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Abstract-The southeastern Bering Sea shelf experienced dramatic changes in Jarge-scale climate conditions 
and local weather conditions during 1997,1998, and 1999. We investigated the changes in the nutrient distri
bution and primary production in response to the changing physical condition over the shelf region. The tem
perature and salinity profiles showed that sea ice conditions and wind-mixing events strongly influenced the 
hydrographic conditions. BiologicaJ utilization and physical process, such as hOlizontaJ advection below the 
pycnocline, played an important role in the distribution and interannual variation of nutrients. The distribution 
of temperature and ammonium across the shelf suggested that there was offshore transport of the middle shelf 
water at mid-depths over the outer shelf, which may export materials from the middle shelf to the outer shelf 
and shelf break. The distribution of the carbon and nitrogen uptake rates showed large interannual differences 
due to variations in t.he development of stratification and nutrient concentrations that resulted from variations 
in the sea ice dynamics and wind mixing over the shelf region. The occurrence of a high amount of ammonium 
in the early spring may affect the nitrate utilization and result in an increase of the total primary production. 

INTRODUCTION	 anomalies from late May to mid-July and winds were 
generally weak, except for a severe storm in May

The fluctuations of atmospheric conditions are [26, 34]. In 1998, the strength of the Aleutian Low was 
closely related to the variations of solar radiation, sea similar to that in 1997, but the solar heating anomalies 
ice cover, and water column temperature, and are very were near Zero and winds were strong into June and 
important controlling factors of ecosystem over the after mid-August [34]. In 1999, the 1998/1999 LaNina 
southeastern Bering Sea shelf [29]. The strength and conditions affected the North Pacific and the southeast
position of the Aleutian Low during the winter (storm ern Bering Sea and the pattem and strength of winds 
tracks along the Aleutian Island chain) affect the winds were similar to those in 1998 [10, 33). 
and surface heat flux over the southeastern Bering Sea 

The interannual variations of physical conditions durshelf, which, in tum, control the extent and duration of 
ing the years of 1997, 1998, and 1999 were accomparued sea ice [24, 34]. The variations of sea ice and wind 
by unusual responses of biological and chemical condiinfluence the development of spring blooms with an 
tions [19, 26, 34]. Severa! anomalous conditions were early ice-edge bloom occurring in colder years and a 
observed from lower to higher trophic levels. Theselater open water spring bloom in warmer years [13,22]. 
include a large decrease of deep nitrate concentrations This further affects the growth and survival of larval 
during June 1997 [27, 37], an unprecedented bloom ofand juvenile fish and recruitment of large piscivorous 
coccolithophores (Emiliania huxleyi) beginning in July fish [8, 22]. The location of the Aleutian Low is closely 
1997 [12,38], low retums of sockeye salmon (Oncorhynrelated to large-scale atmospheric variations, such as 
chus nerka) to Bristol Bay during 1997 and 1998 [12] the El Nino/Southem Oscillation (ENSO) and the 
(recuning in 1998 and 1999 [J 2]), and a massive mortauty 

Pacific DecadaJ Oscillation (PDO) of the N01th Pacific of short-tailed shearwaters during [997 [3]. 
sea surface temperature (20, 34J. 

The purpose of this study is to describe the 
During the years of 1997, 1998, and 1999, both responses of physical (temperature and salinity), chem

large-scale atmospheric conditions and local weather ical (nutrient), and biological (spring primary produc
conditions showed a strong interannual variation over tion) conditions to the observed atmospheric conditions 
the southeastern Bering Sea shelf. In 1997, the Aleutian during 1997, 1998, and 1999. The distribution of tem
Low was slightly stronger than nonnal due to the atmo perature, salinity, and nutrients was examined across 
spheric teleconnection of ENSO to the southeastern the shelf and along the 70 m isobath of the middle shelf 
Bering Sea. There were strong positive solar heating of the southeastern Bering Sea, The total and new pro

duction were measured using 13C and 15N dual labeling 
techniques [30] in order to estimate the spring primary 

*This article WaS submilled by the authors in English. production, 
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377 INTERANNUAL VARlATIONS OF NUTRlENTS AND PRIMARY PRODUCTION 

MATERIALS AND METHODS 

Data were collected over the southeastem Bering 
Sea shelf during early May of 1997, 1998, and 1999 
(Fig. I). Water samples for nutrient analyses (nitrate, 
silicate, phosphate, ammonium, and nitrite) were taken 
from Niskin bottles mounted on a CTD/rosette sampler 
and were analyzed on the ship [41]. Water samples for 
productivity measurements were taken from six depths, 
which corresponded to the 100, SO, 30, 12, 5, and 1% 
penetration of the surface photosynthetically active 
radiation (PAR) at a moming or mid-day station. Each 

bottle was spiked with 10% additions of J3C (HtJeO;) 

and t5N tracers ('5N 0; or 15NH;) and then placed in a 

deck incubator cooled by running surface seawater for 
4-6 h. After 4 h, the incubations were terminated by 
collecting the particulate matter on precombusted GF/F 
glass fiber filters and were kept frozen unlil preparation 
for mass spectrometric analysis. The filters were acid 
fumed and dried for 24 h at 60°C. The isotopic analysis 
for the De and 15N abundance and the measurements of 
the quantity of particulate organic calbon (POC) and 
particulate organic nitrogen (PON) were performed 
with a CN analyzer coupled to a Europa 20-20 mass 
spectrometer. The 15N uptake rates were calculated 
using the following standard JGOFS procedures [39]. 
The calculation of the carbon uptake rates (h-t) was 
undertaken with minor modification of the nitrogen 
equations, such as those for the natural abundance of 
DC (atom %) in the particulate phase (1.108%). 

