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a b s t r a c t

In spring and fall 2005, cross- and along-shelf transects were sampled to evaluate the influence of phys-
ical forcing, including sea ice, tides, and winds, on the lower trophic levels of the Bering Sea ecosystem.
The hydrography, nutrients, chlorophyll, and zooplankton abundance and species composition were all
affected by the presence or absence of sea ice on a north–south transect along the 70-m isobath. In
May, shelf waters between �59�N and 62�N were cold and relatively fresh, and benthic invertebrate lar-
vae and chaetognaths were a significant fraction of the zooplankton community, while to the south the
water was warmer, saltier, and the zooplankton community was dominated by copepods. The position of
the transition between ice-affected and ice-free portions of the shelf was consistent among temperature,
salinity, nutrients, and oxygen. This transition in the hydrographic variables persisted through the sum-
mer, but it shifted �150 km northward as the season progressed. While a transition also occurred in zoo-
plankton species composition, it was farther north than the physical/chemical transition and did not
persist through the summer. Mooring data demonstrated that the change in the position of the transition
in physical and chemical properties was due to northward or eastward advection of water onto and
across the shelf. From south to north along the 70-m isobath, tidal energy decreased, resulting in a less
sharply stratified water column on the northern portion of the middle shelf, as opposed to a well-defined,
two-layered system in the southern portion. This more gradual stratification in the north permitted a
greater response to mixing from winds, which were homogeneous from north to south. Thus the physical
and biological structure at any one location over the middle shelf is dynamic over the course of a year,
and results from a combination of in situ processes and climate-mediated regional forcing which is dom-
inated in most years by sea ice.

Published by Elsevier Ltd.
1. Introduction

The high subarctic seas (Norwegian/Barents Sea, Labrador Sea,
and Bering Sea) are characterized by high biological productivity
and the seasonal presence of sea ice (Hunt and Drinkwater,
2005). Differences in physiography and orientation or exposure
to the dominant forcing mechanisms help to determine the land-
scape ecology of these areas (Bailey et al., 2003; Ciannelli and Bai-
ley, 2005; Stabeno et al., 2006). In the last decade, global
temperatures have reached some of the highest levels ever re-
corded and projections of future (after 2030) temperature suggest
Ltd.

no).
that the greatest rates of change will be at high latitudes (IPCC,
2007). Increases in global temperatures have begun to affect the
areal extent, concentration, and thickness of ice in both the polar
regions and in the subarctic seas (IPCC, 2007). It is imperative that
we understand the role played by physical mechanisms in arctic
ecosystems, including how sea ice impacts the structure, function,
and productivity of these ecosystems. The focus of this article is an
examination of the physics, chemistry, chlorophyll, and zooplank-
ton over the eastern Bering Sea shelf from spring through summer
2005. Since 2005 was a particularly warm year in the Bering Sea, it
may provide insight into the future of the Bering Sea ecosystem.

Sea ice is a critical component of the oceanography of the Bering
Sea shelf. During winter, frigid winds blow southward over the
eastern Bering Sea, forming ice in the lee of headlands and islands.
In these ice-free areas or polynyas, brine rejection results from ice
formation and dense, saline water sinks to the bottom of the shal-
low shelf. The sea ice formed in the polynyas is transported south-
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ward by the wind. The leading edge melts as it encounters warmer
(>0 �C) water, thereby cooling and freshening the water column.
The thickness, areal coverage, and southernmost extent of sea ice
vary on multiple timescales: year-to-year, quasi-decadal, and
long-term trends (Niebauer et al., 1999; Wyllie-Echeverria and
Ohtani, 1999; Stabeno et al., 2007). In recent decades, the south-
ernmost extent of sea ice was a maximum in the early- to mid-
1970s, and a minimum in the early 2000s (Stabeno et al., 2007).
In a heavy ice year (e.g., 1975/1976), ice can be advected south-
ward almost to Unimak Pass (54.5�N; Fig. 1) and be present in
Fig. 1. (a) A map of the study region with bathymetric and geographic labels. (b) The loca
represent the mean flow over the shelf. Also shown are the trajectories from a series of d
given at the beginning of each trajectory and the position at the beginning of each mon
the north from mid-November until late-June. In light ice years
(e.g., 2005), the maximum southern extent remains north of the
Pribilof Islands (57�N), but can still persist over the northern shelf
(north of at 62�N) into June. Recent minima in ice extent are
thought to be a response to global climate change and decadal var-
iability (Overland and Stabeno, 2004).

The years 2000–2005 were among the warmest on record in the
area; winter ocean temperatures stayed above 0 �C over the south-
ern shelf (south of 58�N), and in 2005 the depth-averaged water
temperature during summer approached 8 �C on the southeastern
tions of the four primary moorings (M2, M4, M5, and M8) are indicated. The arrows
rifters that were deployed in the region. The date of deployment for each drifter is

th is indicated by month/day.
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middle shelf. During 2000–2005, shelf temperatures were 2–3 �C
warmer than those observed in the 1990s and these relatively
warm temperatures were a direct response to the atmospheric cir-
culation patterns and reduction in ice cover (Stabeno et al., 2007).

The geographic focus of this paper is the broad eastern shelf.
The shelf is �500 km wide and slopes gently from the coast west-
ward to the shelf break at �180 m. The breadth and flatness of this
shelf permits the formation of well-defined, cross-shelf domains.
During summer, the eastern shelf south of 62�N is divided into
three cross-shelf hydrographic and biological regions: the coastal
domain (<50 m water depth), which is vertically well-mixed by ti-
dal and wind mixing; the middle shelf domain (�50–100 m),
which is sharply stratified into an upper mixed layer (winds) and
a lower mixed layer (tides); and the outer shelf domain (�100–
180 m), where the surface wind-mixed layer and the bottom tid-
ally mixed layer are separated by a transitional layer (Coachman,
1986; Kachel et al., 2002). Each of the regions has its own chemical
signature (Whitledge et al., 1986; Sullivan et al., 2008), biological
communities, and levels of lower trophic-level production (Cooney
and Coyle, 1982; Sambrotto et al., 1986; Schneider et al., 1986;
Smith and Vidal, 1986; Coyle et al., 1996; Springer et al., 1996).

The eastern Bering Sea shelf also has considerable along-shelf
variability, and changes in climate will likely impact the hydro-
graphic and biological differences between the southern and
northern regions. For instance, at present, primary production sup-
ports a predominantly pelagic food web in the southern portion of
the shelf, and a predominantly benthic food web in the northern
portion of the shelf (Walsh and McRoy, 1986; Hunt et al., 2002;
Grebmeier et al., 2006; Grebmeier and Barry, 2007). Therefore, cli-
mate-induced changes in the physical forcing of primary produc-
tion could have varying effects on these different communities
and portions of the shelf depending on the underlying food webs.
There are already indications of changes in the northern portion
of the shelf south of St. Lawrence Island, and in the Chirikov Basin
between St. Lawrence Island and Bering Strait (Grebmeier et al.,
2006). Studies begun in the mid-1980s have shown declines in
the biomass (Sirenko and Koltun, 1992; Grebmeier, 1993; Grebme-
ier and Dunton, 2000; Grebmeier et al., 2006) and mean sizes of the
dominant bivalves in the area (Lovvorn et al., 2003). The flux of car-
bon to the benthos in this region is related to a number of factors,
including the timing of the ice-edge spring phytoplankton bloom
and the seasonal transport of nutrients into the region by the Ana-
dyr Current (Grebmeier et al., 2006).

