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INTRODUCTION

Climate variability affects marine ecosystems
through direct effects on ocean temperatures; an
underlying warming trend (IPCC 2007) is therefore
likely to affect commercial, recreational, and subsis-
tence fisheries. Community-level consequences of
environmental variability arise because species have
different temperature tolerances (physiological optima
and limits) and mobility to stay within their preferred
thermal range (Pörtner et al. 2001). Populations or spe-
cies with higher temperature optima will have a com-

petitive advantage in warm conditions, resulting in
species turnover and changes in community composi-
tion (e.g. Chavez & Messié 2009). In addition to direct
responses of fish and other organisms, temperature
changes are modulated by simultaneous changes in
food availability and predation pressure, which are
more difficult to predict because they interact in non-
linear ways (Ciannelli et al. 2004).

Most previous studies have focused on temperature
effects on adult demersal fish and shellfish communi-
ties (Brander et al. 2003, Perry et al. 2005, Mueter et al.
2007, Mueter & Litzow 2008, Spencer 2008). Less work
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has been done to investigate changes in the pelagic
community structure or early life stages of fishes
(Duffy-Anderson et al. 2006, Brodeur et al. 2008, Doyle
et al. 2009). The pelagic distribution of ichthyoplankton
is related to the spawning locations of adult fish (Doyle
et al. 2002). After spawning, larval drift is subject to ad-
vection of water masses (Lanksbury et al. 2005), which
is strongly influenced by wind stress and varies interan-
nually as a result of basin-scale climate variability.
Transport pathways can lead to differential survival of
larvae based on life history characteristics (Doyle et al.
2009), predator abundances (Hunt et al. 2002), or avail-
ability of suitable juvenile habitat (Wilderbuer et al.
2002). Understanding variability in ichthyoplankton as-
semblage structure may indicate ecosystem-level
and/or species-specific responses to climate change.

The southeastern Bering Sea has experienced both
warm and cold conditions (as defined in Hunt et al.
2002, in press) in recent years, offering an opportunity
to examine changes in larval fish community composi-
tions. Underlying this variability is a long-term warm-
ing trend of approximately 0.1°C per decade, with the
most pronounced increases occurring during summer
months (F. Mueter unpubl. data). Historically, sea sur-
face temperatures (SSTs) in the Bering Sea were cool
in the early 20th century followed by a relatively warm
period from 1925 to the mid- to late 1940s. Tempera-
tures in the 1950s to early 1970s were also cool, but
increased after the 1976–77 regime shift (Hare & Man-
tua 2000). The Bering Sea has been generally warmer
following this regime shift, and the highest summer
temperatures since the beginning of the last century
were observed between 2002 and 2005. However, the
most extensive ice cover and coldest water column
temperatures since the early 1970s were observed
from 2006 to at least the end of 2010. While water-col-
umn temperatures have been much lower recently,
average SSTs over the shelf during late summer have
stayed relatively high (Mueter et al. 2009).

The goal of this work is to quantify how spring larval
fish assemblages respond to environmental variability,
in particular temperature variability, and to examine
what delineates community composition in the south-
eastern Bering Sea. Characterizing patterns in larval
fish community composition for the waters north of the
Alaska Peninsula is of particular interest because this
region includes known spawning and nursery areas
for a variety of ecologically and economically im-
portant groundfish species (Lanksbury et al. 2007,
Bacheler et al. 2010). In addition, the influx of larvae
advected through Unimak Pass from the Gulf of Alaska
(e.g. northern rock sole Lepidopsetta polyxystra)
(Lanksbury et al. 2007) may have important ecological
consequences as these species interact with local
populations.

STUDY REGION

The southeastern Bering Sea is characterized by a
broad continental shelf (>500 km wide) with an average
depth of only about 70 m and supports a highly produc-
tive ecosystem owing to on-shelf flow of nutrient-rich
waters. From spring to early fall, persistent oceano-
graphic fronts (Hunt & Stabeno 2002) separate the shelf
into 3 domains: the inner shelf domain (inside of the 50 m
isobath), the middle domain (between 50 and 100 m iso-
baths), and the outer domain (between 100 and 200 m
isobaths) (Iverson et al. 1979, Coachman 1986).

Predominant currents onto the southeastern Bering
Sea shelf include the Alaska Coastal Current (ACC)
that transports lower salinity waters from the Gulf of
Alaska through Unimak Pass, and the Aleutian North
Slope Current that brings higher salinity oceanic
waters to the slope (Schumacher & Stabeno 1998,
Stabeno et al. 2006). Current trajectories over the shelf
are generally northwestward with the Bering Slope
Current flowing along the shelf break and ACC waters
following either the 50 or 100 m isobath (Stabeno et al.
2001).

The ACC flows counterclockwise around the Gulf of
Alaska and southwestward along the Alaskan Penin-
sula; it branches through Unimak Pass, which repre-
sents the major conduit of flow between the Gulf of
Alaska and the Bering Sea shelf (Ladd et al. 2005). The
volume of ACC water advected through Unimak Pass
varies seasonally and interannually (Stabeno et al.
2002). Freshwater discharge into the Gulf of Alaska
can be used as a proxy for the strength of the ACC and,
presumably, flow through Unimak Pass (Weingartner
et al. 2005). Average discharge in March for 2002 to
2005 was 9764 m3 s–1 versus 1872 m3 s–1 for 2006 to
2008 (T. Royer unpubl. data based on formulae in
Royer 1982) suggesting greater flow through Unimak
Pass in warm years. The direction of ACC waters
entering the Bering Sea varies based on differences in
forcing mechanisms (e.g. wind speed and direction)
that affect water column structure and front formation.
The onset and location of fronts affect water current
trajectories (Kachel et al. 2002) and, therefore, trans-
port pathways of larvae (Duffy-Anderson et al. 2006).

