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The Bering Sea is a highly productive ecosystem providing the main oceanographic connection between
the North Paciﬁc and Arctic oceans. The atmospheric connection with the Arctic Ocean leads to seasonal
sea ice formation in the Bering Sea, the areal extent and timing of retreat of which have important
implications for primary productivity and phytoplankton community composition in this region.
Hydrographic data from cruises and satellite sea ice and sea surface temperature data in spring 2011
and 2012 suggest classiﬁcation of these years as relatively warmer and colder years, respectively.
Locations in the western Gulf of Alaska (Pavlof Bay), at the north end of an eastern pass through the
Aleutian Islands (Unimak Pass), and on the continental shelf of the Bering Sea (M2) were visited in both
years. Stratiﬁcation was apparent on the shelf in 2012, while the water column was comparatively wellmixed at other locations in both years. Phytoplankton biomass was highest in 2011 overall and
speciﬁcally on the shelf in both years, while minimal biomass was measured within the well-mixed
Unimak Pass in 2012. Surface phytoplankton size distributions included substantial contributions of
picoplankton ( o3 mm) in 2011 (21–35%), while micro- (20–200 mm) and nanoplankton (3–20 mm)
comprised 79% and 95% of biomass in Pavlof Bay and at M2, respectively, in 2012. Analyses of similarity
revealed spatial variability in the phytoplankton assemblages within each year (2011: R¼ 0.588,
po 0.004; 2012: R ¼0.646, po 0.004). Additionally, between-year variability had a strong and signiﬁcant
effect on differences between assemblages across all locations (R¼ 0.579, po 0.0003), likely masking
differences between sites when years were grouped (R¼ 0.134, po0.079). These differences were likely
driven by the dominance (up to 75% in Unimak Pass) of the colonial prymnesiophyte Phaeocystis sp. at all
sites in 2011, resulting in reduced community diversity, compared to more widespread abundance of
large diatoms of the genera Thalassiosira, Thalassiothrix, and Chaetoceros in 2012. The current study
shows that within-regime differences in phytoplankton community composition between years can be
almost as great as that between locations with vastly different oceanographic settings. High betweenand multi-year variability may combine with a potential overall decline in sea ice in the Bering Sea to
produce signiﬁcant changes in the productive base of the food web with potential cascading effects on
higher, economically and ecologically important trophic levels.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The Bering Sea provides the major connection between the
North Paciﬁc and Arctic oceans. The area of the Bering Sea is
almost evenly divided between shallow waters of the continental
shelf (o200 m) and deeper waters (4200 m) southwest of the
n
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continental slope (Hunt et al., 2010), and its physics have been well
discussed in other sources (e.g. Stabeno et al., 2001, 2012a, 2002,
1999). Through geostrophic transport, water enters the eastern
Bering Sea from the North Paciﬁc through a series of passes along
the Aleutian Island chain. Unimak Pass is one of the shallow
(o 80 m) eastern passes through which warm, low-salinity,
southward-ﬂowing waters of the Alaska Coastal Current (ACC)
ﬁrst enter the Bering Sea, constituting the only major connection
between the shelves of the North Paciﬁc Ocean and Bering Sea
(Stabeno et al., 2002; Ladd and Stabeno, 2012). Unimak Pass also
allows for advection of zooplankton populations (Longhurst, 1998)
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and some nutrients (Stabeno et al., 2002) onto the shelf. Circulation within the Bering Sea is dominated by a cyclonic gyre, and
waters exit the sea via geostrophic ﬂow northward through the
Bering Strait into the Arctic Ocean or southward though the
Kamchatka Strait into the western North Paciﬁc Ocean (Stabeno
et al., 1999; Hunt et al., 2010).
The oceanography of the Bering Sea is strongly inﬂuenced by
the in- and outﬂow of waters of differing origins and by atmospheric coupling with the Arctic Ocean (Hunt et al., 2010; Brown
and Arrigo, 2012). Wind direction is largely a function of the
location and magnitude of the Aleutian Low and shows variability
on interannual, multi-year, and multi-decadal time scales (Jin
et al., 2009; Overland et al., 2012). Wind direction has signiﬁcant
implications for the Bering Sea, with warm periods (e.g. 2001–
2005) dominated by spring wind anomalies out of the south, and
cool periods (e.g. 2007–2010) dominated by spring wind anomalies originating in the northwest (Hunt et al., 2010; Brown and
Arrigo, 2012; Stabeno et al., 2012b). Warm years are characterized
by higher than average sea temperatures, low sea ice area,
decreased sea ice extent, and early retreat of ice, relative to cool
years (Stabeno et al., 2012b). The date of ice retreat, in combination with water column stabilization by solar heating and cessation of winter storm activity, directly affects the timing of the
spring phytoplankton bloom especially in the southeastern Bering
Sea sea-shelf which supports a large portion of the food web (Hunt
et al., 2002; Sigler et al., 2014).
The implications of warm years on primary production and the
spring bloom are multidimensional. The spring bloom of phytoplankton requires stratiﬁcation of the water column; in cool years
the bloom occurs in cold water (  1.5–2 1C) as sea ice melts, while
in warm years the bloom is delayed until solar heating stratiﬁes
the water column and, as a result, occurs in warm (5–8 1C) waters
(Stabeno et al., 2012b). There tends to be a generally positive
response of net primary production with sea surface temperature
(Hare et al., 2007; Mueter et al., 2009; Hunt et al., 2010); the
effects of temperature on composition of the phytoplankton
community, however, are less clear. Cells 45 mm in size have
generally comprised the bulk of the standing stocks (Lomas
et al., 2012), and early work in the Bering Sea documented distinct
spring-time ice edge and shelf break communities dominated by
large diatoms (Schandelmeier and Alexander, 1981). Furthermore,
recent evidence suggests a shift within the phytoplankton community towards smaller cells (Noiri et al., 2005; Hare et al., 2007;
Fujiwara et al., 2011) and reduced microzooplankton grazing of the
spring bloom (Strom and Fredrickson, 2008) in warm years. This
combination of smaller cells and lower microzooplankton grazing
has been suggested to lead to observed reductions in the abundance of large zooplankton, including the copepod Calanus marshallae in warmer years (Hunt et al., 2008, 2011; Lomas et al., 2012;
Stabeno et al., 2012b). More generally, shifts in diversity and
community structure have been shown to signiﬁcantly affect
stability and functioning in complex aquatic food webs via a
combination of direct and indirect effects (Downing and Leibold,
2002; Narwani and Mazumder, 2012). Unfortunately, community
composition remains a parameter that is difﬁcult to measure
remotely (e.g. via satellite) or with in situ instrumentation (e.g.
on moorings) with the result that trends in phytoplankton community structure in environments such as the Bering Sea are still
rather poorly understood.
The effects of multi-year variability between warm and cold
conditions on the Bering Sea ecosystem have been investigated for
several decades, largely motivated by the economic role of the
region as a major producer of seafood for the United States and its
direct connection to the rapidly changing Arctic ecosystem
(Stroeve et al., 2007; Brown and Arrigo, 2012; Overland et al.,
2012). The Bering Sea generates approximately 40% of the United

