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ABSTRACT

Long-term studies opredatorfood habitsi(e., “predator-based samplingireusedul for identifying
patterns of spatial artémporal variabilityof forage nektoimn marineecosystemsWe investigated
temporal changes in forage fish availability and relationships to ocean chynatelyzingliet
composition of three puffispecieghornedpuffin Fratercula corniculata, tufted puffinF. cirrhata, and
rhinoceros aukleCer orhinca monocerata) from five sitesin the North Pacifidrom 1978-2012.
Dominant foeragepecies includizsquics and hexagrammids in the warst Aleutiansgadids and
Pacificsand lanceAmmodytes personatus) in theeastern Aleutians and westésulf of Alaska GoA),
and sand lance and capglMallotus villosus) in thenorthern angasern GoA Interannuafluctuations
in forage availabilit/dominated vaability in the westermleutians whereasower-frequencyshiftsin
forage fishavailability dominatecelsewhere We produced regical multivariate indicators of sand
lance, capelin, andiage-0 gadiilability by combiningdata across species asitesusing Principal
Components Analysigind related these indisto environmentafactors including sea level pressure,
winds, andsea.surface temperaturéhere was coherence in the availability of sand lance and capelin
acrosghe studysarea. Satahceavailability increasedinearly withenvironmentatonditions leading
to warmerocean temperatureghereas capeliavailability increased in a nelinear manner when
environmental.changésd to lowerocean temperaturesong-term gudies of puffin det composition
appeaito be aspromising todobr understanding thavailability ofthesedifficult-to-survey forage nekton

in remote regions dhe North Pacific
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INTRODUCTION

Forage nekton.includéshes zooplankton, and squids that maydbaracterizetby theircentralrole in
predatorprey relationships (Smitét al., 2011; Pikitchet al., 2014). Generally speaking, these small
fish and squidanthediumto-largezooplankton, are of exceptional trophic value owim¢heir
abundance, tendency to fodanseaggregations, and nutritiomzhlue Many of these speciearealso
high inessentialipids and proteins and thyday a disproportionate role anergytransfer from
phytoplankton to consumers (Anthoeyal., 2000), includingpecief economic and conservation
concern(Curyet al., 2011; Hunsickeet al., 2011) and thoseargeed byfisheries (Smittet al., 2011;
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Pikitchet al., 2014). In some areas, theredgectcompetition between human fisheries and top marine
predators for foodFor all of these reasondocumenting the dynamics of forage nekton communities
over space and time critical for assessing thiaealth’ andstatus of marine ecosysten@ufy et al.,
2000;Aydin et al., 2007; Smithet al., 2011;Kaplanet al., 2013.

A comprehensiveystem formonitoring and evaluating change in forage nektamanine
ecosystemss vital, yet manyof theseprey communities remain poorly understood. In the Alaskan
North Pacific,"forage nekton distribution and abundance is known from studies that éagitbynal
smaltscalesampling methods (e.g., midater traws or beach seineAnderson and Pigti999;
Robardset al.;, 2002;Abookire and Piatt, 2005and more recentlylarge scale hydroacoustizawl
surveys (e.g.,.Hollowed al., 2012;ParkerStetteret al., 2013 Ressleet al., 2012 ) Howeverwith
the exception'of Anderson and Piatt (1999) and surveys conducted as parterfitigéB:tic Subarctic
Integrated Survey (BASIS, http://www.afsc.noaa.gov/ABL/IEMA/EMA_BASI®$)phone ofthese
surveysweredesigned tdargetforage nekton over long time periods. Therefore,understandingf
temporal variation ifioragenektondynamics at regional to ecosystem scaieslaskahas beemostly
inferred from incidental catcim largescalefisheriessurveys (Zadoand Gaichas2010). Seabirds,
however, are eonspicuous, highly mobile samplers of the forage nekton commuridy éecbhdes
have been suggested to be reliable indicatonsasinefood supples(Cairns 1987;Piattet al.,
2007a,b). Dataon seabird fooahitsmay complement traditiondlsheriesindependent sampling and
provide quantitative information on forage nekevailability distribution, abundance, alsgatial
organization) (e.g., Hatch and Sanger, 1&yoren and MontevecchR003;Mills et al., 2007;
Sinclairet al., 2008; Thayeet al., 2008; Rennegt al., 2012aHatch 2013). Seabird diet composition
may alsobe used:tinfer forage nekton relationshipgth habitat features arehvironmental conditions.

In Alaska,species of the familieAmmodytidae Pacificsand lance), Myctophidae (lanternfish),
Osmeridadcapelin,.Clupeidae (herring Gadidae gollock and cod), Hexagrammidaea@e-0
greenlings) Scorpaenidaéockfish),and Salmonidae (salmorgs well auphausiacea (krilland
Teuthidae (squidsgreconsumed bynarine mammals and seabil@aulyet al., 1998;Sinclairet al.,
2008; Renneetal”, 2012a).Puffins (family Alcidae)forage heavily on small schooling fish throughout
the spring and'summer (including age-0 greenlings, rockfish, and salmon, and age-0 and age-1 pollock
and cod), and thuare at least qualitative samplerdarfage nektoravailability during this critical
period of productivityeach year Owing to their conspicuousness, the diet composition of puffins is
easierto study than the food habits of fish or marine mammals. Irstiwg; we integrate data on diet
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composition of puffin offspringt different coloniefrom multiple longterm studiesvith environmental
indices derived from oceanographic data setdjnfer temporal variability in forage nekt@vailability
over time andelative toocean climate Despite progressive fisheries manageneitiaskathat
restrictstargeted commercial fishies on mostspeciesf forage nekton, knowledge of forage
availability remains fragmentaryThis study will help inforrmandated ecosystebased approaches to
fisheriesand wildlife management in Alaska an environment strongly influenced by couptéichate
ecosystemvariabilityFrancisand Hare, 1994; Pikitcét al., 2004).