MATERIALS AND METHODS

Biological sampling. Data on spring larval fish
assemblage structure were collected during 5 research
cruises in the southeastern Bering Sea (Fig. 1) between
2002 and 2008 using 60 cm bongo nets fitted with
either 335 µm (2008) or 505 µm (2002, 2003, 2005,
2006) mesh; previous research determined that abun-
dances of collected larvae are comparable between the
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2 mesh sizes (Shima & Bailey 1994,
Boeing & Duffy-Anderson 2008, Duffy-
Anderson et al. 2010). Cruises occur-
red in May of each year (Table 1). Dur-
ing all cruises, quantitative oblique
tows were made to a maximum depth
of 300 m (or to within 10 m of the sub-
stratum), allowing for vertically inte-
grated estimates of larval fish abun-
dance. The ship speed was monitored
and adjusted (1.5 to 2.5 knots) through-
out each tow to maintain a wire angle

of 45° from the ship to the bongo net. The
nets were equipped with a calibrated
flow meter; therefore, catch rates were
standardized to catch per unit effort
(CPUE; number per 10 m2). Sampling oc-
curred 24 h a day, and it was assumed
that vertically integrated abundance esti-
mates were not affected by diel vertical
migrations. The geographic coverage of
the sampling grid varied each year; to
investigate changes in larval fish as-
semblage structure over time, only those
stations sampled in at least 2 yr were
included in the analyses (‘common sta-
tions’) (Table 1, Fig. 1).

After retrieval of the bongo nets, all
fish larvae were removed from the cod
ends, and a volume displacement mea-
surement of remaining zooplankton (in-
cluding small gelatinous zooplankton;
large jellyfish were removed so as not to
bias the displacement volume) was taken
as a coarse measure of zooplankton wet
weight biomass and an index of overall
production at each station (Napp et al.
2002, Coyle et al. 2008, 2011). All sam-
ples were preserved at sea in 5% buf-
fered formalin seawater solution. Fish
larvae were sorted, identified to the low-
est possible taxonomic level, measured
(mm standard length, SL), and enumer-
ated at the Plankton Sorting and Identifi-
cation Center in Szczecin, Poland. Identi-
fications were verified at the Alaska
Fisheries Science Center, NOAA (Na-
tional Oceanic and Atmospheric Admin-
istration) in Seattle, Washington, USA.

Physical environment sampling. A
Sea-Bird SBE 19 CTD was attached in-
line between the bongo nets and the
wire terminus to provide real-time mea-
surements of temperature, conductivity,
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Fig. 1. (A) Study region showing the location of sampling stations (d). To inves-
tigate changes in larval fish assemblage structure over time, only those sta-
tions sampled in at least 2 yr were included in the analyses (‘common stations’;
see Table 1). Depth contours are shown for the 40, 100, 200, and 1000 m iso-
baths. (B) Predominant currents in the study region include the Aleutian North
Slope Current (ANSC), the Bering Slope Current (BSC), and the Alaska 

Coastal Current (ACC)

Cruise Year Temperature Dates Bongo Common 
regime tows stations

3MF02 2002 Warm 13–21 May 81 65
4MF03 2003 Warm 18–24 May 60 58
5MF05 2005 Warm 10–20 May 91 68
3MF06 2006 Cold 9–18 May 90 75
3DY08 2008 Cold 13–21 May 65 52

Total 387 318

Table 1. Cruise name, year, temperature regime, and dates of cruises. The total
number of stations sampled (‘bongo tows’) and the number of stations used in 

the analysis (‘common stations’) by year are shown
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and pressure over the towed path. An estimate of the
water temperature within the study area each year
was calculated by averaging the sampled water col-
umn temperature across all stations in a given year.
Temperature and salinity measurements were aver-
aged throughout the sampled water column at each
station for comparison with the vertically integrated
larval fish abundances to determine the characteris-
tics of the water column when larvae were present.
Larvae likely originated from different water masses
(e.g. above and below the pycnocline), but any effect
of averaging was consistent across the study region
(Duffy-Anderson et al. 2006). Temperature and salin-
ity were also averaged within the top 20 m (surface
layer) to visualize and identify water mass character-
istics by geographic areas. Water column profiles var-
ied from well-mixed nearshore stations to more strati-
fied offshore stations. Surface water characteristics
best captured broad differences by area and provided
a reasonable metric to track the less-saline (i.e. less
dense) ACC water through Unimak Pass and subse-
quent mixing on the shelf.

Four distinct geographic areas were examined for
the analyses, and stations were grouped as follows:
Unimak Pass, slope (outside of 200 m isobath), outer
domain (between 100 and 200 m isobaths), and shelf
(within 100 m isobath). Very few stations were sam-
pled within the inner domain (inside of 50 m) there-
fore these were combined with the middle domain
(between 50 and 100 m) stations and comprised the
shelf area. Surface (top 20 m) measurements of tem-
perature and salinity distinguished unique water
masses within each geographic area. Unimak Pass
and the outer domain water masses had intermediate
salinities, with Unimak Pass stations having relatively
colder temperatures. Slope waters had the highest
salinities and warmest temperatures while shelf
waters had lower salinities and colder water tempera-
tures (Fig. 2).