States ﬁnﬁsh and shellﬁsh landings in the U.S., employs a large
population of ﬁshers, processors, and distributors, and supports
subsistence for over 50,000 local residents, many of whom are
Alaskan natives (Stabeno et al., 2012b). Hunt et al. (2002) proposed
an Oscillating Control Hypothesis, suggesting bottom-up or topdown control of ﬁsheries in cold or warm regimes, respectively,
largely as a result of changes in the timing of the spring
phytoplankton bloom, differential temperature-regulated zooplankton production, and impacts of secondary production on
survival and recruitment of piscivorous ﬁsh. This hypothesis has
been revised since its original inception to incorporate evidence
for a lack of large zooplankton in warm years (Hunt et al., 2008;
Lomas et al., 2012; Stabeno et al., 2012b), despite increased
primary production (Hunt et al., 2011). However, the effects of
changes in the community composition of primary producers on
these dynamics remain largely unknown.
Climate-driven trends in sea ice decline have been documented
in the Arctic Ocean (e.g. Stroeve et al., 2007); however, the impacts
of climate change on sea ice and temperature in the Bering Sea
remain somewhat obscured. Satellite-based observations of sea ice
do not indicate a long-term decline in the last six decades (Brown
and Arrigo, 2012), while model-based predictions suggest a
potential air temperature increase and severely reduced sea ice
extent in the Bering Sea by 2050 (Wang et al., 2012). Continued
high variability and the potential for long-term change in temperatures and sea ice extent may have signiﬁcant implications for
the dynamics of the spring bloom, affecting the composition of
phytoplankton communities with potentially signiﬁcant effects on
the food web of the Bering Sea. However, such information is
still rare.
The current study compares spring-time phytoplankton communities from the western Gulf of Alaska, through Unimak Pass,
and into the southeastern Bering Sea shelf during a relatively
warm (2011) and cold (2012) year. These years follow the documented cold years of 2007–2010 and fall within the range of
conditions described by Stabeno et al. (2012b), namely increased
ice extent and cooler temperatures, suggesting that 2011 and 2012
likely also fall within this cold regime. Given the importance that
the timing, magnitude, and composition of spring blooms in the
Bering Sea have on the greater ecosystem, the current study's
focus on within-regime variability provides important insights
into the signiﬁcantly different communities that even small
changes in environmental conditions can affect. With variability
in environmental conditions, especially sea ice coverage in the
southern Bering Sea, expected to increase with continued climate
change (Stabeno et al., 2012a), an understanding of the potential
effects on community structure of primary producers is of great
importance.

2. Methods
2.1. Remote sensing
Sea surface temperature (SST) data for the region was accessed
for the day of 15 May in each year through the Group for High
Resolution Sea Surface Temperature (GHRSST; http://podaac.jpl.
nasa.gov/GHRSST). The GHRSST global level 4 analysis is produced
daily on a 0.251 grid at the NOAA National Climatic Data Center
and employs optimal interpolation (OI) using data from the 4 km
Advanced Very High Resolution Radiometer (AVHRR) Pathﬁnder
Version 5 time series and in situ ship and buoy observations. Sea
ice extent data were obtained from the National Snow & Ice Data
Center (http://nsidc.org/data/seaice_index/archives/) and regional
estimates of areal extent (m2), excluding data north of the Bering
Strait, were calculated in ArcMap (v. 10, Esri). Rates of sea-ice
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retreat for each year were calculated as the difference between
subsequent monthly averaged areas, relative to the time period
(m2 month  1). Aqua MODIS chlorophyll (Chl a) data were accessed
through the NASA website (http://oceancolor.gsfc.nasa.gov/) as
monthly composites for May 2011 and May 2012. Net primary
production data were accessed from the Oregon State University
Ocean Productivity website (http://www.science.oregonstate.edu/
ocean.productivity/standard.product.php) as monthly composites
based on the Vertically Generalized Production Model (VGPM;
Behrenfeld and Falkowski, 1997). Mean summer rates of primary
production data (g C m  2 d  1) were calculated based on an average
of the monthly estimates for May through August for 2011
and 2012.

2.2. Water column data
2.2.1. Physical water column
Several stations were occupied during the cruises of 2011 and
2012. However, due to extensive ice conditions in 2012, the focal
areas of the two cruises were signiﬁcantly different. As a consequence only three of the several stations occupied in both 2011
and 2012 overlapped: Pavlof Bay (henceforth ‘Pavlof’), a small bay
in the Gulf of Alaska on the eastern side of the Alaskan Peninsula;
Unimak Pass (henceforth ‘Unimak’), a shallow, narrow coastal pass
allowing for exchange of Alaska Coastal Current water with
relatively nutrient-rich waters originating from the Bering Canyon
(Stabeno et al., 2002; Mordy et al., 2005); and M2, along the 70 m
isobath towards the edge of the broad continental shelf (Table 1).
The M2 location is so-named after the long-term biophysical
mooring maintained by the NOAA Eco-FOCI program at this site
(http://www.ecofoci.noaa.gov). These stations, while spatially
diverse, represent the ﬂow of water containing nutrients and
zooplankton through one of the major Aleutian passes (Unimak)
connecting the western Gulf of Alaska (Pavlof) and the shelf of the
southeastern Bering Sea (M2). Additionally, interannual variability
in sea ice extent is most pronounced in this southern region of the
Bering Sea, and changes in environmental conditions, primary
production, and trophic interactions in the southern Bering Sea are
thought to have signiﬁcant implications for the ecosystem and
organisms further north (Stabeno et al., 2012a).
Water column proﬁles at these stations were obtained using a
911plus/917plus conductivity, temperature, depth (CTD) sensor
(Sea-Birds) outﬁtted with additional sensors for dissolved oxygen
(SBE 43, Sea-Bird), WETstar chlorophyll ﬂuorescence (WetLabss),
and photosynthetically active radiation (Biospherical/Licors). Data
were processed according to Sea-Bird-recommended protocols
and binned to 1 m intervals. Samples for dissolved inorganicphosphate, silicate, nitrate, nitrite, and ammonium were collected
from the Niskin bottles as part of the Eco-FOCI project in 2011 and
2012. Samples were collected in 25 ml acid-washed polyethylene
bottles following triple rinsing with sample seawater, and kept
frozen at  80 1C until analysis. Analyses were run by continuous
ﬂow analysis according the World Ocean Circulation Experiment
(WOCE) protocol of (Gordon et al., 1993). Nutrient concentrations
were not available from the 2011 or 2012 cruises or from any
Table 1
Station locations and cruise sampling dates in 2011 and 2012.
Station

Pavlof Bay
Unimak Pass
M2

Latitude (1N)

55.18
54.94
56.86

Longitude (1W)