METHODS

Data preparation

In Alaska, studiesof puffin food habihave beenonducted over larggpatialand temporascales

From themid-1970s to the present, ~40 islarfidsn Southeast Alaska, across the Gulf of Alaska
(GoA), and throughout the Aleutian Islanitisve been regularly samplad part of the Alaska Maritime
National Wildlife Refugeseabird monitoring prograas well as other directed studi®sthe U.S.
Geological Survey Alaska Science Cent&he sampling methodology is detailed by Hatch and Sanger
(1992). In summary, puffins return from foraging withole prey items carrieid their bills, butare
blocked from delivering to chicks by temporary plaesat of screens at their burrow entrance, leading
the adult to drep_pregn the screenPrey items are collected, measured and identified in the field or
later in the laboratoryFor this study, & collatedhedietary information br threespecieshorned
(hereafteHOPU; Fratercula corniculata) andtufted puffirs (TUPU; F. cirrhata), and rhinoceros auklet
(RHAU; Cerorhinca monocerata). The cata comdrom samples collectefiom 1978 through 2012.
Each“bill load’*delivered by adults may contain single or multiple prey itemsjsodnsidered a
unigue sampleihe data weised wee counts of identified prey speciegsample. We summarized
these data by sample becaustvidual preyitemswithin bill load are notindependent from a@n
another(Thayeret al., 2008, 2014) Over the entire time peripet20,000ill loadswereobtained,
consisting of =100,000 individual prey items belonging to §2€cies ohigher taxonomic groupgs
(e.g..families such/a&adidae).Forour analyseswve summarized a subset of thda¢afrom five sites
(two of which_eoensist ofmultiple islands) with > 9 yearsof data(Tables 1 and 2). We dropped sites
which lacked atleast tesamples within a given yearhis resulting subset consisted of 13,80

loads 6% of the samples were from TUPU, 31% came from RHAU, and 13% were from HOPU
comprising 78,077 single prey items belonging to 64 species/taxonomic groups.
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To investigateéemporal variability irntheforage fishavailability, we simplified thedietarydata
into seven prey speciesd nine prey “groupgTablel). Rey analyzed aspecies were capelin
(Mallotus villosus), lingcod Ophiodon elongatus), Pacific herringClupea pallasii), Pacific sand lance
(PSL; Ammodytes personatus), Pacific sandfishTrichodon trichodon), prowfish (Zaprora silenus), and
sablefish Anoplepema fimbria). We created a group for flatfisthis groupwas mainly arrowtooth
flounder @theresthes stomias) and prey identified to family or order (Pleuronectiformes and
Pleuronectidag)ut-also contained a feflatheadsole Hippoglossoides elassodon), Pacifichalibut
(Hippoglossus'stenolepis), and Greenland turbadRéinhardtius hippoglossoides) (Table 1). The gadid
group was primarily composed of walleye polloGaflus chalcogrammus), but also include@acific
cod G. macrocephalus), saffron cod Eleginus gracilis), andPacifictomcod Microgadus proximus).
Hexagrammids‘wermostly greenling Klexagrammos spp.)and also included Atka mackerel
(Pleurogrammus monopterygius). Mesopelagic fishes were primarily identified to the Family
Myctophidae. Rockfish containé&dbastes spp. or prey identified as Family Scorpaenidae. Salmon
included all prey identified within the gen@scorhynchus or Family Salmonidae. Sdpins included
several speciespwithin the families Cottidae, Hemitripteridae, and Psychrolulidaeoctopus group
mostly included prey identified as Order Octopoda. Finallystsquid were identified as Family
Gonatidae or-SuperordBecabrachia.

In this-analysis, wéocusedon percent by number as mass data were unavailabieafoy of the
dietsamples. Wemphasizegrimary species in the foragekton community by excluding rare and
unidentified fiskes as well ason-cephalopod irertebrategincludng all crustaceans)These
exclusions aceounted for ~6% of the total nundsendividual prey items identified and enumerated.
Moreover, by exeluding small prey species (e.g., euphausiids, which were numpatcatiantwe
lessenedny hiases associated witking percent by number instead of percent by mass or voMfee.
chose focal sites based the availability oflong time seriesdatasets(Table 3. Assuming that birds
foraging from_some locations had overlapping foraging ranges and would be sampling the dame loca
forage communityy we created two island “compk&Xi.e., sites withn 50 km of each othewvere
pooled). In total;five sampling sites (islands or island complexe consideredBuldir Islandin the
westen Aleutians; the Aiktak Compler the eastern Aleutianthe Semidi Complexn the western
GoA, Middletonlslandin thecentralGoA, and St. Lazaria Island the eastern GogTable2, Fig. 1).
At Buldir, Middleton, andsemidi Complexmore than onpuffin speciesvas studiedTUPU and
HOPUwere sampleat Buldir, TUPU and RHAU at Middleton and all three puffin species the
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Semidi Complex Only TUPU were studiedtthe Aiktak Complex and only RHAU were studiait.
Lazarialsland For analyses, wevaluated percent composition ¢giculding the percent by number of

each preyaxon per sample and then took thhean per year for each pufBite.