Community analyses. To quantify variability in spe-
cies composition over time and space, we used non-
metric multidimensional scaling (NMDS) to reduce
multi-species abundance data to their major modes of
variability (PRIMER 6, v6.1.11) (Clarke & Gorley 2006).
NMDS allowed us to detect patterns in the biological
data first and then interpret those patterns in relation
to the environmental data (Field et al. 1982) using gen-
eralized additive models (GAMs). NMDS is also more
robust to violations of assumptions than other methods
(e.g. detrended correspondence analysis or principle
components analysis) (Minchin 1987). Stations at
which no larval fish were caught (n = 8) and rare spe-
cies, defined as those present at less than 5% of the
stations across all years, were removed from the analy-
ses. Rare species likely do not contribute to broad-

scale temporal and spatial patterns (Duffy-Anderson et
al. 2006), therefore our approach allowed for detection
of substantial shifts in species composition between
years.

Larval fish abundance data were highly right-
skewed, therefore a 4th root transformation (CPUE0.25)
was used to reduce the influence of samples with very
high abundances. Transformed data were standard-
ized to species maxima (i.e. each value was divided by
the maximum CPUE0.25 value for the corresponding
species) to give equal weight to all species, regardless
of their average numerical abundance (Field et al.
1982). Bray-Curtis similarity matrices were then com-
puted to examine differences in assemblage structure
among (1) individual stations and (2) by geographic
area based on larval fish composition, followed by or-
dinations using NMDS to visualize similarities in spe-
cies composition among stations or areas. The NMDS
algorithm attempts to arrange samples (either stations
or areas) such that pairwise distances in the ordination
plot match Bray-Curtis similarities as closely as possi-
ble; thus, samples closer together in the ordination plot
have a more similar species composition than samples
farther apart. The final configuration of samples was
determined by minimizing Kruskal’s stress statistic
(Kruskal 1964), and the number of dimensions for the
final ordinations was chosen as the smallest number
of dimensions that achieved a stress of no more than
0.2. A stress of 0.1 or lower is considered a good fit
(Kruskal 1964), and we defined a stress of less than 0.2
as acceptable.

NMDS by station: The final station-by-species
matrix included 318 stations (Table 1) and 31 prevalent
species (or species complexes) (see Table 2). The ordi-
nation axes in the NMDS plot, consisting of dimension-
less values or scores for each station, were used as the
response variable for modeling differences in assem-
blage structure in space and as a function of environ-
mental covariates using GAMs. Spearman rank corre-
lations were used to identify those species whose
abundances were most strongly correlated (positively
or negatively) with the axis scores and which therefore
contributed most to the observed patterns of species
composition. Only species for which the absolute cor-
relation with a given ordination axis was equal to or
larger than 0.4 were further examined.

A GAM approach was used for modeling species
composition to avoid pre-specifying a functional rela-
tionship between the response and predictor variables.
GAMs quantify the relationship between a set of pre-
dictors and the response through non-parametric
smooth functions of the predictor variables (e.g. a
smooth spatial surface can be fit as a function of lati-
tude and longitude). The optimum amount of smooth-
ing was chosen through a cross-validation approach as
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implemented in the R package ‘mgcv’ (Wood 2006).
Appropriate (biologically meaningful) covariates (year,
temperature, salinity, zooplankton displacement vol-
ume, latitude, and longitude) were selected to explain
variability in larval fish assemblage structure. Station
depth (bathymetry) is strongly confounded with the
spatial term (latitude and longitude), and the estimated
spatial surface captures any effects of location whether
related to bathymetry, distance from shore, or other
variables. Therefore, we did not include station depth
as a covariate in the model.

The full model included a categorical year term to
allow for differences in the average response between
years (subscript t denotes different years), a smooth
function (ƒ) of temperature and salinity to allow for pos-
sible interactions, a smooth function of zooplankton dis-
placement volume, and a smooth spatial surface (inter-
action term for latitude and longitude):

Axis 1  =  Yeart + ƒ1(Temperature, Salinity) + 

ƒ2(Zooplankton displacement volume) + (1)

ƒ3(Latitude, Longitude) + ε
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Fig. 2. Stations sampled in (A) 2002 and (B) 2008, and corresponding temperature and salinity plots (averaged across the top
20 m) for (C) 2002 and (D) 2008. Samples were collected in 4 geographic areas based on bathymetry: Unimak Pass (�), slope (m;
outside of 200 m isobath), outer domain (+; between 100 and 200 m isobaths), and shelf (y; within 100 m isobath). 2002 was a
warm year showing increased mixing of water masses from Unimak Pass to the shelf; 2008 was a cold year with greater distinc-

tion of water masses. Note the difference in the x-axis scale in C and D
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Alternative models were considered that included
separate smooth terms for temperature and salinity or
eliminated one or more variables from the model (e.g.
no zooplankton displacement volume term). Based on
Akaike’s Information Criterion (AIC) (Akaike 1973,
Burnham & Anderson 2002) and the amount of vari-
ability explained by each model (adjusted R2 values), a
best fit model was selected for characterizing the esti-
mated effects of environmental variability on species
composition for each axis.

NMDS by geographic area: We compared species
composition by geographic area by averaging the
CPUE for each species across all stations within a
given area, which resulted in an area-by-species
matrix that included 20 year-area combinations (n = 5
years; n = 4 areas) and 31 species. The PRIMER routine
MVDISP, which measured the relative dispersion of
yearly values within each area, was used to compare
the variability in species composition by area across
the study period. To examine differences in species
composition between the warm period (years 2002,
2003, and 2005) and cold period (years 2006 and 2008),
a 1-way analysis of similarity (ANOSIM) tested for
pairwise differences between each area-period combi-
nation. Separate ANOSIM tests were performed for
each area to further test whether species compositions
were significantly different between warm and cold
periods. A SIMPER (similarity percentages) analysis
was then performed using the full station-by-species
matrix to determine the contribution of individual spe-
cies responsible for the dissimilarity between areas
and periods.