161.69
165.00
164.06

Date sampled
2011

2012

17 May
27 May
18 May

28 April
29 April
8 May
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historic Eco-FOCI cruises for the Pavlof Bay location in the Gulf of
Alaska (D. Kachel, personal communication).
2.2.2. Phytoplankton biomass
Discrete water samples were collected via Niskin bottle just
below the surface, at the subsurface chlorophyll maximum (SCM),
and 1% light level, as determined from the vertical proﬁles. Sizefractionated Chl a samples were obtained by gravity ﬁltration of
whole water through 200 and 20 mm Nitex mesh and 47 mm
polycarbonate membranes with 3 mm pore size (Whatmans).
Whole and size-fractionated water was then ﬁltered onto 25 mm
glass ﬁber ﬁlters (Whatmans) and stored at  20 1C until analysis.
Chl a samples were extracted in 90% acetone overnight at  20 1C
and run on a lab ﬂuorometer (Turner Designs Trilogys) before and
after acidiﬁcation with 10% HCl, according to the protocol of
Parsons et al. (1984).
2.3. Plankton assemblages
2.3.1. Assemblage composition
Samples for assemblage analysis were stored in the dark and
kept cool until analysis by an onboard imagine particle analyzer
(FlowCAM; Fluid Imaging Technologiess). A 4X objective (UPlan
FLN, Olympuss) and 300 mm ﬁeld-of-view ﬂow cell were used.
Approximately 10 ml and 25 ml were run through the system in
2011 and 2012, respectively, and cells were counted and imaged
on Auto Image mode with a peristaltic pump rate of approximately
0.32–0.44 ml min  1 (according to manufacturer speciﬁcations).
Cells were classiﬁed into at least genus-level using the Visual
Spreadsheet program (Fluid Imagings) following removal of
images of bubbles, duplicate particles, and obvious debris. In Auto
Image mode, the FlowCAM images only a portion of the volume
passed through the system. The volume imaged is a function of the
total number of particles imaged, ﬁeld of view dimensions, depth
of the ﬂow cell, and total number of frames that were collected.
The estimated volume imaged was on average 1.66 and 3.81 ml in
2011 and 2012, respectively. In order to minimize issues associated
with volume estimation error, plankton counts were used in
subsequent analyses as relative abundances for each sample.
2.3.2. Statistical analyses
The Shannon index of diversity (H0 ), which depends on both
richness and evenness of taxa (Shannon, 1948), was calculated
based on relative abundances determined from FlowCAM analyses,
and differences between years at each site were determined using
a t-test. Differences between plankton assemblages were further
examined using the Bray-Curtis coefﬁcient of dissimilarity within
the multivariate statistical software package PRIMER v.6s (Clarke
and Warwick, 2001). Relative abundances were square-root transformed to reduce the inﬂuence of highly represented genera/
classes and the tendency for a few well-represented taxa to drive
the similarity analyses (Bray and Curtis, 1957; Clarke and Warwick,
2001). Similarity matrices between samples based on the BrayCurtis coefﬁcient were further used in hierarchical cluster analysis
with similarity proﬁle permutation tests (SIMPROF) to examine if
dissimilarities among the assemblages were statistically signiﬁcant. Community similarities were graphically represented using
non-metric multidimensional scaling (MDS), a technique which
allows for 2-dimensional representation of communities differentiated in multidimensional space (Clarke and Warwick, 2001). The
distribution of communities on the MDS diagram is indicative of
their similarities, with more similar communities grouping
together. MDS diagrams are typically presented in two dimensions, which are most easily understood. The real data, however,
exist in more than two dimensions. As a result, the distances
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between each pair of objects in an MDS diagram may contain
slight inaccuracies, and the sum of those inaccuracies is referred to
as the stress (Sturrock and Rocha, 2000). This stress value
increases with added samples and variables (in our case, taxa)
and decreases as more dimensions are added for representation of
the relationships between communities. Typically a value r0.1 is
considered a good ordination of the data (Clarke, 1993).
Finally, differences between communities were further investigated using one-way permutation-based analyses of similarity
(ANOSIM), to differentiate variability between years from
that between locations (Clarke and Gorley, 2006). ANOSIM is a
non-parametric, modiﬁed version of the Mantel test and is
distribution-free (Clarke, 1993). The magnitude of the ANOSIM R
statistic can be used as a measure of the strength of the difference
between two groups (Clarke and Gorley, 2006), thus allowing
assignment of relative intensities of the effects of year or location
on community variability.

3. Results
3.1. Physical environment
3.1.1. Sea surface temperature and sea ice
Spring sea surface temperature (SST) in the Bering Sea and
adjacent Gulf of Alaska was, on average, warmer in 2011 than 2012
(Fig. 1). By mid-May 2011, only the northernmost region of the
Bering Sea was still below 0 1C, the area around M2 was approximately 1.01 1C, and much of the larger region had warmed to
0–2 1C (Fig. 1A). In mid-May 2012, however, much of the Bering
Sea, including the area around M2 was still o 0 1C (Fig. 1C).
Conversely, the western Bering Sea was characterized by temperatures up to 1.5 1C warmer in 2012 than in 2011 (Fig. 1). Sea ice
covered a much larger area of the Bering Sea in March–June 2012
than during the same months in 2011 (Fig. 2). From March through
May, the areal extent of sea ice in 2012 was up to two times greater
than for the same months in 2011 and 48 times higher in June
2012 than in June 2011 (Table 2). Rates of ice retreat varied from
2.3  108 to 1.29  1010 m2 month  1 in 2011, with the fastest rates
from April to May (Table 1). Ice continued to accumulate in 2012
through March, and retreated at rates of 1.50  1010 to 2.07 
1010 m2 month  1 in April and May 2012 (Table 2).
3.1.2. Hydrography
In the western Gulf of Alaska, which is less directly affected by sea
ice than the Bering Sea, temperatures at Pavlof ranged from 3.2–4.1 1C
in 2011 and 1.3–2.2 1C in 2012 (Fig. 3A). Salinity was also slightly

lower at Pavlof in 2011 (range: 31.5–31.7) relative to 2012 (31.7–31.9;
Fig. 3B), and lower concentrations of dissolved oxygen were measured in 2011 (max: 7.8 ml L  1) than in 2012 when surface dissolved
oxygen concentrations reached a maximum of 9.9 ml L  1 (Fig. 3C).
Temperatures at Unimak were almost one degree warmer than
Pavlof, ranging from 4.5 to 5.1 1C at the surface in 2011, while
temperatures remained within 1.3–1.5 1C in 2012 (Fig. 3E). Salinity
was slightly higher at Unimak in 2011 (32.0–32.2) than in 2012 (31.8–
32.0) and did not vary signiﬁcantly with depth in either year (Fig. 3F).
Dissolved oxygen concentrations at Unimak were comparable
between years and largely uniform throughout the water column,
with surface concentrations approximately 8.1 and 7.8 ml L  1 in 2011
and 2012, respectively (Fig. 3G).
On the shelf of the southeastern Bering Sea, temperatures at
M2 ranged from  1.0 1C at the surface to  0.5 1C at depth in 2012,
2 degrees cooler than surface temperatures of 2.1 1C in 2011
(Fig. 3I). Some evidence of weak thermal stratiﬁcation was
apparent in 2011 (Fig. 3J). Salinities ranged from 31.6 at the surface
to 31.9 at depth in 2011, with a slight halocline apparent around
36 m (Fig. 3J). In contrast, salinity reached a minimum of 31.0 at
the surface in 2012 and showed a distinct halocline from 16 to
26 m depth (Fig. 3J). Dissolved oxygen varied with depth between
9.6 and 9.9 ml L  1 at the surface to 7.3–7.4 ml L  1 at depth
(Fig. 3K) and an oxycline was evident at depths approximately
corresponding to the halocline in each year.

