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SPATIAL AND TEMPORAL CHANGES IN ASSEMBLAGE STRUCTURE
OF ZOOPLANKTON AND PELAGIC FISH IN THE EASTERN
BERING SEA ACROSS VARYING CLIMATE CONDITIONS

Zooplankton and pelagic fish samples collected on the eastern Bering Sea shelf in late
summer 2003-2010 were used to evaluate spatial and temporal changes in the plankton and
nekton community structure. The zooplankton were sampled by vertical towing of a Juday
net (168 pm mesh) and oblique towing of a Bongo net (505 um mesh), and pelagic fish were
caught by midwater rope trawl. The communities were compared across climate regimes (in
relatively warm and cold years), by latitude (in the northern and southern parts of the shelf),
and by water depth (in the inner, middle, and outer domains of the shelf). Zooplankton were
dominated by the small copepod Oithona spp. in warm years but relatively larger copepods
Pseudocalanus spp. and Acartia spp. in cold years. Notably, the large copepod Calanus spp.,
an important energy-rich prey for fish, were more abundant in cold years than warm years.
Age-0 walleye pollock Gadus chalcogrammus were more abundant in warm years, while
capelin Mallotus villosus were abundant within cold-year communities over the northern shelf.
Latitudinal variations in communities were more prominent in the cold years, particularly in
2007 and 2010. Cross-shelf variations were evident, particularly for large zooplankton and fish,
with communities corresponding to specific oceanographic domains. Outer shelf communities
varied less than inner and middle shelf communities between warm and cold periods, suggesting
that this region may be less impacted by climate variability. An understanding of the overlap of
zooplankton (prey) and fish communities within specific shelf regions or climate regimes may
provide information for ecosystem-based approaches to fisheries management.

Key words: eastern Bering Sea, zooplankton, pelagic fish, climate change, community
structure, water temperature.
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CocTosiHUE MIITAHKTOHHBIX 1 HEKTOHHBIX COOOILECTB, TPOCTPAHCTBEHHBIE M MEKT'OZIOBBIE
M3MEHEHUsI MX CTPYKTYPbI pACCMOTPEHBI 110 Marepraiam, coopantbiM jietoM 2003—2010 rr. Ha
menbge BocTouHoi yacti beprHrosa mopsi. O0I0B MENKOPa3MEPHOTO IIIAHKTOHA IPOBOIUIICS
cerbto Jxenu (c pazmepoM stuen 0,168 Mm), KpynHOpasMepHOro — ceThio boHro (¢ pasmepom
sgen 0,505 Mm), nenarudeckre poIObl 0OJIABIMBAINCH PA3HOITYOMHHBIM KaHATHBIM TPAJIOM.
BeIsIBNIEHBI pa3uyms MeX Iy COOOIIECTBAMH IIIAHKTOHA M HEKTOHA B TIpEZIeNax meibda (Mexy
BHYTPEHHEH, CpeAHeH 1 BHENTHEH 00IacTAMHU U MEKIY CEBEPHOH U F0KHOW JacTAMH IIenb(a),
a TaKKe MEXy Pa3HBIMU MO KJIMMATHYECKOMY PEXUMY T0IaMH1 (XOJIOAHBIMH U TeruibiMu). [To-
Ka3aHo, YTO MeJIKHe Korenop! poga Oithona TOMUHUPOBAIN B TEIUIBIE TO/IbI, @ OTHOCHTEIIHHO
KpyIHBIE Koreno/s! pogoB Pseudocalanus u Acartia — B xosoHbIe roisl. KpymHbie Komnenoasl
pona Calanus, oT4aromumecs BHICOKOH KaJIOPUIHOCTBIO U TOATOMY MMEIOIIHE OOJIBIIOE 3HA-
YeHWE B MIMTAHUH PBIO, TAKKe OBLUTH OOMIIHHEI B XOJIOHBIE TOBI. B HEKTOHHBIX COOOIIECTBAX B
TEIIbIe TObI Tpeo0iaaain cerojaetku muatas Gadus chalcogrammus, B To BpeMst Kak B XOJI0/I-
HBIE TOIIBI B CEBEPHON yacTH mrenbda 6puta oomnsaa Moiiea Mallotus villosus. Otmeuero, uto
HanOOJIBIIHME PA3INYMs B IPOCTPAHCTBEHHOM PACIIPEACICHUHU BUJIOB (0COOEHHO ISl KPYITHOTO
300IIJIAaHKTOHA U PBI0) MEXIy F0)KHON M CEBEPHOI YacTsMu HaOronanuch B xonoxHbie 2007 u
2010 rr. ITpu 3TOM B cooO1iecTBax B Mpeenax BHYTPEHHETO U CPEIHETO IIeNb(a MEXI0I0BbIE
M3MEHEHU ObITH O0JIee BEIPaYKEHBI, YeM B COO0IIeCcTBaX BHEITHETO miebga. [Ipoanamm3npoBaHb!
CITydad HAJIOXKEHHS pacIipe/ieIeHHs 300TUTaHKTOHA (ITHIIH 1S PBIO) M €r0 HeKTOHHBIX MOTpedun-
TeIeid, IIPU ATOM OTMEUYEHO COBIIa/ICHHE B paCIpe/IeJICHIH MOIBBI C TPaHHLIAMH pacIipe/iesICHuUs!
ee KOPMOBBIX 00beKTOB — Korertof] pofa Calanus u 3B¢ay3uun. Kpome Toro, nokaszato, 4o B
XOJIOJJHBIE TOJIBI TPY OOWITHH THIIH, O0raToH JIMNuAaMu (KpyITHbIC KONETIOABI ¥ 3B(ay3Hn/Ib),
BBDKMBAEMOCTb MOJIOZIM MUHTAsI TIOCJIE 3MMHET0 MePHOo/ia BBIIIE, YEM B TEMIIBIE TOJIbI, KOT/Ia B
300TIJIAHKTOHE IOMUHHUPYIOT MEJKHe Korenoabl. [Tomydennas nHdopmarys o pacipeieeHun
BUJIOB->KEPTB U BUJOB-IIOTPEOUTEINIEH B 3aBUCUMOCTH OT KIIMMAaTHUYECKNX yCIIOBHI MOXKET OBITH
MCII0JIb30BaHa JUIsl YIIPaBJICHHs PhIOOJIOBCTBOM Ha OCHOBE 9KOCHCTEMHOTO MOAXO0A.

KaioueBble ciioBa: BocTouHast yacTh beprHroBa Mopsi, 300IUIAHKTOH, IETarn4eckue
PBIOBI, I3MEHEHHUE KIIMMara, CTPYKTYpa coo0IecTBa, TeMIepaTypa BOJIbL.