Satistical analyses

We used PRIMER& (PRIMER-E Ltd., 2006)o contrastpuffin diet composition amongjtes, species,
and yearsWe"used Analysis ofiilarity (ANOSIM), followed by similarity percentages (SIMPER)
to compare dietompositiorbetweerpuffin species within $&s. ANOSIM tests the null hypothesis that
no assemblagdifferences exist between groups of samples (Clarke and Gorley, 2006). SIMPER
provides interpretation of differences among groups when they have been found (Clarke eynd Gorl
2006). We conducted this analysis to determine if we could combinbetataen species, or if each
dietary time series'\would have to be considered independently. chsel) puffinspecies stwed
significant dissimilaritiesn diet compositior{TableS1), so wecould not combinéhem for temporal
analyss. Secend, wcompared diesimilarities betweesites stratified by speciesThese omparisons
wererestrictedstaeampatible time serieF:.UPU at Middletorvs. the Aiktak Complex, RHAU at Semidi
Complex vs. Middleton, RHAU at Middleton \St. Lazaria, and RHAU dlhe Semidi Complex vsSt.
Lazaria. As was the case between species, we found significant dissimilaritresfamage fishtaken
between siteswith the exception of RHAU at the Semidi Complex and MiddI€l@bleS2), and
thereforealsostratifiedour temporal analyseby site Third, to examine changes in disdmposition
over time, we calculated thpercentagéy number by sample by year amedted for the significance of
variationamongyear(as well as'yearperiods’, see Supplementary Matejiasing ANOSIMSIMPER.
We tested foamengyear differences to investigate interannual variability in diet compoggem
Results)

Temparalvariationof forage nekton speciagas investigated by exploririge use otachprey
species across.timesingPrincipal Components Analys{RCA) (Jolliffe, 2002; Millset al., 2007). To
conduct PCA, we collated all annual data for sand lagedids, and capelimhich were the dominant
forage fish usedcrosamostsites and aréhought to be preferred preyin most locationgDeckeret al.,
1995; Renneet'al,, 2012a). Squids and hexagrammids would also have been appropriate targets for
multivariate indicators, butereonly dominant prey in thevestern Aleutians (see Result§CA
requires that data sdtave no missing valueg:or sites withoneyearof missing data, we averaged the
two years of data before and after the mispioigt, assuming monotonic changa theconsumption
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of a particular forage fish speciel a fewinstances only one yebefore or after was availabier
estimating the missing data pqisb we repeated the adjacent value for the missing yearsand lance
and gadids, a total of nirmnual values for each species were estimated thggyroceduredach
representing 9.4% of the total data matrixtfese species). For capelin, amual values were
estimated (7.5%:.0f the matrix)'lhe assumption of monotonic change appears reasonable for sand lance
and capelin, but may be less appropriate for age-0 gadids wiauction and recruitment ameore
irregular(Mueteretal., 2011;Hollowedet al., 2012). The resulting data matrices for forage fish PCA
includedfive puffin=sitesfor sand lance and gadids (n = 95 site-years, 1994-2012), anpufifinrsites
for capelin(n = 80 siteyears,1993-2012). ¥ retained the resultirfgst and secongrincipal
components fer analysis against environmental conditions.

To investigate environmental correlationge conducted analyses sea surface temperature
(SST), sea level pressurS&IP), and winds, variables known to affesarineproductivity (Huntet al.,
2002; Hunt and Stabeno, 200Mlonthly environmental data were collatied thethree local
oceanographie variables ifi bngitude x 3 latitude boxes overlaid on each of the five sites where
puffin food habitsverestudied (Figl). SSTandSLP data were obtained from Hadley Met Office
reconstructions (Raynet al., 2003;www.metoffice.gov.uk; July 2014), and wind speed detae
obtained fromMCOADS (Woodrutt al., 2011;www.icoads.noaa.gov; July 2014). Wind speed wa
represented-by zohéu) and meridional (vwind componentsWe integrated thocalscale
environmental data (@ndv winds, SLP, and SST) across sites using PCA, and used the first and second
principal components fdurtheranalysis. We usedmultiple regressioandSpearman rank correlation
to testfor relationships between tiseabirdbased forage fish indices (saadceandcapelin) ad
annuallyaverageanvironmentabprincipal components (PCs) the same yearWe used annually-
averaged datdue to autocorrelation in these variables, particularly those associated @éth oc

temperaturédMendelssohn and Schwing, 20083¥sentiallythe annual values reflect seasonal values.

RESULTS

Puffin diet composition by site, species, and year

Puffin diet compasitiomt the westernmost sitBuldir, was dominated by squdnd exagrammids,
with lesser amounts of gadids and sand Idrae 2). Sandanceand gadids wrethe prevalent pret
the Semidi and Aiktak complexé@sthe westerrand central GoAFig. 2). Sandance, capelinand
herring weredominantat the easterGoA sites of Middleton and St. kzaria(Figs 2 and 3. When
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stratified by species and sitagticomposition varied significantly byear (Table 3).For HOPU and
TUPU at the Semidi Complex, sand lance was dominant in all ye@ys?). For TUPUat the Aiktak
Complex gadids were commonly obseryguaimarily inthe early 1990s and after 2008, but skamte
dominated in the late 1990s and early 2000g. 2). At Middleton, santhnce was the predominant
TUPU diet itemfrem the mid1990s to mid-2000s, but decreasdigrwardsvhen herring, antb a

lesser degreeapelin were taken with greater frequen&pr RHAU at the Semidi Complex, salahce
dominatedthe“diet all years(Fig. 3). At Middleton, sand lance was the predomirRiHAU diet item
until the late 2000s, wharapelinbecame more importa(fig. 3). At St. Laaria,from the late 1990s
through the mieR0Q0s, and again beginning in 2011, sand lance and capelin were present in nearly
equal proportiens=, In remaining years when sand lance use was low, herring and he>dsyvaareni

taken in greaterraounts Fig. 3).