Our objective for this paper is to describe and compare the under-
lying mechanisms and processes that distinguish the physics, chem-
istry, and biology of the northern and southern portions of the
eastern middle shelf and the transitional area that lies between
them. We consider only that part of the shelf south of �62.5�N and
exclude the region around and north of St. Lawrence Island which
is dominated by the flow through Bering Strait. A latitude of �63�N
is the northern extent of the middle shelf domain. The area north
of that latitude is predominantly shallower than 50 m and the phys-
ical and biological processes there may be more similar to the waters
in the Chukchi Sea (north of Bering Strait) than they are to processes
occurring in the Bering Sea to the south. The ultimate goal is to begin
to understand the forces structuring the benthic-dominated north-
ern shelf and the more pelagic-dominated southern shelf so that
we can begin to predict how climate change and climate variability
will impact the living marine resources of the eastern Bering Sea. Pri-
marily, we use data from two cruises in 2005 (one in the early to mid-
spring and the other in late summer/early fall), and data from a series
of four moorings on the middle shelf. We begin with an examination
of the ice cover and retreat during 2005. Next we compare the spatial
patterns in hydrography, chemistry, and biology along the 70-m iso-
bath and how they differed in the spring and late summer. We ex-
plore cross-shelf differences using an east–west transect just south
of St. Matthew Island. The data from four biophysical moorings pro-
vide information on temporal variability of properties between the
two cruises. Data from the moorings also reveal the role of currents,
especially tidal mixing, on the structure and processes that occur
over the shelf.
2. Methods and data

2.1. Hydrography

This study uses hydrographic data collected during two cruises in
2005—one on the R/V Thomas G. Thompson (cruise TN179 leg 3: 10
May–25 May) and the second on the NOAA ship Miller Freeman
(MF05–13: 21 September–4 October). Conductivity–temperature–
depth (CTD) measurements were collected with a Seabird SBE911
plus system (reference to trade names does not imply endorsement
by NOAA) with dual temperature and salinity, oxygen (one SeaBird
SBE 43 on TN179 and two on MF05–13), solar radiation (Biospherical
PAR QSP-200L, 400–700 nm), and chlorophyll fluorescence sensors
(WETStar WS3S). Fluorescence from both the moored fluorometers
and the fluorometer on the CTD was converted to chlorophyll con-
centration (lg l�1) using the relationships provided by the manufac-
turer for each instrument during annual service and calibration. Data
were recorded during the downcast, with a descent rate of
15 m min�1 to a depth of 35 m, and 30 m min�1 below that. Salinity
calibration samples were collected on most casts and analyzed on a
calibrated laboratory salinometer. The distance between stations
along the 70-m isobath and on the cross-shelf transects was
�20 km. Each cruise occupied the same CTD stations along the 70-
m isobath.

During both cruises, water samples for dissolved inorganic
nutrients were collected at each station using Niskin bottles. Nutri-
ent samples were analyzed onboard for dissolved phosphate, silicic
acid, nitrate, nitrite, and ammonia (only during TN179) using pro-
tocols of Gordon et al. (1993) and the ammonia protocol available
at http://www.chemoc.coas.oregonstate.edu:16080/~lgordon/cfa-
manual/whpmanual.pdf.

In situ oxygen sensors were calibrated by the manufacturer prior
to each cruise, but a titrator was not available for ground truth mea-
surements during the cruises. On TN179 there was one sensor, while
on MF05–13 there were two sensors. The mean difference between
the two sensors on each cast ranged from 3.9 to 6.7, with a mean of
5.6, and for each cast the correlation between the two sensors was
greater than 0.99. We recognize the problem of not having titrated
water samples for in situ calibration, but feel that the oxygen values
provide patterns of variability that are informative and important in
our descriptions of conditions on the shelf.

2.2. Modeled winds

The modeled winds were estimated using daily data from the Na-
tional Centers for Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR) Reanalysis (Kalnay et al., 1996).
We follow the procedure used in Bond and Adams (2002) to specify
particular elements of the atmospheric forcing on a daily basis for se-
lected periods and interpolated wind velocity to the locations of two
moorings, M2 and M8 (Fig. 1). The daily winds from the reanalysis
are reliable in this region (Ladd and Bond, 2002). Meteorological
variables, including wind velocity, were also measured on the sur-
face mooring at M2 as described below.

2.3. Moorings

Four biophysical mooring sites (M2, M4, M5, and M8) are the
cardinal locations of our observing network (Fig. 1). The moorings
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Fig. 2. Average percent ice cover in two bands of latitude, 62–63�N and 57–58�N,
that stretch from the coast to the International Date Line and the shelf break,
respectively. Averages were calculated from US National Ice Center data for each
winter–spring (December, January–May), 1972 through 2005.
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are recovered and redeployed twice a year, once in the spring
(April/May) and again in the late summer or early fall (Septem-
ber/October). Moorings at M2 have been maintained almost con-
tinuously since 1995. In addition, a series of moorings have been
deployed at M4 since 1996 (continuous since 2000). M5 and M8
have been maintained since 2005 (current measurements since
2004) and 2004, respectively.

The main mooring at each site is constructed of heavy chain to
protect it from loss due to sea ice and the heavy fishing pressure in
the region. In 2005, data collected by instruments on the moorings
included temperature (miniature temperature recorders, SBE-37
and SBE-39), salinity (SBE-37), nitrate (In Situ Ultraviolet Spectra-
photo-meter, discussed below), and chlorophyll fluorescence (WET
Labs DLSB ECO Fluorometer). Currents were measured using an up-
ward-looking, bottom-mounted, 300 kHz Teledyne RD Instruments
acoustic Doppler current profiler (ADCP) deployed next to the main
mooring. All instruments were prepared, calibrated prior to
deployment, and the data were processed according to manufac-
turer’s specifications.

In 2005, we used an In Situ Ultraviolet Spectrophotometer-me-
ter (ISUS; Satlantic, Inc.) to estimate dissolved inorganic nitrate at
M2. This instrument can sample hourly for as long as 12 months.
ISUS uses optical technology (UV spectra) to provide chemical-free
measurements of in situ nitrate and has been field tested on drift-
ing buoys, towed vehicles, moorings, and CTD profilers. The instru-
ment is solid state with no moving parts and has a sensitivity of
0.25 lM and 1% accuracy with post-processed CTD corrections. A
discrete sample collected at the mooring site in May agreed to
within 0.4 lM of the ISUS measurement. Data were collected
hourly.

