upper 30 m of the water column 
are pOSSible m fall (Tius esbmate IS based on the assumption that the cross-frontal 
convergence occurs over a frontal width of 15 km with an onshore Ekman flow of 
3 cm-s-1 seaward of the front and an offshore flow of -15 cm-s-1 [Johnson et al 1988] 
mshore of the front ) 

The mid-shelf domam covers the region between 50 and 125 km from the coast 
Here cross-shelf temperature and saluuty gradients are weak m all seasons In 
general, the strongest honzontal density gradients occur withm the bottom 50 m of 
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Figure 3.14 Seasonal cross-shore distributions of temperature (left) and salinity (right) along the 
Seward Line in the northern GOA. The graphs are based on data collected in 1999 as part of the 
GOA GLOBEC program (Weingartner 2001). The vertical axis is in pressure units (decibars [db]}, 
with 1 db the equivalent of about 1 m. 

the water column, probably associated with the inshore location of the shelf-break 
front (which does not always have a surface expression). The bottom of the shelf
break front is generally found farther inshore in summer than in fall or winter. 
Over the upper portion of the mid-shelf water column, the vertical stratification is 
largely controlled by salinity in most months, although vertical salinity gradients 
are weaker here in summer and fall than on the inner shelf. Consequently, in 
summer, thermal stratification plays an important role in stratifying the mid-shelf 
water column. Here, the along-shelf flow is weakly westward on average because 
of the feeble horizontal density gradients. Both the flow and horizontal density 
gradients are highly variable, however, because of energetic mesoscale (10- to 
50-km) flow features. Potential sources for the mesoscale variability are as follows: 

1. Separation of the ACC from capes (.Ahlruies et al. 1987); 

2. Instabilities of the ACC (Mysak et al. 1981, Bogard et al. 1994); 
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3 Interacb.ons of the shelf flow with topography (Lagerloef 1983), and 

4 Meandenng of the Alaska Current along the contmental slope (N1ebauer et 
al 1981) 

Tius mesoscale vanablhty is very drffJ.cult to quanb.fy, because it depends on 
spabal vanabons m the coastlme and the bottom topography and on seasonal 
vanabons m the wmds and shelf density structure Nevertheless, these mesoscale 
features appear to be biologically s1gruficant For example, Incze et al (1989), 
Vastano et al (1992), Schumacher and Kendall (1991), Schumacher et al (1993), and 
Bograd et al (1994) show the comCidence between larval pollack numbers and the 
presence of eddies m Shehkof Strait Moreover, the nutribonal condibon of frrst
feedmg larvae is Sigruficantly better Inside than outside of eddies (Canmo et al 
1991) 

The mner and rmd-shelf dam.ams share two other noteworthy charactenshcs 
Frrst, dunng much of the year, the cross-shelf sea surface temperature contrasts are 
generally small (about 2°q The small thermal gradients and heavy cloud cover 
reduce the utility of thermal mfrared radiometry rn assessmg crrculahon features 
and frontal boundaries rn the northern GOA 

Second, the bottom-water properhes of the shelf change markedly throughout the 
year The above figures show that the high-sahmty bottom waters earned mshore 
are drawn from over the contmental slope rn summer This mflow occurs annually 
and probably exerts an nnportant dynamical mfluence on the shelf circulabon by 
modrfyrng the bottom boundary layer (Gawarklewicz and Chapman 1992, 
Chapman 2000, Pickart 2000) It rrught also serve as an nnportant seasonal onshore 
pathway for oceanic zooplankton These arumals rmgrate diurnally over the full 
depth of the water column, dunng the long summer day length, the zooplankton 
will spend more bme at the bottom than at the surface The bottom flow that 
transports the high-salrnity water shoreward rrught then result m a net shoreward 
flux of zooplankton m summer The summerbme mflow of salme water the water 
column, probably associated with the mshore locabon of the shelf-break front 
(which does not always have a surface expression) The bottom of the shelf-break 
front 18 generally found farther mshore m summer than m fall or wmter Over the 
upper porhon of the rrud-shelf water column, the verhcal strahflcabon is largely 
controlled by sahmty rn most months, although verhcal salmity gradients are 
weaker here rn summer and fall than on the rnner shelf Consequently, m summer, 
thermal strahflcabon plays an nnportant role rn strab.fymg the rmd-shelf water 
column Here, the along-shelf flow is weakly westward on average because of the 
feeble honzontal density gradients Both the flow and horizontal density gradients 
are highly vanable, however, because of energetic mesoscale (10- to 50-km) flow 
features Potenhal sources for the mesoscale vanablhty are as follows 

5 Separabon of the ACC from capes (Ahlnaes et al 1987), 

6 Instablhbes of the ACC (Mysak et al 1981, Bogard et al 1994), 
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7 Interactions of the shelf flow with topography (Lagerloef 1983), and 

8 Meandering of the Alaska Current along the conbnental slope (N1ebauer et 
al 1981) 

Tius mesoscale vanabthty IS very dtffi.cult to quantify, because it depends on 
spatial vanations m the coasthne and the bottom topography and on seasonal 
vanations m the wmds and shelf density structure Nevertheless, these mesoscale 
features appear to be biologically s1g:ruhcant For example, Incze et al (1989), 
Vastano et al (1992), Schumacher and Kendall (1991), Schumacher et al (1993), and 
Bograd et al (1994) show the comodence between larval pollock numbers and the 
presence of eddies m Shehkof Strait Moreover, the nutntional condition of fust
feedmg larvae IS s1g:ruhcantly better ms1de than outside of eddies (Caruno et al 
1991) 

The mner and rmd-shelf domams share two other noteworthy charactenstics 
Frrst, dunng much of the year, the cross-shelf sea surface temperature contrasts are 
generally small (about ioq The small thermal gradients and heavy cloud cover 
reduce the utility of thermal mfrared radiometry m assessmg orculahon features 
and frontal boundaries m the northern GOA 

Second, the bottom-water properties of the shelf change markedly throughout 
the year The above figures show that the high-salrruty bottom waters earned 
mshore are drawn from over the continental slope m summer ThlS mflow occurs 
annually and probably exerts an rmportant dynarmcal mfluence on the shelf 
orculation by modifymg the bottom boundary layer (Gawarkiewicz and Chapman 
1992, Chapman 2000, Ptckart 2000) It rmght also serve as an rmportant seasonal 
onshore pathway for oceamc zooplankton These animals rmgrate dmrnally over 
the full depth of the water column, durmg the long summer day length, the 
zooplankton will spend more time at the bottom than at the surface The bottom 
flow that transports the high-sahruty water shoreward rmght then result m a net 
shoreward flux of zooplankton m summer The summerbme mflow of sahne water 
onto the mner shelf IS one means by which the slope and basm mtenor 
commumcates drrectly with the nearshore, because (as discussed below) this water 
IS drawn from withm the permanent halochne (depth honzon over which salmity 
changes rapidly) of the GOA The deep summer mflow IS a potentially rmportant 
condwt for nutrients from offshore to onshore Inflow, however, IS not the only 
means by which nutnent-nch offshore water can supply the shelf Other 
mecharusms mclude flow-up canyons mtersectmg the shelf break (Khnck 19%, 
Allen 19%, Allen 2000, Hickey 1997), topographically-mduced upwellmg (Freeland 
and Denman 1982), and shelf-break eddies and flow meanders (Bower 1991) 

The third domam, consISbng of the shelf break and conbnental slope IS 

mfluenced by the Alaska Current, which flows along the northeastern and northern 
GOA, and its transformabon west of 150°W, mto the southwestward-flowmg 
Alaskan Stream These currents compnse the poleward hmb of the North PaofJ.c 
Subarctic Gyre and provide the ocearuc connection between the GOA shelf and the 
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Paa.fie Ocean The Alaska Current IS a broad (300 km), sluggish (5 to 15 cm s-1) 
flow with weak honzontal and vertical velocity shears The Alaskan Stream IS a 
narrow (100 km), sw:ift (100 cm s-1) flow with large velOCTty shear over the upper 
500 m (Reed and Schumacher 1986) The stream conhnues westward along the 
southern flank of the Alaska Perunsula and Aleub.an Islands and gradually 
weakens west of 180° W (Thomson 1972) The convergence of the Alaska Current 
mto the Alaskan Stream probably entails conconutant changes m the velOCTty and 
thermohalme gradients along the shelf break Insofar as these gradients rnfluence 
fluxes between the shelf and slope (Gawarklewicz 1991), the transformahon of the 
Alaska Current mto the Alaskan Stream rmphes that shelf-break exchange 
mecharusms are not uruform around the GOA Moreover, the effects of these 
exchanges on the shelf will also be rnfluenced by the shelf width, wluch vanes from 
50 km or less m the eastern and northeastern GOA to about 200 km m the northern 
and northwestern GOA 

The Alaskan Stream has a mean annual volume transport (flow of water) of 
between 15 and 20 Sv (Reed and Schumacher 1986, Musgrave et al 1992), and 
although seasonal transport vanahons appear small, mterannual transport 
vanahons may be as great as 30% (Royer 1981a) Thomson et al (1990) found that 
the Alaska Current IS SWifter and narrower m winter than m summer Surface 
sahruhes witlun the Alaska Current vary by only about 0 5 psu throughout the 
year, whereas the seasonal change m sea surface temperature (551) IS comparable 
to that of the shelf (about 10° q Nevertheless, honzontal and vertical denslty 
gradients are controlled by the sahruty dIStnbuhon Maxrmal stratrficahon occurs 
between depths of 100 and 300 rn and is assOCTated with the permanent halochne of 
the GOA Halochne salmlhes range between 33 and 34 psu, and temperatures are 
between 5° C and 6° C (fully and Barber 1960, Dodrmead et al 1963, Reid Jr 1965, 
Favonte et al 1976, Musgrave et al 1992) These water-mass characterishcs are 
1denncal to the propeitles of the deep water that floods the shelf bottom each 
summer (Figure 314) 

Although eddy energies of the Alaskan Stream appear small (Royer 1981a, 
Reed and Schumacher 1986), s1gruficant alterahon of the slope and shelf-break 
crrculahon is hkely dunng occasional passage of large (200-km-diameter) eddies 
that populate the mtenor basm (Crawford et al 1999) Musgrave et al (1992) show 
considerable alterahon m the structure of the shelf-break front off Kodiak Island 
dunng the passage of one such eddy These eddies are long-hved (2 to 3 years) and 
energehc, havmg typical SWI.rl speeds of 20 to 50 cm (Tabata 1982, Musgrave et 
al 1992, Okkonen 1992, Crawford et al 1999) They form m the eastern GOA, 
pnmanly m years of anomalously strong cycloruc wind forong along the eastern 
boundary (Willmott and Mysak 1980, Melsorn A et al 1999, Meyers and Basu 
1999) and then propagate westward at about 2 to 3 cm s-1 Most of the eddies 
remam over the deep basm and far from the contmental slope, however, some 
propagate along the slope, requmng several months to transit from Yakutat to 
Kodiak Island (Crawford et al 1999, Okkonen 2001) 

VOLUME II, G-wrrER 3 



GULF EalsYsTEM MONITORING AND REsEARoi PROGRAM 

Eddies that rmpmge upon the contmental slope could s1gruficantly mfluence 
the shelf crrculabon and exchanges between the shelf and slope of salt, heat, 
nutnents, and plankton Their mfl.uence on shelf-slope exchange m the northern 
GOA has not been ascertamed, but because they propagate slowly, are long-hved, 
and form epI.SOdically, they could be a source of mterannual vanabillty for this 
shelf These eddies have many features m common with the Gulf Stream rmgs that 
s1gruf:tcantly modify shelf properbes along the East Coast of the Umted States 
(Houghton et al 1986, Ramp 1986, Joyce et al 1992, Wang 1992, Schhtz submitted) 
In the eastern GOA, Wlutney et al (1998) showed that these eddies cause a net 
offshelf nutnent flux in the northern GOA, they rmght have the opposite effect, 
because nutnent concentrabons are generally rugher over the slope than on the 
shelf (Whitledge 2000, Chtlders 2000) 

3.4.4 Biophysical Implications 

The magmtude of the sprmg phytoplankton bloom depends on surface nutnent 
concentrabons and water-column stability The annual resupply of nutnents to the 
euphohc zone IS not understood for the mner shelf, however Cross-shelf, surface 
Ekman transport m wmter cannot account for the rugh nutnent concentrabons 
observed on the inner shelf m sprmg (Clulders 2000, Whitledge 2000) Turbulent 
rmxmg dunng late fall and wmter could rmx the nutnent-nch deep water (brought 
onto the shelf m summer) up mto the surface layer m trme for the sprmg bloom If 
so, vernal nutnent levels nught result from a two-stage precondibonmg process 
occurrmg dunng the several months precedmg the sprmg bloom The fust stage 
occurs m summer and IS related to the onshelf movement of salme, nutnent-nch, 
bottom water as descnbed above The quantlty of nutnents earned onshore then 
depends upon the summer wmd field and the properties of the slope source water 
that contnbutes to this mfl.ow The second step occurs m fall and wmter and 
depends on turbulence Current mstabillbes, downwelhng-mduced convecbon, 
and d.Iffus1on accomphsh the vertical moong The extent of this IIllXIIlg depends 
upon the seasonally varymg stratmcabon and the vertical and honzontal velOCity 
structure of the ACC Each of these mechanisms probably vanes from year to year, 
suggestmg that spnng nutnent concentrabons will also vary 

Another potenbally rmportant nutnent source for the mner shelf m sprmg IS 

PWS Wmter moong m the sound could brmg nutnent-nch water to the surface, 
where it IS exported to the shelf by that portion of the ACC that loops through 
PWS 

The tmung of the spnng bloom depends on development of stratmcabon 
withm the euphohc zone The euphohc zone extends from the surface to a depth 
where sufflc1ent hght sbll eXIsts to support photosynthesIS Strattftcabon withm 
the euphohc zone IS mfl.uenced by freshwater d.Ischarge and solar heatmg 
Prehmmary GWBEC data (Wlutledge 2000, Stockwell 2000) suggest that the spnng 
bloom begins m protected regions of PWS m late March as day length mcreases and 

) strabficabon butlds as a result of snowmelt, ramfall, and the sheltermg effect of the 
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PWS from wmds The bloom on the shelf lags that of PWS by from 2 to 6 weeks 
and may not proceed Slillultaneously across the shelf Tlus delay results from the 
tlme reqmred to stratify the shelf Because density lS strongly affected by sahruty 
and, therefore, by the spreadmg of fresh water on the shelf, stratlfJ.cahon does not 
evolve byverhcal (one-dnnens1onal) processes phase-locked to the annual solar 
cycle Rather, strahficahon depends pnmanly on the rate at which fresh water 
spreads offshore, which lS a consequence of three-dtmensrnnal arculat10n and 
moo.ng processes mhmately aSSOCiated with ocean dynamics 

Several rmphcahons follow from this hypothesis FJISt, spnng bloom dynamics 
on the shelf are not as hghtly coupled to the solar cycle as on rmd-lahtude shelves 
where temperature controls density Second, rruxed-layer development depends 
on processes operahng sparuung a range of tlme scales and mvolves a plethora of 
vanables that affect verhcal nuxmg and the offshore flux of fresh water from the 
nearshore These vanables mclude the frachons of Winter precrp1tahon dehvered to 
the coast as snow and ram, the tlmmg and rate of spring snowmelt (a funchon of 
arr temperature and cloudmess), and the Wind velocrty The relevant hme scales 
range from a few days (storm events) to seasonal or longer The long hme scales 
follow from the fact that the shelf crrculahon, parhcularly the ACC, can advect the 
freshwater that contributes to stratlfJ.cahon from very dlStant regions Third, 
mterannual variability m the onset and strength of strahficahon on the GOA 
conhnental shelf lS probably greater than for rmd-lahtude shelves Tius expectahon 
follows from the fact that several potenhally mterachng parameters affect 
strahficahon, and each or all can vary considerably from year to year Therefore, 
apphcahon of Gargett's (1997) hypothesIS of the optlmal stabihty wmdow to the 
GOA shelf mvolves more degrees of freedom than its use on either rmd-lahtude 
shelves or the central GOA (where temperature exerts primary control on 
stratlfJ.cahon m the euphohc zone) 

All of these cons1derahons suggest that strahficahon probably does not develop 
uruformly m space or tlme on the GOA shelf The rmphcahons are potenhally 
enormous with respect to feedmg opportumhes for zooplankton m spnng These 
animals must encounter abundant prey shortly after rmgrahng to the surface from 
their overwmtermg depths Emergence from diapause (a penod of reduced 
metabohsm and machvity) IS tightly coupled to the solar cycle, rather than the 
onset of stratmcahon Conceivably then, zooplankton recrwtment success rmght 
depend on shelf physical processes occumng over a penod of several months pnor 
to the onset of the bloom In parhcular, the magrutude and phasmg of the spnng 
bloom rrught be preconditrnned by shelf processes that occurred throughout the 
precedmg summer and Winter Perturbahons m the magrutude and phasmg of the 
spnng bloom rrught propagate through the food cham and affect summer and fall 
feedmg success of 1uventle ft.shes (Denman et al 1989) 
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j The tides m the GOA are of the IlllXed type with the prmcrpal lunar serru-
dmrnal (M.2) tide bemg dormnant and the lum-solar dmrnal (Ki) tide bemg, m 
general, of secondary rmportance Tidal charactenstics (amphtudes and vel0C1ties) 
are strongly influenced by the complex shelf and slope bathymetry and coastal 
geometry, however Consequently, spatlal vanations m the tidal charactenstlcs of 
these two specres are large For example, Anchorage has the largest tidal 
amphtudes m the northern GOA, with the M.2 tide bemg about 3 6 m and the Ki 
tlde bemg about 0 7 m In contrast, the amphtudes of both of these constituents m 
Kodiak and Seward are less than half those of Anchorage Foreman et al (Foreman 
et al 2000) found that the cross-shelf flux of tidal energy onto the northwest GOA 
shelf IS enormous and IS accompamed by rugh (bottom) fnctlonal disstpatlon rates 
Therr model estnnates mdicate that the tidal dissipation rate m Kennedy Entrance 
accounts for nearly 50% of the total dissipation of the M1 constltuent m the GOA 
Further, about one-third of the energy of the Ki tide m the GOA IS disSipated m 
Cook Inlet Some of the energy lost from tides IS available for mIXIng, wruch would 
reduce vertical strab.ficatlon and enhance the transfer of nutrients mto the euphobc 
zone 

The mteractlon of the tidal wave with varymg bottom topography can also 
generate shelf waves at the diurnal frequency and generate residual flows The 
waves are a promment feature of the low-frequency crrculation along the Bnbsh 
Columbian shelf (Crawford 1984, Crawford and Thomson 1984, Flather 1988, 
Foreman and Thomson 1997, Cummms and Oey 2000) and could affect pycnoclrne 
displacements (The pycnochne is a vertical layer across wruch water density 
changes are large and stable) The model of Foreman et al (2000) predicts diurnal
penod shelf waves m the northwest GOA and especially along the Kodiak shelf 
break Although no observations are available to confmn the presence of such 
waves along the Kodiak shelf, their presence could influence b10logical production 
here as well as the dispersal of planktomc orgamsms Residual flows resulting 
from non-lrnear tidal dynamics could (locally) influence the transport of suspended 
and dissolved materials on the shelf 

Seasonal changes m water-column strab.fication can also affect the vertical 
distribution of tidal energy over the shelf through the generation of mternal 
(barochmc) waves of tidal penod Such motions are hkely to occur m summer and 
fall m the northwestern GOA where the flux of barotrop1c tidal energy (wruch IS 

nearly umformly dIStributed over the water column) across the shelf break 
(Foreman et al 2000) mteracts with the rughly strab.fied water column on the shelf 
The mternal waves generated can have small spatlal scales (10s of km) m contrast 
to the large scale (1,000s of km) of the generating barotrop1c tidal waves 
Moreover, the phases and amphtudes of the baroclrnic tides will vary with seasonal 
changes m strab.fication Although no systematic mvesbgation of mternal tides on 
the GOA shelf has been conducted, Damelson (2000) found that the tidal velOCities 
m the ACC near Seward m wmter are about 5 cm s-1 and are barotropic However, 
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rn late summer, bdal veloabes rn the upper 50 m are about 20 cm s-1 whereas below 
100-m depth they are about 5 cm s-1 Internal bdes will also displace the pycnoclrne 
suffi.crently to have b10logical consequences, rncludrng the pumprng of nutrients 
rnto the surface layer, the dispersal of plankton and small fl.shes, and the formabon 
of transitory and small-scale zones of honzontal divergence and convergence that 
affect feedrng behav10rs (Mann and Lazier 19%) Strabfied tidal flows rmght also 
be sigruficant for some silled fJords The rnteracbon of the bde with the sill can 
enhance rmxrng and exchange (Farmer and Srmth 1980, Freeland and Farmer 1980) 

and can resupply the rnner fJord with nutnent-nch, high-sahmty water and 
plankton through Bernoulli sucbon effects (Thompson and Goldrng 1981, Thomson 
and Wolanski 1984) 

3.4.6 Gulf of Alaska Basin 

The crrculahon rn the central GOA consists of the cyclorucally 
(counterclockwise) flowrng Alaska Gyre, which IS part of the more extensive 
subarcbc gyre of the North Pacillc Ocean The center of the gyre IS at about 53° N, 
and 145° to 150° W The gyre mcludes the Alaska Current and Stream and the 
eastward-flowrng North Pacillc Current along the southern boundary of the GOA 
The latter IS a trans-Pacillc flow that onginates at the confluence of the northward
flowrng Kuroshio Current and the southward-flowrng Oyashio Current rn the 
western Pacrfic Some water from the Alaska Stream apparently rea.rculates rnto 
the North Pacrfic Current, but the strength and locabon of this recrrculahon IS 
poorly understood and appears to be extremely variable (Favonte et al 1976) The 
North Pacrfic Current bifurcates off of the western coast of North Amenca, with the 
northward flow feedmg the Alaska Gyre and the southward branch entenng the 
Califorrua Current The bifurcabon zone IS located roughly along the zero lrne rn 
the climatological mean for the wrnd stress curl The gyral flow reflects the large
scale cycloruc wrnd-stress distnbubon over the GOA Mean speeds of dnfters 
deployed rn the upper 150 m of this gyre (far from the continental slope) are 2 to 10 
cm s-1, but the vanabihty IS large (Thomson et al 1990) These cycloruc wrnds also 
force a long-term average upwellmg rate of about 10 to 30 m yrl rn the gyre center 
(Xie and Hsieh 1995) 

The verbcal thermohalrne structure of the Alaska Gyre IS descnbed by Tully 
and Barber (1%0) and Dodimead et al (1963) and consISts of the followrng 
components 

1 A seasonally varymg upper layer that extends from the surface to about the 
100-m depth, 

2 A haloclrne that extends from 100 m to about the 200-m depth over which 
sabruty rncreases from 33 to 34 psu and temperatures decrease from 6 to 
4° C, and 
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3 A deep layer, extendmg from the bottom of the haloclme to about the 1))00-
m depth, over wluch saltruty mcreases more slowly to about 34 4 psu and 
temperatures decrease from 4° to 3° C 

Below the deep layer sahruty mcreases more slowly to its maxunal value of 
about 34 7 psu at the bottom 

The seasonal vanations of the upper layer reflect the effects of wmd-rmxmg and 
heat exchange with the atmosphere-essentially one-dimensional moong processes 
The ocean loses heat to the atmosphere from October through March and gams 

heat from Apnl through September The upper layer IS ISOhalme and ISothermal m 
wmter down to the top of the haloclme At tlus time, upper-layer salmities range 
from 32 5 to 32 8 psu, and temperatures range from 4° to 6° C The upper layer IS 

fresher and colder m the northern GOA and saltier and warmer m the southern 
GOA The upper layer gradually freshens and warms m spnng, as W1Ild speeds 
decrease and solar heating mcreases A summer rruxed layer forms that mcludes a 
weak secondary haloclme and a strong seasonal thermochne, with both centered at 
about the 30-m depth The seasonal pycnoclme erodes and upper layer properties 
revert to wmter conditions as cooling and wmd-IlllXIIlg mcrease m fall 

The halochne 1B a permanent feature of the Subarctlc North Pacrftc Ocean and 
represents the deepest hnut over which wmter rmxmg occurs withm the upper 
layer The halochne results from the high (compared with other ocean basms) rates 
of precrp1tation and runoff m CODJuncbon with large-scale, three-dnnens1onal 
crrculation and mtertor Illl.Xlilg processes occumng over the North Pacrftc (Reid Jr 
1965, Warren 1983, Van Scoy et al 1991, Musgrave et al 1992) The strong density 
gradient of the halochne effectively hnuts vertical exchange between salme and 
nutnent-nch deep water and the upper layer The deep waters of the GOA consISt 
of the North Pacrftc Intermediate Water {formed m the northwestern Pacrftc Ocean) 
and, at greater depths, contributions from the North Atlantic Mean flows m the 
deep mtertor are feeble {1 cm s-1), and the flow dynamics are governed by both the 
chmatological wmd stress dtstnbution (Kobhnsky et al 1989) and the global 
thermohalme crrculation {Warren and Owens 1985) modtfied by the bottom 
topography The thermohalme crrculation carries nutnent-nch waters mto the 
North Paafic and forces a weak and deep upwelhng throughout the reg10n 
(Stammel and Arons 1960a, 1%0b, Reid 1981) 

3.4.7 General Research Questions 

What phys1cal-chemtcal processes control pnmary and secondary productlon, 
and m particular, what processes control the bmmg, duration, and magrutude of 
the spnng bloom on the mner continental shelf, mcludmg the mlets, sounds, and 
fjords? 

Does strab.flcation of the water column m the euphotlc zone of the ACC depend 
pnmanly on the rate at which fresh water spreads offshore as a consequence of 
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three-drmensional crrculabon and moong processes associated with ocean 
dynarmcs? (Secbon 35 4 4) 

Do physical oceanographic shelf processes rn the ACC rn the months leadrng 
up to the sprrng bloom precondibon the magmtude and sequence of biological 
events durrng the sprrng bloom? (Secbon 3 4 4) 

Does zooplankton recrwtment rn the ACC depend on shelf phySical processes 
durrng a "precondibonrng penod" leadrng up to the onset of the sprrng bloom? 
(Secbon 3 4 4) 

What are the sources of the nutnents rn the euphobc zone on the rnner shelf rn 
the sprrng? (Secbon 3 4 4) 

How are exchanges of carbon and nutnents, detntus and plankton, at the shelf 
break rnfluenced by the rnteracbons of physical processes with the Alaska Stream 
and the Alaska Current with the complex bathymetry of the northern and western 
GOA? 

What IS the effect of eddy structure on nutnent flux across the conbnental shelf 
slope? (Secbon 3 4 4) 

How and where does the rnteracbon of the bdal wave with varyrng bottom 
topography generate residual flows that transport nutnents and carbon across 
water mass boundanes on the rnner shelf? 

Do diurnal-penod shelf waves along the Kodiak shelf rnfluence biological 
producbon and the chspersal of planktoruc orgarusms? (Secbon 3 4 5) 

3.5 Chemical 
Oceanography: Marine 
Nubients and Fertility 

The overall ferbhty of the GOA depends pnmanly 
on nutnent resupply from deep-water sources to 
the surface layer were plants grow Rates of 
carbon &xabon by phytoplankton rn the euphobc 
zone are !muted seasonally and annually by 

changrng hght levels and the krnds and supply rates of several dissolved rnorganic 
chemical species Three elements-rutrogen, phosphorus, and silicon-are essenbal 
to the photosynthebc process (Parsons et al 1984) Other dissolved rnorganic 
constituents such as iron are also beheved to control rates of photosynthesis at 
some locabons and bmes (Freeland et al 1997, Marbn and Gordon 1988, Pahlow 
and Riebsell 2000) 

Orgaruc matter synthesized by plants rn the hghted surface layer IS consumed 
there or srnks down rnto the deeper water column where some may eventually 
reach the seabed The unconsumed porbon IS oxidized to rnorganic dissolved 
forms by bactena at all depths In the euphobc zone, rnorgaruc nutnents excreted 
by zooplankton and by nucronekton and macronekton (fISh), hberated by bactenal 
oxidabon (a process referred to as renunerahzabon), or both excreted and hberated 
are rmmediately recycled by phytoplankton (Nekton IS SWlffiilUng manne hfe) In ( 
contrast, hvrng cells, organic detntus (remarns of dead orgarusms), and fecal pellets 
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that escape the euphobc zone by srnkmg are renunerahzed. below the hghted upper 
layer, and the resulbng morgaruc forms are lost to surface plant stocks The result 
of these combined processes leads to verbcal distnbuhons of chssolved morgaruc 
mtrogen, phosphorus, and silicon m wluch the surface concentrat10ns are much 
lower than those found deeper m the water column Such 18 the case for the GOA 
(Reeburgh and Kipphut 1986) Geostropluc (shaped by the earth's rotat10n) and 
wmd-forced upwelling and deep seasonal overturn provide local mechanlSms that 
brmg nutrient ennched deep water back mto the surface layer each year 
(Schumacher and Royer 1993) Addlt:lonally, at depths shallower than about 100 m, 
t:ldal rmxmg resulbng from fnct:lon across the bottom can mteract with the wmd
nuxed surface layer to provide an mtemuttent avenue for surface nutrient 
replemshment during all seasons 

Concentrat:lons of the dissolved morgamc forms of mtrogen (rutrate, mtrite, and 
ammorua), phosphorus (phosphate), and silicon (silicate) occur at some of the 
lughest levels measured anywhere m the deep waters of the GOA (Mantyla and 
Reid 1983) A permanent pycnochne, resulbng from the relat:Ively low sahruty of 
the upper 120 to 150 m, lmuts access to tlus valuable pool, however, deep wmter 
nuxmg rarely reaches below about 110 m m waters over the deep ocean (Dodlmead 
et al 1963, Favonte et al 1976) Although upwelling occurs m the center of the 
Alaska Gyre, 1t IS beheved to be only on the order of a meter (or C0I1SJ.derably less) 
per day (Sugimoto 1993, Xie and Hsieh 1995), a relatrvely modest rate compared to 
some regions of lugh product:lvity hke the Peru or Oregon coastal upwellmgs 
Away from the Alaska Gyre upwellmg along the northern cont:Inental margm of 
the GOA, the prevailing wmds dnve a predonunately downwelhng environment 
over the shelf for 7 to 8 months each year Although th18 condlt:lon usually 
moderates during the summer, there IS httle evidence that wmd-forced coastal 
upwellmg IS ever well developed Instead, during the penod of relaxed 
downwelhng or sporadic and weak upwellmg, a rebound of ISopycnal (density 
boundaries, waters having the same dens1t:les) surfaces along the shelf edge permits 
the run-up of dense slope water onto and across the shelf This subsurface water, 
contammg elevated concentrat:lons of dissolved nutrients, flows mto the deeper 
coastal basms and fjords (Muench and Heggie 1978, Heggie and Burrell 1981) 
Presumably the tmung and durat:lon of tlus coastal 
bottom renewal IS related to the nature of the Pacific 
High pressure donunance m the GOA each summer The major pool of plant nutrients 

'for water column production 
The coastal and Inshore waters m the northern GOA 

are also mfluenced by runoff from a large number of 
streams, nvers, and glacrers m the rugged coastal 

m ocean, shelf, and coastal 
regions JS m deep waters. 

margm In these areas that are largely untouched by agnculture, tlus mput 
probably contributes httle to the coastal nutrient cycle, except poSSibly as a source 
for silicon and iron (Burrell 1986) Therefore, the ma1or pool of plant nutrients for 
water column product:lon m oc~ shelf, and coastal regions IS denved from 
marme sources and resides m the deep waters below the surface product:lon zone 
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Because hght hnuts carbon ft.xabon dunng the wmter months, there IS a strong 
seasonal signal m nutrient concentrabons of the euphobc zone m upper-layer shelf, 
coastal, and ms1de waters Durrng the wmter, dissolved morgaruc plant nutrients 
butld therr concentrabons m the deeperung wmd-nuxed layer as deeper, nutrient 
nch water becomes mvolved m the seasonal overturn at a tlme when uptake by 
phytoplankton IS :rrurumal Under seasonal hght hnutabon, surface nutrient 
concentrahons probably peak m early March, JUSt before the onset of the annual 
plankton producbon cycle By rmd- to late-May and early June, euphobc zone 
nutrients are drawn down dramahcally to seasonal lows as the strabficabon that 
rmhates the sprmg "bloom" of plant plankton severely restricts the verbcal flux of 
new nutrients (Goermg et al 1973) Nitrate can become undetectable or nearly so 
dunng the summer months m many shelf and coastal areas, and ammorua 
(excreted by grazers) becomes rmportant m sustammg the much-reduced pnmary 
producbvity Later m fall, with the onset of the Aleuban Low pressure system and 
the storms that it produces, a coohng and deeperung wmd-nuxed layer can reinJect 
suffictent new nutrients mto a shnnkmg euphohc zone to rmhate a fall plant bloom 
m some years (Eshnger et al 2001) 

The strong seasonal signal of nutrients and plant stocks evident on the 
conbnental shelf IS drmrmshed m surface waters seaward of the shelf break m the 
GOA The regmn beyond the conbnental shelf break IS described as "hlgh nutrient, 
low chlorophyll " It was beheved hIBtoncally that grazmg by a collecbve of large 
calano1d copepods (species of zooplankton endemic to the subarcbc Pact.fie) 
consumed enough plant b10mass each year to control the overall producbvity 
below levels needed to completely exhaust the surface mtrogen (Hemnch 1%2, 
Parsons and Lalli 1988) 

More recently, rron hnutahon has been posed as a mechamsm. controllmg 
pnmary producbon m the GOA and m several other offshore reg10ns of the world's 
oceans (Martin and Gordon 1988) Contemporary research m the GOA has 
revealed that control of the amount of food produced by phytoplankton through 
grazmg of zooplankters is probably rmportant, although the speo.es of zooplankton 
mvolved are not the large calanmd copepods (Dagg and Walser 1987, Frost 1991, 
Dagg 1993) Producbon of phytoplankton IS thought to be controlled by an 
assemblage of rmcrozooplankters, rmcroconsumers, represented by abundant 
ahate protozoans and small flagellates, rather than by large calan01d copepods 
(Booth et al 1993) Because the growth rates of these grazers are hlgher than those 
of the plants, it IS hypothesized that these rmcroconsumers are capable of efflcrently 
trackmg and hnubng the overall oceanic producbv1ty by eabng the pnmary 
producers, the phytoplankton (Banse 1982) The control mechanism IS made 
posSible because the plant commuruhes are dormnated by very small cells, 10 
rmcrometers or less, that can serve as food for the rmcroconsumers 

A counter-hypothesIS asserts that the small size of the plants IS actually m 
response to low levels of rron It IS known that faced with nutrient hnutation, 
phytoplankton commuruhes generally shift to small-sized speo.es whose surface-
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area-to-volume rahos are lugh Resoluhon of these related ideas IS sought m 
contmwng studies of the ocearuc produchon cycle 

Surpnsmg recent observahons demonstrate a trend m mcreasmg temperatures 
m the upper layers that may be causmg a sluft m the seasonal nutrient balance 
offshore (Freeland et al 1997, Polovma et al 1995) For the frrst hme, there are 
reports that rutrogen has been drawn down to undetectable levels along lme P m 
the southern GOA out to a distance of 600 km from the coast (Welch 2001) Lme P 
IS an oceanographic transect run by the Canadian government that IS the oldest 
source of data from the southern GOA In addihon, the evidence provided by 
Welch mdicates that the wmter mixed layer IS shoalmg under long-term wamung 
condihons 

An essenhal ISSUe for the GEM program will be to understand how, at a vanety 
of spahal and temporal scales, the supply rates of morgaruc rutrogen, phosphorus, 
sthc~ and other essenhal nutrients for plant growth m the euphohc zone are 
mediated by chmate-dnven physical mecharusms m the GOA Inorgaruc nutrient 
supphes rmght be mfluenced by chmate changes m the followmg ways 

• 

• 

• 

• 

• 

Upwelling m the Alaska Gyre, 

Deep wmter IlllXlilg, 

Shelf and coastal upwellmg and downwellmg, 

Verhcal transport m frontal zones and eddies, and 

Deep and shallow cross-shelf transports 

In addihon to these mecharusms, the ACC may play a role that has yet to be 
deterrmned m the supply rates of dissolved morgaruc nutrients to nearshore 
habitats (Schumacher and Royer 1993) Fmally, the rmport of manne-denved 
rutrogen assocrated with the spawrung rmgrabons of salmon and other 
anadromous fishes has been described as a novel means by wluch the ocearuc GOA 

ennches the terrestnal margm each year This allochthonous mput (food from an 
outside source) to the dramages bordenng the GOA IS clearly rmportant m many 
freshwater nursery areas hostmg the early hfe stages of Pacrfic salmon (Fmney 
1998) and must vary with mterrumual and longer-term changes m salmon 
abundance 

3.5.1 General Research Questions 

How are the supplies of morgaruc rutrog~ phosphorous, silicon, and other 
nutnents essenhal for plant growth m the euphohc zone mfluenced by chmate-dnven 
phystcal mecharusms m the GOA? 

What IS the role of the PaCific High pressure system m determrmng the hmmg and 
duration of the movement of dense slope water onto and across the shelf to renew 

) nutnents m the coastal bottom waters? (Sechon 3 5) 
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Is freshwater runoff a source of rron and silicon that IB nnportant to manne 
produchVIty m the ACC and other manne waters? (Sechon 3 5) 

Does rron lmutahon control the specres and size dIBtnbuhon of the plankton 
commuruhes m the offshore areas? 

Does zooplankton, especrally nucrozooplankton, control the amount of food 
produced by phytoplankton m the offshore? 

3.6 Biological 
Oceanography: 
Plankton and 
Productivity 

3.6.1 Plankton Investigations 
in the Gulf of Alaska 

Much of what IS presently understood. about 
the plankton commuruhes and therr produci:IvJ.ty 
m the GOA has ansen from several programs 
exanurung the open ocean and shelf 

envrronments These programs have mcluded the followmg 

• U S -Canada NORP AC surveys (LeBrasseur 1965), 

• Subarcbc Paa.fie Ecosystem Research (SUPER) pI'O)eet of the Nahonal 
Scrence Foundabon (NSF) (Miller 1993), 

• The mulb-decadal plankton observabons from Canadian Ocean Stabon P 
(OSP) and Lme P (McAlhster 1%9, Fulton 1983, Frost 1983, Parsons and 

( 
l 

Lalli 1988), ( 

• Annual summer Japanese vessel surveys by Hokkaido UrnveI'Slty 
(Kawamura 1988), 

• The Outer Conbnental Shelf Energy Assessment Program (CX:SEAP) by 
Mmerals Management Service (MMS) and Nabonal Ocearuc and 
Atmosphenc Adnurustrabon (NOAA) (Hood and Zrmmerman 1986), and 

• The Shehkof Strait FIShenes Oceanography Cooperabve Invesbgabon 
(FOO) study by NOAA and NMFS (Kendall et al 19%) 

Addtbonal and more recent programs mclude the North 

It 15 not understood how the Paa.fie GLOBEC of the NSF and those supported by the 
quite different ecosystems of EVOS Trustee Counctl The above-menboned programs 

lower trophic levels m the and a few other studies proVIde a reasonably coherent frrst-
northeastem subarctic Pacific order picture of the structure and funcbon of lower trophic 

Ocean are phased through time levels m the northeastern subarcbc Paafic Ocean A serious 
and mteract at their boundanes gap m the detailed understandmg of relabonships between 

over the shelf. the observed Inshore and offshore producbon cycles 
rem.ams, however-namely how these qmte different 

ecosystems are phased through bme and mteract at th.err boundaries over the shelf 
As a result, mformabon IS laclang about how the effects of future climate change 

\ 

may marufest m food webs supporbng higher level consumers ( 
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3.6.2 Seasonal and Annual Plankton Dynamics 

The compOSibon, distnbubon, abundance, and productlVl.ty of plant and 
arumal plankton commurubes m the GOA have been reviewed by Sambrotto and 
Lorenzen (1986), Cooney (1986), Miller (1993), and Mackas and Frost (1993) In 
general, dramabc differences are observed between pelagic com.mumbes over the 
deep ocean, and those found m shelf, coastal, and protected IIlSlde waters (sounds, 
fjords, and estuanes) Speofically, the euphobc zone seaward of the shelf edge IS 

donunated year round by very small phytoplank:ters-tlny diatoms, naked 
flagellates, and cyanobactena (Booth 1988) Most are smaller than 10 rmcrons m 
size, and th.err combmed standmg stocks (measured as chlorophyll concentrabon) 
occur at very low and seasonally stable levels It was onginally hypothesized that a 
small group of large ocearuc copepods (Neocalanus spp and Eucalanus bungn) 
hnuted plant numbers and open ocean producbon by effi.crently controllmg the 
plant stocks through grazmg (Hemnch 1962) More recent evidence, however, 
mdlcates the predonunant grazers on the ocearuc flora are not the large calan01ds 
(Dagg 1993), but mstead abundant populabons of ciliate protozoans and 
heterotrophic rmcroflagellates (Miller et al 1991a, 1991.b, Frost 1993) It has been 
further suggested that m these high nutnent, low chlorophyll ocearuc waters, very 
low levels of dissolved morgaruc rron (cormng mamly from atmospheric sources) 
are ulbmately responsible for structunng the compos1bon of the primary producers 
and consumers (Marbn and Gordon 1988, Marbn 1991) Oose reproducbve and 
trophic couplmg between the nanophytoplankton and rmcroconsumers appears to 
restnct levels of prrmary producbVIty below that needed to exhaust all of the 
seasonally available rutrogen each year (Banse 1982) Moreover, the excreta of the 
rmcroconsumers IS diffuse, with low smkmg rates, and IS eamJ:y oxidized by 
bacteria Ammorua (denved from grazer-released urea) IS a preferred plant 
nutnent, and the first oxidabon product recycled m th.ts way wpeeler and 
Kokkmala.s (1990) demonstrated that as long as ammorua IS available for the plants, 
rutrate uptake m the euphobc zone IS much reduced Together, these fmdmgs are 
pamtlng a considerably revised picture of lower trophic level relabonshlps and 
nutnent balances at the base of the offshore pelagic ecosystem m the GOA 

In contrast, shelf, coastal, and ms1de waters host a more tradibonal plankton 
community m which large and small diatoms and dmoflagellates support a 
copepod-dommated grazmg assemblage (Sambrotto and Lorenzen 1986, Cooney 
1986) Here, the annual producbon cycle IS characterized by well-defmed spnng 
(and sometrmes fall) blooms of large diatom species (most larger than 50 rmcrons) 
whose productIVIbes are hnuted annually by the rapid ubhzation of dissolved 
morgaruc rutrogen, phosphorus, and silicon m the euphobc zone (Eshnger et al 
2001, Ward 1997) These blooms typically begin m late March and early Apnl m 
response to a seasonal stabtltzabon of the wmter-condlboned deep rmxed layer 
High rates of photosyntheslS typically last only 4 to 6 weeks (Goering et al 1973) 
Strong penods of wmd, bdal IDIXIng, or both dunng the bloom can prolong these 
events by mterruptlng the condlbons of hght and stability needed to support plant 
growth When the phytoplankton bloom 18 prolonged m th.ts way, its mtensity 18 
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lessened, but considerably more orgaruc matter 18 apparently directed IDto pelagic 
food webs, rather than smkmg to feed seabed consumers (Eshnger et al 2001) 
Accelerated seasonal warmmg and fresherung of the upper layers ID May and June 
provide mcreasmg stratification that eventually restricts the vertical flux of new 
nutrients and hmlts summer primary produchvity to very low levels In some 
years, a fall bloom of diatoms occurs ID September and October m response to a 
deepenmg wmd-nuxed layer and enhanced nutrient levels The ecological 
sigruficance of the fall portion of the pelagic produchon cycle rem.ams largely 
undescnbed 

In both the ocean and shelf domams, strong seasonal signals occur ID standmg 
stocks and estimates of datly and annual rates of produchon for the phytoplankton 
and zooplankton Some of the earliest measurements of photosynthesIS at OSP 
placed the annual primary produchon m the southern part of the Alaska Gyre at 
about 50 grams of carbon per square meter per year (g C m-2 y-1) (McAllister 1%9), 
or somewhat lower than the overall world ocean average of 70 g C m-2 y -1 More 
recent studies usmg other techruques, however, have suggested higher annual 
rates, somewhere between 100to170 g C m-2y-1 (Welschmeyer et al 1993) Unlike 
the produchon cycle over the shelf, the oceanic primary produchvity does not 
produce an idenhflable spnng/ summer plant bloom Instead, the oceanic 
phytoplankton stock remams at low levels (about 0 3 mtlhgrams [mg] of 
chlorophyll a m-3) year-round for reasons discussed above In stark contrast, 
oceanic stocks of zooplankton (upper 150 m) do exlubit marked seasonality Late 
wmter values of 5 to 20 mg m-3 (wet weight) nse to 100 to 500 mg m-3 ID rmd
summer, when upper-layer populations of large calan01ds dommate the standmg 
stock Assum.mg the zooplankton produchon lB roughly 15% of the ocearuc 
primary produchvity (Parsons 1986), annual estimates of zooplankton carbon 
produchon estimated from primary productlVlty range between 8 and 26 g C m-2 

Given that the carbon content of an average zooplankter lB approxlffiately 45% of 
the dry weight, and that dry weight IS about 15 % of the wet weight (Omon 1%9), 
the carbon produchon can be converted to estimates of hmm.ass Results from this 
calculation suggest that between 119 and 385 g of bmmass m-2 may be produced 
each year m the upper layers of the oceanic regime from sources thought to be 
largely zooplankton 

The shelf, coastal, and inside waters present a mosaic of many different pelagic 
habJ.tats The open shelf (depths less than 200 m) 18 narrow m the east between 
Yakutat and Kayak Island (20 to 25 km m some places), but broadens m the north 
and west beyond the Copper River (about 100 to 200 km) The shelf IS punctuated 
by submanne canyons and deep straits, but also nses to extensive shallow shoals at 
some locations The rugged northern coastal margm IS charactenzed by numerous 
islands, coastal and protected fjords, and estuanes Only PWS IS deeper than 
400m 

Although the measurements are sparse, the open shelf and coastal areas of the 
northern GOA are belteved to be qwte produchve, particularly the region between 
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PWS and Shelikof Strait (Sambrotto and Lorenzen 1986) Coastal transport and 
turbulence along the Kenai Perunsula, m lower Cook Inlet, and around Kodiak and 
Afognak ISiands appears to enhance nutrient supphes dunng the spnng and 
summer Annual rates of pruruuy produchon approachmg 200 to 300 g C m-2 y-1 
have been described In other coastal .fjords, sounds, and bays, the estimates of 
annual pruruuy produchon range from 140 to more than 200 g Cm -2 y -1 (Goenng 
et al 1973, Sam.brotto and Lorenzen 1986) Assunung agam that the annual 
zooplankton produci:Ion IS roughly 15% of the pruruuy produchVIty, yearly 
zooplankton growth m shelf and coastal areas probably ranges between about 21 
and 45 g C m-2 y-1, or 3il to 667 g m-2 y-1 wet weight In PWS, the wet-weight 
brnmass of zooplankton caught m nets (net-zooplankton) m the upper 50 m vanes 
from a low m February of about 10 mg m-3 to a high of more than 600 mg m-3 m 
June and July (Cooney et al 2001a) For selected other coastal areas outside PWS, 
the seasonal range of zooplankton b10mass mcludes wmter lows of about 40 mg m-3 
to spnng/summer highs approachmg 5,000 mg m-3 (m outer Kachemak Bay, for 
which a conversrnn of settled volumes may have been contanunated by large 
phytoplankton m the samples, see (Cooney 1986) 

In addihon to strong seasonality m standmg stocks and rates of produchon, 
plankton commuruhes also exlubit predictable seasonal specres successrnn each 
year m the oceanic and shelf environments Over the shelf, the large diatom
dommated spnng bloom gives way to dmoflagellates and other smaller forms as 
nutrient supphes dimmish m late May and early June Ward (1997) descnbed the 
phytoplankton specres successrnn m PWS She found that early season dommance 
m the phytoplankton bloom was shared by the large chrun-forrmng diatoms 
Skeletonema, Thalassiosira, and Chaetoceros Later m June , under post-bloom nutrient 
restnchon, diatoms were dorrunated by smaller R.Juzosolenia and tmy flagellates 
Tius seasonal shift m dommance from larger to smaller plant specres m response to 
declmmg nutrient concentrahons and supply rates IS commonly observed m other 
high-lahtude systems and IS beheved to be responsible for dnvmg the succession m 
the grazmg commuruty Because of the rron hnutahon m the oceanic regime, the 
primary producer commuruty IS more stable there, with tmy diatoms, 
nucroflagellates, and cyanobacteria dorrunatmg year-round 

The zooplankton successrnn IS somewhat more complex and mvolves 
mterchanges between the ocean and shelf ecosystems In the late winter and 
spnng. the early copepodite stages of Neocalanus spp begm arnvmg m the upper 
layers from deepwater spawrung populahons (Miller 1988, Miller and Nielsen 1988, 
Miller and Oemons 1988) Tius arnval occurs m some coastal areas (at depths of 
more than 400m) m late February and early March, but IS delayed about 30 days m 
the open ocean Both Neocalanus spp and Eucalanus bungn are mterzonal seasonal 
nugrators, hvmg a portion of theIT hfe cycle m the upper layers as developmg 
copepodites, and later restmg m diapause m the deep water preparmg for 
reproduchon at depth Whtle maturing m the ocearuc surface water, Neocalanus 
plumchrus and N flemmgen mhab1t the wmd-nuxed layer above the seasonal 
thermoclme (upper 25 to 30 m), while N cnstatus (the largest of the subarchc 
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copepods) and Eucalanus bungu are found below the seasonal strab.ftcat10n (Mackas 
et al 1993) This unusual parhborung of the surface ocean environment by these 
species has not yet been venfted for shelf and coastal waters, although 1t has been 
suggested that the partl.bomng may occur m the deep-water f:Jords and sounds 
(Cooney unpubhshed) 

Along with the early copepodites of the mterzonal nngrators, the late wmter 
\J 

and sprmg shelf zooplankton commuruty also hosts small numbers of 
Pseudocalanus spp, Metnduz pacr.fica, M okhotenszs, and adult Calanus marshallae 
Because these copepods must first feed before reproducmg, their seasonal numbers 
and biomass are set by the tinnng, mtens1ty and durabon of the diatom bloom By 
May and early June, the abundances of small copepods hke Pseudocalanus and 
Acartia are mc:reasmg, but the commuruty biomass IS often donnnated by relatively 
small numbers of very large developmental stages (C4 and CS) of Neocalanus 
(Cooney et al 2001a) After Neocalanus leaves the surface waters m late May and 
early June for diapau.se deep below the surface (at locabons where depths pemut), 
Pseudocalanus, Acartia, and Centropages (small copepods), the pteropod Lrmmna 
pacifica, and larvaceans (Okwpleura and Fnhllana) occur m mcreasmg abundance 
Later, from summer to fall and extendmg mto early wmter, carrnvorous 
Jellyplankters represented by ctenophores, small hydromedusae, and chaetognaths 
(Sagitta elegans) become common These shlftmg seasonal donnnants are JOmed by 
several drfferent euphaUSllds (Eupha:usia and Thysanoessa) and amphipods 
(Cyplwcans and Parathemtsto) throughout the year Despite the fact that the 
subarctic net-zooplankton commuruty consISts of a large number of drfferent types 
of animal (taxa), most of the biomass and much of the abundance m the upper 100 
m IS accounted for by fewer than two doz.en species (Cooney 1986) 

3.6.3 Interannual and Decadal-Scale Variation In Plankton Stocks 

Few measurements and esbmates are available for year-to-year and decadal
scale vanablhty m pnmary and secondary produchvity mall m.anne envrronments 
m the northern GOA (Sambrotto and Lorenz.en 1986) Fortunately, some 
mformabon IS available about variable levels of zooplankton stocks Frost (1993) 

Few measurements are available 
for vanabiltty of manne 

enV1ronment productivtl:y In 
the northem GOA 

descnbed mterannual changes m net-zooplankton 
sampled from 1956to1980 at Canadian OSP Year-to-year 
variabons m stocks of about a factor of f:rve were 
charactensbc of that data set, and a shght posibve 
correlabon with sal:uuty was observed Cooney et al 
(2001b) exanuned an 18-year bme senes of zooplankton 

settled volumes from eastern PWS collected near salmon hatchenes by the 
personnel of the Prince Wtlham Sound Aquaculture Corporabon, Cordova Once 
agam, annual spnngtim.e drfferences of about a factor of five were apparent m that 
data In addibon, from 1981to1991, settled zooplankton volumes m PWS were 
also strongly and pos1bvely correlated with the strength of the Bakun upwelling 
mdex calculated for a locabon near Hmclunb:rook Entrance ThIS correlatlon 
completely disappeared after 1991, however (Eshnger et al 2001.) Also of some 
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mterest, the years of lughest settled volumes m eastern PWS (1985 and 1989) were 
only moderate years for zooplankton reported by Incze et al (1997) for ShelJkof 
Strait, suggestmg the Kodiak shelf and PWS regions were phased dlfferently for at 
least those years Sugimoto and Tadokoro (1997) report a regime sluft m the 
subarctic Pacrflc and Benng Seam the early 1990s that generally resulted m lower 
zooplankton stocks m both regions Perhaps m response to th.Ls phenomenon, 
spnngtnne settled zooplankton volumes m PWS also declmed by about 50% after 
1991 (Cooney et al 2001b) 