Introduction

The eastern Bering Sea (EBS) is characterized by a broad continental shelf (> 500 km
wide and > 1000 km long) and supports a highly productive ecosystem owing to on-shelf flow
of nutrient-rich waters. Due to persistent ecological differences, the shelf has been delineated
into northern and southern regions at ~ 59—-60° N (Stabeno et al., 2012a); north of 63° N the
ecosystem processes may be more similar to the Chukchi Sea than the Bering Sea (Stabeno et
al., 2010). From spring to early fall, persistent oceanographic fronts (Hunt and Stabeno, 2002)
separate the shelf into three domains: the inner shelf (inside of the 50 m depth contour), the middle
shelf (between 50 and 100 m), and the outer shelf (between 100 and 200 m) (Iverson et al., 1979;
Coachman, 1986). During summer, the inner shelf is well mixed by tides and wind, the middle
shelf is highly stratified with a wind-mixed surface layer and a tidal-mixed bottom layer, and the
outer shelf has a multi-layer system with the surface and bottom layers separated by a transition
zone (Stabeno et al., 2010). Circulation on the Bering Sea shelf'is generally northwestward, with
water from the Alaska Stream and Alaska Coastal Current (ACC) in the Gulf of Alaska entering
through the Aleutian passes and exiting through Bering Strait into the Chukchi Sea. The Bering
Slope Current flows north along the shelf break at speeds of 5-20 cm/s (Danielson et al., 2012),
while currents over the shelf are more sluggish with speeds of 1-5 cm/s (Danielson et al., 2011).
The shelf'is seasonally ice covered every year in the north and during cold climatic periods in the
south. Seasonal ice over the southern shelf leaves a footprint of cold bottom waters <2 °C (i.e., the
cold pool), which extends southward almost to the Alaska Peninsula during cold years. The most
extensive ice cover and coldest water column temperatures since the early 1970s were observed
beginning in 2007 and continued through at least the winter of 2010/11 (Stabeno et al., 2012b).

Climate conditions driven by decadal-scale oscillations (i.e., Aleutian Low Pressure
System, Arctic Oscillation) can cause extended periods of warm (or cold) conditions overlaid
on the natural variability of the system. The Oscillating Control Hypothesis (Hunt et al., 2002,
2011) provides a framework within which to predict ecosystem responses to warm and cold
conditions in the EBS. In warm years with early sea ice retreat, stratified waters maintain
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production within the pelagic system (Walsh and McRoy, 1986; Mueter et al., 2006), which
was predicted to result in enhanced survival of species such as walleye pollock Gadus chalco-
grammus (Hunt and Stabeno, 2002; Mueter et al., 2006; Moss et al., 2009). However, recent
studies have shown that changes in prey composition and quality during a warm regime may
be detrimental to walleye pollock survival (Heintz et al., 2013; Siddon et al., 2013).

Northward shifts in species’ distributions and altered community compositions in response
to temperature increases have been observed in the North Atlantic (Brander et al., 2003), the
North Sea (Perry et al., 2005), and on the Bering Sea shelf (Mueter et al., 2007; Mueter and
Litzow, 2008; Spencer, 2008). Shifts in species’ ranges may lead to atypical species interactions
or impacts to commercial and subsistence harvests as northern species are displaced by more
southern species (Overland and Stabeno, 2004). However, available habitat and prey resources
may not be able to support extensive northward shifts.

Analyzing assemblage patterns across trophic levels can inform ecosystem-based ap-
proaches to fisheries management (EBFM). Integrated Ecosystem Assessments (www.noaa.
gov/iea; Levin et al., 2009) are in development for many large marine ecosystems in the US;
understanding community-level responses to climate variability will inform such approaches. A
framework for EBFM for the northwest Atlantic identified the need for developing ecosystem
indicators and conducting multi-species assessments and modeling to understand the effects
of multiple processes acting simultaneously on the ecosystem (Link et al., 2011). Predator-
prey dynamics are also a structuring force in ecosystems (Hunsicker et al., 2011), so further
understanding of these interactions will enhance EBFM.

The goals of this study are to (1) describe changes in the community composition of small
and large zooplankton and pelagic fish across warm and cold conditions in the eastern Bering
Sea and (2) relate the assemblages to environmental gradients to look at factors affecting the
spatial and temporal patterns of assemblages. Patterns will be compared qualitatively among
recent warm (2003-2005), average (2006), and cold (2007—2010) periods, which are based on
water temperature anomalies and southerly sea ice extent (Stabeno et al., 2012b).

Materials and methods

This work is part of the Bering Aleutian Salmon International Survey (BASIS) program
to study salmon and forage fish ecology in the Bering Sea. US BASIS surveys were conducted
in the eastern Bering Sea, at stations spaced approximately 60 km apart from 54.5-63.0 °N and
159.0-174.0 °W, from mid-August to early October 2003—2010 (Table 1). Almost 900 stations
were sampled across eight years of the study, ranging from 31 stations in 2008 to 121 stations in
2007. Large zooplankton and fish were collected at each station and small zooplankton at a subset
of stations for a total of 528 small zooplankton, 803 large zooplankton, and 875 fish samples for
all years combined. Rare taxa (found at less than 5 % of stations) were excluded from analysis. We
analyzed 17 small zooplankton, 20 large zooplankton, and 27 fish taxa or taxa groups (Table 1).

Temperature data. Vertical profiles of temperature were collected at each station with a
Sea-Bird* Model 25 or Model 9plus Conductivity-Temperature-Depth profiler (CTD) from near
surface (~ 1-2 m depth) to near bottom (5—10 m off bottom). Data were processed into 1-m verti-
cal bins using Sea-Bird software. Temperature was averaged above and below the mixed layer
depth (MLD). The MLD was estimated as the depth where , is 0.10 kg/m?® higher than the value
at Sm (Danielson et al., 2011).

Zooplankton sample collection and lab analysis. Zooplankton samples were collected
and analyzed using methods described in Coyle et al. (2011) and Eisner et al. (2014). Briefly,
small zooplankton assemblages were sampled with a 0.1-m? Juday net with 168 pum mesh, towed
vertically from near bottom to the surface (Volkov, 1984, 2012; Volkov et al., 2007). Small
zooplankton samples were counted on-board the ship by Pacific Research Fisheries Center
(TINRO-Center) scientists. Large zooplankton assemblages were collected with a 60-cm bongo
frame with 505 um mesh, towed obliquely from near bottom to the surface. These samples

* Use of trade names does not signify an endorsement by the U.S. National Oceanic and
Atmospheric Administration.
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Table 1

Climate regime, cruise start and end dates, north-south (N-S) regions covered, and average taxa
abundance (using all available samples) by year. See Figs. 3—5 for station locations. Predominantly

juveniles unless indicated

Tabmuna 1

XapakTeprcTHKa JaHHBIX 110 TOJaM: TUI KIIMMATHYECKOTO PeXKKUMA, JIaThl HaYaaa U OKOHYAHUS
MIPOBEICHUS ChEeMKH, 00CIICIOBAaHHbIC YUACTKH IIeNb(a, cpeaHee o0mine TakconoB. CM. pacmono-

JKCHUE CTaHIMi Ha puc. 3—5. Bo3pacT pei6 nmpeumyiectBerHo 0+, kpome 0c000 0003HAYCHHOTO

Year 2003 2004 2005 2006| 2007| 2008 2009| 2010
Climate regime Warm| Warm| Warm| Average| Cold Cold Cold| Cold
Start date 31-Aug| 14-Aug| 14-Aug| 18-Aug|16-Aug| 11-Sep| 30-Aug|18-Aug
End date 9-Oct 1-Oct| 7-Oct| 20-Sep| 8-Oct| 27-Sep| 28-Sep| 8-Oct
Regions N-S N-S N-S N-S N-S S N-S N-S
Small Zooplankton Taxa (no./m?)