3.1.3. Dissolved nutrients
Samples for nutrient analyses were not collected at the Pavlof
location in either year. However, comparison of Unimak and M2
locations alone yields interesting differences between the Aleutian
Islands pass and continental shelf in nutrient composition and
concentration. Phosphate concentrations at Unimak increased slightly
with depth, from 0.6 mg kg  1 at the surface to 0.95 mg kg  1 at 90 m
in 2011 and 1.2–1.4 mg kg  1 in 2012 (Fig. 4A). In contrast, phosphate
at M2 was depleted in near-surface waters above the halocline in
2011 (0.5 mg kg  1), suggesting some degree of utilization prior to the
sampling date, and increased to 1.5 mg kg  1 with depth (Fig. 4A).
Phosphate was generally higher and more uniform with depth in
2012, with concentrations of approximately 1.5 mg kg  1 near surface
and at 70 m (Fig. 4A). Distributions of silicate with depth in 2011 and
2012 largely corresponded to those of phosphate described above.
Silicate concentrations were somewhat depleted at the surface but
otherwise increased only marginally with depth at Unimak in 2011
(15.3–19.8 mg kg  1) and 2012 (19.7–26.7 mg kg  1) and decreased
slightly with depth at M2 in 2012 (32.2–31.6 mg kg  1; Fig. 4B). In
2011, however, near-surface silicate concentrations at M2 reached a

Fig. 1. Sea surface temperature (1C) in the Bering Sea on 15 May 2011 (A) and 2012 (B). Overlapping stations in both years at Pavlof, Unimak, and M2 are indicated by black
circles and labels. White areas indicate no available data.
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Fig. 2. Sea ice coverage in 2011 (light blue) and 2012 (dark blue) for months of (A) March, (B) April, (C) May, and (D) June. (For interpretation of the references to color in this
ﬁgure caption, the reader is referred to the web version of this paper.)

Table 2
Sea ice area (m2) and monthly averaged retreat rate (m2 month  1) in the Bering
Sea, March–June 2011 and 2012. Area and retreat rate were calculated from
National Sea Ice Data Center monthly averages for the region. A positive retreat
rate means accumulation of sea ice over that time period.
2011
Sea Ice Area
March
April
May
June
Retreat rate
March–April
April–May
May–June

2012

7.04  1011
6.97  1011
3.10  1011
8.75  109

1.16  1012
1.16  1012
7.12  1011
7.06  1010

 2.30  108
 1.29  1010
 9.72  109

8.11E  107
 1.50  1010
 2.07  1010

minimum of 0.8 mg kg  1 at the shallowest depth sampled but
increased to 27.2 mg kg  1 at 68 m depth (Fig. 4B).
Nitrate concentrations were higher throughout the water
column at both locations in 2012, measuring 11.3 and 13.1 mg kg  1
near-surface at Unimak and M2, respectively (Fig. 4C), suggesting a
potentially common source of new nitrogen. In 2011, nitrate was
much lower throughout the water column at Unimak, ranging
from only 1.8 to 6.3 at 90 m (Fig. 4C). Near-surface nitrate
reduction (0.8 mg kg  1) was apparent at M2 in 2011, yet concentrations increased to 10.7–12.0 mg kg  1 with depth (Fig. 4C). M2
nitrite and ammonium concentrations in 2011 followed comparable patterns, varying from 0.03 and 0.8 mg kg  1 at 30 m to 0.30
and 2.5 mg kg  1 at 70 m, respectively (Fig. 4D and E). In contrast,
nitrite concentrations were relatively low (0.08–0.14 mg kg  1) and
uniform throughout the water column at M2 in 2011 and at

Unimak in both years, (Fig. 4D). Ammonium also was relatively
low at Unimak both years, with concentrations ranging from 0.8 to
2.5 mg kg  1 and 2.0 to 1.5 mg kg  1 from surface to depth in 2011
and 2012, respectively (Fig. 4E). M2 ammonium concentrations in
2012 were relatively uniform throughout the water column and, at
3.3–3.5 mg kg  1, the highest seen in this dataset (Fig. 4E).
3.2. Phytoplankton
3.2.1. Chl a
Remote sensing data showed higher surface Chl a concentrations
in the eastern Bering Sea and the Gulf Alaska contiguous to the
Aleutian Islands in May 2011(Fig. 5A) than in May 2012 (Fig. 5B).
However, it should be noted that Chl a was much higher in the
western Bering Sea in 2012 when temperatures in this region were
also increased, indicative of the propensity for a high level of regional
variability in oceanography and biological processes attributable to the
strength and the location of the Aleutian Low Pressure region over the
Bering Sea (Saitoh et al., 2002). Overall Chl a was also higher
throughout the water column of the three sites sampled in 2011
(Fig. 3). Minor subsurface chlorophyll maxima (SCM) of 16.9 and
12.0 mg L  1 were observed at Pavlof in 2011 and 2012 (Fig. 3D), while
Chl a was more uniformly distributed throughout the water column in
both years at Unimak (Fig. 3H). Unimak Chl a concentrations varied
between 23.8 mg L  1 at 20 m and 8.7 mg L  1 at 90 m in 2011, while
concentrations in 2012 were r1.7 mg L  1 throughout the water
column (Fig. 3H). The highest biomass in this dataset was observed
in 2011 at M2, where a broad SCM centered around 20 m contained
Chl a at concentrations of 36.7 mg L  1 (Fig. 3L). A well-deﬁned SCM up
to 21.5 mg L  1 was also evident at M2 in 2012 centered around 20 m
(Fig. 3L).

62

B.A. Stauffer et al. / Deep-Sea Research II 109 (2014) 57–70

Fig. 3. Depth proﬁles of (A) temperature, (B) salinity, (C) dissolved oxygen, and (D) chlorophyll ﬂuorescence in 2011 (solid lines) and 2012 (dotted lines). Data from Pavlof
(top row), Unimak (middle row), and M2 (bottom row) are shown.
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Fig. 4. Depth proﬁles of (A) phosphate, (B) silicate, (C) nitrate, (D) nitrite, and (E) ammonium in 2011 (solid lines, ﬁlled symbols) and 2012 (dotted lines, open symbols). Data
are shown for Unimak (circles) and M2 (triangles). Data was not available from Pavlof in either year.

Fig. 5. Surface chlorophyll (mg m3) in (A) May 2011 and (B) 2012. Overlapping stations in both years are indicated by black circles. White areas indicate no available data.

Phytoplankton 4200 mm in size and microplankton (20–200 mm)
comprised 450% of total Chl a in 2011 at all sites and depths and at
Pavlof in 2012 (Fig. 6). In contrast, cells4200 mm in size and
nanoplankton (3–20 mm) were dominant at all depths at Unimak in
2012, with a substantial contribution (4 40%) from picoplankton
(o3 mm). Finally, the M2 surface and SCM communities in 2012 were
dominated by microplankton (2–200 mm) and nanoplankton ( 95%
together), while picoplankton comprised 8% of total Chl a at depth
in 2012 (Fig. 6). Chl a size fractions were signiﬁcantly different
between years (t-test; po0.01) at Pavlof (micro- and picoplankton)
and Unimak (micro-, nano-, and picoplankton). Differences in size
fractionated Chl a at M2 were not statistically signiﬁcant.

Overall higher Chl a in 2011 in the eastern Bering Sea
indicated by ship-based (Fig. 3) and synoptic May data
(Fig. 5) appeared to correspond to an appreciable difference
between years in overall rates of net summer primary productivity (NPP) as measured by satellite (Fig. 7). Mean rates of
summer NPP from May through August were highest near the
coasts and along the “Green Belt” region (Springer et al., 1996)
in 2011, and rates of NPP at M2 and Unimak stations were 0.10–
0.25 g C m  2 d  1 higher in 2011 than in 2012 (Fig. 7A). Conversely, increased NPP in the western Gulf of Alaska and
through the Bering Strait was observed for this time period in
2012, with an increase of 0.29 g C m  2 d  1 from 2011 rates at
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Fig. 6. Whole seawater and size fractionated chlorophyll from Pavlof (top row), Unimak (middle row), and M2 (bottom row) in 2011 (left) and 2012 (right). Samples were
fractionated from whole seawater (WSW, circle) and size classes corresponding to4 200 mm (black), microplankton (20–200 mm; gray), nanoplankton (3–20 mm; dark gray)
and picoplankton (o 3 mm; light gray) were discriminated. Signiﬁcant differences (p o 0.05) were detected between years in the micro- and picoplankton size fractions at
Pavlof and in the micro-, nano-, and picoplankton fractions at Unimak (see Results).