N 

RESULTS 

Distributions ofHydrographic Properties 

Interannual variations of the spring hydrographic 
conditions were evident in the temperature and salinity 
distributions of the across-shelf transect and the 
transect along the 70 m isobath (Fig. 2). During early 
May 1997, the temperature ranged from ca. -1 to 4°C 
and the salinity ranged from 31.14 to 32.76 psu. A two
layer structure over the middle shelf region was evident 
in the temperature profile, while a three-layer system 
occun'ed over the outer shelf region and a homoge
neous water column occurred on the innennost part of 
the transect. The influence of ice melt water was evi
dent by the presence of cold (-1 to 2°C) and relatively 
fresh «32 psu) water masses over the shelf region 
where the water column depth was shallower than 
100 m, especially at the inner stations of the transect 
around the M2 station over the middle shelf (Fig. 2). 
There was a tonguelike feature of the 3°e isotherm over 
the outer shelf region between 30 and 80 m, which may 
be related to the export of middle shelf water masses to 
the outer shelf (Fig. 2). Warmer (>3.5°C) and saltier 
(>32.6 psu) water masses occurred in the bottom layer 
over the outer shelf region. 

During early May 1998, the water masses over the 
middle and outer shelf were warmer (2 < T < 4°C) and 
saltier (32 < S < 33 psu) than during early May 1997. A 
homogeneous water mass was distributed at depths 
shallower than 80 m over the entire shelf area. The min
imum temperature over the shelf region was about 2°C, 
which was ca. 3°e higher than in 1997, while the max
imum temperatures in the bottom layer over the outer 
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Fig. 1. Locations of hydrographic statJons across the shelf and along the 70 m isobath over the southeastern Bering Sea shelf during 
the spring cruises of 1997, 1998, and 1999. 
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Fig. 2. Distributions of temperature (left) and salinity (right) across the southeastern Bering Sea shelf during the spring cruises of 
1997, 1998, and J999. The locations of mooring stations are marked by arrows. 

shelf were similar both in 1997 and 1998. Similar to in 
early May 1997, warmer and saltier waler masses also 
occurred in the bottom layer over the shelf region. 
However, the area that was wanner and saltier than the 
4°C isotherm and the 32.7 psu isohaline was larger in 
1998 than in 1997. The depth of the 33 psu isohaline 
was slightly shallower in 1998 than 1997. The slope of 
the shelf-break front was more horizontal in 1998 than 
in 1997. During early May 1999, the ranges of the tem
perature (-1.2 < T < 3.6°C) and salinity (31.8 < S < 
33.1 psu) were similar to those in May 1997 but the dis
tributions were more similar to those in May 1998 

(Fig. 2). However, there was no temperature signal that 
would suggest the export of middle shelf water onto the 
outer shelf. The distributions of the temperature and 
salinity in the bottom layer over the shelf were slightly 
cooler (OA°e) and saltier (0.2 psu), and the 33 psu iso
haline occurred farther inshore over the outer shelf 
region compared with the previous two years. However, 
the slope of the shelf-break front was similar to that in 
1997. 

The profiles of the temperature and salinity indi
cated a strong influence of ice melt water along the 
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Fig, 3. Distributions of temperature (left) and salinity (right) along the 70 In isobath in the middle domain during the spring cruises 
of 1997, 1998, and 1999, The locations of mooring stations are marked hy aITOWS, 

70 m isobath transect, which was much more promi water masses in the bottom layer of the northern and
 
nent in tbe northern part than in the southern part of the southern parts of the transect (Fig, 3),
 
transect. The properties of the water column were not
 
homogeneous and also showed large interannual varia


Distribution ofNutrientstions (Fig, 3), During 1998, a relatively warm (>2°C) 
and saline (>32 psu) water mass occurred in the water During the spring of 1997, 1998, and 1999, the con
column around the 100 km region of the transect and centrations and the spatial distributions of nitrate and 
the temperature and salinity along the transect were ammonium showed strong variations in the across shelf 
slightly higher than in 1997 (Fig, 3). During early May transects (Fig, 4), During early May 1997, the nitrate 
1999, the distribution of the temperature and salinity concentrations ranged from 0,5 to 22 11M over the shelf 
clearly showed the intrusion of the warm and saline region. Low nitrate concentrations «111M) occurred in 
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Fig. 4. Distributions of nitrate (left) and ammonium (right) across the southeastern Bering Sea shelf during the spring cruises of 
1997, 1998, and 1999. The locations of mooring stations are marked by ,mows. 