The most provocative picture of decadal-scale change m zooplankton abundance m 
the GOA IS provided by Brodeur and Ware (1992) (Figure 315) With the use of 
spatially dIStnbuted ocearuc data sets reportmg zooplankton biomass from 1956 to 
1%2, and agam from 1980to1989, these authors were apparently able to capture 
large-scale properties of the pelagic product10n cycle dunng both posibve and 
negative aspects of the PDO (Mantua et al 1997) A doublmg of net-zooplankton 
biomass was observed under conditions of lllCI'eaSed wmter wmds responding to 
an mtensI.fied Aleutian Low pressure system (the decade of the 1980s) This 
sustamed doubhng of biomass was also reflected at lugher tropluc levels m the 
offshore food web (Brodeur and Ware 1995) It IS generally beheved the observed 
producbon stimulation dunng the decade of the 1980s was created by mcreased 
nutnent levels assocrated with greater upwellmg m the Alaska Gyre The observed 
honzontal pattern of upper layer zooplankton stocks (Figure 315) was an 
rmpress1ve areal expansion (positive PDO) or contract10n (negative POO) Under 
penods of mtensmed wmter wmds, some of the lughest ocearuc zooplankton 
concentrations were developed m a band along the shelf edge m the northern 
regions m the GOA Unfortunately, data from the shelf itself durmg th.Ls same time 
penod are not sufftcrent to ascertam how tlus elevated biomass may have mtruded 
the contmental margin or reached the coastal areas 

3.6.4 Factors Effecting Trophic Exchanges 
Between the Plankton and Larger Consumers 

Most would concede that the general theory of trophodynanucs articulated by 
Lmdeman (1942) nearly 50 years ago to represent ways m wluch matter and energy 
are transferred through aquatic commuruties (by dt.fferent levels of producers and 
consumers) IS an overly srmphstic picture of complex mteracbons and non-lmear 
relationslups Useful m the lecture hall as a teachmg tool, and successfully apphed 
to certam problems where first-order estimates of producbon at hypothetical levels 
are sought based on estimates of plankton producbvlty, these formulations usually 
lack any dynanuc connecbon with the physical environment or nutnent levels 
They also generally fail to delmeate seasonality or other rmportant temporal 
vanablhty Nonetheless, because of the ease of their apphcation and the acceptance 
of certam snnphfymg assumptions (generahzed ecological transfer ef&crencres and 
lumpmg taxa withm tropluc levels), the hnear food-web or carbon budget approach 
contmues to be used for selected purposes 
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Figure 3.15 Biomass of plankton for the spring and summer period contrasted 
for a negative PDQ period (top) and a positive PDQ period (bottom). The 
shaded boxes present zooplankton biomass as follows: A represents 100 to 

200 g/1,000 m3
; B represents 201 to 300 g/m3

, and C represents more than 

300 g/m3
. (Brodeur and Ware 1992) 

Bottom-up trophic models of food web structure supporting the production of 
fishes, birds, and mammals in open ocean, slope, estuarine, and fjord environments 
in the GOA were formulated by Parsons (1986) in a synthesis of information 
compiled primarily as the result of the MMS-funded OCS studies. More recently 
Okey and Pauly (1998) developed a mass balance formulation with the Ecopath 
model of trophic mass balance for a PWS food web as the result of the EVOS 
Restoration Program. These models are certainly instructive at some level of 
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generality, but therr usefulness for descnbmg speafic chmate-related mecharusms 
that nught modify food-web transfers 18 probably luruted by therr detachment from 
the physical environment and therr rehance on annually or seasonally averaged 
stock stzeS and productlvltJ.es 

Instead, 1t may be more mstructlve to exam.me how evolved behav10ral traits 
and other aspects of the hfe ht.stones of the donunant plankters (and other forage 
taxa) lend themselves to food-web transfers that could be affected by chmate 
change To do thIS, it will be rmportant to study how the b10logy at lower tropluc 
levels mteracts (on a vanety of trme and space scales) with the phySical 
environment to create enhanced. (or dmurushed) tropluc opportumhes m the 
consumer matnx of dlfferent habitats and seasonal charactenzatJ.ons that pervade 
the marme ecosystem m the northern GOA The compressed nature of the annual 
plankton productJ.on cycle m oceanic, shelf, and coastal waters seemingly places a 
prenuum on "tJ.mmg" as a strategy to :maxmuze the chances for successfully hnlang 
consumers to each year's burst of organic matter syntheslS Paul and Snuth (1993) 
found that yellowfm sole replerushed. therr seasonally depleted energy reserves 
each year m a short period of about 1 month following the peak m primary 

productJ.vity Tlus rapid replerushment of energy reserves 18 presumably possible 
because of the structural properties of forage populahons that occur abundantly 
dunng the short and mtense produchon cycle Patch-dependent feedmg IS a term 
used to describe how many consumers respond to the gramy hme and space 
dlStribuhons of food m therr feedmg environments (Vahela 1995) In the case of 
plankters, wluch by defmition move with the water, temporal and spatial 
patchmess can be created or dlSSipated through mterachons with (1) physical 
processes such as vertical and honzontal transport and diffus10n, and (2) biological 
attributes such as rapid growth and swarmmg or layenng m assooahon with 
feed.mg, reproductlve behaviors, or both 

For example, the more than 2 month maturation process for the large ocearuc 
copepods (Neocalanus spp ) growing m the near-surface of the open ocean, shelf, 
and some coastal envrronments concludes with a short period (15 to 30 days) m 
wluch the biomass peaks each year, IS concentrated m the largest (C4 and CS) 
copepodites, and IS compressed mto relatJ.vely thm layers and swarms contiguous 
for tens, possibly hundreds of km (Mackas et al 1993, Cooney 1989, Coyle 1997, 
Ktrsch et al 2000) In its most concentrated form, thIS seasonally ephemeral 
biomass 18 an rmportant source of food for d.Ivmg sea brrds (Coyle 1997), whales, 
and plankhvorous fishes such as adult Alaska pollock and Pao.fie hernng (Willette 
et al 1999) AcoustJ.c observatJ.ons suggest the degree of plankton swamung or 
layermg depends, m part, on the strength of water column nwong and stabihty 
Numencal models of the production cycle m PWS demonstrated that mterannual 
vanations m the tJ.mmg of the annual peak m zooplankton probably reflects 
dtfferences m the tJ.mmg of the earher phytoplankton bloom each year Eshnger et 
al (2001) reported. that the spnng diatom bloom vaned by as much as 3 weeks from 
year to year m PWS, but that the annual peak m zooplankton always lagged the 
plants by about 25 to 30 days Year-to-year slufts of a week or more m the peak of 
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zooplankton b10mass may profoundly mfluence the effectrveness of food-web 
transfers to fishes, birds, and other consumers with severe consequences Paofic 
hemng have apparently evolved a reproducbve strategy to place age-0 JUVerules in 
the water column preasely at the hme of the nud-summer peak in plankton forage 
Fatlure to successfully proVISion themselves by nussmg the most ophmal summer 
feedmg condit10ns may contribute to high rates of wmter starvabon for age-0 
herring in PWS (Cooney et al 2001b) 

In another example, Cooney (1983) reported a possible interacbon between the 
movements occumng over the hfe cycle of large ocearuc calan01d zooplankton, 
ontogenbc rmgrabons and an ennchment of feedmg habitats for fishes, birds, and 
mammals over the shelf forced by locahzed convergences in the late wmter and 
spnng months As previously menboned, Neocalanus spp arnve in the surface 
waters of the deep ocean in March and Aprtl each year Early copepodite stages are 
presumably earned across the shelf in the wmd-forced Ekman flow (upper 60 to 90 
m) where they eventually encounter zones of surface convergence (Cooney 1986) 
Neocalanus spp in the shelf environment depends on the spring diatom bloom for 
growth and maturabon Because the developing copepodites have an affnuty for 
the upper layers where the phytoplankton producbon occurs (Mack.as et al 1993), 
they may be able to counteract regions of downwellmg and convergence by 
continuing to rmgrate upward in these zones (a few tens of m per day at most) 
Where they successfully detach themselves from the downwellmg water, 
populabons advected shoreward into convergences (possibly in the frontal region 
of the ACq will accumulate These zones of high copepod (and perhaps other 
taxa) b10mass should represent regions of potenbally high trophic efficiency for 
plankbvores butlt and maintained for a few weeks by wmd-forced honzontal and 
verbcal transport 

In a related exercise, Cooney (1988) calculated that nearly 10 nulhon metnc tons 
of zooplankton could be introduced to the shelf annually over 1,000 km of coastline 
in the northern GOA by the wmd-forced shoreward Ekman transport each year If 
only a porbon of this b10mass IS retained in shelf and coastal food webs, the "lateral 
input" of ocean-derived zooplankton (much of it represented by the large 
interzonal calano1ds) may parbally explain how the seasonally persIStent 
downwelhng shelf sustains the observed high annual producbon at higher trophic 
levels K1me (1999a), m studies of carbon and mtrogen J.SOtopes of zooplankton 
sampled in PWS, found that 50% or more of the diapausmg Neocalanus cnsta.tus 
overwmtermg m the deep water ongmated from populabons outside PWS each 
year Smular J.SOtop1c signals m hernng and other coastal f:tshes seem to confrrm a 
parbal role for the bordering ocean m "feedmg" at least some coastal habitats 

Coyle (1997) described the dynamics of Neocal.anus en.status m frontal areas 
along the northern and southern approaches to the Aleuban Islands In regions 
near water column mstabilibes that fostered nutnent exchange for nearby strat.tfI.ed 
phytoplankton populabons, these large oceanic copepods occurred along 
pycnochnes m subsurface swarms and layers that were in turn attracbve feedmg 
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sites for divmg least auk.lets These tropluc associahons (observed acoushcally) 
formed and dissipated m response to weather and ndal modified forcmg of the 
waters over the shelf north and south of the Aleuban Islands 

.Krrsch et al (2000) described dense layers (10 to 20 mm vertical extent) of C4 
and CS Neocalanus plumchrus, N ftemingen, and Calanus marshane m the upper 50 m 
of PWS that serve as seasonally rmportant feed.mg zones for adult Alaska pollock 
and Pacmc herrmg Swarmmg behavior m the upper layers by these copepods, 
responding to the distnbution of their food m the euphohc zone, compresses 
Neocalanus mto layers stretclung for tens of km that are readily located and ub.hzed 
by plankbvores Other observabons at the bme found the layers of copepods were 
absent or only weakly developed m areas with lugh nu:xmg energy hl<e outer 
Montague Strait 

Diel rmgrahons of many taxa brmg deep populanons mto the surface waters 
each rught The large bodied copepod Metndia spp and many Pacrf:tc euphausnds 
(Euphausul and Thysanoessa) represent zooplankters that undergo substanbal dally 
rmgrahons from deep to shallow waters at rught A vanety of reasons have been 
proposed for this behavior (Longhurst 1976) Regardless of the "why," verhcally 
rmgranng populabons that bwld local concentrahons near the sea surface dunng 
darkness represent another way that behavioral tra.Its are responsible for creatmg 
patchmess that may enhance tropluc exchange Cooney (1989) and Stockmar (1994) 
studied die! and spabal changes m the biomass of net-zooplankton and 
rmcronekton m the upper 10 m of the open ocean and shelf habitats m the northern 
GOA They found a con.sIStent ennchment of biomass m the surface waters at rught 
caused by Metndia pactfica and several d.Ifferent euphaUSllds that often exceeded 
dayhght levels by a factor of f:rve or SIX 

Sprmger, et al (1996) make a strong case for the enhancement of primary and 
secondary productM.ty along the shelf edge of the southeastern Benng Sea Cinng 
tidal moong, transverse crrculation, and eddies as mecharusms to mcrease nutrient 
supphes, tlus so-called "greenbelt" IS described as 60% more productive than the 
outer-shelf environment and 270% more productive than the bordenng deep ocean 
Earher, Cooney and Coyle (1982) documented the presence of a lugh-denmty band 
of upper-layer zooplankton along the shelf edge of the eastern Benng Sea 
ComprISed pnmanly of Metndia spp, Neocalanus spp , and Euailanus bungz, tlus 
narrow zone of elevated bmmass IS apparently also a part of the greenbelt 
Although these features have yet to be described for the northern GOA, the present 
North Pacrf:tc GLOBEC study (Wemgartner 2000) IS morutormg prrmary 
productivity and zooplankton stocks along cross-shelf transects that should 
mtercept a shelf-edge greenbelt If one IS present m the northern GOA 

Fmally, meso and large-scale eddy formahon over the shelf and slope regimes 
may also mfluence the patchmess of plankton m ways that could be susceptible to 
changmg chmate forcmg A permanent feature (eddy) m the coastal water west of 

) Kayak Island IS often VIS1ble because of entrruned sediment from the Copper River 
Formed by a branch of the ACC, tlus eddy may help concentrate plankton 
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populatlons of the upper layer m ways that could later mfluence PWS (Reed and 
Schumacher 1986) Vaughan et al (2001) and Wang (2001) describe surface edches 
m the central region of PWS with rmphcatlons for the transport and retentlon of 
icthyoplankton These eddies ( cyclomc and anticycloruc) are beheved to form m 
response to seasonal changes m freshwater outflow and wmd forcing Large-scale 
coastal and shelf edches apparently form near Sitka and propagate north and west 
around the penphery of the GOA (Musgrave et al 1992) Slll11lar features on the 
east coast of the Uruted States have been shown to be long-hved (many months) 
and capable of sustrurung uruque bmlogical assemblages as they move through 
trme and space These same charactensbcs are also expected for the northern GOA 

3.6.5 Climate Forcing of Plankton Production in the Gulf of Alaska 

A ma1or challenge for the GEM program will be to eventually produce a 
detailed understandmg of lower tropruc level processes that anse through 
bmlogical mteracbons with the spabally chstnbuted geological and physical 
properbes of the northern GOA This evolvmg understandmg must take mto 
account the flow-through nature of the northern and eastern regions-downstream 
from southern Southeast Alaska and Northern Canada (through the ACq and also 
downstream from porbons of the southern oceanic Subarctlc and Transitlon Zone 
domams (through the North PaCJ:fi.c and Alaska currents) The "open" conditlon 
places mcreasmg rmportance on understandmg levels of plankton rmports (from 

; 

r 
\ 

the south) and exports (to the west) m the periphery of the GOA affected by the r-

ACC (Napp et al 19%) and shelf-break flows (Alaska Current and Alaska Stream) (, 
It will also be necessary to understand the effects that the open ocean gyre may 
exert on shelf and coastal plankton stocks and their seasonal and annual 
producbon withm the northern GOA Here too the rmport (or export) of nutrients, 
orgamc detritus, and hvmg plankton stocks to (or from) the shelf must be evaluated 
under chfferent conchbons of clrmate and weather 

The picture that emerges from the aggregate of previous and ongomg plankton 
studies portrays a large oceanic ecosystem forced strongly by physical processes 
that are meteorologically dnven PhySical processes such as deep and shallow 
currents, large-scale and locahzed upwelling and downwelling, seasonally phased 
precrpitatlon, and runoff may brmg about changes m the ecosystem The 
reproducbon, growth and death processes of the plants and anrmals of the ocearuc 
ecosystem appear to be respondmg pnmartly to marked seasonahty and 
mterannual and longer-penod slufts m the mtensity and location of the wmter 
Aleutian Low pressure system Increased upwelling m the offshore Alaska Gyre 
may promote higher rates of nutrient renewal m the oceanic surface waters with 
attendant mcreases m prrmary and secondary productivity Elevated wmd-forcmg 
probably accelerates the transport of upper-layer ocearuc zooplankton shoreward 
to the shelf edge and beyond The frequency and degree to which this ocean
denved biomass "feeds" the food webs of the conb.nental shelf and coastal areas 
will depend, m part, on biological mteracbons with a large array of physical 
processes and phenomena Processes and phenomena acbve m regions of 
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honzontal and verbcal currents assocrated with oceanograpluc fronts, eddies, 
coastal Jets, shelf-break flows, and turbulence are expected to have a strong 
mfluence on the movement of ocean biomass onto the shelf and coastal areas The 
actual effect of such processes and phenomena on distnbut10n of ocearuc biomass 
also depends on responses of plankton producbon to changes m levels of 
freshwater runoff m these regions, and on the seasonal and longer cycles m 
temperature and sahruty Specrfic mecharusms by wluch surface zone nutnent 
levels are cycled and mamtamed m the vanety of different habitats that compose 
the open shelf and rugged coastal margins must be understood m much greater 
detail to be useful to the overall GEM: nussion 

It seems hkely that the soplusticated understandmg sought by the GEM 
program of clrmate mfluences on the coupled nutnent and plankton producbon 
regimes that support selected consumer stocks may have to come from studies that 
abandon the practlce of lumpmg taxa withm broad ecologically functlonal umts, 
and mstead focus on "key speaes" Fortunately, the subarctlc pelagic ecosystem 
(oceanic, shelf, and coastal) IS donunated by a relatively small number of plankton 
species that serve as ma1or condwts for matter and energy exchange to lugher-level 
consumers each year In the case of the zooplankton, fewer than 50 specres within a 
handful of ma1or taxa comprise 95% or more of the abundance and biomass 
throughout the year Because of thIS pattern of dommance, and further because of 
the different life hIBtory strategies employed by these speaes, a more 
comprehensive understanding of therr ecological roles IS both necessary and 
feasible A decIBlon to conduct dommant spea.es ecology must be understood at all 
levels of the study so that, for mstance, techrucrans conductmg future stomach 
analyses of fishes, birds, or mammals will report not Just "large copepods and 
amplupods," but rather Neocalanus cnstatus and Parathemisto libellula This nuance 
holds parb.cular rmportance for future modelers workmg on numencal 
formulations that mclude "plankton" Without tlus degree of specrficrty, it IS 

unhkely that further (field and numencal) studies will forge the understandmg of 
lower tropluc level function sought by the GEM program m the northern GOA 

3.6.6 General Research Questions 

What are the relationslups between the lilShore (watersheds, mtertidal-subtldal, 
and ACq and offshore productlon cycles, how are the lilShore and offshore phased 
through tlme, and how do they mteract at therr boundaries over the shelf? 

• How are the relationslups between offshore and mshore producbon 
maru£ested m food webs supportmg brrds, &sh and mammals? 

• How are the effects of future chmate change marufested m mshore and 
offshore food webs supporting birds, fISh and mammals? 

What are the changes m abundance of the mdividual specres of large copepods, 
amplupods and euphausnds that make up the bulk of the secondary producbon m 
the mshore and offshore GOA? 
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Because the GOA covers a vast and diverse area, 
3.7 Nearshore Benthic its benthic communities exhibit tremendous 
Communities variation (Feder and Jewett 1986). As in any 

marine benthic system, however, the composition, 
functioning, and dynamics of the GOA benthic communities change predictably 
with certain universally important variables. The most important two 
environmental variables are water depth and substratum type (Rafaelli and 
Hawkins 1996). The following depth zones are typically distinguished: 

• The intertidal zone; 

• The shallow subtidal zone (bounded by depth of light penetration sufficient 
for photosythesis of benthic algae); 

• The continental shelf (to about 200 m); and 

• The continental slope (from 200 to 4,000 m). 

The most fundamental substratum distinctions are hard bottom (rocks, boulders, 
cobbles) and soft bottom (mobile sedimentary habitats like sands and muds). 
Within these two types, geomorphology varies substantially, with biological 
implications that often induce further habitat partitioning (Page et al. 1995, 
Sundberg et al. 1996). 

Understanding of community composition and seasonal dynamics of GOA 
benthos has grown dramatically over the past 30 years, with two distinct pulses of 
research. First, in contemplation of exploration and development of the oil and gas 
resources of the region, the MMS, NOAA NMFS, and Alyeska Consortium funded 
geographically focused benthic survey and monitoring work in the 1970s. This 
work provided the first windows into the quantitative benthic ecology of the 
region. Focus was most intense on lower Cook Inlet, the Aleutian Islands, the 
Alaska Peninsula, Kodiak Island, and northeast GOA, including the Valdez Arm in 
PWS (Rosenberg 1972, Hood and Zimmerman 1986). The second phase of growth 
in knowledge of the benthos of the GOA region was triggered by the EVOS in 1989. 
This work had broad geographic coverage of the rocky intertidal zone. The area 
receiving the most intense study was PWS, where the spill originated. Geographic 
coverage also included two other regions, the Kenai Peninsula-lower Cook Inlet 
and the Kodiak archipelago-Alaska Peninsula (Page et al. 1995, Gilfillan et al. 
1995a, Gilfillan et al.1996b, Highsmith et al. 1994b, Highsmith et al. 1996, 
Houghton et al. 1996a, Houghton et al. 1996b, Sundberg et al. 1996). Some of this 
benthic study following the oil spill was conducted in other habitats (soft substrata 
[Driskell et al.1996]) and at other depths (shallow and deep subtidal habitats 
(Houghton et al. 1993, Armstrong et al. 1995, Dean et al. 1996a, Dean et al. 1996b, 
Dean et al. 1998, Dean et al. 2000, Feder and Blanchard 1998, Jewett et al. 1999). 
Herring Bay on Knight Island in PWS was a site of especially intense monitoring 
and experimentation on rocky intertidal communities following the oil spill (van 
Tamelen et al. 1997). 
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3.7.1 Intertidal Communities 

The mterhdal habitat IS the porbon of the shorehne m between the hlgh and 
low (0 0-m datum) bde marks Tlus mterhdal zone occupies the uruque tnple 
mterface among the land, sea, and arr The land provides substrate for occupabon 
by mterbdal orgamsms, the seawater the vehicle to supply necessary nutnents, and 
the arr a medmm for passage of solar energy, yet a source of physical stresses 
(Connell 1972, Underwood and Denley 1984, Peterson 1991) Interfaces between 
separate systems are locabons of typically hlgh biological acbvity As a tnple 
mterface, the mterbdal zone IS excepbonally nch and biologically producbve 
(Ricketts and Calvm 1968, Leigh et al 1987) Wmd and bdal energy combme to 
subsu:hze the mterhdal zone with plank.tome foods produced m the phobc (sun-ht) 
zone of the coastal ocean Runoff from the ad1acent land mass InJeCt5 new supplies 
of morganic nutnents to help fuel coastal producbon of benthlc algae, although 
such runoff m Alaska IS typically nutnent-poor and can be very turbid (Hood and 
Zunmerman 1986) The consequent abundance and drvers1ty of life and life forms 
m the mterbdal zone serves many nnportant consumers, commg from land, sea, 
and arr, and mcludmg humans The aesthebc, econormc, cultural, and recreabonal 
values of the mterhdal zone and its resources augment its s1gruficance, espeaally m 
the GOA region (Peterson 2001) 

The biota of mterbdal habitats vanes with changes m physical substrate type, 
wave energy regrrne, and atmosphenc chmate (Lubchenco and Games 1981) 
Substrata m the GOA mterbdal zone differ as a funcbon of Size, rangmg from 
lillfilobile rock walls and platforms, to boulders and cobbles, to gravel, to sands, 
and fmally to muds at the finest end of tlus parbele-size spectrum Rock surfaces m 
the mterbdal zone are populated by ep1b1ota, whlch are most commonly attached 
macro- and rmcroalgae, sessile, or Immobile, suspens10n-feedmg mvertebrates, and 
mobile grazmg mvertebrates, as well as predatory seastars and gastropods (Connell 
1972, Rafaelli and Hawkms 1996) Unconsolidated (soft) substrata-the sands and 
muds-are occupied by large plants m low-energy envrronments, such as marshes, 
and rmcroalgae and mfaunal (buned) mvertebrates m all energy regimes (Peterson 
1991) Mobile scavengmg and predatory mvertebrates occur on both types of 
substratum lnterbdal commurubes vary with wave energy because of 
biomechanical constramts (especrally on potenbally Sigmficant predators), 
changmg levels of food subsidy, and mterdependencres between wave energy and 
substratum type (Leigh et al 1987, Denny 1988) lnterbdal commurubes tend to be 
most luxunous m temperate clnnates, ice scour and turbid fresh water hrmt 
mterbdal biota at hlgh labtudes such as those m the eastern GOA The rocky 
mterbdal commurubes of the Pacrfic Northwest, mcludmg the rocky shores of 
ISlands m the GOA region, are hlghly diverse, although less so than those m 
Washmgton These commurubes are also producbve, although hrmted by 
disturbance of wmter storms and reduced solar :msulabon (Bakus 1978) 

The rocky mterbdal ecosystem may represent the best understood natural 
commuruty of plants and animals on earth Ecologists realized more than 40 years 
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ago that tlus system was uruquely well swted to expenmentabon because the 
habitat was accessible and basically two-dimens10nal and the orgamsms were 
marupulable and observable Consequently, ecological scrence has used 
soplusbcated expenmental marupulabons to produce a detailed understand.mg of 
the complex processes rnvolved rn determrnrng patterns of chstnbubon and 
abundance of rocky rntertidal orgarusms (Fame et al 1996, Dayton 1971, Connell 
1972, Underwood and Denley 1984) Plants and arumals of temperate rocky shores 
exhibit strong patterns of vertical zonabon rn the rntertidal zone Physical stresses 
tend to hmit the upper chstnbubons of species populabons and to be more 
rmportant higher onshore, compebbon for space and predahon tend to hmit 
chstnbutions lower on the shore Surface space for attachment IS potenbally 
hmiting to both plants and animals rn the rocky rntertidal zone In the absence of 
dlSturbance, space becomes hmiting, and competition for that hmited space results 
rn competitive exclusion of rnfenor competitors and monopohzation of space by a 
competitive domrnant Physical dlSturbance, b10logical disturbance, and 
recrmtment hmitabon are all processes that can serve to marntarn densibes below 
the level at which competitive exclus1-0n occurs (Menge and Sutherland 1987) 
Because of the rmportance of such strong biological rnteracbons rn determrnrng the 
commuruty structure and dynamics rn this system, changes rn abundance of certarn 
keystone species can produce rntense direct and rndirect effects on other species 
that cascade through the ecosystem (Menge et al 1994, Wootton 1994, Menge 1995, 
Parne et al 1996) 

Intertidal commurubes occupyrng unconsohdated sedrments (sands and muds) 
are qwte dilierent from those found on rocky shores (Peterson 1991) These soft
bottom commurubes are composed of rnfaunal (buned) rnvertebrates, mobile 
rmcroalgae, and abundant transient consumers, such as shorebirds, fishes, and 
crustaceans (Rafaelh and Hawkrns 19%) Macroalgae are sparse, and are found 
attached to large shell fragments or other stable hard substrata In very low energy 
environments, large plants, such as salt marsh grasses and £orbs high on shore and 
seagrasses low on shore, occur rn rntertidal soft sediments (Peterson 1991) The 
large stretch of rntertidal soft-sediment shore rn between those vegetated zones has 

an empty appearance, which IS rmsleadmg The plants are rmcroscopic and 
productive, the rnvertebrate arumals are buned out of sight The soft-bottom 
rntertidal habitat represents a cnbcally rmportant feed.mg ground, especrally for 
shorebirds, because the flat topography allows easier access than IS provided by 
steep rocky coasts and because rnvertebrates without heavy protective calcium 
carbonate shells are common, particularly polychaetes and amphipods (Peterson 
1991) 

The rntertidal shorehnes of the GOA exhibit a wide range of habitat types True 
soft-sedrment shores are not common, except rn Cook Inlet Marshes, frne-grarned 
and coarse-grarned sand beaches, and exposed and sheltered bdal flats represent a 
small fraction of the coastlrne rn the GOA Sheltered and exposed rocky shores, 
wave-cut platforms, and beaches with varyrng rmxtures of sand, gravel, cobble, and 
boulders are the domrnant habitats rn tlus region (Page et al 1995, Sundberg et al 
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19%) Abundance, biomass, producbVIty, and diversity of mtertidal commurubes 
on the shores of the eastern GOA with nearby glaaers are depressed by proXlilllty 
to sources of runoff from glacrer ice melt The ISlands m PWS and the Aleuban 
Islands, for example, have ncher mterbdal commurubes than the mamland of the 
northeast GOA, and the mterbdal commuruhes of Kodiak and Afognak tend to be 
ncher than those of the Shehkof Strait mamland on the Alaska Perunsula (Bakus 
1978, Highsrmth et al 1994b) Glaaer ice melt depresses mterbdal b10bc 
commurubes by mtroduang turbidity and freshwater stresses 

Wmter ice scour seasonally denudes ep1biota along the Cook Inlet shores 
(Bakus 1978) Intense wave exposure can cause substratum mstabllity on mterbdal 
cobble and boulder shores, thereby removmg mtertidal ep1b1ota drrectly through 
abras10n (Sousa 1979) Shores with well rounded cobbles and boulders have 
accordmgly poorer mtertidal b10tas than those with reduced levels of physical 
dISturbance Bashmg from logs also represents an agent of dISturbance to those 
rocky shores exposed to mtense wave acbon m thIS region (Dayton 1971) 
Consequently, exposed rocky coastlmes may expenence more seasonal fluctuabons 
m ep1b1obc coverage than commurubes on srmtlar substrata m protected fjords and 
embayments (Bakus 1978) 

The rocky mterbdal shores of the spill area exlub1t a typical pattern of verbcal 
zonabon, although the parbcular speaes that dommate vary m nnportance as a 
funcbon of changmg habitat condibons (Highsmith et al 19%, Houghton et al 
1996a, Houghton et al 1996b) Vertical zonabon on mtertidal rocky shores IS a 
uruversal feature, caused by a combinabon of direct and mdrrect effects of height
speafic durabon of exposure to arr (Pame 1%6, Connell 1972) 

The uppermost mterbdal zone on rocky shores of the GOA IS charactenzed by 
a dark band of the alga Verrnccana The rockweed (Fucus gardnen) dommates the 
upper mterbdal zone, wruch also mcludes two common barnacles (Balanus glandula 
and Chthamalus dallt), two abundant limpets (Tectura persona and Lottia pelta), and 
the penwmkle (Littonna sitkana) (SAI 1980, Hood and Zmrmerman 1986, Highsmith 
et al 1994b) 

The rmddle mtertidal zone commonly has even rugher cover of Fucus, along 
with beds of blue mussels (Mytilus trossulus), the penwmkle (Littonna scutulata), 
barnacles, and the predatory dnllmg snatl (Nucella lamellosa and N lttna) (Carroll 
and Highsrmth 19%) In the low mterbdal zone, a red alga (Rhodymema pal.mata) 
often IS dormnant, although mussel beds often occupy large areas and the grazmg 
chitons (Kathanna tumcata, Mopal.uz mucosa, and Tomcella lmeata) and predatory 
seastars (Leptasteruzs hexactis and others) occur here (SAI 1980, Highsrmth et al 
1994b) The blue mussel IS a very s1gmficant member of tills commuruty because it 
IS a potenbal compebbve dormnant (V anBlancom 1987) and because its byssus and 
between-shell mtersbces proVIde a protected habitat for a diverse smte of smaller 
mobile mvertebrates, mcludmg ISOpods, amprupods, polychaetes, gastropods, and 
crabs (Suchanek 1985) 
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Abundances of rocky mterhdal plants and arumals m the GOA are controlled 
by the same SU1te of factors that affect rocky shore abundances and dynamics 
elsewhere, especially m the Pacr6.c Northwest Physical factors, such as wave 
act10n from wmter storms, exposure to arr high on shore, ice scour, and low sahruty 
and turbidity from glacral and land runoff, have rmportant effects on wave
exposed areas (Dayton 1971, Dayton 1975, Bakus 1978) 

B10logical controls also exert Sigruficant mfluences Probably the most 
Sigmflcant of these likely controllmg factors for mtertidal b10ta are predation and 
recrwtrnent lrmitatlon Predation by seastars IS an rmportant control of 
mvertebrate prey population abundances and, therefore, of commuruty 
composition low on mterbdal rocky shores (Prune 1966, Dethier and Duggins 1988) 

Because blue mussels are typically the preferred prey and represent the donunant 
competitor for potentially !muted attachment space, th.IS predation by seastars has 
rmportant cascadmg effects of enhancrng abundances of poorer competitors on the 
rock surfaces (Prune 1%6) Predation by gastropods occas1onally helps control 
mussel abundances (Carroll and Highsmith 19%) and barnacle populations higher 
on shore m the GOA (Ebert and Lees 1996) Shorebird predahon, especrally by 
black oystercatchers, IS also known to lrmit abundances of lrmpets on honzontal 
rock surfaces of the Pacific Northwest mtertidal wnes, and this process can be 
readtly dISrupted by human inference with the shy shorebirds (Lmdberg et al 
1998) The presence of numerous strong b10tlc mterachons m this rocky mtertidal 
commumty of the GOA led to many mdirect effects of the EVOS m this system 
(Peterson 2001) Because of the mfluence of current flows and mortality factors 
such as predation m the water column, larval recrwtrnent can also lrmit population 
abundances of manne mvertebrates on mterbdal rocky coasts (Grunes and 
Roughgarden 1987, Menge and Sutherland 1987) With a short warm season of 
high produchon m the GOA, the potenhal for such recruitment lrmitatlon seems 
high, but process studies to charactenze and quanhfy tlus factor have not been 
conducted m the GOA Changes m prrmary produchon, water temperature (and 
thus breedmg season), and physical transport dynamics assocrated with regional 

clrmate shifts could reasonably be expected to regulate the mtens1ty of recrwtrnent 
lrmitatlon on some rocky shores m the GOA 

The consequences of change caused by vanous natural and hurnan-dnven 
factors on the structure and dynamics of the rocky mterbdal commurutles are not 
well developed m the screnhfic hterature For example, human harvest by fishenes 
or subsIStence users of rmportant apex predators that exert top-down control on 
mterbdal commurutles could cause substanhal cascadmg effects through the 
system But the seastars and gastropods that are the strong predatory mteractors m 
this commumty m the GOA region are not targets for harvest The mussels that are 
taken m subsIStence harvest proVIde rmportant ecosystem services as structural 
habitat for small mvertebrates (Suchanek 1985), as a dornmant space competitor 
(Prune 1966), and as a widely used prey resource (Peterson 2001), but mussels do 
not appear lrmited m abundance m the GOA region 
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Oceanographic processes related to chmate change, either natural or human
dnven through global wamung, have the potential to either enhance or reduce 
recrmtment of component invertebrate specres of the rocky intertidal commuruties, 
but stud.Ies of the connectlons between coastal phySical dynamics and shoreline 
commuruties are m their infancy (Caley et al 1996) Perhaps the best documented 
dnver of change m compOSition and dynamics of rocky mtertidal commuruties is 

the rmpact of otl spills The cleanup treatments after the spill, either d.Ispersants 
(Southward and Southward 1978) or pressunzed washes (Mearns 19%), have far 
more senous nnpacts than the ml itself Because of the rmportant strong 
mteractlons among specres m rocky shore commumties, the multiple md.Irect 

effects of otl spills on this system take about a decade to work their way out of the 
system (Southward and Southward 1978, Peterson 2001) Intensive sampling and 
expenmental work on rocky intertidal commumties on sheltered shores m PWS 
followmg the EVOS make this region data-nch relative to most other Alaskan 
shores 

Intertidal soft sed.Iments ill the spill region of the GOA typically possess lower 
biomass of macroalgae and illvertebrates than corresponding rocky shores at the 
same elevations (SAI 1980, Hlghsnuth et al 1994b) The taxononuc groups that 
dormnate mtertidal soft bottoms are polychaete worms, mollusks (especrally 
bivalves), and amphipods (Dnskell et al 1996) Sandy sedrments have higher 
representation by suspension-feeding illVertebrates, whereas fmer, muddy 
sed.Iments are dormnated by deposit-feed.Ing specres (Bakus 1978, Feder and Jewett 
1986) Intertidal sandy beaches are habitat for several large suspension-feed.Ing 
clams m the GOA that represent rmportant prey resources for many valued 
consumers and that support commercial, recreational, and subs:tStence harvest 
(Fed.er and Kaiser 1980) Most nnportant are the httleneck clam (Protothaca 
stanunea), the butter clam (Saxulomus giganteus), the razor clam (Suiqua patula), the 
cockle (Qmocardium nuttalln), the pmk-neck clam (Spisula polynyma), the gapers 
(Tresus nuttalln and T capax), and others (Fed.er and Paul 1974) In mudflats, such 
as those along the shores of Cook Inlet, dense beds of a deposit-feed.mg clam, 
M.acoma balthua, and the soft-shell clam (Mya arenana) frequently occur (Feder et al 
1990) These two relatively soft-shelled clams are s1gruftcant food resources for 
many seaducks, and the hard-shelled clams are nnportant prey for sea otters 
(Kvitek and Ohver 1992, Kvitek et al 1992), black and brown bears (Bakus 1978), 
and several illvertebrate consumers Intertidal soft-bottom habitats are also 
rmportant feed.Ing grounds for shorebuds and for demersal (deep-water) fishes and 
crustaceans (Peterson 2001) In add.Ition to macrofaunal invertebrates, smaller 
meiofaunal mvertebrates are abundant on mtertidal sed.Imentary shores 
Macrofauna descnbes annnals that are retamed. on a 0 5-mm mesh, me10fauna 
refers to arumals pasSing through a 0 5-mm mesh but retained on 0 06-mm mesh, 
and nucrofauna are arumals smaller than 0 06 mm Nematode worms and 
harpactlcoid_copepods are the most common meofaunal taxa m the GOA region 
(Feder and Paul 1980b) Harpactlco1ds serve an rmportant role ill the coastal food 
cham as prey for JUVentle fishes, mcludmg salmoruds (Sturdevant et al 1996) 
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Little mformabon eXISts on the dynanucs of long-term change m structure and 
composibon of mtert:J.dal commurubes m soft sedrments anywhere Some of the 
best understandmg of rmportant processes actually comes from the northern GOA 
region The Alaska earthquake of 1964 had a tremendous mfluence on soft
sedrment rntertidal commurubes because of the geomorphological modillcabons of 
habitat (NRC 1971) Uplift of the shorelme around Cordova, for example, was 
great enough to elevate the sedrmentary shelf habitat out of the depth range that 
could be occupied by many specres of clams Clam populabons rn Cordova, a town 
once called the clam capital of the world, have never recovered from the 
earthquake The re-rnvas10n of sea otters has simtlarly caused tremendous changes 
m clam populabons rn shallow soft-sedrment commurubes of the northern GOA, 
mostly rn subbdal areas, but also rn rntert:J.dal sedrmentary environments (Kvttek et 
al 1992) 

Human rmpacts can cause change rn soft-sedrment mtertidal commurubes as 
well Probably the most common means by which human acbvtbes modify soft
sedrment commurubes rn rntert:J.dal habitats IS through alterabon of sedrments 
themselves The apphcabon of pressurized wash after the EVOS, for example, 
eroded fme sedrments from rntertidal areas (Dnskell et al 1996) and may be 
responsible for long delay rn recovery of clams and other rnvertebrates because of a 
slow return of sedrments (Coats et al 1999, Shlgenaka et al 1999) Addibon of 
organic ennchment can stimulate growth, abundance, and producbon of 
opporturusbc mfaunal rnvertebrates such as several polychaetes and ohgochaetes 
rn mtertidal sedrments Such responses were documented followrng the EVOS 
(Gtlfillan et al 1995a, Jewett et al 1999), presumably because the ml itself 
represented organic ennchment that entered the food charn through enhanced 
bacterial product10n (Peterson 2001) Other types of organic ennchment, such as 
biochemical oxygen demand rn treated wastewater from murucrpal treatment 
facrhbes or rndustnal discharges, can create these same responses Deposits of 
toxic heavy metals from mmrng or other rndustrial acbVIbes and of toxic synthebc 
organic or natural organic contamrnants, hke P AHs rn 011, can cause change rn 

rntert:J.dal benthlc commurutles by selecbvely removrng 

The mter/Jdal habitats of the GOA 
are cnfJca/fy tm{X)rli:Jnt feeding 
grounds for manne, terrestnal 

and awan consumers. 

sens1bve taxa such as echrnoderms and some crustaceans 
CTewett et al 199<J) 

Intertidal comrnurubes are open to use by consumers 
from other systems The great extent and rmportance of 
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this habitat as a feedrng grounds for ma1or manne, 
terrestrial, and aerial predators render the rntert:J.dal system a key to rntegratmg 
understandmg of the funcbon rn the enbre coastal ecosystem (Peterson 2001) The 
rntertidal habitats of the GOA are cnbcally rmportant feedmg grounds for many 
rmportant consumers 

• Manne-sea otters, JUVerule Dungeness and other crabs, JUVerule shrrmps, 
rockhshes, cod, cutthroat trout, and Dolly Varden char rn summer, and 
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JUVerule fishes of other stocks exploited commeraally, recreationally, and 
for subsIStence, mcludmg pmk and chum salmon, 

• Terrestrial-brown bears, black bears, nver otters, Sitka black-tatled deer, 
and humans, and 

• AVIall-black oystercatchers and other shorebirds, harlequm ducks, surf 
scoters, goldeneyes, and other seaducks, and bald eagles 

Intertidal gravels m anadromous streams are rmportant spawrung grounds 
for pmk salmon, espeoally m PWS Therefore, the mterhdal habitat provides 
vital ecosystem services m the form of prey resources, spawrnng habitat, and 
nursery, as well as human services m the form of commercial, recreational, and 
subsIStence harvest of shellflshes and aesthetic, cultural, and recreational 
opporturuties In short, a habitat that represents only a small fracbon of the 
total area of the seafloor may be the most valuable for the servtces 1t provides to 
the coastal ecosystem and to humans 

3.7 .2 SUbtfdal Communities 

The subtJ.dal habitat 18 the portion of the seafloor found at depths below the low 
tide (0 0 m datum) mark on shore This habitat includes a relatively narrow band 
of shallow subtJ.dal bottom at depths m the phohc zone (the zone penetrated by 
hght), where plants can hve, and a large area of unlit seafloor, the deep subtJ.dal 
bottom extend.mg across the continental shelf and slope to depths of 4,000 mm the 
GOA (Feder and Jewett 1986) The depth to which suffi.oent hght penetrates to 
support photosynthesIS and the slope of the subtJ.dal seafloor determme the width 
of the shallow subtJ.dal zone Along a tectoruc coasthne hke the GOA, depth 
gradients are typically steep In addition, rrqecbon of turbidity from glaoer ice 
melt along the coast reduces hght penetration through the seawater These factors 
combme to produce a shallow subtJ.dal zone supportmg benthtc plant producbon 
m the reg10n of the spill that IS very narrow Consequently, the vast ma1onty of the 
subtJ.dal ecosystem, the deep subtJ.dal area on the continental shelf and slope, 
depends on an energy subsidy m the form of mputs of orgaruc matter from other 
marme and, to some small extent, even terrestnal habitats These orgaruc mputs 
mclude most rmportantly detritus from producbon of mtertidal seaweeds and from 
shallow subtJ.dal seagrasses, seaweeds, and kelps, as well as parhculate mputs from 
phytoplankton, zooplankton, and zooplankton fecal pellets smkmg down from the 
phone zone above to settle on the seafloor In addition, the carcasses of large 
arumals such as whales, other manne mammals, and fishes occasionally smk to the 
bottom and provide large discrete packages of detritus to fuel subsequent rmcrobial 
and anrmal producbon m the deep subtJ.dal ecosystem 

Although narrow, the shallow subtJ.dal zone m which pnmary producbon does 
occur IS of substantial ecological s1gru..hcance Many of these vegetated habitats, 
espeoally seagrass beds, macrophyte beds, and kelps, provide the followmg 

1 Nursery grounds for manne animals from other habitats, 
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2 Umque habitat for a resident community of plant-associated aru:mals, 

3 Feedmg grounds for rmportant consumers, rncludmg marrne mammals, 
seaducks, and many fishes and shellfishes, and 

4 A source of pnmary production for export as detntus to the deeper unlit 
seafloor ecosystem (Schiel and Foster 1986, Duggms et al 1989) 

In the spill area, eelgrass (Zostera manna) beds are common m shallow 
sedunentary bottoms at the margms of protected embayments (McRoy 1970), 
whereas on shallow rocky subhdal habitats, the kelps Agarum, Lamznana, and 
Nereacystts form dense beds along a large fraction of the coast (Calvin and Ellis 
1978, SAI 1980, Dean et al 1996a) Productivity estrmates rn wet weight for larger 
kelps Nereocystzs and Lamznana rn the northeastern GOA range up to 37 to 
72 kg/m2/yr (O'Clarr and Zrmmerman 1986) In this shallow subhdal zone, 
pnmary production also occurs rn the form of srngle-celled algae These nucrobial 
plants rnclude both the phytoplankton rn the water column and benthic rrucroalgae 
on and rn the sedunents and rocks of the shallow seafloor Both the planktomc and 
the benthic nucroalgae represent ecologically rmportant food sources for 
herbivorous manne consumers The typically high turnover rates and high food 
value of these nucroalgal foods m the shallow subbdal zone helps explarn the high 
production of mvertebrate and vertebrate consumers rn this environment 

The sessile or slow-movmg benthic mvertebrates on the seafloor represent the 
bulk of the herbivore trophic level rn the subhdal ecosystem 'Tius benthic 
mvertebrate fauna m the shallow subhdal zone d.Iffers markedly as a function of 
bottom type (Peterson 1991) Rocky bottoms are rnhabited by epifaunal benthic 
mvertebrates, such as sponges, bryozoans, barnacles, anthozoans, turucates, and 
mussels Sand and mud bottoms are occupied largely by rnfaunal (buned) 
mvertebrates, such as polychaete worms, clams, nematodes, and amphipod.s The 
feedmg or trophic types of benthic mvertebrates vary with envrronment, especrally 
with current flow regime (Rhoads and Young 1970) Under more rapid flows, the 
benthos IS dommated by suspension feeders, ammals extractmg particulate foods 
out of suspension m the water column Under slower flows, deposit feeders 
dommate the benthos, feedmg on orgaruc matenals deposited on or m the seafloor 
The benthos also mcludes some predatory rnvertebrates, such as seastars (for 
example, leather star, Dermastenas zmbncata, and sunflower star, Pycnopoduz 
helumthouies), crabs (for example, helmet crab, Telmessus cheiragonus), some 
gastropods, and some scavengrng rnvertebrates (Dean et al 1996b) Benthic 
mvertebrates of soft sediments are dIStrnguIShed by size, with entrrely different 
taxa and even phyla occurrmg m the separate size classes Macrofauna mclude the 
most widely recogmzed groups such as polychaete worms, clams, gastropods, 
amphipods, holothunans, and seastars (Hatch 2001, DrISkell et al 1996) 
Meiofauna mclude most pronunently rn the GOA nematodes, harpactico1d 
copepod.s, and turbellanans (Feder and Paul 1980b) Frnally, nucrofauna mclude 
most pronunently foramimfera, crhates, and other protozoans Because the actual 
specres compos1bon of the benthos changes with water depth, the shallow and 

VOLUME II, OiAPTER 3 



deep subbdal bentluc faunas m the spill zone hold few specres m common Soft
sedrment commurubes of Alaska are best descnbed and understood m vanous 
locabons witlun PWS, as a consequence of the mtense study after the 011 spill 

The shallow subbdal rocky shores that are vegetated also mclude swtes of 
bentluc mvertebrates uruque to those systems These bentluc mvertebrates either 
drrectly consume the large plants, such as sea urchms, or else are associated with 
the plant as habitat Those specres that depend upon the plant as habitat, such as 
several specres of amphipods, crabs and other crustaceans, gastropods, and 
polychaetes, often are grazers as well, takmg some rruxture of macrophytic and 
epiphytic algae m therr diets Grazmg by sea urcluns on kelps IB suffmently 
mtense m the absence of predation on the urchms, espeoally by sea otters m the 
spill area, to create what are known as "urchm barrens11 m which the macrophytic 
vegetation IS vrrtually removed from the seafloor (Estes and Palnusano 1974, 
Srmenstad et al 1978) In fact, this shallow subbdal commuruty on rocky shores of 
the GOA represents the best example mall of marine ecology of a system 
controlled by top-down predat10n Sea otters control abundance of the green sea 
urclun, Strongylocentrotus droebachum.sis When released from that otter predabon, 
sea urchm abundance mcreases to create fronts of urchms that overgraze and 
denude the kelps and other macroalgae, leavmg only crustose forms behind 
(Srmenstad et al 1978) ThIB loss of macroalgal habitat then reduces the algal 
associated mvertebrate populations and the fIShes that use the vegetated habitat as 
nursery These reducbons m turn can mfluence productivity and abundance of 
plSCIVorous seabirds (Estes and Palnusano 1974) 
Recently, reduction of traditional marme mammal prey 
of killer whales has mduced those apex consumers to 
SWitch to eabng sea otters m the Aleubans, thereby 
extendmg this trophic cascade of strong mteractions to 
yet another level (Estes et al 1998, Estes 1999) 

PredatJon and biogen1c habd:at 
mfluence the shallow subtidal 
commumty on rocky shores 

of the GOA. 

Consequently, the shallow subbdal commuruty on rocky shores of the GOA IB 

strongly mfluenced by predabon and proVISIOn of biogeruc habitat (Estes and 
Duggins 1995) Human disruption of the apex predators by hunbng them (as 
histoncally occurred on sea otters [Srmenstad et al 1978]) or by reducmg their prey 
(as may conceivably be occumng m the case of the Steller sea hons and harbor seals 
through overfIShmg their own prey fishes [NRC 1996]) has great potenhal to create 
tremendous cascadmg effects through the shallow subbdal bentluc ecosystem 
Furthermore, If concentration and biomagru:&cation of orgaruc contammants such 
as PCBs, DDT, DDE, and dimans m the bssues of apex predators, m particular m 
transient killer whales (Matkm unpublIShed data), causes rmpaired reproductive 
success, then human mdustrial pollution has great potenhal to modify these coastal 
subbdal commurubes on rocky shores 

The shallow subbdal commuruty on rocky shores of the GOA IS also strongly 
mfluenced by larval chstnbubon and recrwtment Recent studies by PISCO (see 
Appendix A for Web hnk) have shown that not only are the effects of competition 
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and predatton rmportant m structunng bentluc commurnttes, but the sources and 
smks of larvae are equally rmportant Larval abundance and behavior, where they 
come from, how they respond to ocean conditions, where they are retamed, where 
they are reflected, and the dynamics regulating their recrwtment are all rmportant 
processes that ultrmately control what hves where Furthermore, knowledge about 
hfe hi.stones IS msuffiaent to make broad generahzations about the successes and 
failures of recruitment events 

The shallow subtrdal bentluc com.muruties m soft sediments of the GOA region 
functron somewhat differently from their counterparts on rocky substrata These 
commuruties are rmportant for nutnent regeneration by nucrob1al decomposition 
and for productlon of bentluc mvertebrates that serve as prey for demersal 
shnmps, crabs, and fl.shes In some protected areas withm bays, however, the 
shallow subtrdal benthos IS structured by emergent plants, specrfically eelgrass m 
the GOA These eelgrass beds perform ecological functlons sumla.r to those of 
macrophyte-dommated rocky shores, namely nursery functlons, phytal habitat 
roles, feed.mg grounds, and sources of pnmary productlon aewett et al 1999) In 
the vegetated habitats of the shallow subtrdal zone, the demersal fish assemblage IS 

typically more diverse than and quite different from the demersal fishes of the 
deeper subtrdal zone (Hood and Zrmmerman 1986) In eelgrass (Zostera) beds as 
well as m the beds of small kelps and other macrophytes (Agarum, Nereocystis and 
Lmmnana) m the GOA, JUVentles of many species that live m deeper waters as 
adults use tlu.s environment as a nursery for their young because of high 
productlon of food materials and protectron from predators afforded by the 
shieldmg vegetation (Dean et al 2000) Furthermore, several fishes are assocrated 
with the plant habitat itself, mcludmg especrally pickers that consume crustaceans 
and other mvertebrates from plant surfaces, a ruche that IS unavailable m the 
absence of the vegetation Both types of vegetated habitats m the shallow subtrdal 
zone of the GOA contain larger predatory mvertebrates, specrfically seastars and 
crabs I some cases, the same species occupy both eelgrass and kelp habitats (Dean 
etal 1996b) 

Microbial decomposers play an extremely s1gruficant role m both shallow and 
deep subtrdal sedimentary habitats of the sea (Braddock et al 1996) Fungi and 
especrally bactena become assocrated with particulate organic matter and degrade 
the organic compounds ThIS decomposition process releases the nutnents such as 
phosphorus and rutrogen m a form that can be reused by plants when the water 
mass IS ultrmately recycled mto the photrc zone In short, benthic decomposers of 
the subtrdal seafloor play a necessary role m the nutnent cyclmg upon which 
sustamed productlon of the sea depends In addition, these decomposers 
them.selves represent the foods for many depoBlt-feedmg mvertebrates of the 
subtrdal seafloor Much of the detritus that reaches the seafloor IS composed of 
relatively refractlve organic compounds that are not readily aBSIIllllated m the guts 
of anrmal consumers The growth of rmcrobial decomposers on tlu.s detntus acts to 
convert these matenals mto more ub.hza.ble rutrogen-nch biomass, namely fungi 
and especrally bactena Badena also scavenge chssolved organic materials and 
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repackage them mto particulate bactenal biomass, wl:uch 1S then avatlable for use m 

consumer food chams 

In the subb.dal habitats, the bentl:uc mvertebrates serve as the prey for mobtle 
epJ.bentl:uc mvertebrates and for demersal fishes (Hood and Znrunerman 1986, 
Jewett and Feder 1982) Mobtle ep1bentl:uc mvertebrates are dlStmgwshed from the 
benthos itself by their greater mobility and their only partlal association with the 
seafloor The vast ma1onty of t1:us group IB composed of crustaceans, namely crabs, 
shnmps, tanruds, and some larger ampl:upods (Armstrong et al 1995, Orensanz et 
al 1998) In the GOA, t1:us group mcludes Dungeness crabs, kmg crabs, snow crabs, 
Tanner crabs, both Crangon and Pandalus shnmps, such as spot shnmp, coon
stnped shnmp, prnk shnmp, and gray shnmp, and other shell:flsh resources that 
had great commercial rmportance before the clrmatic phase shift of the rmd 1970s 
(Anderson and Piatt 1999, Mu~ and Norcross 1999, Mueter and Norcross 2000) 
Chm.ate and phySical oceanography have the potential to exert rmportant 
mfluences on recrwtment and year-class strength of subtidal fishery stocks m the 
GOA (Zheng and Kruse 2000b), but the mecharusms and processes are poorly 
understood Demersal fishes are those fishes closely assoaated with the seafloor, 
mcludmg flounders, halibut, sole, rock:flshes, Paoftc Ocean perch, and gadnds hke 
cod and walleye pollock They feed predormnantly on the ep1bentl:uc 
mvertebrates-the shnmps, crabs, and ampl:upods-but m addition prey drrectly on 
some sesstle bentl:uc mvertebrates as well Juventle flatfish feed heavtly by 
croppmg (partial predation) on exposed Siphons of clams and exposed palps of 
polychaetes T1:us role of proVIB10n of bentl:uc mvertebrate prey for demersal 
crustaceans and fishes IS an rmportant ecosystem service of the shallow subb.dal 
seafloor 

The shift m the late 1970s from crabs and shnmps to dormnance by demersal 
fishes assocrated with the shift m clrmatic regime rmphes a strong role for 
envuonmental forCing of commuruty compoSition m t1:us shallow subb.dal system, 
although mechamsms of change dynamics are not understood (NRC 19%) 
Because of the effects of trawlmg on biogemc habitat, such as sponges and erect 
bryozoans, m subb.dal soft sedrments and the potential for fishenes exploitation to 
modify abundances of both targeted stocks and spea.es caught as by-catch (Dayton 
et al 1995), fishery rmpacts to the soft-bottom bentl:uc commuruty are a possible 
driver of commuruty change Because the demersal fishes that are taken by trawl 
and other fJ.shenes represent the prey of threatened and endangered manne 
mammals such as Steller sea hons, the possible rmphcations of fishing rmpacts to 
this commuruty are rmportant (NRC 19%) 

The bentl:uc mvertebrate commuruty of shallow unvegetated subb.dal 
sedrments has served worldwide as an mdicator system for the biological mfluence 
of marme pollution The mfaunal mvertebrates that compose t1:us bottom 
commuruty are sesstle or slow-movmg They are diverse, composed of many phyla 

\ and taxa with diverse responses to the swte of potential pollutants that deposit 
__ ) upon the sedrmentary seafloor Consequently, t1:us system 18 an ideal choice to 
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morutor and test effects of manne pollution (Warwick 1993) The subttdal bentluc 
commuruty on the sedrmentary sea.floor IS hnuted by food supply Consequently, 
commuruty abundance and b10mass reflect the effects of orgaruc ennchment Tins 
IS evident from vanahon m biomass among subttdal bentluc commuruties 
geographically withm the GOA (Feder and Jewett 1986) Therefore, changes m 
pnmary produchvity m the water column above, allocahon of that produchon 
between zooplanktoruc herbivores and bentluc mvertebrates, and physical 
transport regrmes combme to cause spatially exphcrt modillcahon of soft-sedrment 
bentluc commuruhes m unvegetated subttdal sed.rments that can serve to morutor 
ecosystem status Furthermore, the taxonorruc composition of soft-sed.rment 
bentluc commuruties responds differenhally to orgaruc load.mg and toxic pollution 
(Warwick and Clarke 1993, Peterson et al 1996), thereby rendering tlus system an 
excellent ch01ce for morutonng to test among alternative dnvers of ecosystem 
change Among common mvertebrate taxa of subttdal sed.rmentary habitats, the 
eclunoderms and crustaceans (especrally amplupods) are lughly sensitive to toxic 
accumulation of heavy metals, P AHs, and synthetic orgaruc compounds Other 
taxa such as polychaetes mclude many opporturushc species that bloom with 
loadmg with orgaruc pollutants, thereby alloWlllg mferences about causation of 
anthropogeruc responses (Peterson et al 1996) This capability of subttdal bentluc 
cornmuruhes m soft sednnents may prove useful m testmg among alternative 
explanahons for ecosystem change m the GOA 

The deeper subhdal habitats on the outer conbnental shelf and the continental 
slope are not well studied m the GOA system (Bakus 1978, SAI 1980a, SAI 1980b) 
There has been some descnphon of the mobile eptbentluc commuruhes and the 
demersal fish commuruhes of these deeper bentluc habitats (Feder and Jewett 
1986) Most samphng of these deeper bentluc habitats mvolves trawhng and 
focuses on the stocks of crabs, shnmps, and demersal fishes that are commercially 
expl01ted (Rosenberg 1972, Bakus 1978) The conhnental shelf as a whole (shallow 
to deep) represents a key fishmg grounds m the GOA and has correspondmgly 
lugh value to humans Because commuruty structure of bentluc systems can be 
modtfied dramatically by the physical damage done by trawls to b10geruc habitat 
such as sponges and soft corals (Dayton et al 1995), tlus human achvity IS the 
object of concern The continental slope, on the other hand, does not experience 
great fishmg pressure 

3.7 .3 General Research Questions 

What are sources and rates of natural disturbance to these commuruhes, and 
what are rates and patterns of recovery? 