Acartia spp. 26349 1080| 28424 3210| 37618| 34748| 49378| 26130
Polychaeta 14304| 12859| 19380 4674| 4670 325| 37859| 12312
Bivalvia 46807 | 48828| 50141 4244 | 15429| 5465 0| 8959
Centropages abdominalis 8215 9050 9811 1012 3599| 2109 461 805
Cirripedia 7417 6436 3824 795 576 40 197 294
Echinodermata larvae 31159 | 33957| 17425 5263 | 2548 8215| 13362| 1865
Eurytemora herdmani 4540 1747 1807 37 248 0 0 42
Evadne sp. 0 3270 1012 31 49 0 0 52
Fritilaria sp. 0 0 477 0| 2447 0 1712 2479
Metridia spp. copepodites 2739 2654 3136| 16250| 3383| 1468 4701| 1823
Microcalanus pygmaeus 789 240 354 9082 390 0 694 312
Oithona spp. 248643 | 213663| 279203| 238665]| 183526| 115259 | 125262 | 111117
Podon sp. 2664 2706 526 21 125 0 0 0
Pseudocalanus spp. 55559 | 83340| 41868| 71514| 84338| 199080| 67972| 76508
Tortanus discaudatus 115 351 1111 124 511 0 0 9
Scolecithricella sp. 0 27 0 82 104 0 98 56
Harpacticoida 303 433 248 1302| 1157 52 194 602
Large Zooplankton Taxa (no./m?)

Anomura 4 8 6 14 8 5 7 3
Appendicularia 187 415 239 169 548 708 161 112
Brachyura 5 20 16 25 27 5 15 6
Calanus pacificus 7 2 6 5 4 0 4 0
Calanus spp. 105 817 373 703| 3656| 8030 3769 | 2229
Caridea 43 67 40 16 16 6 9 4
Clione limacina 1 4 21 5 7 6 8 2
Cnidaria 147 408 869 185 547 30 111 50
Ctenophora 0 1 0 1 3 0 1 0
Cumacea 1 19 6 12 88 3 45 7
Epilabidocera amphitrites 69 39 39 15 47 85 15 3
Eucalanus bungii 82 117 165 703 388 226 1117 150
Eukrohnia hamata 1 0 3 16 45 1 18 0
Gammaridae 7 17 32 28 86 43 36 12
Hyperiidae 19 23 28 64 272 267 91 118
Limacina helicina 130 552 59 1759 527| 2843 2385| 1228
Metridia pacifica 137 122 205 389 649 15 708 144
Mysida 3 12 3 3 9 17 4 5
Neocalanus spp. 8 16 36 210 248 81 119 76
Parasagitta elegans 179 405 418 567| 1394 987 755 239
Fish Taxa (no./km?)

Ammodytes hexapterus 10 102 5 48 84 133 17 103
Anarhichas orientalis 0 0 1 1 3 0 1 5
Anoplopoma fimbria 15 9 21 42 1 0 0 0
Blepsias bilobus 1 1 3 1 1 0 0 0
Clupea pallasii 1262 2968 2112 1106 877 66 220 117
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Table 1 finished
Oxonuanue tadi. 1

Year 2003 2004 2005 2006| 2007| 2008 2009| 2010
Climate regime Warm| Warm| Warm| Average| Cold Cold Cold| Cold
Start date 31-Aug| 14-Aug| 14-Aug| 18-Aug|16-Aug| 11-Sep| 30-Aug|18-Aug
End date 9-Oct| 1-Oct| 7-Oct| 20-Sep| 8-Oct| 27-Sep| 28-Sep| 8-Oct
Regions N-S N-S N-S N-S N-S S N-S N-S
Gadus chalcogrammus 45430 91126| 73271 11003| 4794| 9416 204 713
Gadus macrocephalus 10 40 479 573 84 165 3 472
Gasterosteus aculeatus 3 36 49 120 1 97 0 0
Lethenteron camtschaticum 2 2 1 1 1 0 1 1
Limanda aspera 1 13 15 26 11 23 11 21
Mallotus villosus 11 22 188 79 668 32 2497| 7043
Oncorhynchus gorbuscha* 0 1 0 1 0 0 0 0
Oncorhynchus gorbuscha 66 56 49 23 104 11 114 24
Oncorhynchus keta* 10 18 9 33 17 0 50 12
Oncorhynchus keta 94 51 85 32 118 12 86 117
Oncorhynchus Kisutch* 0 1 2 1 0 0 0 0
Oncorhynchus kisutch 31 13 4 5 5 14 2 3
Oncorhynchus nerka* 4 1 1 21 9 0 4 1
Oncorhynchus nerka 200 126 374 53 253 66 107 114
Oncorhynchus tshawytscha* 1 1 1 1 1 1 1 24
Oncorhynchus tshawytscha 13 15 12 3 9 1 7 5
Osmerus mordax dentex 1 139 8 14 65 14 1 0
Pleurogrammus 63 13 1 3 26 1 19 0
monopterygius

Podothecus acipenserinus 0 1 1 0 1 0 0 0
Sebastes spp. 0 0 0 14 26 118 123 126
Trichodon trichodon 110 47 29 47 94 71 124 12

* Indicates a mix of immature and maturing salmon.

were preserved in 5 % formalin buffered with seawater. Zooplankton samples from 2003—-2004
were sorted at the Polish Plankton Sorting and Identification Center (Szczecin, Poland) and
samples from 2005-2010 were processed at the University of Alaska (Coyle et al., 2008). The
lowest taxonomic level of sorting varied between labs, so we used the lowest taxonomic stage
available for all years. We excluded euphausiids from our analysis since zooplankton tows were
collected primarily during the daytime when euphausiids may be concentrated within 1-2 m
of the bottom (Coyle and Pinchuk, 2002), below the reach of our nets. Unidentified copepod
nauplii were also excluded from analysis.

Fish sample collection. Pelagic fish taxa were captured at each station with a midwater
rope trawl with a mean horizontal spread of 55 m, configured to sample the top 15-20 m of
the water column (Farley et al., 2007). The net had hexagonal mesh wings and a 1.2-cm mesh
cod liner. Trawls were towed at 3.5-5.0 knots (6.5-9.3 km/h) for 30 min. The whole catch was
immediately sorted to species and counted to estimate abundance of each taxon (no./km?). For
large catches, a random sub-sample was sorted and counted, and results were extrapolated to
estimate the total catch by taxa. Sampled fish were predominantly juvenile life stages, as well
as immature and maturing stages for salmonids. While small numbers of adult fish were col-
lected, they did not have a large influence on analyses based on overall fish abundance.

Statistical analyses. The taxonomic composition (relative abundances of taxa) and distribu-
tion of zooplankton and fish were evaluated qualitatively using data from all stations and years.
Separate analyses were conducted for abundances of small zooplankton, large zooplankton, and
fish taxa. Statistical analyses included cluster analysis and similarity percentage contribution
of individual taxa (SIMPER) in the software package, PRIMER-E, version 6.1.15 (Clarke and
Warwick, 2001; Clarke and Gorley, 2006).