most of the surface layer «20 m) across the shelf. (Fig. 4). The center of the high ammonium concentra
However, a relatively high nitrate concentration tions (ca. 8-14 j...lM) occurred around mooring site M2 
(ca. 9 j...lM) occurred at the outer shelf station, where a and was vertically homogeneous throughout the water 
saline water mass outcropped in the surface layer as column. The ammonium concentrations gradually 
indicated by the 32 psu isohaline. In the bottom layer of decreased away from the M2 station and were less than 
the middle shelf, the nitrate concentrations were still 1 j...lM over the outer shelf region. A subsurface tongue
high (>8 ~M). There were high nitrate concentrations like structure of the 3 fl-M ammonium concentration 
(>20 j...lM) in the bottom layer over the outer shelf. A occurred at about a 7S m depth over the outer shelf 
strong gradient of ni trate concenlTations, from 10 to region at the 120 m isobath (Fig. 4). 
20 11M, occurred at the shelf-break front (Fig. 4). The During early May 1998, the nitrate concentrations 
ammonium concentrations ranged from 0.3 to 14 ~M were slightly higher over the entire southeastern Bering 
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Fig. 5. Dis(ributions of nitrate (left) and ammonium (right) along the 70 m isobath in the middle domain during the spring cruises 
of 1997, J998, and 1999. The locations of mooring statiOns are marked by arrows. 

Sea shelf compared with early May 1997 and ranged 
from 7 to 23 11M (Fig. 4). The nitrate concentrations 
were vertically homogeneous in the upper LOO m of the 
water column over most of the shelf region. The nitrate 
concentrations were low «811M) at the inner end of the 
across shelf transect and gradually increased toward the 
offshore stations. The nitrate concentrations were high 
(>20 11M) in the bottom layer of the outer shelf. The 
ammonium concentrations were greater (ca. 5-15 11M) 
during early May of 1998 than during early May of 
1997 and were vertically homogeneous. The center of 
the high ammonium concentrations (7.5-15 11M) 

occurred around the 100 m isobath. The ammonium 
concentrations gradually decreased from the center of 
the high ammonium concentration, except that high 
ammonium concentrations (ca. 5-10 I1·M) also occurred 
over the shelf-break region. There was also an indica
tion of a mid-depth export of high ammonium to the 
outer shelf over the 100 m isobath (Fig. 4). 

During early May 1999, the ni trate concentrations 
were higher (ca. 9-30 11M) but the ammonium concen
trations were lower (ca. 2---6 11M) over the shelf region 
compared with the previous two years (Fig. 4). The 
nitrate concentrations rapidly increased from 10 to 
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16 ~M around the M2 station. A water mass containing 
high nitrate (16-20 ~M) occupied most of the shelf 
region. There was a slight decrease of the nitrate con
centration in the surface layer over the outer shelf, 
where the water column was still well mixed to 70 m. 
The nitrate concentration in the bottom layer over the 
outer shelf was higher (:28 ~M) than during the previ
ous two years, and the area with >20 ~M nitrate was 
greater. The ammonium concentrations over most of 
the shelf region were low «2 )..lM) compared to the pre
vious two years. In the surface layer over the outer 
shelf, the ammonium concentrations were high (ca. 
6 ~M) and decreased gradually away from that region 
(Fig. 4). 

The concentrations of nitrate and ammonium along 
the 70 m isobath also showed large interannual varia
tions. During early May, the nitrate concentrations 
ranged from 0.03 to 11 ~ in 1997; 8-15 ~M in 1998; 
and 0.2-21 )..lM in 1999 (Fig. 5). The nitrate concentra
tion was depleted «1 ~) at most of the stations along 
the 70 m isobath over the middle shelf. During 1998, 
high nitrate concentrations (> II ~M) occulTed in the 
warmer and saltier water masses of the 70 m isobath 
transect. Relatively low nitrate concentrations «8 )..lM) 
occUlTed at the southern end. In 1999, at the northern 
end of the transect, depletion of the nitrate concentra
tion (<1 )..lM) occurred in the surface layer, while high 
concentrations (> 15 )..lM) were found in the relatively 
high salinity bottom layer. The Nitrate concentrations 
in the bottom layer were generally high in the north and 
decreased progressively toward the south. At the south
ern end, the nitrate concentrations were slightly lower 
in the snrface layer than in the bottom layer. 

The ammonium concentrations ranged from 0.3 to 
15.4)..lM along the 70 m isobath transect during the 
three years with a general trend of higher concentra
tions in the south (Fig. 5). Some of the lower ammo
uium concentrations «4 )..lM) occurred around stations 
with high uitrate concentrations. In 1999, the ammo
nium concentrations were generally lower (0.3
10.4 )..lM) than during the previous two years. High 
ammonium concentrations occurred in the water col
umn between 200 and 300 km from the southern end 
of the transect; they were coincident with the center 
of a cold «-0.5°C) and less saEue «32 psu) water 
mass. 