The depths of the shallowest instruments on the main moorings
vary from 1 to 20 m dependent upon the mooring location and the
time of year (http://www.pmel.noaa.gov/foci/foci_moorings/moor-
ing_info/mooring_location_info.html). When the mixed layer
shoals above 11 m, the upper mixed layer measurements in the
summer are sometimes under-represented in our data set (Stabeno
et al., 2007). Sampling intervals varied for the different instru-
ments and range from every 10 min to once an hour. During late
spring and summer (the ice-free period), the mooring at M2 in-
cluded a surface toroid buoy with an aluminum tower where a full
suite of meteorological variables was collected (Gil WindSonic for
winds, Vaisal HMP-50 for air temperature and humidity, Setra
270 for atmospheric pressure and Eppley BSP for PAR). Winds were
measured at a height of �3 m. This surface mooring also permitted
measurement of ocean temperature and salinity at �1 m.

2.4. Zooplankton

Samples for mesozooplankton were collected using double-ob-
lique tows of paired bongo frames (60-cm frame with 0.333 mm
mesh and 20-cm frame with 0.150 mm mesh). Tows extended
from the surface to within 5 m of the bottom. A SeaBird SeaCat
SBE19-plus was attached above the top bongo frame and tele-
metered net depth in real time to the operator. Each net mouth
contained a calibrated General Oceanics mechanical flow meter.
The samples were preserved in a sodium borate buffered 5% forma-
lin:seawater solution and then sent to the Polish Plankton Sorting
and Identification Center (Szczecin, Poland) for processing. Organ-
isms were identified to the lowest possible taxonomic level and
then enumerated. All enumerated organisms were returned to
AFSC in Seattle, Washington, for quality control.

2.5. Sea ice

We used weekly data on ice extent and concentration from the
National Ice Center (NIC). The NIC published a CD of ice extent and
concentration from 1972 to 1994. The CD specifies ice concentra-
tion and extent in 0.25� latitude and longitude bins. After a break
of several years, the NIC resumed posting ice concentration infor-
mation in GIS format on their websites (http://www.natice.
noaa.gov/pub/Archive/arctic/ and http://www.natice.noaa.gov/
products/archi/index.htm). Data from 1995 to 2006 were con-
verted to 0.25� bins to make them comparable to the earlier
(1972–1994) data. The NIC assimilates data from satellites (Radar-
sat, Defense Meteorological Satellite Program, and Envisat) as well
as aerial reconnaissance, local information, climatology, meteoro-
logical information, and models to produce their estimates of
sea-ice extent and concentration.
3. Results and discussion

3.1. Sea Ice

In the southeastern Bering Sea, 2005 was a period of below-
average seasonal sea-ice coverage and above-average air and water
temperatures (Stabeno et al., 2007). In the last 36 years, the mid-
1970s had the greatest ice cover in the southeastern Bering Sea
(Fig. 2), while the seasonal sea-ice cover in the early 2000s was
well below the 36-year mean. The average ice extent over the
northern shelf, however, was not markedly different from the ear-
lier ‘‘cold” period. This is not to say that there were not differences
in ice thickness or spatial patterns of advance and/or retreat (e.g.,
Grebmeier et al., 2006), but rather in the broadest sense, the areal
coverage of sea ice over the northern shelf has not varied on dec-
adal scales. While some of the maxima and minima in the two ser-
ies are coincident, the overall correlation of areal ice extent
between the two areas was not statistically significant (99%
significance).

During 2005, the maximum southern ice extent reached �57�N
on 11 April (almost a month prior to the spring cruise) with the
edge stretching from Cape Newenham across the International
Date Line to the Russian Federation (Fig. 3). By the beginning of
the cruise (9 May) there had been significant melting of sea ice
in Bristol Bay and the southern half of the 70-m isobath transect
(Stations 88–118) and the southernmost cross-shelf transect were
ice-free. Stations 60–68 in the lee of St. Lawrence Island were also
ice-free. As the cruise progressed, the ice-free region to the west of
St. Lawrence Island expanded to the southwest. Toward the end of
the cruise, the ice barely reached the 70-m isobath stations
(Fig. 3c). The eastern portion of the east–west transect located
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Fig. 3. Spring sea-ice extent during a three-week period in 2005. (a) Ice extent at
the start of the cruise, (b) midway and (c) near the end of the cruise. The maximum
ice extent was on April 11 and is shown as a thick black. The hydrographic stations
for the spring cruise are indicated. The fall cruise occupied the same stations along
the 70-m isobath. Moorings M4, M5 and M8 are at the intersection of the cross-
shelf lines and the 70-m isobath. M2 is at the southern terminus of the 70-m
isobath.
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south of St. Matthew Island bordered the ice, but the western por-
tion had been ice-free for several weeks (Fig. 3).
3.2. Shipboard sampling – 70-m isobath

3.2.1. Hydrography
The 70-m isobath is at the center of the middle shelf domain,

and as such it is characterized by a two-layer structure during
the late spring and summer, with ice playing an important role
in determining its temperature and salinity. Our horizontal resolu-
tion of small features was limited by �20 km station separation.
The southern part of the 70-m transect was ice free the entire win-
ter and spring of 2005, while over the northern portion the ice had
retreated just the week prior to sampling. Maximum ice extent was
near Station 91 (Fig. 3). As a result the water was warmer south of
Station 91 than north of it (Fig. 4). There was a front (a change of
�2 �C and 0.4 psu over a distance of �40 km) between the fresher,
colder northern waters and the more saline, warmer southern shelf
waters. While the front persisted into September, its location mi-
grated northward �150 km, as did southern boundary of the cold
pool (bottom water <2 �C; Fig. 5). In September, the northern and
southern regions of the middle shelf were distinguished by surface
salinity, not surface temperature, and by bottom temperatures
(Figs. 4 and 5).

During May, the vertical stratification south of the maximum
ice extent was very weak, while north of maximum ice extent,
stratification was stronger and almost totally a result of salinity
(Fig. 6a). The greatest density difference between near-surface
waters (5 m) and near-bottom waters (65 m) was found at
x = �300 km, where the ship sampled along the ice edge. While
the density difference between 5 and 65 m was largest along the
ice edge, the gradient was significant throughout the water column
(Fig. 6b). By September, this pattern had changed markedly; the
density difference between the top and the bottom of the water
column was greatest over the northern shelf, where temperature
and salinity contributed almost equally to the vertical density dif-
ference (Fig. 6c). The difference between the near-surface and
near-bottom density over the southern shelf was mostly due to
temperature. Along the portion of the 70-m isobath south of St.
Matthew Island (�400 km in Fig. 6c) the stratification was limited
to an extremely sharp interface at a depth of 40–50 m evident in
the Brunt–Väisälä frequency (Fig. 6d), while the portion north of
the island, the interface was more diffuse, with greatest gradient
in density occurring at �30 m (Figs. 5 and 6). The horizontal
change in the intensity of the Brunt–Väisälä frequency (Fig. 6b
and d) coincides with the front between northern and southern
parts of the shelf.