Pavlof (Fig. 7B). This increased NPP is consistent with maximum surface dissolved oxygen concentrations at Pavlof in
2012 (Fig. 3C).

3.2.2. Plankton assemblages
The composition of plankton assemblages varied greatly
between 2011 and 2012 at the majority of locations (Table 3).
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Fig. 7. Mean rates of primary productivity (g C m  2 d  1) averaged from May through August in (A) 2011 and (B) 2012. Overlapping stations in both years are indicated by
black circles. White areas indicate no available data.
Table 3
Dominant plankton taxa in the western Gulf of Alaska and eastern Bering Sea in 2011 and 2012. The relative abundances of taxa contributing Z1% to the total community
across all times and locations or to a single community at Pavlof, Unimak, or M2 locations are presented. Relative abundances for surface (Surf), subsurface chlorophyll
maximum (SCM), and 1% light level (Deep) at each station. ‘–’ indicates that the taxa was not detected.
Total

Pavlof

Unimak

2011

Phaeocystis
Thalassiosira
Pseudonitzschia
Thalassiothrix
Chaetoceros decipiens
Chaetoceros socialis
Nitzschia
Strombidium
Coscinodiscus
Navicula
Putative Cryptophyte
Skeletonema
Dactyliosolen
Euglenid
Laboea
Small pennate diatom
Oligotrich ciliate
Eucampia
Gyrodinium
Odontella
Chaetoceros didymus
Fragillariopsis
Protoperidinium
Rhizosolenia

29.3
19.9
7.91
7.25
4.46
3.58
2.61
2.58
2.36
2.26
1.72
1.48
1.46
1.37
1.14
1.09
1.04
0.98
0.94
0.89
0.80
0.68
0.55
0.55

2012

M2

2011

2012

2011

2012

Surf

SCM

Deep

Surf

SCM

Deep

Surf

SCM

Deep

Surf

SCM

Deep

Surf

SCM

Deep

Surf

SCM

Deep

11.9
–
56.7
–
1.49
–
–
22.4
2.99
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

54.6
–
29.1
–
–
–
–
5.45
–
–
–
–
–
–
7.27
–
–
–
–
–
–
–
–
–

100
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

1.48
40.9
0.91
0.23
0.80
30.1
–
–
10.5
2.17
–
0.68
–
0.57
0.11
–
0.11
–
2.05
1.03
0.11
–
0.11
0.23

0.49
51.9
1.65
0.49
3.95
19.9
0.16
0.49
8.07
2.64
0.82
–
–
–
–
–
0.16
–
2.47
1.98
0.16
–
0.66
–

11.6
50.9
1.73
–
1.73
11.0
0.58
–
2.31
6.36
–
0.58
–
0.58
–
–
–
–
2.31
2.89
2.31
0.58
–
–

71.3
–
3.59
–
4.19
–
–
4.19
2.99
–
7.78
–
–
–
–
–
–
–
3.59
–
–
–
–
–

74.5
–
8.51
–
6.38
–
–
3.19
2.13
–
4.26
–
–
–
–
–
–
–
–
–
–
–
–
–

79.3
–
3.72
0.53
2.13
–
2.13
1.06
1.06
–
3.19
–
–
–
–
–
–
–
0.53
–
–
–
–
2.66

5.88
–
11.8
–
–
–
–
5.88
–
–
–
–
–
23.5
11.8
–
–
17.8
–
–
11.8
–
–
5.88

–
10.0
10.0
60.0
–
–
–
–
–
10.0
–
–
–
–
–
–
–
–
–
10.0
–
–
–
–

–
–
8.33
66. 7
8.33
–
–
–
–
–
–
–
–
–
–
–
16. 7
–
–
–
–
–
–
–

46.8
6.33
1.27
–
19.0
–
10.1
1.27
–
–
5.06
5.06
–
–
1.27
–
–
–
3.80
–
–
–
–
–

44.3
–
2.46
–
13.9
–
17.2
–
4.10
–
5.74
7.38
–
–
–
–
–
–
0.82
–
–
–
–
–

16.2
26.5
1.47
–
16.2
–
14.7
1.47
4.41
–
–
5.88
–
–
–
–
–
–
–
–
–
–
8.82
–

5.10
69.0
1.09
2.43
2.07
2.55
0.12
0.49
0.97
6.32
0.12
3.16
–
–
0.12
1.82
–
–
0.24
–
0.12
2.55
0.12
–

2.51
53.6
–
0.12
0.06
0.78
1.91
0.06
0.78
7.05
–
1.26
17.2
–
–
5.26
0.90
–
0.60
0.18
–
2.09
0.18
1.08

1.30
49.6
–
–
–
–
–
0.43
2.17
6.09
3.91
2.61
9.13
–
–
12.6
0.87
–
0.43
–
–
6.96
–
–

The prymnesiophyte Phaeocystis sp. was numerically dominant at
most depths at all three locations in 2011, constituting on average
55.4% of the community in that year (Table 3). This small colonial
haptophyte constituted r5.10% of the community in any sample
from 2012, a year which instead was dominated by diatoms
including Thalassiosira spp. and Thalassiothrix spp., contributing
up to 69.0% and 66.7%, respectively, to depth-speciﬁc assemblages
in 2012 (Table 3). Chain-forming Pseudonitzschia spp. were abundant at Pavlof (29.0–56.7%) in 2011 and Unimak in both 2011 (up
to 8.51%) and 2012 (up to 11.8%; Table 3). However, Pseudonitzschia
spp. were rarely observed in 2012 at Pavlof and M2, in favor of
centric diatoms Chaetoceros socialis (11.0–30.1%) and Coscinodiscus
sp. (2.31–10.5%) at Pavlof; euglenids (23.5%) and Eucampia sp.
(17.8%) at the surface and small oligotrich ciliates at depth (16.7%)
at Unimak; and diatoms Navicula spp. and Dactyliosolen spp. at the