Carbon and Nitrogen Uptake Rates 

The carbon uptake rates showed interannual varia
tions across the southeastern Bering Sea shelf during 
early May of 1997, 1998, and 1999 (Fig. 6). During 
early May 1997, the carbon uptake rates ranged from 
0.1 to 42.4 ~g C 1-1 h- I along the across shelf transect. 
In the middle shelf region, two extreme carbon uptake 
values were observed. The lowest carbon uptake rates 
«0.2 )..lg C I-I h- I ) occurred at M2, while the highest 
uptake rate (42.4)..lg C 1-1 h- I ) was observed at stations 

between M3 and M2, where high nutrient water out
cropped in the surface layer. At the shelf-break and the 
outer shelf regions, moderate carbon uptake rates (0.2
6.0 ~g C I-I h-') were observed. During early May 
1998, the carbon uptake rates ranged from 0.1 to 8.9 ~g 

C I-I h- I across the shelf. Most of the carbon uptake 
rates were less than 2.5 )..lg C I-I h- l , except for the high 
carbon uptake rate (ca. 8.9)..lg C 1-1 h- I ) at the innermost 
station (St. 33) of the transect. The maximum carbon 
uptake rates in the spring of 1998 were much lower than 
in 1997. During early May 1999, the carbon uptake 
rates ranged from 0.1 to 13.5 ~g C 1-1 h- I along the 
across shelf transect. The carbon uptake rates were gen
erally less than 5,4 ~g C I-I h- I but were elevated (up to 
13.5 )..lg C 1-1 h- I ) at the shelf-break station. The carbon 
uptake rates were lower in 1999 than in 1997 but were 
slightly higher than in 1998. 

The carbon uptake rates of the spring of 1997, 1998, 
and 1999 varied interannually along the 70 m isobath 
transect of the middle shelf (Fig. 7). During early May 
1997, the carbon uptake rates were generally low over 
the middle shelf and were similar in both the southern 
and northern areas. During early May 1998, the carbon 
uptake rates were slightly greater than during 1997. The 
carbon uptake was high in the surface layer and 
decreased with depth. The carbon uptake rates in the 
surface layer ranged from 0.58 to 8.8 )..lg C l-lh-1. The 
carbon uptake rates in 1998 were slightly greater in the 
south than in the north. The highest uptake rate in 1998 
occurred at station 32, which is located at the inner end 
of the transect in the southern part of the middle shelf. 
During early May 1999, the carbon uptake rates were 
high in the surface layer and decreased with the depth 
in the southern part of the transect, while the carbon 
uptake rates showed a subsurface maximum in the 
northern part. The carbon uptake rates in 1999 were 
slightly greater than those of the previous two years. 
The uptake rates were higher in the north than in the 
south, in contrast to 1998. 

The nitrate uptake rates in the across shelf regions 
also showed interannual variations during the spring of 
1997, 1998,aud 1999 (Fig. 6). During early May 1997, the 
nitrate uptake rates ranged from 0.01 to 3.8 )..lg N I-I h- I in 
the middle shelf region and from 0.1 to 1.4 ~g N 1-1 h- I 

in the outer shelf and the shelf-break regions. The 
nitrate uptake rates showed two extreme values in the 
middle shelf area. The minimum value occurred around 
station M2, and the maximum value occurred at sta
tions between M3 and M2, where high nutrient water 
reached the surface. DUling early May 1998, the nitrate 
uptake rates were generally less than 0.1 )..lg N I-I h- I 

across the shelf, except for the innermost station (0.02
0.46 )..lg N \-1 h- I ) of the transect. The nitrate uptake 
rates were generally lower in 1998 than in 1997 in spite 
of the higher nitrate concentrations in 1998 compared 
with 1997. During early May 1999, the nitrate uptake 
rates were lower in the middle shelf region (0.02

OCEANOLOGY VoL 45 No.3 2005 
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Fig. 6. Vertical profiles of the carbon, nitrate, and ammonium uplake rates from across the shelf over the southeastern Bering Sea 
during May of 1997, 1998, and 1999. SB indicates the shelf-break region, MS stands for the middle shelf. and M2 and M3 are the 

60 

locations of moorings over the shelf region. 

0.25 Ilg N I-I h- I ) than in the outer shelf and the shelf
break regions (0.02-9.0 ~g N I-I h-'). In general, the 
nitrate uptake rates were higher in the across shelf 
transect in 1999 than during the previous two years. 

Similar to the nitrate uptake rates, the ammonium 
uptake rates also varied among the years studied. Dur-
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ing early May 1997, the ammonium uptake rates were 
generally less than 0.21-lg N 1-1 h- I , except at station 23 
(0.06-5.54 I-lg N I-I h-1) over the middle shelf. In the 
outer shelf and the shelf-break: regions, the ammonium 
uptake rates were 0.I-o.73Ilg N I-I h-1. During early 
May 1998, the ammonium uptake rates were slightly 
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Fig. 7. Vertical profiles of carbon. nitrate, and ammonium uptake rates along the 70 m isobath over lhe middle shelf transect during 
May of 1997. 1998, and 1999. M4 and MN are located in the northern part of the middle shelf and M2 and MS are located in the 
southern parI of the middle shelf. 

higher across the shelf than during i997. The ammo shelf transect During early May 1999, the ammonium 
nium uptake rates over the middle shelf were simiiar to uptake rates across the shelf were slightly higher than 
those over the outer shelf. The ammonium uptake rates during 1997 but were lower than those for 1998 
ranged from 0.6 to 2.01 ,...lg N I-I h- 1 along the across (Fig. 6). 
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Along the 70 m isobath transect, the nitrogen uptake 
rates were generally similar to those of the middle shelf 
in the across the shelf transect but showed large inter
annual variations (Figs. 5, 7). The nitrate uptake rates 
were slightly high in the southern part of the middle 
shelf during the spring of 1997 but were much greater 
in the north than in the south during the spring of 1999. 
During the spring of 1998, the ammonium uptake rates 
were slightly higher in the south than in the north 
(Fig. 7). 