3.2.2. Nutrients, oxygen, and phytoplankton bloom
The maximum extent of ice in spring sets up chemical and bio-

logical fronts as well as physical fronts. The timing of the spring
phytoplankton bloom is dependent upon the flux of solar energy,
the presence/absence of ice, and the onset of water-column strati-
fication. Along the northern portion of the 70-m isobath transect, a
bloom had already occurred before the May cruise, with the high-
est spring chlorophyll found below the mixed layer and/or near the
bottom (Fig. 4). The surface layer was depleted of nitrate and
supersaturated with oxygen. The bottom layer was replete with ni-
trate, and had some of the highest concentrations of chlorophyll
observed on the transect, while dissolved oxygen was under-satu-
rated. This suggests that a significant fraction of the spring new
production had sunk to the bottom, avoiding immediate consump-
tion by micro- and mesozooplankton in the upper water column.
The association of this bloom with ice will be discussed later using
data from the moorings.

Historically, nitrate concentrations over the southern portion
of the middle shelf prior to the spring bloom are 15–20 lM
(Stabeno et al., 2002). The nitrate concentration in spring 2005
was approximately half that (the other macro-nutrients were



Fig. 4. Data collected along the 70-m isobath during the May 2005 cruise. The y-axes are depth. (a) Temperature, (b) salinity, (c) nitrate, (d) percent oxygen saturation and (e)
chlorophyll. The vertical black lines indicate the position of the moorings. The distance between stations was �20 km. The locations of specific stations are indicated at the
bottom of the top panel. Nitrate was measured every �10 m and at the bottom of each hydrographic cast. Since the stratification in the top panel was relatively weak, the 1 �C
isotherm is shown in yellow, and the �1 �C isotherm is shown in white. The white line in the bottom panel is the mixed-layer depth (defined as the depth at which the
temperature had decreased by 0.2 �C).
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similarly reduced), indicating that new production had already
begun drawing down the nutrients even though the water col-
umn did not exhibit physical stratification. At the southernmost
extent of the transect the water column was beginning to strat-
ify and new production was occurring, as evidenced by declining
nitrate concentrations and increased chlorophyll (Figs. 4 and 5).



Fig. 5. Data collected along the 70-m isobath during the September 2005 cruise. The y-axes are depth. (a) Temperature, (b) salinity, (c) nitrate, (d) percent oxygen saturation
and (e) chlorophyll. The black lines indicate the position of the moorings. The distance between stations was �20 km. The locations of specific stations are indicated at the
bottom of the top panel. Nitrate was measured every �10 m and at the bottom of each cast.
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The timing of the blooms is discussed in more detail in the sec-
tion on time series.

During late September, nitrate depletion was observed in the
surface mixed layer at the northern end of the transect, but the re-
gion of depletion was smaller than observed in the spring. Because
chlorophyll was low and oxygen was under-saturated, nitrate
depletion in the north was most likely a remnant of spring and
summer production. To the south of M5, nitrate concentrations
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were slightly higher (>1 lM), but chlorophyll and oxygen satura-
tion remained low, suggesting low levels of new production. One
exception was a region between M4 and M2 where temperatures
were slightly cooler and chlorophyll concentrations were the high-
est observed in September. This would be consistent with a recent
mixing event that introduced colder, nutrient-rich bottom water
into the euphotic zone, promoting new production (Sambrotto
et al., 1986). Historically, this portion of the 70-m isobath has
shown considerable small-scale (�20 km) spatial variability (Stab-
eno et al., 2002). In addition, oxygen was not supersaturated (ex-
cept at one station), suggesting that the rates of exchange with
the atmosphere were high and/or primary production had recently
increased, perhaps representing the early stages of the fall bloom
at this locale (the fall bloom at M2 began in August, discussed
below).

In September 2005, while ammonium concentrations in the
upper water column of the 70-m isobath transect were low, con-
centrations in the bottom layer often exceeded 8 lM (Fig. 7). It
has been previously observed that ammonium concentrations
over the middle shelf have strong seasonal dependence and
can be extremely high during the summer (Whitledge et al.,
1986; Mordy et al., 2008; Rho et al., 2005). The high nitrite con-
centrations (often >1 lM) that we observed, however, have not
been previously reported. The high nitrite concentrations ob-
served in a few stations south of M5 were coincident with a
comparable decrease in ammonium of �2 lM. Nitrite concentra-
tions in the world’s oceans are almost always <1 lM and those
observed in 2005 in the Bering Sea are comparable to concentra-
tions observed in oxyclines of the equatorial Pacific Ocean. Ni-
trite is an intermediate formed during nitrification (the
oxidation of ammonium to nitrate). High nitrite coincident with
decreasing ammonium in well-oxygenated water suggests a
decoupling of the oxidation steps associated with nitrification.
While there are not enough data to develop a robust hypothesis
on why such high concentrations of nitrite occurred in 2005,
these unusual concentrations are an indication that the microbial
ecosystems were perturbed in late summer 2005.

3.2.3. Zooplankton
In the spring and late summer, there were also differences in

the community composition of zooplankton between the two re-
gions as sampled by both the fine and coarse mesh nets (Fig. 8).
In the spring, the contribution of Acartia spp. to total abundance
was higher at the northernmost stations than at the southern sta-
tions. The five northern stations were also notable for the percent
of total abundance contributed by chaetognaths (two stations) and
barnacle nauplii (Cirripedia, two stations). These first five stations
coincided with the area of very cold ocean temperatures (61 �C,
Fig. 4). Between 200 and 600 km, the community was dominated
by Pseudocalanus spp. copepodites (P70% total). At the last two
stations along the transect, the percent of total abundance contrib-
uted by larvacea increased and Pseudocalanus spp. decreased.
Throughout the transect, the relative contribution of copepodites
of Calanus marshallae was small, with the highest concentrations
of this important species found at the southern edge of the very
cold region (not shown). Of the organisms enumerated from coar-
ser-mesh nets (333 lm), chaetognaths were relatively more
important in the north than the south and Anomura (crab larvae),
Neocalanus spp. and fish larvae contributed more to the total abun-
dance in the south than the north (not shown).

In September, the percent contribution by different taxa was
more similar between north and south than during the spring.
The small cyclopoid copepod Oithona spp. dominated the numeri-
cal abundance of the small mesh catch, constituting 27–84% of the
total at each site (Fig. 8). The contribution of early stage copepo-
dites of Pseudocalanus spp. was low at M8, increased at M5 and
then decreased at the two southern sites. The contribution of
Cladocera was higher at mooring M2 than anywhere else. Larvacea
contributed less to the total abundance at the southern stations in
the late summer, than they did in the spring.



µ

µ

(a)

(b)

Fig. 7. (a) Ammonium and (b) nitrite in September 2005 along the 70-m isobath. The y-axes are depth. The vertical red lines indicate the position of the moorings.