How variable 1s rec:nntment m space and bme, and among planktoruc specres7 

What IS the relahonshlp between recrrutment rates and growth rates of filter 
feeders? Algae? Predators? 
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What are pnmary energy and nutnent sources of mtertidal and bentluc 
commumbes-m Situ, upwelling, offshore, terrestnal runoff? 

Under what conditions are populations hrruted by recrwtment, food, space, 
natural disturbance, temperature, predators, competitors, and dJ.sease? 

How do the substrates, bathymetry, phySical factors, biological forces such as 
predation and competition, and human actrvities act together to defme commumty 
structure? 

What controls the rates of recrmtment of key plant and animal species to the 
nearshore bentluc commumties? 

• To what degree do recnntment processes control commuruty structure and 
population abundances m mtertidal-subbdal benthic systems? 

• How does predation hrrut the abundance, diversity, and SIZe compoSibon 
of bentluc manne mvertebrates? 

What IS the relationsl:up between bmlogical productmn processes and phySical 
transport phenomena m the coastal ocean and settlement patterns and mtensitles of 
vanous speaes m mtertidal-subbdal bentluc commuruties? 

How do biological mteractions, both direct (such as predation and mterference 
competition), and mdirect (such as trophic cascades), m:fluence the dynanucs of 
commumty change and successional recovery from disturbance m mtertidal
subbdal systems? 

How does mtertidal and subbdal habitat change m:fluence speaes of~ 
seabmis, and manne mammals from tlus and the other systems? 

• How do offshore, ACC, and watershed processes m:fluence the abundance, 
producbon, and dynanucs of mter-tidal and subbdal species such as fishes, 
seabirds, and manne mammals? 

• How do mtertidal and subbdal habitats mfluence the abundance, 
producbon, and dynamics of speoes such as fishes, seabirds, and manne 
mammals m the offshore, ACC and watershed habitats? 

• What are the relaf:Ive contnblitmns of carbon fixed by rrucroalgae and 
macroalgae m the mtertidal and subbdal? 

What are the approaches to measunng commumty structure that allow the 
effects of human actlvtbes to be dIStinguIShed from the effects of natural forces m 
the mtertidal and subbdal? 

To what degree do human activities, such as watershed modI.ficatlons, 
persIStent orgaruc pollutants (POPs) releases, organic loadmg, and direct and 
mdirect effects of expl01tabon of manne resources, have rmportant rmpacts on 
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mtertidal-subttdal bentluc commumtles on rocky shores and m sedrmentary 
habitats? 

What IS the degree to which' toXJnS mgested by bentluc mvertebrates are 
transferred up the food cham ma form that can affect reproduction, gro~ or 
sUIVIval of vertebrate consumers of those bentluc prey? 

What IS the functional s1gmficance of biochvers1ty and apparent functional 
redundancy of the diverse swte of component specres of mterhdal/ subtldal 
communities? 

3.8 Forage Species 3.8.1 Definition 

Forage specres mclude a broad swte of specres 
that are commonly consumed by higher trophic 

level specres (fish, seabirds, and manne mammals) Specrfies mcluded m the forage 
speaes complex vanes among authors and management agencres The North 
Pacmc FIShenes Management Councrl (NPFMq ground.fish b.shenes management 
plan defmes the forage speaes complex as a group of specres that mcludes the 
followmg (NMFS 2001) 

• Smelts (capehn, rambow smelt, eulachon, and family Osmendae), 

• Pacmc sand lance (Ammodytes he:xapterus), 

• Lantern fishes (famtly Myctophidae), 

• Deep-sea smelts (family Bathylagidae), 

• Pacmc sandhsh (Tnchodon tnchodon), 

• Euphausnds (Thysanopoda, Euphausta, Thysmwesssa, and Stylochetron), 

• Gunnels (famtly Phohdae), 

• Pncklebacks (famtly Stlchaeidae), 

• BrIStlemouths, hghtb.shes, and angle.mouths 

Springer and Speckman (1997) extend t1:us defmitton to mclude 1uverule stages 
of commerctally exploited specres such as Pacmc hernng ( Oupea pallasi ), walleye 
pollock (Theragra chalrogramma), and Pacmc salmon (Oncorhynchus sp) For the 
purposes of thIS background review, the GEM: program focuses on a subset of 
specres that are commonly found m coastal or ocearuc regions of the GEM study 
region In the shelf environment, t1:us subset mcludes euphausnds, capehn, 
eulachon, sand lance, JUVerule pollock, JUverule hernng and JUVerule pmk salmon 
(Oncorhynchus gorbuscha) In the offshore enVll'Onment, thIS subset mcludes 
common myctophids, such as small-fmned lantern fishes (Stenobrachtus leucopsarus 
and Diaphus theta), and bathylagids, such as the northern smoothtounge 
(Leuroglossus schtrudti) Th.ts partltlonmg allows GEM to highlight several key 
research questions that could be the focus of future GEM programs 
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A more complete descnpbon of the ltfe history charactenshcs of the forage 
speaes identmed by the GEM program can be found m Hart (1973, NMFS 2001) 
Table 3 1 sununanzes key features of the life history charactenst:Ics 

3.8.2 Resource Exploitation in the GEM Region 

Small amounts of non-commercral forage speaes are taken as bycatch m federal 
and state fisheries m the GOA {NPFMC 2000, NMFS 2001) In an attempt to 
discourage the development of target fisheries for forage species, the NPFMC 
restricts the catch of fotage speaes to no more than 2% of the total landed catch of 
cornmercral fishenes m federal waters (NMFS 2001) Although the bycatch of non
commercral forage specres tends to be low relative to target fisheries for 
commercrally exploited speaes, the percentage of the bycatch relative to regional 
abundances of mdividual forage specres IS often not known because of the 
difficulty mv?lved m assessmg these speoes 

Paafic salmon fIShenes off the coast of Alaska are managed by a complex 
system of treaties, regulahons, and mternational agreements State and federal 
agencres cooperate m managmg salmon resources The State of Alaska regulates 
commercral fIShenes for salmon withm state waters where the ma1onty of the catch 
occurs Federal agencres control the bycatch of JUVemle salmon m ground.fish 
fishenes through prohibited-species bycatchrestnctions (NMFS 2001) In the GEM 
study region, pmk salmon are primanly harvested by purse seines Most of the 
pmk salmon taken m PWS are of hatchery ongm 

State and federal agencres also cooperate m managmg Paafic herrmg fishenes 
Most of the directed herrmg removals occur withm state waters and are regulated 
by ADF&G In federal waters, the removals of Paafic herrmg m groundfISh 
fishenes are regulated through prohibited-specres bycatch restrictions (NMFS 2001) 

State and federal agencres regulate commercral removals of walleye Pollock 
The ma1onty of the catch occurs m federal waters, however, small state fishenes 
have started m PWS In federal waters, the catch IS regulated by federal agencres 
based on recommended harvest regulations provided by the NPFMC The catch of 
1uventle pollock IS assessed withm the stock assessment and fishenes evaluabon 
(SAFE) reports Juvemle pollock catch 18 mcluded m considerabons regardmg 
annual quotas for this speaes The lack of a market for JUVerule pollock less than 30 
cenbmeters (cm) m length serves as an mcentrve to mdustry to IIll11lIIl.lZe the 
bycatch of 1uventle pollock Efforts to Ill1IUIIllZe bycatch of JUVerule pollock m 
pollock target fishenes mclude the voluntary adoption of alternative mesh 
con&gw:ahons designed to reduce the retention of small pollock (Enckson et al 
1999) 

3.8.3 Assessment Methods and Challenges 

There are several rmpednnents to the development of forage specres 
assessments The diversity of life hIStory characterIStics confound efforts to 
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Table 3.1 Summary of Key Lrfe History Charactenstlcs of Selected Forage Species 

Pacific sand Northern 
Capehn Eulachon lance Walleye Pollock Pmksalmon lanternflsh 

Euphausnds Ma/lotus Tha181chthyes Ammodytes Theragra Pacific hemng Oncomynchus Stenobrach1us 
Charactensbcs 11 spectea villas us pacdlcus hexapterus chalcogramma Clupea pallas11 gorbuscha leucopsarus 

MBXJmum agG 2 4 5 3 21 18 2 6 
(years) 

Maximum length 4 25 25 15 80 45 65 9 
(cenbmetera) 

Prey planktivorous planktivorous planktivorous plankbvorous plankton and fish planktivorous plankton and fish plankbvorous 

Peak spawning spring spnng spnng winter wmter-spnng wmter-spnng summer unknown-
wmter? 

Spawn locabon unknown mterttdal nvers late fall, early pelagic on shelf nears ho re rivers unknown 
wmter 

Abundance unknown low stable low stable unknown low stable low high stable unknown 
trend (uncertain) (uncertain) (uncertain) 

Foraging habitat pelagic- pelagic- pelagic- demersal- mesopelag1c- pelagic shelf pelagic shelf and mesopelag1c-
mid-water over mid-water over mid-water over 0-100 m demersal and open ocean outer shelf and 
shelf shelf shelf over shelf open ocean 
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develop a mulbpurpose survey to assess forage specres as a smgle complex In 
addibon, several forage speaes are small and pelagic, makmg them less vulnerable 
to the standard trawl gear used m broad-ocale surveys to assess stocks conducted 
by ADF&G or NMFS A lugh pnonty should be placed on research designed to 
overcome these rmpedtments 

Several authors have reported on possible trends m forage specres abundance 
m the shelf and offshore envrrorunent (Hay et al 1997, Anderson and Pratt 1999, 
Blackburn and Anderson 1997, Bearmsh et al 1999a) These papers rely on 
anecdotal mformabon from surveys that were designed. to assess the abundance of 
another species (such as shrimp, salmon, crab, or ground.fish) Indices of 
abundance based on these data may be subject to error because of problems with 
the selecbvity of the gear or the lmuted spabal or temporal scope of the surveys 

An assessment designed for forage specres IS needed to develop an accurate 
evaluabon of the dtstrlbubon and abundance of tlus important group of specres It 
IS unhk.ely that a smgle survey would be adequate for all forage speoes, therefore, 
a variety of survey methods should be coilSldered Potenbal survey methods for 
forage species are idenbbed m Table 3 2 

Table 3 2 Potential Surveys for Assessment of Selected Forage Species 

Type 

Small mesh mid-water surveys 

H1gti.-speed near-surface trawls 

Acoustic rrud-water trawl surveys 

Small-mesh beach seines 

Aenal spawning surveys 

Light detecbon and ranging (LIDAR) 

Monrtonng diets of key bird predators 

Candidate Species 

Euphausuds, capehn, eulachon, Juvenile 
pollack (age 0 and age 1 ), JUvemle 
hemng, small finned lantemfishes, 
northern smoothtongue 

Juvernle salmon 

Capelm, eulachon, Juvenile pollock, 
Juvenile hemng, euphausnds 

Sand lance 

Pacrfic hemng and capelm 

Useful for speaes wrthm the upper 50 m 

Juvemle pollock, capelin and sand lance 

3.8.4 Hypotheses About Factors Influencing Food Production 
for Forage Fish Production 

Several hypotheses (summanzed below) have been advanced to explam trends 
m forage fish dtstnbubon and abundance For the most part, these hypotheses are 
based on research m the shelf and coastal waters of the western central GOA 
ecosystem, mcludmg PWS Detatled process-onented research has been conducted 
to confrrm hypotheses for a small number of forage specres, and these studies were 
often conducted m a lmuted geograpluc area represenbng only a fracbon of the 
range of the specres 

1 Feed.mg opportunibes for early feedmg larvae Slufts m large-ocale 
atmosphenc forcrng controls the structure of manne fISh commurubes m 
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the western central GOA ecosystem through its role m deternurung the 
bnung of peak productton Specres that spawn m the wmter and early 
spnng will be favored by penods of early peak productton, while speaes 
that spawn m the late spnng and summer will be favored by penods of 
delayed productton (Mackas et al 1998, Anderson and Piatt 1999) 

2 Concentration of prey for early feedmg larvae Ocean conditions that favor 
concentrat10n of forage fish and their prey will enhance productton of 
forage species The FOO program ident:Ified a potenhal mechamsm lmkmg 
mcreased precrp1tation to enhanced eddy formation and reduced larval 
mortality Eddies are beheved to provide a favorable envrronment for 
pollack larvae by mcreasmg the probability of encounters between larvae 
and their prey (Megrey et al 1996) Research IS needed to detemune 
whether thIS mecharusm may be rmportant for other forage fishes withm 
the western and central GOA 

3 Prey dispersal for early feed.mg larvae An mverse or dome-shaped 
relationship exists between the amount of wmd nuxmg and forage fish 
productlon Batley and Macklm (1995b) compared hatch date dIStnbutions 
of larval pollock with datly wmd nuxmg ThIS analysIS showed that hrst
feedmg larvae exlub1ted higher SUI'VlVal dunng penods of low wmd 
moong Megrey et al (1996) speculated that extremes m wmd moong 
would result m reduced pollack surVIVal because low-wmd nuxrng would 
reduce the availability of nutrients m the nuxed layer and high-wmd 
moong would lead to reduced encounters between pollack and their prey 

4 Competition for prey At fmer spahal scales, prey resources for forage fish 
may be hrruted, leadmg to resource parhtiorung to m.mmuze competition 
between forage fish species that occupy smular habitats Willette et al 
(1997) exanuned the diets of JUVemle walleye pollack, Pacific herring, pmk 
salmon, and chum salmon m PWS Their study revealed that two species 
pairs (walleye pollock and Paci.6.c herring, and pmk and chum salmon) 
exhibited a high degree of dietary overlap ThIS fmdmg suggests that m 
PWS, competition for food resources may occur withm these pairs when 
food abundance IS hrruted Purcell and Sturdevant (2001) found evidence 
of potenhal competition between woplantivorous Jellyftsh and JUVemle 
fishes m PWS Their study showed high diet overlaps m the diets of pelagic 
coelenterates and forage species and that these specres co-occur spabally 
and temporally m PWS 

5 Prey utilization Overwintermg mortahty of forage species IS dependent on 
the amount of energy accumulated dunng the summer Field and 
laboratory experrments suggest that the overwmtermg success of both 
age--0 Pac:tftc herring and age--0 walleye pollack may be dependent on the 
amount of energy accumulated dunng summer (Foy and Paul 1999, Sogard 
and Olla m press) However, the early hfe history strategy of walleye 
pollack may make them less susceptible to starvation dunng the wmter 
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penod Paul and Paul (1999) compared the growh strategies of larval and 
age-0 walleye pollock and Pacrfic herrmg Tius companson revealed that 
walleye pollock metamorphose early, allowmg for an extended growth 
penod, whtle Pacrfic hemng metamorphose later and accumulate energy 
for overwmtenng Rapid growth provides mcreased swmmnng speed 
leadmg to more successful prey capture and predator av01dance The 
benefits of the pollock strategy may allow them to conbnue to grow 
through the wmter (Paul et al 1998) 

3.11.4.1 Food Quality 
Efforts to rmprove understandmg of the mecharus:ms underlymg the 

produci:lon of forage specres would benefit from an rmproved understandmg of the 
pnncrpal prey utilized by forage specres Although detailed mformabon exists for 
commercial specres such as JUVentle pollock, salmon, and hemng (Ganelli and 
Brodeur 1997, Willette et al 1997), only lrmited mformat10n IS available to descnbe 
the prey preferences of many members of the forage ft.sh complex In parhcular, 
mformabon IS lackmg m the case of offshore specres 

3.8.5 Hypotheses About Predation on Forage Fish 

By defirutlon, forage specres represent an rmportant prey resource for many 
higher-trophic-level consumers (fish, seabirds, and manne mammals) Top-down 
predabon pressure on forage fISh depends on several factors, mcludmg predator 
abundance, the abundance of alternatrve prey, the density of prey, and the 
patchmess of prey Changes m these factors will mfluence the relabve rmportance 
of top trophic-level forctng on forage fish produci:lon 

Evidence suggests that m some years, fish predation may exlub1t a measurable 
effect on forage specres produci:lon m the GEM region Anderson and Piatt (1999) 
noted that the post regime shift mcrease m gado1d and pleuroneci:ld fishes 
comcrded with marked declmes m capelm and shnmp populations They 
proposed that thIS mverse relationship could be caused by mcreased predation 
mortality due to an mcrease m p1crvorous (fish-eabng) speoes CoilSlStent with 
thIS hypothesis, Batley (2000) performed a retrospective analysIS of factors 
mfluencrng JUVentle pollock survtval He provided evidence that durmg the 1980s, 
pollock populations were largely mfluenced by environmental conditions, and after 
the rmd-1980s, JUVentle mortahty was higher, resulbng from the buildup of large 
fIBh predator populations In PWS, Cooney (1993) speculated that pollock 
predation could explam some of the observed trends m 1uventle salmon survwal 
He suggested that years of high copepod abundance were associated with high 
JUVentle salmon SUI'Vlval, because pollock rehed on an alternatrve prey resource In 
the open ocean, Beamish et al (1999a) proposed that mesopelagic fishes transfer 
and redtstrtbute energy through two prrmary trophic pathways (1) abundant 
zooplankton to S leucopsarsus and then sqmd, and (2) S leucopsarsus, D theta, and 
L schmuih to walleye pollock, salmon, dolphin, and whales The dtvts10n of energy 
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through these pathways IS thought to mfluence the amount of energy reachmg the 
sea floor 

The Importance of forage fish m seabird and manne mammal diets has been 
demonstrated by a number of authors (Hatch and Sanger 1992, Sprmger et al 1996, 
Kuletz et al 1997, Ostrand et al 1998) There IS httle evidence that seabird 
predatmn IS sufficrent to regulate the production of forage fishes m the GEM 
region, however Therefore, key research elements for predabon of forage specres 
by manne mammals and seabirds should focus on the role of oceanograpluc 
features m concentrahng forage species withm the foragmg range of seabirds and 
manne mammals 

Wlule only a few studies have exanuned the Importance of gradients (fronts) or 
water mass characterISbcs m aggregahng forage species for top predators m the 
GEM region, the nnportance of these features IS well known m other regions In 
the Atlanbc, aggregabons of capelm appear to be associated with strong thermal 
fronts (Marchland et al 1999) Likewtse, clnnate nnpacts on the distnbubon and 
produchvlty of Antarcbc kn11 (Eu:phausw. seperba) have been shown to produce 
nnportant nnpacts on lugher tropluc level consu.me:rs (Reid and Croxall 2001, Loeb 
et al 1997) Hay et al (1997) found that, m warm years, eulachon off the coast of 
Bnbsh Columbia were more abundant m the offshore envrronment, wlule m cool 
years, eulachon were more common m the nearshore envrronment ConsIBtent 
with the hypothesis of Hay et al , Carscadden and Nakasluma (1997) noted a 
marked dechne m offshore capehn abundance durmg a cool penod m 1990s m the 
Atlannc 

3.8.6 Hypotheses Concerning Contamination 

Because of the broad distrtbubon and abundance of contammants, there IS httle 
evidence to suggest that contammants regulate the producbon of forage spec.es m 
Alaska waters If forage speaes exlubit subpopulanon genebc structure, 
contammants could be mfluenbal m the local mortality rate of forage fish 
subpopulabons The small size, short hfe span, and nnportance as a prey item for 
lugher tropluc level foragers make forage specres ideal mdicators of regional 
contammant levels (Yeardley 2000) For example, Roger et al (1990) noted that the 
lugh hpid content of eulachons suggests that they may be potenbal mtegrators of 
low-level contammants If forage species are to be used as a regional mdicator of 
ecosystem condibons, research IS needed to determme whether forage species 
bioaccumulate toXIc chemicals Studies are needed to detemune whether observed 
accumulabons of toxic chemicals are sufficient to change mortality rage of forage 
species If forage species accumulate lethal levels of toxic chemicals at the regional 
level, genetic studies are needed to determme whether these populabons represent 
genetically uruque subpopulabon segments 

3.8.7 General Research Questions 

How can trends m abundance of forage specres be explamed? 
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• What is the role of large-scale atmosphenc forang m controllmg the 

structure of manne fish commurub.es m the western central GOA 
ecosystem? 

• Are speoes that spawn m the wmter favored by penods of early peak 
pnmary producb.o~ and specres that spawn m the sprmg and summer 
favored by penods of delayed producb.on? 

Do ocean condib.ons that favor concentrab.on of forage fish and their prey 
enhance productJ.on of forage specres? 

• Do eddies favor enhanced producb.on and recrwtment of forage speaes? 

Is the amount of wmd nuxrng mversely or drrect.ly (for example, Rothschtld
Osborn) proporb.onal to forage fish productJ.on? 

Does mterspecrfic compeb.b.on at small spab.al scales hnut producb.on of forage 
fish specres that occupy smular habJ.tats? 

Does predab.on hnut the abundance of forage spea.es populab.ons? 

Does the aggregab.on of forage specres by gradients (fronts) or water mass 
characteristics allow top predators to control forage species abundance m the ACC 
and offshore? 

What is the role of food quality as shown by prey preference selecb.on m 
controlling forage specres abundance? 

What is the role of accumulab.ons of toXIc chenucals m forage specres m 
mfluencmg reproducb.o~ growth, and death of forage specres? 

3.9 Seabirds 3.9.1 Overview 

The GOA supports huge numbers of resident 
seabrrd.s 26 specres nest around the periphery of 

the GOA, with an esb.mated total on the order of 8 million bJ.rds (Table 3 3) Note 
that sea ducks are not considered seabJ.rds for the purposes of this discussion Most 
specres of seabrrds are colomal and aggregate dunng summer at about 800 colorues 
A vanety of habitats are used for nestmg, such as chff faces, boulder and talus 
fields, crevices, and burrows m soft sotl Two species, Kltthtz' s and marbled 
murrelets, are not colorual and nest m very atypical ha bi.tats Kltthtz' s murrelets 
nest on scree fields m high alpme regions often many kilometers from the coast, 
and marbled murrelets nest mamly m mature trees m old-growth corufer forests, 
also often chstant from the coast 

Predab.on by terrestrial mammals and rapaaous brrds undoubtedly IS 

responsible for the nestmg habJ.tats and habJ.ts adopted by seabJ.rds Chff-nestmg 
specres are free to nest on mamland sites, because mammals cannot reach them and 
they are large enough to defend themselves and therr nests agamst most avian 
predators Ground-nestmg species do not have this option and must nest only on 
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Table 3.3 Nest1ns Seabirds In the Gulf of Alaska ( 

Abundance1 B1omaas2 I 

Nesting Foraging 
English Name Sc1enbflc Name (thousands) (tonnes) Habrtar Mode4 

Northern fulmar Fulmarus gfaGJalts 440 268 Cliff SF 

Fork-l:alled storm-petrel Oceanodroma furcata 640 32 Burrow SF 

Leach's storm-petrel Oceanodroma leucorhoa 1,067 53 Burrow SF 

Double-aested cormorant Phalacrocorax auntus 33 6 alff CD 

Brandfs cormorant Phalacrocorax pemal/atus 0086 02 Cllff CD 

Pelagic cormorant Phalacrocorax pelagtcus 21 40 Cliff CD 

Red-faced connorant Phalacrocorax unle 20 38 Cliff CD 

Umdenbfied cormorant Phalacrocorax spp 15 29 Cliff CD 

Mew gull Lsrus canus 15 11 Ground SF 

Hemng gull Lsrus argentatus Ground SF,S 

Glaucous-wmged gull Lsrus glauscescens 185 241 Ground SF,S 

Black-legged krttJwake Rlssa tndactyf a 675 270 alff SF 

Arcbctem Stema parad1saea 89 1 2 Ground SF 

Aleuban tern Stems a/eutJca 94 1 2 Ground SF 

Umdenbfied tern Stemaspp 1 7 022 Ground SF 

Common murre Una aalge 589 589 Cliff DD 

Th1ck-btlled murre Unalomvta 55 55 Cliff DD 

Umdenbfied murre5 Unaspp 1,197 1,197 alff DD 

Pigeon guillemot Cepphus columba 24 13 Crevice CD 
( 

Marbled murrelet Brachyramphus marmoratus 200 48 Tree CD I 

Krtthtz's murrelet Brachyramphus brevirostns + + Scree CD 

Ancient murrelet Synthltbommphus antJquum 164 38 Burrow CD 

Casstn's auldet Ptychoramphus aleutJcus 355 71 Burrow DD 

Parakeet auklet Cerorhmca monocarata 58 17 Crevice DD 

Least auklet Aeth1a puS1lla 002 0 0018 Talus DD 

Crested auklet Aeth1a cnstatella 46 14 Talus DD 

Rhinoceros auklet CycJormynchus pstf:tacula 170 90 Burrow DD 

Tufted puffin Lunda curhata 1,093 874 Burrow DD 

Homed puffin Fratercula com1culata 773 425 CreVJCe DD 

Total 7,826 4,423 

1From U S Fish and W1ldhfe SeMce {USFWS), seabird colony database marbled murrelet 111 Gulf of Alaska 
from Punt and Ford {1993) 
2Based on weights of seabirds presented by DeGange and Sanger (1986) 
3Pnnclpal type 

SF= surface-feeder, CD= coastal drver, DD= deep drver, S =scavenger From DeGange and Sanger (1986) 
5Essentiany all common murres 
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tslands free from predatory mammals Add.Ihonally, some ground-nestmg species 
come and go to and from colorues only at rught, apparently to further thwart avra.n 
predators 

Foxes, rats, voles, and ground sqwrrels were vanously mtroduced to most 
tslands m the Aleuhans and GOA between the late 1700s and early 1900s and 
severely reduced the abundances of many specres of ground-nestmg seabrrds, such 
as storm-petrels, auklets, murrelets, and puffins (Batley and Kaiser 1993, Boersma 
and Groom 1993, Springer et al 1993) Today, even though foxes no longer eXISt on 
most tslands, numbers of these specres of ground-neshng seabrrds sttll 11.kely reflect 
the effects of mtroduced mammals Moreover, predators that occur naturally 
occas1onally have large, local effects on nestmg seabirds m the GOA (Oakley and 
Kuletz 1996, Seiser 2000) 

The d.Istribuhon and abundance of nestmg seabrrds m the GOA ts therefore 
governed pnmanly by the availability of swtable, safe nestmg habitats, as well as 
by the availability of prey For example, chff-neshng species, such as murres and 
k:J.ttiwakes, require ch££s facmg the sea Therefore, regardless of the biomass of 
potenhal forage species m the eastern GOA, there are no murres or k:J.thwakes m 
much of the region because of the lack of sea chf£s Where swtable nestmg habitat 
does eXISt, seabirds nearly always occupy 1t, and fluctuahons m their produchvity 
and abundance through time are thought to be determmed for the most part by 
fluctuahons m prey populahons 

Specres that nest on chf£ faces, such as murres and k:J.thwakes, are the most 
well-studied because of their VlSlbility Completmg censuses of chff-nestmg 
seabirds IS comparahvely easy, as IS measunng several components of their 
breed.mg biology, mcludmg the study of recurring natural phenomena such as 
rmgrahon (phenology) and reproduchve success Consequently, precrse eshmates 
of abundance and producbvlty, and trends m these variables through time, are 
available for murres and k:J.ttiwakes at many colorues m the GOA In addihon to 
their vIS1bihty, murres and kittiwakes are extremely numerous and widely
dtstnbuted, and more IS known about them than about any other specres 

In contrast, seabirds that nest underground are chffi.cult to study A further 
comphcahon IS that some of these are nocturnal as well Despite huge numbers 
and broad dtstnbuhons of some diurnal species, such as pu:ffms, and nocturnal 
species, such as storm-petrels, much less IS known about populahon sJ..ZeS and 
produchvlty or trends m these parameters through time and space They do have 
screntlfic value, however, because other characterishcs of their biology offer 
valuable opporturuhes for obtammg mformahon on the d.Istribuhon and dynarmcs 
of prey populahons rmportant to a vanety of seabm:ls and manne mammals 

Most seabrrds m the GOA are pnmanly p1SC1Vorous (fxsh eatmg) dunng the 
nestmg season The pnnopal excephons mclude northern fulmars, storm-petrels, 
and thick-billed murres, which consume large amounts of sqwd, auklets, which 
specrabze on zooplankton, and gulls, terns, and gwllemots, which consume 

VOLUME II, OiAPTER 3 103 



GULF Erosv5TEM MONITORING AND REsEARa-1 PROGRAM 

considerable amounts of crustaceans m addibon to ftsh Many specres of ftshes are 
taken, although a comparabvely small number contribute the bulk of the biomass 
to diets of most seabirds Overall, the three most rmportant species of fishes are 
sand lance, capelm, and pollack At certam colorues, at certam brnes, m certam 
years, or any combmabon of these condibons, the myctopruds, Pacrftc cod, saffron 
cod, hernng, sablefish, pncklebacks, prowftsh, and salmon are also rmportant to 
some species (Hatch 1984., Baird and Gould 1986, DeGange and Sanger 1986, 
Sanger 1987, Hatch and Sanger 1992, Irons 1992, Piatt and Anderson 19%, Suryan 
et al 2000, Gill and Hatch unpublished data) 

Resident GOA seabirds can be divided mto three groups based on their 
foragmg behavior (Table 3 3) Surface-feeders, as their name rmphes, obtam all of 
their food from about the upper 1 m of the water column and often forage over 
broad areas Coastal divers can generally reach bottom and typically forage m 
shallow water near shore Pelagic nud-water and deep divers are capable of 
expl01bng prey at depths of up to nearly 200 m and of foraging over large areas 
(Schneider and Hunt 1982, Piatt and Nettlesrup 1985) Most mdividuals of most 
specres forage over the conbnental shelf dunng summer Tius 18 due pnmartly to 

CharactenstJcs such as broad 
samplmg of forage populations 

and senstf:Jvlf:y to prey ava1lab1ld.y 
make seabirds valuable tools m 
the study of manne ecosystems 

the locahon of nesbng areas, wruch are along the 
mamland coast and on nearshore ISlands, and the 
distnbubon of forage species, wruch m aggregate are 
more diverse and abundant on the shelf than off the shelf 
Excepbons to thIS generahzab.on are the fulmars and 
storm-petrels, wruch have anatonucal, behavioral, and 
physiological adaptab.ons that allow them to forage at 
great distances from their nesbng areas, givmg them 

access to resources off the shelf (Boersma and Groom 1993, Hatch 1993), and 
species such as kittiwakes that typically feed over the shelf, but wruch can 
efficrently expl01t prey off the shelf when those prey are withm foraging range from 
their nesbng locabons (Hunt et al 1981, Spnnger et al 1996, Hatch unpublished 
data) 

Therefore, as a group, seabirds sample forage populab.ons broadly m three 
drmensions These charactensbcs, plus variab.ons m diet between specres and the 
sensitivity of vanous components of their breedmg biology and populabon 
abundance to fluctuab.ons m prey avatlability, make seabirds m the GOA, as 
elsewhere, valuable tools m the study of marme ecosystems (Carms 1987, 
AebIScher et al 1990, Furness and Nettlesrup 1991, Spnnger 1991, Hatch and 
Sanger 1992, MontevecchI and Myers 19%, Piatt and Anderson 1996, Spnnger et al 
1996) 

Seabird populations m the North Pacrftc from California to Arcb.c Alaska are 
very dynamic, waxmg and wanmg m response to changes m prey abundance, 
predators, entanglement m fishing gear, and otl sptlls (Anderson et al 1980, Amley 
and Broekelheid 1990, Pame et al 1990, Murphy et al 1991, Hatch 1993, Hatch et al 
1993, Amley et al 1994, Byrd et al 1998, Divoky 1998) Otl spilled from the Exxon 
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Valdez killed an estnnated 250,000 seab:trds m the GOA, 185,000 of which were 
,1 murres (Piatt and Ford 1996) Most murre mortahty occurred downstream from 

PWS near the Barren Islands and Alaska Perunsula and had an unknown effect on 
the abundance of murres at regional colorues There IS evidence that the lDlill.edlate 
mortahty and hngermg effects of the spill m PWS have depressed the abundance of 
several other speoes of seabmis there throughout the 1990s (Irons et al 2000) 

A strong case also has been made for a broad-scale declme m seabrrd 
abundance m the GOA dunng the past 2 to 3 decades begmrung before the EVOS 
Manne btrds counted at seam summer m PWS apparently declmed by some 25% 
m aggregate between 1972 and the early 1990s (Kuletz et al 1997) Many specres 
contnbuted to the declme, mcludmg loons, cormorants (-95% ), mergansers, 
Bonaparte's gulls, glaucous-wmged gulls (-69%), black-legged lotuwakes (-57%), 
arcbc terns, pigeon guillemots (-75%), marbled and Kltthtz's murrelets (-68%), 
parakeet anklets, tufted puffins, and horned puffins (-65%) (Klos1ewslo and La.mg 
1994) Other census data further mdicated that for the marbled murrelet, at-sea 
wmter abundance declmed by more than 50% throughout the GOA dunng thIS 
trme (BeISSmger 1995) Results from studies at several murre colorues m the GOA 
m summer tend to support tlus pattern Piatt and Anderson (1996) reviewed the 
abundance lnstones of 16 colorues and concluded that many were m declme before 
the EVOS Therefore, 1t proved difficult to estnnate the effect otl had on murre 
populatmns 

) It IS generally thought that alterab.ons m forage :&sh abundance and commuruty 
structure brought on by enV:trOnmental change not associated with the otl spill, 
such as clrmate change, have been pnmartly responsible for fallmg seabird 
populat:J.ons (Oakley and Kuletz 1996, Piatt and Anderson 19%, Hayes and Kuletz 
1997, Kuletz et al 1997, Anderson and Piatt 1999) For example, pigeon guillemot 
numbers m PWS m 1978 to 1980 averaged about 40% higher than m the early 1990s, 
and they declmed further through 1996 (Oakley and Kuletz 1996) The declme m 
abundance was accomparued by a declme m the occurrence of sand lance m their 
diets, and 1t has been suggested that cause and effect relate the two Because sand 
lance has a much higher fat content than the forage specres guillemots switched to, 
such as pollock and blenrues, it IS nutnt:J.onally supenor (Anthony and Roby 1997, 
Van Pelt et al 1997) In Kachemak Bay, sand lance was particularly abundant m 
diets of guillemots nestmg m high-density colomes m the late-1990s, and clucks fed 
predorrunantly sand lance grew faster than clucks fed lower-quality prey (Pnchard 
1997) LlkeWISe, reduct:J.ons m energy-dense capehn m the GOA and m diets of 
several speoes of seabird m the 1980s compared to the 1970s also have been lmked 
to populab.on dechnes (Piatt and Anderson 1996, Anderson and Piatt 1999) 

Additional evidence of possible climate-mediated populab.on declme lS the 
frequency and magrutude of large seabrrd die-offs m the past 2 decades Some of 
these mvolved huge numbers of surface-feedmg specres m summer, particularly 
lott:J.wakes and shearwaters m the GOA and especrally the Benng Sea, dunng years 
of strong El Nifio events, notably 1983 and 1997 (Nysewander and Trapp 1984, 
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Mendenhall 1997) Others mvolved pnncrpally murres m the GOA m wmter In 
1993, on the order of 100,000 common murres starved to death, and m 1997, at least 
tens of thousands suffered a surular fate (Piatt and van Pelt 1993, Pratt unpubhshed 
data) Such acute mortahty, when added to the normal, or perhaps elevated, 
attntlon suffered by JUVerule birds m recent years, could have Sigmftcant 
repercusslOns on populatlon size As Pratt and Anderson (Piatt and Anderson 
1996) note, there was only 1 reported die-off of seabrrds m the general region before 
1983, and that was m the Benng Seam 1970 (Batley and Davenport 1972) 

There IS no evidence that seabrrds m the GOA have been chrectly affected by 
commercial fishenes Most of the prey of seabrrds are not targeted, for example, 
sand lance and capelm Adults of some prey specleB are fumed, such as pollock, 
Pacrfrc cod, and hernng, but most seabirds can feed only on the small age-0 and 
age-1 fish of these large types and therefore do not compete with commercral 
fishenes for biomass Indirect effects of commercral fishmg are posSible If stock 
sizes are affected by hshmg and If stock SJ.Ze mfluences the abundance of young age 
classes of those specres or the abundance of other forage specres 

3.9.2 case Studies 

A lot of mfonnatlon has been collected on seabirds m the GOA m the past 
3 decades, although much of the data obtamed m the last 10 years has not yet been 
pubhshed or even presented Therefore, the mtegratlon of all results mto a 
composite picture of seabrrd ecology IS not currently possible Nevertheless, good 
mformatlon IS available for some aspects of the biology of certam specres at certam 
sites, and these examples can be used to give a general idea of the status of seabirds 

The black-legged kitbwake and 
common murre are the most 

abundant, most widely 
dlStnbuted, and best known 

bird speaes tn the GOA. 

and their sensitivity to change m the environment 
Promment specres are the black-legged kittiwake and 
common murre They are among the most abundant and 
widely dIStnbuted seabirds, nestmg at hundreds of colorues 
from Southeastern Alaska to Urumak Pass These attributes 
and their ease of study have made them the best known of 
all specres m the GOA Infonnatlon on trends m 

abundance, producbvity, and diets of kittiwakes and murres at several locatlons 
spans penods of 1 to more than 4 decades Informatlon on other specres, notably 
fulmars and puffms, at some colorues proVIdes additlonal context 

3.9.2.1 Nlddleton Island 
The longest tlme senes of rehable abundance estnnates for seabirds m the GOA 

comes from Middleton Island, where the first count was made m 1956 (Rausch 
1958) Between 1956 and 1974,, the number of kittiwakes mcreased by an order of 
magrutude, from about 14,000to144,000 birds (Baird and Gould 1986) That 
mcrease IS thought to have been made posSible by the 1964 earthquake, which 
uphfted large secb.ons of Middleton Island and created extenSive new nestmg 
habitat Numbers of kittiwakes remamed high there throughout the 1970s, but 
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began to declme steachly m the early 1980s from a peak of about 166,000 brrds to 
about 16,000 today (Hat:ch et al 1993, Hat:ch unpubhshed data) 

The dechne m abundance has been accomparued by generally low produchvity 
SlllCe the early 1980s, averagmg Just 0 06 clucks per pair between 1983 and 1999 
(Table 3 4) Supplemental feedmg of kltl:IWakes m recent years altered a vanety of 
adult breedmg parameters sens1bve to food supply and mcreased sUI'Vlval of 
clucks, strongly supporbng the notion that food hmitat10n has been the cause of 
poor produchvlty and populabon declme (Gtll 1999, Gill and Hatch unpubhshed 
data) 

Table 3.4 Trends In Klttlwake Abundance and Productivrty at Colonies 
In the Gulf of Alaska 

Populabon Average Producbon, Number of 
Colony(s) Trajectory 1983-2000 Coloma 

Increasing 

Gull lsland1 Up 0 39 1 

Pnnce Wilham Soun<f Up 030 4 

Barren lsland3 040 

Stable 

Pnnce Wilham Sound- Level 018 22 
Overalr2 

Pnnce Wiiham Soun<f Up-Down 0 14 5 

Pnnce Wilham Souncf Level 0 15 2 

Ch1mak Ba/ Level 019 1 

Dechmng 

Sem1d1 lslands3 4 Down 0 05 1 

Chastk lsland1 Down 0 06 1 

Pnnce Wilham Souncf Down 0 04 11 

Middleton lslamf Down 0 06 

Colony 
years 

15 

67 

7 

372 

94 

34 

16 

11 

9 

177 

? 

Colonies m PWS are dMded mto groups of mcreasmg, stable and decltmng abundance, overall 
krtbwake abundance is stable m PWS 
1From J Piatt (unpublished data) 
2From D Irons (unpublished data) 

3From USFWS (unpublished data) 
4From S Hatch (unpublished data) 

The longest bme senes of abundance data for murres also comes from 
Middleton Island As with klttIWakes, the murre populabon mcreased by about an 
order of magmtude followmg the 1%4 earthquake, numbering 6,000 to 7,000 
mdividuals by the rmd-1970s Also hke klttIWakes, murre abundance at Middleton 
Island was m declme by the end of the decade, fallmg to about 4,000 mdividuals by 
1985 The populabon abruptly mcreased the followmg year to nearly 8,000 birds, 
where 1t remamed through 1988, rapidly dechned agam to about 2000by1992, and 
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has been more or less stable srnce (Hatch unpubhshed data) The cause of the 
declrne IS thought to have been dnven rn part by the growth of vegetat:rnn that 
hampers access of clucks to the sea once they leave the nest (Hatch unpubhshed 
data), but the sharp rncreases and decreases durrng the course of the overall declrne 
argues for other cont:rollrng factors 

Glaucous-wrnged gulls also probably nested rn comparahvely small numbers 
on Middleton Island before 1964, although no counts were made m the early years 
By 1973 there were fewer than 1,000 md.Ivlduals and fewer than 2,000 a decade 
later However, m contrast to fmdmgs for murres and kifuwakes, the populahon 
ballooned to more than 12,000 birds between 1984 and 1993, and now totals about 
11,000 (Hatch unpubhshed data) Predahon by gulls on kithwake and murre eggs 
and clucks may have contributed to the declrnes of those species (2001) 

The abundance of rhmoceros auklet:s on Middleton Island more than doubled 
from about 1,800 to 4,100 burrows between 1978 and 1998 (Hatch unpubhshed 
data) Although there are no hard data, it seems likely that few or no rhmoceros 
auklets nested there before the earthquake because of a lack of habitat (Hatch 
unpubhshed data) Therefore, the mcrease m rhmoceros auklet abundance rmght 
be ]USt the result of an mcrease m the extent of neshng habitat as vegetahon 
covered uphfted sotls At St Lazana Island m Southeast Alaska, however, 
rhmoceros auklet numbers nearly doubled durrng the 1990s (Byrd et al 1999), 
mdicahng that other factors are possibly mvolved 

A lack of adequate data precludes furn conclusions about trends m abundance of tufted 
puffms, but it is thought that they are mcreasmg m abundance on Middleton Island as well 
(Hatch unpubhshed data) 

Pelagic cormorants are known to move between neshng areas withm colorues 
between years, therefore, census data are not necessanly as accurate for them as for 
other chff-neshng speaes of seabirds The data show that numbers of neshng prurs 
were comparahvely stable at about 2,000 to 2,800 between the nud-1970s and rmd-
1980s The number of pairs was extremely volatile from 1985 to 1993, however, 
nsmg and fallrng by as much as 700% between consecuhve years In 1993, pelagic 
cormorants numbered about 800 pairs, and have mcreased steadily smce then to 
about 1,600 parrs (Hatch unpubhshed data) 

Seabirds at Middleton Island feed on a vanety of forage species common 
throughout the GOA (Hatch 1984, Hatch and Gill unpubhshed data) Early m the 
neshng season kifuwakes typically prey on extremely energy-dense myctophlds, 
which are generally restricted m their dIStribuhon to deep-water regions off 
conhnental shelves {WtllIS et al 1988, Sobolevsky et al 19%) Later they switch to 
other, likely more accessible, prey and feed clucks pnmanly on sand lance, 
although capelrn and sablefish are also rmportant m some years (Hatch and Gill 
unpubhshed data) 
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Rhmoceros anklets feed on numerous specres of f.tshes, but seem to be sand 
lance specrahsts (Hatch 1984, Vermeer and Westrherm 1984, Vermeer et al 1987) 
At Middleton Island, sand lance contnbuted on average 62 % of the biomass fed to 
clucks m 11 years between 1978 and 2000 (Hatch unpubhshed data) In years of 
apparent low abundance dunng the first half of the 1990s, pink salmon, capehn, 
greenlmgs, and sablef.tsh replaced sand lance 

Tufted puffms at Middleton Island feed therr clucks predominantly sand lance 
m years when sand lance are most abundant sand lance make up as much as 90% 
of biomass m peak yeaFS Tufted puffins apparently SWitch to other prey sooner 
than rhmoceros anklets when sand lance lS scarce Alternative prey of tufted 
puffms consISts mamly of pollock and prowf.tsh, with somewhat lesser amounts of 
sablef.tsh (Hatch unpubhshed data) 

3.9.2.2 Prince Wiii/am Sound 
Twenty-three kittiwake colorues m PWS were frrst counted m 1972, but were 

not counted agam unhl 1984 These and an additional SIX colorues have been 
VISited nearly each year since (Irons 1996, Irons unpubhshed data) During thts 
time, long-term mcreases and decreases have been noted at vanous colorues, but no 
obvious geographic pattern to the changes was found Instead, 4 colorues have 
grown to large size, and 11 smaller colorues have declmed, with some d.Isappeanng 
completely Five other colorues frrst mcreased, then decreased, and two have not 
changed appreciably At least some of these changes hkely resulted from 
movements of adults between Sites (Irons unpubhshed data) For example, as the 
Icy Bay colony declmed from about 2,400 birds m 1972 to fewer than 100 by 2000, 
the nearby North Icy Bay colony grew from about 500 birds m 1972 to about 2,000 
by the late 1990s Overall, the total abundance of kittiwakes m PWS has remained 
stable, or perhaps mcreased shghtly, despite substanhal mterannual vanability, for 
example, decreasmg by 45% between 1991. and 1993 and mcreasmg by 35% 
between 1999 and 200) 

Overall produchvlty hkeWise has been highly vanable between years, but 
generally has been much greater than at Middleton Islan<L averagmg 0 18 clucks 
per parr SIIlCe 1984 (fable 3 4) Average productivity dI£fered considerably 
between colorues with different population tra1ectones, however (fable 3 4) The 
average produchv1ty of four colorues with mcreasmg populations was twice that of 
two stable colorues and five colorues that expenenced matching mcreases and 
decreases, whtle productlvlty at those was nearly four times as great as that at 
11 dechnmg colorues 

3.9.2.3 Lower Cook Inlet 
Kittiwakes at Clusik Island m Lower Cook Inlet were frrst counted m 1m 

(Snarski lm), and the population appears to have fallen steadtly smce then By 
1978, the number of birds was down by about 40% and today it IS JUSt 25% of the 
1m total (Piatt unpubhshed data) The trend m murre abundance at Clusik Island 

<) has paralleled that of kittiwakes, but the declme has been even steeper The 

VowME II, OiAPTER 3 109 



Guu= EcosvsrEM MoNrroRING AND REsEARcH l'RoGRAM 

populabon fell by more than half between 1971 and 1978, and today stands at JUSt 
about 10% of Its former abundance Kltbwake produchvity has been poor m most 
years, averagmg rust 0 06 clucks per parr (fable 3 4) Less IB known about 
produchvity of murres, which has been esbmated only smce 1996 In that bme, It 
has been vanable and averaged 0 56 clucks per parr (fable 3 5) 

Table 3 5 Trends m Murre Abundance and Productivity at Colonies 
m the Gulf of Alaska 

Colony 

Gull lsland1 

Chis1k Island 1 

Barren Island 2 

Population 
Tra1ectory 

Up 

Down 

Up 

Sem1d1 Islands 2 3 Up 
1From J Pratt (unpublished data) 
2From USFWS (unpublished data) 
3From S Hatch (unpublished data) 

Average Production, 
1989-2000 Range 

0 52 0 28-0 65 

0 56 0 18-0 74 

073 0 58-0 75 

048 0 21-0 58 

Colony 
Years 

4 

4 

5 

6 

In contrast, JUSt across Cook Inlet at Gull Island m lower Kachemak Bay, 
numbers of kltbwakes and murres have mcreased substanbally smce counts were 
first made m 1976 The abundance of kltbwakes more than doubled between the 
rmd-1970s and rmd-1980s, peaked m 1988, and has averaged about 10% to 15% 
lower through the 1990s (Pra.tt unpubhshed data) The growth m numbers of 
murres was somewhat less abrupt, but more endurmg, with steady, exponenbal 
growth of about 300% through 1999 Produchvity of kitbwakes at Gull Island has 

been much higher than at Clustlc Island, and has been among the highest anywhere 
m the GOA with comparable data (fable 3 4) Produchvity of murres at Gull Island 
has been less vanable than at Cluslk Island, but has averaged essenbally the same, 
0 52 cluck per adult (fable 3 5) 