DISCUSSION 

There were large interannual variations in the phys
ical conditions such as the extent and duration of the 
sea ice coverage, the sea surface temperatures (SSTs), 
and the water column average temperatures over the 
southeastern Bering Sea during 1997-1999 [13, 34]. 
These were closely related to the variations of the atmo
spheric conditions and local weather conditions. In 
1997, the sea ice conditions were similar to the average 
of the last three decades except for the timing of the 
maximum ice extent and retreat [34]. The summer 
SSTs were among the warmest on record since the 
1960s due to the weaker winds than nomal during the 
spring and the summer, but the depth-integrated tem
peratures were typical of those observed during the last 
decade [13. 34]. In L998, ice advanced to M2 and 
melted in February during a period of weak winds. This 
prevented the mixing of the fresh cold water to the bot
tom. After the retreat of the sea ice in late February, the 
winds were strong enough to mix the fresh cold surface 
water with the warm saline bottom water, and this 
resulted in the warmest depth-averaged temperatures 
observed in the 1990s [34]. In 1999, the extent of the 
sea ice was not different from that in 1997, but the 
arrival of the sea ice at M2 was earlier than in 1997 and 
the retreat of the sea ice was slow compared to the aver
age rates of the last two decades [32]. The sea surface 
temperature and depth-averaged temperatures were 
also colder than those of the previous two years [33]. 

There were strong interannual variations in the dis
tribution of the salinity and temperature over the Bering 
Sea shelf during early May of 1997-1999 (Figs. 2, 3), 
which may be related to the variation of the dynamics 
of the sea ice. The distribution of the salinity over the 
southeastern Bering Sea shelf in the early spring was 
largely controlled by the input of freshwater from melt
ing sea ice [34]. In particular, the fresh water supply 
from the melting sea ice and precipitation is a major 
source of fresh water over the middle shelf [6]. During 
the early spring of 1997-1999, the distributions of the 
salinity and temperature across the shelf and along the 
70 m isobath over the middle shelf clearly showed that 
the locations of the low salinity water masses corre
sponded well to the locations of low temperature 
(Figs. 2, 3). 

The interannual variations of the onshore fluxes may 
playa very important role in the hydrographic charac-
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teristics over the middle shelf. The salinity was similar 
in 1998 and 1999 but lower in 1997 (Figs. 2, 3). The 
maximum ice coverage was similar in 1997 and 1999, 
but the salinity was higher in 1999 than in 1997. The 
maximum ice coverage was slightly lower in 1998 than 
in 1999, but the salinity was similar in both years. Thus, 
the fresh water input alone cannot explain the interan
nual variations of the salinity. This may have resulted 
from the increased onshore transport of the slope water. 
Stabeno et al. [34] observed that the cross shelf trans
port was reduced in 1997 but enhanced in 1998. The 
distribution of the salinity in the bottom layer over the 
outer shelf showed that the locations of the 33 psu iso
haline gradually moved onto the shelf from 1997 to 
1998 and 1999 (Fig. 2). As discussed later, the location 
of the 16 j.tM isopleth of nitrate over the shelf also indi
cates an increase in the onshore transport of high nitrate 
slope water in the shelf region (Fig. 4). Our data agreed 
well with the result from the mooring station over the 
middle domain on the southeastern Bering Sea shelf 
(M2) showing greater enhancement of the cross-shelf 
transport in 1998 than in 1997 [34]. 

During the early spring of 1997, 1998, and 1999, the 
concentrations and distributions of nitrates showed 
large interannual variations in response to the variations 
in the sea ice and winds, which changed the nutrient uti
lization (Figs. 4, 5). The fluorescence data from the 
mooring station indicated the occurrence of an ice 
related bloom in late April at the M2 site over the mid
dle shelf [34], which presumably resulted in an exten
sive utilization of nutrients in the surface layer during 
early May 1997 In the early spring of 1998 and 1999, 
an early retreat of the sea ice (February) and strong 
wind mixing prevented the development of density 
driven stratification, which may cause high nitrate con
centrations (Figs. 2-5). Unfavorable physical condi
tions were responsible for the Lack of an obvious spring 
bloom. The fluorescence data from mooring station 2 
clearly show no apparent increase in the early spring of 
1998 and 1999, except for an increase in early March 
1999 [13]. 