RESULTS

Biological sampling

A total of 31 species or species complexes (e.g.
Sebastes spp.) representing 14 different families were
collected during 5 cruises over the 7 yr sampling
period and were included in the community analyses.
Walleye pollock Theragra chalcogramma was numeri-
cally the most abundant species in the assemblage
(66% of total catch), followed by Pacific sand lance
Ammodytes hexapterus, rockfishes Sebastes spp.,
northern rock sole, and Pacific cod Gadus macro-
cephalus (Table 2). Individual species abundances var-
ied interannually; for example, walleye pollock com-
prised a maximum of 85% of the total catch in 2002 to
a minimum of 29% in 2006 (Fig. 3). Fish larvae were
generally more abundant in the warm years than in the
cold years, especially flathead sole Hippoglossoides
elassodon, northern rock sole, and Pacific sand lance.
Rare species, though not included in the analyses,

were sampled in either warm years (e.g. high cocks-
comb Anoplarchus purpurescens and Greenland hali-
but Reinhardtius hippoglossoides) or cold years (e.g.
Arctic cod Boreogadus saida).

Physical environment sampling

The average water column temperature varied con-
siderably between the warmer years of 2002, 2003, and
2005 (3.86, 4.75, and 4.16°C, respectively) and the
colder years of 2006 and 2008 (3.39 and 2.0°C, respec-
tively). This provided an environmental continuum
against which to investigate changes in larval fish spe-
cies composition. Water mass characteristics were
unique at slope, outer domain, and shelf stations in cold
years (Fig. 2D), but the outer domain and shelf waters
were not as clearly separated in warm years (Fig. 2C).
Unimak Pass stations generally displayed similar char-
acteristics to outer domain waters; however, in 2002
and 2005, stations on the east side of Unimak Pass dis-
played characteristics of shelf waters, whereas stations
on the west side of Unimak Pass were more similar to
slope waters based on differences in salinity, indicating
flow in both directions through Unimak Pass.

Community analyses

NMDS by station. The ordination of individual sta-
tions (Fig. 4) condensed information on the abundance
of each species and afforded both community-level
and species-specific gradients to be described across
the study area. GAMs illustrated 3 patterns in species
composition that captured important habitat attributes
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Fig. 3. Percent contribution to total catch (based on catch per
unit effort) of the 5 overall most abundant species by year.
The most abundant species were walleye pollock Theragra
chalcogramma, Pacific sand lance Ammodytes hexapterus,
Sebastes spp., northern rock sole Lepidopsetta polyxystra, 

and Pacific cod Gadus macrocephalus
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for larval fish distributions, as described below.
Spearman rank correlations with the NMDS axis
scores showed which individual species con-
tributed most to the observed gradients. The first
axis captured the greatest amount of variability
in species composition, which was corroborated
by strong species correlations, both positive and
negative. Several species were strongly posi-
tively correlated with the second and third axes;
however, no species were strongly negatively
correlated with these axes (Table 3).

Generalized additive models: Axis 1: The first
axis described a gradient between a slope as-
semblage (species positively correlated with
Axis 1) and a shelf assemblage (negatively cor-
related with Axis 1) that was resilient to inter-
annual differences in species abundances
(Fig. 5A). The slope assemblage was character-
ized by Sebastes spp. and Atheresthes spp., as
well as several deeper water species including
Pacific blacksmelt Bathylagus pacificus. In con-
trast, the shelf assemblage was characterized by
Alaska plaice, Pacific sand lance, walleye pol-
lock, and northern rock sole (Table 3).
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Fig. 4. Non-metric multidimensional scaling (NMDS) ordination, based
on a Bray-Curtis similarity matrix, depicting the relative similarity in
species composition among individual stations sampled across 5 yr.
Data were 4th root transformed and standardized to species maximum

Taxon Family Common name % Total catch

Theragra chalcogramma Gadidae Walleye pollock 66.44
Ammodytes hexapterus Ammodytidae Pacific sand lance 10.72
Sebastes spp. Scorpaenidae Rockfishes 8.86
Lepidopsetta polyxystra Pleuronectidae Northern rock sole 4.55
Gadus macrocephalus Gadidae Pacific cod 1.86
Hippoglossoides elassodon Pleuronectidae Flathead sole 1.53
Platichthys stellatus Pleuronectidae Starry flounder 1.32
Bathymaster spp. Bathymasteridae 0.95
Unidentified Gadidae Gadidae 0.86
Pleuronectes quadrituberculatus Pleuronectidae Alaska plaice 0.72
Atheresthes spp. Pleuronectidae 0.29
Poroclinus rothrocki Stichaeidae Whitebarred prickleback 0.26
Bathylagus pacificus Bathylagidae Pacific blacksmelt 0.17
Icelus spp. Cottidae 0.17
Liparis spp. Liparidae 0.13
Myoxocephalus spp. Cottidae 0.13
Anoplarchus insignis Stichaeidae Slender cockscomb 0.11
Cryptacanthodes aleutensis Cryptacanthodidae Dwarf wrymouth 0.10
Hippoglossus stenolepis Pleuronectidae Pacific halibut 0.10
Leuroglossus schmidti Bathylagidae Northern smoothtongue 0.10
Anoplarchus spp. Stichaeidae 0.09
Lepidopsetta bilineata Pleuronectidae Southern rock sole 0.09
Stenobrachius leucopsarus Myctophidae Northern lampfish 0.08
Icelinus spp. Cottidae 0.07
Hemilepidotus hemilepidotus Cottidae Red Irish lord 0.05
Hexagrammos decagrammus Hexagrammidae Kelp greenling 0.05
Bathyagonus alascanus Agonidae Gray starsnout 0.04
Bathyagonus infraspinatus Agonidae Spinycheek starsnout 0.04
Podothecus acipenserinus Agonidae Sturgeon poacher 0.04
Artedius harringtoni Cottidae Scalyhead sculpin 0.03
Psychrolutes paradoxus Psychrolutidae Tadpole sculpin 0.03