For grouping stations, abundance data (no./m? and no./km? for zooplankton and fish,
respectively) were 4th root transformed to down-weight the contribution of dominant taxa to
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similarity/dissimilarity patterns (Clarke and Warwick, 2001). We then applied a hierarchical
cluster analysis using group average linkage of Bray-Curtis dissimilarities among stations.
Clusters were identified by drawing a line across branches on each dendrogram. We used the
degree of similarity, the length of branches (indicating stability of groups), and SIMPROF
(an a priori permutation based procedure that tests for grouping (Clarke and Warwick, 2001;
Clarke and Gorley, 2006)) to determine where to place this line. Cluster groups were also
subjectively evaluated to determine if they were biologically relevant. We designated clusters
as outliers if they contained less than 1 % of the sampled stations. We then used SIMPER
analysis to determine the average percent contribution of each taxon to each cluster.

For grouping taxa, we used (untransformed) data standardized to the total abundance
of each taxa group to give equal weight to all species, regardless of their average numerical
abundance (i.e., so that rare and common taxa were of equal importance). We applied separate
cluster analyses to determine which taxa grouped together across all stations combined for
small zooplankton, large zooplankton, and fish.

Results and discussion

Temperature data

Surface (above the MLD) water temperature was higher in 2003—2005 than in 2006-2010
in the south, but appeared to cool a year earlier (starting in 2005) in the north (Fig. 1). The
coldest surface temperatures were seen in 2008—2010. Temperature below the MLD on the
middle shelf reflects the location of the cold pool. The cold pool began to expand southward
over the shelf starting in 2006, followed by a greater southward extent in 2007-2010 (Fig.
2). Surface temperatures remained relatively colder in the northern Bering Sea in all years
of the study while temperatures over the southern shelf cooled during the study period.

Spatial and temporal patterns of zooplankton assemblages

Small zooplankton. Multivariate analyses of small zooplankton abundance identified 13
main clusters over the EBS shelf (Fig. 3). Taxa contributing to at least 80 % of within-cluster
similarities based on total small zooplankton abundances are shown in Table 2. Similarities
within clusters ranged from 69-74 %.

On the middle and inner shelves, Cluster ZS2 had broad spatial coverage in warm years
and was strongly dominated by Oithona spp. (Copepoda), followed by Pseudocalanus spp.
(Copepoda), molluscan Bivalvia larvae, Echinodermata larvae, and Polychaeta (annelid
worms). In cold years, this was replaced by Clusters ZS5 and ZS13, dominated by Pseudo-
calanus spp., Acartia spp., and Oithona spp. (ZS5 only). One cluster was common for all
years in the southern outer shelf, Cluster ZS4, dominated by large numbers of Qithona spp.,
followed by Pseudocalanus spp. and Acartia spp. Clusters with the largest numbers of Oi-
thona spp. (> 200,000/m?) included Cluster ZS2 (present in warm years), Clusters ZS3 and
Z.S8 (both with patchy distributions), and Cluster ZS4 (located on the outer shelf). Overall,
Oithona spp. was in higher concentrations in warm years and Pseudocalanus spp. and Acartia
spp. higher in average and cold years (Volkov, 2012; see also Eisner et al., 2014).

Community variations between the northern and southern Bering Sea shelf were ob-
served during the latest years (2009 and 2010). In 2009, a cluster (ZS10) characterized by
high polychaete abundances was seen in the north, but not in the south. Similar taxa were
found within many cluster groups, but in different ratios. In 2010, Cluster ZS1 observed in
the north had high and similar levels of Pseudocalanus spp. and Oithona spp., followed by
lower levels of Acartia spp. In the south, Cluster ZS5 was dominated by Pseudocalanus
spp., followed by Oithona spp. and Acartia spp. Mean abundances of all taxa were higher
in Cluster ZS1 than in ZS5.

Additional analysis of taxa across all stations combined indicates that the small copepods,
Oithona spp., Pseudocalanus spp., and Acartia spp. often co-occur (> 40 % similarity) (data
not shown). Neritic near-shore taxa, Podon sp. and Evadne sp. (Cladocera) also co-occurred,
as did Centropages abdominalis and Eurytemora herdmani (Copepoda) (~ 38 % similarity).
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Large zooplankton. Multivariate analyses of large zooplankton abundance identified 11
main clusters over the EBS shelf (Fig. 4). Taxa contributing to at least 80 % of within-cluster
similarities are shown in Table 3. Similarities within clusters ranged from 61-70 %.

On the middle shelf, Clusters ZL2 and ZI1.4, dominated by Parasagitta elegans (Chaetog-
natha), Cnidaria (gelatinous zooplankton, primarily Aglantha digitale in our study), Calanus
spp. (Copepoda, a combination of Calanus marshallae and C. glacialis), and Appendicularia
(larvaceans) were common in warm years shifting to Clusters ZL9, ZLL10, and ZL 11, dominated
by Calanus spp. and P. elegans in cold years. Note that P. elegans was often dominant in clusters,
but abundances were higher in cold than warm years. On the inner shelf, Cluster ZL.1, dominated
by P. elegans, Epilabidocera amphitrites (Copepoda), Cnidaria, and Caridea (shrimp) was more
common in warm than average and cold years. The main cluster on the southern outer shelf for
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all years was Cluster ZL.3, dominated by Eucalanus bungii (Copepoda), Calanus spp., P. elegans,
Metridia pacifica (Copepoda), Limacina helicina (Pteropoda), Neocalanus spp. (Copepoda), and
Hyperiidae (Amphipoda), many of which are considered resident to the outer shelf or advected
from off-shelf (Coyle and Pinchuk, 2002; Gibson et al., 2013). Near the southern middle front
(~ 100 m bathymetry) and Pribilof Islands, Cluster ZL2 in warm years was replaced by ZL10
in cold years. Of note, Calanus spp. were dominant in more clusters in cold years with overall
abundances higher in cold than warm years. The highest Calanus spp. numbers were seen in
the cold year Cluster ZL11.

Clusters often varied between north and south in the Bering Sea. For example, Cluster
Z1.8, which was dominated by Calanus spp., Appendicularia, P. elegans, and Cnidaria, was only
common in the north (2007 and 2010, in particular). Overall, there was a higher abundance of
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gelatinous zooplankton (e.g., Cnidaria, Appendicularia) in the north, as observed by Eisner et
al. (2014). Cluster ZL9 was common in the northern Bering Sea in the warm years of 2004 and
2005, then expanded southward in 2006 and 2007, indicating that increases in P. elegans and
Calanus spp. in the north preceded increases in these taxa in the south.

Additional analysis of large zooplankton taxa across all stations combined indicated that
outer shelf taxa, Neocalanus spp., E. bungii, and M. pacifica often co-occur (> 40 % similarity,
data not shown). P. elegans and Calanus spp. also co-occurred; both had higher abundances in
cold compared to warm years. Other taxa that co-occurred included Cumacea and Gammaridae,
as did E. amphitrites and Caridea.
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Table 2
Small zooplankton taxa that make up at least 80 % of similarity (80 % cumulative contribution)
within a cluster, determined from SIMPER analysis conducted on 4th root transformed
abundance data (Abund 4th rt; no./m?). SIMPER results show the overall similarity between
stations within each cluster (Sim %), the individual percent contributions from each taxa
(Contrib %), and the cumulative percent contribution after inclusion of a taxa (Cum %).
Untransformed abundances (Abund untrans) also shown
Tabmmra 2
Knactepsl, Boienennsle SIMPER-anani30M 1aHHBIX IO MEJIKOpa3MEPHOMY IUIAHKTOHY,
TpaHC(HOPMUPOBAHHBIX H3BIIcUeHHEM KopH: 4-1 crenenn (Cluster); TakcoHsl, odecrieunBatomue 80 %
cxozactsa (80 % COBOKYIHOIO BKIIajaa) B KJIacTepax (Species) U UX YUCICHHOCTh MOCIIe
Tpancopmannu (Abund 4th rt); ypoBHU cxoncTBa MeX/Ty CTaHIIMSIMU BHYTPH Ki1acTepoB (Sim, %),
BKJIQJI B CXOZICTBO Kaxk1oro TakcoHa (Contrib, %) 1 COBOKYIHBII BKJIa/[ TOCIIE BKIFOYCHHUS TAKCOHA,
OT JIOMHHAHTHBIX K cyOoMuHaHTHEIM (Cum, %). Takke npuBeseHb! JaHHBIE O YHUCICHHOCTH
TaKCOHOB, HE MOABEPrHyThIe TpaHchopmanuu (Abund untrans, 9K3./mM?)