Multivariate indicators of forage fish availability
PClpacific endiance (hereafter PCls,) explained 51% of the variation sand lanceiseamong puffin
species and sitgwith another 23% explained by Pgg2(Table 4). Coherence across species and sites
was evident.PClss; was strongly associated (loadings >|0.2|) WithiPU at Buldir, Middleton, and
Aiktak Complex.and RHAU at MiddletoiRHAU at St. Lazaria loaded strongly o€%s_and showed
a slightly different patter of temporal variabilitfTable4a). We interpret PG}, as reflecting low
frequency variability in sanidnce @ailability (Fig. 4a). Values were high from the late 1990s through
mid-2000s, but lower prior to 1997 and from 2006-2(Rig. 4a) Weinterpret PC2s, asreflecting
interannual variatiom sand lance availabilityearSt. Lazarian Southeast Alask@ able4a).
PClapeinexplained 44% of the variation capelinavailability among puffin species and sites,
while PCZapeiin €Xplained 30% of the variatiditable4b). All puffins andsites were strongly
associated (loadings >|0.2]) witbth PCLapeiinand PC2upeiin although PCipeinloaded negativelfor
RHAU andTURU.at Middleton and positivelyor RHAU at St. Lazaria and TUPdt Aiktak Complex
(Table 4b). Similarto sandance, we interpret PC.eiinas reflecting lowfrequency variability in
capelinavailability (Fig. 4b), but in this case values were low from the early 1990s through mid-2000s
andincreased after 2006. Waterpret PCZpeinaspredominantly reflectingnterannual variation at St.
Lazaria(Table 4).
PClgadias €xplained 49% of the variation in gadid abundance trends among puffin species and
sites while PCZadiasexplained 21%Table4c). All puffin-sites with the exception GUPU atBuldir
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were strongly associated WitCly.qigs TUPU at Buldirwas the onlytime serieso show peak gadid
availability in 2006 and thus loaded strongly oRGZadids(Table £, Fig. 4c). We interpret PCadids

as reflecting interannual variability in gadid availabifity most puffinsites and PCggissasreflecing
variability at Buldir(Table &, Fig. 4c).

Forage fish availability and environmental conditions

We developed-indicators of temporal environmental variability by combining information qr8SIP
and winds using"PCA (Fig)5PCLnironmentreflected SST variabilitat the Aiktak Complex anGoA
study sites (Semidi Complex and Middletoiye interprefPCZnironmentdS an indicatoof atmospheric
(SLP) and wind variability across sites, but loadings on R&&meniwere not particularly strongnd
our interpretation is limitedPCLnvironmentwaspositively correlated with PG%. (Table5, Fig. @&). By
itself, PC2nironmentdid not carelateto PCksi, butanegativerelationship was evident in the multiple
regressionTable 5 Fig. 6b), which appearto bemostly related to the negative effect of meridional
winds at MiddletonTable ). The multiple regressioexamining the relationship of environmental
conditions andPCips, explained 6% of the variance in this variab{@able 5. In contrast
PCLenvironmentwasnegatively correlated with PCpeiin (Table § Fig. 6¢). This relationshigppears to be
weakly nonknear (Fig.60), but thequadratic regressidermwith PCLnvironmentWas not significant
(P>0.05). PC2snvironmentwas not correlated with PGlein (Table 5 Fig. 6d). Additional ge-specific
correlationshetween PCds. andPCleapeinand SST, SLPand windindices argrovided TableS3).

DISCUSSION

Alaskan puffins consuma widediversity of forage nektonin this studywe documented 64
speciesspeciesgroupsof forage fiskes squids, and octopus captured by puffins for chick provisioning.
We can describe.this high diet diverdilye to the long-term nature of this study, with sampling over 35
years(1978-2012 and continuing)t has beemeported that TUPU take a wider variety of prey than do
HOPU and RHAWUPiatt and Kitaysky, 2002a,b; Hedtlal., 2006). We corroboratehis result in our
studywith the atilization ofa much larger comparative database. Considering only neki@yic
identified to speciesTUPU took 41 pregpecies, whereas®PU and RHAU consumed 24 and 21
species, respectivelylhis suggests thdtUPU area moregeneralist predatorA more detailed analysis
of diet composition betweeseabird species focused on prey species, rather than faoniseme of the

This article is protected by copyright. All rights reserved



coarsdaxonomic groupings used here, would help ideri@ittors affecting diet diversity in these
puffins.

While puffin diet was diverse in general, a few species tended to dominate across time and space.
Considering the five sites investigated here, we showed that the diets of puffindigtd@ulwestern-
most site, were.dominated by squids and hexagrammids, whereas in the eastern Aledtegstern
GOA, puffins consumed gadids and sand lance, and in the central and eastern GoA, they consumed sand
lance,capelinj/and herring. The split between the more oceanic western Aleuti@gugiie) and the
eastermleutiansandsoA is in accordance witbhanges in the physical and biological environments to
the east and west of Samalga R&ist and Stabeno, 2005; Laddal., 2005 a,b). To the east,
biological communities are comprised mostly of shel§ed species (this case gadids, sand lance, and
capelin) whereas to the west, a community of epezan species resides (e.g., squigtails of ths

geographic variabtly across the Aleutian chain doeing addressed elsewhere (Peatl. submitted).