Kltbwakes were £rrst counted on the Barren Islands, at the mouth of Cook Inlet, 
m 1977 The next counts m 1989 to 1991 were apparently comparable Systemabc 
counts began m 1993 and have conbnued smce It IS not known If the earher (1977 
to 1991) and later (1993 to 1999) groups are comparable Witlun-group data 
mdicate that there was no apparent change m kltbwake abundance durmg either 
trrne penod Likewise, there are two groups of counts for murres- 7 counts 
between i975 and 1991 and 10 systemabc counts between 1991 and 1999 Counts m 
the early part of the first mterval are not comparable to later counts m that interval, 
therefore, It IS not known whether murre numbers changed from the 1970s to the 
late 1980s Smee 1989, however, the populabon has steadily grown by about 40% 
(Roseneau unpubhshed data) Kltbwake produchvity at the Barren Islands m the 
1990s was as high as at Gull Island (fable 3 4) Murre produchvity smce 1995 has 

averaged 0 73 cluck per parr, which is higher than at either of the other colomes m 
Lower Cook Inlet 
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Kith.wakes and murres at all three locatJ.ons prey on a srrrular swte of forage 
fishes, but the proportJ.on of each specres m diets vanes depending on th.err relatJ.ve 
abundance Sand lance, capehn,. and cods are the three most rmportant taxa of prey 
(Piatt unpubhshed data, Roseneau unpubhshed data) Among the cods, the 
proportJ.ons of pollack, Pacillc cod, and saffron cod vary by locatJ.on A vanety of 
evidence from the Lower Cook Inlet region mdicates that populatJ.on trends of 
kite.wakes and murres at the three colomes are drrectly related to the abundance of 
prey avatlable to the brrds (K.ttaysky et al 1999, Robards et al 1999, Platt 
unpubhshed data, Roseneau unpubhshed data) 

3.9.2.4 Kodiak Island 
Of numerous seabrrd colomes on Kodiak Island, only the one at Cluruak Bay 

has received much attent10n Kite.wakes were fust counted there m 1975 to 1977 
and numbers were stable They were next counted m 1984, by wluch trme the 
populatJ.on had more than doubled Numbers have smce been vanable, but 
showed no sigruflcant changes untJ.11999, when they were about twice as great as 
m 1997 to 1998 Klttiwake produciJvity at Cluruak Bay was very lugh for at least 
2 years m the nud-1970s (about 1 cluck per nest), but was poor m the 1980s, 
averaging JUSt 0 11 cluck per nest between 1983 and 1989 Productrvity rm proved 
m the 1990s, averaging 0 24 cluck per nest, and has averaged 0 19 cluck per nest 
overall smce 1983 (Table 3 4) 

Kith.wakes at Ouru.ak Bay preyed pnmanly on sand lance and capelm m the 
1970s V anatJ.ons m diet between years were correlated with vanatJ.ons m 
productJ.vity (Brurd 1990) 

3.9.2.5 Semidi Islands 
Approxrmately 2,500,000 seabrrds, or about a tlurd of all the seabirds nestJ.ng m 

the GOA, are found on the SenudI Islands, mcludmg about 10% of the kite.wakes, 
half of the murres and horned puffins, and nearly all of the northern fulmars 
(Hatch and Hatch 1983) Seabird studies on the SenudI Islands began m 1976 and 
have contJ.nued m most years smce Most work has occurred at Chowiet Island, 
wluch hosts on the order of 400,000 birds of at least 15 specres, with the chff-nestmg 
specres-kittJ.wakes, murres, and fulmars-receivmg the greatest attentlon 

The number of kith.wakes at Chowiet Island vaned httle through 1981, 
although the number of nests grew by 60% No counts were made m 1982 to 1988 
KlttJ.wake abundance m 1989 and 1990 had not changed, but It dechned abruptly m 
1991, and has averaged about 30% lower smce The number of kith.wake nests m 
1989 had fallen back to the late 1970s level, where It has tended to rem.am (USFWS 
unpubhshed data) ProductJ.vity of kith.wakes at Chowiet Island was generally 
lugh between 1976 and 1981, averaging 0 43 cluck per nest with the lughest level 
(about 1 cluck per nest) m 1981 Kite.wakes began failing to produce clucks at least 
by 1983 (no data were obtamed m 1982), however, and m 11 years between then 
and 1998, the average productJ.vity has been JU.St 0 05 chick per nest (Table 3 4) 
Accompanymg the dechne m abundance and collapse of productrvity was a delay 
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of 9 days m the mean laymg date m the 1990s compared to the 1970s and early 
1980s Poor productivity and delayed laymg are both symptomabc of food stress 

Murre abundance on Chowiet Island was stable between 1977 and 1981 
Abundance was the same m 1989 when counts were next made, but m contrast to 
fmdmgs for kittiwakes, the populabon has grown steadtly smce, standmg 30% 
lugher by 1998 As for kittiwakes, the mean laymg date of murres was about 
10 days later m the 1990s than m the 1970s Producbvity has not vaned apprecrably 
between years, except m 1998 when it was very low The average producbvity 
smce 1989 was 0 48 cluck per pair, or about the same as at Chisik and Gull ISlands 
(fable 3 5) 

Trends m fulmar abundance, producbvity, and phenology through bme 
exlub1ted patterns SlilUlar to those of kittiwakes and murres As with murres, 
abundance has mcreased numbers of fulmars grew steadtly between 1976 and 
1981, and generally conbnued that tra1ectory at least through the rmd-1990s An 
except10nally low number recorded m 1998, the last year they were counted and 
the only year smce 1995, may be an arbfact and not representabve of the long-term 
trend, or it may represent a real declme As with kittiwakes, producbvity of 
fulmars was lower m the 1980s and 1990s, averagmg JUSt 0 24 cluck per nest from 
1983 through 1998, compared to an average of 0 52 cluck per nest from 1976 
through 1981 In addibon, as found for both kittiwakes and murres, the nesbng 
phenology of fulmars was conspicuously later m the 1990s than m the 1970s 

Little IS directly known about diets of kittiwakes and murres at the Semidi 
Islands, but based on diets of rhmoceros auklets and tufted and homed puffins 
there (Hatch 1984, Hatch and Sanger 1992), it can be assumed that the usual food 
sources-sand lance, capelm, and pollock-are most rmportant These prey also are 
s1gru.ficant for fulmars In general, the diets of fulmars overlap extensrvely with 
those of kittiwakes and murres, although overall fulmar diets are much more 
vaned (Sanger 1987, Hatch 1993) For example, fulmars are noted for eabng large 
amounts of Jellyfish and offal and for feedmg 1ellyfISh to clucks 

3.9.3 Condusions 

Seabird populahons at colorues m the GOA are very dynamic, with numerous 
examples of growth and declme durmg the past 3 decades 

In spite of considerable uncertamty about the magrutude, a widespread declme 
m the abundance of murres m the GOA may have occurred smce the 1970s 
Numbers are clearly down m such diverse habitats as Middleton Island, wluch hes 
near the edge of the continental shelf and IS the most oceanic of all colorues m the 
GOA, at Clustlc Island, wluch IS arguably the most nenbc (nearshore) colony, and 
apparently at several colorues along the south side of the Alaska Penmsula Murre 
numbers are not uruformly down, however, they have mcreased dramabcally at 
Gull Island durmg the past 15 years and at the Barren Islands and the Senudi 
Islands durmg the past 10 years Although comparabvely httle IS known about 
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murre produchvity, 1t has been essenbally the same m recent years at the decl:trung 
colony on Ousik Island as at the growmg colorues on Gull Island and the Senudi 
Islands At Ousik Island, the rate of dechne of the population equals the estimated 
adult mortahty-produchvtty seems to be sufficient to mamtam numbers !f those 
birds were recnntlng to the population Therefore, recruitment appears to have 
been laclang, wlu.ch could be explamed by poor survival of birds raised there or by 
ermgration to other colorues (Piatt personal commurucabon) At Gull Island, 
produchvity and recrwtment can account for only about half the rate of populabon 
growth, with rmmlgrabon reqwred to explam the other half 

In most cases, local trends m the abundance of mu:rres and la.tbwak.es, likely 
reflect mesoscale or regional processes affectmg prey availability For example, 
d.tf:ferences m populabon trends of both specres at Ousik Island and Gull Island, 
and d.tf:ferences m produchVlty of la.tbwakes between the ISlands, are related to 

regional vanabons m the abundance of forage fl.shes (Piatt unpublished data) The 
sumlanty m murre produchvity between colomes IS likely explamed by flexible 
hme budgets, wlu.ch buffers them agamst fluctuations m prey (Burger and Pratt 
1990, Zador and Pratt 1999) 

There IS not enough Information to determme whether total la.tbwake 
abundance m the GOA has changed one way or another Many examples of 
growth, dechne, and stasis m mdivtdual colorues are available, but there IB no 
apparent broad geograplu.c pattern to the trends At the few colomes where both 
la.tbwak.es and murres have been morutored, abundances of the two species tend to 

track each other through time Kltbwakes, along with mu:rres, have declmed at 
Middleton Island and Clu.sik Island, and apparently Increased, with rnurres, at Gull 
Island The one exception 1s at Chowiet Island m the Senudi Islands, where 
la.tbwakes decreased and murres :mcreased Elsewhere, la.tbwak.es have Increased 
at Ch.I.ruak Bay on Kodiak Island and remamed stable overall m PWS 

There IS a strong correlabon between populabon trajectory and long-term 
average productrvJ.ty of la.tbwak.es at many colomes Those colomes that are 
rncreasmg m size have the lu.ghest produchvity, those that are declmmg have the 
lowest Colorues that show no change have mtermediate levels There are various 
mterpretabons of such a relationslu.p One IS that produchv1ty and subsequent 
recrwtment of young determmes abundance Another is that la.tbwake abundance 
and produchvity snnply track changes m prey, that IS, m years of high prey 
abundance, more adults attend colorues and produce greater numbers of clu.cks 
than m years of low prey abundance There would not necessarily have to be any 
other relabonslu.p between the two 

There are conspicuous temporal patterns of la.tbwake produchvity at many 
colorues durmg the past 17 years Produchvtty at colorues m PWS and at Gull 
Island has vaned m tandem, with peaks and valleys at about 5-year mtervals lu.gh 
produchvity m the rmd- to late 1980s, low m the early 1990s, and higher agam after 
1995 For most of the record, from the early 1980s through the rmd-1990s, tlu.s 
pattern was opposite that at Ch.I.ruak Bay on Kodiak Island, where produchvtty 
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peaked m the early 1990s whtle 1t bottomed-out m PWS and at Gull Island 
Produchvity at the three locations tended to track together dunng the latter half of 
the 1990s 

Kittiwake productivity and population trends m PWS are well-correlated 
before 1991 and smce 1991, but the sign (positive or negative) of the relationship 
differs Before 1991, high produchvity was assocrated with low numbers of birds at 
the colorues, but smce 1991, the relationship has been opposite A surular switch 
occurred at about the same bme m the relationship between kittiwake productivity 
m PWS and the abundance of age-1 herrmg Such differences m sign and behavior 
of relationships before and after the 1989-to-1990 regrm.e shift have been pomted 
out for kittiwakes m the Benng Sea and for vanous other ecosystem components of 
the North Pacrfic It has been suggested that the differences reflect fundamental 
changes m ecosystem processes (Sprmger 1998, Welch et al 1998, Hare and Mantua 
2000) 

The peaks and valleys m kittiwake produchvity m PWS have punctuated a 
general dechrung trend dunng the longer term If productivity depends more on 
prey abundance than on predation, then 1t seems as though prey have tended to 
declme throughout PWS m the past 17 years, notwithstandmg apparent 
osctllations 

3.9.4 Future Directions 

Seabirds m the GOA are sensitive mdicators of vanabihty m the abundance of 
forage ft.shes through bme and space How well mformation from particular 
specres at particular colorues reflects broad patterns of ecosystem behaVIor m the 
GOA remams to be seen The problem IS that nearly all of the colorues are situated 
m habitats with dIBtinct mesoscale or regional properties PWS IS a pnme example, 
where colorues are located at the heads of fjords with and without glaciers, m bays 
and on IBlands around the perimeter of the mam body of the sound, and on ISlands 
m the center of the sound The Barren Islands and Gull Island are strongly 
mfluenced by mtense upwelling m Kennedy Entrance that greatly modJfies local 
physical conditions and production processes waters m the relatively small region 
are cold, nutnent-nch, and productive Chxslk Island hes m the path of the outflow 
of warm, nutrient-poor water from Cook Inlet The SerrudI Islands he at the 
downstream end of Shellkof Strrut and the center of dlStnbution of spawrung 
pollock m the GOA 

Thus, there are vanous trends m abundance of kittiwakes at the numerous 
colorues m PWS Trends m abundance of kittiwakes and murres at the Barren 
Islands and Gull Island are opposite those at ne1ghbonng Chxslk Island, and 
patterns of kittiwake productivity at Gull Island and Chxruak Bay are opposite of 
each other Only Middleton Island, which sits ISOlated near the edge of the 
continental shelf and the Alaska Stream, and sites on or near the coast of the Alaska 
Penmsula west of Kodiak Island, which he m the flow of the Alaska Coastal 
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Current, seem to have the potenhal to represent gulf-wide vanabllity 

J 
1 unencumbered by posSibly confusing smaller-scale features 

) _ ___, 

On the other hand, there IS reason for opbrmsm that broad-scale vanabllity IS 

mdeed expressed m seabird bmlogy In spite of a wide vanety of local habitat 
charactensbcs and populabon trends of la.tbwakes at the many colorues m PWS, 
and large differences m average long-term producbvity among colorues with 
differmg abundance trends, a common temporal pattern of productrvity has been 
shared by almost all colorues Concordant, clearly defined peaks and valleys have 
been observed at about 5-year mtervals A sound-wide environmental Signal has 
propagated through the latbwakes regardless of therr locabon or status 

Moreover, the signal captured by kltbwakes m PWS and expressed m patterns 
of producbVlty was also captured by latbwakes at Gull Island, rmplymg that they 
may not be as ecologically separated as one nught assume cons1denng therr 
geographic distance and characte!ISbcs of therr environments And further 
expandmg the spahal drmenSion, the temporal pattern of sand lance abundance m 
the vicrruty of Middleton Island durmg the past 15 years, as revealed by its 
occurrence m diets of rhinoceros auklets and tufted puffins there, matches closely 
the patterns of latbwake producbvity m PWS and at Gull Island Although a long 
geographical stretch, it nught not be such a long ecological stretch when viewed 
broadly, at the GOA scale, rather than ma regional geographic and ecological 
context And fmally, the kltbwakes at Cluruak Bay also seemed to be attuned to 
thIS same signal, notwithstandmg the fact that it apparently led to oppoSite 
behavior m the local system for some of the trme One thmg that IS farrly certam of 
IS that the temporal and spahal patterns m vanous components of seabrrd b10logy 
exlub1ted m the GOA do reflect underlymg patterns m food-web producbon and 
ecosystem processes Because of the range of oceanographic s1tuabons 
surroundmg the vanous colorues, detailed mformabon from them should prove 
valuable m build.mg a composite view of ecosystem behavior m the GOA 

A vanety of approaches to developmg a long-term morutonng program m the 
GOA nught work, but the framewor~ that has evolved over the past 3 decades 
already has proved useful In-depth work IS occurnng or has occurred m many 
years smce the 1970s at well-placed locabons throughout the GOA These locabons 
mclude St Laz.ana Island and Forrester Island m Southeast Alaska, Middleton 
Island, many colorues m PWS, Clusik Island, Gull Island, and the Barren Islands m 
Lower Cook Inlet, Kodiak Island, the Senudi Islands, and Aiktak Island on the 
south side of Urumak Pass Colorues at these locabons share several well-known, 
tractable species that provide complementary views of the ecosystem, parbcularly 
if they are systemabcally explmted for therr contrlbubons Just as mformabon from 
each of these colorues will help bwld a composite broad view of the GOA, 
mformabon from several speaes of seabrrds at each colony will help butld a 
composite regional view of ecosystem behavior 

Therefore, the most popular species should conbnue to be the mam focus 
These are kitbwakes and murres, the speaes m the GOA with the highest 
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combmed score of abundance, distnbubon, and ease of study Elements of their 
b10logy are sens1bve to vanabihty m prey, as seen m the GOA and numerous 
places elsewhere m the North Pacrftc and North Atlanbc 

Kltbwakes and murres do not do some thmgs as well as second-her specres, 
namely the puffms Comparabvely little IS known about populabon trends of 
puffms, despite the fact that they are among the most abundant and widespread of 
the seabirds m the GOA Tius lack of knowledge results because they nest 
underground However, puffins have been used to morntor trends m forage fish 
abundance at numerous colornes throughout the GOA, Aleuban Islands, and 
BntISh Columbia (Hatch 1984, Vermeer and Westrhenn 1984, Hatch and Sanger 
1992, Hatch unpublIShed data, Piatt unpublished data) Diets of the three Specles of 
puffms overlap extensIVely, but each samples the environment somewhat 
differently vanabihty m diets among the puffms, locabons, and bme reveals 
geographic patterns of forage fish commurnty structure and fluctuabons m the 
abundances of mdividual specres Puffins return whole, fresh prey to their chicks, 
a behavior that provides an econormcal, efficrent means of measunng vanous 
attnbutes of forage fish populabons, such as mdividual growth rates withm and 
between years and relabve year-class strength 

Third-her specres, the cormorants, gutllemots, and storm-petrels, also have 
attnbutes that can provide addibonal useful mformabon Cormorant and 
gutllemot diets overlap extensrvely with those of k:Itbwakes, murres, and puffms, 
but the cormorants and gutllemots sample prey much nearer to colornes and 
sample addibonal specres not used by the others Storm-petrels, m contrast, range 
widely and sample ocearnc prey not commonly consumed by any other specres In 
combmabon, the diets, abundance, and produchvity of the vanous specres of 
seabirds provide mformabon on prey at mulbple spahal scales around colornes In 
s1tuabons when this mformabon can be eastly obtamed, it should not be 
overlooked 

A successful strategy for seabird morntonng will balance breadth (geographic 
and ecological) with mtenslty (how much IS dpne at each site) On the one hand, it 
IS nnportant to select a sufflcrent number of Sites to adequately represent a range of 
environmental condibons m mesoscale and macroscale dimensions On the other 
hand, studies must be thorough at each colony Snnply companng populabon 
trends of one or two specres may gwe uncertam, possibly mISleadmg mformabon 
on underlymg condibons of the environment Without addibonal mformabon on 
such thmgs as SUl"VIVal, ermgrabon, recruJ.tment,. diet, and phys10logical condibon 
of the buds, conclUSions about causes of populabon change, or about what 
populabon change 18 saymg about the environment versus what productIVIty IS 

saymg, are elUSive 

Another need for a long-term morntonng plan IS knowledge about when 
reliable hme senes begm For example, several eshmates of murre abundance at 
colornes m the GOA from the 1970s are likely not comparable to more recent 
systemabc counts (Enkson 1995, Roseneau unpublished data) Inappropriate 

116 VOLUME II, OiAPTER 3 

(~ 



\ 
) 

comparisons could result m erroneous conclusions about population changes that 
rmght further lead to unsupported speculation concermng broader trends m 
ecosystem change The consequences of mappropnate compansons are rucely 
illustrated by census data from the western Alaska Perunsula If taken at face 
value, the mformation mdicates that declmes m the abundance of murres have been 
particularly severe at colorues from the Shumagm Islands westward to Urumak 
Pass However, the trend data for two of the colorues, Brrd Island and Unga Island, 
consist of smgle counts made m each of 2 years at both colorues The :f.rrst counts m 
1973 were made m rmd-June, wlu.ch IS early m the nesting season when murre 
numbers are unstable at colorues and often much lu.gher than later durmg the 
census penod (Hatch and Hatch 1989) At another of the colorues, ~ Island, 
the evidence of declme JS based on a smgle count of nearly 13,000 brrds m 1980, the 
first year a census of the colony was performed (Byrd et al 1999) Smgle counts m 
1982, 1989, and 1990 ranged between 175 and about 8,000 brrds And, the lower 
boundary of the 90% confidence mterval about the mean of multiple counts m 1998 
was less than zero, and the upper boundary was nearly as great as the :f.rrst count m 
1980 One must therefore ask if the murre populahon has mdeed changed at all 
over the long term at A1ktak Island, or at the other colorues m the region where 
SlllUlar uncertamty exIBts, and if so how much 

In spite of such caveats, mformation gamed from seabirds m the past 3 decades 
reveals a great deal about the nature of vanabthty m the GOA We can be certam 

that the perpetuation and refmement of seabird studies will continue to provide 
msights and hypotheses useful to the broader goal of understandmg the GOA 
ecosystem 

Crititcal Information Needs 

• 

• 

• 

• 

• 

Continumg mformation on productivity, population trends, and diets of 
seabrrds m the GOA, 

Information on the annual survival of seabrrds at nesting colorues, 

Information on rates of lffimlgration and emigration between colorues, 

Information on functional relationslu.ps between seabrrd abundance, 
behavior, and productivity and prey availability, and 

Information on functional relationslu.ps between elements of food web 
production at all troplu.c levels and environmental vanabthty 

3.9.S General Research Questions 

What JS the relation between abundance of seabrrd populations and the 
availabthty of forage specres, mcludmg fish? 

• Are alterations m forage fish abundance and commuruty structure brought 
on by environmental change capable of controllmg seabrrd populations? 
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• Do local trends m the abundance of murres and kittiwakes reflect 
mesoscale or regional chmatlc and oceanographic processes affectmg prey 
avatlabihty? 

• How can Influences of prey avatlablhty on seabird abundance be separated 
from the Influences of mesoscale or regional properties uruque to the 
location of the colony, such the presence of glacrers? 

What IS the relation between commercral :fJ.shing and the abundance of seabird 
populanons? 

3.10 Fish and 
Shellfish 

3.10.1 Introduction 

The GOA IS well known for its frsh and 
shellfish because of its long-standmg and highly 
valuable commercral and recreatlonal fisheries 

(fable 21) Less well known are the non-commercral fish and mvertebrate species 
that compose the bulk of the arumal biomass m the GOA As a rule, the 
econorrucally rmportant specres are fairly well known from trawl, trap, and hook 
catches made by research and commercral vessels (Cooney 1986a, Martln 1997a, 
W1therell 1999a, Kruse et al 2000a) By the same rule, the ma1onty of fish and 
shellfrsh specres are less well known, havmg been sampled dunng research 
mvestigations of lrmited duration (Feder and Jewett 1986, Rogers et al 1986, 
Highsrmth et al 1994a, Purcell et al 2000, Rooper and Haldorson ) Speoes not 
commeroally harvested are less well studied than commercrally harvested specres, 
such as Tanner crab For example, because no commercral fisheries are allowed for 
such forage fishes as eulachon, sand lance, capehn, and lantern fish, the 
fluctuatlons of their populatlons are not well documented More detailed 
consideration of some of the less econorrucally rmportant, but more ecologically 
prorrunent forage specres IS found m Sectlon 3 8, Forage Specres, and some of the 
less common shellfISh specres are considered ID Sectlon 3 7, Nearshore Benthlc 
Comm um hes 

The manne :fJ.sh and shellfISh of the GOA fall mto two ma1or groups (Feder and 
Jewett 1986, Rogers et al 1986, Cooney 1986a, Cooney 1986a, Martin 1997b) 

1 FISh-bony :fJ.sh, sharks, skates, and rays, 

2 Shellfish-the mollusks (bivalves IDcludmg scallops, sqwd and octopus), 
and Crustaceans-crabs and shrrmp 

Note that three other ecologically rmportant groups, the pelagic Jelly:fJ.sh 
(Crudarra), the bottom dwelling starfISh and urchms (Echmodermata), and the 
segmented worms (Annehda) are not mcluded ID the category of the fish and 
shellfrsh A lISt of all the SCienbfrc names and many common names of the species 
accessible to trawl gear on the continental shelf and shelf break of the GOA 1S 

found m Appendix B (see survey area map, Figure 310) 
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As would be expected with lugh manne productrvity, the fl.sh and shell.fish 
fisheries of the GOA have been among the world's nchest m the second haH of the 
20th century Ma1or flshenes mclude, or have mcluded, hahbut, ground.fish (Pacmc 
cod, pollack, sableftsh, Pacmc ocean perch and other rock.fish.. flatfish such as soles 
and flounders), Pacmc hemng, multiple speoes of Pandahd shnmp and red king 
crab, five specres of Pacmc salmon, scallops, and other mvertebrates (Kruse et al 
2000a, Witherell and Krmball 2000, Cooney 1986a) The status of ma1or fisheries 
and stocks of mterest are addressed m the subsecbons below 

3.10.2 Overview of Fish 

Most of the approxrmately 287 known GOA fish spectes are bony fish,. and the 
largest number of species IS m the sculpm famtly (Cotttdae ), followed m order of 
number of specres by the snatlflsh famtly (Cycloptendae), the rockf:tsh famtly 
(Scorpaerudae) and the flatfish famtly (Pleuronectldae) (Tables 3 6 and 3 7) The 
bony fl.sh dommate the number of species m the GOA, with less than 10% of 
specres bemg carttlagmous fishes (Petromyzonhdae to Aapensendae, Table 3 6) 
Specres diversity m the fish depends on the type of gear used to sample (Table 3 6) 
It IS rmportant to keep m mmd that trawl gear surveys are not designed or mtended 
to estlmate specres diversity A companson of the known fish specres composibon 
(Table 3 6, left two columns) to the specres composition m the predommant types of 
trawl gear surveys (Table 3 6, nght two columns) shows that trawl gear samples 

- ~1 underestlmate the fish speoes diversity of the GOA (Cooney 1986b) The longest 
; standing trawl gear surveys for the GOA are hmlted to the continental shelf and the 

'--"'" 

shelf break (to 500 m before 1999 and to 1,000 m thereafter) The NMFS has 
measured relabve abundance and distnbubon of the pnnapal ground.fish and 
commeraally rmportant mvertebrate speoes (Martin 1997b), and before 1980, the 
Internabonal Pacmc Halibut Comnussion (IPHq collected mformabon on the 
abundance, distnbutlon and age structure of hahbut (see Figure 3 10 m Sectlon 
3 4 1) Hook and lme surveys for Paaflc hahbut, sablefish, rockf1sh, and Paaflc cod 
on the continental shelf m the GOA have been conducted by the IPHC smce 1%2 
(Clark et al draft) 

On the basLS of the biomass available to trawl gear on the conhriental shelf and 
shelf break, flatfish and rockflsh dommate the fish fauna m most areas of the GOA 
As of 1996, a flatfish spea.es, arrowtooth flounder, dommated the overall trawl 
survey of the fish b10mass m the GOA, followed by Pacmc ocean perch (rockflsh), 
walleye pollock (gadid), Pacmc hahbut (flatfish), and PactfJ.c cod (gadid) (Martin 
1997a) B10mass of the arrowtooth flounder IS approachmg 2 nulhon mt, and its 
b10mass has been steadtly mcreasmg smce 1977(W1therell1999a) Of the next 15 
largest biomasses of specres m the 1996 NMFS survey, 6 were flatfish and 5 were 
rock.fish 

Geograpluc distnbubons of GOA fish biomass m the NMFS trawl surveys are 
dt.fferent from the overall total In the western GOA, Atka mackeral 
(Hexagramnud) had the highest bmmass m the Shumagm Islands, but tlus specres 
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Table 3.6 Fish Fam1lles and the Approximate Number of Genera and Species 
Reported from the Gulf of Alaska 

Quast and Hall1 Miscellaneous Surveys2 

Family Number of Number of Number of Number of 
Genera Species Genera SpeCIGS 

Petromyzonbdae 2 3 

Hexanch1dae 1 

Lammdae 2 2 

Carchartumdae 1 1 

Squahdae 2 2 

Ra11dae 1 7 4 

Aclpensendae 2 

Clupeldae 2 2 

Salmomdae 6 12 3 

Osmendae 5 6 5 6 

Bathylag1dae 4 

OpisthoproctJdae 1 

Gonostomabdae 2 4 

Melanostom11dae 1 1 

Chauhcx:lonbdae 1 

Alepocephal1dae 

Anotoptendae 

ScopelarchKiae 

Myctoph1dae 7 10 

One1rod1dae 1 3 

Mondae 

Gad1dae 5 5 5 5 

Oph1d11dae 2 2 

Zoaradae 6 11 4 7 

Macroundae 3 

Scombel"8SOCldae 

MelamphaKiae 3 3 

Ze1dae 

Lampndae 

Trachiptendae 

Gasterostetc:lae 2 2 

Scorpaenldae 2 22 2 30 

Hexagramrrudae 3 6 3 5 

Anoplopomabdae 2 2 

Cotbdae 30 54 15 24 

Psychrolubdae c,.,--

r 
Agonldae 8 12 8 9 \ 

'---
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' Table 3 6 Fish Fam1hes and the Approximate Number of Genera and Species 
) Reported from the Gulf of Alaska 

Quast and Hall1 M1&cellaneous Surveys2 

Family Number of Number of Number of Number of 
Genera Spectes Genera Spec18S 

Cycloptendae 12 38 5 7 

Brarmdae 1 1 

Pentacerobdae 1 

Sphyracrndae 1 1 

Tnchodonbdae 2 2 1 1 

Bathymastendae 2 4 2 2 

Anarhtehad1dae 1 1 

S1:1chaeKlae 10 15 4 6 

Pbllchthyidae 1 1 

Phol1chdae 2 4 

Scytabrndae 1 1 

Zaprondae 1 1 1 

Ammodytidae 1 1 1 1 

Scombndae 2 2 

Centrolophldae 1 

Both1dae 1 1 

Pleuronecbdae 15 17 15 16 

Cryptacanthod1dae3 2 2 2 2 

Totals 167 287 84 138 

Sources Hood and Z1mrnennan 1986 (after Ronholt et al 1978) 
1 After Quast and Hall ( 19n} 

2Gulf of Alaska exploratory, BCF, IPHC, and NNIFS trawl survey data 
3Quast and Hall (1972) include these genera and species in the family Sbchae1dae whtle Hart 
(1973) recognizes a separate family 
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Table 3.7 Proporbon of the Total Species Composition of Gulf of Alaska Fish 
Fauna Contnbuted by the 10 Dommant Fish Families m Two Different Surveys 

Famlly1 
Percentage of 

Total Fish Speaea 

CottK:iae 19 

Cycloptendae 13 

Scorpaemdae 8 

Pleuronectidae 6 

St.lchaeidae 5 

Salmomdae 4 

Agomdae 4 

Zoancidae 4 

Myctoph1dae 3 

Ra1tdae 2 

Total 68 

Source (Hood and Ztmmennan 1986) 
1From Quast and Hall (1972) 

Fam1ly2 

Scorpaemdae 

Cotbdae 

Pleuronectidae 

Agomdae 

Zoarcidae 

Cycioptendae 

Sbchaeidae 

Osmendae 

Gachdae 

Hexagramm1dae 

2From GOA exploratory cnnses and resource assessment surveys 

Percentage of 
Total Fish Spec1es 

10 

8 

6 

3 

2 

2 

2 

2 

2 

2 

39 

was not among the 20 largest biomasses of specres m the four other INPFC areas of 
the GOA Arrowtooth flounder dominate the trawl survey biomass throughout the 

( 

GOA They are the most or second most abundant m all five areas Flatfish and ( 
especrally soles compnse a large number of lugh-hmmass specres m the western 
and northwestern GOA (Shumagm Islands, Chmkof, and Kodiak), and :rock£.IBh 
have a large number of lugh-hmmass specres m the northeastern and eastern GOA 
(Yakutat and Southeast) Pollock and cod are a donnnant part of the bmmass m the 
western GOA, but less so m the east Paciftc sleeper sharks are among the 20 
largest hmm.asses of specres m the north (Chmkof, Kodiak, and Yakutat), but not m 
the south (Shumagm Islands and Southeast) The only anadromous specres, the 
eulachon, occurs among the 20 largest hmm.asses m the north,, but not m the south 

With the use of a vanety of gear types, mcludmg trawl net,. try net, trammel 
net, beach seme, and tow net m waters less than 100 m, Rogers et al (1986) 
provided a detailed rmage of the chstnbuhon of fish specres and h10mass with 
depth and by region AB was the case for the 1996 NMFS trawl surveys, specres 
compos1hon and relative hmm.ass of fish specres m mulh-gear surveys change 
substanhally m movmg from the nearshore toward offshore areas m the GOA, as 
well as from one region to the next The findmgs of the mulhple gear surveys were 
consistent with the trawl survey observahons m that shallow (smaller than 100 m) 
fish assemblages were more diverse m the north and west of the GOA than m the 
northeast and east (fable 3 8 m comparison to Table 3 6) 

Other trends m dlstr!buhon correspond to reproduction and seasonal changes 
m shallow waters m some specres of nearshore fishes Estuanne bays m the Kcxhak ( 
arclupelago are nursery areas, with larvae and JUVemles bemg found m nearshore 
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Table 3 8 Comparison of the Number of F1Sh Families and Spectes Found 
at less than 100 m In Different Regions of the GOA 

Location 

Kodiak 

Lower Cook Inlet 

Pnnce Wilham Sound 

Southeast Alaska 

Number of Fam1hes 

22 

25 

18 

NA 

lnfonnabon summanzed from Rogers et al (1986) 

NA = not available 

Number of Spec1GS 

101 

105 

72 

51 

and pelagic habitats witlun bays (Rogers et al 1986) Blackburn (1979 m [Rogers et 
al 1986]} found a trend of larger fish with mcreasmg depth m studies of Ugak Bay 
and Ahtak Bay on Kodiak Island Most specres of nearshore fish apparently move 
to deeper water m the wmter In Lower Cook Inlet and Southeast Alaska, 1uverules 
and other smaller Size classes of the specres of local fish assemblages are found 
close to shore, water temperatures pemnttmg, and larger size classes are found 
farther offshore at depths greater than 30 m at all times of the year 

Nearshore areas of the GOA provide reanng enV1T0nments for the JUVerules of 
many fish speoes Important nursery grounds for JUVerule flatfishes, such as soles 
and Pacrfic hahbut, are found m waters of Kachemak Bay and other waters of 
Lower Cook Inlet, as well as m Chuuak Bay on Kodiak Island (Norcross 1998) In 
Kachemak Bay, summer habitats of someJUverule flatfishes are shallower than 
wmter habitats Juverule flatfish distnbubons m coastal waters are defined by 
substrate type, typically mud and mud-sand, and by depth, typically 10 to 80 m, 

and in the case of Chuuak Bay, by temperature Deep-water and shallow-water 
assemblages were 1denbfied for the groundfish commurubes m both Kachemak 
and Chuuak bays, however, the hrmtmg depths were different for the se two 
locahtJ.es (Norcross 1998, Mueter and Norcross 1999) 

Both salmon and groundhsh populabons m the northeastern Pacrfic appear to 
vary annually m concert with features of chmate, but the responses appear to be 
different (Francrs et al 1998) Annual groundfish recrwtments follow a cycle with a 
roughly 10-year penod that may be related to the ENSO (Hollowed and Wooster 
1992), whereas salmon abundance changes sharply at intervals of 20 to 25 years m 
concert with the PDO (Brodeur et al 1996) The ENSO and the PDO were shown to 
be independent of one another (Mantua et al 1997) The oppOSite responses of 
groundh.sh and salmon (pOSitlve) and crab (negative) recrwtment to mtenslfied 
Aleutian lows may be because different specres-specrfic mecharusms are mvoked 
by the same weather pattern Because the groundh.sh speoes descnbed by 
Hollowed and Wooster (1992, 1995) were mostly wmter spawners, Zheng and 
Kruse (2000b) hypothesize that strengthened Aleutian lows mcrease advectJ.on of 
eggs and larvae of groundh.sh toward onshore nursery areas, rmprovmg survival 
Salmon, on the other hand, benefit from mcreased production of prey items under 
intense lows The poSSlble lmks between Aleutian lows, POOs, and ENSO and 
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popu1ahons of fish and other aruma1s are discussed further below and m a recent 
review paper (FranCIS et al 1998) 

3.10.2.1 Salmon 
The GOA IS the crossroads of the world for Pacmc salmon Salmon from Japan, 

Russia, all of Alaska, BntISh Columbia, and the Pacmc Northwest spend part of 
each hfe cycle m the GOA (Myers et al 2000) Five speaes of salmon-pink, chum, 
sock.eye, coho and Chmook-are very common m the GOA These speaes appear m 

the GOA as early as the first year of hfe (all pink, chum, and ocean type chmook 
and some-sock.eye), however, others may appear dunng the second (all coho and 
stream-type Chmook and most sock.eye) and rarely dunng the third or later years 
(some sock.eye) (see Groot and Margolis 1991) Ecologically, the salmon specres 
may be divided mto two broad groups, manne planknvores (pink, chum, and 
sockeye) and manne plSClvores (coho and chmook) Further ecological 
differentiation IS apparent withm plankhvores For example, the size groups of 
plankton consumed by chum and sockeye are inferred to be qmte different, because 
chum use short stubby gill rakers to separate food from water, and sockeye have 
long feathery gill rakers as filters 

Thstnbution withm the GOA changes with hme after manne entry (Nagasawa 
2000), as salmon disperse among coastal feedmg grounds accordmg to species and 
stock, age, size, feedmg behavior, food preferences, and other factors (Myers et al 
2000) Dunng the first year of manne hfe, salmon are located m estuanes, bays, 
and coastal areas withm the ACC and contmental shelf (Myers et al 2000) With 
hme and growth, frrst-year salmon move farther away from their nver of ongm 
and father offshore Frrst-year salmon move out of the ACC mto colder waters m 
fall and wmter of their first year at sea 

Salmon of all ages are thought to exlub1t seasonal rmgrations m sprmg and fall 
between onshore and offshore manne areas In the fall, salmon of all ages move 
offshore to spend the wmter m waters between 4° C and 8° C that are relatively 
poor m food, perhaps as an energy conservation strategy for SUIVIvmg the wmter 
(Nagasawa 2000) In the spnng, salmon move onshore mto waters that may reach 
15° C where food sources are relatively abundant 

Salmon populations overall are at very high levels m Alaska, with the notable 
exceptions of western Alaska chum and chmook popu1ahons onginating m 
dramages between Norton Sound m the north and the Kuskokwim River, west of 
Bnstol Bay (ADF&G 1998) On Norton Sound, the chum salmon popu1ations of the 
Penny and Cnpple nvers have exlub1ted very low to zero spawnmg stocks m the 
past 5 years Another notable exception to the record high levels of Alaska salmon 
productlon are the Kvichak River sock.eye populations of Bnstol Bay, which have 
faltered Some "off-peak cycle" brood years have recently failed to produce as 
expected (Kruse et al 2000b) 

The situation m Western Alaska notwithstandmg, the 1999 commercial harvest 
of 404,000 mt of salmon m Alaska was the second largest m recorded history 
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behind 1995 {451,000 mt) (Kruse et al 2000b) A large porhon of the record 
harvests m 1999 was pmk salmon from areas ad1acent to the GOA, PWS, and 
Southeast Alaska The status of salmon populations and ftshenes m the followmg 
areas were recently evaluated m terms of levels of harvest and spawnmg 
escapements areas comcrdent with habitats m the north central GOA of the Stellar 
sea hon, which IS hsted as an endangered species under the Endangered Speaes 
Act of 1973 (ESA), Kodiak, the Alaska Pernnsula, and Bnstol Bay All ma1or 
commercial salmon stocks were JUdged to be healthy, with the exception of the 
Kvichak River off-cycle brood years (Kruse et al 2000b) 

Given that manne rmgration patterns of each stock are thought to be 
characterIShc and somewhat uruque (Myers et al 2000), the contrast m the status of 
salmon stocks between W estem and Southcentral and Southeast Alaska offers 
some mtrigwng research quest10ns about the role of manne processes m salmon 
produchon (Cooney 1984) Understandmg the processes that connect salmon 
produchon to climate, manne food produchon, and flshmg reqwres understandmg 
of the manne pathways of the salmon through bme {BeamlSh et al 1999b) 
Therefore, research approaches to understandmg changes m salmon abundance on 
annual and decadal scales need to encompass locahhes that are representahve of 
the full hfe cycle of the salmon and, m parhcular, m estuarme and manne 
envrronments Screntrllc mformabon on freshwater locahhes IS far more common 
than that avaiJ.able for estuarme and manne areas Given the current state of 
mformatlon on both hatchery and wtld salmon, it IS highly desrrable to focus 
current and future efforts on estuanes and manne areas for understandmg 
rmgratory pathways and other habitats, phySiolog:tcal mdicators of mdrvidual 
health, trophic dynarmcs, and the forcrng effects of weather and oceanographic 
processes (Brodeur et al 2000) 

3.1..0.2.2 Pacific Herring 
Paafic herring (herrmg) populabons (Funk 2000) occur m the northeast GOA, 

with commercral concentrations m Southeast Alaska (Sitka), PWS, western Lower 
Cook Inlet, and occasionally around Kodiak Most of the histoncal mformabon on 
hernng m the GOA comes from coastal marme fisheries that started m Alaska m 
1878 (Kruse et al 2000b), however, mtenSive ecological mvestigabons at the end of 
the 20th century have added mformabon on early hfe history (Norcross et al 1999) 
Hernng depoSit eggs onto vegetabon m the mterhdal and near subhdal waters m 
late spnng, undergo a period of larval dnft, and spend the ftrst summer and wmter 
nearshore m sheltered embayments Transport of larvae by currents m relabon to 
sites that are smtable summer feedmg and overwmtermg grounds IS hkely an 
nnportant factor affecbng survival m the ftrst year of hfe m PWS (Norcross et al 
1999), as IB the nutnhonal status of these age-0 herrmg m the fall of the year (Foy 
and Paul 1999) Some porhon of the mature hemng must rmgrate annually 
between onshore spawrung grounds and offshore feedmg grounds, however, the 
geography of the hfe cycle between spawnmg and maturation IS less certam 
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Although the geographic scope of the hemng hie cycle m the Bermg Sea IS 

fairly well understood, inferences from the Benng Sea to the GOA are not direct 
because of apparent d:tf:ferences m hie history strategies between the herring of the 
two regions (Funk 2000) Adult hernng m the GOA are smaller and have shorter 
hie spans than those m the Benng Sea Perhaps GOA hemng nugrate shorter 
dIStances to food sources that are not as nch as those avatlable to Bermg Sea 
herrmg, which nugrate long dlStances from spawrung to feed among the rich food 
sources of the contrnental shelf break (Funk 2000) Genehc analyses mdicate that 
Benng Sea and GOA herring populahons are reproductively ISolated (Funk 2000) 

Another ecologically stgnrficant charactenshc of Pacrftc herrmg IS the temporal 
change m size at age over bme (Brown 2000) Annual deviahons from long-term 
(1927 to 1998) mean length at age for Sitka Sound herrmg mdicate a decadal-scale 
osollahon between posihve and negahve deviahons Tlus frndmg IS consistent 
with the reported comcidence of size-at-age data for Pacmc herrmg with the PDO 
(Ware 1991) Herrmg may be affected by ENSO events Decreased catches, 
recruitments, and weight-at-age of hernng are at times asSOCiated with ENSO 
events Seabirds m the GOA that depend on herrmg and other pelagic forage 
specres showed widespread mortahhes and breed.mg failures dunng the ENSO 
events of 1983 and 1993 (Batley et al 1995b) The s1Il1llanhes between the annual 
patterns of abundance and the locahon of weather systems (annual geographically 
averaged sea-level atmosphenc pressure) are not as dear with herrmg as for other 
fish speaes, such as salmon The d:tf:ference may result because hemng 
populahons tend to be donunated by the occasional strong year class and show 
coilSlderable variability m landmgs through the years 

The current status of herrmg populahons may be closely related to lustoncal 
flshmg patterns Long-term changes assooated with commercial flshmg have 
occurred m the apparent geographic dlStnbuhon and abundance of GOA hernng 
Hemng-reduchon flShenes (011 and meal) from 1878to1%7 reached a peak harvest 
of 142,000 mt m 1934 That expl01tahon rates were high may be mferred from the 
fact that some locahons of ma1or hemng-reduchon flShenes, such as Seldovia Bay 
(Kenai Penmsula and Lower Cook Inlet) are now devoid of hernng It IS speculated 
that reduction fishenes at geographic bottlenecks between hemng spawrung and 
feedmg grounds, such as the entrance to Seldovia Bay and the passes of 
southwestern PWS, were able to apply very high expl01tahon rates to the adult 
populahon Harvest management apphed by the State of Alaska rehes on biomass 
eshmates, and harvests are held to a small frachon of the esttmated biomass 
Harvest IS not allowed unttl the populahon eshmate nses above a mmimum or 
"threshold" biomass level 

Recent statewide hernng harvests have averaged less than a third of the 1934 
peak Direct companson of past and present catch stahstlcs IS problemahc, 
however, because current rates of harvest are thought to be substanbally below 
those apphed m 1934 (Kruse et al 2000b) Also note that recent statewide figures 
for hemng harvests mclude substanhal harvests from outside the GOA, and 
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hemng-reducbon bshenes were located m the GOA Populations of hernng were 
targeted for sac roe starbng m the 1970s and for sac roe and roe on kelp m the 
1980s Regional hemng population status IS vanable Population levels of herring 
m PWS remamed at low levels m 2000, and commero.al harvests were not allowed 
m 1994, 1995, and 1996, nor smce 1998 In 1999, fIShmg operations were halted 
because of low b10mass and poor recrwtment Thsease IS strongly suspected as a 
factor m keepmg the populahon levels low The herring fishery of Lower Cook 
Inlet m Karrushak Bay closed m 1999 after a very small catch m 1998 and remams 
closed because of low biomass levels Catches m the Kodiak fIShery for herrmg sac 
roe are declmmg The bait fIShery m Shehkof Strait was closed m 1999 because of 
1ts possible relation to depressed Kanushak Bay herrmg populations 

S1gru.ficant questions remam about the geographic extent of the stocks to which 
the biomass esbmates and fIShmg exploitation rates may apply m PWS (Norcross et 
al 1999) The geomorphology of PWS m relation to currents plays an rmportant 
role m determmmg the retention of larvae m nearshore areas conduave to growth 
and SUIVIVal The degree to which spawrung aggregations of herring may 
represent mdividual stocks IS a s1gru.ficant question, because the actual expl01tation 
rate of hernng m PWS depends on how many stocks are defmed Although 1t IS 

not clear how many stocks of hemng occupy PWS, conditions appear to favor more 
than one spawrung stock (Norcross et al 1999) 

Water temperatures appear to play rmportant roles m growth and survival of 
age-0 herring Warm summer water temperatures may be conduCive to growth 
and survival, however, the opposite appears to be true of warm water 
temperatures m spring and wmter Increased metabohc demands rmposed by 
warm water on yolk-sac larvae and overwmtermg age-0 hernng could decrease 
survival (Norcross et al 1999) Availability of food before wmter, and perhaps 
durmg wmter may be key to survIVal of age-0 hernng Input of food from the GOA 
may be an rmportant key to survival for age-0 herring at some localihes 
Differential SUI'VlVal among nursery areas because of mterannual vanation m 
clrmate and accessibility of GOA food sources could be a key detemunant of year
class strength m PWS The sources of vanability mean that geographic locality IS 

no guarantee of any parhcular level of survival from year to year Samplmg whole 
body energy content of age-0 herring at the end of the first wmter among bays 
could prOVIde an mdicator of year class strength (Norcross et al 1999) 

Questions relating to the ability of disease outbreaks to control herring 
populations have recently been explored Work has idenbfied the diseases, Viral 
Hemorrhagic Septicemia and a fungus as factors potentially lrmitmg the abundance 
of herring m PWS (Hostettler et al 2000, Crane and Galasso 1999) 

3.10.2.3 Pol/ode 
Pollock are an ecologically dommant and econormcally rmportant cod-hke fISh 

m the GOA They appear to spawn at the same locations withm the same manne 
areas each year, with location of spawrung and rmgrahons of adults hnked to 
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patterns of larval dnft and locations of feedmg grounds (Batley et al 1999) 
Spawrung occurs at depths of 100 to 400 m, and as a result, the distnbuhons of eggs 
and larvae m some areas may have been well below the depths of lustoncal 
ichthyoplankton surveys Pollock larvae feed on early developmental stages of 
copepods and, as JUVernles, move on to feed on larger zooplankton such as 
euphausnds and small fishes, mcludmg pollack Although canrubahsm IS regarded 
as s1gru.ficant m the Benng Sea, it IS not thought to be a sigmficant factor m the 
GOA Pollock eggs and larvae are rmportant sources of food for other 
zooplankters, and year class strength m pollock IS thought to be related abundances 
of marme mammals and seabirds, at least m the Bermg Sea 

Pollock mature at about age 4 and may hve as long as 20 years (Batley et al 
1999) Adult walleye pollock are dIStnbuted throughout the GOA at depths above 
500 m A substantial porbon (45%) of the total pollock biomass as well as the 
highest catches per unit effort (CPUEs) of the 1996 NMFS survey were found at less 
than 200 mm the area between Kodiak and Chmkof ISlands (Martin 1997a) In the 
western GOA, the highest pollock catches and CPUEs of the 1996 NMFS trawl 
survey were found at less than 200 m, whereas m Yakutat and Southeast Alaska the 
substantial availability of pollack to trawl gear persISts above 300 m Pollock larger 
than 30 cm were rarely found above 200 mm the eastern GOA m 1996 (Yakutat and 
Southeast), although pollock of all SIZes (about 10 to 70 cm) were found at all 

depths down to 500 mm the western GOA (Martm 1997a) Although pollock are 
commonly found m the outer contmental shelf and slope, they may also be found 
m nearshore areas where they may be rmportant predators and prey, for example, 
m PWS (Willette et al m press) 

Populabons of pollock m the GOA are considered to be separate from those m 
the Benng Sea (Batley et al 1999) Among the most commercrally rmportant of the 
GOA groundfish speo.es, expl01table b10masses of pollock populations m 1999 
were estrmated at 738,000 mt, down from a peak of about 3 milllon mt m 1982 
(W1therell 1999b) Annual numbers of 2-year-old pollock entenng the fIShable 
population (recrwtment) from 198 to 1987 were errabc and usually lower than 
reCTUitments estrmated m 1977to1980 

Followmg the chmabc regrme shift m 1978, pollock and other cod-like fISh have 
dramatically mc:reased, replacmg shrrmp m nearshore waters as the dommant 
group of organisms caught m rmd-water trawls on the shelf (Piatt and Anderson 
19%) Recrmtment m pollock IS heavily Influenced by oceanographic conditions 
expenenced by the eggs and larvae Good conditions for JUVernles of the 1976 and 
1978 year class contributed to the 1982 peak m pollock biomass m the GOA (Batley 
et al 1999) Populabons have gradually dechned smce then (Witherell 1999b) 
Increasmg mortality schedules m 1986to1991 may mdicate mcreasmg predatlon 
and detenoratmg physical condibons for both JUVernles and adults m the GOA 
(Batley et al 1999) The larger-than-average year class for GOA pollock m 1988 
may be related to high rates of JUVernle growth comc1dent with warm water 
temperatures, lack of wmds, low predator abundance, and low larval mortality 
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rates (Batley et al 1996) As has been shown to be the case with other groundftsh 
J specres, GOA pollock recrwtments are pos1t:J:vely correlated with ENSO events 

(Batley et al 1995b) 

) 

Issues m the management of pollock that currently remam unresolved mclude 
the geograpluc boundaries of stocks, their extent of nugration,. the effects of flslung 
m one geograpluc locale on the populations of pollock and predators m other 

geograpluc locales, and what controls the annual recrwtment of young pollack to 
the flshable populations (Batley et al 1999) In relation to stock structure, spawnmg 
aggregations m PWS, the Shumagm Islands (southwest Kodiak), and Shelikof Strait 
(separating Kodiak from the Alaska Penmsula) may represent separate stocks 
Conditions of weather and changmg ocean currents and eddies m the Shelikof 
Strait have the capactty to alter survival of pollock larvae from year to year (Batley 
et al 1995a) In parbcular, the effects of slufts m the strength of the ACC on larval 
transport pose rmportant questions for how year class strength IS determined In 
1996, anomalous relaxation of wmds resulted ma dramatic mcrease m larval 
retention m the Shelikof basin Increased larval retention may be favorable to 
survival of pollock larvae m tlus area, with some exceptions (Batley et al 1999) 

3.10.2.4 Pacific Cod 
Pact.fie cod 18 a groundflsh with demersal eggs and larvae found throughout the 

GOA on the continental shelf and shelf break Pact.fie cod of the GOA are also an 

econonucally and ecologically rmportant specres Paafic cod had an esbmated 
flshable population of 648,000 mt m 1999, wluch 1B on the low end of the range of 

600,000 to 950,000 mt esbmated for 1978 to 1999 Annual recrwtments of GOA 

Pact.fie cod have been relatively stable since 1978, with excepbonally large numbers 
of 3-year-old recrwts appearing m 1980 and 1998 B10mass of the donunant flatfish 
m the GOA, the arrowtooth flounder, IS approaclung 2 million mt Arrowtooth 

flounder IS not heavily harvested, and their biomass has been steadily mcreasmg 
smce1977 

Pact.fie cod are found throughout the GOA at depths less than 500 m They are 
most abundant m the western GOA (Kodiak, Ounkof and Shumagm Islands) 

where PacrfJ.c cod larger than 30 cm are found at all depths above 300 m, but 
smaller mdividuals are rarely found at depths less than 100m(Martm1997a) 

3.10.ZS Halibut 
Pact.fie halibut are common throughout the GOA at depths less than 400 m, and 

halibut are available to trawl gear at depths of 500m(Martm1997a) In the 1996 
NMFS trawl survey, the largest catches and the lughest CPUE were found at depths 
of less than 100 m east southeast of Kodiak on the Albatross Banks (Figure 3 10) In 
most areas of the GOA, the average weight and length of halibut caught m trawl 
gear mcreases with depth, even though the CPUE declmes with depth, parbcularly 
m the western GOA {Shumagm Islands, Ounkof, and Kodiak) (Martin 1997a) 

The expl01table biomass of another flatfish, the lughly pnzed Pact.fie halibut, m 
1999 was estimated at 258,000 mt, wluch 18 above average for 1974to1999 
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(W1therell 1999b) Explmtable b10mass of Pacmc hahbut was also lllCI'eaSlilg from r-

1974 to 1988, after which it dechned shghtly { 

Paafic hahbut appear to undergo decadal-scale changes m recrwtment, which 
have been correlated with both the 18 6-year cycle for lunar nodal hde (Parker et al 
1995) and the POO 