Fig. 8. Percent total abundance of common zooplankton along the 70-m isobath. (a) spring, (b) late summer. A single sample was obtained at every other station along the
isobath during spring, but in the late summer, replicate samples were obtained at the mooring site and at four stations forming a square around the mooring site (total of five
stations). The exception is at M8 where a storm forced us to end operations early. A single sample was collected at that mooring site.
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Our conclusions regarding the zooplankton community were
based on the number of organisms, which is biased toward the
small, most numerous plankters. The larvae of benthic organisms
were relatively more important in the northern portion than in
the southern part of the transect during spring, perhaps due to
the proximity of a source of benthic invertebrates from the shal-
lower waters surrounding the islands of St. Matthew and St. Law-
rence. Coyle and Pinchuk (2002a) also observed significant
contributions by benthic larvae to their 1999 plankton collections
on a transect from Nunivak Island to the middle shelf domain. The
relative abundances of Acartia and Pseudocalanus in the two re-
gions during our study is harder to explain, although Acartia often



Fig. 9. Hydrographic section along the St. Matthew Island transect during the May
2005 cruise: (a) temperature, (b) salinity, (c) nitrate, (d) percent oxygen saturation
and (e) chlorophyll. The y-axes are depth. The domains are indicated at the top of
the plot and the locations of specific stations are indicated at the bottom of each
panel. Nitrate was measured every �10 m and at the bottom of each cast.
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is very abundant in coastal estuaries with low salinity and is
important in the coastal domain. Chaetognaths which prey on
small copepods can be very abundant in the eastern Bering Sea
and their populations appear to respond to climate forcing (Baier
and Terazaki, 2005). Why they should be relatively more important
in the north during spring is unclear. The spring concentrations of
C. marshallae along the 70-m isobath transect were generally low,
with the highest values (9–14 m�3) occurring at the three most
southern stations. C. marshallae has arctic affinities, although it is
found as far south as �40.5�N in the cooler waters in the upwelling
region of the northwest coast of North America (Frost, 1974; Peter-
son et al., 1979). In the eastern Bering Sea, its springtime abun-
dance is related to an early spring bloom and cold water/
presence of sea ice (Baier and Napp, 2003). The individuals ob-
served in the southeastern Bering Sea may have been advected
through Unimak Pass where the Alaska Coastal Current passes
from the Gulf of Alaska to the eastern Bering Sea (Stabeno et al.,
2002). If the Bering continues to warm, Unimak Pass may be an
important passageway for the ‘‘invasion” of more temperate
species.

The southern middle and coastal domains of the eastern Bering
Sea are often dominated by small copepods such as Pseudocalanus,
Acartia, and Oithona (Cooney and Coyle, 1982). The smaller copepo-
dite stages of the latter two were undersampled by our choice of
net mesh. Historically, C. marshallae and the euphausiid Thysano-
essa raschii were important contributors to the plankton biomass
on the middle shelf (Coyle and Pinchuk, 2002b; Smith and Vidal,
1986; Smith, 1991). Recent cruises over the middle shelf have ob-
served declines in the abundance of these two species that are
important prey for planktivorous seabirds, fish, and marine mam-
mals (Coyle et al., 2008; Hunt et al., 2008). The recent warm period
in the Bering Sea (2001–2005) may have affected the community
composition, particularly in late summer, although there are few
data with which to compare. The occurrence of a community dom-
inated by small copepods that occurred throughout the uniformly
warm surface layer along the 70-m isobath could have more to do
with the absence or loss of larger taxa, than an increase in standing
stock of smaller taxa.

3.3. Cross-shelf variability

The cross-shelf variability of the hydrographic, nutrient, and
chlorophyll properties was assessed on three transects during the
spring cruise (Fig. 3). Each transect intersected the 70-m isobath
at one of the mooring sites (M4, M5, and M8). The character of
the coastal and middle domains was similar in the three cross sec-
tions, but only the middle transect crossed into the outer domain.
Because of this we will focus on this middle transect which was
south of St. Matthew Island (Stations 18–45).

During the May cruise, the coastal domain on the St. Matthew
Island transect extended out to the �60-m isobath as evidenced
by complete mixing of the water column (Fig. 9). Nitrate had been
stripped from the entire water column and chlorophyll values were
low. In addition, the water column was supersaturated in dissolved
oxygen. These observations are consistent with the spring bloom
already having occurred in the coastal domain.

The middle shelf had a well-defined two-layer structure in
salinity and nutrients, but not in temperature (top panel, Fig. 9).
The temperature of the shallower portion of the middle domain
was colder (61 �C) than the coastal domain. Oxygen was supersat-
urated in the surface layer, while nutrients were largely depleted
there. In the bottom layer over the middle shelf, lower concentra-
tions of oxygen coincided with an area of slightly elevated chloro-
phyll. This is consistent with a bloom having already occurred in
the surface layer, with portions falling to the benthos. The bottom
layer retained significant concentrations of nitrate. In the surface,
there was a band of higher nitrate concentrations (6–10 lM) be-
tween the depleted waters of the coastal and middle shelf domains
(the inner front). This is consistent with observations made farther
south at the inner front during previous summers (Kachel et al.,
2002). In this frontal region of relatively weak vertical stratification
and strong tidal mixing, nutrients from the bottom layer of the
middle shelf were mixed upward into the euphotic zone. These
processes can result in intermittent production throughout the
summer along of the inner front (Jahncke et al., 2005).

The outer domain was characterized by weaker thermal strati-
fication, higher salinity, and slightly warmer temperatures. There
were two maxima in chlorophyll: the highest chlorophyll was
associated with the offshore edge of the surface, nitrate-depleted
zone, a second area of elevated chlorophyll was farther offshore
in 140 m of water. Both of these patches of high chlorophyll were
associated with water that was supersaturated in dissolved oxygen
and slightly reduced nitrate concentrations, indicative of on-going
new production.
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3.4. Times series

3.4.1. Atmospheric forcing, tides, and currents
The daily wind speeds from the NCEP/NCAR Reanalysis during

spring–fall calculated at M2 and M8 were significantly correlated
(R2 = 0.35), with similar speeds ranging from 0 to 25 m s�1

(Fig. 10). In late May, there was one intense storm (maximum wind
velocity >20 m s�1). Summer winds were relatively weak until Au-
gust when the atmospheric transition to fall conditions began and
a series of strong storms began buffeting the region, mixing the
water column.

While the winds do not vary greatly from north to south, tidal
forcing does (Table 1). The two dominant tidal constituents on
the eastern Bering Sea shelf are M2 and K1. For the semi-diurnal
M2, the amplitudes of the tidal ellipses at the three southern moor-
ing sites (M2, M4, and M5) are similar; however, the amplitude de-
creased by almost half at M8. In contrast, the amplitude of the
diurnal K1 decreases steadily from south to north. Thus, there is
significantly less tidal mixing energy at M8 than at M2 or M4.
These differences in tidal energy are important to the vertical
structure of the water column and are largely invariant on annual
and longer timescales.

During spring and summer of the 4-year period, 2004–2007, the
mean currents were weak (Table 1), and the velocities were similar
to those measured for longer periods at M2 (12–13 years) and M4
(9–10 years). The only location where mean spring-summer cur-
Fig. 10. Time series of wind speed and water temperature during 2005. (a) NCEP wind s
M8, M5, M4, and M2, respectively. The yellow lines at M2 and M8 are the estimates of
shown is May 1 through September 30, 2005.
rents exceeded 1 cm s�1 was at M5 where there was a westward
flow of �1.5 cm s�1 (Table 1).