Multivariate synthesis, modes of temporal variability, and relationships to ocean climate

The main goaland advantage in combining data across species and sites is in establishing patterns

of change andicoherence at large (regional) scales amid the noise typical of most biological time series
(Sydemaret al;,2001;Frederksenet al., 2007; Zadoet al., 2013). Forthe most commonprey species

of puffins—sand lance, capelin, and gadidse used the observespatial and speciespecific

variability toderive multivariate forage nekton indicat¢rable 4. We did not attempt to develop
multivariate indicators for squiand hexamgrammids because so few were identified to spaates

those groups were,largely found omiithe western site (Buldirynaking a synthesis by PCA
unnecessaryiwPCA results would simply reflect availabiligg Buldir).

OurPCA-derived indicators revealédmporal and spatiaiboherence in thavailability of sand
lanceand capelin The dominanpatternin sand lanc€PC1rs) reflectedvariability from the western
Aleutiansto the centraGoA, wheread?C2-s, reflected trends the easteriGoA (as wellas an inverse
trend at Buldir) It appeared that changes at St. Lazareweded changed the other sites, but our time
series is inadeguate to consider this a robust pat#ra dominant sand lantemporal pattershows
higher abundance from 1997 through 2004, thendamd lanceavailability from 2005 through 2011.
Thetemporaltrend differed at St. Lazartiavith PC2gs, revealing consistently moderateadability
from 1994 through 2004, followed by decliftem 2005 through 2009. &d lancevere not taken by
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puffins much anywherafter2007-2008, which may correspondadargescale ecosysteshift at that
time (Hatch 2013) or slightlyearlier (Peterson and Schwir2p03;Litzow and Mueter2014).

The dominantapelinpatternwas strongest in the western and central GoA and less so in the
eastern GoA Buldir was not included in the capelin PGAcausao capelin were observed in diet
sampleghere Qur analyses shoa major stepwisé@apparent thresholdicrease ircapelinavailability
starting in2007(Fig. 4c), capelin were natonsistentlyprevalent in the puffin dietst Middleton until
thatyear(Hatch™2013) The positive loadings of the Aiktak Complex andlStzariaand negative
loadings of Middletoron PC2.4peiin Suggest thathis is an indicatoof variability in theavailability of
capelin between coastal (Aikt&omplex andst. Lazaria) and offshore (Middleton) habitats. For most
of the time seriesptheseof cgoelin in these habitats was largely out of phésesPCZ.apeinmay be an
indicatorof capelin‘presence/absence in offshore habifékés may also help to explain why the
abundance trends from temallmesh survey, which has been restridtedoastal areas recent years,
do not match the changes evident in the prey captured by pi@iisseth 2012). Apparent nolirear
(thresholdlike).shifts in capelirabundancéave been describdxy others in Alaska. Anderson and
Piatt (1999khowedthat capelin in the smathesh survey in the western GoA peaked in the late 1970s,
declined to lowerlevels in the early to mid980s, then largely disappearfeam trawl catcheafter
1985. In the eentral GoAHatch (2013) documented a stepwise incréasapelin in the diets of
kittiwakes starting in 20080ur PCA on capelinwailability confirmsthat this species is characterized
by noniinear changewith respect t@ur multivariate indexf environmental conditionsyhich reflects
a combination.oatmospheric and oceanographic variablegher multivariate indicators of temporal
variation in forageifisin marine ecosystems are rare. In the cemiaihern California Currentlietary
data from threspecies of seabirds afhinook salmon were combined using PCA to develop indices
for pelagic schooling juvenile rockfisdbastes spp.),an importantorage fish in the regio(Mills et
al., 2007). Other than that, no other stfimgused on using seabirds as indicators of forage fish
availability has.combined data fromultiple top predators, though Hatch and Sanger (1992) combined
data across sites.in the eastern Aleutians to characteges@ pollock abundance, and Thayeal.
(2008)examinedforage nekton in RHAdllet at multiple sites from Japan to California

Given thetemporalcoherence in thavailability of sand lance by pfihs across Alaskaur
results suggest that patterns of change are likely relatathmscaleclimatic factors. Indeed we found
that @nd lancgresencen the puffin dietwas linearly and positively related to ocean temperature (and
negatively related to sea level pressure), while capelin abunotatiheedietwas negatively related
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temperature These relationships may reflect the biogeography of these sp&oiEs apelin is oreal
speciegRose, 2005whereas sand lance is a more tempegaeies Sand lance growth has been
positively related to temperature in Cook Inlet, Ala@Rabard<t al., 2002), and abundance has been
positively related to temperature in the North Sea and Japaiwa&eder Kooijet al., 2008;Muraseet
al., 2009). However, Arnott and Ruxton (2002) and Hetdd. (2006) reported that sand lance
recruitment declines under warmer conditions in the NorthaBdaoutheastern Gulf of Alaska,
respectively. Doyleet al. (2009)alsoshowed a negative relationship between lasaald lance
abundance an@mperature, representedthye Racific DecadaDscillation, in the western GoA.
Notably, we foundegional differences in the response of sand laneedoonmentatemperature
change Table 8)«Sand lance (abundance and recnem) mayactuallyrespondo temperature
variationin a “domeshaped” mannepositively inalower temperature range and negdtivia a high
temperature rangas suggested by othdos thesoutheastern GoA (Bertraghal., 2001; Heddt al .,
2006). If this iIghe case, it is noteworthy that fibretime period analyzedvith thepossibleexception
of St. Lazarialsland in SE Alaska, the environmental conditions leading toipbtegative
relationshipsetween sand lance ateimperaturavere notexperienced Domeshaped relationships
with temperaturdave also been established for other fish, including pollock in the BeringC8¢a ¢t
al., 2011).