M2 SCM (7.05% and 17.15%, respectively; Table 3). Abundance
diatom species at M2 in 2011 also included Chaetoceros decipiens
(r19%), Nitzschia spp. (r17.2%), and Skeletonema (r 7.38%).
Putative cryptophytes were observed in 2011 at relative abundances of 7.78% and 5.74% in the Unimak surface and M2 SCM
assemblages, respectively; they constituted o4% of the assemblage at any of the sites in 2012 and were otherwise not
distinguishable by FlowCAM imaging that year (Table 3).
Finally, it is worth noting that assemblages varied at each
location with depth. For example, Pseudonitzschia spp. comprised
29.1% and 56.7% of the surface and SCM Pavlof communities,
respectively, in 2011 but were not detected in deep samples at that
same site (Table 3). Furthermore, oligotrich ciliates in the genus
Strombidium were abundant in surface samples at Pavlof in 2011
and Unimak in 2012 but were largely absent from other depths at
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those locations (Table 3), while Odontella sp. comprised 10% of the
SCM community at Unimak in 2012 and were otherwise not
detected in surface or deep samples at that site (Table 3).
These differences in richness and evenness of taxa were also
manifest as differences in diversity of the microplankton community between locations and years. Mean diversity (H0 ) averaged
across the three depths signiﬁcantly increased from 2011 to 2012
from 1.067 to 2.694 at Pavlof (p o0.04) and from 2.179 to 2.772 at
M2 (p o0.002; Table 4). This increased diversity is likely a
reﬂection of an increased number of taxa observed in the 2012
samples across depths at these locations and overall reduced
dominance of a single taxonomic group (Table 3). In contrast, a
slight decrease in diversity was observed at Unimak (Table 4).
While differences in diversity have implications for food webs,
these effects are often driven by differences in community composition (Downing and Leibold, 2002; Narwani and Mazumder, 2012).
Multivariate statistical analyses of plankton assemblages revealed
distinct microplankton communities between years and between
locations within each year (Fig. 8). Multidimensional scaling (MDS)
of each depth-resolved community from the 2011 and 2012 stations
(N¼ 18) revealed broad levels of similarity (45%) among Unimak, M2,
and subsurface Pavlof assemblages in 2011 (Group A); Pavlof and M2
assemblages in 2012 (Group B); and subsurface Unimak assemblages
in 2012 (Group C; Fig. 8). These groups were statistically different
from one another (po0.05) using the permutation-based SIMPROF
test (Clarke and Gorley, 2006). In 2011, microplankton assemblages at
the three depths at Unimak were 55% similar and statistically distinct
(po0.05) from the equally similar depth-resolved assemblages at M2
Table 4
Test statistics (t), degrees of freedom (df) and signiﬁcance levels (p) for t-tests of
Shannon diversity index (H0 ) at Pavlof, Unimak, and M2 locations in 2011 and 2012.
Location

Pavlof
Unimak
M2
n

Mean H0
2011

2012

1.067
1.915
2.179

2.694
1.657
2.772

t

df

p

 3.001
0.852
 7.535

4
4
4

0.040n
0.442
0.002n

Signiﬁcant differences (po 0.05) between 2011 and 2012 means.

(Group A; Fig. 8). In 2012, microplankton assemblages at the three
depths at Pavlof were 55% similar and statistically distinct (po0.05)
from the depth-resolved M2 assemblages in that year (Group B;
Fig. 8). Subsurface Pavlof assemblages in 2011, while 45% similar to
other 2011 assemblages, were signiﬁcantly different from the surface
assemblage at this site. Surface Unimak assemblages in 2012 and
surface Pavlof assemblages in 2011 were also distinct from all others
(po0.05; Fig. 8). Finally, the MDS stress, which indicates goodness of
ﬁt of the multidimensional data in 2-dimensional space was low
(r0.1) and less than the 1% cutoff stress level for an 18-object MDS
(Sturrock and Rocha, 2000), suggesting that Fig. 8 is a good representation of the relationships between phytoplankton assemblages.
Differences between assemblages were further tested using a
series of non-parametric one-way analyses of similarity (ANOSIM),
which quantiﬁed the effects of year and location on assemblage
similarities. As a rank-based test, the magnitude of the ANOSIM
test statistic (R) is indicative of the relative strength of the
differences between two groups (Clarke and Gorley, 2006) and
therefore can be compared across analyses. Assemblages were
signiﬁcantly different between years (R ¼0.579, p o0.0003) and to
a lesser extent between locations (po 0.079; Table 3). Assemblages within each year were also very different between locations
(p o0.004), most notably between M2 and Unimak in 2011
(R¼ 0.809) and between Pavlof and M2 in 2012 (R ¼0.963;
Table 5). Based on the magnitude of the R test statistic, spatial
variability within each year (R¼ 0.588, 0.646) appeared to play an
only slightly stronger role than variability between years
(R¼ 0.579) in the overall variability between assemblages
(Table 5). Variability between locations in each year was often
driven by stronger differences between Gulf of Alaska/Aleutian
Islands locations (Pavlof, Unimak) and the Bering Sea shelf (M2).

4. Discussion
4.1. Within-regime sea ice and temperature variability
The Bering Sea is characterized by large interannual, multi-year,
and decadal scale variability in sea ice extent and SST (Jin et al.,
2009; Brown et al., 2011; Overland et al., 2012; Stabeno et al.,

Fig. 8. Non-metric multidimensional scaling (MDS) plot of surface, subsurface chlorophyll maximum, and deep microplankton communities at Pavlof (ﬁlled triangles),
Unimak (open circles), and M2 (open triangle) in 2011 and 2012. Microplankton relative abundances in each sample were square-root transformed, and community
similarities were determined by resemblance based on Bray Curtis coefﬁcients. The distance between points represents the level of similarity in microplankton community
composition, and solid and dotted contour lines enclose communities that are 45% and 55% similar to each other, respectively. Samples included within groups A, B, and C are
signiﬁcantly similar to each other at a 45% level. Stress¼0.1.
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Table 5
Test statistics (R) and signiﬁcance levels (p) for analyses of similarity (ANOSIM) of
phytoplankton communities at Pavlof, Unimak, and M2 locations in 2011 and 2012.
Four one-way analyses were completed for effects of the factors year, location, and
location in each year speciﬁcally. Pair-wise site comparisons are included for
analyses of location.
Factor

R

p

Year
Location, both years
Pavlof-M2
Pavlof-Unimak
M2-Unimak

0.579
0.134
0.104
 0.035
0.333

0.0003n
0.079
0.169
0.558
0.017

Location, 2011
Pavlof-M2
Pavlof-Unimak
M2-Unimak

0.588
0.704
0.333
0.809

0.004n
0.1
0.1
0.1

Location, 2012
Pavlof-M2
Pavlof-Unimak
M2-Unimak

0.646
0.963
0.556
0.63

0.004n
0.1
0.1
0.1

n

Signiﬁcant results (po 0.05).