Cluster Sim, % Species Abund untrans Abund 4th rt Contrib, % Cum, %
ZS1 72 Pseudocalanus spp. 155334 18.65 29.6 30
Oithona spp. 145032 17.96 27.5 57
Acartia spp. 77857 15.31 23.1 80
ZS2 70 Oithona spp. 272518 21.64 27.1 27
Pseudocalanus spp. 65249 14.67 17.8 45
Bivalvia 69943 13.51 14.4 59
Echinodermata larvae 23011 10.32 11.4 71
Polychaeta 19825 10.04 11.1 82
ZS3 69 Oithona spp. 288470 22.24 354 35
Pseudocalanus spp. 50495 14.07 21.6 57
Echinodermata larvae 122192 13.26 14.5 72
Acartia spp. 27304 10.45 13.9 85
754 69 Oithona spp. 266628 21.87 42.4 42
Pseudocalanus spp. 66167 14.65 27.3 70
Acartia spp. 13490 8.30 12.0 82
ZS5 71 Pseudocalanus spp. 97424 16.23 40.1 40
Oithona spp. 52955 12.98 29.5 70
Acartia spp. 27236 11.43 26.2 96
ZS6 69 Oithona spp. 117107 17.96 26.9 27
Pseudocalanus spp. 159284 18.42 26.1 53
Centropages abdominalis 20234 10.30 12.9 66
Bivalvia 35231 9.80 9.2 75
Podon sp. 5511 6.78 7.1 82
ZS7 71 Oithona spp. 68148 14.78 26.5 26
Pseudocalanus spp. 28420 11.78 20.6 47
Acartia spp. 7694 8.16 13.1 60
Polychaeta 6077 7.71 12.4 73
Bivalvia 26783 9.09 10.7 83
ZS8 72 Oithona spp. 319316 23.36 44.9 45
Pseudocalanus spp. 40784 13.60 24.8 70
Centropages abdominalis 9823 8.41 12.6 82
ZS9 72 Oithona spp. 287057 22.34 58.6 59
Pseudocalanus spp. 61166 14.54 36.1 95
7510 71 Oithona spp. 19097 11.02 25.4 25
Acartia spp. 32704 11.57 24.7 50
Pseudocalanus spp. 22317 11.10 24.2 74
Polychaeta 124800 12.84 22.8 97
Zs11 74 Oithona spp. 72806 16.01 40.3 40
Pseudocalanus spp. 6024 8.53 21.1 61
Metridia sp. copepodites 6697 7.15 12.1 74
Bivalvia 913 4.82 10.4 84
7512 73 Oithona spp. 112538 17.34 333 33
Pseudocalanus spp. 26222 11.91 22.2 55
Polychaeta 4314 7.53 13.5 69
Cirripedia 3183 6.42 10.3 79
Harpacticoida 3534 6.04 8.9 88
ZS13 71 Pseudocalanus spp. 139487 17.85 48.3 48
Acartia spp. 76191 15.17 41.5 90
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Spatial and temporal patterns of fish assemblages

Multivariate analyses of fish abundance identified 12 main clusters over the EBS shelf
(Fig. 5). Taxa contributing to at least 80 % of within-cluster similarities are shown in Table 4.
Similarities for stations within clusters ranged from 42—54 %, substantially lower than observed
for zooplankton.

Fewer species clusters occurred over the shelf in the warm years of 2003—2005 as com-
pared to the average and cold years of 2006-2010. Two main clusters, F1 and F2, dominated
the species assemblages during the warm years with Pacific herring Clupea pallasii and walleye
pollock contributing to 40 % and 69 % of the total abundance in those clusters, respectively.
More species clusters, and therefore greater species diversity, characterized the average and
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Table 3

Large zooplankton taxa that make up at least 80 % of similarity within a cluster, determined from SIMPER
analysis conducted on 4th root transformed abundance data (no./m?). See Table 2 heading for details
Tabnuua 3

Knacrepsl, Beiienensasie SIMPER-aHanm3oM JaHHBIX IO KPYITHOPa3MEPHOMY ILIaHKTOHY,
TpaHcOpPMUPOBAHHBIX U3BJIedeHHeM KopHs 4-ii crenienn (Cluster); Takconsl, odecrieunBarorme 80 %
CXOJICTBA B KJIacTepax (Species) 1 MX YMCIIeHHOCTH rocie TpaHchopmarmu (Abund 4th rt);
YPOBHH CXOZICTBA MKy CTAaHIIISIMH BHYTPH KJIacTepoB (Sim, %), BKJIa1 B CXOICTBO KaKIOTO TAKCOHA
(Contrib, %) v COBOKYIIHBII BKJIaI IIOCIIC BKITFOYCHHMS TAKCOHA, OT JIOMUHAHTHBIX K CYOTOMUHAHTHBIM
(Cum, %). TaxoKe IpUBENICHBI ITAHHBIC O YHCICHHOCTH TAKCOHOB, HE MOBEPrHYTHIE TpaHCc(hopManin
(Abund untrans, 5K3./m?)