Table 2. Percent of total catch (based on number per 10 m2) for species (or species complexes) observed in greater than 5% of 
stations across the study period 2002 to 2008
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The best model for Axis 1 scores was described as:

Axis 1 ~ Yeart + ƒ(Temperature, Salinity) + 
ƒ(Latitude, Longitude) (2)

and included a significant categorical year term denot-
ing a difference in the average value of the response
among years, a significant smooth term of temperature
and salinity, and a smooth spatial term (latitude and
longitude) (Table 4). Although temperature and salin-
ity were confounded with the spatial term, the latter
largely captured residual variability not explained by
either temperature or salinity. Zooplankton displace-
ment volume was not significant in the full model
described by Eq. (1) and was dropped from the best
model. The model explained a significant proportion of
the variability in species composition along the first
axis (adjusted R2 = 0.865; n = 318).

Both temperature and salinity had a strong influence
on species composition (Fig. 5B). The slope assem-
blage (positive correlations) was more common at
higher temperatures and at higher salinities, while the
shelf assemblage (negative correlations) was found at
lower temperatures and salinities, corroborating the
cross-shelf spatial pattern described above. In addi-
tion, we found significant variability in species compo-
sition among years (Fig. 5C) that was not explained by
local water mass characteristics or spatial patterns.
Species abundances were generally higher in warm
years, driven by shelf species such as Pacific sand
lance, flathead sole, and northern rock sole.

Axis 2: The second axis identified a plume of similar
species composition originating in Unimak Pass and
extending onto the shelf. Fig. 6A shows the average
spatial pattern across all years, though the spatial
extent of the plume varied between years. Species
strongly correlated with this plume of water included
flathead sole, Pacific cod, and northern rock sole
(Table 3).

The best model for Axis 2 was described as: 

Axis 2 ~ ƒ(Temperature, Salinity) + 
ƒ(Latitude, Longitude) 

(3)

and included a significant smooth term of temperature
and salinity and a smooth spatial term (Table 4), how-
ever the year and zooplankton displacement volume
terms were not significant. The model explained addi-
tional variability in species composition along the sec-
ond axis of the NMDS ordination (adjusted R2 = 0.423;
n = 318).

The water mass associated with the plume of species
originating from the Unimak Pass region had warmer
temperatures and lower salinities than surrounding
waters (Fig. 6B). The ACC carries lower salinity waters
from the Gulf of Alaska through Unimak Pass (Stabeno
et al. 2002) and may have influenced the spatial dis-
tribution (i.e. plume) of species assemblages. After
accounting for the effects of temperature and salinity,
as well as the spatial pattern, there was no significant
effect of year in Axis 2 scores, suggesting that interan-
nual variability in species compositions was fully
accounted for by interannual differences in water mass
characteristics.

Axis 3: The third axis delineated species that were
associated with nearshore habitats in waters north of
the Alaska Peninsula (Fig. 7A). Species strongly posi-
tively correlated with Axis 3 included Pacific cod,
Pacific sand lance, and sturgeon poacher Podothecus
acipenserinus (Table 3).

The best model for Axis 3 was described as: 

Axis 3 ~ ƒ(Temperature, Salinity) + 
ƒ(Latitude, Longitude) 

(4)

and included a significant smooth term of temperature
and salinity and a smooth spatial term (latitude and
longitude) (Table 4), whereas the year and zooplank-
ton displacement volume terms were not significant.
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Axis 1 Axis 2 Axis 3
Species Correlation Species Correlation Species Correlation

Sebastes spp. 0.82 Hippoglossoides elassodon 0.70 Gadus macrocephalus 0.48
Atheresthes spp. 0.66 Gadus macrocephalus 0.51 Bathymaster spp. 0.46
Bathymaster spp. 0.57 Lepidopsetta polyxystra 0.41 Ammodytes hexapterus 0.41
Bathylagus pacificus 0.55 Podothecus acipenserinus 0.40
Leuroglossus schmidti 0.53
Pleuronectes quadrituberculatus –0.58
Ammodytes hexapterus –0.57
Theragra chalcogramma –0.48
Lepidopsetta polyxystra –0.40

Table 3. Spearman rank correlations for the 3 axes (dimensions) interpreted from the non-metric multidimensional scaling 
(NMDS) ordination by station. Only those species with correlations ≥0.4 are shown



Siddon et al.: Larval fish response to environmental variability

The model explained additional variability in species
composition along the third axis (adjusted R2 = 0.458;
n = 318).

Temperature and salinity helped to distinguish the
spatial pattern. Nearshore waters had warmer temper-
atures and lower salinities, whereas offshore waters
had cooler temperatures and higher salinities (Fig. 7B).
The nearshore species assemblage may reflect spawn-
ing habitat preferences of the adult stages.