In 2005, the general flow, as determined from satellite-tracked
drifters, was similar to the schematic of mean currents (Fig. 1).
There was a bifurcation of flow at the head of Bering Canyon that
left M2 largely isolated from the outer and coastal domains. The
flow along the 100-m isobath was weak, but persisted to 60�N,
where the flow separated from the 100-m isobath and continued
on a northward trajectory toward M8 and into the middle shelf do-
main (Fig. 1). Unfortunately, no current data were obtained from
the ADCPs at M4 and M5 in May–September 2005, but data were
collected at M2 and M8 (Table 2). In 2005, the mean currents at
M8, while weak, were still stronger than those at M2. Also during
2005, the spring-summer mean speeds at both M2 and M4 (Ta-
ble 2) were much greater than in the 4-year averages (Table 1).
At M8, the average flow during the last several summers has been
northward, which differs from the eastward flow (Table 2) that was
measured in 2005. The vertical structure in currents was more
barotropic at the southern mooring (Dv = �0.2 cm s�1) than at
the three moorings farther north (Dv = 0.8–1.2 cm s�1).

3.4.2. Moorings: temperature, nutrients, chlorophyll
While the two southern moorings (M2, M4) were ice free in

2005, the two northern moorings (M5, M8) had ice in their vicinity
until early May, and the ice-derived cold pool (bottom tempera-
tures 62 �C) which was present most of the summer was limited
peed at M2 (black) and M8 (red), (b) through (e) contours of water temperatures at
chlorophyll concentration (lg l�1) derived from the fluorometers. The time period



Table 1
The mean water velocity during 1 April–30 September. All the sites were instrumented from 2004 to 2007. In addition, data were collected during 1995–2007 for M2 and for
1997–2007 for M4. For each site, the April–May averages were calculated for the four years (2004–2007) and for M2 and M4, averages were also calculated for total record. The
number of years is indicated in the third column and the total number of months of data is indicated in parenthesis. If there was at least one month of data during that period,
then that year is listed as having data.

Mooring site Instrument depth (m) Number of years (months) Mean velocity (u, v) (cm s�1) Tidal ellipses

M2 (cm s�1) K1 (cm s�1)

M2 Near surface 4 (24) �0.1, �0.4 21.0, 12.7 13.5, 0.7
13 (73) �0.4, �0.3

Near bottom 4 (24) �0.3, �0.4 18.1, 9.8 12.9, 0.9
12 (65) �0.4, �0.2

M4 Near surface 4 (19) �0.7, �1.0 24.9, 21.3 10.7, 6.2
9 (47) �0.2, �0.7

Near bottom 4 (19) �0.1, �0.5 20.9, 10.4, 5.9
10 (51) �0.3, �0.2 17.1

M5 Near surface 4 (12) �1.6, 0.3 21.5, 13.9 7.7, 6.3
Near bottom 4 (12) �1.5, �0.5 19.0, 11.4 7.8, 6.9

M8 Near surface 4 (14) 0.1, 0.9 12.5, 9.8 6.5, 3.7
Near bottom 4 (14) �0.2, 0.2 11.6, 8.9 6.2, 4.2

Table 2
Statistics at the northern and southernmost moorings in 2005 (no data were available at M4 and M5). Near surface measurements were at depths 10–20 m and near bottom
measurements were at 55–62 m.

Mooring site Period Instrument depth (m) Net speed ()
(cm s�1, cm s�1)

(u02 + v02)/2
(cm s�1)2

Maximum velocity
(cm s�1)

Principal axis (% variance
on principal axis)

M2 4/23/05–9/23/05 Near surface 0.9, �0.4 328.6 99.7 80� (73%)
Near bottom �0.5, �0.1 216.3 99.9 82� (84%)

M8 7/15/05–9/28/05 Near surface 3.0, �0.5 200.5 65.1 67� (55%)
Near bottom 1.4, 0.2 63.3 43.7 120� (55%)
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to the northern shelf (Fig. 10). The warming of the surface waters
began in May at all four sites with the two-layer structure evident
by June at the three southern moorings and appearing slightly later
at M8 (although the upper instrument was at 18 m, so a shallow
mixed layer would not have been detected). The water column at
M2 and M4 was sharply stratified into upper warm and lower cool
layers, while the water column at M5 and M8 had more gradual
change between the upper and bottom mixed layers (Fig. 10). As
expected, the warmest maximum temperature (>13 �C) was at
M2, while the coolest was at M8 (<11 �C). At all four locations, it
appeared that the mixed-layer depth gradually increased after July,
with increasing wind strength, thus injecting nitrate into the
euphotic zone during the late summer (Fig. 10).

Unfortunately, only two of the fluorometers on the moorings
successfully collected data—one at M2 and the other at M8. The
spring bloom occurred at both stations in May (Fig. 10). At M8,
however, the decrease in chlorophyll after the spring bloom took
much longer than at M2; while at M2 there were several events
of increased chlorophyll during May and June which resulted from
storms (discussed in Section 3.4.3). The chlorophyll temporarily in-
creased at M8 in mid-July (just before the mooring was recovered
and redeployed), presumably in response to a storm (Fig. 10a). The
water column response to this storm may have been greater at M8
than at M2 because this storm was stronger over the northern shelf
than the southern shelf and/or because of less intense stratification
at M8 (Fig. 6). It is not known to what extent grazing influenced the
decline in chlorophyll, since the relative grazing pressure at each
location was unknown. Both M2 and M8 showed a general increase
in chlorophyll in late August and September with the increase of
storm activity and thus entrainment of nutrients into the surface
layer. It must be noted that the fluorescence times series do not
provide a comparison of phytoplankton production, but rather an
indication of timing and duration of the bloom.
3.4.3. Coupling between wind mixing and increased chlorophyll
To examine the coupling between wind mixing and increased

chlorophyll, we used time series of atmospheric variables (air tem-
perature, total radiation, and the cube of the friction velocity, u�3 –
(an indication of wind mixing), ocean temperature, nitrate concen-
tration (at 13 m), and chlorophyll (at 11 m) during a �40-day per-
iod (1 May–9 June; Fig. 11). All variables were measured by
instruments on the moorings at M2, including the wind velocity.
Since the mean flow at M2 is weak, this is a good location to exam-
ine local forcing.

On May 1, the water column was weakly stratified and nutrient
concentrations were lower than usual before the spring phyto-
plankton bloom (historically 16–20 lM; Stabeno et al., 2002). So
the 8 lM of nitrate observed on the southern shelf on 1 May was
likely an indication of earlier phytoplankton production. During
the next 40 days, there were three occasions when chlorophyll in-
creased. These were each associated with a wind event: (1) a 2-day
period of weak winds (4–5 May); (2) a 6-day period of stronger
winds (17–23 May); and (3) a 4-day period of strong winds (26–
29 May).

While the water column was weakly stratified on 1 May, the
daily-average solar radiation was >20 Einsteins m�2 d�1. The sur-
face warmed until the first wind event on 4–5 May. There was sig-
nificant nitrate in the upper water column on 1 May, which was
being depleted by the onset of the phytoplankton bloom. On the
date of the first storm, there was deepening of the surface mixed
layer that introduced more nitrate into the surface layer. Nitrate
values decreased to near 2 lM on �8 May, with the chlorophyll
peaking on 11 May (�7 days after the onset of the first storm).