3.10.3 Overview of Shellftsh and Benthlc Invertebrates 

Shellfish are commonly found on or near the surface of the sea floor, they are 
epibentluc, as adults, and m the water column, pelagic, for varymg lengths of hme 
as pre-adults Excephons to tlus rule abound, parhcularly among mollusks such as 
sqwd, which hve free of the bottom as adults Beyond the nearshore envrronment 
(at depths greater than 25 m), the shellfish and other mvertebrates dam.mate the 
number of specres and the b10mass of the bottom, .rust as other assemblages of 
mvertebrates dam.mate the nearshore (see Sechon 3 7) Among the shellftsh, the 
arthropods and mollusks often have the largest number of specres For example, of 
287 specres of bottom fauna idenhfled m waters deeper than 25 m m Lower Cook 
Inlet, more than 67% were arthropods and mollusks (Feder and Jewett 1986) Many 
of the commercrally rmportant specres of the GOA are dependent for food to a 
greater or lesser extent on bentluc mvertebrates discussed here (Commercrally 
rmportant crabs and shrrmp are discussed below ) Commercial crabs and shnmps, 
and scallops, 1om the fish specres of Pacrfic cod, walleye pollack, hahbut, and 
Pacrfic Ocean perch as members of the subtidal bentluc food web for part of each 
hfe cycle Detntus, bacteria, and rrucroalgae form the base for the bentluc 
mvertebrates of the GOA conhnental shelf, which are predorrunantly filter feeders 
(60%), and detntus eaters (33%) (Semenov 1%5 m Feder and Jewett 1986) Small 
mollusks, small crustaceans, polychaete annehds, and other worm-hke 
mvertebrates make up the filter-feedmg and detnvore component of tlus food web 

Regional chfferences are pronounced m the bentluc food webs of the GOA The 
eastern GOA has few filter feeders and lower average biomass relahve to the 
northern and western GOA, m large part because of the nature of substrates and 
currents In parhcular the bentluc speaes compos1hon and produchvlty m the 
GOA IS deternuned m part by the ACC, parhcularly m the embayments and ~ords 
(Feder and Jewett 1986) The ACC brmgs freshwater to the environments 
contanung the pelagic shellftsh larvae and heavy sedrrnent loads that defme the 
bottom habitats of the later stages of the hfe cycle B10mass of filter feeders on the 
conhnental shelf m the western Gulf (138 grams per square meter [g/ m2]) IS far 
higher than that found m the northeastern or eastern GOA combmed (33 2 g/ m2) 
Biomasses of detntus feeders m the western (31 g/m2) and eastern (12 g/m2) GOA 
are lower than those found m the northeastern GOA (43 g/m2) B10masses of all 
trophic groups on the shelf break are lower than those of the ad1acent shelf The 
c:hstnbuhon of bentluc mvertebrates m the GOA attests to the vahdity of the 
hypothesIS that the type of bottom sedrment, as mfluenced by proxmuty to alluvral 
mputs and currents, determmes the specres composihon, produchon, and 
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producb.vibes of bentluc commurubes (Semenov 1%5 m Feder and Jewett 1986) 
Sediment size is donunant among the factors controlling the chstnbubon of bentluc 
specres (Feder and Jewett 1986) 

3.10.3.1 Crab 
The pnncrpal commercial crab specres m the GOA are the kmg crabs 

(Paralithodes spp ), the tanner crab (Ouonoecetes bairdt), and the Dungeness crab 
(Cancer magister) All specres have bentluc adults and pelagtc larvae, although the 
Ille lu.story strategies vary substanbally withm and among specres For example, 
the pelagic stages of the red kmg crab are herbivorous, those of the tanner crab are 
carruvorous, and those of the golden kmg crab do not feed unttl they 
metamorphose mto the bentluc stages The bentluc stages of all crab specres feed to 
a large extent on the less well known mvertebrates of the bentluc environments 
(Feder and Paul 1980a, Jewett and Feder 1983, Feder and Jewett 1986) discussed 
bnefly above under the shellfish overview 

The status of crab populabons is relabvely poor m comparison to the 
groundfish populabons (Kruse et al 2000a) Crab catches m the GOA have shown 
sharp changes with bme, perhaps mdicabve of sensibvlty to chmabc fo!Clilg m 
some specres, to fishmg, or a to combmahon of factors (Zheng and Kruse 2000b) 
The red kmg crab stock of the GOA collapsed m the early 1980s and currently 
shows no Signs of recovery The tanner crab populabons m PWS, Cook Inlet, 
Kcxhak, and the Alaska Penmsula have declmed to low levels m the early 1990s, 
and harvest levels have been sharply reduced (Kruse et al 2000b) 

In a study of bme-senes data on recrmtment for 15 crab stocks m the Benng 
Sea, Aleuban Islands, and GOA, bme trends m 7of15 crab stocks are s1gruficantly 
correlated with hme senes of the strength of Aleuban Low chmate regimes (Zheng 
and Kruse 2000a) Trme trends m recrmtments among some kmg crab stocks were 
correlated over broad geographic regtons, suggesbng a Sigruficant role of 
environmental forcmg m regulabon of populabon numbers for these speaes The 
mcreased ocean producb.vity associated with the mtense Aleuban Low and warmer 
temperatures was mversely related to recrmtment for 7 of the 15 crab stocks The 
seven S1gmficantly negabve correlabons between ocean productJ.vity and crab 
recrmtment were from Bristol Bay, Cook Inlet ,and the GOA Crab stocks declmed 
as the Aleuban Low mtensifi.ed A s1gmficant mverse relabon between the brood 
strength of red 1ang crab and Aleuban Low mtenslty was reported earher for one of 
the stocks m tlus study, red kmg crab from Bristol Bay (Tyler and Kruse 1996) 

Tyler and Kruse (1996, 1997) and (Zheng and Kruse 2000a) have arhculated an 
exphcrt senes of hypotheses hnkmg features of physical and geologtcal 
oceanography to the reproducb.ve and developmental biology of red kmg and 
tanner crab The hypotheses explam observed relabons between chmate and 
recrmtment Tanner and red kmg crab m the Bermg Sea are thought to respond 
differently to the phySical factors assocrated with the Aleuban Low because of the 

~) distnbuhon of the different types of sea bottom requrred by the post-planktoruc 
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stage of each specres Smtable bottom habl.tat for red kmg crabs m the Benng Sea IS 

more generally nearshore, whereas swtable bottom habl.tat for tanner crab IS 

offshore Intense Aleuban Low condinons favor surface currents that carry or hold 
planktoruc crab larvae onshore, whereas weak Aleuhan Low condihons favor 
surface currents that move larvae offshore The process may not be speaes specrftc, 
but stock specillc, dependmg on the locahon of swtable settlmg habitat m relahon 
to the prevatlmg currents In the case of red long crab, Zheng and Kruse (2000b) 
explam the apparent paradox of lowered recrwtment for red kmg crab dunng 
penods of mcreased pnmary produchVIty Red kmg crab eat diatoms, but show a 
preference for diatoms srmtlar to ThalasSWSlra spp , which dommate m years of 
weak lows and stable water columns Strong lows contribute to well-IDIXed water 
columns and a diverse assemblage of primary producers, which may be 

unfavorable for red kmg crab larvae, but favorable for tanner crab larvae Tanner 
crab larvae eat copepods, which are favored by the higher temperatures associated 
with mtense lows 

Recently completed modelmg studies (Rosenkranz 1999) support chmahc 
vanables as determmants of recrwtment success m tanner crab Predommant wmd 
drrectJ.on and temperature of bottom water were strongly related to strength of 
tanner crab year classes m the Benng Sea Northeast wmds are thought to set up 
ocean transport processes that promote year-class strength by carrymg the larvae 
toward SUitable habitat Elevated bottom-water temperatures were expected to 
augment the effect of northeast wmd by mcreasmg surVIVal of newly hatched 
larvae (Rosenkranz 1999) 

3.10.3.2 Shrimp 
The shnmp were once among the dommant benthic epifauna m Lower Cook 

Inlet and Kodiak and along the Alaska Perunsula (Anderson and Piatt 1999, Feder 
and Jewett 1986) and of substanhal commercral rmportance m the GOA Five 
specres of Pandahd shnmp dommated the commercial catches, which occurred 

west of 144° W longitude m PWS, Cook Inlet, Kodiak and along the Alaska 
Perunsula (Kruse et al 2000b) Shrrmp fishenes m the GOA peaked at 67,000 mt m 
1973, reached 59,000 mt m 1977, and declmed thereafter to the pomt where shrrmp 
flshmg IB vrrtually nonexistent m the GOA today 

Regional fIBhenes follow the pattern seen for the GOA as a whole The trawl 
fishery for northern shnmp (Pandalus borealts) m Lower Cook Inlet peaked at 
2,800 mt m 1980 to 1981 and was closed m 1987 to 1988 The fIBhery for northern 
and s1destnped shnmp (P dtspar) along the outer Kenai Perunsula peaked at 888 mt 
m 1984 to 1985 and closed m 1997 to 1998 The pot fIBhery for spot (P platyceros) 
and coonstnped shnmp (P lrypsmotus) m PWS mcreased. rapidly after 1978 to its 
peak harvest of 132 mt m 1986 This pot fIBhery then declmed to its low of 8 mt m 
1991 and has been closed BIIlCe 1992 The trawl shrrmp fIBhery for northern shnmp 
m PWS peaked at 586 mt m 1984 and SWitched to s1destnped shrrmp m 1987 The 
PWS trawl fIBhery for Bidestnped shrnnp peaked at 89 mt m 1992, and the northern ( 
shnmp catch was VIrtually zero at this time The PWS catch of s1destnped shrrmp 
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ill 1999 was 29 mt and falling The Kochak trawl fishery for northern shnmp 
peaked at 37,265 mt ill 1971, and catch thereafter declmed to 3 mt ill 1997to1998 
In the Aleuban Islands, shnmp catches after the 1978 season declmed precrp1tously, 
and the fishery has not rebounded smce 

3.10.4 General Research Questions 

The followmg general research quesbons summanze the SCienbfic quesbons 
posed or suggested by Secbon 3 10 

How can trends ill ·abundance of fish and shellfish speaes be explamed? 

• What IS the role of large-scale atmosphenc forcmg ill controllmg the 
structure and abundance of marme fish and shellfish commumties ill the 
western central GOA ecosystem? 

• 

• 

• Does large-scale atmosphenc forcmg control the quality of food 
available to larval fISh and shellfrsh through its mfluence on the specres 
composition and size d.Jstnbution of pnmary producers? 

• How do the rates of recrrntment of benthic aruma1s with planktoruc 
larvae respond to mecharusms of transport that may control the 
dIStnbution of larvae relative to SUitable bottom habitat? 

• How do the rates of recrrntment of fish specres with planktoruc larvae 
respond to mecharusms of transport that may control the dIStnbution of 
larvae relative to swtable 1uverule rearmg habitat? 

Are fish species that spawn ill the wmter favored by penods of early peak 
productlon, and specres that spawn m the spnng and summer favored by 
periods of delayed produchon? 

What hfe history strategies perm1t the arrowtooth flounder to be so 
widespread and abundant? 

How well are the specres composition, relative abundances and tropruc 
structure of fish and shell£rsh commuruties understood, based on current samplmg 
methods? 

What are the underlymg mecharusms whereby chmate illduces changes ill 
productivity, and whereby fishing mduces vanations ill the ocean produchon of 
salmon? 

• 

• 

• 

How can salmon stocks be 1denbfied? 

What are the ecological processes ill the ocean that control productivity of 
salmon? 

What are the illterannual variations m ocean growth, chstnbution, and 
rmgratory tirmng of salmon stocks? 
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• What are the annual levels of ocean producbon of salmon m the North 
Pacific and by region of ongm? 

3.11.1 General Characteristics 
of the GOA Marine Mammal Fauna 

3.11 Marine Mammals 

The GOA has a mostly temperate manne 
mammal fauna Cal1ans (1986) provided the only previously pubhshed review of 
GOA manne mammals, and hsted 26 specres as occurnng m the region Five of 
those (ptlotwhale, Risso's dolphm, nghtwhale dolphm, white sided dolphm, and 
Cahforrua sea hon) are pnmanly southern speoes that occur occasionally m 
Southeast Alaska but rarely, If at all, m the EVOS region He also hsted the Paafic 
walrus, which IS a subarcbc specres that occurs m the GOA only as occasional 
wanderers 

Table 3 9 provides a summary of the general characterISbcs of 20 manne 
mammal specres that occur regularly m the GEM region, mcludmg 7 baleen whales, 
8 toothed whales and porpmses, 4 pmmpeds, and the sea otter Useful reviews of 
mformabon on these specres can be found m Lentfer (1988), Cal1ans (1986), Perry et 

al (1999), Forney et al (2000), and Ferrero et al (2000) Vanous aspects of manne 
mammal biology are described m detatl m Reynolds and Rommel (1999) 

Most of the manne mammal speoes shown m Table 3 9 are widely distnbuted 

(~ 

m the North Paafic Ocean, and the arumals that Inhabit the GEM region represent ,,-
only part of the total populabon Apphcabon of modern molecular genebcs ( 
techruques, however, has provided much new mformabon on populabon 
structures (Dizon et al 1997) Researchers have found that for specres such as killer 
whales (Hoelzel et al 1998), beluga whales (O'Corry-Crowe and Lowry 1997), 
(Bickham et al 19%), harbor seals (Westlake and O'Corry-Crowe 1997), and sea 
otters (Scnbner et al 1997), genebc exchange among ad1acent and somebmes 
overlappmg groups of animals IS so low that they need to be managed as separate 
stocks 

Taxonormcally the GOA manne mammal fauna can be broken down mto four 
ma1or groups 

• 

• 

• 

• 

Mysbcete cetaceans-baleen whales, 

Odontocete cetaceans-toothed whales, 

Pmrupeds-seals, sea hons, and fur seals, and 

Mustehds-sea otters 

The baleen whales are pnmanly summer seasonal VlSltors to the GOA that 
come to the conbnental shelf and offshore waters to feed on zooplankton and small 
schooling fishes (Callans 1986, Perry et al 1999) Breed.mg and calvmg occur m 
more southerly, warmer, regions The GOA IS pnmanly a rmgrabon route for the 
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Table 3 9 Summary of Characterfshcs of Marine Mammal Species That Occur Regularly m the GOA EVOS Area 

Species shown m bold are those that have been selected as focal species for GEM 

Use of Gulf of Alaska by Species Population Status Management Clasarflcabon 

Residence Hab1tats1 ActMb892 Abundance3 Trend EVOS MMPA ESA 

Blue whale seasonal S,D F small? unknown depleted endangered 

Fm whale seasonal S,D F medium? unknown depleted endangered 

Set whale seasonal S,D F mechum? unknown depleted endangered 

Humpback whale seasonal C,S,D F medium rncreasmg depleted endangered 

Gray whale seasonal c,s M, F? large mcreasmg 

Right whale seasonal s F small unknown depleted endangered 

Mmkewhale re81dent? c,s F,C,8? medium? unknown 

Odontocates 

Sperm whale seasonal? s,o F large? unknown depleted endangered 

Killer whale resident C,S,D F,C,B small unknown damaged 

Beluga whale resident c,s F,C,B small dechmng? depleted 

Beaked whale4 resident? S,D F,C,B unknown unknown 

Dall's porpoise resident S,D F,C,8 large unknown 

resident c,s F,C, B unknown 

Steller sea hon resident T,C,S,D F,C,B large dechnmg depleted endangered 

Northern fur seal seasonal S,D M,F large stable depleted 

Harbor seal resident T,C,8 F,C,B large dechmng damaged 

Elephant seal seasonal S,D F large rncreasmg 

Musteltds 

Sea otter resident T,C,S F,C,B large unknown damaged 

1 T = terrestnal, C = coastal, S = continental shelf, D = deep water 
2 F =feeding, M = m1gratrng, C = calvrng/pupprng, B = braedrng 
3 small= <1,000, medium= 1,000-10,000, large= >10,000 
4 Probably includes at least 3 speaes Baird's beaked whale, CUV1er's beaked whale, and Benng Sea beaked whale 
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gray whale, which breeds and calves m Baja Cahforrua, Mexico, and has its pnmary 
feedmg grounds m the northern Benng and Chukchi seas Gones et al 1984) 

The large species of baleen whales were all greatly reduced by commercral 
over-expl01tatlon (Perry et al 1999) H:rstoncal mformahon on stock structure and 
abundance IS very hnuted, and, partly because of therr broad dIStnbuhons, 
accurately assessmg current abundance and population trend IS generally chffi.cult 
(Ferrero et al 2000) Humpback whales and gray whales are excephons to that 
generalization For humpbacks, estimates of population size based on mdiVIdual 
1dentlficatJ.ons from fluke photos (CalambokidIS et al 1997) suggest that the central 
North Pacific stock IS mcreasmg (Ferrero et al 2000) For many years, systematic 
counts have been made of gray whales rmgrating along the Cahforrua coast, and 
results mdicate that smce the 1960s the population has been mcreasmg by 2 5% per 

year (Bre1wick 1999) 

The situation with sperm whales 1S much hke that of the large baleen whales 
Many features of therr basic b10logy, such as stock structure, distribution, 
rmgratory patterns, and feedmg ecology, are poorly known They occur 
throughout the North Pacmc, mostly m deep water south of 500 N latitude, but 
some are seen m the northern GOA at least m summer (Calkms 1986, Perry et al 
1999) From what IS known of their diet, sperm whales eat mostly deep-water 
fishes and sqwds North Pacrhc sperm whales were intensely harvested, with more 
than 250,000 killed dunng 1947to1987 (Perry et al 1999) Current abundance and 
population trends are complete unknowns 

In contrast to the baleen whales and sperm whale, the smaller toothed whales 
are pnmanly resident m the GOA Very httle IS known about the biology of 
beaked whales, but the other specres have been relatively well studied Two 
specres, killer whales and beluga whales, have been selected as focal speaes for 
GEM and are discussed m detail m later sections Harbor porp01ses and Dall's 
porp01ses both have relabvely large populations, and with the exception of 
InCidental take m commercial fIShenes, they are unhkely to have been Sigruficantly 
rmpacted by human achVIties (Ferrero et al 2000) Both specres feed on small fIShes 
and sqwds, with Dall's porp01ses usmg mostly continental shelf and slope areas 
and harbor porp01ses most common m coastal and continental shelf waters 
(Calkins 1986) 

The two resident pmruped specres, Steller sea hons and harbor seals, are both 
focal species for GEM and will be discussed later m tlus sechon Northern fur seals 
pup and breed on ISlands m the Benng Sea (Pnbtlof Islands and Bogoslof Island) 
A portlon of the population rmgrates through the GEM region on its way to and 
from therr rookeries Adult fur seals may feed m the GOA durmg rmgrahon and 
wmter months, and non-breedmg anrmals may feed m the area year-round Small 
fIShes and sqwds are the pnmary foods of fur seals (Calkms 1986) H:rstoncally, 
northern fur seals were depleted by commercral harvests, but the population IS 

now large, numbenng about 1 rmlhon animals, and currently stable (Ferrero et al 
2000) Northern elephant seals pup and breed at rookeries m Cahforma and 
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Mexico After breedmg, adult males go to the GOA to feed on deep-water fishes 
and cephalopods (Stewart 1997) The northern elephant seal populabon was 
greatly depleted by harvestmg, but 1t IS currently large and growing (Forney et al 
2000) 

The sea otter IS a focal speaes for GEM and 1S dJ.scussed later m th1S secbon 

As a group manne :mammals are managed and protected by domesbc 
legIBlabon and mternabonal treabes that generally do not apply to other manne 
speaes (Baur et al 1999) (see Table 3 9) Early protecbve efforts were m response to 
the need to lmut commercial harvests and to reduce their rmpacts on declmmg and 
depleted populabons The North Pacrfic Fur Seal Convention, agreed tom 1911, 
proVIded protection to both fur seals and sea otters In 1946, the Internabonal 
Convention for the Regulation of Whalmg began to manage harvests of large 
whales, and 1t provided progressive protecbon to stocks as they became over
exploited The FSA provides protecbon to marme mammals (and other species) 
that may be m danger of extmctlon because of human actlvibes The SEA also 
allows protecbon of "cnbcal habitat'' needed by those species All species of 
manne :mammals are covered by the Manne Mammal Protecbon Act (MMP A), 
which became federal law m 1972 Primary obJecbves of the MMP A are to 
"mamtam the health and stability of the manne ecosystem," and for each manne 
mammal speaes to" obtain an optrrnum sustamable population keepmg m mmd 
the carrymg capacrty of the habitat " ProVlSlons of the MMP A put a moratonum 
on all "takmg" of marme :mammals, with excepnons allowed for subsIStence 
hunting by Alaska Nabves, screnb.fic research, pubhc display, commercial fishing, 
and certain other human actlvlbes, subject to restnctlons and permitting Speaes 
detemuned to be below their "optrrnum sustamable population" level, and those 
llSted as threatened or endangered under proVIB10ns of the FSA, are hsted as 
depleted under the MMP A and may be given additional protection Certam 
specres of manne mammals were determmed to have been damaged by the EVOS, 
and therefore have been subjects of EVOS restoration actlvlties 

Another uruque aspect of manne mammal management IS the strong 
mvolvement of Alaska Nabves m the process Alaska Nabves have formed a 
number of groups that represent therr mterests m research, management, 
conservation, and tradibonal subsIStence uses of manne mammals Groups 
especrally relevant to the EVOS GOA region mclude the Alaska Native Harbor Seal 
CoIDilUSSlon (ANHSC), the Alaska Sea Otter and Steller Sea Lion CommlSSion, and 
the Cook Inlet Manne Mammal Council The ANHSC has been particularly actrve 
m the EVOS region, and has receIVed funds from the Trustee CoUilCll to conduct a 
biosamphng program m PWS and the GOA, and to contnbute rnformabon about 
the distnbubon, abundance, and health of seals Congress has recogruzed the 
benefits of mvolvmg Alaska Nabves m manne mammal management, and has 
lI'ICluded proV1S10ns for co-management programs (Alaska Native orgaruzabons 
workmg as partners with federal management agencres) m the 1994 amendments to 
theMMPA 
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.APJ will be discussed ID detail ID the followmg sechons, some manne mammal 
populabons have declined ID the GOA (and elsewhere ID Alaska} ID recent years ( 
In general, the causes of those declmes are unclear, but there has been speculabon 
that they may be ID some way related to the chmachc regune sluft that occurred ID 
the region The evidence supporbng such a connechon IS the temporal coIDcrdence 
of the shift to a warmer regtme, wlu.ch happened ID the nud-1970s, and the dechne 
of harbor seals and Steller sea hons that has occurred ID the 1970s through the 
1990s 

The Nabonal Research Council (NRq reviewed evidence for a lmk:age between 
chmate and manne mammal declmes as part of their effort to explam changes that 
have occurred ID recent years m the Benng Sea (NRC 1996) They found data that 
showed some likely negabve effects of cold weather on northern fur seal pups 
(I'ntes 1990) and a strong mfluence of warm El Nrfio condibons on Caltforrua sea 
hons (I'nllnuch and Ono 1991) Because most GOA manne mammals have broad 
ranges that mclude waters much warmer than the GOA, it IS unbkely that a 
warmer regnne has had any direct negahve effect on their reproduchon or survwal 
The warmer condibons, however, have resulted m changes m fish and mvertebrate 
populabons (Anderson et al 1997) that may ID tum have affected the nutnhon of 
harbor seals and Steller sea hons (Alaska Sea Grant College Program 1993} The 
NRC concluded that food hmitation was likely a factor ID Bermg Sea pmruped 
population declmes, but that tlu.s was due to a complex smte of bmlogical and 
phySical mterachons and not 81II1.ply the regtme shift (NRC 1996) (-

3.11.2 Focal marine mammal species for the GEM program 

3.11.2.1 Killer Whale 
Killer whales are medium- sized, toothed whales They are a cosmopohtan 

specres generally found throughout the world's oceans, but most common m colder 
nearshore waters (Heyrung and Dahlheim 1988) Sightings m Alaska show a wide 
distribution, mostly on the continental shelf, but also offshore (Braham and 
Dahlherm 1982) Because there has been no real effort to track mdividual killer 
whales, the understandmg of movements IS based pnmanly on sightings of 
aruma1s that can be identified by marks and pigmentation patterns (Bigg et al 
1987) The general pattern seems to be that some killer whales may stay m areas for 
several months whtle feed.mg on seasonally abundant prey, but long-distance 
movements are not uncommon (Ferrero et al 2000) 

In the GOA, killer whales are seen frequently m Southeast Alaska and the area 
between PWS and Kodiak (Matkm and SauhtIS 1994) Within the EVOS GOA 
region, whales are seen most commonly ID southwestern PWS, Kenai Fiords, and 
southern Resurrechon Bay (Matkm et al 2000) Whales move back and forth 
between these areas as well as to and from Southeast Alaska (Matkm et al 1997) 
Sightmgs from the area around Kodiak suggest that killer whales are common, but 
there has been httle study effort devoted to that region (Matkm and SauhtIS 1994) 
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Killer whales have been studied m detail m easily accessible areas such as 
Washmgton state, Bnbsh Columbia, Southeast Alaska, and PWS Researchers have 
found that killer whales have a very complex social system and populabon 
structure Studies of assocrabon patterns (Matkin et al 1998), vocahzabons (Ford 
1991, Sauhbs 1993), feedmg behav10r (Ford et al 1998), and molecular genetics 
(Hoelzel et al 1998, Barrett-Lennard et al m press) have shown that there are two 
pnmary types of killer whales The types are termed utransient" and ures1dent" A 
pnmary ecological difference between the two types IS that residents eat fish, whtle 
transients mostly prey on other manne mammals (Ford et al 1998) W1thm each of 
these general types, killer whales are divided mto pods that may be composed of 

one or more matnhneal groups In resident whales, the pods are very stable 
through bme, with vrrtually no permanent exchange of mdividuals between pods, 
but new pods may be formed by sphtbng off of a maternal group A third killer 
whale type called "offshore" has been encountered, but little is known about them 
(Ford et al 1994) 

What IS known of the life hIStory and biology of killer whales m Alaska was 
complied m Matkin and Sauhbs (1994) Both females and males are thought to 
become sexually mature at about 15 years of age Females may produce calves 
until they are about 40, at mtervals of 2 to 12 years Mabng occurs mostly dunng 
May through October, and most births happen between fall and spnng Ma.xmmm 
longevity has been esbma.ted to be 80 to 90 years for females and 50 to 60 years for 

~., males Killer whales have no natural enem1es, but m some areas, local abundance 
) and pod structure have been affected by human actlVlbes, mcludmg hve captures 

for public display, mteracbons with commercral fishenes, and the EVOS (Oles1uk et 
al 1990, Dahlherm and Matkin 1994, Matkin et al 1994, Ferrero et al 2000, Forney 
et al 2000) Normal birth and death rates for resident killer whales are about 2% 
per year (Olesiuk et al 1990) 

) 

Surface observabons and exa.mmabon of stomach contents from stranded 
anrma1s have shown that as a group killer whales can and do eat a wide array of 
prey, mcludmg fishes, birds, and mammals (Matkin and Sauhbs 1994) More 
detailed studies have documented considerable prey specra.hzabon m certam pods 
and mdividuals Resident killer whales m the PWS feed mostly on coho salmon 
dunng the summer (Matkm et al 1997) and on chmook salmon m wmter and 
spnng (Matkm 2000) TranBient whales m the same area eat mostly harbor seals, 
Dall's porpmse, and harbor porpoISe (Sauhbs 1993, Matkin and Sauhbs 1994) 
Some GOA transient killer whales occasionally eat Steller sea hons (Barrett
Lennard et al 1995) 

It IS dtfficult to come up with mearungful populabon esbmates for killer 
whales, partly because they may move over great distances and partly because 
some groups (such as the offshore type) and areas (such as the GOA west of 
Resurrection Bay) have been poorly studied Ferrero et al (2000) gave a nurumum 
eshmate of 717 whales m the northern restdent stock of the ea.stern North Pacrfic, 
and Forney et al (2000) gave a mmrmum number of 376 for the transient stock of 
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the eastern North Paa.&c Reliable data on trend m abundance are not avrulable for 
either stock The most recent census (1999) mdicates that there are 135 killer whales 
m the eight pods that regularly use the Kenai Fiords-PWS region (Matkin 2000) 

Studies of killer whales m the PWS area began m the late 1970s (von Zlegesar et 
al 1986, Leatherwood et al 1990) Because killer whales were deterrruned to have 
been damaged by the EVOS, killer whale studies were rntensmed durmg 1989 to 
2000 (Mat.km et al 1994, 2000) Those long-term studies allow accurate 
deterrrunahon of numbers, because all mdividuals rn each pod are photmdentfiled 
nearly every year Births and deaths of rndividual arumals are morutored, which 
allows the calculahon of reproduchve and survival rates for each pod (Mat.km and 
Sauhtis 1994, Mat.km et al 2000) 

Mat.km et al (1999) used assocrahon and genealogical data to orgaruze the 
resident killer whales m the EVOS GOA area rnto nme pods Data on the number 
of whales m each of those pods for the penod from 1984 to 2000 are shown rn 
Table 3 10 All resident pods with the excephon of AB pod have either mcreased or 
stayed the same smce 1984 The number of whales m AB pod decreased by 36% 
from 1988to1990 and has stayed about the same smce Smee 1990, the recrmtment 
rate for AB pod has been smular to other resident pods, but the mortality rate has 
been more than twice as high (Mat.km et al 2000) 

Less IS known about transient killer whales, and their stock structure withrn the 
eastern North Pacrf1c IS less clear Stock assessment reports have dealt with all 
transient whales that occur from Alaska to Cahforrua as a smgle stock (Forney et al 
2000) Studies have shown, however, that two groups of whales that occur rn the 
EVOS GOA region, called ATI transients and GOA transients, are genetically and 
acousncally distrnct from one another and from other west coast transients (SauhtIS 
1993, Barrett-Lennard et al rn press) GOA transients range widely, but are seen 
only occasionally rn the PWS-Kenai Fiords area The ATI pod occurs m the PWS
Kenai Fiords area year-round (Sauhtis 1993, Matkin et al 2000) The number of 
whales rn the ATI pod has declrned by more than 50% smce 1988, with only 10 
rndividuals remarnrng rn 2000 (Table 310) 

The declrnes rn the AB and AT1 killer whale pods are ISSUes of ma1or 
conservahon concern Thirteen whales, mostly 1uverules and adult females, 
disappeared from AB pod from March 1989 to June 1990, the highest mortahty rate 
ever seen m a resident killer whale pod Although U calves have been born rn AB 
pod smce then, there lS no clear trend toward recovery because an addinonal 
10 arumals have died For the AT1 transients, 12 whales have died smce 1988 and 
no calves have been recrwted to the group smce 1984 (Matkin 2000) 

The causes of the declrnes rn these two killer whale pods are not entirely clear 
Killer whales are only rarely caught rncrdental to commercral flshmg operahons 
(Ferrero et al 2000) In the rmd-1980s, however, the AB pod was rnvolved rn a 
different type of rnterachon with the longhne flshenes for sablefish and halibut 
(Mat.km and SauhtIS 1994) Whales removed hooked fish from the Imes, and 
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Table 3.10 Number of Whales Photographically ldenbfied in Kiiier Whale Pods in 
the GOA EVOS Area, 1984 to 2000 

Pod Identifier 1984 1988 1990 2000 

Resident Pods 

AB 35 36 23 25 

AD05 13 11 12 13 

AD16 6 5 5 6 

AE 13 12 13 18 

Al 6 6 6 6 

AJ 25 26 28 36 

AK 7 8 9 11 

AN10 12 13 13 20 

AN20 23 26 29 

Tramuent Groups 

AT1 22 22 13 10 

Source Matkin et al 2000 and Matkin personal commumcabon 
1 The entire AN20 pod has not been photographed smce 1991 

.fishermen attempted to deter them by shoob.ng at them and detonabng explosives 
A number of whales were seen with gunshot wounds, and some of those later 
disappeared In spite of eight mortahties dunng the previous 4 years, the pod 
numbered 36 arumals m 1988, one more than m 1984 (Matkin et al 1994) In March 
to September 1989, members of the AB pod were several bmes seen swmurung m 
011 from the EVOS Although a d.rrect cause-effect relationslup cannot be shown, 
there IS reason to beheve that the population dechne IS m some way due to the spill 
(Dahlhenn and Matkin 1994, Matkin et al 1994) Members of the ATI transient 
group were also seen m otl m summer 1989, and many members of the group were 
rmssmg the followmg year and have not been seen Slil.Ce (Matkin et al 1994, 2000) 
An additional concern related to the potential effects of contact with otl IS the 
consumption of harbor seals, which A TI transients feed on to a large extent 
(SauhtIS 1993) Because many harbor seals were coated with otl by the spill (Lowry 
et al 1994), the whales may have mgested contammated prey In addition, the 
harbor seal population has decreased Harbor seal numbers were declmmg m parts 
of PWS before 1989, an estimated 300 seals were killed by the spill, and the seal 
population has conbnued to declme at least through 1997 (Frost et al 1994, Frost et 
al 1999) Therefore, the lack of recrwtment mto the ATI pod may be at least partly 
caused by the severe reduction of harbor seal numbers m the EVOS GOA reg10n 
(Matkin et al 2000) 

Other than theu general status under the MMP A, Alaskan killer whales have 
not been afforded any special legal protection Although the AB pod IS part of a 
larger resident population, the A TI group IS a dIStmct population that IS 

demographically and genetically ISOiated from other killer whales For that reason, 
protective lISbng under the E.5A may be warranted for the ATI group 
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3.11.2.2 Beluga Whale 
Belugas, also called wlute whales or belukhas, are medmm-stzed, toothed 

whales They have a dl.sJunct crrcumpolar chstnbubon and occur pl'IIlClpally m 
arcb.c and subarctJ.c waters (O'Corry-Crowe and Lowry 1997) Recent studies have 
shown that belugas are separated mto a number of dtscrete genehc groups (stocks), 
that generally correspond to groups of aru.mals that summer m different regions 
(O'Corry-Crowe et al 1997, Brown Gladden et al 1999) There are four relatively 
large stocks that range throughout western and northern Alaska and a small stock 
that occurs m Cook Inlet and the GOA (O'Corry-Crowe and Lowry 1997) 

In the GOA, belugas are seen most commonly m Cook Inlet, but sightmgs have 
been made near Kodiak Island, m PWS, and m Yakutat Bay (Lrudre et al m press) 
The fact that there have been several reports of belugas m Yakutat Bay dunng 1976 
to 1998 suggests the possibility of a small resident group there The other sightings 
have most likely been of animals from the mam Cook Inlet concentrat10n 

Because summer surveys of belugas m Cook Inlet have been conducted at 
irregular mtervals smce the 1960s and annually smce 1993, beluga distnbut10n m 
that region IS fairly well known (K1tnkhart 1966, Calkms 1984, Rugh et al m press) 
Belugas may be found throughout Cook Inlet, and m rmd-summer they are always 
most common near the mouths of large nvers m Upper Cook Inlet, especrally the 
Beluga Rrver, the Susitna Rrver, and Cluckaloon Bay Other areas where they have 
been commonly seen mclude Turnagam Arm, Kruk Arm, Kachemak Bay, Redoubt 
Bay, and Trading Bay Rugh et al (m press) compared the chstnbution of June and 
July sightings made m the 1990s with earher years They found that the proportion 
of Sightmgs m Upper Cook Inlet has mcreased greatly m the last decade, and they 
conclude that the number of Sightmgs m Lower Cook Inlet and m offshore waters 
has declined durmg the years 

In February-March 1997, aerial surveys were conducted with the specmc goal 
of gathering Information on wmter chstnbution of the Cook Inlet beluga stock 
(Hansen and Hubbard 1999) The area surveyed mcluded Cook Inlet and parts of 
the GOA between Kodiak Island and Yakutat Bay Almost all beluga sightmgs (150 
out of 160) were m the rmddle part of Cook Inlet, and the remammg Sightmgs were 
In y akutat Bay 

Smee 1999, the N1vtFS National Manne Mammal Laboratory (NMML) has 
gathered data on Cook Inlet beluga chstnbution and movements through use of 
satellite-hnked tags In 1999, one whale that was tagged and tracked for 110 days 
(from May 31toSeptember17) stayed m Upper Cook Inlet (Ferrero et al m press) 
To try to obtain Information on wmter chstnbubon, two tags were attached to 
whales on September 13, 2000 The whales were tracked unttl rmd-January 
Dunng that tlme, they moved around qwte a bit m Upper Cook Inlet, but did not 
go south of Kalgm Island (NM:ML unpubhshed data available at 
http/ /nmml afsc noaa gov/ CetaceanAssessment/Folder/2000_beluga_whale_tag 
gmghtm) 
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In many parts of Alaska, rncludmg Cook Inlet, belugas are most common rn 
nearshore waters dunng the summer (Callans 1986, Frost and Lowry 1990) 
Proposed reasons for the use of nearshore habJ.tats mclude the possible advantage 

of warm protected waters for newborn calves (Sergeant and Broche 1%9), 
faa.htab.on of the epidermal molt by fresh water and rubbrng on gravel (St Aubrn 
et al 1990, Srmth et al 1992), and feedmg on seasonally abundant coastal and 
anadromous fishes (Seaman et al 1985, Frost and Lowry 1990) Although there 
have been no chrect studies of the diet of Cook Inlet beluga whales, at least part of 
the reason for therr congregahng nearshore and near nver mouths must be to feed 
on abundant fishes such as salmon and eulachon (Callans 1984, Moore et al rn 

press) 

There has been no hfe history rnformab.on collected from Cook Inlet belugas 
B10logical characterisb.cs of belugas rn other areas were reported by Hazard (1988) 
Females become sexually mature at 4 to 7 years of age and males at 7 to 9 years 
Mature females give bJ.rth to calves every 2 to 3 years, mostly rn late spnng or 
summer The maxnnum hfe span has not been well defrned, but IB hkely to be 

about 40 years In the southern part of therr range, belugas are preyed upon by 
killer whales, and rn more northern areas by polar bears 

Beluga whales are difficult to enumerate for a number of reasons Pnncrpal 
problems are that whales are easy to ffilSS rn muddy water or when whitecaps are 
present, and rn all condib.ons some fracb.on of the populab.on will be underwater 
where they cannot be seen Early survey efforts largely ignored these problems 
and JUSt reported the number of arumals counted, which dunng the 1%0s to 1980s 
was usually a few hundred In 1994 the NMFS NMML began to produce annual 
esb.mates of populab.on SIZe with standardized aenal surveys of the enb.re Cook 
Inlet and a sophisb.cated set of methods to correct for whales that were ffil8sed by 
observers (Hobbs et al rn press, Rugh et al rn press, Hobbs 2000) For each survey, 

they reported the number of whales counted and an esb.mate of the total 
populab.on size (Table 311) Unfortunately because of problems Inherent rn 
counhng whales from the arr, the annual esb.mates are lffiprecIBe and have a 
relab.vely large coefbcrent of variab.on Nonetheless, regression analysIS shows a 
stab.st:Ically Sigruficant populab.on dechne dunng the 7-year penod The 2000 
populab.on IS most likely at least one-third smaller than it was rn 1994 The 95% 
confidence hrmts for the 2000 survey were 279 to 679 whales, meanrng it IS very 
11ke1y that the true current populab.on size IS somewhere rn that range 

Available data suggest that beluga whales rn Cook Inlet rarely become 
entangled rn fIShrng gear (Ferrero et al 2000) The largest source of mortality rn 
recent years has been hunhng by Alaska Nab.ves Although harvest data are 
rmprecrse, esb.mates of the annual number of whales killed dunng 1993 to 1998 
ranged from 21to123 arumals (Ferrero et al 2000, Mahoney and Shelden rn press) 
ThIS compares to a likely sustarnable harvest of about 20 whales from a populab.on 
of 500 
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Table 3.11 Counts and Population Estimates for Cook Inlet Beluga Whales, 
1993 to 2000 

Year Whale Count Abundance Esbmate Coefficient of Vanabon 

1994 281 653 043 

1995 324 491 044 

1996 307 594 028 

1997 264 440 0 14 

1998 193 347 029 

1999 217 357 020 

2000 184 435 023 

Sources Hobbs et al in press and Hobbs 2000 

Because of the population dechne and the potential for continued overharvest, 
several environmental groups and one md.Ividual subrrutted a petition to NMFS m 
March 1999 requesting that the Cook Inlet beluga whale be hsted as an endangered 
specres under the ESA Resporu:hng to the same problems, Senator Ted Stevens 
m.se:rted language mto federal legislation passed m May 1999 that prohibited any 
hunting of beluga whales by Alaska Natives, unless they had entered mto a co
management agreement with NMFS to regulate the hunt In May 2000, NMFS 
fmahzed a designation of depletion under proVISlons of the MMP A for the Cook 
Inlet beluga population, and m June 2000, the agency detemuned that a hstlng (,--
under the ESA was not warranted There was no legal harvest of Cook Inlet 
belugas m either 1999 or 2000 NMFS lS currently workmg through pI'OVlSlons of 
the :MMP A to allow a small, regulated take of Cook Inlet belugas to sab.sfy the 
cultural needs of Alaska Natrves 

Although overharvest by Alaska Natrves m the 1990s appears to be sufficrent to 

explam the population dechne, concerns that thlS small isolated population may be 
vulnerable to other threats remam Areas of concern that have been identtfted 
mclude commercral :&shmg, 011 and gas development, muruetpal discharges, noISe 
from aircraft and slups, sluppmg traffic, and tounsm (Moore et al m press) -
3.11.2.3 Steller Sea Uon 

Steller sea hons are the largest specres of otarud (eared seal) They are distnbuted 
around the North Pac:tf:tc nm from northern Japan, the Kunl Islands and Okhotsk Sea, 
through the Aleutian Islands and Bermg Sea, along the southern coast of Alaska, and 
south to Cahforrua (Kenyon and Rice 1961, Loughhn et al 1984, Loughhn et al 1992) 
Most large rookeries are m the GOA and Aleutian Islands The northernmost rookery, 
Seal Rocks, lS m the EVOS region at the entrance to PWS Currently the largest 
rookery lS on Lowne Island, m the Forrester Island complex m southern Southeast 
Alaska 

Steller sea hons are hsted as two dlStinct population segments under the ESA an 
eastern populabon that mcludes all anrmals east of Cape Sucklmg, Alaska, and a 
western populabon that mcludes all anrmals at and west of Cape Suckhng Tlus 
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d.J.stmcb.on IS based mostly on results from rmtochondnal DNA genetic stuches that 
fmmd a dtstm.ct break m the dtstnbub:on of haplotypes between locab:ons sampled m 

the western part of the range and eastern locab:ons, mchcab:ng restncted gene fl.ow 
between two popuJab:ons (Bickham et al 19%, Bickham et al 1998a) Informab:on on 
dIStnbub:on, popuJab:on response, and phenotypic charactensb:cs, also support the 
concept of two Steller sea hon stocks (Loughhn 1997) 

Most adult Steller sea hons occupy rookenes dunng the puppmg and breedmg 
season, wl:uch extends from late May to early July (Pttcher and Ca1kms 1981, GlSlner 
1985) Some JUVerules aed non-breed.mg adults may summer at or near the rookenes, 
but most use other locab:ons as haul-outs Dunng fall and wmter, sea hons may be at 
rookery and haul-out Sites that are used dunng the summer, and they are also seen at 
other locab:ons They do not make regular rmgrab:ons, but do move considerable 

dIStances When they reach adulthocx:L females generally return to the rookenes of 
their brrth to pup and breed (Kenyon and Rice 1961, Ca1kms and Pitcher 1982, 

Loughhnetal 1984) 

Steller sea hons use a number of manne and terrestnal habitats Adults 

congregate for puppmg and breed.mg on rookenes that are usually on sand, gravel, 
cobble, boulder, or bedrock beaches of relab.vely remote ISiands Haul-outs are sites 

used by adult sea hons dunng b:mes other than the breedmg season, and by non
breedmg adults and subadults throughout the year Haul-outs may be at sites also 
used as rookeries, or on other rocks, reefs, beaches, Jetlles, breakwaters, navigab:onal 

aids, £1.oabng docks, and sea ice With the excepb:on of sea ice, sites used for rookenes 
and haul-outs are trachb:onal and the speohc locab:ons used vary httle from year to 

year Factors that Influence the surtabihty of a particular area are poorly understood 
(Gentry 1970, Sandegren 1970, Calkms and Pitcher 1982) 

When not on land, Steller sea hons are seen near shore and out to the edge of the 
conb:nental shelf, m the GOA, they commonly occur near the 200-m depth contour 

(Kap.mum and Loughhn 1988) Stuches with usmg satelhte-hnked telemetry have 
provided detatled mformab:on on at-sea movements (Merrick and Loughhn 1997) 
Adult females tagged at rookenes m the central GOA and Aleub:an Islands m summer 
made short trrps to sea and generally stayed on the conb:nental shelf In wmter, adult 
females ranged more widely with some movmg to seamounts far offshore Pups 
tracked dunng the wmter made relab:vely short tnps to sea, but one moved 320 km 
from the eastern Aleub:ans to the Pnbtlof Islands 

Female Steller sea hons reach sexual maturity at 3 to 6 years of age and most breed 
annually durmg June and July (Pitcher and Ca1kms 1981) Males reach sexual 
maturity at 3 to 7 years of age and phySical maturity by age 10, they estabhsh 
temtones on rookeries dunng the breedmg season, and one male may breed with 
several females (Thorstemson and Lensmk 1962, Gentry 1970, Sandegren 1970, GJSiner 
1985) Temtonal males fast for long penods dunng the pupping and breed.mg season 
Pups are born on land, normally m late May to Jtme, and they stay on land for about 2 
weeks, then spend an mcreasmg amount of time m mtertidal areas and SWlillilUilg 
near shore After grvmg birth, sea hon mothers attend pups constantly for about 10 
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days, then alternate tnps to sea for feed.mg with returns to the rookery to suckle therr 
pup Unlike most pmrupeds, for wluch wearung IS predictable and abrupt, Steller sea 
hons may conbnue to nurse until they are at least three years old (Gentry 1970, 
Sandegren 1970, Calkm.s and Pitcher 1982) 

Steller sea hons die from a number of causes, mcludmg chsease, predab.on, 
shootmg by humans, and entanglement m fishmg nets or debns (Mernck et al 1987) 

In adchb.on, pups may die from drownmg, starvation caused by separation from the 

mother, cruslnng by larger arumals, and bibng by females other than the mother (Orr 
and Poulter1967, Edte 1977} 

Steller sea hons are generahst predators that mostly eat a vanety of fishes and 
mvertebrates (Pitcher 1981, NMFS 2000b) Seals, sea otters, and birds are also 

occasionally eaten (Gentry and Johnson 1981, Pitcher and Fay 1982, Darnel and 
SchneeweIS 1992) Much effort has been devoted to descnbmg the diet of sea hons m 
the GOA In the rmd 1970s and rmd 1980s, the pnmary food found m sea hon 
stomachs was walleye pollack Octopus, sqmd, herrmg, Paa.&c cod, flatfishes, capebn, 

and sand lance also were consumed frequently (Pitcher 1981, Caikms and Goodwm 
1988) In the 1970s, walleye pollack was the most nnportant prey m all seasons, except 
summer, when small forage fishes (capelm, hernng, and sand lance) were eaten more 

frequently (Mernck and Caikms 1996) Results from exarmnation of scats collected on 
rookeries and haul-outs m the GOA m the 1990s confirmed that pollack has been 
overall the dommant prey, with Paa.&c cod and salmon also nnportant m some 

months (Merrick et al 1997, NMFS 2000b) The chet of JUVerule Steller sea hons has 
not been studied m detatl, but it IS known that they eat somewhat smaller pollack than 
do adults (Frost and Lowry 1986, Caikms 1998) A vatlable data suggest that the 

average daily food reqwrement for sea hons lS on the order of 5% to 8% of their l:xxiy 
weight per day (Kastelem et al 1990, Rosen and Tntes 200:>) 

Satellite-hnked tags attached to sea hons have provided mformation on the 
amount of time spent d1vmg and chvmg depths (Mernck and Loughhn 1997) Adult 
females m wmter spent the most time feed.mg and dove the deepest, and young of the 
year spent relatively httle time chvmg to shallow depths As young of the year 
matured, foragmg effort mcreased from November to May 

The abimdance of Steller sea hons m the western population has decreased greatly 
smce the 1960s, to the extent that the speaes has been hsted as endangered under the 
FSA From the rmd-late 1970s through 2000, mdex counts of adults and JUVerules for 
the western population as a whole declmed by 83% from 109,880to18,193 (NMFS 
2000b) Dechnes m the eastern GOA (Seal Rocks to Outer Island) and central GOA 
(Sugarloaf Island to Chowiet Island) have been of a generally Slillllar magrutude (73% 
and 87% ), but it appears that the declme m the eastern GOA began later than m the 
western GOA and other regions (Sease and Loughhn 1999, NMFS 2000a) (Table 3 12) 
Counts of pups on rookenes have shown S1In1lar dechnes Modehng and taggmg 
studies have suggested that the proxrmate cause of the populabon declme IS 

probably a reducbon m survival of 1uverule arumals (York 1994, Chumbley et al 
1997) Birth rates are also comparatively low (Calkms and Goodwin 1988), which 

146 VOWME II, OlAPTER 3 



) 
_,,I 

GtJu: ECDsYsiEM MoNITORING AND REsEARoi PRoGRAM 

Table 3.12 Index Counts of Steller Sea Lions m the Eastern Gulf of Alaska (Seal 
Rocks to Outer Island) and Western Gulf of Alaska (Sugarloaf Island to Chowlet 
Island) 

Survey Year EaatemGOA Central GOA 

1976 7,053 

1985 

1989 7,241 

1990 5,444 

1991 4,596 

1992 3,738 

1994 3,369 

1996 2,133 

1997 

1998 

1999 1,952 

2000 1,894 

Sources Sease and Loughlm 1999 and NMFS 2000 

Dashes mdlcate no count m that year 

24,678 

19,002 

8,552 

7,050 

6,273 

5,n1 

4,520 

3,915 

3,352 

3,346 

3,177 

1 Use counts m the Aleuban Islands made m 1977 and 1979 

Western Stock Total 

109,8801 

30,525 

29,418 

27,286 

24,119 

22,223 

20,201 

18,193 

could be a contnbutmg factor Populab.on viability analySIS suggests that If the 
decline conb.nues at its current rate some rookenes will go exb.nct m the next 40 to 

50 years, and the enb.re western populab.on could be extinct withm 100 to 120 years 
(York et al 1996) 

A number of factors have been suggested that may have affected the western 
Steller sea hon population m the past 3 to 4 decades (Memck et al 1987, NMFS 1994 
NMFS 2(XX)b) There IS no evidence that patterns of predation, disease, or 

envrronmental contammants have changed suffi.oently to have caused such a ma3or 
decrease m abundance (Loughlm 1998) In the past, many sea hons were killed m 
commeroal harvests, by lDCldental entanglement m nets, and by shootmg to reduce 

damage to fl.sling gear and fish depredab.on (Alverson 1992) That mortality may 
have played some part m the early stages of the dechne, but such ktlhng has been 
ehnunated or greatly reduced and cannot explam the widespread, contmwng dechne 

Subsistence hunb.ng by Alaska Natives occurs at low levels and IS not JUdged to be an 
rmportant factor overall (Ferrero et al 2000) Currently the most hkely explanation 18 

that sea hons, espeaally JUVerules, are expenencmg lugher than normal mortality 
because they are nutntionally hmlted (Loughlm 1998, NMFS 2000b) The nutntional 
hmltation could be caused by environmental changes that have affected sea hon prey 
specres, competlb.on for prey with commercml hshenes, or some combmation of the 
two 

The declme of the western population of Steller sea hons, and the need to recover 

the population and protect cob.cal habJ.tat as requrred by the FSA, have been a InaJOr 
conservation :tSSUe m recent years (Lowry et al 1989, Fntz et al 1995) Actions 
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proposed to facilitate recovery may have substantial effects on commerc:ral f:tshenes 
and coastal commurutJ.es m the GOA and elsewhere (NMFS 200:>b) 

3.11.2.4 Pacific Harbor Seal 
Harbor seals are med.mm-sized, "earless" seals that are widespread 111 

temperate waters of both the North AtlantJ.c and the North Pac:tflc In the North 
Pac:tflc, therr chstnbution is nearly conhnuous from BaJa Cahforma, Mexico, to the 
GOA and Bermg Sea, through the Aleuhan Islands, and to eastern Russia and 
northern Japan (Shaughnessy and Fay 1977, Hoover-Miller 1994) 

. 
Harbor seals are formd pnmanly 111 the coastal zone where they feed and haul 

out to rest, give b~ care for therr yormg, and molt Haul-out sites mclude 
111tertidal reefs, rocky shores, mud and sand bars, gravel and sand beaches, and 
floahng glacial ice (Hoover-Miller 1994) From the results of satellite tagging 
studies m PWS, most adult harbor seals are known to use the same few haul-outs 
for most of the year (Frost et al 19%, Frost et al 1997) 

Although it is relatively easy to study harbor seals whtle they are on haul-outs, 
therr chstnbution and movements at sea are not as well rmderstood Dunng 1992 to 
1997, as part of EVOS restoratJ.on studies, satelhte-hnked depth recorders (SDRs) 
were attached to seals m PWS to study therr at-sea behav10r Analysis of the 
trackmg data from 49 subadult and adult harbor seals 111dicated that most tagged 
seals stayed m or near PWS, but some subadults moved 300 to 500 km east and 
west 111 the GOA (Frost et al 2001, Lowry et al 2001) Vutually all relocations were 
on the continental shelf 111 water less than 200 m deep Most feedmg tnps for 
adults went 10 km or less from haul-outs, and 1uvernles fed mostly withm 25 km 
Patterns of divmg (effort and depth) vaned geographically and seasonally Dunng 
1997to1999, SDRs were attached to '27 recently weaned harbor seal pups 111 PWS 
Prehrmnary analysIB of those data (Frost et al 1998, Lowry and Frost unpublished) 
did not show any extraordmary movement patterns 