NMDS by geographic area. The ordination by area
(Fig. 8) allowed detection of changes in species compo-
sition across broader geographic areas by year. The
ordination showed a clear gradient in species assem-
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Fig. 5. (A) Predicted spatial gradient of species composition
as indicated by Axis 1 scores from non-metric multidimen-
sional scaling (NMDS) ordination of species-by-station ma-
trix, based on the generalized additive model (GAM) de-
scribed by Eq. (2). The spatial surface was estimated as a
smooth term of latitude and longitude; other covariates were
fixed at their mean values. Species composition is predicted
to be similar along contours; changes in species composition
occur when moving across contours (color gradient). Spear-
man rank correlations of species positively or negatively cor-
related with these values were used to determine the main
species of the slope versus shelf assemblage, respectively.
Depth contours are shown for the 100 and 200 m isobaths. (B)
Predicted measure of species composition (Axis 1 scores from
NMDS ordination) as a smooth function of temperature and
salinity based on the GAM described by Eq. (2). Stations with
salinities less than 29 (n = 3) were removed for better visual-
ization of the relative effects of temperature and salinity.
Cool colors correspond to the shelf habitat and negative spe-
cies correlations; warm colors correspond to the slope habitat
and positive species correlations (see A). Years are distin-
guished as follows: 2002 = red, 2003 = brown, 2005 = orange,
2006 = light blue, 2008 = purple. (C) Estimated differences in
species composition among years (Axis 1 scores from NMDS
ordination) based on the GAM described by Eq. (2). Solid
lines reflect the partial response of Axis 1 scores, on a nor-
malized scale, when all other covariates are fixed at their
mean values. Dashed lines denote 95% confidence intervals

Axis Term df F p Adjusted R2

1 0.865
Yeart 4 6.952 <0.001

Temp × Sal 16.16 8.851 <0.001
Lat × Long 6.59 5.778 <0.001

2 0.423
Temp × Sal 11.79 8.28 <0.001
Lat × Long 13.92 4.531 <0.001

3 0.458
Temp × Sal 10.94 2.815 0.0017
Lat × Long 17.27 8.281 <0.001

Table 4. Model terms with corresponding significance values
for each axis in the generalized additive model (GAM) analy-
ses. Temp: temperature; Sal: salinity; Lat: latitude; Long: 

longitude; Yeart: year
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blages from the slope to the shelf. Unimak Pass assem-
blages were more similar to outer domain assemblages
in warm years, but less so in cold years. Species com-
positions were more variable between warm and cold
periods for Unimak Pass, the outer domain, and shelf

areas. In contrast, the slope assemblage was less vari-
able across the study period based on average rank
dissimilarity (MVDISP; Unimak Pass = 1.44; slope =
0.63; outer domain = 0.8; shelf = 1.13). Pairwise com-
parisons showed the highest dissimilarity among years
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Fig. 6. (A) Predicted spatial gradient of species composition as indicated by Axis 2 scores from non-metric multidimensional scaling
(NMDS) ordination of species-by-station matrix, based on the generalized additive model (GAM) described by Eq. (3). Spearman
rank correlations of species positively correlated with these values were used to determine the main species of the Alaska Coastal
Current assemblage. (B) Predicted measure of species composition (Axis 2 scores from NMDS ordination) as a smooth function of
temperature and salinity based on the GAM described by Eq. (3). Warm colors correspond to the Alaska Coastal Current waters 

and positive species correlations (see A). See Fig. 5 for additional description.

Fig. 7. (A) Predicted spatial gradient of species composition as indicated by Axis 3 scores from non-metric multidimensional scal-
ing (NMDS) ordination of species-by-station matrix, based on the generalized additive model (GAM) described by Eq. (4) Spear-
man rank correlations of species positively correlated with these values were used to determine the main species of the nearshore
assemblage. (B) Predicted measure of species composition (Axis 3 scores from NMDS ordination) as a smooth function of temper-
ature and salinity based on the GAM described by Eq. (4). Warm colors correspond to the nearshore habitat and positive species 

correlations (see A). See Fig. 5 for additional description
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for Unimak Pass and the lowest dissimilarity for slope
stations (Index of Multivariate Dispersion [IMD] =
–0.76, where –1 would indicate maximum difference).

All unique area-by-period combinations showed sig-
nificant differences in species assemblages (ANOSIM;
p < 0.05), except slope assemblages between warm
and cold periods (p = 0.08) and between Unimak Pass
and outer domain assemblages in warm (p = 0.19) and
cold (p = 0.1) periods. Within each area, species com-
positions were significantly different between warm
and cold periods (p < 0.05 for all), though the differ-
ence on the slope was only weakly significant (p =

0.041). SIMPER then identified which
individual species contributed most to as-
semblage differences between the warm
and cold periods for each area. The aver-
age abundance of Sebastes spp. contri-
buted most to differences in the slope as-
semblage, with more Sebastes spp. in
cold years. The abundance of walleye
pollock contributed most to assemblage
differences in Unimak Pass, outer
domain, and shelf areas with greater
abundances of walleye pollock during
the warm period (Table 5).