The temperature in the upper 25 m continued to increase until
17 May, when the period (17–21 May) of low, but sustained wind
stress and cooling of the ocean surface eroded the stratification
and injected nitrate upward into the surface layer. This second



Fig. 11. Time series of atmospheric and oceanographic data from M2 during the month of May. (a) PAR measured at 3 m on the tower of buoy and (air temperature) – (surface
water temperature). (b) The friction velocity (u*3) from the hourly winds measured at the buoy. Wind stress was calculated using Large and Pond (1981). (c) chlorophyll at
11 m and the nitrate at 13 m. (d) Temperature was measured at every �3–4 m and the hourly data were contoured to show temperature structure. (e) Shear measured by a
nearby ADCP.
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mixing event was associated with a period of reduced total radia-
tion and cold air temperatures that cooled the upper water column
(Fig. 11d), thus reducing stratification and permitting greater deep-
ening of the surface mixed layer. Nitrate concentration began
increasing on 18 May. Chlorophyll began to increase about the
same time and reached a maximum around 23 May (6 days after
the onset of the storm).

As the third and most energetic storm mixed the water column
to 50 m, surface nitrate rapidly increased from near zero to >6 lM
and remained at that concentration for about 4 days. Active mixing
of the water column is evident in the shear to a depth of �50 m
(Fig. 11e). The chlorophyll slowly increased to a maximum on 5
June. Temperature in the upper 5 m of the water column, which
had begun to increase soon after the third storm passed, reached
a maximum just before the maximum in chlorophyll. The lag from
storm initiation to maximum nitrate was about 4 days; the lag be-
tween storm initiation and an increase in chlorophyll was 6 or
7 days; and it was 12 days between storm initiation and the max-
imum chlorophyll. During this third ‘‘spring bloom,” chlorophyll
continued to increase after the concentrations of nitrate were
reduced.

The lag between the beginning of the storms and maximum
chlorophyll was �6 days for the weaker storms and 12 days for
the stronger storm. These observed lag times between storm,
nutrient input, and phytoplankton blooms may be of interest to
those attempting to model lower trophic level dynamics. With con-
tinued monitoring we may be able to improve parameterization of
numerical simulations of the timing among storms, mixing, and
phytoplankton blooms (i.e., coupled physics-NPZ models). This will
result in a better understanding of the processes that control not
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only the spring phytoplankton bloom, but summer production as
well (Sambrotto et al., 1986). Variation in the solar radiation,
strength of the storm, phytoplankton compensation depth, micro-
zooplankton grazing pressure, and the species of phytoplankton
that comprised the bloom could all have contributed to differences
in the lag times between the storms and the phytoplankton
blooms.

The influence of winds on the ocean is dependent upon water-
column stratification. This was evident at M2 on 5 May, when a rel-
atively weak storm mixed the water column and introduced sub-
stantial amounts of nitrate into the euphotic zone. Stratification
subsequently increased at M2 and the following storm was less
successful at replenishing the nitrate despite a longer period of sig-
nificant winds. Differences in stratification at M2 and M8 could im-
pact the phytoplankton blooms at the two locations. For instance,
the third storm (26–29 May) was also evident in the modeled
winds from the NCEP Reanalysis (Fig. 10a) at both M2 (black)
and M8 (red). In response to this storm, there was an increase in
chlorophyll at M2, but not at M8. The different chlorophyll concen-
trations may be due, in part, to differences in stratification. The
spring bloom occurred at about the same time at each location,
but the chlorophyll time series at M8 showed a single relatively
long event, while the chlorophyll time series at M2 showed three
relatively shorter events. This is something that we may not have
predicted given the data and initial paradigm offered for the spring
bloom at site M2 (Hunt et al., 2002; Stabeno and Hunt, 2002).

3.5. Watermass characteristics: temperature and salinity

The temperature/salinity (T–S) patterns obtained from time ser-
ies of temperature and salinity measured on the moorings (May–
September) were distinctly different among the two southern,
Fig. 12. Hourly temperature and salinity data from each moorings from three depths: nea
the temperature and salinity changed over the course of the deployment (May to Septem
that panel. The beginning of the time series (May) is indicated and the middle Septemb
the central, and the northern mooring sites (Fig. 12). Data from
three different depths from the two southern moorings (M2, M4)
show seasonal warming with a slight decrease in salinity over
the course of the summer. Thus the density at all depths decreased
during the time period. This is consistent with previous observa-
tions at M2 (Stabeno et al., 2007). In sharp contrast, data from
the central (M5) and the northern moorings (M8) show consider-
able (�1 psu), variability in the salinity. At these moorings, the
near-bottom salinity increased over the deployment period and
although there was some warming the density increased during
the summer months. The near-surface salinity was highly variable,
especially in July–August, where short periods (�week long) of
lower or higher salinity occur. These are likely the result of advec-
tion. The near surface water became less dense during the summer.

In May, at the beginning of the time series, the water at M5 and
M8 was fresher than at M2 and M4, as a result of ice melt and the
vertical mixing of this fresher water throughout the water column.
Immediately after the water column became stratified, the temper-
ature remained <�1 �C at M5, but the surface freshened by
�0.6 psu, while the deeper water became more saline by
�0.4 psu. Ice persisted to the east and north of St. Matthew Island
into June. As seen in the historical currents (Table 2), the flow at
M5 is westward. Hence, the melting of ice behind St. Matthew
would result in fresher surface water during late spring, which
could then be advected past the mooring. By September the bot-
tom salinity at M5 had increased to a concentration similar to that
observed at M4 at the beginning of May.

At M8 there appeared to be periods of increased salinity in the
surface waters. This occurred in mid to late summer, and the
source is likely water that was advected northward along the
100-m isobath and then onto the middle shelf as seen in the trajec-
tories of satellite-tracked drifters (Fig. 1). As the summer pro-
r surface (black), mid-water (red), and near bottom (green). These panels show how
ber). The near-surface instrument at M4 failed, so there are only two time series in
er is also indicated.
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gressed the bottom instrument at M8 showed an increase of salin-
ity accompanied by a slight warming. This increase in salinity at
M8 was not as substantial as that observed at M5.

Cross shelf and along shelf advection were the cause of the tem-
poral changes in salinity at the moorings. At M2 and M4 the
changes were relatively small, since advection at these two moor-
ings was weak during the summer (Stabeno et al., 2007). At M5 and
M8, however, the near-bottom increase in salinity after June indi-
cated the importance of advection at these locations. One distinct
possible source of water is the Pribilof region, where bottom salin-
ities (60–100 m water depth) range from 32.0 to 32.6 (Stabeno
et al., 2007). Historically, drifter trajectories have revealed a weak
on-shelf flow somewhere between M4 and M5 (Flint et al., 2002;
Stabeno et al., 2006); this cross-shelf flow originates just north of
the Pribilof Islands. Evidence for a cross-shelf flux was also found
in changes in the spatial extent of the cold pool. A cold pool forms
over that portion of the shelf, and as summer progresses this
southern cold pool often becomes isolated from the northern cold
pool, with warmer temperatures occurring somewhere between
M4 and M5 (Wyllie-Echeverria, 1995a,b).