SDRs have also been attached to harbor seals m Southeast Alaska and the 
Kodiak region Prelmunary results from those tagging efforts have been reported 
m Small et al (1997, 1998) The data are currently be111g analyzed and prepared for 
pubhcation (Small 2001) 

Overall, harbor seals are relatively sedentary and they show considerable 
fl.dehty to haul-out sites (Pitcher and McAlhster 1981, Frost et al 1996, Frost et al 
1997) For management purposes, NMFS has delmeated three harbor seal stocks 111 
Alaska 

1 The southeast Alaska stock, mcludmg arumals east and south of Cape 
Suckhng, 

2 The GOA stock, mcludmg arumals from Cape Suckhng to Urumak Pass and 
westward through the Aleutian Islands, and 
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3 The Bering Sea stock mcludmg annnals m Bnstol Bay and the Pribilof 
Islands (Ferrero et al 2000) 

Dunng the past several years, an m-depth study of Alaska harbor seal genebcs 
has been conducted by the NMFS Southwest FIShenes Science Center Prehrrunary 
analysIS of those data mdicate a number of relabvely small populabon uruts with 
very hrruted dispersal among them (O'Corry-Crowe et al m press), m (Small et al 
1999) Results suggest that withm the EVOS area, there are mulbple harbor seal 
stocks that may requrre mdiVIdual management attenbon NMFS soenbsts are 

currently analyzmg the molecular genetics data and prepanng it for pubhcabon 
NMFS managers are evaluabng those results with the mtenbon of refmmg stock 
boundaries for Alaska harbor seals 

Hoover-Miller (1994) summanzed available mformabon on Alaska harbor seal 
biology and hfe lustory Both male and female harbor seals reach sexual matunty 
at 3 to 7 years old Adult females give birth to smgle pups once a year, on land or 
on glacral ice In PWS and the GOA, most puppmg occurs from rmd-May through 
June Newborn harbor seals pups are born with their eyes open, with an adult-h.ke 
coat, and are rmmechately able to swrm Pups are weaned when they are 3 to 6 
weeks old Once each year m July to September, harbor seals shed their old hair 
and grow a new coat Dunng this bme, the seals spend more bme hauled out than 
they do at other bmes For that reason, the molt penod IS a good bme to count 
seals to esbmate populabon SlZeS and trends 

Most mformabon about the diet of harbor seals m PWS and the GOA was 
collected m the nud-1970s by exanunabon of stomach contents (Pitcher 1980) The 
maJor prey overall m both PWS and ad1acent parts of the GOA was pollock 
Octopus, capehn, Pacrfrc cod, and hernng also are eaten frequently Stomachs of 
young seals contained mostly pollock, capehn, eulachon, and hernng As part of 
EVOS restorabon studies, blubber samples from PWS harbor seals have been 
analyzed for their fatty acrd compos1bon to exa:rmne their recent diets (Iverson et al 
1997), and (Lowry and Frost unpublIShed) Inlbal results showed that herrmg, 
pollock, other fIShes, and cephalopods (a class of sqmd and octopi) had been eaten 
Seals sampled at the same haul-out had slillllar fatty acid composibons, suggesbng 
that they had fed locally on srmtlar prey In contrast, seals sampled from areas as 
httle as 80 km apart had dtfferent fatty aod compos1bons, mdicabng substanbally 
d.tfferent diets Small et al (1999) have exa:rmned scats from harbor seals collected 
near Kochak and found mostly remains of sculpms, greenhng, sand lance, and 
pollack 

Known predators of harbor seals mclude killer whales, Steller sea hons, and 
sharks The rmpact of these predators on harbor seal populabons IS unknown,. but 
may be Sigru.ficant In PWS alone, killer whales may eat as many as 400 harbor 
seals per year (Matkm 2000) The lilCldence of sharks caught on halibut longlmes m 
the GOA has mcreased greatly m the last decade (Lowry and Frost unpubhshed 
data) The degree to which these sharks prey on harbor seals IS unknown, but seal 
rem.ams have been observed m their stomachs (Matkm 2000) 
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Before the MMP A, harbor seals were hunted commercrally m Alaska, and they 
were also killed to reduce their predabon on commercially rmportant b.shes 
(Hoover-Miller 1994) Such kills, which exceeded 10,000 arumals m many years, 
were largely stopped m 1972 The MMP A allowed b.shermen to shoot seals If they 
were damagmg their gear or catch and could not be deterred by other means A 
few hundred anrma1s probably were killed annually for that reason durmg 1973 to 
1993 In 1994, the MMP A was amended to reqwre that fishermen use only non
lethal means to keep manne mammals away from their gear 

Harbor seals have been and conbnue to be an rmportant food and handicraft 
resource for Alaska Nahve subSIStence hunters m PWS and the GOA The ADF&G 
D1vIB10n of Subsistence estrmated the size of the harbor seal harvest annually 
durmg 1992 to 1998 The average annual kill durmg that penod was approxrmately 
380 seals m PWS and 360 for Kodtak, Cook Inlet-Kerun, and the south Alaska 
Penmsula combmed (Wolfe and Hutclunson-Scarbrough 1999) About 88% of the 
seals shot were retrieved, and 12% were struck and lost Although harvests at 
mdividual villages have vaned from year to year, regional harvest levels have 
shown no clear trend 

Harbor seals are somebmes entangled and killed m the gear set by several 
commercial flshenes that operate m the EVOS GOA region Ferrero et al (2000) 
esbmated an average mrmmum annual mortality of 36 arumals for the GOA stock 
This figure was an underestrmate, because there have not been observer programs 
for several of the b.shenes that are hkely to mteract with harbor seals 

Some harbor seals were killed by the EVOS, at least m PWS (Frost et al 1994) In 
August and September 1989, ADF &G flew aenal surveys of harbor seals m otled and 
unotled areas of central and eastern PWS Results of those surveys were compared to 
earher surveys of the same haul-outs conducted m 1983, 1984, and 1988 Before the 
EVOS, counts m otled and unotled areas of PWS were declnung at a srmtlar rate, about 
12% per year From 1988to1989, however, there was a 43% dechne m counts of seals 
at otled sites compared to 11 % at unotled sites Other studies conducted as part of 
the EVOS damage assessment program showed that seals m otled areas became 
coated with otl (Lowry et al 1994) Many otled seals acted Sick and lethargic for the 
first few months after the spill Tests of btle and ttssues showed that otled seals 
were metabohz:tng petroleum compounds (Frost et al 1994) Microscopic 
exanunabon mdicated that some otled seals had bram damage that would hkely 
have mterfered with rmportant functions such as breathmg, SWJilUIUilg, diVIng, and 
feedmg (Spraker et al 1994) It was esbmated that approximately 300 seals died 
because of the EVOS (Frost et al 1994) Hoover-Miller et al (2000) disputed the 
mortality esbmate of Frost et al (1994), but they adrmt that the spill had effects on 
harbor seals and do not provide an alternabve esbmate of mortality 

Harbor seals are one of the most common manne mammals m the EVOS GOA 
region In 1973, ADF&G estrmated there were about 125,000 m this region based on 
harvest data, observed densibes of seals, and the amount of available habitat 
(Pitcher 1984) The most recent populabon esbmate for the GOA harbor seal stock, 
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denved from mtens1ve aenal surveys conducted by NMFS, IS 29,175 (Ferrero et al 
2000) Although the methods used to denve the two eshmates were very different 
and they are not directly comparable, the difference does suggest that a large 
dechne m harbor seal numbers has occurred m the GOA 

Counts at mdividual haul-outs and along surveys routes establIShed to momtor 
trends confum the dechne and provide some mformabon on the temporal pattern 
of changes (Table 3 13) At Tugidak Island (south of Kodiak Island), average molt 
penod counts dechned by 85% from 1976to1988 (Pitcher 1990), followed by a 
penod of stablhzahon before a populahon mcrease of about 5% per year dunng 
1994 to 1999 (Small et al 1999) In eastern and central PWS, the number of seals at 
25 trend mdex sites dechned by 42% between 1984and1988(Pitcher1989) Trend 
counts at mdex sites have shown that the dechne m that part of PWS continued at 
least through 1997, by which time there were 63 % fewer seals than there were m 
1984 (Frost et al 1999) Counts on the PWS trend route were fairly srmtlar m 1994 
to 1998 (Table 313), suggesting that the dechne m that area may have stopped In 
the Kodiak trend area, harbor seal counts mcreased by 5 6% per year dunng 1993 to 
1999 (Small et al 1999) 

Table 313 Counts of Harbor Seals at Index Sites In the EVOS GOA Area 

Year Tug1dak Island PWS Kodiak 

1976 5,708 

1977 4,618 

1978 3,781 

1979 3,133 

1982 1,918 

1984 1,469 2,488 

1986 1,181 

1986 966 1,875 

1989 1,423 

1990 882 1,282 

1991 1,200 

1992 820 1,133 

1993 805 1,126 3,129 

1994 BOO 981 3,478 

1995 804 1,126 3,855 

1996 819 962 3,322 

1997 844 929 3,674 

1998 880 1,053 4,247 

1999 929 4,876 

Sources Prtcher 1990, Frost et al 1994, Frost et al unpublished, and Small 2001 

Counts have been adjusted to account for important covariates (Frost, lovilry, and ver Hoef 
1999) 
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Mortahty of harbor seals caused by people because of fishery mteractlons, the 
EVOS, and hunbng has been farrly well documented Each of these causes may be a 
contnbubng factor, but it seems unhkely that they could have caused such a 
widespread and ma1or populat10n dechne Other factors that could be mvolved m the 
dechne mclude disease, food hnutat10n, pred.abon, contamrnants, and changes m 
habitat avatlabihty No strong soenbftc evidence has been produced, however, to 
suggest that any of these factors has been a prrmary cause (Sease 1992, Hoover-Miller 
1994) A Leslie matnx model for populabon proJectlon showed that large changes m 
vital parameters (reproducbon and survIVal) must have occurred to cause the declmes 
m abundance seen m PWS durmg 1984to1989, and that changes m JUVentle survwal 
are hkely to have the greatest effect on populabon growth (Frost et al 19%) 

The large decrease m harbor seal abundance m the GOA has been a IDaJOr concern 
among saenhsts, resource managers, Alaska Natives, and the public After 
completion of damage assessment, the Trustee Counctl funded restorabon studies to 
learn about the biology and ecology of harbor seals m the spill area, and to mveshgate 
possible causes for the decline (Frost and Lowry 1994, Frost et al 1995, Frost et al 
19%, Frost et al 1997, Frost et al 1998, Frost et al 1999) At about the same trme, 
Congress began providing funds to ADF&G to be used to mveshgate causes of the 
Alaskan harbor seal dechne Those funds were used to rmbate harbor seal research 
programs m Southeast Alaska and the Kodrak area, and to resume long-term studies 
on Tugidak Island (LewIB 1996, Small et al 1997, Small 1998, Small et al 1999, Small 
and Pendleton 2001) A ma1or part of all those studies has been hve-captunng seals 
and attachmg SDRs to them to learn about their movements, foragmg patterns, and 
behavior on land and at sea As part of the field studies, researchers have weighed 
and measured each seal, and have taken samples for studies of blood chenustry, 
disease, genebcs, and diet Some parts of those studies have been completed and 
published, some are m the analysIS and reporbng stage, and others are ongomg As 

dJ.scussed above, the results have added greatly to the understanding of harbor seals 
m th18 area and will conbnue to do so as more of the work 18 completed 

Any trme a wtldhfe populat10n declines, it IS a cause for concern For harbor 
seals m PWS and the GOA, however, the concern IS magrufied because the causes 
for the dechne are unknown and because these seals are an nnportant food and 
cultural resource of Alaska Nabves In addition, the results of genetics studies are 
showmg very lnnlted dispersal between seals m ad1acent areas, suggesting that 
harbor seals should be managed as a number of relabvely small uruts So far GOA 
harbor seals have not been listed as depleted under the ::M:M:P A or as threatened or 
endangered under the ESA The hsnng status could change If recovery doesn't 
happen m some genetically discrete population Uillts 

Harbor seals may have great value as an mdlcator specres of enVIIOnmental 
condit10ns m the GEM region They are nnportant m the food web, both as upper 
level predators on commercrally explmted fishes and other fishes and mvertebrates, 
and also as a food resource for killer whales and Alaska Nabve hunters Because 
they are non-nugratory and have low dispersal rates, changes m their abundance 
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and behavior should be reflect:J.ve of changes rn local enVll'Onmental conchhons rn 
the areas they Inhabit Further, they are relatrvely easy to study, and dunng the 
past 30 years a considerable amount of baselrne data has been collected on their 
abundance, dtstnbuhon, and other aspects of their biology and ecology 

3.11.2.5 Sea Otter 
Sea otters are the only completely manne speaes of the aquahc lutrrnae, or 

otter subfamily of the family Mustehdae They occur only rn coastal waters around 
the North Paofic nm, from central BaJa Cahforrua, Mexico, to the northern Islands 
of Japan The northern dtstnbuhon of sea otters IB hmlted by the southern extent of 
wmter sea ice that hmlts access to foragrng habitat (Kenyon 1%9, Riedman and 
Estes 1990) Southern range hmlts are less well understood, but are hkely related to 
reduced produchvity at lower lahtudes, mcreasrng water temperatures, and 
thermoregulatory constrarnts rmposed by the sea otter's dense fur 

Three subspecies of sea otters are recogruzed Enhydra lutns lutns from Asia to 
the Commander Islands of Russia, E l kenyoni from the western Aleuhans to 
northern California, and E l nereis, south of the Oregon (Wilson et al 1991) The 
subspecrfJ.c taxonomy suggested. by morphological analyses 1S largely supported by 
subsequent molecular genehc data (Cronrn et al 19%, Scnbner et al 1997) The 
chstnbuhon of rmtochondrial DNA haplotypes suggests httle or no recent female
mediated gene flow among populations Populahons separated by large 
geographic distances, however, share some haplotypes (for example, rn the Kuni 
and Kochak ISiands), suggestive of common ancestry and some level of historical 
gene flow The chfferences rn genetic markers among contemporary sea otter 
populahons hkely reflect the followrng 

• Periods of habitat fragmentabon and consolidation dunng PleIBtocene 
glacial advance and retreat, 

• Some effect of reproduchve 1S0lab.on over large spab.al scale, and 

• The recent history of harvest-related reduchons and subsequent 
recoloruzahon (Crornn et al 19%, Scribner et al 1997) 

Sea otters occupy and use only coastal manne habitats The seaward hmlt of 
their feedmg habJ.tat, which IS about the 100-m depth contour, 1S defrned by their 
ability to chve to the sea floor Although sea otters may be found at the surface rn 
deeper water, either restrng or swmmung, they must marntarn relatrvely frequent 
access to shallower depths where they can feed In PWS, 98 % of the sea otters are 
found m water with depths less than 200 m and sea otter abundance IB mversely 
correlated with water depth, with about 80% of the anrmals observed rn water less 
than 40 m deep (Bodkm and Udevitz 1999) Sea otters forage rn diverse bottom 
types, from frne mud and sand to rocky reefs Although they may haul out on 
rntertidal or supratidal shores, no aspect of their hfe history requrres leavrng the 
ocean Where present, surface-canopy-fomung kelps provide preferred restmg 
habJ.tat In areas lackmg kelp canopies, sea otters rest m groups or alone m open 
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water, but may select areas protected from large waves where avatlable Sea otters 
generally feed alone and often rest m groups of 10 or fewer, but also occur m 
groups numbermg m the hundreds (Riedman and Estes 1990) 

Relatively few data are available to descnbe relahons between sea otter 
densihes and habitat charactenshcs Maxunum sea otter densihes of about 12 per 
square ktlometer (km2) have been reported from the Aleutian and Commander 
ISlands (Kenyon 1%9, Bod.km et al 2000) where habitats are largely rocky 
Maxunum densihes m Orea Inlet of PWS, a shallow soft-sedtment habitat, are 
about 16 per km2 Eqwhbnum, or sustamable densihes ,likely vary among habitats, 
with reported values of about 5 to 8 per km2 In PWS, sea otter densihes vary 
among areas, averagmg about 1 5 per km2 and rangmg from fewer than 1 to about 
6 per km2 (Bod.km and Udevitz 1999, USGS unpublished data) 

The sea otter IS the largest mustehd, with males considerably larger than 
females Adult males attam weights of 45 kg and total lengths of 148 cm Adult 
females attam weights of 36 kg and total lengths of 140 cm At birth, pups weigh 
about 1 7 to 2 3 kg and are about 60 cm m total length 

Adult male sea otters gam access to estrous females by estabhshmg and 
mamtammg terntones from which other males are excluded (Kenyon 1%9, 
Garshehs et al 1984, Jameson 1989) Male terntones vary m size from about 20 to 
80 hectares Terntones may be located m or adjacent to female reshng or feedmg 
areas or along travel comdors between those areas, and are occupied conhnuously 
or mterrmttently through bme (Loughlin 1981, Garshehs et al 1984, Jameson 1989) 
Female sea otters attam sexual matunty as early as age 2, and by age 3 most 
females are sexually mature Where food resources may be lmutmg population 
growth, sexual maturahon may be delayed to 4 to 5 years of age 

Adult female reproductive rates range from 0 80 to 0 94 (Srmff and Ralls 1991, 
Bod.km et al 1993, Jameson and Johnson 1993, Riedman et al 1994, Monson and 
DeGange 1995, Monson et al 2000b) Among areas where sea otter reproduction 
has been studied, reproductive rates appear to be smular despite d.Ifferences m 
resource avatlability Although copulation and subsequent pupping can take place 
at any bme of year, there appears to be a positive relahon between mcreasmg 
latitude and reproductive synchrony ( occumng snnultaneously) In Cahforma, 
puppmg IS weakly synchronous to nearly umform across months, m PWS, a 
distmct peak m puppmg occurs m late spring 

Reproductive output remams relatively constant across a broad range of 
ecological condihons, and pup survival appears to be mfluenced by resource 
avatlability, pnmanly food At Amchitka Island, a populahon at or near 
eqwhbnum density, dependent pup survival ranged from 22% to 40%, compared 
to nearly 85% at Kodiak Island, where food was not lmuhng and the population 
was :mc:reasmg (Monson et al 2000b) Post-weanmg annual sUIVI.Val IS variable 
among populahons and years, rangmg from 18 % to nearly 60% (Monson et al 
2000b) Factors affecting survival of young sea otters, rather than reproductive 

154 VOLUME II, 0wrrER 3 

f 
' 



\ 

) 

GULF ECOSYSTEM MoNITORING AND REsEARcH PRoGRAM 

rates, may be nnportant m ultnnately regulatmg sea otter populabon size Surv:Ival 
of sea otters more than 2 years of age IS generally lugh, approaclung 90%, but 
gradually dechnes through trme (Bodkm and Jameson 1991, Monson et al 2000b) 
Most mortahty, other than human related, occurs during late wmter and spnng 
(Kenyon 1969, Bodkm and Jameson 1991, Bodlan et al 2000) Maxnnum ages, 
based on tooth annuh, are about 22 years for females and 15 years for males 

Although the sex rabo before b:t.rth (fetal sex ratio) IS one to one (Kenyon 1982, 
Bodkm et al 1993), sea otter populations generally consISt of more females than 
males Age-speoftc surv:Ival of sea otters IB generally lower among males (Kenyon 
1969, Kenyon 1982, Sllllff and Ralls 1991, Monson and DeGange 1995, Bod.km et al 
2000), resultmg ma female-brased adult populat:J.on 

The sea otter rehes on air trapped m the fur for msulabon and an elevated 
metabohc rate to generate mternal body heat To mamtam the elevated metabohc 
rate, energy mtake must be lugh, reqwnng consumpt:J.on of prey equal to about 
20% to 33 % of their body weight per day (Kenyon 1969, Costa 1982) 

The sea otter IS a generahst predator, known to consume more than 150 
d.Ifferent prey speoes (Kenyon 1969, Riedman and Estes 1990, Estes and Bod.km m 
press) With few except:J.ons, their prey generally consISt of sessile or slow movmg 
bentluc mvertebrates such as mollusks, crustaceans, and echmoderms Preferred 
foragmg habitat IS generally m depths less than 40 m (Riedman and Estes 1990), 
although studies m southeast Alaska have found that some annna1s forage mostly 
at depths from 40 to 80 m A sea otter may forage several trmes daily, with feeding 
bouts averagmg about 3 hours, separated by periods of rest that also average about 
3 hours Generally, the amount of trme a sea otter allocates toward foragmg IS 

posibvely related to sea otter density and mversely related to prey availability 
Tnne spent foragmg may be a meamngful measure of sea otter population status 
(Estes et al 1982, Garshehs et al 1986) 

Although the sea otter IS known to prey on a large number of specres, only a 
few tend to predorrunate m the diet, dependmg on locabon, habitat type, season, 
and length of occupabon The predonunately soft-sediment habitats of Southeast 
Alaska, PWS, and KodJ.ak Island support populations of clams that are the pnmary 
prey of sea otters Throughout most of Southeast Alaska, burrowmg bivalve clams 
(species of Saxuiomus, Protothaca, Macoma, andMya) predommate m the sea otter's 
diet (Kvitek et al 1993) They account for more than 50% of the ident:J.fled prey, 
although urcluns (S droebaclnensis) and mussels (Modwlts modwlis, Musculus spp) 
can also be nnportant In PWS and at Kochak Island, clams account for 34% to 
100% of the otter's prey (Calkms 1978, Doroff and Bodkm 1994, Doroff and 
DeGange 1994) Mussels (Myhlus trossulus) apparently become more rmportant as 
the length of occupat:J.on by sea otters mcreases, rangmg from 0% at newly 
occupied Sites at Kochak to 22% m long-occup1ed areas (Doroff and DeGange 1994) 
Crabs (C magister) were once rmportant sea otter prey m eastern PWS, but 
apparently have been depleted by otter foragmg and are no longer eaten m large 
numbers (Garshehs et al 1986) Sea urcluns are mmor components of the sea otter 
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ruet m PWS and the Koruak arclupelago In contrast, the sea otter ruet m the 
Aleutlan, Commander, and Kunl ISiands IS dominated by sea urcluns and a vanety 
of fm flSh (mcludmg hexagramnuds, garuds, cothds, perciformes, cycloptends, and 
scorpaeruds) (Kenyon 1%9, Estes et al 1982) Sea urcluns tend to dormnate the ruet 
of low-density sea otter populatmns, whereas flShes are consumed m populabons 
near equihbnu:m density (Estes et al 1982) For unknown reasons, sea otters m 
regions east of the Aleuban Islands rarely consume flSh 

Sea otters also expl01t epISOrucally abundant prey such as sqmd (Lolzgo spp) 
and pelagic red crabs (Pleuroncodes plantpes) m Califorma and smooth lumpsuckers 
(Aptocyclus ventncosus) m the Aleuban Islands On occas10n, sea otters attack and 
consume sea birds, mcludmg teal (Anas crecca), scoters (Melamta perspmllata), loons 
(Gama immer), gulls (Larus spp ), grebes (Aechmoph.oru socctdentalis), and cormorants 
(Phalacrocorax spp) (Kenyon 1%9, Riedman and Estes 1990) 

Sea otters are known for the effects their foraging has on the structure and 
funchon of nearshore manne commurubes They provide an rmportant example of 
the ecological "keystone species" concept (Power et al 19%) In the absence of sea 
otter foraging durmg the 20th century, populabons of several species of urcluns 
(Strangylocentrotus spp) became extremely abundant Grazmg acbvibes of urcluns 
effecbvely hnuted kelp populabons, resulbng m deforested areas known as "urchm 
barrens" (Lawrence 1975, Estes and Harrold 1988) Because sea urcluns are a 
preferred prey item, as otters recovered, they dramabcally reduced the sizes and 
densibes of urcluns, as well as other prey such as mussels, Mytilus spp Released 
from the effects of urchin-related herbivory, populabons of macroalgae responded, 
resulbng m diverse and abundant populabons of under-story and canopy-form.mg 
kelp forests Although other factors, both non-hvmg (ab10bc) and hvmg (b1obc), 
can also hnut sea urchin populabons (Foster and Scluel 1988, Foster 1990), the 
generahty of the sea otter effect m reducmg urcluns and mcreasmg kelp forests IS 

widely recogru.zed (reviewed m Estes and Duggins 1995) Further cascadmg effects 
of sea otters m coastal rocky subbdal commurubes may stem from the prohferabon 
of kelp forests FolloWing sea otter recovery, kelp forests provide food and habitat 
for other species, mcludmg fm f1Sh (Srmenstad et al 1978, Ebehng and Laur 1998), 
wluch provide forage for other flShes, birds, and :mammals Furthermore, where 
present, kelps provide the prrmary source of organic carbon to the nearshore 
manne commuruty (Duggins et al 1989) 

Effects of sea otter foraging are also documented m rocky mterbdal and soft
sediment manne commurubes The sI.Ze--Class dIStnbubon of mussels was strongly 
skewed toward anrmals with shell lengths smaller than 40 mm where otters were 
present, however, mussels with shell lengths larger than 40 mm comprised a large 
component of the populabon where sea otters were absent (VanBlancom 1988) In 
soft-sediment coastal commurubes, sea otters forage on epifauna (crustaceans, 
eclunoderms, and mollusks) and Infauna (prrmanly clams) They generally select 
the largest mruviduals These foraging charactensbcs cause dechnes In prey 
abundance and reducbons m size-class dIStnbubons, although the deepest 
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burrowmg clams (such as, Tresus nuttalln and Panapea generosa) may attam refuge 
from some sea otter predahon (Kvitek and Ohver 1988, Kvitek et al 1992) 
Commuruty level responses to reoccupahon by sea otters are much less well 
studied m soft-sedrment habitats that donunate much of the North Paafic, and 
addinonal research is needed m this area 

A century ago, sea otters were nearly extmct, havmg been reduced from several 
hundred thousand mdividuals, by a mulh-nabonal commercral fur harvest They 
persISted largely because they became so rare that, despite exhaustrve efforts, they 
were only seldom found (Lensmk 1%2) Probably less than a few dozen 
mdividuals remamed m each of 13 remote populahons scattered between 
Cahforrua and Russia (Kenyon 1%9, Bod.km and Udevitz 1999) By about 1950, it 
was clear that several of those ISOiated populahons were recovermg Today, more 
than 100,000 sea otters occur throughout much of their histonc range (Table 314), 
although SUitable unoccupied habitat remains m Asia and North America (Bodkm 
and Kenyon m press) 

Table 3.14 Recent Counts or Estimates of Sea Otter (Enhydra lutrls) Abundance 
in the North Pacrf1c 

Subspecies Area Year Number Status 

EI /utns Russia 1995-97 21,500 Stable m Kunis and Commander 
islands, mcreasmg m Kamchatka 

El kenyom Alaska, USA 1994-99 100,000 Dechmng m Aleubans, uncertam m 
GOA and increasing m Southeast 

Bnbsh 1997 1,500 Increasing 
Columbia, 
Canada 

Washington, 1997 500 Increasing 
USA 

EI nef91s Cahfom1a, 1997 2,200 Uncertain 
USA 

Total 125,700 

Source Bodkm and Kenyon m press 

Trends m sea otter populahons today vary widely from rapidly mcreasmg m 
Canada, Washington, and Southeast Alaska, to stable or changmg shghtly m PWS, 
the Commander Islands and California, to dechrung rapidly throughout the enhre 
Aleuban archipelago (Estes et al 1998, Estes and Bodkm m press) Rapidly 
mcreasmg populahons si.zes are easily explamed by abundant food and space 
resources, and mcreases are anticrpated until those resources become hmlnng 
Relatively stable populations can be generally characterized by food hmltatlon and 
birth rates that approximate death rates The recent large-scale declines m the 
Aleuhan archipelago are unprecedented m recent bmes and demonstrate complex 
relations between coastal and ocearuc manne ecosystems (Estes et al 1998) The 
magmtude and geographic extent of the Aleuhan dechne mto the GOA are 
unknown, but the PWS population appears relatively stable The view of sea otter 
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populabons has been largely mfluenced by events m the past century when food 
and space where generally unhrruted As food and space become lmutmg, 
however, 1t IS likely that other mecharusms, such as predabon, contammabon, 
human tak.e, or disease will play mcreasmgly rmportant roles m structurmg sea 
otter populabons 

A number of predators mclude sea otters m th.err diet, most notably the wrote 
shark (Carcharadon charchanas) and the killer whale (Orea orcmus) Bald eagles 
(Haliaeetus leucocephalus) may be a s1grufu:ant source of very young pup mortality 
Terrestrial predators, mcludmg wolves (Cams lupus), bears (Ursus arctos), and 
wolverme (Gulo gulo) may kill sea otters when they come ashore, although such 
lilStances are likely rare Before the work of Estes et al (1998) predabon was 
thought to play a nunor role m regulatmg sea otters (Kenyon 1%9) 

Pathological disorders related to ententIS and pneumorua are common among 
beach-cast carcasses and may be related to madequate food resources, although 
such mortalibes generally colflClde with late wmter permds of mclement weather 
(Kenyon 1%9, Bodkm and Jameson 1991, Bod.km et al 2000) Non-lethal 
gastromtestmal parasites are common, and lethal mfestabons are occasmnally 
observed Among older arumals, tooth wear can lead to abscesses and systemic 
mfect10n, eventually contnbutmg to death 

Contammants are of mcreasmg concern m the conservabon and management of 
sea otter populabons throughout the North PaCihc Concentrabons of 
organochlonnes, smula:r to levels causmg reproducbve failure m capnve mmk 
(Mustela mscn), occurred m the Aleuban Islands and Cahfo.rrua,. whereas otters 
from Southeast Alaska were relabvely uncontammated (Estes et al 1997, Bacon et 
al 1998) Elevated levels of butyltm reSJ.dues and organochlonne compounds have 
been associated with sea otter mortality caused by mfeci:lous disease m Califorrua 
(Kannan et al 1998, Nakata et al 1998) Changes m stable lead ISOtope 
compos1bons from pre-mdustnal and modern sea otters m the Aleuban.s· reflect 
changes m the sources of lead m coastal marme food webs In pre-mdustrial 
samples, lead was from natural deposits, m contemporary sea otters, lead IS 

pnmanly from Asian and North Amencan mdustnal sources (Srmth et al 1990) 

Suscepnbthty of sea otters to 011 spills, largely because of the rehance on th.err 
fur for thermoregulabon, has long been recogruzed (Kenyon 1%9, Srmff et al 1982) 
and th.ts was confmned by the EVOS Accurate esbmates of acute mortality 
resultmg from the EVOS are not available, but nearly 1,000 sea otter carcasses were 
recovered m the months followmg the spill (Ballachey et al 1994) Estunates of 
carcass recovery rates ranged from 20% to 59% (DeGange et al 1994,. Garshelts 
1997), mchcatmg mortality of up to several thousand anrma1s (Ballachey et al 1994) 
Sea otter mortality m areas where 011 depos1bon was heaviest and persistent was 
nearly complete, and through at least 1997, sea otter numbers had not completely 
recovered m those heavtly otled areas (Bodkm and Udevitz 1994, Dean et al 2000) 
Long-term effects mclude reduced sea otter survival for at least a decade followmg 
the spill (Monson et al 2000a), likely a result of sublethal otlmg m 1989, chrome 
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"'"', exposure to residual ml m the years followmg the spill, and spill-related effects on 
mvertebrate prey populabons (Ballachey et al 1994, Fukuyama et al 2000, Peterson 
2000) As human populabons mcrease, exposure to acute and chrome 
envrnmmental contanunants will hkely mcrease Improved understandmg of the 
effects of contanunants on keystone spectes, such as sea otters, may be valuable m 
understandmg how and why ecosystems change 

Human activihes contribute to sea otter mortality throughout the Paafic R1m 
Incidental mortality occurs m the course of several commercial fishenes In 
Cahforrua, an esbmated annual take of 80 sea otters m gill and trammel nets, out of 
a populabon numbering about 2,000, hkely contributed to a lack of populabon 
growth dunng the 1980s (Wendell et al 1986) Developmg fishenes and changmg 
fishmg techruques oonbnue to present potenhal problems to recovenng sea otter 
populabons In Alaska, sea otters are taken 1IlCldentally m gillnet, seine, and crab 
trap fisheries throughout the state, but total mortality has not been esbmated 
(Ratterman and Simon-Jackson 1988) Alaska Nahves are perrrutted to harvest sea 
otters for subslStence and handicraft purposes The harvest 18 largely unregulated 
and exceeded 1,200 m 1993, with most of that from a few, relabvely small areas In 
addibo~ an illegal harvest of unknown magnitude contmues throughout much of 
the geograpluc range of sea otters 

Sea otters occupy an important, and well documented, pos1bon as an upper
level predator m nearshore commurubes of the North Pacrfic In contrast to most 
manne mammals that are part of a plankton and fish tropluc web, sea otters rely 
almost exclusively on bentluc mvertebrates Because both sea otters and therr prey 
are resources 

Relabvely httle work has been conducted m mvesbgabng relabons between 
those physical and b10logical attnbutes that contribute to vanabon m producbvity 
of nearshore manne mvertebrates, such as the clams, mussels, and crabs that sea 
otters consume, and how that vanablhty m produchVlty translates mto vanabon m 
annual sea otter survival Given the observed vanatlon m sea otter survival, and 
the recogruzed role of food m regulabng sea otter populabons, understandmg these 
relabons would provide some empmcal measure of the relatrve contribubons of 
predabon and primary production as controlling factors m structurmg nearshore 
manne commuruhes Due to the size of therr home ranges, sea otters are relatrvely 
sedentary They mtegrate phySical and biological attnbutes of the ecosystem over 
small spahal scales Further, both sea otters and their prey occur nearshore, 
allowmg accurate and efftcrent momtormg of sea otters, theu prey, and physical 
and b10logical ecosystem attnbutes This smte of factors offers a strong foundabon 
for understandmg mecharusms, and mteractions among factors that regulate long
hved mammahan populatrons Given that many populabons of large carruvorous 
mammals are severely depleted worldwide, such an understandmg would hkely be 
broadly apphcable to conservahon and management of natural 
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3.11.3 General Research Questions 

What are the factors responsible for the dechne of manne mammal populations? 

• What JS the role of manne mammal predab.on (consumpb.on) m structurmg 
therr prey populab.ons (plankton, fish, and mammals)? 

• What IS the relab.on between abundance of manne mammal populab.ons to 
the availability and quality of prey speaes? 

• What IS the relab.on between abundance of manne mammal populab.ons 
arid the removals of prey specres by f:tsl:ung? 

• What IS the relab.on between reproducbon and abundance of manne 
mammal populab.ons and contammant burdens? 

• How does vanab.on m the amount of food produced affect the geograpluc 
chst.nbub.ons, fecundJ.b.es and survIVals of manne mammal populab.ons? 

What are the factors responsible for regulab.on of populab.on size m sea otters? 

• Can avatlablhty of food become hrrub.ng? 

• Can predab.on, contanunab.on, human take, or disease play rmportant roles 
m structurmg sea otter populab.ons? 

3.12 General Research 3.12.1 Introduction 

Questions Orgaruzmg the research quesb.ons posed by 
the mdJ.vidual d.iscrphnes represented m flus 
chapter IS the first step m butldmg the 

mterdiscrphnary team approach that GEM hopes to foster, as explamed m 
Chapter 6, Volume I Accordmgly, the general research quesbons have been 
orgaruzed to emphasize the need for saenbsts from different d.iscrplmes to work 
together to understand how the GOA works As explamed more fully m the 
conceptual foundabon dlscusston (Chapter 4, Volume II), the GEM program JS to 
be built around the quesb.ons of how mterannual and longer-penod trends m the 
production and chstnbubon of valued manne resources m the northern GOA 
reflect cycles m the meteorology, the underlymg oceanography of the region, and 
the mfl.uences of man on the dynanucs and structure of the ecosystem 

3.12.2 General Research Questions 

The followmg general research quesbons are orgaruzed under three ma1or 
lessons from the SCienbftc background Aspects rmportant to detecbng and 
understandmg changes m all plant and anrmal specres are covered here, although 
not all species are menboned by name 

3.12.2.1 The Importance of Weather 
Patterns m current structure, upwelhngs and convergences, temperature, 

sahruty, and density m the waters of the northern GOA are establIShed m response 
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to strong external meteorological conditions affectmg the subarctic region of the 
North Pacrfic Ocean and through mteract10ns with the coastal topography and the 
bathymetry of the shelf and coastal regions 

a How variable-seasonally and annually-are the cross-shelf and along-shore 
flows over the shelf and mner coastal regions? 

b Under what oceanograpluc conditions are shelf eddies formed, what are 
their SIZeS and how long do they persist? 

c How are seasonal and mterannual cycles m upper-layer stability mfluenced 
by the conditions of strong or weak Aleutian Low pressure systems? 

d How frequently are deep bottom waters m coastal ~ords renewed, and how 
18 tlus process related to chmate forCing on seasonal, annual and longer 
time scales? 

e Under what condibons, where, and dunng wluch seasons are 
oceanograpluc frontal regions formed m the northern GOA? How are these 
regions affected by swmgs m the strength of the Aleutian Low Pressure 
system? 

3.12.2.2 The Importance of Nutrient Transport 
Pn:mary producbvity m the euphotic zone IS controlled by amounts and supply 

rates of morgaruc nutrients The deep waters of the GOA contam some of the 
lughest nutrient concentrations found anywhere However, the seasonally 
permanent pycnoclme between 110 and 150 m generally restricts deep InlX111g and 
access to tlus valuable pool 

a How do shelf and coastal eddies, frontal regions and areas of upwellmg 
and convergences affect the supply of morgamc nutrients to the upper 
layers under different conditions of ocean chmate m the GOA? 

b What are the processes by wluch deep and shallow coastal waters become 
enriched with nutrients each year? How are nutrient renewal processes 
mfluenced by the broader chmate-forced oceanography of the GOA? 

c What role does the mput of fresh water along the northern coastlme play m 
supplymg nutrients and mfluencmg recyclmg from deeper waters? How 18 

tlus role affected by varymg ocean chmate on seasonal, annual, and longer 
time scales? 

d How nnportant and under what oceanograpluc and meteorological 
conditions are manne-denved nutrients brought mto coastal watersheds 
and mcorporated m the coastal ecology? 

e What are the condibons that pI'OVlde suffi.crent nutrient resupply to the 
surface waters m the fall to promote a fall plankton bloom? 
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f How does wmter /early spnng physical "precondiborung" of the upper 
layers promote or constrain plankton productJ.on through control of 
nutrient supply rates and photosynthesis m ocearuc, shelf, and coastal 
waters? 

g How IS the energy of the diurnal bdes used to promote nutrient resupply m 
the surface waters at selected locabons m the northern GOA? 

3.12.2.3 The Importance of Plan/rtan Dynamics 
In the northern GOA, open ocean and shelf/ coastal plankton commurubes 

differ m their species compos1bon and annual producb.on By defuutJ.on, deep and 
shallow currents distribute the plankton, and standmg stocks occumng at specmc 
b.mes and places are the result of local productJ.vity and the add.lb.on or dilubon of 
stocks by advectJ.on 

a Under what physical condibons and to what extent does the ocearuc 
plankton commuruty mvade the shelf environment, mcludmg the coastal 
and ll1Slde waters? What role does the mtrudmg plankton play m the 
ecology of the coastal waters? 

b What IS the b1ological nature of the boundary between the oceamc and shelf 
pelagic ecosystems, and how 18 the primary and secondary productrvity m 

these regions phased through bme and mfluenced by the state of the 
Aleuban Low? 

c How IS the effmency of food-web transfer from plankton to fishes, brrds, 
and mammals mfluenced by varymg levels of the dormnant 
macrozooplankton, mcludmg large calanmds, euphausnds, and 
amphipods? 

d How IS the bme-varymg spabal distnbutJ.on of the dommant zooplankton 
reflected m seasonal, annual, and longer-penod patterns m eddy 
formabon, frontal regions, convergences/ divergences, and cross-shelf and 
along-shore flows? 

e What are the mteracbng phySical and b1ological processes that estabhsh 
levels of recruitment m plankton and nearshore benthic commurubes? How 
do these processes vary under different condihons of the Aleuban Low 
pressure system? 

f How can the effects of human m.fluences on the near-shore benthos be 
distmguIShed from natural perturbabons? 

3.12.2.4 The Importance of Trophic Dynamics 
The transfer of energy m food webs (trophic dynamics) supporbng fishes, 

brrds, and mammals IS m.fluenced by the compos1hon of the forage and its quahty 
and availability The behav10rs of forage species that result m seasonal 
swarmmg/ schoolmg or layermg provide enhanced opporturubes for food web 
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~, transfers External factors hke fishmg, huntmg, and contanunant levels may 
___..) Sigru.ficantly affect population structure and size, thereby altering food webs 

a How does the species composihon and quanhty of small schoolmg fishes m 
shelf and coastal habitats reflect the state of the cyclmg ocean chmate m the 
northern GOA? 

b In what way do the condihons that favor the concentrahon of forage spec.es 
also favor therr levels of produchvity? 

c How do fluctuahons m abundance and specres compos1hon of forage stocks 

and higher level consumers reflect therr umque hfe lustory strategies under 
different condihons of ocean chmate-wmter, sprmg, andsummer 
spawners? 

d How does mterspecrftc compehhon for food resources among forage fishes 
affect therr distnbuhons and rates of produchon? 

e How does the distnbuhon and abundance of forage specres reflect losses to 
predators? 

f How do chmate-forced shifts m the spec.es compOSihon and abundance of 
forage specres control seabird populahons? 

g How can the mfluences of prey availability on seabrrd abundance be 
separated from the effects of regional scale properhes uruque to colony 
locahons, hke glaciers? 

h What 15 the relahonship between commercial flshmg and the abundance of 
seabrrd populanons? 

1 Do local trends m the abundance of murres and kittiwakes reflect 
mesoscale or regional scale chmate and oceanographic processes affechng 
prey availability? 

To what extent are ft.sh, seabrrd, and mammal stocks affected by top down 
mfluences, mcludmg flshmg and other harvest prachces? 

k How 15 the recrwtment to fish and shellfish stocks with pelagic eggs and 
larvae mfluenced by vanable transport processes connechng with nursery 
areas? 

1 How do chmate-mfluenced transport mecharusms mfluence the 
distnbuhons of the dnftmg larvae of benthic populahons relative to 
smtable settlement substrates? 

m What hfe hIStory strategies or other populahon characterIShcs of 
arrowtooth flounder cause this specres to be so abundant and widespread? 
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n How well are the specres composibon, relabve abundance and tropluc 
structure of fish and shel.lftsh commurubes understood based on current 
samphng and analysIS procedures? 

o How can long-term trends rn salmon producbon be explarned by chmate
rnduced changes rn ocean producbvity and vanabons rn &shrng? 

p How IS salmon producbon controlled by ecological processes rn the ocean? 
How can rnc:hvidual stocks be 1denbfied? 

q How vanable IS the ocean growth, rmgratory brmng and distnbubon of 
salmon, and how IS thIS related to aspects of ocean climate? 

r What are the annual levels of ocean producbon of salmon by region of 
ongrn? 

s How IS the abundance and dIStnbubon of manne mammals related to the 

availability of forage stocks? 

t How IS he abundance of manne mammal populabons related to the 
removals of prey by fishrng? 

u How IS the abundance of manne mammal populabons related to the body 
burden of manne contarmnants? 

\ 

v Wluch hfe hIStory stages of fishes, seabirds and manne mammals are most ( 
at rIBk to chmate change and wluch to human rnfluences? , 
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In This Chapter 

> ExplanatJ.on and role of the conceptual found.ab.on 

> Description of lead.mg GOA hypotheses 

> IdentJ.&catJ.on and mterachon of pnncrpal marme ecological concepts 

> Descnption of the central hypothesIS and questJ.on 

The conceptual foundatJ.on encapsulates the 
4.1 Introduction understand.mg, m the form of a hypothesIS and 

quest10~ of how GOA ecosystems produce 
biological resources The conceptual foundatJ.on does not provide a specmc model 
(testable hypothesIS) for ecosystem change because of the tremendous uncert:amty 
about sources of long-term changes Instead, thIS chapter reviews some basic 
assumptions about productJ.on m the oceans, presents a number of hypotheses 
about how vanous natural and human forces mteract to cause change, chscusses 
the changes m £orang and ecosystem components m vanous habJ.tat types and 
regions m the northern GOA and then presents an overarclung hypothesIS about 
sources of change-the central hypothesIS and questJ.ons Through synthesIS and 
further l1181ght from ongomg programs, a conceptual model for the program may 
eventually be specrfied ThIS model should be broad and robust enough to be 
tested by the morutormg and research program and then accepted, modified, or 
eventually reiected without ma.kmg the underlymg data streams irrelevant to 
constructJ.ng a clearer picture of ecosystem change 

ThIS chapter addresses the followmg topICS 

1 The role of the conceptual foundatJ.on m the GEM 
program, 

The conceptual foundation 
focuses on how tile marine 

ecosystem m the GOA works. 

2 Current hypotheses about how multJ.-annual and multJ.-decadal changes m 
natural factors and human actJ.vitJ.es may produce long-term changes m 
valued populabons, 

3 Some basic concepts of how natural forces and human acb.Vlbes affect 
bmlogical productJ.on and b1od.Ivers1ty m manne ecosystems, 

4 Parbcular condlbons m the GOA that appear to affect ecosystem 
productJ.on patterns across habitats-from the coastal watersheds to the 
central GOA (such as large mputs of nutnent-poor fresh water, strong 
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atmospheric low pressure in winter, persistent coastal downwelling, and 
the presence of gyres and eddies); 

5. Regional ecological differences, such as those between PWS and lower 
Cook Inlet, which may arise as a result of local differences in the interaction 
between physical forces (tides, winds, and currents), geography, and 
human activities; and 

6. The central hypothesis and question, applied across four habitat types. 

The conceptual foundation carries the information 
4.2 Role of the in the mission, goals, and historical record 
Conceptual Foundation forward into the other GEM program elements 
in GEM and activities (Figure 4.1). Building on the 

mission and goals established by the Trustee 
Council, the foundation encapsulates the Trustee Council's understanding of how 
the GOA operates as an ecological system and how its biological resources, 
including highly valued populations of animals, are regulated. Therefore, the 
conceptual foundation is at the philosophical and scientific center of the GEM 
program. 

Advice: 
• Public 
• Scientific 
• Administrative 

':i;.>.· : 

-•Flrlma 

,,,• State Agencies 
• Federal Agencies 

Figure 4.1 The process of selecting GEM monitoring efforts is a logical progression from the mission 
and goals, through the conceptual foundation, central hypothesis and question, gap analysis, synthesis 
and modeling, as influenced by input from various sources. 
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The conceptual foundabon IS the product of ongomg synthesIS and modeling, 
the latest screnb:fic mformabon, and an assessment of leadmg ecological 
hypotheses The central hypothesIS and quesbon summanze the current 
understandmg of what controls changes In producbvibes of b10logical resources 
The conceptual foundabon IB not mtended to be static, it will change as the 
understandmg of the GOA manne ecosystem changes and will better reflect the 
reahbes of nature and the role humans play m the ecosystem Therefore, the 
conceptual foundabon IS an mtegral element m the adapbve management of the 
GEM program and m marme scrence 

In summanzmg these ideas, the conceptual foundabon provides a partial 
model of reahty Tesbng tl:us model reqmres frarmng the hypotheses and quesbons 
that are the foundabon for any morutonng and research program The mtellectual 
framework of the GEM program IS a hierarchy composed of a central hypothesIS 
and queshon related to habitat types, specrfic quesbons for each habitat type, and 
ulbmately, testable hypotheses based on the specrfic quesbons 

4.3 Some Leading 
Hypotheses 

In tl:us secbon, a number of specrfic 
hypotheses about how natural forces and human 
acbvibes control biological produci:Ivlty are 
descnbed Most of these have been advanced m 

the screnbfic literature (see Chapter 3, Volume II) 

4.3.1 Match-Mismatch Hypothesis 

The essence of the match-1.IllSilliltch hypothesIS IS 

• Populabons of orgarusms are adapted to certam environmental condibons 

• When those condibons change rapidly, predator and prey populabons may 
not track m the same way 

• As a result, transfer of energy mto the higher levels of the food web IS 

comprormsed 

This hypothesIB has been proposed by Mackas to explain changes m producbon 
with the slow sluft to earher emergence of Neocalanus copepods at Ocean Station P 
In the last several decades (Mackas et al 1998) The match-mISmatch hypothesIB 
was also mvoked by Anderson and Piatt to explain ecological changes observed m 
a long bme senes of small-mesh trawl sampling around Kodiak Island and the 
Alaska Perunsula (Anderson and Pratt 1999) 

4.3.2 Pelagic-Benthic Split 

Eslinger et al (2001) suggested that strong inshore blooms of spnng 
phytoplankton that occur m conditions of strong strat:Ibcabon put more b10logical 
producbon mto the benthic ecosystem, m contrast to weaker, but more prolonged 
blooms, that occur m cool and wmdy growmg seasons Under the latter condibons, 
it has been proposed that b10logical producbon IS more efficrently used by the 
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pelagic ecosystem and that relabvely less of the producbon reaches the benthos It 
IS conceivable that during a senes of years m wlu.ch one condibon IS much more 
prevalent than the other, food rmght be reallocated between pelagic-feedmg and 
bentlu.c-feeding species and be reflected m changes m these populations Strong 
year classes of particular long-lived speaes also rmght result from condibons of 
strong strahficabon causmg more biological producbon or weaker blooms, leadmg 
to dommance of the system by certam SUltes of specres 

4.3.3 Optimum Stability Window Hypothesis 

Gargett (1997) proposed that there IS a pomt m the range of water stability 
below wlu.ch water IS too easily IIllXed downward, resulbng m less than maxnnum 
producbv1ty, and above wlu.ch the water IS strabfted to the extent that it resISts 
wmd moong Gargett proposed that the fluctuabng differences m salmon 
producbon between the Califorrua Current and subarcbc gyre dam.ams are 
ulbmately the result of these two systems bemg on different parts of tlus response 
curve at different bmes 

4.3.4 Physiological Performance and Umlts Hypothesis 

A number of explanabons for long-term change more sunply propose that the 
abundance of certam speaes, mamly ft.sh, IS a direct response to their physiological 
performance at different temperatures Under tlu.s hypothesIS, the changes m 
dommance of cod-like ft.shes and crustaceans that were seen m eastern Canada 
around 1990 and m the northern GOA around 1978 were rmbally a response to 
warm (ascendancy of gadids) or cold (ascendancy of crustaceans) water 
temperatures In other words, the mam agents of change are the direct effects of 
water temperatures acbng on physiological funcbons of mdividuals, m addibon to 
the combmed effects of freshwater mput, wmds, and temperature on ecological 
processes 

4.3.5 Food Quality Hypothesis 

The food quality hypothesIS IS also referred to as the Junk food hypothesis It 
attnbutes dechnes of many lu.gher troplu.c-level orgarusms observed m the last 
several decades (harbor seals, sea hons, and many seabirds) to the predormnance of 
smtes of forage species that have low energy content (less lipid) than previous food 
sources (for example, gadids and flatfishes) ConsIStent with tlu.s hypothesIS IS 

evidence from the Trustee Counctl' s APEX program, wluch showed that It takes 
about twice as much pollock as herrmg to raise a la.tt:Iwake cluck to fledgmg durmg 
the nesbng season (Piatt and Van Pelt 1998, Piatt 2000, Romano et al 2000) With 
the relabve ranty of capehn and sand lance m the diets of seabirds m PWS durmg 
the last several decades, It seems that many of the populabon declines rmght be at 
least parbally attributable to the role of these fatty fish m seabird diets The change 
m food sources has been advanced for marme mammal populabons that have been 
mdechne 
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4.3.6 Fluctuating Inshore and Offshore Production Regimes 
Hypothesis 

The GEM plan provides the fust presentation of the model conslSbng of 
fluctuatmg lilShore and offshore production regimes Although tlus model IS 

closely related to the Gargett hypothesis of an optrmum stability wmdow, it 
proposes that under the same set of atmospheric fol'Clilg conditions opposite 
production effects are seen lilShore and offshore Figure 4 2 illustrates some 
features of tlus model 

The model was developed from observations dunng the last several decades 
that populat10ns of many seabrrds, harbor seals, and sea hons, which forage mamly 
m tnshore waters, have been dechmng whtle manne survival of salmon and high 
levels of offshore plankton and nekton suggested that offshore productivlty was 
very high It IS proposed that the various manifestations of chmate fore.mg have 
combmed smce about 1978 (positive Paa.fie Decadal Osallation [PDO]) to make the 
ocean more productive offshore Charactenstics of the offshore ocean mclude more 
upwelhng of deep nutnents and a rruxed surface layer that IS shallower and more 
productive These same chmatic conditions are proposed to have made the tnshore 
areas of the GOA less productive Dunng the positive PDO, greater freshwater 
supply (precrp1tation on the ocean and terrestnal runoff) results m greater-than
optimal nearshore stratiflcation Also, dunng the positive POO, greater wmds 
cannot overcome the stratiflcation dunng the growmg season, but do mhtbit the 
relaxation of downwelhng Therefore, fewer nutnents are supphed to the mshore 
regime from the annual run up of deep water onto the shelf Dunng a negative 
POO, the opposite pattern m b10logical response results from a colder, less wmdy, 
and dner mantime climate 

4.3.7 Incremental Degradation Hypothesis 
' 

Manne environments around urbamzed areas (such as Los Angeles, Puget 
Sound, Boston Harbor, San Francrsco Bay, and New York Bight) and watershed 
systems (Columbia River Basm and San J oaqwn River) have highly altered 
ecosystems that contam mvasrve exotic specres, mdividuals impaired by 
contammation, and fish populations that have been highly altered by the combmed 
effects of vanous human alterations Although much of tlus degradation took 
place before pohcres for a sustamable natural envrronment were m place, it appears 
that tlus degradation occurred through a long penod of time and as a result of the 
combmed rmpacts of many different human activlties To tlus day, no regional 
programs track the combmed rmpacts of all human activities 

4.4 Principal Ecological 
Concepts 

Production at the base of the food web, prrmary 
productivity, IS strongly mfluenced by physical 
forces, and ultimately deterrmnes ecosystem 
productivity However, the abundance of any 

particular population within the food web depends on three things rmmediate 
food supply (prey), removals (mortality), and habitat 
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Figure 4.2a Schematic of proposed fluctuating inshore and offshore production regimes in the GOA showing relative changes: (a) in the 
physical processes during a positive PDQ (strong wintertime low pressure), (b) the biological consequences of conditions in "a," (c) the physical 
changes in a negative PDQ (weak wintertime low pressure) and (d) the biological consequences of conditions in "c." 