Capelin“biophysicalelationshipsare cleare(Deder et al., 1995). In Alaska, Arimitsuet al.
(2008)and Renneet al. (2012b)showedthat within relatively warm regions or time periods in the
GOA, capelinwere spatiallyassociated witkeolder,glacialy-modifiedwatersfound in fjords and large
embayments ln"the Northwesétlantic, Burenet al. (2014) showed capelin recruitment to be enhanced
when ice retreatis delaygl@ading to colder temperatures in the regibarther evidence of capelin
association with colder water comes from the Bering Sea wrergeyal. (2005) demonstrated greater
groundfish depredation on capelin north of the ice edge compasedttoof if which may reflect
differences in habdit preferences, or differentiptedation rates in waters of varying temperature.
Therefore, despite’somariability in sand lance biophysical relationshipsdemdikely that of the
two species, sand lance prefers warmer conditimethan capelirdo, and he relationships we
derived between,PG4,, PCleapeiin and PClavironmeni@re in accordance witindings from previous
studieson these specied hecontrasting relationshipe interesting, anchay berelated to life history
and habitat requirements of these spe@é¢semiller, 2005) Sand lance requireearshorshelf
habitats and sand fospawning and burrowing. hEse habitats are shallow, generally warrardmay
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be more productive thadeepemwater habites. Capelinalsospawn on sandy beaches or nearshore
benthic habitats, but are often found offshore and in deeper watersjuveniles go to feed and grow,
and adults gathdariefly before spawning. Sand lance are unusual in that they spawn in late fall, and
larvae emerge during winter when prey are scarce but less variable (Reilzu,d5999). Capelin
typically spawn.inate spring (ApridJune), and larvae emerge into a productive but more variable
environment (Arimitsiet al., 2008).

Availability or"abundance?

The lack ofdetailedinformation on forag@ektondistribution and abundance acrddaska was a
primary motihationfor this study. A key question thusmains do puffin diets reflect forage fish
abundance in‘therenvironment, or do pla¢terns irdiet compositionustreflectvariation inprey

selection and shifts in prey preferencés®wstudieshave actually demonstratdthtseabird diets track
prey (forage fish) population abundance (eMills et al., 2007). In order to address this question, one
needs concurrent long-term data on forage nekwaiiability within the foraging ambit of theirols

under study, asywell as knowledge of the spatial distribution of the prey spetiesl(@t, Jr., pers.
comm). In particular, f the foraging ambits of the birdsrewithin thecental portion of the prey
distribution, there may be huge changethaperiphery of the prey distribution that will not be
detected. Likewise, if the birdge sampling the periphery of prey distribution, large swings in diet
composition may occur with relatively minor changes in overall forage nekton abundancel@9dnt
Nonetheless, several lines of evidence suggesithgkanpuffin diet compositioraligns with forage

fish abundancerimthe environment as inferred from fslieries and fisherieimdependent surveys.
First, Andersonsand Piatt (1999) descrilobdnges indrage nekton based on fisheries-independent
smaltmesh surveys in the wiesn GoA from1953 through 1997 and found shifts in forage abundance
in association, with the 1977 regime shift to warmer conditions (Ma&la 1997;Litzow, 2006).
Similarly, although.at a slightly different time pericaur study showed that capelin declined rapidly in
the GoA during,the early 1980s and remained scarce through the 1990s. Second, Doyle and Mier (2012)
summarized relative abundance of gadids, capatid,sand lance from mulliecadal ichthyoplankton
surveys in the'western GoA, including bongo net (333-um mesh) sampling from 1981 toehé pres
While a full analysis ideyond the scope of this study, preliminaorrelation analyses indicate
coherene between the ichthyoplankton data set amdpuffin-based indices of abundancank
correlationwasstrong for gadids (PGddiss p = 0.525, p=0.025, n = 18; PCdadgias p=0.123,p =
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0.627, n = 18), but weak for sand lance (P&1p =-0.090, p =0.723, n = 18; PG: p=-0.084, p =
0.742, n = 18). The weak relationship with sand lance is expected as the puffins take Badncge-
age-1 fish, and this may mask any relationships with larval abundance in the envirokfeemtre
unable to makehese comparisons with af@ecapelin, the size taken by puffins, because they are adept
at avoiding plankton nets (M. Doyl®&niversity of WashingtonUSA, pers. comm.).

Third, and perhaps most significantly, it is well known that pollock stocks are tdrarad by
occasional‘strongrecruitment events that can lead to dominant year claksgzopuiation (Bailey,
2000; Mueteetal’;2011). Indeed,dxkcalculatingfrom fisheries statisticgthe 2006 yeaclass for
Aleutian pollock and the 1994 geclass for GoA pollock have been identified as strong year classes
(Barbeawet als, 2013; Dorret al., 2013), and these strong year classes were obsesvbd ag®
cohort in the puffindiets. For example, with the exception of gadids taken by puftivesAktak
Complex (mostly walleye pollock; Table 1), gadids were largely uncommon outsidertfesm
‘pulses’ of abundance at other sites. At Buldir, gadids comprised over 50% of the T&jPd p992
and 2006 and\were either absent or <20% of the prey in all other years. Furthermore, our PCA
demonstratedsthatiwhile lowequency multi-yearchange was the dominant mode of variability for
sand lance and capelin (see below), interannual variability was the dominant rvadelmfity for
gadids(Tabde4,.Fig. 49. This mayreflect serial correlation in recruitment of sand lance and cajpeli
response to.varying climatic conditions, a feature that differenttades from gadids, which do not
show any evidence of serial correlation in the puffinsdiélternatively,theapparenserial correlation
in the take ofand lance and capelin may be related to theapoes’ability to take multiple age classes
of these prey as'they do not grow to a size puffins cannot consuomn{rast tgadids, G.L. Hunt, Jr.,
pers. comm.).PClg.qiq IS interpreted to reflect change in gadid use in the GoA, whereagddC2
reflects trends in the western Aleutians. Thus, the high abundance of gadids inithehpcKfdiets in
the GoA in 1994-1995 and in the western Aleutians in 2006 appears to correspond with the strong
recruitment events. for this species throughout its range in Alaska. We plarelateathe puffin data
with recruitment.indices from stock assessments in a future study, but we conchutieatimrth the
basic observations and multivariate syntheses of the dietary data suggest that puffins are tracking the

availability of forage nekton in the environment.