Cluster Sim, % Species Abund untrans Abund 4th rt Contrib, % | Cum, %
ZL1 65 Parasagitta elegans 360 3.90 21.3 21
Epilabidocera amphitrites 181 3.27 18.2 39
Cnidaria 409 3.44 17.1 57
Caridea 148 2.96 15.1 72
Gammaridae 42 1.97 8.8 80
ZL2 62 Parasagitta elegans 359 3.94 21.7 22
Cnidaria 167 3.12 16.8 39
Calanus spp. 181 3.13 16.3 55
Appendicularia 807 2.93 10.8 66
Eucalanus bungii 273 2.70 10.7 76
Limacina helicina 211 242 9.8 86
ZL3 69 Eucalanus bungii 2395 6.42 16.7 17
Calanus spp. 3250 6.49 15.8 33
Parasagitta elegans 566 4.51 11.7 44
Metridia pacifica 2281 5.40 11.4 56
Limacina helicina 6109 5.92 10.6 66
Neocalanus spp. 714 4.36 10.4 77
Hyperiidae 449 3.98 10.0 87
ZL4 61 Cnidaria 225 3.12 28.6 29
Parasagitta elegans 149 2.94 27.1 56
Appendicularia 140 2.57 22.3 78
Epilabidocera amphitrites 9 1.13 7.0 85
ZL5 64 Cnidaria 45 2.36 23.6 24
Epilabidocera amphitrites 32 2.08 19.9 43
Parasagitta elegans 30 2.00 18.5 62
Caridea 37 2.09 18.0 80
ZL6 64 Calanus spp. 70 2.68 17.9 18
Parasagitta elegans 72 2.49 15.9 34
Brachyura 26 1.99 12.2 46
Anomura 9 1.57 10.5 56
Gammaridae 9 1.47 9.0 65
Cnidaria 15 1.61 8.8 74
Appendicularia 228 2.31 7.3 82
ZL7 65 Parasagitta elegans 433 4.18 27.8 28
Calanus spp. 150 3.09 18.7 46
Gammaridae 82 2.67 16.3 63
Cnidaria 95 2.40 12.3 75
Cumacea 18 1.54 7.6 83
ZL8 69 Calanus spp. 1413 5.56 26.5 27
Appendicularia 856 4.81 22.7 49
Parasagitta elegans 584 4.55 22.5 72
Cnidaria 208 2.93 11.2 83
ZL9 63 Parasagitta elegans 739 4.84 33.0 33
Calanus spp. 690 4.15 24.8 58
Cnidaria 1040 4.22 22.9 81
ZL10 63 Calanus spp. 3400 6.54 29.5 29
Parasagitta elegans 602 4.41 20.4 50
Eucalanus bungii 187 2.87 11.0 61
Limacina helicina 1184 3.37 9.7 71
Hyperiidae 88 2.11 7.9 78
Cnidaria 36 1.85 7.1 86
ZL11 70 Calanus spp. 6528 7.91 48.4 48
Parasagitta elegans 870 5.11 324 81
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cold years over the shelf. In 2010, 11 clusters occupied from 1 to 37 stations. Clusters F1-9
occurred in all temperatures stanzas, while Clusters F10-12 only occurred during average and
cold years. All individual species (except Bering wolffish Anarhichas orientalis) comprising
these cold year clusters were observed in all years, but occurred in unique species assemblages
in the average and cold years.

Spatial distributions of species clusters were driven in part by physical oceanographic
conditions. Water temperature directly affects distribution patterns, while the formation of
strong fronts indirectly affects species’ distributions. For example, the spatial extent of Cluster
F1, dominated by Pacific herring, extended into the southern shelf but remained inshore of the
50 m isobath. Cluster F6, walleye pollock and Pacific cod Gadus macrocephalus, was patchily
distributed along frontal boundaries in most years, then covered the middle domain of the south-
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Table 4

Fish taxa that make up at least 80 % of similarity within a cluster, determined from SIMPER analysis
conducted on 4th root transformed abundance data (no./km?). See Table 2 heading for details
Tabmuua 4
Kiacrepsl, Bernenennsie SIMPER -anann3om 1aHHBIX IO peioaM, TpaHC(HOPMHUPOBaHHBIX U3BICUEHHEM
kopHs 4-i1 crerrern (Cluster); Takconsl, odecnieunBatommme 80 % cxoncTsa B Kinactepax (Species)

1 MX YUCIICHHOCTS Mociie TpaHchopmanmu (Abund 4th rt); ypoBHH CXOICTBA MEKILY CTAHLIUSIMH BHYTPH
kiacTepoB (Sim, %), BKJIaz B CXOACTBO Kakaoro Takcona (Contrib, %) ¥ COBOKYITHBIN BKJIa[] IIOCIIE
BKJTFOUCHHS TAKCOHA, OT JOMUHAHTHBIX K cyOmoMuHaHTHBIM (Cum, %). TaxKke NpuBeICHbI TaHHBIC

0 YMCIIEHHOCTH TAKCOHOB, HE MOBEPrHyThie Tpanchopmarmu (Abund untrans, 9K3./km?)

Cluster Sim, Species Common name Abund | Abund | Contrib, | Cum,

% untrans | 4thrt % %

F1 48 | Clupea pallasii Pacific herring 5387 6.00 39.8| 40
Oncorhynchus keta Chum salmon 177 2.68 18.0] 58
Oncorhynchus tshawytscha Chinook salmon 32 1.70 11.1] 69
Oncorhynchus gorbuscha Pink salmon 132 2.00 10.8| 80

F2 52 | Gadus chalcogrammus Walleye pollock 77336 13.58 68.7| 69
Clupea pallasii Pacific herring 385 2.18 6.3 75
Oncorhynchus nerka Sockeye salmon 228 2.15 6.0/ 81

F3 43 | Oncorhynchus gorbuscha Pink salmon 223 3.23 45.0| 45
Oncorhynchus keta Chum salmon 63 2.35 332 78

Sebastes spp. Rockfish 219 1.52 57| 84

F4 45 | Oncorhynchus keta* Chum salmon* 142 3.09 40.6| 41
Oncorhynchus nerka* Sockeye salmon* 78 2.20 24.4| 65

Zaprora silenus Prowfish 9 1.02 7.0 72
Pleurogrammus monopterygius | Atka mackerel 116 1.30 69 79

Gadus chalcogrammus Walleye pollock 137 1.32 43| 83

F5 48 | Trichodon trichodon Pacific sandfish 1527 5.82 60.2] 60
Limanda aspera Yellowfin sole 102 2.46 184| 79

Oncorhynchus nerka Sockeye salmon 68 1.63 82| 87

F6 44 | Gadus chalcogrammus Walleye pollock 914 4.46 43.9| 44
Gadus macrocephalus Pacific cod 751 3.85 32,7 77

Limanda aspera Yellowfin sole 16 1.07 44| 81

F7 51 | Mallotus villosus Capelin 13615 7.58 65.0] 65
Gadus chalcogrammus Walleye pollock 82 1.84 11.4| 76

Clupea pallasii Pacific herring 121 1.81 9.1 86

F8 43 | Ammodytes hexapterus Pacific sandlance 904 4.05 84.3| 84
F9 45 | Oncorhynchus keta* Chum salmon* 262 2.76 66.4| 66
Gadus chalcogrammus Walleye pollock 51 1.53 17.3| 84

F10 43 | Clupea pallasii Pacific herring 134 2.69 75.8| 76
Limanda aspera Yellowfin sole 7 1.11 18.6| 94

F11 54 | Sebastes spp. Rockfish 2170 6.09 514] 51
Gadus chalcogrammus Walleye pollock 680 3.37 18.8| 70

Zaprora silenus Prowfish 23 1.70 11.3] 81

F12 42 |Limanda aspera Yellowfin sole 108 2.58 37.0] 37
Anarhichas orientalis Bering wolffish 8 1.30 16.7| 54
Oncorhynchus nerka Sockeye salmon 473 242 16.0| 70

Ammodytes hexapterus Pacific sandlance 89 1.73 12.1] 82

* Indicates immature and maturing salmon.

ern shelf in 2010. The influence of ACC waters over the EBS shelf is evident by the diversity
of species clusters near Unimak Pass.

Walleye pollock were the dominant species collected over the time series, and occur in
half of the species clusters, representing 4.3—-69.0 % contribution based on total abundance.
Species associations changed over time, with walleye pollock predominantly co-occurring with
Pacific herring and sockeye salmon Oncorhynchus nerka (F2) in 2003-2008, but with capelin
Mallotus villosus and Pacific herring (F7) in 2009-2010 as well as Pacific cod and yellowfin
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sole Limanda aspera (F6) in 2010. Additional analysis of fish taxa across all stations combined
indicate that similarities among taxa were generally low, however, close to 40 % similarity
was seen between juvenile pink O. gorbuscha and chum O. keta salmon and close to 30 % for
juvenile chinook O. tshawytscha and coho O. kisutch salmon and likewise for immature chum
and sockeye salmon (data not shown).