Figure 4.2b Schematic of proposed fluctuating inshore and offshore production regimes in the GOA showing relative changes: (a) in the 
physical processes during a positive PDO (strong wintertime low pressure), (b) the biological consequences of conditions in ·a; (c) the physical 
changes in a negative PDO (weak wintertime low pressure) and (d) the biological consequences of conditions in ·c." 



Figure 4.2c Schematic of proposed fluctuating inshore and offshore production regimes in the GOA showing-telative changes: (a) in the 
physical processes during a positive PDO (strong wintertime low pressure), (b) the biological consequences of conditions in •a; (c) the physical 
changes in a negative PDO (weak wintertime low pressure) and (d) the biological consequences of conditions in ·c: 



Figure 4.2d Schematic of proposed fluctuating inshore and offshore production regimes in the GOA showing relative changes: (a) in the 
physical processes during a positive PDO (strong wintertime low pressure), (b) the biological consequences of conditions in "a," (c) the physical 
changes in a negative PDO (weak wintertime low pressure) and (d) the biological consequences of conditions in "c." 
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All aruma1s and plants m the oceans ultunately rely on energy from the sun or, 
m some specral cases, on chenucal energy from withm the earth The amount of 
solar energy converted to hvmg material deternunes the level of ecosystem 
producbon (total amount of hvmg matenal and at what rate it IS produced) As a 
rule of thumb, populabons of mdividual specles (such as salmon, hernng and 
harbor seals) cannot exceed about 10% of the b10mass of their prey populabons 
(about the average conversion of prey to predator biomass) Therefore, the amount 
of energy that gets mcorporated mto hvmg material and the processes that dehver 
this matenal as food and energy to each specres are key factors mfluencmg 
reproducbon, growth and death m speoes of concern Increases m prey, with other 
factors such as habitat bemg equal, generally allow populabons to mcrease through 
growth and reproducbon of mdiv1dual members At the same time, there are 
factors that lead to decreases m populabons, loss of SUltable habitat, decreases m 
growth, reproducbon and rmnugrabon, and mcreases m the rate of removal (death 
and ermgrabon) of mdividuals from the populabon As a result, the combmed 
effects of natural forces and human acbvibes that detemune food supply (bottom
up forces), habitat (bottom-up and top-down forces), and removals (top-down 
forces) deterrmne the size of aruma1 populabons by controlling reproduction, 
growth, and death 

4.4.1 Physical Forcing and Primary Production 

The vast ma1onty of the energy that supports ecosystems m the GOA comes 
from capture, or fucabon, of solar energy m the surface waters How much of this 
energy IS captured by plants m the ocean's surface layer and watersheds and 
passed on ulb.mately determmes how much biomass and producbon occur at all 
levels m the ecosystem Capture of solar energy by plants m the oceans and 
watersheds and the conversion of solar energy to hvmg tISsue (pnmary 
producbon) depends on several mteractmg forces and condibons that vary widely 
from place to place, season to season, and year to year as well as between decades 
Needless to say, without a clear understandmg of how these changes occur, 1t will 
not be possible to understand the most rmportant aspects of ecological change m 
the GOA The process of capturmg solar energy IS explamed. below 

Frrst, m the ocean, pnmary production occurs only m the relatrvely shallow ht 
phone zone (a few hundred feet) In watersheds, cloud cover and shadmg play a 
larger role m vanabihty of producbvity Second, plants that fix this energy, by 
usmg it to make srmple sugars out of carbon dioxide and water, depend on 
nutnents which are absorbed by the plants as they grow and reproduce Solar 
energy that IS not captured by plants m the ocean warms the surface waters, 
makmg 1t less dense than the water beneath the phone zone, which causes layenng 
of the water masses A contmuous supply of nutnents to the surface waters IS 

necessary to mamtam plant producbon Likewise, terrestnal plants depend on 
nutnents earned from the ocean by anadromous fish Because the deep water of 
the GOA IS the mam reservoir of nutnents for shallow waters, and apparently also 
an rmportant source for watersheds, the processes that bnng nutnents to the 
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surface and mto the watersheds are key to understand.mg prunary, and, therefore, 
ecosystem producbvity Changes m nutrient supply on bme scales of days to 
decades and spahal scales from ktlometers to hundreds of ktlometers have 
rmportant rmpacts on pnmary producbon, generatmg perhaps as much as a 
thousand-fold difference m the amount of solar energy that IS captured by the 
hvmg ecosystem Nutrient supply from the deep water IS mfluenced by the 
properties of the shallower water above (mamly because of the decreasmg density 
of the water toward the surface) Nutrient supply 18 also mfluenced by physical 
forces that can overcome the density differences between deep and shallow water
namely, wmd acbng on the water surface and tidal mrxmg For watersheds, 
nutrient supply apparently depends strongly on biological transport of manne 
rutrogen by salmon, which die and release therr nutrients m freshwater, as well as 
other sources (such as rutrogen fucers) 

AB demonstrated m the SCienbllc background m Chapter 3 (Volume JI), the 
knowledge of nutrient supply rn the GOA, both how it occurs and how it may be 
changed on multi-year and multi-decadal scales, 18 very rudimentary AB the 
energy of the wmd and tides nuxes surface and deeper water, It not only bnngs 
nutrients to the surface layers, but also nuxes algae that fuc the solar energy down 
and out of the phohc zone, which tends to decrease pnmary producbon 
Therefore, other factors berng equal, contmuous high pnmary producbon rn the 
spnng-summer growrng season IS a balance between enough wrnd and tidal 
IIllXlilg to bnng new nutrients to the surface, but not so much wrnd or tidal nuxmg 
that would send algal populations to deep water The seasonal changes rn 
downwellmg, solar energy, and water strabllcation that set up the annual plankton 
bloom are described rn SectJ.on 3 6, Volume II, of the SCienbllc background As 
noted m that sechon, however, It IS not well understood how differences m 
physical forces from year to year and decade to decade change prunary producbon 
many-fold rn any particular place 

4.4.2 Food, Habitat, and Removals 

Increases rn rmmediate food supply (prey) will translate to population rncrease, 
all other factors berng equal The allocation of energy m each rndividual IS key to 
growth of the population it belongs to Food supply IS converted mto population 
biomass through growth and reproducbon of mdividuals rn specillc favorable 
habitats Therefore, factors rn the habitat such as water temperature, distribution of 
prey, and contammants that can mfluence the allocation of food energy to the 
followmg acbvities will mfluence the population size chasrng and captunng prey, 
mamtarnmg body temperature (for homeotherms and other physiological 
processes), growth, and reproducbon 

Removals are all the processes that result m loss of mdividuals from the 
population, or mortality These processes mclude death from contamrnation, 
human harvest, predation, disease, and compehhon For example, harvest of a 

) large proportion of the largest and most fecund fish m a populahon will soon 
,~./ 
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decrease the populabon, as will a vuulent VIIUS or the appearance of a vorac10us 
predator rn large numbers 

Also rncluded under the category of removals IS any factor that negab.vely 
affects growth or reproducb.ve rate of rndlviduals, because such factors can 
decrease population size Contanunants are coilSldered potenhal removals because 
of the followmg possible effects 

• Causrng damage that makes energy uhhzab.on less effi.crent and reqmres 
energy for repairs, 

• Interfermg with molecular receptors that are part of the regulatory 
machmery for energy allocab.on, 

• Damagmg rmmune systems that make dISease more hkely, and 

• Outright ktlhng of orgarusms at lugh concentrab.ons 

HabJ.tats rn manne and freshwater envrronments are ulb.mately controlled by 
temperature and sahruty, as modllied by many other biologicaL physical and 
chemical factors Bame phys10logical funcb.ons such as resprrab.on and assmulab.on 
of nutrients from food occur only witlun certam boundanes of temperature and 
sahruty As stated rn Secb.on 4 3, a number of hypotheses on the ongins of long
term change relate the abundance of certam aquab.c speaes to their physiological 
performance rn different temperatures For example, changes rn domrnance of cod- /_,_ 
hke fishes and crustaceans rn eastern Canada around 1990 and m the northern 
GOA around 1978 were explarned as pos1b.ve responses of gad.Ids to rncreasrngly 
warm temperatures Usrng the same reasonmg, the ascendancy of crustaceans such 
as shnmp rn the GOA rn the 1950s and 1960s, and rn eastern Canada dunng the 
1990s, have been attributed to cooling water temperatures 

On the basis of the first pnncrples of phySics, chemIStry, and biology, 
temperature and sahruty must be agents of change m biological resources through 
effects relatrng to phySiological funcb.ons rn rndividual plants and arumals Effects 
on rndividuals add to the combJ.ned effects of freshwater mput, wrnds, and 
temperature on ecological processes 

4.5 Principal Ecological 4.5.1 From Watersheds to 
the Central Gulf 

Concepts by Habitat 
The preceding ecological concepts can be 

apphed drrectly to the GOA ecosystem to show 
how the system and its plant and animal populab.ons are controlled Takrng the 
watersheds and manne areas of the GOA at a srngle glance, the importance of key 
geological features rn shaprng the natural physical and b10logical forces that control 
productrvity IS apparent (Figure 4 3) Note that features illustrated m Figure 4 3 are 
pnnted rn bold rn the followmg text Natural forces are shaped by the surface 
topography of the Gulf Storm tracks movrng across the North Pacrft.c from west to 
east can dnve Aleutian Low Pressure (ALP) systems deep rnto the GOA unttl the 
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to the oceanic waters offshore. 
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encounter with boundary mountains causes the release of precrpitation and 
airborne contaminants Freshwater runoff strengthens the Alaska Coastal 
Current (ACC) even as it bnngs airborne and terrestrial pollutants mto the 
watersheds and food webs 

Natural forces that control biological productivity are also shaped by the 
submanne topography (bathymetry) of the conhnental shelf Deep waters upwell 
across the conhnental shelf break, subsequently bemg earned across the photic 
boundary mto areas of photosynthetic activity by the mohon of surface currents, 
(ACC, Alaska Current [Aq), lunar forcing, the mobon of the earth, and tidal 
mixing These deep waters carry old carbon and nutrients up mto the food webs 
of the shelf and onshore areas Where the deep waters encounter islands, 
seam.aunts and sills, the resulhng currents may deform the boundaries of the 
frontal zones of the ACC (mid-shelf front) and AC (shelf-break front), creahng 
eddies that entram plankton and other plants and animals for long penods of tim.e 
(Figure4 3) 

Natural physical forces control productivity by lmuhng the amount of food and 
avatlabihty of habitats Dunng the wmter especrally, the ALP produces wind
dnven transport of surface marme waters (Ekman transport), bnngmg water 
onshore Movement of water onshore creates downwelling that takes plankton 
and associated nutrients out of the phohc zone On the other hand, the wmd may 
act to hold the nutrients dissolved in water and held in detritus in the phohc zone 
in some areas, because wmd also produces turbulence that mIXes the surface 
water Turbulent moong causes nutrients to be retained in surface waters, and 
retenbon mcreases production of phytoplankton, the base of the food web in 
surface waters Producbon of zooplankton, primary productIVIty, IS the tropluc 
connecbon (lmkage) of phytoplankton to production of forage fish, which in turn 

!mks primary producbvlty to seabirds, large fish, marine mammals, and benthic 
and intertidal communities (Figure 4 3) 

The b10geocherrucal cycle IS an rmportant collection of natural biological 
processes controllmg the productivihes of both manne and terrestrial 
envrron:ments The mecharusms that move carbon from the surface to the deep 
waters, are known collecbvely as the carbon pump. Atmosphenc carbon moves 
into seawater as carbon dioxide to be mcorporated by phytoplankton during 
photosynthesIS Carbon also enters the sea as carbonates leached from the land by 
freshwater runoff, as plant debrIS, and as other biological input, such as 
rmrmgrahons of salmon (salmon fry) and other anadromous specres Carbon 
moves to benthlc commuruhes and to deep water as detritus and emigrant anrma1s 
(overwmtering copepods and nugrahng myctopluds) Enugrant anrma1s (adult 
salmon and other anadromous specres) also move marine carbon (and 
phosphorous and rutrogen) into the watersheds (Figure 4 3) 

As illustrated by the mteractions of biological and physical components of the 
biogeochenucal cycle, natural biological forces modify the effects of natural 
phySical forces on birds, fish, and mammals Because of biological-physical 
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mteracb.ons, natural physical forces that cause changes m primary productivity do 
not necessanly cause proporb.onal changes m populatrnns of birds, &sh, mammals, 
and bentluc arumals For example, the effects of physical forces on the amount of 
food available from pnmary productJ.vity are modtfied through other natural 
forces, such as predation and competition among mdividuals, collecb.vely known 
as the trophic linkages. Populahons that respond strongly to phySical £orang of 
pnmary productJ.vity on approXIIDately the same tune scales are termed /1 strongly 
coupled," and those that exhibit vanable responses are termed "weakly coupled" 
with respect to those physical vanables Note that phySlcal forcing changes not 
only the food available from pnmary producb.Vlty, but also the extent of habitats 
available for reproducb.on and feed.mg (Figure 4 3) 

Human acbons also serve to change the ways m which populahons of plants 
and arumals respond to the natural physical forces that affect the responses of 
reproductJ.on, growth, and survival through hrmhng food and habitat Human 
acb.ons such as water withdrawals, sewage discharge, and development of coastal 
communities change productJ.vity by altering habitat availabihty and tropluc 
lmkages Fishmg and other harveshng acb.vihes (subsistence, sport, commercial) 
affect death rates through removals Other forms of human acb.on are more subtle, 
but no less effechve, controls on productJ.vity Recreation and tourism may alter 
growth and reproductJ.on by disturbing rookeries and mtroducmg pollutants 
Commercial marine transport may alter producb.vity by mtroducmg pollutants otl 
spills) and noxious specres as compehtors and predators {Figure 4 3) 

In summary, the GOA and its watersheds are part of a larger ocearuc ecosystem 
m which natural phySical forces such as currents, upwelling, downwelling, 
precrp1tahon and runoff, achng over large and small distances, play rmportant roles 
m determmmg basic biological producb.vity Natural physical forces respond 
pnmanly to seasonal shifts m the weather, and m parb.cular to long-term changes 
m the mtensity and locahon of the ALP system m wmter Increased upwelling 
offshore appears to mcrease mputs of nutrients to surface waters, which mcreases 
produchvity of plankton Increased wmds appear to mcrease the transport of 
zooplankton shoreward toward and past the shelf-break How often and how 
much offshore zooplankton sources contribute to coastal food webs depends on 
natural phySical and biological forces such as predahon, rrngrahon, currents and 
structure of the fronts, formahon and stability of eddies, degree and extent of 
turbulence, and responses of plankton to short and long-term changes m 
temperature and sahruty 

A wide range of human nnpacts mteracts with natural biological and physical 
forces to change productJ.vity and commuruty structure m the GOA Human 
achvihes have the most direct and obvious rmpacts at those sites m watersheds and 
mterb.dal areas where human populahons are high Nonetheless, some human 
achvihes affect populations of birds, &sh, shellfish, and mammals far offshore, and 
also have rmpacts far from the sites of the acb.ons In short, human achVlhes and 
natural forces together act over global to local scales to dnve and shape marme and 
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terrestnal hfe m the GOA and its tributary watersheds Natural forces and human 
rmpacts, as exemphfied by heat and salt distnbubon, lilSOlabon, b10logical energy 
flow, b10geochemical cychng and food web structure, fishery removals, pollutant 
mputs, and the relabonships among them over bme defme the state of the manne 
ecosystem Natural forces and human 1II1pacts brmg about changes m populabons 
of buds, fish, shellfish, and mammals by altermg the relabonships among these 
state variables that defme the manne ecosystem 

4.5.2 Trophic Structure 

The pnncrpal trophic groups of the northern GOA are represented by the 
analysIB of Okey and Pauly for PWS (Okey and Pauly 1998b) The upper trophic 
levels (3 5+) are dommated by large vertebrates, mcludmg toothed whales, harbor 
seals and sea hons, seabrrds, sharks, and fish specres that are large as adults 
(fable 4 1) Prrmary consumers on trophic levels between 1 (prrmary producers) 
and 3 (ternary) mclude Jellyfish, zooplankters (mcludmg larvae of crustaceans and 
fish), Infauna, and me10fauna The pnmary sources of food m the northern GOA 
are phytoplankton, macroalgae and eelgrass, and detritus The specres of the 
dommant biomass are macroalgae and eelgrass, followed closely by shallow and 
deep Infauna, deep ep1benthos, and herbivorous zooplankton In terms of 
producbon per b10mass (P /B), the dommant speaes groups are clearly the 
phytoplankton, followed by the herbivorous zooplankton In terms of food 
consumpbon per biomass (Q/B), mvertebra~bng birds top the hst, followed by (,,-
small cetaceans and pmrupeds, and herbivorous zooplankton UBIIlg this concept 
of the trophic structure of the northern GOA, data on the lower trophic levels (<3 5) 
are extremely rmportant to detecbng and understandmg change m valued manne-
related resources 

Table 4 1 Representative Trophic Groups of the Northern GOA Arranged m 
Descending Order by Trophic Level 

Group name 
Trophic Biomass P/B Q/B 

Level (t km-2 year"1
) (yr"1) (yr"1) 

Orcas 498 0 003 0050 8265 

Sharks 4 81 0 700 0100 2100 

Pacrfic hahbut 4 59 0 677 0 320 1 730 

Small cetaceans (porpo180S) 452 0 015 0150 29200 

Pmmpeds (harbor seal & sea hon) 445 0 066 0 060 25 550 

Lmgcod 433 oon 0 580 3300 

Sablefish 429 0293 0 566 6420 

Arrowtooth flounder adult 425 4000 0220 3 030 

Adult salmon 417 1 034 6476 13 000 

Pacific cod 414 0300 1200 4 000 

Arrowtooth flounder JUVemle 4 01 0655 0220 3030 

AVJan predators 3 89 0 002 5 000 36 500 ( 
Seabirds 3 78 0 011 7 800 150 60 
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Table 4.1 Representative Trophic Groups of the Northern GOA Arranged In 
Descending Order by Trophic Level 

Group name 
Trophic Biomass P/B Q/B 

Leval (t km-2 year"1} (yr .... } (yr .... } 

Deep demersal fish (skates and 378 0960 0 930 3 210 
flatfishes) 

Pollock age 1 + 376 7480 0 707 2559 

Rocldish 374 1 016 0170 3440 

Baleen whales 365 0149 0050 10900 

Salmon fry 0-12 cm 3 51 0072 7154 62800 

Nearshore demersal fish {greenllng 335 4200 1 000 4240 
and sculpm) 

Squid 326 3000 3000 15000 

Euladlon 325 0 371 2000 18000 

Sea otters 323 0045 0130 117 000 

Deep ep1benthos 316 30000 3000 10000 

Cap aim 311 0 367 3 500 18000 

Adult hemng 310 2 810 0540 18 000 

Pollock age 0 3 07 0 110 2340 16180 

Shallow large eptbenthos 307 3100 2100 10000 

Invertebrate eating bird 307 0005 0200 450 500 

I 
Sand lance 306 0595 2 000 18000 

) 
Juvenile hemng 303 13406 0 729 18000 

Jellies 296 6390 8820 29410 

Deep small infauna 225 49400 3000 23000 

Near omm-zooplankton 225 0 103 7900 26 333 

Omm-zooplankton 225 24635 11 060 22130 

Shallow small infauna 218 51500 3800 23000 

Metofauna 211 4475 4500 22500 

Deep large infauna 210 28350 0600 23000 

Shallow small epibenthos 205 26100 2300 10000 

Shallow large infauna (dams, etc ) 200 12500 0600 23000 

Near herbt-zooplankton 2 00 0136 27000 90000 

Herb1-zooplankton 200 30 000 24000 50000 

Near phytoplankton 1 00 5326 190 000 0000 

Offshore phytoplankton 1 00 10 672 190000 0000 

Macroalgae/eelgras 1 00 125 250 5 000 0000 

Inshore de1ntus 1 00 3000 

Offshore detnb.Js 1 00 4500 

Notes Bold values ware calculated by the Ecopath software 

P/B IS producbon per blOlll8SS Q/B is food consumpbon par biomass 

) Source Table 74 (Okey and Pauly 1998a) 
,___/ 
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4.5.2 Watersheds 

Watersheds are hnked by geochemical cycles and common clrmabc forang to 
the manne ecosystem Input of terrestnal carbon contnbutes to the carbon budget 
of the oceans LikeWlSe, manne contnbubons of nutnents appear to be rmportant 
to growth of aquabc and terrestnal plants m watersheds 

4.5.2.1 Physical Forcing and Primary Production 
Primary natural forces are precip1tabon and msolabon Watersheds depend on 

rmport of manne nutnents by anadromous fish and other aruma1s Therefore, 
mamtenance of healthy salmon runs and populabons of terrestrial ammals that 
feed m the nearshore manne environment IS key to healthy watershed ecosystems 
Woody debns and vegetabonfrom land are also rmported to the manne 
environment, providmg a carbon source and habitat for some species The 
common effects of clrmate also lmk these two systems Fresh water from coastal 
watersheds contnbutes huge amounts of fresh water to the GOA and makes 
possible the ACC-the smgle most dommant and mtegratmg feature of the physical 
envrronm.entonthecontmentalshelf 

4.5.2.2 Food, Habitat and Removals of Valued Species 
Human acbvibes m the watersheds that remove natural vegetabon can result m 

sotl erosion and its attendant effects on stream and coastal marme hfe Fresh water 
can carry contammants to the manne environment Sources of these contarrnnants 
can be of local ongm-sewage and sepbc wastes, mdustnal and military wastes, 
motor vehicles, and otl from spills-or rmported from distant sources and earned 
across the Pacrftc Ocean by atmosphenc processes 

4.5.3 Intertidal and Subtldal 

The mtertidal and subhdal-or nearshore-area IS techrucally a part of the ACC 
regrme m most places (the next habitat to be considered), except arguably m some 
embayments, such as the fjord systems m northern PWS But, because of the 
rmportance and vulnerability of the mtertidal and shallow subbdal areas and the 
dependence of so many valued species on nearshore habitat, it IS treated here 
separately from the ACC 

4.5.3.1 Physical Forcing and Primary Production 
The producbvity of mtertidal and subhdal manne commurubes depends on 

both f:txed algae and some other vascular plants m shallow water, as well as free
floatmg phytoplankton. Nutnent supply to f:txed plants IS not well charactenzed, 
but presumably IS controlled by oceanograpluc processes and seasonal cycles of 
water turnover on the mner shelf as well as some contnbubons from stream runoff 
ThIS process of nutnent supply IS essenbally the same as for nearshore 
phytoplankton Ultrmately, as mentioned m Sechon 3 5, Volume II, the run up of 
deepwater from the central GOA onto the shelf and some poorly charactenzed 
processes for cross-shelf transport of the nutnents are cnbcal to growth of both (-, 
f:txed and floatmg nearshore algae The nearshore waters can be depleted of 
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nutnents durmg the growing season if the warm surface layers where pnmary 
producbvity 15 drawmg down nutnents 15 not rru:xed with deeper waters by wmd 
and tidal adlon Within-season vanability 111 pnmary producl:lon, therefore, 
appears to depend on the previous late summer run up of deepwater onto the 
shelf, some poorly described cross-shelf transport processes, and withm-growmg 
season wmd and tidal IIll.Xlilg 

Goud cover also lS likely to be very nnportant 111 regulating the amount of solar 
energy reachmg the ocean surface Nearshore turbulence, wh:tch is the result of the 
prevailing ch.mate and tidal acl:lon, promotes the growth of algae and 
phytoplankton These plants are the food supphes for ftlter-feedmg molluscs, such 
as clams and mussels, that are nnportant sources of food for a variety of nearshore 
annnals, such as sea otters and sea ducks Oimate also drrect:ly affects llltertldal 
and subtldal aruma1s through changes of temperature, water sallruty, and ice 
format:Ion Ice format:Ion IS an nnportant source of mortality and reduced growth 
of mtertidal algae and some animal populat:Ions m some s1tuat:Ions It IS suspected 
that bottom-up forong through vanability of pnmary producl:lon IS an rmportant 
mfluence on llltertldal lllvertebrate commumt:Ies on the scale of decades, but there 
are no long-term data sets to exam.me thIS supposition If wave acl:lon IS too 

mtense, 1t can lmut populat:Ion growth, for example, waves dunng storms often 
throw large amounts of herrmg eggs (embryos) onto the beach where they die 

In addition to these natural factors, human acl:lVIties m the mtertldal and 
subtldal area, and human accrdental releases of toxic materials have the potent:Ial to 
affect nearshore pnmary producl:lon At the present trme, it appears that the 
mfluences of natural forces on basm and reg10nal scales m nearshore ecosystem 
producl:lvity are overwhelmmg and that human mfluences are neghgible, except m 
local areas (such as harbor contammat:Ion) 

4.5.3.2 Food, Habitat and Removals of Valued Species 
A large number of mtertldal and subtldal anrmal populations respond to both 

bottom-up and top-down natural forong as well as to human acl:lVIt:Ies Bottom-up 
forong appears to have more documented effects on such populations as hernng, 
pollock, shnmp, crab, salmon, and seabirds than have been documented for 
mfaunal and attached mterhdal aruma1s There are good examples of populat:Ion 
controls by removals (top-down mfluences) and many of these relationshtps, such 
as that between sea urchms and sea otters, are crted m Sechon 3 7, Volume II 
Disease poSSlbly mfluences some populations, such as Viral Hemorrhagic Septicemia 
V1I1lS effects on Pacrfic hernng 111 PWS 

The mtertidal and subtldal benthos IS parhcularly vulnerable to human use 
through harvesting of various mvertebrates, tramphng, discharge of contanunants, 
road and home construcl:lon, and sotl erosion At the present hme, rmpacts of such 
acl:lvities appear to be locahzed because of the dispersed nature of human act:Ivlt:Ies 
along the vast coasthne of the northern GOA The nearshore sentmel populat:Ions 
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may need to be morutored more closely, however, as Alaska's population and use 
of the nearshore zone expands m the future 

4.5.4 Alaska Coastal Current 

As noted above, the domam of the ACC m many cases starts at the shorehne 
and extends out to a frontal area several tens of kilometers onto the continental 
shelf The mshore boundary of tlus current system IS not precISely defmed m tlus 
subsection because the nearshore aspects of the ecosystem have been covered 
above 

4.5.4.1 Physical Forr:lng and Primary Production 

r 
I 
\ 

Because the ACC IS a buoyant, low-sahruty, eastern, boundary current fed 
essentially by a lme-source of fresh water along the length of the Alaska coastlme, it 
offers a uruque opporturuty to study basin-scale physical forcmg of biological 
producb.on Although one charactenstlc of the ACC IS the draw-down of nutnents 
durmg the growmg season to levels that are undetectable, the m-season variability 
IS clearly dnven by patterns m the aforementioned wmd moong, and IS very 
Sigiuficant A pronusmg model developed by Eslmger et al (2001) IS capable of 
trackmg the m-season variability of plankton producb.on based on the physical 
charactenstlcs of the water column and the wmd field The extent to which 
patterns of seasonal wmd IIUXJ.Ilg are the ma1or contnbutors to longer-term 
vanability m pnmary producb.vity IS not clear Tidal moong hkely contnbutes to 
vanability, as do other potenbal mecharusms that transport deep-water nutnents (~ 
mto shallow waters, for example, late-summer relaxation of onshore Ekman 
transport and up-canyon currents 

Annual variability of nutnent supply hkely has a great mfluence on long-term 
vanability m pnmary producb.on For example, this mfluence would be consIStent 
with the relationship between the Bakun upwelling mdex and pmk salmon marme 
survival rates up to 1990 (see Secb.on 3 6, Volume II) and the dtfferences observed 
between the volumes of settled plankton m the 1980s and m the 1990s (Brown 
unpublIShed) 

Another physical phenomenon that apparently affects biological producb.on m 
the water column IS eddies Ecidies have been documented m Shehkof Strrut, for 
example, and greatly mfluence retention of larval pollock m a favorable 
environment (Bogard et al 1994, Batley et al 1997) Beyond th.err study m the FOO 
program, not much IS known generally about eddies m the ACC and therr 
biological mfluences There are also eddies m Kachemak Bay, some of which are 
stratifted at the surface by freshwater mputs that may smularly benefit pelagic 
spectes there and off Kayak Island, southeast of PWS The southerly and easterly 
wmds that predommate durmg most of the year dnve offshore water mshore (vra 
Ekman transport), carrymg offshore planktoruc orgarusm.s close to shore and 
providmg potential sources of food for nearshore orgarusms, such as JUVerule pmk 
salmon 
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Fmally, the outer edge of the ACC often forms a front with the water m.asSes 
seaward of 1t Tius front IS charactenzed by strong convergence of offshore and 
inshore water masses and s1gruftcant downward water velocrties It appears at 
bmes to concentrate plankton, nekton, bsh, and brrds, and IS probably an rmportant 
Site for trophic mteraction.s 

4.5.4.2 Food, Habitat and Removals of' Valued Species 
Many of the types of natural and human activities that affect the nearshore 

specres apply also to the ACC Tius smulanty IS due m part to the fact that many 
specres cross between the nearshore envuonment and deeper waters Bottom-up 
forcmg appears to be of great rmportance, because areas of the ACC with high 
levels of chlorophyll a durmg the growmg season and vigorous vertical lll.JXIIlg, 
such as Lower Cook Inlet, also support large populations of fish, seabrrds and 
manne mammals The ACC IS the mam domam of the GOA for the productive 
fishenes for both pelagic and benthic specres Consequently, human activities are 
potentially a qUite large aspect of removals Other pOSSible human rmpacts mdude 
contammants and long-term global wamung 

4.5.5 Offshore: Alaska Cun-ent and the SUbarctlc Gyre 

4.5.5.1 Ph-ysk:al Forcing and Primary Production 
In the offshore areas of the Alaska Current and the subarctic gyre, forcing by 

wmds assocrated with the ALP system has a profound effect on production and 
shoreward transport of plankton Produchon and shoreward transport of plankton 
are determmed by the followmg 

• Upwelling at the center of the subarctic gyre, 

• Depth of the rrnxed layer (freshwater and solar energy mput set up the 
rrnxed surface layer where prrmary production takes place), 

• POSSible upwellmg of nutnents along the continental slope and at the shelf 
break where the shelf break front may drrect upwelled water toward the 
surface, and 

• Formation of eddies along the shelf break that may mcubate plankton m a 
favorable environment for production and be mecharusms of exchange 
between offshore and shelf water masses Individual eddies may permst for 
months and are therefore potenhally rmportant m any one growmg season 

The contrasts m biological production and shoreward transport of plankton 
between mtense and relaxed ALP conditions m the Alaska Current region and the 
subarctic gyre are profound In penods with more negat:Ive ahnosphenc pressure 
that IS keyed by the northeastern movement of the ALP mto the GOA m wmter, the 
followmg mter:related physical changes are observed 

• Acceleration of the cydoruc motion of the Alaska Current and subarctic 
gyre, 
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• Increased. upwelling m the nuddle of the subarcbc gyre (and possibly along 
the contmental shelf), 

• Entramment of more of the west wmd dn£t (southerly porhon of the 
subarcbc gyre) northward mto the GOA, rather than mto the Cahforrua 
Current system, 

• Warmer surface-water temperatures and rn.creased precrp1tabon and fresh 
water runoff from land, 

• Freshenmg of the surface layer, 

• Increased wmds and Ekman transport, and 

• Increased onshore downwellmg 

These phenomena are thought to cause the followmg b10logical changes 

• The result of the shallower nuxed surface layer IS that the spnng plankton 
producbon IS likely higher (remember that nutnents may not be lmutmg m 
the subarcbc gyre), 

• Greater standmg crops of zooplankton and nekton that have been observed 
are probably made possible by the higher producbVIty of the 
phytoplankton, 

• More food IS available for the fish that feed on plankton and nekton, such 
as salmon, and 

• Salmon populabons track mean atmospheric pressure for the wmterbme 
sea surface on scales of decades 

In addibon to the mulb-decadal osctllabons of atmospheric pressure, chmate 
changes marufested m the northern GOA also mclude periodic El Nlfi.os and the 
long-term warmmg of the oceans El Nifi.os have been associated with successful 
recrwtment of a senes of groundfish specres, such as pollack, as well as some die
off of seabrrds Because the El Nifi.o phenomenon appears to be marufested solely 
m warmmg of the upper 200 m of the ocean, its biological effects are probably 
mediated through water strabllcabon and its relabonship to pnmary producbon 
and growth of larval fish 

4.5.5.2 Food, Habitat and Removals of Valued Species 
The Alaska Current IS centered over the shelf break, an area of high biological 

acbVIty The high concentrabons of plankton observed at the shelf break, whether 
they result from accumulabon of plankton onginatmg further offshore, m situ 
producbon, or both, proVIde a nch resource for a vanety of organISmS and therr 
predators It IS not clear that JUVemle salmon feed m this regime, but adults of all 
specres certamly do Other promment organISmS mclude sablefish, myctophids 
(lantern fish), sea hons, some seabrrds, and whales Well-developed benthic 
commurubes eXISt on the outer shelf, shelf break, and contmental slope, mcludmg 
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commercrally expl01ted populabons of shnmp, crab, cod, hahbut, and pollock 
Some fishmg acbvlbes, such as bottom trawhng, have the potentJ.al to do habitat 
damage and possibly lmut populations of arumals assooated with the sea bottom 
Issues assocrated with the balance between prod.ucbon and removals of 
commeraally rmportant speaes are of the utmost SOCietal rmportance m Alaska 
and further ecological mformaflon, mod.elmg, and synthesIS centered on the Alaska 
Current regime IS necessary 

4.6 Regional Changes 
Resulting from 
Interacting Ecological 
Factors 

In general, regional differences m populations 
of fishes, brrds, and manne mammals m the 
northern GOA are well known, but the underlymg 
mteracbng ecological factors that give nse to these 
differences are not as well understood In this 
secflon, some of the observed regional dJfferences 
and some potential reasons underlymg them are 

advanced These explanabons of regional differences are based on mcomplete or 
piecemeal eVIdence, but thIS speculation IS rmportant because 1t may lead to further 
study and analySIS and to new understandmg Comparaflve analysis of mteractmg 
factors m several regions may better clanfy the role of vanous geograpluc features, 
physical £orang, and biological consequences m the northern GOA, as was 
emphasized m relabon to seabirds (Secbon 3 9, Volume II) Because there 18 so 
much homogeneity m the ACC m parbcular, what happens m PWS, along the 

\ Kenai Penmsula, m outer and nuddle Cook Inlet, and m the Shehkof Strait may 
I 

./ well represent four different field experiments m the same body of water 

,J 

One of the most pronunent regional contrasts IS the different levels of 
ecosystem producbVIty apparent m lower Cook Inlet and PWS It 18 relatively clear 
from satellite measurements of surface-water chlorophyll a and the large 
populations of forage fishes, seabrrds, and manne mammals that occur there that 
the Lower Cook Inlet area IS extremely prod.ucbve m the summer growmg season 
relatrve to PWS Satellite data for the sea surface temperatures mdicate that cold 
deep water, wluch IS presumably also nch m plant nutnents, IS on the surface 
whenever images are available, m satellite images taken at the same bmes, PWS 
appears to have warmer surface water The strong moong that bnngs deeper water 
to the surface m thIS area IS probably largely tidal m nature Vigorous moong 18 

encouraged by 

• 

• 

• 

The local geography and oceanography, such as the large fide range, 

The large volume of water that IS exchanged with each tidal cycle, and 

The narrow entrances to outer Cook Inlet relatrve to the area of Cook Inlet 

Another regional difference on a somewhat smaller scale occurs withm Cook 
Inlet itself In Cook Inlet, studies of forage fISh abundance and seabrrd populations 
at Gull Island on the eastern Side and ChISik Island on the western Side proVIde an 

) mteresbng contrast that strongly suggests physical £orang on seabrrd populations 
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At Gull Island, populations of all ma1or seabirds have been mcreasmg dunng the I 
last 20 years, and at Clusik Island the opposite trend has occurred Tius difference \ 
appears to be caused by manne-mfluenced conditions near Gull Island where the 
food web probably has much greater access to deep-water nutnent sources At 
Chisik Island, however, the system IS strongly mfluenced by nutnent-poor, stlty 
freshwater runoff from the InaJOr glacral nvers of northern Cook Inlet, and only 
meager populations of forage fish eXISt withm the range of most speoes It appears 
that with a warmer clunate and more runoff, the dynamic balance between fresher 
water commg down the western Side of Cook Inlet and saltier offshore water 
entenng Stevenson and Kennedy entrances has been shifted to make Chisik Island 
less productive and Gull Island more productive Eddies, which have been known 
to eXISt for some time near Gull Island m Kachemak Bay, have recently been shown 
to provide a less-dense surface lens m which forage fish favorable to seabirds 
reside 

Another example of reg10nal differences m geography and physical forCillg 
shapmg rmportant differences m ecological production IS the eddy system m 
Shelikof Strrut As mentioned above, thIS system has been extensively explored and 
modeled dunng the FOCI program Tius eddy system retams larval pollack m 
relatively favorable conditions for growth and allows them to eventually contnbute 
to the rmportant pollack &shery m the northern Gulf 

The Trustee Counctl's SEA program, hatchery production records, and other 
studies, such as those earned out on kittiwake reproduction, have demonstrated 
rmportant subregional ecological chfferences between northern and southern PWS 
as well as eastern and western PWS 

The pattern of some differences may have changed on a decadal scale The 
followmg regional differences are apparent m PWS 

• Residence time of water m different portions of PWS, with longer residence 
time m the northern portions of the sound that have more restncted water 
crrculation, 

• Degree of l.IlCUl'8lon of the ACC mto the sound, which appears to vary 
annually, 

• Glacral runoff, which IS greater m the north and east, and 

• Extent of subtldal habitat, which IS greater m the eastern portions of PWS 

4.7 Central Hypothesis 
and Questions by 4.7.1 Central Hypothesis 
Habitat Type 

Natural forces and human actu:nttes worktng over global to local 
scales bnng about short term and long lasting changes m the 
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biological commumhes that support lnrtls, fish, shellfish and 
mammals Natural forces and human acthnttes lmng about change 
by altenng relationships among deftnmg characteristics of habitats 
and ecosystems such as heat and salt thstnbution, tnsolati.on., 
lnologtcal energy flow, freshwater flow, biogeochemical cycles, 
food web structure, fishery impacts, and pollutant levels. 

The central hypothesIS states widely held behefs about what dnves changes m 
hvmg manne-related resources m bme and space Specrfic mecharusms that cause 
change are largely untested However, current speculahons, supported by hnuted 
observatJ.ons, are that forcmg by wmds, preap1tahon, predahon, currents, natural 
compehtors for food and habl.tat, fulhenes, and pollutants change hvmg manne
related resources over different scales of tJ.me and space through alteration of 
cntJ.cal propertJ.es of habl.tats and ecosystems (Figures 4 4 and 4 5) 

The manna ecosystem m the northern Gulf of Alaska depends on the nature of 
connecbons between heat and salt dlslnbubon, msolabon, energy flow, 
biogeochermcal cycling, and food web structure Natural and human acbVlbes 
bnng about changes m the populations of birds, shellfish, and mammals by 
altenng these connecbons 

Figure 4 4 Relabons among maJor parts of the GEM conceptual foundabon 
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removals 

Figure 4 5 Possible connecbons among specific mechanisms and agents of change in IMng 
manna-related resources 

Havmg an apprecrab.on for the scales of trme and space over wluch the 
processes responsible for biological producb.on occur IS essenb.al for des1grung 
momtonng and research IDtended to detect and understand changes ID the 
ecosystem (Figure 4 6) To understand the compos1hon and extent of ecosystems, 1t 
lS necessary to ask and answer quesb.ons about the distances and trme associated 
with the vanab.on ID the biological and physical phenomena AB stated eloquently 
by Ricklefs (1990) (p 169), "Every phenomenon, regardless of its scale ID space and 
trme, IDeludes £mer scale processes and patterns and lS embedded ID a matnx of 
processes and patterns havmg larger dimensions " Indeed, spab.al and temporal 
scales are part of the defmihons of physical and biological processes such as 
advection and growth Tak.mg account of spab.al and temporal scales IS cnb.cal to 
studyrng lrnkages between natural forces and biological responses (Franas et al 
1998) 

The central hypothesis IS easily converted IDto a central quesb.on designed to 
explore the means by wluch natural forces and human acb.vib.es dnve b10logical 
responses over different scales of trme and space 

What are the relattve roles of natural forces and human actimttes, 
as distant and local factors, tn causing short-tenn and long-lasttng 
changes in the bro logical communities that support birds, ftsh, 
shellftsh, and mammals tn the four key habitats of the GOA? 

The followrng four habitat types, as formally defmed ID Chapter 3, Volume L 
provide poIDts of reference for studyrng the relab.ons among speaes ID spahally 
and ecologically separated habitats The IDtent lS to nnplement momtonng that 
can, ID the long term, help understand the relahonslups between produchvity or 
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Figure 4.6 Scales of time and space corresponding to key elements and processes in ecosystems 
of the GOA. Illustration provided by John Piatt. 

community structure of a habitat and the other three habitats. Thus, the central 
question can be specifically targeted to each of the habitats. 

Watershed (see Section 3.2, Volume I) 

What are the relative roles of natural forces (such as climate) and 
human activities (such as habitat degradation and fishing) as 
distant and local factors, in causing short-term and long-lasting 
changes in marine-related biological production in watersheds? 

Intertidal and Subtidal (see Section 3.3, Volume I) 

What are the relative roles of natural forces (such as currents and 
predation) and human activities (such as small-scale development 
and increased urbanization) as distant and local factors, in causing 
short-term and long-lasting changes in community structure and 
dynamics of the intertidal and subtidal habitats? 

Alaska Coastal Current (see Section 3.4, Volume I) 

What are the relative roles of natural forces (such as the variability 
in the strength, structure and dynamics of the ACC) and human 
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activities (such as ftshtng and pollution) m causing local and 
dtstant changes tn production of phytoplankton, zooplankton, 
birds, ft.sh, and mammals? 

Offshore (Outer Continental Shelf and Alaska Gyre) (see Section 3 5, Volume I} 

What are the relative roles of natural forces (such as changes m the 
strength of the Alaska Current and Alaskan Stream, mixed layer 
depth of the gyre, wmd stress and downwellmg) and human 
activities (such as pollution) in detemtinmg production of carbon 
and tts shoreward transport? 
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5. MODEUNG 

In This Chapter 

~ A survey of North Paa.fie models relevant to GEM 

~ Goals and purposes of gathenng and analyzmg data with models 

~ Use of a hierarclucal strategy m dectBlon-makmg 

~ Modelmg strategies and methods 

Modelmg and observmg systems designed to 
5.1 Introduction support modelmg efforts have been estabhshed m 

the GOA and North Paa.fie As a regional 
momtonng and research program, GEM seeks to butld on the strengths of past and 
exisbng programs In this chapter, modelmg strategies of estabhshed programs are 
reviewed to provide a startmg pomt for the modelmg component of the GEM 
program Idenbficabon of core vanables used m these exisbng efforts provides an 
rmportant contnbutton to developmg the GEM momtonng program 

FolloWing the review of modelmg efforts, the background necessary to 
rmplement a modelmg program for GEM IS developed This background mcludes 
presentabon of explanabons and discussion of the purposes of modelmg, a 
hierarclucal framework for orgamzmg different types of models, options avatlable 
m modelmg strategies and methods, and the means of evaluabng modehng 
proposals 

5.2 Survey of Modeling 5.2.1 Modeling Strategies of 
Established Programs 

This subsection prOVIdes statements 
summ.arumg modelmg strategies The mformabon IS extracted from Web Sites as 
noted 

GOOS (Global Ocean Observing System) 

Lmkmg user needs to measurements requires a managed, 
mteracbve flow of data and mformabon among three essenbal 
subsystems of the IOOS [Integrated Coastal Ocean Observmg 
System] (1) the observmg subsystem (measurement of core 
vanables and the transnuss10n of data), (2) the commumcattons 
network and data management subsystem (orgamzmg, cataloging, 
and dtssenunabng data), and (3) the modelmg and apphcabons 
subsystem (translabng data mto products m response to user 
needs) Thus, the observmg system consISts of the Infrastructure 
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and experhse reqmred for each of these subsystems as well as that 
needed to msure the conbnued and roubne flow of data and 
mformahon among them 

From "Toward a Nahonal, Cost-Effechve Approach to Predichng the Future of 
our Coastal Environment, " a Posihon Paper of the U S GOOS Steering Committee, 
September 2000, PROLOGUE (http/ /www-
<;eean tamu edu/GOOS/pubhcahons/poSihon html) 

PI~S (North Pacific Manne Scrence Organizahon}/NEMURO (North Pacific 
Ecosystem Model for Understanding Regional Oceanography) 

Models serve to extrapolate retrospechve and new observahons 
through space and hme, assISt with the design of observahonal 
programs, and test our understandmg of the mtegrahon and 
funchorung of ecosystem components Oear differences were 
idenhfied m the level of advancement of the various discrphnary 
models Atmosphere-ocean and phySical crrculahon models are the 
most advanced, to the extent that eXISbng models are generally 
useful now for CCCC [chmate change and carrymg capacity] 
objechves, at least on the Basm scale Crrculahon models m 
terntonal and regional seas are presently more varied m their level 
of development, and may need some co-ordinahon from PICFS 
Lower tropluc level models are advancmg, and examples of their 
apphcahon coupled with large-scale circulahon models are 
begmrung to appear There IS a need for comparisons of specillc 
physiological models, and for grafting of detailed IDIXed layer 
models mto the general crrculahon models With upper tropluc 
level models, there are several well-developed models for spec.rlic 
apphcahons, but workshop parhapants felt there were as yet no 
leadmg models available for general use withm the CCCC program 
ThIS IS an area that needs parhcular attenhon and encouragement 
fromPICFS 

From http //pices ios be ca/cccc/cccc/taskteam/modelws96 htm (Perry et al 
1997) 

GLOBEC (GLOBal Ocean ECosystems Dynamics) 

The physical models can be coupled with a srnte of 
biological, biophySical and ecosystems models Development of 
bmlogical models should occur concurrently with development of 
the phySical model Four types of biological or biophysical models 
are recommended Lmkmg outputs from each of these models 
will allow the exammahon of ecosystem level questions regardmg 
top down or bottom up controls m deternurung pelagic production 
m the Bermg Sea 
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From http// globec oce orst edu/ groups/nep/reports/rep16/ 
rep16 bs model html) 

5.2.2 Core Variables for Modellng 

Table 51 shows spabal domams, currencres, rnputs, and outputs for several of 
the most relevant North Pacrfic models 

5.3 Purposes of 
Modeling 

The ultrmate goal of both gatherrng data and 
developrng models lS to rncrease understand.mg 
Pickett et al (1994) ([Pace 2001] p 69) defrne tlus 
goal, rn the realm of SCience, as "an obJecbvely 

deternuned, empmcal match between some set of confrn:nable, observable 
phenomena rn the natural world and a conceptual construct " 

A model-Pickett's "conceptual construct'' - IS useful if 1t helps people 
represent, examrne, and use hypothetical relahonships Data - Pickett's 
"confrrmable, observable phenomena rn the natural world" -can be analyzed with 
stab.stical tools such as the followmg Analyses of the variance (ANOV As), 
regress10ns, and classillcabon and regressmn trees (CARTs) 

• Mathematical tools such as Founer transforms or d:tfferenhal equations, 
and 

• Qualitative models such as engmeerrng "free body" diagrams, network 
diagrams, or loop models 

Fundamental goals of stabsbcal or mathematical analyses are to develop 
correlative, and perhaps even ca~ relabonships and an understand.mg of 
patterns and trends In parbcu.lar, there lS a need to disbngwsh between random 
vanablhty, noISe, and patterns or trends that can be used to explarn and predict 

In other words, the goal of gatherrng and analyzmg data lS to nnprove our 
conceptual and analytical models of the world, and the goal of developrng models 
IS to represent and examine hypothetical relabonships that can be tested with data 

One of the most useful apphcabons of even relatively snnple statistical and 
conceptual models lS rn experimental design that permits rnvesbgabng the possible 
roles of various parameters and therr rnterachons, rankrng the relabve rmportance 
of uncertarnties that may need to be resolved (Fahng 1991, Oosterhout 1998), and 
eshmabng nnpacts of sample size and observahonal error (Botkin et al 2000, 
Carpenter et al 1994, Ludwig 1999, Merr and Fagan 2000) Statistical models assess 
how the vanablhty rn one or more krnds of data relates to variability of others To 
answer the "why" and "how" questions, however, mechamsb.c models can be used 
to develop and test hypotheses about causes and effects (Gargett et al 2001) 
(Mecharustic rn tlus use lS rntended to descnbe the philosophy of mecharusm, 
especially explarnrng phenomena through reference to physical or biological 

) causes ) For morutonng and modelrng to be useful for solvrng problems, they must 
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Table 5 1 Model Spatial Domains, Currencies, Inputs, and Outputs ( 
' Model Name/ 

Model Model Spatial Domain Inputs Outputa/Currency 

Smgle-speaes stock Across EBS and GOA F1Shenes data and Pollock populabon and 
assessment models Pollock d1stnbubons predator biomass mortality trends-number 
that include at age (and biomass at 
predabon age) 

Benng Sea MSVPA The modeled region JS the Fishenes, predator Age-structured populabon 
EBS shelf and slope north b10mass, and food habits dynamJCS for key 
to about 61°N data nus model requires speaes-numbers at age 

estimates of other food 
abundance supplied by 
species outside the 
model 

BORMICON for the The model 1s spabally Temperature IS mdudecl Spatial S1Ze dlStnbubon of 
Eastern Benng Sea expl1crt With 7 defined and mfluences growth and pollack 

geographic regK>ns that consumpbon 
have pollack abundance 
and S1Ze drstnbubon 
mfonnabon 

Evaluabng U S ExcluS1ve Econorruc Gear-specific fishing Btomass of managed fish 
Alternative Fishing Zone effort, mcludrng bycatch speaes 
Strategies 

Advecbon on larval Southeast Benng Sea OSCURS surface currents Index of poUock 
pollack l'e(:rurtment Shelf (wmd-dnven) raaurtment 

Shel1kof Pollock IBM Western GOA from JUst From physical model lndMdual larval f 
southwest of Kodiak Water velocrtJes, wmd charactensbcs such as 
Island to the Shumagrn field, mixed-layer depth, age, srze, 'W91Qht, locatlon, 
Islands, shelf, water water temperature, and lrfe stage, hatch date, 
column to 100 m sahnrty, consumpbon, respiration 

Pseudocalanus field (from 
NPZmodel) 

GLOBEC NPZ 1-D Water column (0-100 m) lrrad1ance, MLD Drffi.JsMty, ammonium, 
and 3-D Models Coastal GOA from Dtxon Temperature, drffusrvrty, mtrate, detrrtus, small and 

Entrance to Urnmak Pass, bottom depths, water large phytoplankton, 
100 m of water column veloclbes (u, v, w) dmoflagellates, bnbnrnds, 
over depths < 2000 m small coastal copepods, 

5-m depth bms x 20 km neocalanus, and 

honzontal gnd euphausuds 

mtrate and ammomum 
mmollm3 

all else mg carbon/m3 

Steller Sea I.Jon IBM Shoold be applicable to The mam mput will be a 3- lndMdual sea lion 
any domam surrounding a D field of prey (fish) charactensbcs such as 
specific sea lion rookery d1stnbubon, derived erther age, locabon, lrfe stage, 
or haul-out m the Benng from hypothebcal and birth date are 
Sea, Aleutian Islands, or scenanos or (later) recorded Cslonc balance 
GOA modeled based on IS the mam vanable 

acousbc data followed for each 
1ndMdual 
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\ Table 5 1 Model Spatial Domains, CurrencteS, Inputs, and Outputs 

Model Name/ 

Model Region Model Spabal Domain Inputs Outputs/Currency 

Shel1kof NPZ Model, Water column (0-100 m), lrradrance, MLD, Nitrogen, phytoplankton, 
1-D and 3-0 GOA from southwest of temperature, bottom Neocalanus densmes, 
Versions Kodiak Island to depths, water velOClbes Pseudocalanus 

Shumagm Islands 1-m (u, v, w) numbers/m-3 for each of 
depth bins for 1-0 version, the 13 stages (egg, 6 
1 m depth x 20 km for 3-0 nauphar, 6 copepodrte)s 
version 

GOA Pollock Shehkof Strart, Gulf of Number of eggs to seed Number of 90-day-old 
Stochasbc Switch Alaska the model Base pollock larvae through bme 
Model mortality, additive and 

mulbphcabve mort 
Adjustment parametera 
for each mort Factor 

NEMURO Ocean Stabon P (50"N 15 state vanables and Ecosystem fluxes are 
145"W), Benng Sea parameters, mcludrng tracked m unrts of nitrogen 
(57 5°N 175aw), and 2 phytoplankton, and silicon 
Stabon A7 off the east of 3 zooplankton, and 
Hokkaido ISiand, Japan mulbple nutnent groups 
(41 3°N 145 3CW) 