Implications for ecosystem management
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Assessing the status @motemarine ecosystemrequires ecological indicatoos mid trophic level
forage nekton availability. Globally, one of the challengéas idesign antest indicators that hawear
relationships t@cosystemproductivity”, especially with regard tihe conservation and managemeint
upper trophic level species (fish, birds, and mammals). Indicattthe distribution and abundance
(hence availabilitypf forage nekton populatiortbat support predategreyrelationshipshouldenable
more sustainable use of marine resoufeRssickeret al., 2011). The focal forage fishes in this study,
capelin sand lanceand age-0 gadidas well as agé hexagrammidand squidsprovide the
‘preyscapeforpiscivorous fishes important to commercial fisheries in Alas&abirds, and marine
mammals Poor foraging conditions, meaning few forage fish, can have negative impacts on
commerciallytargeted specied-or example, periodic occurrences of “mushy halibut syndrome”, in
which the fleshrofsPacific halibug abnormally opaque and flaccid, and hence of inferior quality for
human consumption, is thought to be related to nutritional deficiencies

(http://www.iphc.int/research/biology/mustmalibut.htm). Thus, uinderstanding thdeterminants of the

abundance and availability of these forage fish may have broad application, beyond population
predictions, tesinfarmingnanagemenf fisheriesand wildlife species In addition, links between
abundances of ag0 gadids in puffin prey and strong pollock year classes may serve as early indications
of recruitment.strengthGiven the importance of capelin and sand lance to the ecosystem, the North
Pacific Fisheries Management Council has a-stagnding policyprohibiting fisheries targeting these
speciegWitherellet al., 200Q. This progressive poliag based primarily oassumedelationships

between forage nekton and fisigabird and marine mammal productivity. Given the nature of this

policy, more information about sand lance and capelin, as well as other key forage fislyp ¢tan he

ensure thabngeing management supports key ecosystem functions in the region.
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Table 1. Species contained within the 16 prey groups obsatw#t sites in this study. The
percentage of each species in each groufisfoidentified to the species level) is shown in parentheses.

Prey Group Prey Species Prey Common Name
Capelin Mallotus villosus Capelin
Atheresthes stomias (71%) Arrowtooth flounder
Pleuronectiformes Flatfish
Pletronectidae Right-eyedflatfish
Hippogl ossoides elassodon (18%) Flathead sole
Flatfish Reinhar dtius hippoglossoides (6%) Greenland turbot
Hippoglossus stenolepis (5%) Pacific halibut
L epidopsetta spp. Rock sole
Glyptocephalus zachirus (< 1%) Rex sole
Limanda spp. Limanda spp.
Gadus chalcogrammus (90%) Walleye pollock
Gadidae Gadid
Gadid Gadus macrocephalus (9%) Pacific cod

Microgadus proximus (< 1%)

Eleginus gracilis (< 1%)

Pacific tomcod

Saffron cod

Hexagrammid

Hexagrammidae

Hexagrammos decagrammus (82%)

Pleur ogrammus monopterygius (17%)

Hexagrammos lagocephal us (< 1%)
Hexagrammos octogrammus (< 1%)

Hexagrammos stelleri (<1%)

Greenling

Kelp greenling
Atka mackerel
Rock greenling
Masked greenling

White-spotted greenling

Lingcod @phiodon elongatus Lingcod
Myctophidae Lanternfish

Mesopelagic Senobrachius leucopsar us (86%) Northern lampfish
Senobrachius nannochir (14%) Garnet lampfish

Octopus Octopoda Octopus
@ctopodidae Octopus

Pacific herring Clupea pallasii Pacific herring

Pacific sand lanee Ammodytes personatus Pacific sand lance

Pacific sandfish

Trichodon trichodon

Pacific sandfish

Prowfish

Zaprorasilenus

Prowfish

Rockfish

Scorpaenidae
Sebastes spp.

Rockfish

Sebastes rockfish
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Sebastes aleutianus (42%) Rougheye rockfish

Sebastes melanops (47%) Black rockfish
Sebastes jordani (11%) Shortbelly rockfish
Sablefish Anoplopoma fimbria Sablefish
Oncorhynchus spp. Salmon
©ncorhynchus gorbuscha (72%) Pink salmon
Salmonidae Salmonid
Salmon Oncorhynchus nerka (7%) Sockeye salmon
©ncorhynchus tshawytscha (5%) Chinook salmon
Oncorhynchus keta (16%) Chum salmon
Oncorhynchus kisutch (< 1%) Coho salmon
Cottidae Sculpin
Phallocottus obtusus (60%) Spineless sculpin
Hemilepidotus jordani (19%) Yellow Irish lord
Hemilepidotus hemilepidotus (17%) Red Irish lord
Hemilepidotus spp. Irish lord
Icelus spiniger (<1%) Thorny sculpin
) Triglops forficatus (< 1%) Scissortail sculpin
Sculpin
Triglops pingdlii (2%) Ribbed sculpin
Triglops spp. Triglops sp.
Psychrolutes paradoxus (1%) Tadpole sculpin
Blepsias bilobus (<1%) Crested sculpin
Blepsias cirrhosus (<1%) Silver-spotted sculpin
Hemitripterus bolini (<1%) Bigmouth sculpin
Nautichthys ocul ofasciatus (< 1%) Sailfin sculpin
Decabrachia Squid
Gonatidae Squid
Cephalopoda:Gonatidae Squid
Squid
Gonatus kamtschaticus (96%) Squid
Berryteuthis magister (2%) Squid
Gonatopsis makko (2%) Squid

Table 2.Characteristics of the time series ugethis study Puffins: tufted puffin (TUPU), horned
puffin (HOPU),and rhinoceros auklet (RHAU).