2012a; 2012b). Notable warm (2000–2005) and cold (2007–2010)
periods from the past decades are thought to represent major
excursions from average conditions in the Bering Sea and to be
dominated by sub-decadal variability (Overland et al., 2012), while
the multi-decadal Paciﬁc Decadal Oscillation is also apparent in
long-term trends (Jin et al., 2009). Contrary to compelling evidence for long-term warming and reductions in sea ice in the
Arctic Ocean in the last several decades, questions of evidence for
long-term warming of the Bering Sea and potential ecosystem
impacts remain (Brown and Arrigo, 2012). What is apparent
however, is that large interannual and multi-year variability in
the environment of the Bering Sea have signiﬁcant implications for
the food webs and ﬁsheries sustainability in this productive
ecosystem (Hunt et al., 2010, 2011; Stabeno et al., 2012b).
Data from cruises conducted in spring 2011 and 2012 from the
western Gulf of Alaska into the southeastern Bering Sea offered an
excellent opportunity to contrast the environmental conditions
and plankton assemblages in the region during a relatively
warmer (2011) and colder (2012) spring within a single (cold)
regime. Characterization of 2011 as a relatively warmer year than
2012 is supported by lower than average monthly sea ice extent in
2011 compared to continued sea ice accumulation into April in
2012 (Table 1, Fig. 2) and overall warmer temperatures in 2011
both at the surface in mid-May (Fig. 1) and throughout the water
column at all sites (Fig. 3). While the temporal overlap of the
cruises was imperfect, the M2 station was sampled only 10 days
earlier in 2012 while Pavlof and Unimak were sampled 19 and 28
days apart, respectively. These data also yield insights into the
transition between the Gulf of Alaska and Bering Sea, which, via
advection, can provide a signiﬁcant community of zooplankton as
well as nutrients to the Bering Sea shelf (Stabeno et al., 2002;
Mordy et al., 2005).
4.2. Hydrographic variability
Differences in salinity between 2011 and 2012 were largely
limited to M2, where the continued inﬂuence of sea ice in the shelf
region in April–May 2012 was apparent as signiﬁcant freshening
and cooling of surface waters on the shelf (Fig. 3). Stratiﬁcation at
M2, which was weaker in 2011 as a result of earlier sea ice retreat
from the region that year, likely led to the formation of subsurface
maxima of chlorophyll and dissolved oxygen saturation in the
euphotic zone in both years. In contrast, bidirectional tidal ﬂow
through Unimak Pass kept the phytoplankton biomass relatively
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well-mixed in that location in both years. Overall, the highest Chl a
concentrations were observed in 2011 via both in situ ﬂuorescence
(Fig. 3) and remote sensing (Fig. 5), and NPP was generally higher
in the eastern Bering Sea in 2011 (Fig. 7). These results are
consistent with documented direct relationships of increasing
productivity with warming of the surface ocean in this region
(Hare et al., 2007; Mueter et al., 2009; Hunt et al., 2010). However,
NPP in the western Gulf of Alaska was higher in 2012, despite
generally cooler temperatures that year, suggesting different
processes, potentially related to nutrient limitation (e.g. Fiechter
et al., 2009; Stabeno et al., 2004), controlling productivity in this
adjacent sea. Across both years, Chl a and NPP were also elevated
along the 70 m isobath of the continental shelf adjacent to the
highly productive ‘Green Belt’ region of the eastern Bering Sea
(Springer et al., 1996). Phytoplankton biomass and productivity also
showed distinct patterns of variability in the eastern and western
regions of the Bering Sea, consistent with previous observations of a
see-saw effect on regional variability (Saitoh et al., 2002).
The nutrient concentrations in 2011 and 2012 offer insight into
the status of the spring bloom in each year and potential for
nutrient transport into the Bering Sea from the Gulf of Alaska.
Overall, nutrients were available at higher concentrations
throughout the water column in 2012, suggesting that signiﬁcant
drawdown, especially of nitrate, had not yet occurred by late
April–early May. Phosphate, silicate, nitrite, and ammonium were
available at higher concentrations at M2 than at Unimak in both
years, again consistent with the shelf region as one of high
nutrient availability and productivity (Springer et al., 1996) and
negligible spring-time nutrient input from ACC waters via the
Aleutian passes (Stabeno et al., 2002; Mordy et al., 2005; Cooper
et al., 2012). Slight drawdown of nitrate, phosphate and silicate at
Unimak in 2011 suggested increased phytoplankton utilization at
this location in late May–early June 2011, while more substantial
drawdown at M2 of all measured nutrients indicated a spring
bloom fully underway (Lomas et al., 2012). Mooring data from M2
indeed shows a preceding bloom event in 2011 approximately one
month before the cruise sampling date (Sigler et al., 2014).
However, a signiﬁcant response of the acoustically measured
consumer community (e.g. zooplankton and ﬁshes) did not occur
until after the cruise sampling date at this location. Similarly, the
consumer response at M2 in 2012 occurred just following the
phytoplankton community captured by the 2012 cruise in that
year as well. These trends suggest that the phytoplankton communities captured on each cruise were those that more directly
impacted higher trophic levels compared to earlier bloom
communities.

4.3. Within-regime phytoplankton community variability
Size distribution of the phytoplankton community varied
across years and locations, driven largely by numerical dominance
of the colonial prymnesiophyte Phaeocystis spp. in 2011, which
comprised 4 50% of the surface plankton assemblage at all three
locations (Table 3). Phaeocystis spp. is capable of forming colonies
up to 2000 mm in size, and so they were likely captured in more
than one size fraction of chlorophyll, including the 4200 mm
fraction, in 2011. Putative cryptophytes (conservatively identiﬁed
based on morphology and size) were also common in 2011 but
largely undetected in 2012 consistent with recent observations of
an increase in their relative abundance in warmer waters (Goes
et al., 2014). Dominance of nanoplankton over microplankton
during the relatively warmer spring of 2011 is consistent with
previously reported changes in spring-time plankton communities
with increased SST (Lomas and Glibert, 1999; Noiri et al., 2005;
Hare et al., 2007; Fujiwara et al., 2011) and with a general
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transition towards nanoplankton in summer assemblages (Fujiki et
al., 2009; Fujiwara et al., 2011; Goes et al., 2014).
In contrast, phytoplankton assemblages dominated by larger
cells in the diatom genera Thalassiosira, Thalassiothrix, Chaetoceros,
and Nitzschia, in the relatively cooler spring of 2012 more closely
resemble species composition reported in other studies
(Schandelmeier and Alexander, 1981; Springer et al., 1996). Sea
ice extent was still substantial during the April–May 2012 cruise
(Fig. 2), and active retreat from the southeastern Bering Sea is
thought to release iron into the surface waters (Aguilar-Islas et al.,
2008), also potentially favoring growth of large diatoms with
relatively high iron demands. As such, the dominant taxa in
2012 represent more cold-adapted, ice-associated species that
thrive once iron limitation becomes minimal (Noiri et al., 2005).
It should be noted that, as a result of the low magniﬁcation
used for FlowCAM analyses, smaller cells (e.g. non-colonial nanoplankton) were potentially excluded, though their abundances
were captured in the size-fractionated chlorophyll analyses.
Phaeocystis spp. was often captured as entire colonies or parts
thereof, suggesting that its observed numerical dominance in 2011
is likely an underestimation of the true number of cells of this
genus in the samples and that large colonies were included in the
larger size fractions of Chl a instead of the nanoplankton fractions.
These inconsistencies between size-fractionated estimations of
biomass and microscopically derived characterizations of community composition suggest a valuable contribution of both
approaches to continued studies of such complex communities.
Diversity in aquatic ecosystems has been shown to signiﬁcantly
impact functioning and stability of complex food webs through a
combination of direct and indirect effects which have been largely
attributed to changes in species composition (Downing and
Leibold, 2002; Narwani and Mazumder, 2012). Conservative estimates of diversity of the phytoplankton assemblages averaged
over depth in the Gulf of Alaska and on the Bering Sea shelf were
higher in 2012 than in 2011, likely driven by a switch from
widespread dominance of a single taxonomic group in 2011 to
higher taxonomic richness and more even distributions of taxa in
2012. Additionally, overall low diversity at Unimak in both years,
combined with high rates of water ﬂow through this pass, suggests
this location as a transitional area in which the forces driving
diversity are in ﬂux relative to the more stable Gulf of Alaska and
Bering Sea shelf locations. Combined with the low phytoplankton
biomass observed at Unimak in 2012, low levels of diversity at
Unimak also have implications for feeding, growth, and survival of
consumer populations during their advection from the Gulf of
Alaska into the Bering Sea (Longhurst, 1998).
Given the important role species composition can play in the
functioning and stability of food webs, it is therefore necessary to
characterize phytoplankton assemblages beyond traditional measures of biomass. Multidimensional scaling (MDS) analyses
revealed that assemblages were most different between the two
years, reﬂecting the fundamental differences between dominant
phytoplankton groups during the warm spring of 2011 and the
colder, more typical spring of 2012. Hare et al. (2007) documented
a shift from diatom to nanoplankton dominance in manipulated
communities exposed to a temperature increase of þ4.7 1C above
ambient, while Noiri et al. (2005) similarly observed a shift from
larger cells to nanoplankton in treatments incubated with a 5 1C
increase in temperature. This shift in dominance to smaller cells
has been hypothesized to arise from differential nutrient (especially nitrate) uptake kinetics in nano- versus microplankton
(Hare et al., 2007); speciﬁcally, large diatoms (4 20 mm) account
for a disproportionate amount of the uptake of nitrate in cool,
nutrient-rich waters and this uptake does not readily saturate
(Lomas and Glibert, 1999). In contrast, nitrate uptake saturates
at lower concentrations in warmer, nutrient-poor waters due to