The interannual variation of the onshore flux of 
nutl'ient-rich slope water in the bottom layer over the 
outer shelf may influence the distribution of nitrates 
over the shelf. During early May of 1998 and 1999, the 
strong wind mixing resulted in a vertically homoge
neous nitrate distribution over the shelf, but the nitrate 
concentrations were slightly higher in 1999 than in 
1998 as indicated by the location of the 16 /-L\1 isopleth 
across the shelf (Figs. 4, 5). The biological utilization 
of nitrate was suppressed in both 1998 and 1999 due to 
the st.rong wind mixing in the early spring. The nitrate 
uptake rates were lower both in 1998 and 1999 in spite 
of the high nitrate concentrations within the water col
umn (Fig. 6). Ammonium inhibition of the nitrate 
uptake rates by high ammonium concent.rations may 
not be responsible for the slightly lower nitrate concen
t.ration in 1998, because the ammonium concentrations 
were generally higher over the shelf in 1998 than in 
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Fig. 8. The relatiollship between ammonIUm and phosphate 
in the high ammonium concenlration regions of the south
eastern Bering Sea shelf dUling the PROBES study and this 
study. During the PROBES study, stations ]4-18 were 
located over the middle shelf, stations 11-13 were located 
over the middle front, and stations 8-10 were located over 
the outer shelf region. 

1999 (Figs. 4, 5). Therefore, we cannot explain the 
higher nitrate concentration in 1999 compared with 
1998 based on biological consumption alone. 

There may be other factors important for regulating 
the nitrate concentrations over the southeastern Bering 
Sea shelf such as the interannual variations of the 
onshore fluxes of slope waters in the bottom layer. As 
discussed earlier, the distribution of the salinity sug
gested strong interannual variations of the onshore flux 
during 1997, 1998, and 1999. In the across shelf 
transect, the salinity in the bottom layer of the shelf 
break was higher in 1999 than in 1998, which was 
deduced by the farther intrusion of the 33 psu isohaline 
over the shelf region in 1999 than in 1998 (Fig. 2). The 
salinity profiles along the 70 m isobath transect also 
showed more extensive intrusion of high salinity and 
nutrient rich waters in 1999 than in 1998 (Figs. 3, 5). 

The mechanisms for the interannual variation of the 
onshore fluxes are poorly understood. Okkonen et al. 
[25] recently showed how anticyclonic eddies modify 
the Structure of the shelf-break front and enhance the 
transport of high nutrient and salin ity slope water in the 
shelf regions of the Gulf of Alaska. Stabeno and 
Van Meurs [36] observed that an episodic event of 
onshore flow was related to an anticyclonic eddy in the 
southeastem Bering Sea. Mizobata et al. [16] observed 
the upward transport of nutrient rich water at the edge 
of anticyclonic eddies in the Bering Sea basin during 
the summer of 200 L. The interannual variation of the 
eddy activity along the shelf-break region may play an 
important role in the variation of the onshore transport 
of nutrient rich slope water in the bottom layer of the 
shelf. 

The occurrence of a high ammonium concentration 
over the shelf region was one of the interesting charac

teristics of the nutrient distribution during the early 
May period of 1997-1999. During the PROBES study, 
high ammonium concentrations were observed in the 
bottom layer over the middle shelf as a result of rem
ineralization of the spring phytoplankton bloom during 
the early summer. but the ammonium concentrations 
across the shelf were low during the initiation of the 
spring bloom in April and May [42]. The degradation of 
organic material produced both phosphate and ammo
nium concentrations. which resulted in a strong posi
tive relationship between the ammonium and phos
phate concentrations. However, this relationship was 
modified by the low ammonium and high phosphate 
concentrations of the slope water, which were trans
ported onshore in the bottom layer (Fig. 8). The rela
tionship of the ammonium and phosphate in the center 
of the high ammonium concentration during early May 
of 1997 and 1998 showed higher ammonium concen
trations than those expected from the remineralization 
of organic matter. During 1999, most of the ammonium 
concentrations fil with the positive relationship 
between ammonium and phosphate but some showed a 
negative relationship, thus, suggesting strong mixing 
with slope water containing low amrnonium and high 
phosphate concentrations (Fig. 8). This implies that the 
water mass before dilution may have a lower phosphate 
and higher ammonium concentration than those 
observed. Therefore, the relationship between the 
ammonium and phosphate during early May of 1997, 
1998, and 1999 suggests that the in situ remineraliza
tion of the organic matter alone cannot explain the 
occurrence of the high ammonium concentrations over 
the shelf, thus, suggesting the existence of other ammo
nium sources. 

The seasonal advance and retreat of sea ice over the 
shelf region may be related to the high ammonium con
centrations observed in the early spring of 1997, 1998, 
and 1999. Most of the high ammonium concentrations 
occurred in the low salinity and low temperature waters 
formed by the ice melt, except for a high ammonium 
concentration band in the across shelf section during 
1999 (Figs. 2, 4). Several studies showed that high 
ammonium concentrations were observed under the sea 
ice and in the entire water column following the reced
ing sea ice [1, 17, 21]. Although the source of the 
ammonium associated with the melting sea ice is not 
well known, there are several possible processes such 
as direct release from sea the ice, in situ ammonifica
tion, and production from bacteria and protozoans [17, 
18,21]. The high ammonium: phosphate ratio within 
the brine normalized to the salinity of the underlying 
water agreed with the slight deficiency of phosphate in 
our high ammonium area [17]. However, another study 
suggests that melting sea ice contributes a small pro
portion of the daily ammonium requirement in spite of 
the high ammonium concentration [18]. 