Island Complex Puffin Time Series No. Years Data Latitude Longitude
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TUPU 19882012 22

Buldir 52.36 175.92
HOPU 19882012 21

Aiktak 19862012 24 54.19 -164.84

Kaligagan 2012 54.15 -164.91

1
Round - 2012 1 54.20 -164.78
Aiktak TUPU
Baby 2012 1 53.99 -166.07
1
5

Tangagm 1986 54.00 -166.06
Puffin 19912012 54.15 -165.53
Chowiet RHAU 19792012 11 56.03 -156.70
) Semidi, TUPU 19791995 9
Suklik 56.05 -156.64
HOPU 19791995 9
TUPU 19782012 23
Middleton 59.44 -146.33
RHAU 19782012 23
St. Lazaria RHAU 19942012 19 56.99 -135.70

Table 3. Interannual variability in diets of puffin species on each island using Analysisivdigy.
Low values of Global R indicate significant interannual variation in diet compodiuffins tufted
puffin (TUPU),.herned puffin (HOPU), and rhinoceros auklet (RHAU).

Site Puffin Global R p-value

TUPU 0.233 0.001
Buldir

HOPU 0.233 0.001
Aiktak Complex,  TUPU 0.161 0.001

TUPU 0.127 0.001
Semidi Complex....HOPU 0.130 0.001

RHAU 0.059 0.003

TUPU 0.292 0.001
Middleton

RHAU 0.121 0.001
St. Lazaria RHAU 0.148 0.003
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Table 4. Results of PCA on (&)acificsand lance(b) capelin, and (oyadids across species and sites.
Gray shading indicates eigenvector loadings of >|0.2|. Puffins: tufted puffin (TWEWhiaoceros
auklet (RHAU).

(a) Pacific and.lance

Component Eigenvalue Proportion Cumulative
1. 25337 0.5067 0.5067
2 11533 0.2307 0.7374

Eigenvectors

Variable 1 2

TUPU Buldir 0.3888 -0.4583

TUPU Aiktak Complex 0.4936 -0.0635

RHAU Middleton 0.5573 0.2290

TUPU Middleton 0.5384 0.0434

RHAU St. Lazaria 0.0685 0.8553
(b) Capelin

Component Eigenvalue Proportion Cumulative
1 1.7612 0.4403 0.4403
2 1.1892 0.2973 0.7376

Eigenvectors

Variable 1 2
TUPU Aiktak Complex 0.4238 0.4766
RHAU Middleton 0.6297 -0.2267
TUPU Middleton 0.5859 -0.4501
RHAU St.Lazaria 0.2839 0.7203
(c) Gadids

Component Eigenvalue Proportion Cumulative
1 2.4480 0.4896 0.4896
2 1.0306 0.2061 0.6957
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Eigenvectors
Variable 1 2
TUPU Buldir 0.0033 0.9689
TUPU Aiktam 0.4482 0.1870
RHAU Middlet 0.5476 -0.0248
TUPU Middlettno.Sssl -0.1571

RHAU St. Lazafigwess  0.4397 0.0306

Author Manuscr
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Table 5. Resuts of multiple regression and Spearman rank correlation between environmentshand f
indicators (PCas. and PClapeiin-

Pacific Sand Lance Regression Spearman

Environmental'predictor N F p-value R? t p>lt| Rho p-value
PCLnvironment 19 1241 0.001 0.608 4.03 0.001 0.586 0.008
PCZnvironment -293  0.010 -0.344  0.149
Capelin Regression Spearman

Environmental/predictor N F p-value R? t p>lt| Rho p-value
PCLenvironment 19 6.90 0.007 0.463 -3.59 0.002 -0.660 0.002
PCZnvironment 0.96 0.350 0.154 0.528
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Figure 1. Study area, study sites, and boxes (outlining areas for which data were avsedj&ml)

develop environmental indices.

Figure 2. Horned puffin (HOPU) and tufted puffin (TUPU) diet composition by site, 1978-2012.

Figure 3. Diet.composition of rhinoceros auklet (RHAU) by site, 1978-2012.

Figure 4. Results'@®CA on forage fish (see Tablgd@ eigenvector loadings). (RCles. and PC2s,
(b) PC].capelin and PCZapelin, and (C)PC].gamdsand chamdsthrough t|me

Figure 5. Scores lpottom) of PCLnvironment@NdP CZnvironmentthrough time, 1994-2012. Colors of
loadings fop panels) correspond to zonal wind (u, blue), meridional wind (y, red), SLP (magenta) and
SST (green), for the sites Buldiiktak Complex, Semidi Complex, Middleton, and St. LazaE¥.

explained variance.
Figure 6. Relationships between forage fish and environmental principal compongRSlefaronment

and PCzs, with, linear regression, (lHCZ:nvironmentand PCas. with linear regression, (& Clenvironment
and PClapeinWith quadratic regression, and @ ZnvironmentanNd PClapein PSL: Pacific sand lance.
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