Pacific herring co-occur with juvenile salmonids (F1) in nearshore waters during warm
years. As water temperatures decrease, this assemblage retreats northward and is replaced by an
assemblage comprised of capelin, walleye pollock, and Pacific herring (F7). This assemblage,
which capelin comprise 65 % of, becomes the dominant forage fish group in 2010 spanning the
50 m isobath and middle shelf in the northern Bering Sea. Additionally, in the cold years, Pacific
herring and yellowfin sole form a unique assemblage that occurs patchily along the 50 m isobath
and into the middle shelf in 2009 and 2010.

Juvenile salmonids (less than ~ 300 mm fork length (FL)) predominantly occur in shallow
nearshore waters with Pacific herring (F1), while juvenile pink and chum salmon also co-occur
with rockfish (Sebastes spp.) (F3) further offshore. This assemblage is rare during the warm years,
but more prevalent in the northwest region of the study area in 2007 and 2009. Immature and
maturing salmon (>~ 300 mm FL; F4 and F9) occur in the southern Bering Sea along the shelf
break and near Unimak Pass. Occurrences were low in the warm years and later cold years, but
more abundant in the intermediate years of 2006 and 2007 along the shelf break.

Overlap of zooplankton and fish communities

Warm year inner shelf communities of large zooplankton (Cluster ZL1) and fish (Cluster
F1) were dominated by P. elegans, E. amphitrites, Cnidaria, Caridea, Gammaridea, Pacific her-
ring, chum, chinook, and pink salmon. Warm year middle shelf communities (Clusters ZL4,
Z1.2, and F2) were dominated by P. elegans, Cnidaria, Calanus spp., Appendicularia, E. bungii,
L. helicina, walleye pollock, Pacific herring, and sockeye salmon. For small zooplankton there
was a single community (Cluster SL2) over the inner and middle shelves dominated by Oithona
spp., Pseudocalanus spp., bivalvia larvae, echinoderm larvae, and polychaetes.

Inner shelf communities of small and large zooplankton were not consistent across average
and cold years. Average and cold year inner shelf fish communities were also somewhat variable
with Cluster F1 persisting in the north, and Cluster F12 dominated by yellowfin sole, Bering
wolffish, sockeye salmon, and sandlance Ammodytes hexapterus present in two years (2007 and
2010) in the south. Middle shelf small zooplankton communities (Cluster ZS5) were dominated by
Pseudocalanus spp., Oithona spp., and Acartia spp. and large zooplankton communities (Clusters
Z19 and ZL11) by P. elegans, Calanus spp., and Cnidaria. Middle shelf fish communities were
dominated by Cluster F1 in 20062008, and by Cluster F7 dominated by capelin, walleye pol-
lock, and Pacific herring in the north and Cluster F6 dominated by walleye pollock, Pacific cod,
and yellowfin sole in the south in the coldest years (2009 and 2010).

On the southern outer shelf, communities (Clusters ZS4, ZL.3, F4) remained fairly constant
across years, although this was true for zooplankton more so than fish. Dominant taxa included
Oithona spp., Pseudocalanus spp., Acartia spp., E. bungii, Calanus spp., P. elegans, M. pacifica,
L. helicina, Neocalanus spp., Hyperiidea, immature chum, and sockeye salmon.

This paper represents a comprehensive portrayal of zooplankton and fish communities
in the eastern Bering Sea across contrasting climate regimes. Late-summer surveys conducted
from 2003—2010 demonstrate that zooplankton and fish assemblages are delineated by physical
habitat properties (bathymetry) and influenced by water mass characteristics (temperature). The
development of such information on faunal distributions and qualitative descriptions of paired
environmental parameters will inform fisheries scientists and managers when tracking ecosystem
responses to climate variability and changes in habitat availability. The type of community-level
analyses presented here can elucidate ecosystem responses to environmental variability.

Spatial variations

The disparity between the influence of water temperature on zooplankton and fish assem-
blages between the northern and southern Bering Sea supports the hypothesis of a north/south
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gradient in species composition. Even during late summer, water masses on the middle shelf were
colder in the northern compared to the southern Bering Sea (Eisner et al., 2014). Assemblages
in the northern Bering Sea may be more influenced by Arctic water masses and winter sea ice
coverage. Species composition may be more limited due to harsher environmental conditions.
The southern Bering Sea experiences wider temperature fluctuations and greater potential influx
of species via ACC and Bering Slope currents (i.¢., larval transport), contributing to greater spe-
cies diversity. Total biomass of large zooplankton was fairly constant across climate regimes
in the north, whereas in the south, biomass increased in cold years due to the large increase
in Calanus spp. (Eisner et al., 2014). For fish communities, north-south variations appeared
stronger in average and cold than in warm years due to a southern contraction of walleye pol-
lock, southern expansion of capelin, and a northern contraction of juvenile Pacific salmon, with
the exception of sockeye. Additionally, capelin may be centered further north than the northern
boundary in this study (Andrews et al., in press), or further offshore and deeper in the water
column (Parker-Stetter et al., 2013), potentially dampening the perceived effect of climate change
on an abundant forage fish species.

Zooplankton (small and large) and fish communities in the current study varied consider-
ably inshore to offshore. Water masses also varied across the shelf with warmer less saline water
on the inner shelf and colder more saline water located further offshore (Danielson et al., 2011),
although the coldest water was found in the middle shelf below the pycnocline (cold pool). Small
zooplankton communities were more diverse nearshore than offshore with small invertebrate
larvae (bivalves and echinoderms) and polychaetes as well as small copepods (Oithona spp.,
Pseudocalanus spp., and Acartia spp.) common in the inner and middle shelf, while communities
on the outer shelf were mainly comprised of copepods. In general, large zooplankton were least
diverse on the middle shelf compared to the inner and outer shelves, particularly in cold years,
when the middle shelf was dominated by Calanus spp. and P. elegans. Fish communities appeared
to have similar diversity inshore to offshore, but community composition varied considerably.

Juvenile Pacific salmon appear to have distinct distribution patterns. Individual species
distributions are likely defined by outmigration timing, thermal conditions, and stock origin.
There are two pulses of juvenile chum salmon originating from the Yukon River. Fall chum
juveniles emerge from the river at an earlier date, are larger at the time of the survey, and are
farther offshore than summer Yukon River chum juveniles (Farley et al., 2005). Juvenile sockeye
salmon switch seaward migration routes via thermal gateways. In warmer years, they expand
directly westward into the southern middle domain, placing them in direct proximity with age-0
walleye pollock. During colder years, they tend to avoid the cold pool by staying closer to the
Alaska Peninsula in warmer, shallower waters (Farley et al., 2005). Juvenile Yukon River Chi-
nook and coho salmon both tend to stay insshore of the 50 m isobath, their seaward migration
route has been hypothesized to be southwesterly, along the western Alaska coastline (Farley et
al., 2005). This may also be a reflection of their prey field distribution, with higher abundances
of immature forage fishes in the nearshore environment. Juvenile pink salmon inside the 50 m
isobath are most likely of western Alaska origin; however, those juveniles in the offshore domain
in the northern Bering Sea are potentially of Russian origin.