The other possible mechanism is the ammonium 
production from remineraJjzation of recen~ly settled 
phytoplankton cells in or close to the sediment. The dis-
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tribution of the ice edge production showed a highly 
patchy distribution, which is probably due to the vary
ing light conditions caused by changes in the cloud 
coverage and/or ice presence [S, 18,211, which may 
explain the patchy distribution of the high ammo
nium concentration areas (Figs. 4, S). The decompo
sition of organic matter within the sediment may 
result in lack of phosphate due to the selective 
adsorption on ferric oxide under oxic conditions [4]. 
Mock et al. [17] suggested that the equilibrium reac
tion between the water column and the sediment may 
be responsible for the high nu trient concentration in 
Kiel Bight. 

The relationship between the ammonium and phos
phate in the areas with high ammonium concentrations 
showed that the phosphate concentrations were higher 
than those of 1997 at similar ammonium concentrat1ons 
(Fig. 8). Because of the walID water temperatures, the 
growth rates of zooplankton may have increased in the 
early spring in 1998 and resulted in an increase in the 
ammonium released from metabolic processes or fecal 
pellet decomposition. Coyle and Pinchuk [9] observed 
that the abundance and biomass of copepods increased 
in 1998 due to increases iu the water column tempera
ture on the inner shelf of the southeastern Bering Sea. 
The sediment traps deployed at M2 collected more 
organic material in 1998 than during the other two 
years, and fecal material was the domiuaut compo
nent [31J. 

A tonguelike distribution of the temperature and 
ammonium concentrations (3°C isotherm and 3 11M 
ammonium isopleth) at the mid-depths of the outer 
shelf in the across shelf transect clearly showed the 
export of middle shelf waters at mid-depths (S0-70 m) 
to the outer shelf (Figs. 2, 4). Whitledge et al. [42] 
observed a tonguelike distribution of high ammonium 
concentrations at mid-depths (40-60 m) over the outer 
shelf between May and June of four successive years in 
the late 1970s and early 1980s. Coachman and Charnell 
[7] observed net seaward movement of a fine structure 
across the outer shelf at mid-depth, between the 
onshore transport in the upper (0-30 m) layer and the 
bottom layer (below 60 m). They suggested that the 
seaward movement of the fine structure resulted from 
differential offshore-directed horizontal pressure gradi
ents produced by a progressive increase of vertical mix
ing landward in the middle front. The offshore transport 
at mid-depth may play a very important role in the 
export of organic material, including regenerated Fe, 
from the middle shelf to the shelf-break region and 
beyond during the summer. 

Over the southeastern Bering Sea shelf, the annual 
rates of primary production show large interannual 
variations depending on the presence or absence of ice
edge blooms and strong wind events [IS, 28]. Espe
cially, the times of arrival and retreat of sea ice have 
been observed to be very important in controlling the 
occurrence of an early ice-edge related phytoplankton 
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bloom or subsequent open water spring bloom, which 
in turn may have significant impacts on higher trophic 
levels [13, 21, 23]. The occurrences of wind mixing 
events are also very important for the development of 
the spring phytoplankton bloom and the interannual 
variation of the annual primary production on the 
southeastern Bering Sea shelf [28]. 

Our carbon and nitrogen uptake data agreed well 
with the prediction of the development of phytoplank
ton blooms as a function of the timing of the arrival and 
retreat of sea ice on the middle shelf of the southeastern 
Bering Sea shelf [2, 13,23]. During early May of 1997, 
low carbon and nitrate uptake rates OCCUlTed at site M2 
and along the 70 m isobath on the middle shelf. The 
presence of cold and low salinity water and the deple
tion of the nutrient concentration indicate that an ice
edge phytoplankton bloom occurred along the 70 m 
isobath on the middle shelf. During early May of 1998 
and 1999, the carbon and nitrate uptake rates were 
slightly higher than those of 1997 but were much lower 
than those of the spring bloom at station 23 and station 25 
of early May 1997 in spite of the high nitrate concen
tration (Figs. 4-7). In spite of the slight interannual 
variations, the maximum sea ice extended beyond the 
M2 mooring site on the middle shelf during 1997, 
1998, and 1999. The timing of the advance and retreat 
of the sea ice was favorable for developing an ice-edge 
phytoplankton bloom during 1997 but was unfavorable 
during 1998 and 1999. 

The strong spatial variations observed across the 
shelf and along the 70 m isobath may be related to the 
dynamics of the sea ice and the particular location of 
the onshore transport in each of the years. As discussed 
above, the ice edge phytoplankton bloom resulted in 
low nutrient concentrations along the 70 m isobath in 
the middle shelf, which was accompanied by low car
bon and nitrate uptake rates. However, high carbon and 
nitrate uptake rates occurred in the surface layer of sta
tion 23 and station 25, where there were high nitrate 
concentrations, which indicate the development of an 
open water spring bloom around the 100 m isobath 
between M2 and M3 (Figs. 4, 6). There were also 
north-south spatial distributions of the carbon and 
nitrogen uptake rates along the 70 m isobath. DUring 
early May of 1999, there were large differences in the 
carbon and nitrate uptake rates between the southern 
and northern parts of the 70 m isobath (Fig. 7). The dis
tributions of the temperature, salinity, and nutrients 
suggest that the development of strong stratjfication 
caused by ice melt waters in the surface layer and the 
advection of high nitrate and saline waters in the bot
tom layer may have resulted in an ice related phy
toplankton bloom in the northern area. However, the 
lack of stratification prevented the development of a 
phytoplankton bloom in the southern area 
(Figs. 3, 5,7). 