DISCUSSION

Larval fish community composition in
the southeastern Bering Sea was delin-
eated by strong spatial patterns related
to differences in water column tempera-
ture and/or salinity. Interannual differ-
ences in assemblage composition were
attributed to species-specific responses

to warm or cold conditions. Larval abundances were
generally higher in warm years with high abundances
of walleye pollock contributing most to differences in
Unimak Pass, outer domain, and shelf areas between
warm and cold periods. Assemblages over the slope
were less variable between years and may be some-
what insulated from interannual variability. The slope
assemblage was consistently dominated by Sebastes
spp. with increased abundances in cold years. There-
fore, community-level patterns in larval fish com-
position may reflect species-specific responses to envi-
ronmental variability.
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Fig. 8. Non-metric multidimensional scaling (NMDS) ordination, based on a
Bray-Curtis similarity matrix, depicting the relative similarity in species com-
position among geographic areas by year. Outer domain: between 100 and
200 m isobaths; Shelf: within 100 m isobath; Slope: outside of 200 m isobath;
Unimak Pass (see Fig. 1). Data were 4th root transformed and standardized to 

species maximum

Geographic Period Theragra Sebastes Ammodytes Bathymaster Gadus R p
area chalcogramma spp. hexapterus spp. macrocephalus

Unimak Pass Warm 270.8 46.9 66.5 49.1 218.8 0.45 0.001
Cold 8.1 73.1 19.6 2.1 24.5

Slope Warm 67.4 495.3 33.9 37.7 16.2 0.04 0.041
Cold 48.5 717.5 1.3 41.8 4.2

Outer domain Warm 259.6 32.6 28.8 26.6 51.8 0.13 0.003
Cold 87.1 62.2 9.1 0.8 14.9

Shelf Warm 3079.6 0.3 308.9 1.4 19.7 0.22 0.001
Cold 463.2 0 343.7 0 5.6

Table 5. Results from the PRIMER routine SIMPER used to identify differences in relative species composition based on 
geographic area and period using the full station-by-species matrix. The average abundance (catch per unit effort, CPUE,
number per 10 m2) is shown for species that account for a significant amount of observed dissimilarity between periods; spe-
cies’ abundances in bold account for approximately 60% of dissimilarity for the given area. For each geographic area sepa-
rately, a 1-way analysis of similarity (ANOSIM) was used to test for significant differences in species composition between
warm and cold periods using the Bray-Curtis similarity matrix; the ANOSIM test statistic (R) and significance (p-value) are
shown
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Cross-shelf assemblage structure was primarily
associated with a geographic and/or salinity gradient
that distinguished slope and shelf communities. Salini-
ties are higher over the slope due to the oceanic influ-
ence of the Aleutian North Slope Current and lower on
the shelf due to increased freshwater from the main-
land and from the ACC flowing through Unimak Pass.
The advection of slope waters onto the shelf can be
seen in the spatial pattern of predicted species compo-
sition according to Axis 1 (Fig. 5A). A finger of slope-
derived species extended onto the shelf indicating
larval transport through Bering Canyon. The cross-
shelf gradient, largely driven by differences in spawn-
ing habitat for slope and shelf species, appears
resilient to environmental variability between warm
and cold years.

The observation of unique slope and shelf assem-
blages corroborates previous patterns (Doyle et al.
2002) and provides information on spawning habitats
of adult fish. Although larval Sebastes spp. (slope
assemblage) cannot easily be identified to species,
many adult distributions follow the shelf break and
slope habitats in the southeastern Bering Sea (e.g. Pa-
cific ocean perch Sebastes alutus; Brodeur 2001). Juve-
nile Atheresthes spp., comprising primarily arrowtooth
flounder A. stomias and Kamchatka flounder A. ever-
manni, are widely distributed on the continental shelf
and begin recruiting to the slope habitat after about
age-4 (Wilderbuer et al. 2009). In recent years, their
abundance has increased, leading to a greater trophic
impact; adult arrowtooth flounder are known to be
voracious predators on juvenile walleye pollock (Liv-
ingston & Jurado-Molina 2000, Knoth & Foy 2008,
Ianelli et al. 2009). Larval pollock, however, were pre-
dominant in the shelf assemblage in our study, indicat-
ing spatial separation from adult arrowtooth flounder
and from larval aggregations of Atheresthes spp. over
the slope. Alaska plaice spawn along the north side of
the Alaska Peninsula in April and May, and eggs and
larvae drift north and northeast over the shelf (Duffy-
Anderson et al. 2010). While the drift trajectories vary
interannually, the general current flow retains Alaska
plaice within the shelf habitat.

The advection of ACC waters through Unimak Pass
(Ladd et al. 2005) may affect the distribution of larval
fish on the southeastern Bering Sea shelf. Water in
Unimak Pass is similar to the outer domain water mass,
especially in cold years, indicating directional flow of
ACC water onto the outer Bering Sea shelf. Warm
years with greater inflow of ACC water (T. Royer
unpubl. data) may result in increased mixing and sub-
sequent blending of water mass characteristics over
the shelf (Fig. 2C). In cold years, inflow of ACC water
is reduced, resulting in a clearer distinction of water
masses (Fig. 2D).