physiological stress caused by nutrient depletion (Lomas et al.,
2012). In the meantime, smaller cells typically have higher adaptability to nutrient depletion due to higher surface area: volume
ratios, and colonial Phaeocystis spp., speciﬁcally, has been shown
to maintain high productivity under low nutrient conditions
(Tungaraza et al., 2003). The potential for small cells to thrive
under conditions of nutrient depletion is reﬂected in the current
study, where small cells (o 3 mm) accounted for 25% of the overall
Chl a in 2011 in highly productive surface waters of M2 with
nitrate concentrations o1 mmol kg  1.
A high degree of spatial variability in the transition from the
western Gulf of Alaska onto the Bering Sea shelf was also apparent
within each year, with two notable outliers: surface assemblages
from Unimak in 2012 and from Pavlof in 2011. Overall biomass was
low in Unimak in 2012, and as a result the assemblage was
dominated by a few taxa that were uncommon in other samples
(euglenids, Eucampia sp., Chaetoceros didymus). Very few cells
were detected and classiﬁed from this site overall, so these unique
taxa, present at relatively low abundances, had a signiﬁcant impact
on the resemblance of this assemblage to others both at Unimak
and beyond. Similarly, the 2011 Pavlof surface assemblage was
strongly dominated (4 50%) by taxa that contributed on averageo8% to all other assemblages. The signiﬁcant difference of
these surface communities to their deeper counterparts suggests
more variability in surface assemblages than at depth, insights that
are consistent with trends in community composition and diversity with depth in a shallow tropical lake (Hubble and Harper,
2002) and differences in protistan assemblages with depth in the
eastern North Paciﬁc (Schnetzer et al., 2011). These results also
provide support for the continued study of complex ecosystems
such as the Bering Sea by methods capable of resolving depthspeciﬁc trends and characterizing composition of phytoplankton
communities in addition to synoptic views of biomass and
productivity provided by remotely sensed parameters. More
importantly, zooplankton are known to feed on subsurface maxima and thin layers of phytoplankton when subsurface biomass
constitutes a signiﬁcant fraction of the whole water column
(Benoit-Bird et al., 2010; Greer et al., 2013), as was the case at
M2 in both years. As a result, differences in species composition
with depth, as have been documented in the current study, may
have signiﬁcant implications for our understanding of the trophic
relationship and transport of carbon between phytoplankton and
their consumers in the Bering Sea.
Water mass characteristics at the three locations sampled in
the current study transition from warm, nutrient-poor ACC water
entering Pavlof Bay to a highly variable mixture of ACC- and cooler,
nutrient-rich Bering Canyon-derived water in Unimak Pass, and
ﬁnally to nutrient-replete, sea ice-inﬂuenced waters on the continental shelf near M2. Spatial differences in phytoplankton community composition within each year were strongest between M2
and the two non-shelf stations, Pavlof and Unimak, consistent
with previously observed differences between spring communities
near the Aleutian and Pribilof Islands (Schandelmeier and
Alexander, 1981) and likely attributable to these spatially distinct
water masses. However, the current study also indicates that
temporal variability between years within a single climatic regime
has an effect almost equal to spatial variability on structuring the
phytoplankton communities along this gradient.
4.4. Implications for the Bering Sea ecosystem
The Bering Sea is responsible for a large portion of ﬁnﬁsh and
shellﬁsh landings in the United States and is economically and
societally important for the local communities (Stabeno et al.,
2012b). As a result, the dynamics of sea ice, water temperature, the
timing and composition of spring blooms, and implications for the
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food web in the southeastern Bering Sea have been the focus of
research for several decades. Several studies have found fewer
large crustacean zooplankton (e.g. C. marshallae) on the shelf
during warm years, while smaller copepods and euphausids have
not responded as quickly to temperature (Hunt et al., 2011; Lomas
et al., 2012; Stabeno et al., 2012b). Lomas et al. (2012) theorized
that larger zooplankton were more abundant in cooler years due
to the presence of large diatoms, which are an excellent food
choice compared to smaller nanoplankton. This suggests that
larger zooplankton would have been more abundant in 2012 in
the current study, given the relative dominance of large chainforming diatoms and despite overall higher levels of phytoplankton biomass and rates of production in 2011. Instead, dominance of
Phaeocystis spp. in 2011 may have led to fewer large copepods in
the warmer year. This negative effect is likely due to both the
overall smaller size distribution of this species and evidence that
Phaeocystis spp. is a poor food item for most copepods, resulting in
lower grazing rates (Nejstgaard et al., 2007), reduced fecundity
(Turner et al., 2002), and increased grazing on microzooplankton
(Hansen et al., 1993).
Lower than average grazing by microzooplankton, which have
been shown to consume the bulk of the spring bloom, has also
been observed during warm years (Strom and Fredrickson, 2008).
This decoupling of production from consumption can further
impact abundance and fecundity of zooplankton populations due
to year-round feeding of copepods on microzooplankton (Lomas
et al., 2012). Additionally, Paciﬁc cod and walleye Pollock recruitment in the eastern Bering Sea have been negatively correlated
with increasing temperature (Mueter et al., 2009) despite an
overall positive correlation of ﬁsh recruitment with SST. The
underlying mechanism is theorized to be a function of zooplankton populations: years with fewer large, lipid-rich zooplankton
negatively impact age 0 walleye Pollock, resulting in increased
predation and subsequent weak recruitment of year 1 juveniles
(Hunt et al., 2002, 2011). Effects of changing phytoplankton
community composition on zooplankton feeding, growth, reproduction, and recruitment therefore have the potential for farreaching consequences for higher, ecologically and commercially
important organisms.
These trophic pathways and feedbacks represent very real
implications for the effects of reduced sea ice extent or rapid
retreat in warm years and ensuing changes in plankton community composition. Using an atmosphere–ocean general circulation
model, Wang et al. (2012) predicted a 42% reduction in spring sea
ice extent relative to the 1980–1999 mean and largely ice free
Decembers by 2050. Overland et al. (2012) utilized nearly a
century of historical data to predict continuing positive and
negative excursions lasting for multiple years in the future, but
with poor predictability of when such events may occur and for
how long they will last. Considering the role of the Bering Sea
ecosystem as a conduit between the north Paciﬁc and Arctic Ocean
and the economically and ecologically important ﬁsheries contained within its basin, potential future increases in SST and
reduction in ice extent, even within single climatic regimes, will
have important consequences for the phytoplankton community
and, as a result, the entire ecosystem.
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