Immature and maturing chum and sockeye salmon occur almost exclusively over the
shelf break and up to the transition between the outer and middle domains. The fish are coming
onto the shelf out of the basin. These fish are a conglomeration of Asian, Russian and Alaskan
stocks, with the potential for an influx of Asian and Russian chums (Urawa et al., 2009) as well
as Gulf of Alaska, Bristol Bay, and Asian sockeye salmon on the slope (Habicht et al., 2010).
These are the areas where offshore prey resources are advected onto the shelf in high numbers
(pteropods, larvaceans, and some species of large copepods ZL3, 8, and 10). This is an area of
community structure that needs more information. Better genetic and age stock structure and
diet information will better allow for the interpretation of these patterns.

Climate variations

Communities also varied between warm, and average and cold years. On the inner and
middle shelves, zooplankton communities had greater numbers of large copepods (Calanus
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spp.) and chaetognaths in cold years and greater numbers of small copepods (Oithona spp.) in
warm years (Coyle et al., 2011; Eisner et al., 2014). Variations in small and large zooplankton
taxa between warm and cold years were related to water temperature. Temperature below the
pycnocline, an indication of spring sea ice, had the strongest relationship with large zooplankton
community structure (Eisner et al., 2014). The increase in Calanus spp. in cold years may be
related to the increased southerly extent of sea ice and availability of ice algae as an early spring
food source promoting reproduction and growth (Baier and Napp, 2003; Sigler et al., 2013). On
the outer shelf, large zooplankton communities varied less between climate regimes (Eisner et
al., 2014). This is similar to observations for fish assemblages, with larger differences in spe-
cies composition observed for the inner and middle shelf, compared to the outer shelf, which
may be more insulated from interannual climate variability (Siddon et al., 2011). For small
zooplankton, few species made up the bulk of abundance in average and cold years (Eisner et
al., 2014), which is opposite of fish results where more species clusters were present in average
and cold years. Variations in climate may also affect pelagic fish communities, either directly due
to taxon-specific temperature tolerances, or indirectly by altering availability of prey resources
or competitor and predator abundances.

The across shelf distribution of walleye pollock between warm and cold years is influenced
by water temperature (e.g., the cold pool; Hollowed et al., 2012), zooplankton prey distributions
(Siddon et al., 2013), currents (Danielson et al., 2012), and frontal boundaries (Duffy-Anderson
et al., 2006). In warm years, the mean abundance of walleye pollock in surface waters was an
order of magnitude greater than in cold years, which led to the dominance of this taxa in our
surface community analysis for warm years (see Table 1). However, acoustic research suggests
that walleye pollock were distributed deeper in the water column and further offshore in cold
years (Parker-Stetter et al., 2013). Species co-occurring with walleye pollock varied with climate
state, altering predator-prey dynamics and competition for resources. In warm years, walleye
pollock dominated the species assemblages contributing nearly 70 % by abundance. Conversely,
in cold years, capelin abundance and spatial distribution increased, and co-occurred with walleye
pollock on the inner and middle domains over the northern Bering Sea shelf. This spatial overlap
increases predation risk and competition for prey (Hollowed et al., 2012), potentially affecting
survival of age-0 walleye pollock in cold years. Thus, shifts in individual species distributions
in response to environmental variability cause community-level changes in the ecosystem.

Other cross shelf distributional patterns may be less apparent. Pacific herring occurred in a
number of community clusters in this analysis, appearing to blanket the entire middle and inner
domain of the eastern Bering Sea. However, there may be differences between those Pacific
herring occurring nearshore, and those that are farther offshore. Average Pacific herring length
increases with distance from shore in the eastern Bering Sea (Andrews et al., in press). Fish
cluster F1 persisted inside of the 50 m isobaths across thermal conditions, and had the highest
abundance of Pacific herring. This is likely a reflection of spawn timing and the abundance of
age-0 fish. Age structure within these assemblages may illuminate previously overlooked life
history strategies, and would be a valuable future research priority.

Predator-prey dynamics

An evaluation of the overlap of zooplankton (prey) and fish within specific regions or cli-
mate regimes may help explain variations in fish physiology, growth, and survival. Pelagic fish
may be able to alter their distribution to locate preferred zooplankton prey, provided they can
remain within habitat tolerances (for example optimal temperature ranges; Mueter et al., 2011).
Climate change prompted a greater response from capelin than in Pacific herring. This may be
due to a shorter, more efficient food chain, which produced a shorter linkage between capelin,
their prey field and thermal conditions. Capelin stocks in both the Pacific and Atlantic sub-arctic
have experienced displacement following changes in thermal conditions, in either spawning
location, forage location, or both (Rose, 2005). While capelin have a range of thermal tolerances
(most often —1.5 to 6.0 °C, but are found in waters up to 14 °C (Rose, 2005)) that would allow
them to occupy much of the Bering Sea, they tended to more closely mirror the distribution of
their prey field. Capelin first appeared in our community clusters in 2006, concurrent with the
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southern expansion of Calanus spp. (ZL9 in 20062007 and ZL.11 in 2007-2010) and euphuasiids
(Ressler et al., 2012), both of which comprise large proportions of the diet in eastern Bering Sea
capelin (Andrews et al., in press). Alternatively, forage fish diets may reflect the available prey
within specific preferred habitats or locations. In the southeastern Bering Sea, diets of age-0
walleye pollock and juvenile salmon reflect changes in zooplankton prey availability, with more
small copepods consumed in warm years and more large copepods and chaetognaths in average
and cold years (Coyle et al., 2011). Consumption of euphausiids also increased in cold years
(Coyle etal., 2011), which may relate to the higher availability of this prey as shown by acoustic
studies (Ressler et al., 2012). Additionally, during warm conditions, large lipid rich prey items
have been reduced and age-0 walleye pollock become a large portion of the diet in many fishes,
such as juvenile salmon (Moss et al., 2009; Coyle et al., 2011), Pacific herring (Andrews et al.,
in press), and age-0 Pacific cod (Farley et al., 2014). These lipid-rich (higher energy) prey items
contributed to greater overwinter survival of walleye pollock and recruitment to age-1 during
cold years (bottom-up control; Heintz et al., 2013). In warm years, the lack of these prey items
in the water and in fish diets, resulted in lower fish energy densities and reduced age-1 recruit-
ment, even though high abundances were seen in surface waters during the preceding summer.

Conclusions

Community analysis of zooplankton and fish in the eastern Bering Sea provides insights
into environmental factors regulating abundances and distributions of multiple species and
multiple trophic levels (i.e., ecosystems). Our analysis demonstrated that communities vary
by oceanographic shelf domain, characterized by specific bathymetry and temperature ranges.
Climatic effects on single fish species have been well documented (i.e., Farley et al., 2007;
Farley and Moss, 2009; lanelli et al., 2011), but multi-species evaluations are more limited
(Mueter and Litzow, 2008). Upcoming research includes advanced statistical analysis on the
effects of environmental variation (climate and oceanographic factors) on community structure
within specific shelf domains. The current study provides groundwork for future evaluations
of juvenile fishes with respect to habitat, environmental conditions, and prey resources during
the critical late summer period (prior to overwintering) in the eastern Bering Sea.
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