Historical reports of the broad-scale distribution of Bering Sea
zooplankton communities also support the hypothesis that cross
shelf advection of species occurs regularly on the shelf (e.g., Vinog-
radov, 1956; Motoda and Minoda, 1974). Zooplankton community
distribution maps from the Russian literature describe an intrusion
of oceanic organisms into the middle shelf domain north of the Pri-
bilof Islands, inshore to about the latitude of Nunivak Island (Coo-
ney et al., 1981; Coyle et al., 1996). The location of this intrusion is
very similar to where we found the North–South Transition that
was formed after the advection of slope or outer shelf water occu-
pied the middle shelf. Similarly, Coyle and Pinchuk (2002b) de-
tected oceanic and outer domain species near the inner front (ca.
50 m isobath) in this region. However, neither our spring nor late
summer 2005 samples in that area showed significant concentra-
tions of oceanic community species such as Neocalanus spp., Eucal-
anus bungii, or Metridia pacifica. The spring densities of these taxa
(1–5 m�3) were greater farther south, between CTD Stations 94
and 118, perhaps due to on-shelf transport at Bering Canyon or
transport across the shelf during spring before the frontal structure
had become established.

These physical and biological observations support the hypoth-
esis that the source of the warmer, more saline water observed at
M5 and to a lesser extent at M8 was the outer shelf in the vicinity
of the Pribilof Islands. The exact pathway is unknown. One possi-
bility (supported by historical data) is that the weak onshelf flow
north of St. Paul Island introduces water from the vicinity of the
Pribilof Islands onto the shelf south of M5.
4. Summary

During 2005, the modeled winds did not differ significantly be-
tween the northern and southern shelves. Water-column stratifica-
tion varied from north to south with a sharp two-layer structure
over the southern middle shelf and more gradual vertical density
gradient over the northern middle shelf (Fig. 6). This was largely
due to the decrease in tidal mixing energy with increasing latitude.
In the spring, the vertical structure of the northern shelf is weakly
stratified by temperature and moderately stratified by salinity. By
early autumn, the southern shelf is stratified almost completely by
temperature and the northern shelf by a combination of tempera-
ture and salinity. Following Carmack (2007), there is a temptation
to refer to the salinity influenced northern portion of the Bering
shelf as a beta ocean and the temperature-dominated southern
portion as an alpha ocean, but such a designation would not be
appropriate for this region. Carmack (2007) described the ocean
basins, where such a differentiation is long lasting. In contrast
the salinity–temperature structure on the shelf can be ephemeral
and dependent upon the year-to-year variability in sea-ice extent.

The presence/absence of sea ice modifies the physics, chemistry,
and biology of the Bering Sea shelf. In the spring, the northern limit
of the southern shelf was determined by the southern extent of
spring ice. Advection modified the position of the transition zone
between the north and south over the middle shelf. In 2005, this
resulted in a northward shift of the transition between the north-
ern and southern shelves during late spring and early summer.
Other than the position of this transition zone, differences between
the north and southern middle shelf, that were set up by ice, per-
sisted through summer. Whether this occurs each year is not
known, although we would hypothesize that in other years sea
ice would influence the structure over the shelf and a northward
shift would occur, since the weak flow patterns over this shelf ap-
pear to be consistent from year to year (Stabeno et al., 2007). The
position of the cross-shelf flow that occurs north of the Pribilof Is-
lands, however, may change from year to year, since it is probably
related to the baroclinic structure over the shelf. This structure is
dependent upon maximum ice extent, so this boundary between
the northern and southern shelves will vary because of variability
in the spatial position and timing of maximum ice extent. It must
be noted that climate models predict that the maximum ice extent
over the eastern Bering Sea shelf will remain south of St. Matthew
Island. Thus the division between the northern shelf and southern
shelf, as evidenced by the extent of the cold pool, will likely remain
in the vicinity of St. Matthew Island.

In contrast to the stability of the middle domain, water proper-
ties resulting from presence of sea ice over the outer shelf did not
persist. Flow over the outer shelf (particularly along the 100-m iso-
bath, Fig. 1) is stronger than over the middle domain. In addition,
the outer shelf interacts with water from the slope and basin. In
particular, instabilities over the slope can result in intrusions of
slope water onto the shelf (Stabeno and van Meurs, 1999; Schum-
acher and Stabeno, 1998; Mizobata et al., 2008). All these can mod-
ify the water properties over the outer shelf.

There was a significant reduction (�50%) in nitrate concentra-
tions on the northern shelf during the summer that was likely a re-
sult of nutrient uptake by phytoplankton. In addition, there were
unprecedented nitrite concentrations in the summer in an area
that had been covered by ice and modified through advection.
These high concentrations were perhaps a result of uncoupled
nitrification.

During spring, the zooplankton communities differed between
the northern and southern middle shelf domains. In late summer
2005, biological processes may have acted to erase differences in
zooplankton community structure created by the initial conditions
during winter and spring.
5. Concluding remarks

The work presented here significantly increases our under-
standing of the patterns and processes over the eastern Bering
Sea shelf and complements the focused studies of the Bering Strait
region between St. Lawrence Island and Bering Strait (Grebmeier,
1993) and the examinations of how ice influences these ecosys-
tems (Clement et al., 2004, 2005). Historically, northern and south-
ern regions of the Bering Sea shelf have been defined by absolute
geographic coordinates, but from an ecosystem perspective, north
and south may be more appropriately defined by a physical, chem-
ical, and biological structure that is a response to the presence or
absence of seasonal sea ice. In spring 2005, the transition between
the northern and southern shelves was evident in the temperature,
salinity, vertical density structure (Brunt–Väisälä frequency), sur-
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face nutrients, and the zooplankton community (Figs. 4 and 8),
while in late summer, it was most evident in the surface salinity,
bottom temperatures, and surface nutrients (Fig. 5).

In 2005, the southern shelf ice-free area stretched from the
Alaska Peninsula to approximately Station 91, while the transition
region extended from Station 91 to just south of St. Matthew Is-
land. The northern portion of the middle shelf stretched from the
northern end of the transition to St. Lawrence Island where the
middle shelf ends. So, in addition to the standard cross-shelf do-
mains (coastal, middle, and outer), there are, at least over the mid-
dle shelf, a northern domain and a southern domain. We suggest
the southern part of the middle shelf retain the name of the Middle
Shelf Domain, while the northern part be called the Northern Mid-
dle Shelf Domain with the transition between them identified as
the North–South Transition.

The results reported here are from a single year, 2005, with lim-
ited ice extent. They are the patterns one would expect in the early
stages of a warming cycle. Results from low, moderate, and high ice
years are necessary to understand if the observations and mecha-
nisms proposed here are valid for the full range of ecosystem re-
sponse. At the time of this writing we are in a period of
extensive ice, and cool to extreme cold for the eastern Bering
Sea. Two new programs, the Bering Ecosystem Study (BEST) and
the Bering Sea Integrated Ecosystem Research Program (BSIERP)
are providing the data to examine our conclusions.
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