The occurrence of high ammonium concentrations 
in the early spring may playa very important role in the 
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utilization of nitrate and the control of the total produc
tion over the southeastern Bering Sea shelf. In spite of 
the similar nitrate concentrations and stratification in 
1998 and 1999, the nitrate uptake rates were slightly 
lower in 1998 compared to 1999. The high ammonium 
concentrations in 1998 may have inhibited the nitrate 
nptake rates [40]. Rho and Whitledge (in prep) 
observed that the addition of ammonium in both small 
and large volume experiments reduced the nitrate 
uptake rates in samples collected over the southeastern 
Bering Sea shelf during 2000. However, the carbon 
uptake rates were not directly affected by the addition 
of different nitrogen sources. Therefore, the presence of 
high ammonium concentrations in early spring pro
vides an additional nitrogen source for primary produc
tion. Ammonium inhibits nitrate uptake without affect
ing carbon uptake rates. The overall effect of the high 
ammonium concentration in the early spring may have 
resulted in an increase of the total annual primary pro
duction. In support of this idea, sediment traps 
deployed at the M2 site showed that larger amounts of 
material were collected in 1998 compared with 1999, in 
spite of similar wind conditions [31]. 

We were unable to achieve our primary objective of 
assessing the regional spring primary production rates 
in relation to different physical conditions. Unlike dur
ing the PROBES periods, the development of the spring 
phytoplankton bloom during the 1997-1999 period 
showed large interannual variations due to the changing 
dynamics of the sea ice and wind mixing events. Pri
mary production measurements were conducted over 
the middle shelf after the spring phytoplankton bloom 
in 1997 and before the spring phytoplankton bloom in 
1998 and 1999. Thus, it is very difficult to extrapolate 
the observed interannual variation of the carbon and 
nitrogen uptake rates directly into the interannual vari
ation of the spring primary production. 

As an alternative to the direct measurement of the 
primary production from the uptake rates, the nitrate 
depletion in the surface euphotic layer can be used to 
estimate the total primary production combined with 
the C/N and f ratios [11,42]. The recent estimate of the 
total primary production using the nitrate depletion 
method showed no significant change of the spring 
phytoplankton bloom during last three decades over the 
southeastern Bering Sea shelf (27]. However, this 
method may be inappropriate to use for the estimate of 
the total annual primary production for several reasons. 
This method cannot explain primary production utiliz
ing high ammonium concentrations in the early spring. 
The interannual variations of the onshore flux of high 
nitrate slope water as observed in 1997, 1998, and 1999 
may result in the interannual variation of the maximum 
nitrate concentration before the start of the spring phy
toplankton bloom. The growth of phytoplankton under 
the sea ice may result in large variations of the preb
loom nitrate concentration, which may affect the 
annual productivity [35]. The nitrate uptake below the 
thermocline during the summer may also cause uncer

tainty in the estimate of the primary production using 
the depletion of the nitrate concentration in the surface 
euphotic layer [30]. 

In previous studies, nitrate was the dominant nitro
gen source for the growth of the spring phytoplankton 
over the middle domain of the southeastern Bering Sea 
shelf, although the maximum nitrate concentrations in 
the early spring show large interannual variations and 
the source of the variability was unknown (Sambrotto 
et ai. 1986; Whitledge et al. 1986). In this study, how
ever, the physical processes such as the onshore trans
port of nutrient rich slope water in the bottom layer may 
result in the interannual variation of the nitrate concen
trations over the southeastern Bering Sea shelf in the 
early spring. Likewise, the instantaneous utilization of 
the nitrate in the spring was quite variable due to the 
dynamics of the seasonal sea ice and high ammonium 
concentrations. During the PROBES study, the contri
bution of new production to the total primary produc
tion (f ratio) was high during the peak spring phy
toplankton bloom. However, the f ratio gradually 
decreased as the nitrate concentrations were depleted in 
the surface euphotic layer. They were usually accompa
nied by a succession of phytoplankton species from 
diatom to dinoflagellates that were heavily dependent 
on ammonium as a nitrogen source (Sambrotlo et al. 
1986). Therefore, the presence of high ammonium con
centrations and strong wind mixing in the early spring 
of 1998 and 1999 may have resulted in favorable con
ditions for the growth of dinoflagellates and may have 
caused a change in the ecosystem dynamics over the 
middle shelf. As an example, Rho (2000) Showed a very 
low value of thef ratio «0.1) in spite of the high nitrate 
concentration over the middle and outer shelves during 
May of 1998. Although there is no study on the species 
composition of the phytoplankton in the early spring, 
the unusual appearance of a coccoJithopore bloom over 
the southeastern Bering Sea shelf may be one of the 
most conspicuous changes in the ecosystem compo
nents. However, the mechanisms for the coccolitho
phore bloom are still unknown. 
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