Eastern Benng Sea 500,000 km2 m EBS south Biomass, productmn, Balance between produced 
Shelf Model 1 of 61°N consumpbon, and diet and consumed per area 
Eco path composrbon for all majOr biomass (flkm2

) Future 
speC1es rn each work WJJI explore energy 
ecosys~m (kcal/km

2
) and nutnent 

dynamics 

Eastern Benng Sea 500,000 km
2 

m eastern 
Shelf Model 2 Benng Sea south of 61°N 
Ecopath 

Western Benng Sea 300,000 km
2 

on western 
Shelf Ecopath Benng Sea shelf 

Gulf of Alaska Shelf NPFMC management 
Ecopath areas 610, 620, 630, and 

of640 

Aleuban Islands, Not detenmned 
Pnbllof Islands 
Eco path 

Pnnce Wilham Whole Pnnce Wilham 
Sound Ecopath Sound 

) 
/ 
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Table 5.1 Model Spatial Domains, Currencies, Inputs, and Outputs 

Modal Name/ 

Model Region Modal Spabal Domain Inputs Outputs/Currency 

Source Table 2 m AppendlX C prepared by Kenm Aydin 

Notes 
BORMICON = Boreal Migration and Consumpbon Model 
EBS = Eastern Benng Sea 
GLOBEC = Global Ocean Ecosystem Dynamics 
GOA = Gulf of Alaska 
km = kilometer 
kcal = kilo calone 
m =meter 
MLD= 
mmol = mrlhmolar 
MSVPA = MulbspecteS Virtual Population Analysis 
NEMURO = North Pacrflc Ecosystem Mcx:lel for Understanding ReglOllal Oceanography 
NPFMC = North Pacific F1shenes Management Council 
NPZ = nutnent-phytoplankton-zooplankton 
OSCURS = Ocean Surface Current Simulations 
t = metnc ton 
YD = days of year 

contnbute to nnprovmg decrs1on-makmg (Botkin et al 2000, Hilborn 1997, Holling 
1978, Holling and Oark 1975, Ralls and Taylor 2000) 

Toward tlus end, one goal of the GEM program IS to use models predictrvely to 
assist managers m solvmg problems It IS important that expectat10ns be realistic, 
however The mecharusms that dnve ecological systems, particularly those related 
to clnnate and human actlvities, are not currently well enough understood for 
predictlons about natural systems to be rehably successful It IS not unreasonable 
to expect that predictlve models that managers will be able to use to produce at 
least short-term rehable forecasts will eventually be developed, but advances m 
decrsion-support models will reqmre a long-term comrmtment to advancmg 
understandmg on which those decrs1on-support models will ultimately have to be 
based 

Predictlon IS, however, an nnportant goal of a modelmg program even m the 
short run, because scrence advances with the development and testing of predictrve 
hypotheses Mecharnstic studies are essential to advancrng understandmg, but 
carrymg out these studies reqwres defnung cause-effect or predictrve hypotheses, 
and then testing those predictions agamst subsequent data or events with analytical 
models 

,,.,-. 
( 

The fundamental goal of the GEM program IS to 1denbfy and better understand 
the natural and human forces that cause changes m GEM species ThIS research 
goal has a pragmatic purpose that can only be served, m the end, by lmkmg 
correlative and mecharustic studies with the predictlve needs of decrsion makers (--

Decrs1on-makmg, predictlon, and understandmg are mevitably lrnked, and 
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mamtanung that lmk can help keep a research program focused on its ulhmate 
objectJ:ves, and help 1t to av01d narrow mqmry and the distractions of small 
temporary problems (Pace 2001) 

An often-overlooked benefit proVIded by the process of developmg a model IS 

that 1t can, and probably should, facilitate commurucab.on among researchers, 
managers, and the pubhc 

To summanze, m the GEM program, the specific purposes of modehng are as 
follows 

• Inform, commurucate, and provide common problem de&rub.on, 

• Identify key variables and relab.onshlps, 

• Set pnonb.es, 

• Improve and develop experimental (momtonng) designs, and 

• Improve decISlon-makmg and rISk assessment 

It IS cnb.cal that the GEM program develop a 
5.4 Hierarchical luerarchlcal modehng strategy to ensure that 

Framework: short-term, smaller-scale decISions about 
momtormg and modehng studies will be 

consIStent with the conceptual found.ab.on and GEM program goals Smaller-scope 
research studies to test particular hypotheses and develop correlative relab.onshlps 
must nt withm a larger synthesis framework connecting the more narrowly focused 
research chsciphnes Deductive studies to relate empmcal data to syntheb.c 
constructs are JUSt as rmportant as mductive studies to elucrdate general pnncrples, 
and 1t IS rmportant that researchers keep straight whether they are mvesb.gab.ng the 
meamng of the data, given the theory, or the vahdity of the theory, given the data 
Neither can be done unless modelmg, momtonng, and data management strategies 
are developed together 

As described m Chapter 4, Volume I, models for the purposes of the GEM 
program may be verbal, VISUal, statISb.cal, or numerical StatISb.cal models are also 
known as 11 correlab.ve" and 11 stochasb.c," and numerical models are also known as 
"deterrnuushc" and "mecharusb.c " Note that "prediction," "analysIS," and 
"srmulab.on" are terms that descnbe the use of models, and not necessanly their 
type The modelmg luerarchy of the GEM program will proVIde hnks between 
observatmns and explanab.ons, development of theory and design of experiments, 
and advancement of SCience and the practice of management The u top" of tlus 
luerarchy, the conceptual foundat10n, IS the source of quesb.ons and hypotheses to 
be explored StatISbcal, analybcal, and srmulab.on models will be developed 
exphcrtly to lmk the /1 confJ.rmable, observable phenomena m the natural world" to 
the "conceptual construct," as Pickett put 1t ([Pace 2001 ], p 69) 
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For example, a VIBual model of the conceptual foundabon IS shown m an 
mfluence diagram m Figure 5 1, wruch shows the forces of change on the left and 
the obJects of ulbmate mterest that are subJect to change on the nght In between 
the two are the mterverung elements and relabonships on wruch the human and 
natural forces act It IS the nature of the connections among these physical and 
ecological elements that IS hypothesized to bnng about the changes that the GEM 
program seeks to understand Therefore, these connections should provide the 
overall modelmg structure 

ThIS conceptual model IS lmked to the morutonng plan through the variables 
defmed as "essenbal to morn tor" m the conceptual foundabon, illustrated m a 
network diagram m Figure 5 2 The analybcal relabonsrups between the morutored 
vanables of Figure 5 2 and the conceptual foundabon represented by Figure 5 1, are 
developed and mveshgated with stabsbcal and analybcal tools, called models 

The manne ecosystem in the northern Gulf of Alaska depends on the nature of 
connections between heat and salt d1stnbubon, insolabon, energy flow, 
bmgeocherrncal cycling, and food web structure Natural and human acbVJhes 
bnng about changes in the populabons of birds, shellfish, and mammals by 
altenng these connecbons 

Figure 5 1 Influence diagram illustrating GEM draft conceptual foundabon 
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_) 
The ultrmate goal of GLOBEC s Northeast Pa.a.fie modelmg appears to be a 

SIDte of computer models that represents an enbre conceptual foundat10n The way 
tlus is framed m programs l1ke GLOBEC, the North Pacrfic Manne Scrence 
Orgaruzat10n (called PICFS), and Global Ocean Observmg System (GOOS) (see 
Secbon 5 2 of tlus chapter) lB as lmked physical and b1ological models representmg 
the phySical and b10logical worlds over bme and space (manne as well as 
terrestnal} The NRC descnbes tlus 1deahzed goal as follows (NRC 2000 p 16) 

Develop a whole-ecosystem fIBhery model as a gwde to think about 
what needs to be morutored Such a model would use current and 
lustoncal data to relate yields to clnnate data and contammant 
levels and rmght stress b10logical and physical endpomts 
(zooplankton/phytoplankton blooms, macrofauna populat10ns) 
and climate and physical oceanography endpomts, m COllJunchon 
with modelmg 

Such a conceptual framework can stimulate heated arguments, creative debate, 
and perhaps synthesis among researchers who have tended to work m somewhat 
mdependent fields with different theoretical foundations and languages (z.achanas 
and Roff 2000) On a pragmatic level, however, 1t 18 too general to help deos1on 
makers choose to fund one proposal over another 

A feasible way to proceed from what can be done now IS through an 1terative 
process framed by the conceptual foundation (Figure 5 3) The conceptual 

__, foundation should be the exphcrt source of hypothetical correlative and cause-and
effect relatronslups Those relationships should be stated as hypotheses, and 
should be used to deterrmne what needs to be measured and when, where, and 
how If the morutonng and modelmg plans are developed withm this framework, 
the measurements can be compared to model predicbons, the results can be used to 
update the saentific background and the morutonng plan, and the 1teration can 
contmue Tlus evolutronary process or adaptrve feedback loop 18 illustrated m 
Figure 5 3 
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temperature 

curroots end 
eddJes 

nrtrate, s1llcale, 
phosphorous, iron, 

other nutnents 

removals 

Figure 5 2 Linkages among system attnbutes that the conceptual foundation identified as 
"essenbal" to monitor 
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Figure 5 3 Feedback control system hnkmg the 
conceptual foundabon, morntonng, and modeling efforts 
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5.5 Defining and 
Evaluating Modeling 
Strategies 

Modelmg efforts of the GEM program for the 
short term will be developed as part of a long
term strategy defined by goals of the GEM 
program 

To begm with, the modelmg strategy must be 
coilSlStent with GEM rmplementabon goals (Chapter 1, Volume I) They can be 
summanzed to mdicate that GEM modelmg should accomplish the folloWing 

• Focus on ftlhng gaps, thus av01dmg duphcabon of efforts or "remvenbng 
the wheel", 

• Emphasize synthesIS, 

• Depend as much as possible on already exisbng programs, 

• Mamtam focus on the key quesbons, and 

• Emphasize efficrency 

In developmg a specrfic management strategy, it IS often useful to thmk of it as 
a decrs10n framework (Keeney 1992), and to start by defrmng an ideal For 
example, to sabsfy GEM program goals efficrently, an ideal model would arguably 
require mput data that are relabvely easy to measure, readily available, and reliable 
mdicators of change The ca~ect theory that dnves the modeled system or 
specres behavior would be based not only on stabsbcally vahd correlabve studies, 
but also on plaUSible and well-developed mecharusbc studies and therr resulbng 
theorebcal constructs The model would produce credible predicbons under 
plaUSible scenarios, and would help answer quesbons and raise new ones 

Tlus ideal model would be easy for other SCienbsts and managers to 
comprehend, and it would be readily available for others to deconstruct, test, and 
cnbque The overarchmg conceptual model would be modulanzed so that 
components of it could be developed and tested relabvely quickly by experts from 
mulbple d.Iscrplmes Ideally, data already available could be used to test and 
vahdate the components and therr mteracbons, and could allow quick learnmg that 
could be used to redirect the modelmg and morutormg strategies Sensibvity 
analysIS of the components, and the mteracbons between the components, would 
be a highly producbve source for subsequent model and morutormg plan 
development Model structure would be flexible and have robust mecharusms for 
assrmtlabng new data and revismg model structure As a result, short-term 
progress toward the long-term goals could be achieved and documented 

A modehng strategy IS the roadmap that provides the means for achievmg the 
ulbmate modelmg goals An idealized model hke the one desCTibed above IS a 
useful step toward defrmng the attnbutes of an effi.crent, workable strategy 
Development of such an idealized model can produce a useful commurucahon tool 
Table 5 2 1denb.fies prehmmary obJecbves and attributes denved from this 
idealized model that could be used to evaluate modelmg strategies 
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Table 5.2 Potenbal ObJ&ctlV8s and Attnbutes 
for Use m Evaluation of Modeling Strategies 

Objective or Attnbute 

Relevance to key questions and 
hypotheses of the GEM 
program 

Contnbubon to future model 
development 

Efficiency of approach 

Maintenance and development 
of program support 

Supported by models that help 

ldenbfy key vanables and relabonsh1ps 

Charactenze uncertainty and noise, impacts of process and 
observation error 

Inform, communicate, develop common problem definitions 

Set pnonbes, cianfy relabve impacts of vanables and 
relabonsh1ps 

Improve and develop expenmental {rnonrtonng) destgns 

Pnonbze and elucidate impacts of uncertambes 1n data and 
m model structure and assumptions 

Ina-ease ubhty of usmg simpler models to identify key 
vanables and relationships to use m future models 

Advance the state of the art, for example, maease 
avrulable methodologies by borrowing from other fields, 
parbcularty engmeenng and rned1cme, tools such as neural 
nets, genetic algonthms, CARTs, other kinds of regressJon 
{Jackson et al 2001) 

Synthesize, explort, and integrate eXJstlng data and eXJstlng 
programs whenever possible, for example, from 
oceanographic programs such as NOAA. OCSEAP, 
GLOBEC, and GOOS 

ldenbfy and explort uniqueness of GEM program 
opportunity, for example, no one else is doing rt because rt 
requires a very long bme frame 

Elucidate links between things that are easy to measure 
and key indicators of change, whatever they might be 

Elucidate hnks bet>Neen correlabons {which are usually 
eaS1er to develop) and explanatory mechanisms (which are 
usually more dlfficult) 

Access1b1lrty of models to end users, other modelers 

Contnbubon to data management, data ass1mllabon effort 

Contnbubon to solvmg problems for resource managers 
and regulators 

The modehng "mche" of the GEM program will 
5.6 Modeling Methods be defmed m part by a gap analySIS, particularly 

focused on where it fits with established ma1or 
reg10nal programs, especrally those of GLOBEC, GOOS, and PICES A very bnef 
summary of the modehng approaches for these programs 1B proVIded m Sechon 5 2 
of tlus chapter 

The relahonsrup between momtonng, models, and decJB10n-makmg descnbed 
here 1B consistent with the relabonshrps of these programs The purpose of th.ls 
sect10n IS not to defme all the other modehng efforts that rmght be related to the 
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GEM program A useful context IS provided by a table compiled for GWBEC by 
Aychn of NOAA (Seattle), wlu.ch summanzes North Paafic models of the Alaska 
FIShenes Science Center and others (see Secbon 5 2, Table 51, and North Paafic 
models m Appendix q Correctly defrmng the GEM program ruche IS rmportant to 
avmd duphcabon of effort and to make best use of work already bemg done by 
others 

Developmg a model should be perfectly analogous to desJ.gnmg a controlled 
expenment A useful model structure will be dnven by the quesbons 1t needs to 
help people answer, not by the computer technology and programmmg expertise 
of model developers (although technology and expertise may rmpose constramts) 
AB a general rule, useful models do not tend to be complex, m part because they 
must be comprehensible to be beheved and used by decISmn makers That said, 
models based on laws of phySics, wlu.ch can be vahdated agamst those laws and 
either data or scale phySical models, have advanced farther than ecological models 
m their ability to provide useful output from lu.ghly complex models 

5.6.1 Linkages Among Models and Among Modelers 

One of the most rmportant challenges confrontmg GEM modelers will be to 
develop common languages and modelmg frameworks that will allow them to 
resolve the temporal, mathemabcal, ecological, physical, and spabal sources of 
disconnects among the vanous academic paradigms Tlu.s challenge will reqmre 
s1gruficant commitment to rmprovrng commurucabon sktlls, developmg quahtabve 
verbal or VISUal models, and usmg mtmbve problem-structurmg tools that combme 
different modehng techruques, such as network, systems, or loop models An 
adc:hbonal benefit of tlu.s kmd of approach IS that these types of VISUal, qualitabve 
models should be comprehensible to researchers from any SCJ.enbfic discrphne, 
managers, and the pubhc The attribute of bemg widely comprehensible will help 
facrhtate the support of stakeholders 

The feasibility of managing GEM as a reahzabon of the conceptual foundabon 
will depend m large part on the commurucabon sktlls of experts m the components 
and hnkages that make up the conceptual foundabon Estabhslu.ng effecbve 
commurucabon among experts from different orgaruzabons IS a widespread 
problem facmg systems modelers (Caddy 1995), and the GEM program may be ma 
good posibon to help advance the cause by makmg 1t poSSible for diverse experts to 
work together Experts m these fields should brmg substanbal background 
capabillbes to their work from therr common J.ai:tguage of mathemabcs and scrence 
learned m graduate school The modelers of the GEM program also should be 
reqwred to demonstrate the ability to work with counterparts to develop a shared 
systems view and conceptual models 

5.6.2 Deterministic Versus Stochastic Models 

Detectmg and understandmg change reqmres that uncertamty and vanabillty 
play a central role m the analyses (Ralls and Taylor 2000) 
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Two key questions that must be addressed by anyone trymg to detect and 
understand change are the problems of Type I and Type II error Type I error IS 

"seemg" somethmg that IS not really there, and Type II error IS concludmg 
somethmg 18 not there, when It really IS Dealmg with these types of error m 
decISion-makmg reqtnres weighmg the evidence that suspected change IS caused 
by a (theoretically) defmable pattern or trend or IS "normal" process error, 
observahon error, or some combmahon Equally important, and often overlooked, 
IS how real mdicators of change may be hidden by process or observahon error or 
by mcorrect assumptions about how thmgs work 

Dealmg with uncertamty and vanabihty m models reqtnres at a minlffium 
carrymg out sens1hvity analysIS on simple deterrrurushc models, with parhcular 
emphasIS on model structure (Htlborn and Mangel 1997) But It IS often more 
effi.crent and more useful to mcorporate stochasncrty mto Slillple mod.els 
Stochashc models need not necessanly be more data mtensive than detemurustic 
models Overlookmg the assumptions reqwred m choosmg a mean (or median) or 
geometnc mean,. as a representahve value for a deternurustic parameter IS one of 
the most widespread, but overlooked, sources of modehng error (Vose 2000) At 
least stochastlc modehng reqtnres that probability dIStnbuhons be exphcrtly 
defmed 

Simphshc detemurustic models can be every bit as n:usleadmg and improper as 
stochashc models (Schnute and Richards 2001), but because they are more famihar, 
and their smgle-number mputs and outputs are easJ.er to thmk about than 
uncertamhes and ranges, they may lead to false confidence on the part of decISlon 
makers Risk assessment m most fields reqtnres analyzmg probability distnbubons 
and uncertamhes, not mean tra1ectones {Burgman et al 1993, Ghckman and Gough 
1990, Vose 2000) 

One fundamental ISsue of mterest to deCI.Slon makers IS often how best to 
pnont:Ize research efforts A key part of such an ISSUe IS rankmg the relahve 
rmpacts of uncertamhes on a deCI.Slon In this case, It IS possible that thoughtful 
sensihvlty analySlS earned out on a simple, deterrrurushc mod.el (or mulhple 
models) may be adequate for the JOb, parbcularly as a first step m "weedmg out" 
variables that are hkely to be extraneous But developmg a stochastic version of 
relahvely snnple models may be more efficrent (Vose 2000) If care IS taken to 
distmgmsh between environmental or process vanahon and observanonal or 
functlonal uncertamty, then statishcal tools such as analysIS of variance or 
regress10n can be used to mveshgate the relahve impacts of uncertamhes (Fahng 
1991, Law and Kelton 1991, Meyer et al 1986, Mode and Jacobson 1987a, Mode 
1987b, Oosterhout 1998, Oosterhout 1996, Ruckelshaus et al 1997, Vose 2000) This 
approach can be very helpful m developmg analyhcal structures as well as 
modehng plans It also lends itself well to decISion analysIS and rISk assessment 
because It IS srmtlar to the "value of imperfect mformabon" analyses widely used m 
nsk assessment and decision analy818(Htlborn1997, Keeney 1992, Punt and 
Hiiborn 1997, von Wmterfeldt and Edwards 1986) 
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5.6.3 Correlative Versus Mechanistic Models 

The use of stab.sb.cs-based tools such as regress10ns to make detemurustic or 
probabihstic pred.Ichons will generally be easier than developmg deternurusbc or 
stochasbc biolog1cal models, because of a dearth of pred.Ichve "laws" of biology, let 
alone ecology Because stabsbcs-based models are correlabve, cause-and-effect 
explanabons will eventually be needed If change IS to be understood and predicted 
reliably Because some thmgs are easier and more reliable to measure than others, 
snnple models that can help develop correlabve relabonships between hard-to
measure parameters and easy-to-measure parameters may be of parbcular mterest 

5.6.4 Modeling and Monitoring Interaction 

Models should be developed to use and synthesize readtly available data 
whenever possible Tlus approach will also help idenbfy data needs Smularly, 
whenever possible, morutormg plans should be developed to flt the models that 
will be used to analyze and mterpret them Data management, assurulabon, and 
synthesIS should be key conslderabons for both morutormg and modelmg 

One useful way to mcorporate data mto rmprovmg an ex:J.Sbng stabsbcal or 
snnulabon model 18 with the Bayesian :revIS10n methods (Punt and Hilborn 1997, 
Hilborn 1997, Marmorek et al 19%) Bayesian methods rrught be useful to consider 
with respect to the quesbon about how much emphasIS should be put on annual 
forecasts, because Bayesian methods lend themselves well to mcorporatmg 
mcommg data mto previous forecasts 'flus enbre approach also lends itself well to 
deCISlon-analysIS techruques 

The GEM program shares the share the view of models as tools for assrmtlabng 
data and optmnzmg data collechon as expressed for the GCX)S program 
([Intergovernmental Oceanographic CommISSlon 2000], p 36) 

A vahdated assurulabon model can be most useful m 
optmuzmg the design of the observing subsystem upon which it 
depends Tlus underscores the mutual dependence of observing 
and modelmg the ocean, i e , observabons should not be conducted 
mdependently of modelmg and vice versa For example the so
called "ad1omt method" of assrmtlabon can be used to gauge the 
sensibvity of model controls ( e g , open boundary and rmbal 
condibons, nuxmg parameters) to the addtbon or delebon of 
observabons at arbitrary locabons withm the model domam In this 
regard, Observabon System Srmulabon Expenments (OSSEs) are 
becommg mcreasmgly popular m oceanography as way of 
assessmg vanous samplmg strateg1es The model IS first run with 
realISbc foIClilg and model parameters The output IS then 
subsampled at bmes and locabons at which the observabons were 
sampled These srmulated observabons are then assrmtlated mto 
the model and the mferred field compared agamst the ongIIlal field 
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from will.ch the u observabons" were taken Tlns allows the efficacy 
of the assmulabon scheme and samphng strategy to be evaluated 
(at least to the extent that the model 18 beheved to be a reasonable 
representabon of reahty) 

5.7 Evaluating Model 
Proposals 

Model proposals should, of course, be evaluated 
with.J.n a deCJ.Sion-structured framework such as 
that outlmed above and detailed m Table 5 2 
Proposals must also demonstrate a h.J.gh 

probability of actually producmg what they propose to produce-meetmg the 
objecbves of the GEM modehng strategy A set of gmdehnes for evaluabng model 
proposals will be developed for the GEM program m COllJuncbon with 
development of the modelmg objectrves As a startmg pomt, successful proposals 
will provide the followmg 

• Defme who will use the model and for what If the proposal 18 to conbnue 
or expand an exIStmg model, 1t should describe who 18 currently usmg 1t 
and for what If relevant, the proposal should also 1denbfy who could be 
usmg 1t, for what, and why they are not able to use 1t now 

• Deflne the quesbons the model IS supposed to answer, and directly hnk 
those quesbons to the key quesbons and hypotheses of the GEM program 

• Argue convmcmgly that the model structure 18 adequate for the purpose, 
and that there IS not a better (cheaper, faster, more comprehensible, more 
direct) way to answer these quesbons 

• Show some kmd of schemabc (flowchart) that 18 clear, complete, and 
COllClSe 

• Explain how uncertamty and variability will be represented and analyzed 

• Descnbe the system charactensbcs that will be left out or Sllllph.hed and 
how the analysIS will evaluate the rmpacts 

• Deflne data needs and show how the modehng effort will be coordmated 
with data assmulabon and data management efforts 

• Define vahdabon approach 

• Deflne how the modelmg efforts will be communicated to other screntISts, 
managers, and the pubhc, and how mput from model stakeholders will be 
mcorporated mto the effort, If appropriate 

Feasibility and pragmabsm m a new program hke 
5.8 Condusion the GEM program dictate that walkmg will have 

to come before runnmg and that focused, srmpler 
models will have to come before large-scale, mulb-disophnary models Walkmg 
first means developmg verbal and statISbcal models where numerical models 
cannot be developed because of a lack of data and understandmg Leammg to run 
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reqmres developmg coupled numerical biophysical models that accurately portray 
the ecosystem Runrung means usmg the b1ophySical models ma predictive sense 
The models must adapt to changes m the conceptual foundatmn (Chapter 4, 
Volume II), because the conceptual foundahon IS designed to change as new 
mformahon IS mcorporated Nonetheless, no matter how many rmprovements are 
made, It IS probably not reasonable to expect consensus on how that conceptual 
foundahon should be used to develop a strategic modelmg policy 

In a constramed world, "consensus" m practice usually means acceptmg a 
strategy that enough decISlon makers fmd no more offensive than they can accept, 
optmuzahon, on the other hand, means figurmg out the tradeoffs necessary to 
aclueve as many of the deSired objectives as reasonably possible Adoptmg a 
decrs10n-structured approach for the modelmg strategy will help ensure that it IS 

dnven by the fundamental objectives of the Gffivi program, that the modelmg 
questions are defmed by the conceptual foundation, and the tradeoffs can be 
defmed, weighed, and JUShfied 
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6. DATA MANAGEMENT AND 
INFORMATION TRANSFER 

In This Chapter 

~ The role of data management 

~ The krnds of data to be used rn GEM 

~ A descnphon of GEM users and adnumstrabve support 

6.1 The Role of 
Data Management 

The data management and mforrnabon transfer 
component of GEM rncludes the followrng 
funcbons data receipt, quahty control (Qq, 
storage and marntenance, arcluvrng and retrieval, 

and the systems necessary to automate as much of these procedures as possible 
Tius component also rncludes programs needed to create the custom data and 
rnformabon products that will be provided to the modelrng and apphcabons 
components, and to the users of this rnformabon Therefore, the data management 
system for GEM fits well mto the defJ.rubon estabhshed by C-GOOS (GCXJS 2000) 

Data 

<,...--------' 

Figure 6 1 GOOS model of data management 

Data 
Management 
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The GOOS model IS a general descnpbon of an end-to-end system that IS based ,r 
on the tnpod of observation, data management, and models and apphcations, with 
the data management component actmg as the rntermechary between the 
observational component and the apphcations Data flows from observation 
through the management system to the modehng and apphcations component In 
turn, the apphcations component rnforms and refines both the design of the 
observational component and the design of the data management system The 
morutonng plan may be altered to rnclude new data, regions, or both that are 
1denbhed durmg the modehng phase as key to understandrng the natural system 
The rnterfaces and data products chstnbuted by the data management system will 
also be refrned with feedback from the apphcations 

Screntlfic data management systems have grown rapidly smce the advent of the 
World Wide Web Irutially, proJects or groups that collected or arcluved data made 
those available over the Web through Slillple rnterfaces based on the naVIgation of 
hnks These supply-onented systems reflect the structure of the data that was 
made available by proVIdrng hnks to lISts of data sets by years, data set name, or 
vanable name Many of these systems are still rn wide use, although newer 
systems rnclude more soplusb.cated search options such as spatial and temporal 
selectlon However, these systems make few assumpbons about the rntended user 
commuruty, and it becomes the users' responsibility to locate, evaluate, rntegrate, 
and pre-process the data rnto a form that IS smtable for the target apphcation 

As the apphcations that use saentlfic data become more soplusb.cated, and the (~ 
commuruty IS able to access and rntegrate large amounts of data to address a srngle 
problem, new data systems that address the data needs of specrfic user apphcations 
will be butlt The output of these systems will be lugher-order products such as 
maps, graphs, VISUahzations, and data rn rnteroperable formats NASA has funded 
some projects with a demand-onented focus (FSIP NRA), and rn the future, more 
user commuruties will fmd ways to build these types of targeted systems 

The landscape of data product dehvery will hkely rnclude large arcluves that 
supply data rn a raw or partlally pre-processed form Apphcation-onented Sites 
will access data from these archive sites through a lugh bandwidth connectlon and 
may use rntermediate Sites, wluch provide value-added serVIces that are not 
available from the ongrnating archive Common data services available at the 
arcluve or through rntermediate Sites will rnclude subsetbng, reformatting, 
reproJection, regnddmg, and aggregation 

Although predictrng the evolution and the rmpact of the Web on SCientlfic data 
dehvery IS speculative at best, the landscape of future data systems needs to be 
evaluated to understand the role of the data management component dunng the 
extended hfespan of GEM Irntlally, GEM will act as both a data archive and a 
user-focused dehvery system, accepbng and archivrng data from the observational 
component and creating products that are custormzed to meet the needs of the (,---
habitat-specrfic apphcations Dunng thIS phase, GEM will establISh the procedures 
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for assunng the quahty of the data that are submitted to the arcluve as well as the 
operational details of mgestmg data and makmg 1t available AB the arcluve grows, 
older data sets will be moved to an archive such as the National Ocean Data Center 
(NODq for permanent storage The GEM program will contmue to mamtam a 
meta-database that provides a data search mterface to locate and access GEM data 
that 1B mamtamed by the ongmatmg pro1ect1 the GEM arcluve, or the data arcluve 
atNODC 

In the long term, however, the GEM program may turn over the entire 
arcluvmg task to a center such as NODC that IS better eqwpped to mamtam the 
data for extended permds of time This transition will only pOSSible after the data 
flow between the observational component and the apphcations component has 
been estabhshed and the tools and structures are m place to bwld the custom data 
products from a dIStributed set of data archives The GEM program would retam 
the meta-database and contmue to provide custom data products and services to a 
set of targeted users 

W1thm the data management component, data are 
6.2 Characterizing the classified by the operations that must be apphed 

Data within GEM to them dunng the arcluve and retrieval cycle 
This classification often cuts across the content

based classifications used dunng data analySIS Although bmlogic data are more 
often collected by observation or laboratory work and phySical data are frequently 
measured by mstrument, there are Significant exceptions A satellite image of 
ocean color that contams biologic vanables will have more m common, m a data 
management context, with the phySical vanables m a Synthetic Aperture Radar 
image than to the phytoplankton results collected from the settled volume of a 
bottle sample The settled volume could mclude both phyBlcal and biologic results, 
but be retamed by the data management system as a Single data holdmg The 
meta-data and processmg that are assocrated with the chemical and biologic data 
from the bottle sample will be nearly identical, as will the processmg and meta-data 
associated with both types of satellite imagery 

GEM will be collectmg and processing a wide range of data from c:hfferent 
collection and recordmg techruques that present chfferent quahty control and 
assurance challenges To classify these c:hfferences for the data management 
component, data can be separated mto broad categones that reflect the handlmg 
and storage requirements 

• Observational data collected or recorded by an mdividual, 

• Measured data collected by an mstrument and stored m formatted files, 

• Modeled data generated by a runnmg computer model, 

• Geographic or reference data used by a Geographic Information System, 
and 
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• Remotely sensed rmage data taken from a satellite or aenal platform 

The followmg cntena are used to charactenze these data types 

• Interoperability: how easily the data can be used m alternate apphcabons, 

• Consistency: the degree of smulanty between the data for different pomts, 

• Size of file: the size of the data for a smgle mstance, 

• Number of files: the number of mstances that make up the data set 

• Repeatability: whether or not the same data can be re-sampled, 

• Lag time: the length of bme needed between collecbon and subrruss10n, 

• Alternative sources: whether the data IS mamtamed at mulbple sites, and 

• Meta-data: The content, format, or both of the meta-data 

6.2.1 Observational Data 

Observabonal data are collected by human observabon, laboratory results, and 
manual data entry These data mclude specres counts and locabons and can 
mclude a large number of ad hoc observabons of condibons or unrelated s1ghbngs 
These data are manually entered and capture a person's observabons or 
calculabons, which makes them less col1Sl8tent, often complex, generally low 
volume, and occasionally error prone The observabons are not repeatable and the 
formats are not customanly mteroperable The lag bme between collecbon and 
subID.1SS1on can be long if extensive lab or manual work IS involved The meta-data 
describe the collecbon and or processmg locabon and somebmes the condibons 
These data are often m a database management system (DBMS) or a spreadsheet, 
which forces a level of consistency that allows automated processmg upon 
retneval Examples of observabonal data sets from the GEM habitat themes (see 
Chapter 5, Volume I) mclude 

Wetlands 

• Lab results for stream chemistry 

• Plant and anrmal observabons from field study 

• Isotopes of rutrogen and levels of phosphorus, silicon, and iron from a lab 

Interbdal and Subbdal 

• Specres counts for substrate classificabon 

• Lab results for chemical and biological oceanography 

Alaska Coastal Current 

• Lab results for chemical and biological oceanography 
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• Speaes counts for zooplankton 

• DJ.et composib.on for nekton 

• Nekton measurements from net tows 

• Bird surveys 

OC3/ Alaska Gyre 

• Lab results for chenucal and biological oceanography 

• Speaes counts for zooplankton 

• Bird and mammal surveys 

6.2.2 Measured Data 

These data are mostly measurements of physical vanables such as arr 
temperature or salrmty, but they may also mclude biologic vanables as m the case 

of the acousb.c measurements of the biomass of nekton or zooplankton These data 
are usually stored m files with formats that are set by the collecb.on mstrument 
The data files are consIStent across the data set, but have a low level of 
mteroperabihty with other systems Because data collecb.on is automated, the size 
of the files and the number of the files can be large Usually, httle speaal 
processmg is mvolved, therefore, the lag b.me between collechon and subnussion 
does not need to be long The meta-data mclude mstrument detatls and condib.ons, 
and the data formats are standard enough to allow customized processmg durmg 
retneval Examples from the GEM habitat themes mclude 

lnterb.dal and Subb.dal 

• Physical oceanographic vanables 

Alaska Coastal Current 

• Lldar measurements 

• Hydroacousb.c plankton or nekton surveys 

• Fluorescence measurements 

OCS/ Alaska Gyre 

• PhySical oceanography 

• Hydro-acousb.c plankton or nekton surveys 

• Fluorescence measurements 

6.2.3 Modeled Data 

Numenc models, and to some degree statisb.cal models, can generate a 
Slgruficant amount of data As an example, the crrculahon model can proVIde a 
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snapshot of ocean current vectors across the GEM region, at many depths, for brne 
steps as small as 10 nunutes Other models produce smaller result sets, but often 
these results are used by other models as mput and must be cataloged and 
delivered by the data management component However, unhke most other data 
sets, these data can be recreated and often are as the model matures These data are 
consistent across the data set, can represent a lugh volume of data, and are not 
generally mteroperable The lag brne between data generabon and data 
subnuss1on (and even use) can be very short The meta-data need to descnbe the 
classificabon and vers10n of the model and may need to mclude relevant mput 
parameters The meta-data may be used to track the lmeage of the output data, 
mcludmg the references to the mput data and, If relevant, the models that created 
those mput data The modeled output data for GEM are not yet defmed 

6.2.4 Geographic Data 

These data are the reference data used by Geograpluc Informabon Systems 
(GISs) and mclude base layers such as elevabon (bathymetry) and shorelmes, but 
can also mclude sotl types or habitat charactenz.abon These data formats are 
rarely used to store data collected by a pl'O)eci:, but are .frequently used to display 
the mformabon m the spabal context of a map These data are usually 
mteroperable across chfferent systems and may be stored at several chfferent 
locahons The meta-data are focused on the spabal defimnon and may mclude 
mformahon about the resolubon or precrs1on of the data GEM will not generally ( 
be mgestmg these data from projects, but the program may store reference 
mformabon m tlus format, wluch IS also a pnme format for custom data products 
created by the data management component 

6.2.S Remotely Sensed Data 

Remotely sensed Imagery can come from satellite or aerial platforms These are 
generally large files and may be used on a regular basIS by the analySIS bemg 
conducted by GEM However, images from NASA or NOAA may not need to be 
arcluved If they can be retneved agam from the source Aerial photography has 
also been used by EVOS projects to capture the spabal distnbubon of nekton m 
PWS These images, along with satellite 1mages, may m some cases be archived by 
the GEM program and proVIded to the apphcabon component These data will 
reqwre a large amount of storage and are qwte mteroperable with GIS and 1mage
analys1S tools The meta-data describe the mstrument and platform and often 
mclude details of the Image quality and the spabal reference system Examples m 
the GEM habitat themes could mclude 

Wetlands 

• 

• 

• 

LandSat 1mages of watersheds 

Moderate Resolubon Imaging Spectroradiometer (MODIS) imagery 

Aenal photography 
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• Ocean color 11Ilagery from SeaWi.FS 

• Aerial photography 

Alaska Coastal Current 

• Ocean color 11Ilagery from Sea Wi.FS 

• MODIS ocean products 

OC3/ Alaska Gyre 

• Ocean color 11Ilagery from Sea Wi.FS 

• MODIS ocean products 

6.2.6 Impact on GEM 

Although the data standards set by the GEM program will be smular across the 
data sets m a grven type, each data set will have its own set of standards and QC 
and mgest processmg As the GEM data management component becomes acl:lve, 
new data sets will be added to the archive For each new data set, GEM will set 
data standards and create the software to perform the QC agamst those standards 
The data management plan will outlme what needs to be m place before a new data 
set can be added to the GEM archive 

As each collecl:lon effort IS funded and orgaruzed, a plan that outlmes the data 
mventory and its subnuss10n schedule will be estabhshed In addihon, the plan 
will include the procedures for perfornung the QC process and how discrepancres 
will be resolved 

6.3 Characterizing the 
GEM User Community 

Durmg its hfehme, the GEM program will serve a 
large and diverse user commumty with needs that 
will vary from srmple data download to the 
creahon of tailored data and mformahon 

products In most cases meeting the reqUirements of parhcular user groups will 
reqwre detailed analySIS and the creahon of tatlored products, but generahzahons 
can be made about the types of apphcahons for which GEM will provide data 

The user groups interested m each apphcahon will have dilierent levels of data 
analysIS and reducl:lon capabilibes, and each will need to search for GEM data with 
different cntena Some apphcabons reqwre regular or periodic access to GEM 
data, and others are irregular or sporadic The largest d.tscnnunator between the 
apphcahons, however, IS the type of data products that GEM will create for them 
and the level of processing that will go mto creahng those products The following 
apphcahons are relevant for all four of the main GEM habitat themes watersheds, 
mterhdal and subtidal, ACC, and the Alaska gyre 
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1 Basic research and analysIS 1S perhaps the most fundamental apphcatmn of 
GEM data Tius act:Ivity will be done by researchers who are collectmg data 
for GEM and by other researchers that are mvesttgatmg the GEM region In 
general, th1S commuruty will have a good understandmg of GEM data and 
will be searclung for spectlic vanables withm a region of mterest Access 1S 

less likely to be irregular, but research apphcabons expect access to data as 
soon as it can be made available, therefore, ftlet transfer protocol (ftp) or 
file-download of the onginal data will generally be sufficrent 

2 Modeling 1S also a cnbcal apphcatlon of GEM data Verbal and VISUa1 
mod.els will be drawn from research apphcatlons, but stahstJ.cal and 
numeric mod.els will reqwre access to custonuzed data products that are 
tatlored to meet the needs of the model as closely as possible Most of the 
search cnteria may be saved by the system and may be reused on a regular 
baslS to execute the model with the most recent set of parameters The 
types of preprocessmg could mclude reformattmg, spahal or temporal 
aggregation, regnddmg, and repro:Jectmn 

3 Resource management applications will :mcrease m number through time 
and may become a common use of GEM data These applications will 
reqwre a set of products separate from the modeling apphcatlons 
Management apphcations will be both period.Ic and sporadic, and the 
products may mclude reports, graphs, or maps Examples mclude regular 
stock analySIS reports that are used by flSherles managers to set catch hrmts 
and or rrregular access to watershed data that would be relevant to permit 
requests 

4 Pubhc outreach encompasses several different apphcabons that GEM will 
be supportmg to varymg degrees These mclude providmg pubhc 
mformation about the state of the ecosystems that are bemg studied by 
GEM, as well as the general adrrurustratlon of the GEM program Other 
outreach actlvities will mclude supporting educat10nal programs and 
possibly emergency response These apphcations can be supported with 
maps and graphs that descnbe various aspects of the central GEM themes 
Access IS hkely to be qwte rrregular and may be accomplished through the 
creation of a few standard maps and graphs on a regular basis 

6.3.1 SUpportlng GEM Applications with User Interfaces 

To support these apphcations, GEM will rmhally provide three different modes 
of access The rmhal design will mclude basic search and download, tailored 
product creation and display, and open map access For the most part, basic search 
and download will support research apphcations, tatlored products will be used by 
both modeling and management apphcations, and open map access will support 
pubhc outreach apphcations Together these three modes of access charactenze 

( 

many of the screntxfxc data dehvery systems available on the Web ( 
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Basic search and download IS currently the most common method of accessmg 
data on the Web Many pI'OJects have an mterface that makes some level of search 
avatlable and then allows data to be downloaded by clJ.ckmg through to an ftp site 
or a Web page contammg data lmks Examples mclude the followmg 

• CIIM1vlS (http I /mfo dee state ak us/ cnmms/), wluch has been used 
successfully to provide basic access to meta-data and data relatmg to Cook 
Inlet, 

• Systems such as GLIMPSE (http / /lternet edu/ data/), EMAP 
(http //www epa gov/emap/mdex html), and Bei1a-flor (http //beJ.1a
flor ornl gov /Iba/), wluch provide basic access for the NSF Long Term 
Ecological Research program, the EPA Environmental Morutormg and 
Assessment Program, and the Large Scale B10sphere-Atmosphere 
Experiment m Amazonia sponsored m part by NASA, and 

• The GLOBEC program, wluch pIOVIdes basic data download through its 
own database (http / / globec wh01 edu/ globec-drr/ data-access html) 

Although these systems pIOVIde different types of search cntena, and each has 
a different onentahon, they all pIOVIde access to meta-data and, m most cases, the 
actual data collected by the program The GEM program can use one of these 
systems or sometlung very smular to provide access to data soon after it IS 

subrmtted to GEM Research apphcahons are often focused on speciftc van.ables 
and regions, and these basic systems meet the ma1onty of those needs In addibon, 
a basic search-and-download tool will provide the IDimmum access to GEM data 
and may support the other apphcabons, mcludmg modelmg, resource 
management, and pubhc outreach Although budgetary constramts may reqmre 
that the creation of custom map and data products be lmuted, the basic search-and
download functlons will be supported as long as data IS collected and arcluved by 
the GEM program 

The meta-database mamtamed to support the basic search-and-download 
funchons would also support access to remote database services that are funded by 
or relevant to GEM Remote databases hke the EVOS hydrocarbon database and 
other databases mamtamed by the group that IS conductmg the data collechon 
effort will be mcluded m the GEM meta-database for searchmg purposes The data 
will then be available through the remote Web Site set up to support those data 

Map creation systems such as the Open GIS Consortium's Web Mappmg 
Server (WMS) (http I/ www opengIS org/ techno /specs/ 01-047r2 pdf) and the 
ArclMS system (http //www esn com/software/arcrms/mdex html) from the 
EnVIIonmental Systems Research Inshtute (ESRI) make preprocessed maps 
avatlable to users on the Web Both of these systems provide maps to Web 
browsers and to freely available viewers Because the WMS protocol IS not bed to 
any partlcular vendor, 1t has been eil)Oymg rapid acceptance and use m a wide 
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range of apphcahons In the future, the use of WMS rn educahonal and outreach 
apphcahons IS likely to be very large 

Once GEM has idenhfled a set of standard map products that would be useful 
to the pubhc or to parhcular educat10nal programs, they will be available through 
one of these Internet map protocols These products will likely rnclude base maps 
and general rnformahon maps, but nught also rnclude regular maps of the Alaska 
gyre or currents that affect the GEM habitats Web sites designed to support the 
educahonal program or the pubhc rnterests will display these maps and may, rn 
hme, support more comphcated map viewers that can access and overlay maps 
from other sites that are relevant to the goal of the Web Site 

Data products tailored to speofic modehng and resource management 
apphcahons will be the most useful facet of the GEM data dIStnbutmn and also the 
most expensive to create It IS not possible to create a srngle data dIStnbution 
system that meets the wide range of user needs rn modehng and resource 
management Therefore, GEM will need to pnonhze the products that are needed 
by particular groups and create them rn sequence These products will be designed 
with the close rnvolvement of the speofic user commuruty to which they are 
targeted and, rmtially, they may need to be created with a significant amount of 
manual effort However, once automated, a separate Web-based rnterface that will 
be used by the target user group to create and download these products on a 
regular (or irregular) basis can be created In the fuhlre, after many of these 
products have been designed and the dIStnbutlon of them automated, certarn 
common funchons will emerge and GEM will begrn to butld a hbrary of data
processrng uhhhes 

Examples of modehng products rnclude the reformathng and regnddrng of 
data to match the execuhon gnd and hme steps of the model Non-GEM data may 
be pulled from another Site and rntegrated rnto data products Several different 
products may be generated at a hme to meet the needs of a Single modehng 
apphcahon The creahon of a smte of products may be done by hand and may 
reqtnre that GEM start with algonthms that were wntten by the modehng group 
itself However, after the modehng group has used the products successfully 
several hmes, the process of creatmg the products could be automated and a snnple 
rnterface bwlt to allow the group to create and download the product If the 
reqmrements for the product are clear enough, the manual step may be bypassed 

For resource management apphcahons, a report or spreadsheet used to manage 
fish stocks may reqUI.re access to several different data sets and the extrachon and 
rntegrahon of different variables Unless the report IS already rn exIStence, 1t may 
requrre several attempts before a truly useful product can be created Once tlus IS 

accomplished, the process could be automated The resource management office 
could trigger the report through a snnple rnterface created for that product In tlus 
way, the apphcation component of GEM will feedback rnformahon and tailor the 
design of the data management component 
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In hme, GEM will create a wide range of products to meet the specmc needs of 

the GEM modehng and resource management commu.mhes The creahon of each 
product will mvolve GEM staff and mterachon with the target user group 
Depend.mg on the scope of the effort for each product, several tatlored products 
could be created for the modehng and resource management commu.mty each year 
These products, coupled with the baste search and download and the Web-based 
map dehvery services, will support a wide range of both spectfic and general data 
distnbuhon needs 

6.4 The Structure of 
the GEM Data System 

The GEM data management system will address 
the ISSUes related to the data types supplied by the 
observahonal component and the demand placed 
by the applicahons component AB such, the data 

management system IS positioned between the other two components and must 
develop and mamtam an mterface to both In addiho~ modehng and map creahon 
applications will generate new data that will also be archived and delivered by the 
GEM data system 

Observabon QC 

Figure 6 2 The GEM data system 

6.4.1 Supply Side Support 

General 
Access 

Product 
Creation 

To support the mgeshon of data from the observahonal component of the GEM 
program, the data management system must provide QC of the meta-data (and to 
some degree the data) and quahty assurance of the data and the meta-data Quahty 
control will ensure that the meta-data comply with GEM standards and that valid 
values are supplied m formats that can be used to store that data m the GEM 
archive Values such as stahon idenhfler, date, and lahtude and longitude need to 
be valid or fall withm a reasonable range In general, each data type will have 
uruque ISSUes, and the GEM program will create new QC procedures and 
programs Through hme however, some of the QC algonthms can be shared across 
data types The GEM program will also need to provide QC on some of the data 
values, such as speoes idenhflcaho~ but the submitter will do most of the QC for 
the data itself The vahdabon provided by the data management component IS 

done to ensure that data can be found and retneved with the use of an accepted set 
of search cntena 
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Quality assurance mcludes the design of the QC processes and documentatmn 
of the QC actIVIty The data management component of GEM will not be able to 
provide QC over most of the data, but it can ensure that the documentation of the 
subrmtters' QC is available along with the data The data management system will 
also provide quality assurance of the meta-data 

6.4.2 Demand Side Support 

On the apphcations side of the data management system, software modules 
will create the custom data products and standard maps These routines will not 
be developed all at once when the system is deployed, but through time, as the 
arcluve is populated with data and the user demands become clear Custom 
routines will integrate thrrd-party software where possible These external routines 
may be commeraal off the shelf (COTS) software or they may come from the 
groWll1g hbrary of free software available on the Web These custom routines will 
pull data sets from the GEM archive and other relevant data sources and provide 
preprocessing Examples of the types of operahons include 

• Reformatting- Often, raw data may need to be reorgaruzed to be usable by 
an apphcahon For example, an apphcahon may need multiple 
observahons pulled into a single output file contammg only those vanables 
of interest from a subset of stations This file may also need to be ordered 
by date or species and wntten out in a comma-separated file that can be 
marupulated by a spreadsheet Other output formats may include GIS, 
rmage analysIS formats or special binary formats for VJ.SUahzation 
apphcahons 

• Aggregabon or subsettmg: Modelmg apphcahons often need summary or 
averaged data These data sets may need to be merged or chpped to 
capture the temporal or spatial region of interest completely Some file 
formats support chppmg, but many of these routines will be tailored to the 
mput data Aggregahon routines may come from the apphcahon space or 
they may srmple average or sum calculahons 

• ProJechon· Data are usually collected with lahtude and longitude 
coordmates Some regional models use a map p!OJecbOn that preserves 
spahal relahonsrups more accurately for the region Satellite data and other 
data may need to be projected or repI'O)ected into a specillc map proJecbon 
for the apphcahon Software IS available to perform some of these 
rep!OJecbOn operahons from both commercral and freeware sources 

• Map creation and visuahzation. Some data products may be best 
represented m the spatial context of a map or a graph The generation of 
these maps or the creahon of a multidrmens10nal or graph-onented 
VISUahzahon reqwres data-extrachon reduchon and rendermg Many 
software uhhties are available to assISt in thIS process 
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Most custom data products will requrre a user mterface to allow the entry of 
parameters and tngger the creation of the product In most cases, these mterfaces 
will be srmple Web pages that support vanous pull-down menus to select mput or 
display parameters Snnple mterfaces that are designed to support one or two data 
products are easier to use and mamtam Through time, however, GEM will 
support a large number of custom products, and mterfaces may need to be merged 
to reduce the overall mamtenance load 

6.4.3 Meta-Database Support 

The core of the data system will be the meta-database and a data-storage 
component The meta-database contams the descnptrve Information and IS used to 
mtegrate access to the data by supporting cross-data set search.mg The ability to 
search for all data sets within a given spab.al or temporal range, or all data sets 
contauung particular vanables, requrres a smgle meta-database The QC routines 
will ensure that the meta-data submitted to the GEM program meets the standards 
necessary to support cross-data set search No data set will be added to the system 
unless it can be located with a search of this meta-database 

The meta-database mamtamed by the GEM program will also support access to 
remote GEM archives that are mamtamed by md.IVIdual researchers The GEM 
program will also evaluate whether to mgest meta-data about data sets that are 
relevant to the GEM system, but are not directly supported by GEM The ongomg 
gap analySIS conducted by the GEM program will continue to reveal data sets and 

/ data-collection achvities that complement the GEM IIllSSlon One of the GEM goals 
IS to mtegrate with those prOJects The data management system will reflect this 
mtegration by allowmg users to locate relevant data that may not be archived by 
the GEM program 

_) 

Most search and download systems mclude some level of meta-database 
support The GEM program will evaluate the use of these existing systems, 
mcludmg the structure of the meta-database Because the population and use of 
the meta-database will be the central achVIty of the GEM data system, any eXJ.Stmg 
system will need to be mocWied before rt IS used by GEM 

6.4.4 Data Storage 

The storage of the data m files or m another storage mecharusm IS a separate 
functlon of the data system that m time will reqwre a Sigruf:tcant amount of storage 
space The meta-database will contam pomters to the data itself, whlch may 
physically be m a separate storage facility The evolution of large archive 
technology has been rapid m the last few years, but GEM will be able to postpone 
the use of tape or opncal media for several years unttl the space requrrements 
demand it The GEM program will evaluate the use of an external site to store the 
data as well as the use of GEM computing hardware Unlike the search of the 
meta-database that places a heavy computational burden on resources whtle 
returrung a small amount of data, accessmg the data itself requrres no s1gruf:tcant 
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computab.on, but can return a large amount of data Therefore, the network 
connectivity IS also an evaluab.on cntenon for the data storage subsystem 

The format of the data files will be defmed and standardized m the GEM data 
management plan Although the QC procedures will not vahdate the saenbftc 
quahty of the data, these programs will need to vahdate the format of the data 
Roub.nes for creab.ng data product reqmre that mput data files are m a recogruzable 
format and contam data m a format that can be processed automab.cally 

6.4.S GEM Administrative Support 

Managmg the projects funded by and assoaated with GEM reqmres a project
onented database (see Chapter 6, Volume I) The adnurustrab.ve mformab.on 
mcludes the ongmal proposal, comments subrmtted by the review panel, status 
reports and notes, and the fmal report ThIS mforrnab.on will be valuable m the 
long term as the data collected by the prOJect IB evaluated m retrospect The 
proposals and reports will contam the ongmal hypotheses, as well as the problems 
that were encountered durmg data collecb.on Future researchers will use tlus 
project hIBtory to understand the ongmal goals of the project and ISSUes that rmght 
affect data quahty 

Much of these adrmnIBtratrve data are m the pubhc record and will be made 
avatlable over the Web The GEM meta-database will mclude the project 
spectficahons so that the data subrmtted by the p!OJect can be dIBplayed along with /"" 
the adrmnJBtratrve details ThIB hnk between the adnurustrahon of the p!OJed and 
the data subrmtted would also allow the GEM program to evaluate whether all the 
data for a gwen project have been subnutted 
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