Species entrained in, or advected by, ACC waters
within Unimak Pass and the Bering Sea shelf included
Pacific cod and northern rock sole, with higher overall
abundances of these species in warm years. The trawl-
ing grounds around Unimak Pass are some of the most
productive fishing areas for Pacific cod in the Bering
Sea (Conners & Munro 2008), and just northeast of
Unimak Pass is a major spawning area (Shimada &
Kimura 1994). Pacific cod larvae caught in and near
Unimak Pass in this study may reflect these well-
known spawning areas and/or reflect the contribution
of Pacific cod spawned in the Gulf of Alaska to Bering
Sea populations. Previous research on northern rock
sole has identified spawning areas west of Unimak
Pass along the Aleutian Islands and in the Gulf of
Alaska with advection through Unimak Pass. Trans-
port pathways follow the middle and outer shelf or flow
eastward along the Alaska Peninsula (Lanksbury et al.
2007). Differential survival of northern rock sole
depends on transport to adequate nursery grounds in
the coastal domain (Wilderbuer et al. 2002, Lanksbury
et al. 2007). Unfortunately, our sampling design cannot
resolve whether these larvae originated in the Gulf of
Alaska or were entrained in ACC waters within Uni-
mak Pass and nearby spawning grounds. The impact
of Gulf of Alaska larvae on Bering Sea populations,
and the degree to which the populations are con-
nected, are important ecological (i.e. competition, pre-
dation) and fisheries management (number of sub-
populations) questions. To address the connectedness
of these populations, future work tracking larvae from
different spawning grounds using genetic markers,
otolith microchemistry, or differential growth rates
could improve the resolution of Gulf of Alaska larval
contributions to Bering Sea populations.

The importance of nearshore habitats to Pacific cod,
Bathymaster spp., and Pacific sand lance could reflect
preferred spawning grounds of adult fish (e.g. Pacific
cod; Shimada & Kimura 1994). The onshore-offshore
gradient in species composition was more difficult to
interpret because correlations with individual species’
CPUEs were weaker than for the other axes. In addi-
tion, the third NMDS axis captured residual variability
not already accounted for in the first or second axes.
However, the importance of nearshore habitat and an
onshore-offshore gradient in species composition are
biologically reasonable; therefore, we believe our
interpretation of this axis is realistic.

The 3 spatial patterns of larval fish assemblages
identified from the NMDS ordination axes are not
exclusive; individual species can be correlated with
more than one gradient, thereby capturing different
influences on larval distribution. For example, Pacific
sand lance was strongly correlated with the first and
third axes. The first axis described Pacific sand lance
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as a shelf species, while the third axis further associ-
ated larval sand lance with the nearshore environment
of the shelf habitat. Pacific cod was correlated with the
second and third axes. The second axis highlighted the
importance of ACC waters in the distribution of larval
Pacific cod, while the third axis identified the near-
shore environment as important, likely due to the
spawning preferences of adult fish.

The analytical approach of multivariate ordination
followed by GAMs as an exploratory regression tech-
nique successfully highlighted the main delineations
of species compositions and modeled the response of
the assemblage to environmental covariates. However,
caution should be used when interpreting such results,
as spurious (i.e. non-biologically relevant) outcomes
are possible due to the flexible nature of GAMs. We
are confident in our interpretations of the model results
based on current knowledge of the Bering Sea ecosys-
tem and believe our approach captured underlying
mechanisms that determine larval fish species compo-
sitions in the southeastern Bering Sea.

While the timing of surveys used for this study
was consistent across years, differential temperature
effects on early life history events (e.g. spawning)
could affect our interpretations. If colder temperatures
result in delayed adult spawning activities or reduced
rates of ichthyoplankton development, the fixed timing
of our surveys could have been mismatched to the vari-
able timing of larval production. Further, the timing of
front formation in the region can also affect the distrib-
ution of larvae. For example, the Bering Sea Inner
Front is a seasonally established hydrographic front
that sets up in the vicinity of the 40 m isobath in spring
and persists through late autumn (Schumacher &
Stabeno 1998, Kachel et al. 2002). We hypothesize that
if cold conditions persist over the shelf into late spring,
the timing of the set up of the Inner Front would be
delayed, resulting in continued retention of larvae in
northward moving currents along the 100 and 200 m
isobaths and potentially out of our east-west survey
area (Lanksbury et al. 2007).

The Oscillating Control Hypothesis (Hunt et al. 2002;
revised in Hunt et al. in press) provides a theoretical
framework within which to predict ecosystem res-
ponses to warm and cold regimes in the southeastern
Bering Sea. In warm regimes with early ice retreat,
stratified waters maintain production within the pela-
gic system (Mueter et al. 2006), resulting in enhanced
survival of species such as walleye pollock (Hunt &
Stabeno 2002, Mueter et al. 2006, Moss et al. 2009).
This is supported by the observation in the current
study of high larval walleye pollock abundances in the
warm years of 2002, 2003, and 2005. However, recent
data show that in warm regimes, larger zooplankton
taxa (e.g. large calanoid copepods and euphausiids)

are less abundant, thus reducing growth rates and
lipid reserves of young-of-year walleye pollock and
thereby increasing predation risk and decreasing
overwinter survival (Hunt et al. in press). Therefore, a
discontinuity exists between early spring conditions
(i.e. water column temperature and prey availability),
larval abundance, and the abundance of age-1 walleye
pollock observed following the first winter. Although
higher abundances of larval walleye pollock may not
be indicative of eventual year-class strength, commu-
nity-level analyses may provide information on ecolo-
gical interactions affecting specific populations.

Our study was the first to look at changes in larval
fish community composition within the southeastern
Bering Sea over a time period that included both warm
and cold periods. Significant differences in assem-
blage structure were detected, supporting the hypo-
thesis that early life stages may be primary indicators
of environmental change. The biological shifts be-
tween warm and cold regimes are difficult to predict
due to direct and indirect species responses; a better
understanding of non-linear environmental effects will
increase predictive and management capabilities. The
eastern Bering Sea walleye pollock fishery averaged
1.31 million tons annually between 2000 and 2009
(Ianelli et al. 2009), representing the largest commer-
cial fishery in the USA by weight. Therefore, it is
important to understand the mechanisms underlying
interannual variability in this stock.
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