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a b s t r a c t

Combining nitrate, nitrite and phosphate data from several sources with additional quality control pro-
duced a database that eliminates many questionable values. This database, in turn, facilitated estimation
of net community production (NCP) in the Arctic Marine System (AMS). In some regions, the new data-
base enabled quantitative calculation of NCP over the vegetative season from changes in nutrient concen-
trations. In others, useful inferences were possible based on nutrient concentration patterns. This analysis
demonstrates that it is possible to estimate NCP from seasonal changes in nutrients in many parts of the
Arctic, however, the data were so sparse that most of our estimates for 14 sub-regions of the AMS are
attended by uncertainties >50%. Nevertheless, the wide regional variation of NCP within the AMS (�two
orders of magnitude) may make the results useful.

NCP for the entire AMS was estimated as 345 ± 72 Tg C over the vegetative season. Converting this
value to annual primary production (PP) as determined by typical 14C incubations suggests an annual pri-
mary production rate for the AMS of �1000 Tg C.

We divided the AMS and its marginal seas into the same 13 sub-regions employed in the companion
studies of Matrai et al. (2012) and Hill et al. (2013) and estimated NCP for each. We also made separate
estimates for the Eurasian and Amerasian portions of the Arctic Basin.

Significant findings include:

1. NCP in the Arctic Basin is low, but there are regional variations in the controls and in rates. In the
Amerasian Basin (particularly in the Canada sub-basin), nitrate concentrations from 0 to �50 m are
very low (�0 lM) even in winter. Thus, nutrient limitation suppresses NCP in this region. In the
Eurasian Basin, light or grazing or both may be important limiting factors since significant surface
layer nutrient concentrations persist during summer.

2. Low wintertime nitrate concentrations in the upper layers of the Amerasian Basin and Northern
Beaufort Sea suggest that NCP in these sub-regions may be insensitive to changes in the ice and
light regimes.

3. Although tentative because of limitations in the data, we group NCP in the 14 sub-regions as
follows:
a. Very high NCP (�70–100 g C m�2) in the Bering and Southern Chukchi sub-regions.
b. High NCP (�30–40 C m�2) in the Nordic and Barents seas and the Canadian Archipelago.
c. Moderate NCP (>10 to �15 g C m�2) in the Eurasian Basin, Southern Beaufort, Southern East

Siberian Sea + Laptev, Kara Sea and Greenland Shelf sub-regions.
d. Low (NCP � 10 g C m�2) in Northern East Siberian Sea + Laptev and Northern Chukchi sub-

regions.
e. Extremely low NCP (�1–5 g C m�2) in the Northern Beaufort and Amerasian Basin sub-regions.

� 2012 Elsevier Ltd. All rights reserved.
ll rights reserved.
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Table 1
Annual primary production estimates selected from Sakshaug (2004).

Region Particulate primary production (g C m�2 a�1)

Total New

Central Deep Arctic Oceana >11 <1

Arctic Shelf Seas (average)b 32 8
Beaufort Sea 30–70 7–17
Barents Sea <20–200 <8–100
Bering Sea >230 –
Canadian Arctic 20–40 5–10
Chukchi Sea 20 to >400 5 to >160

Atlantic Sector (average)c 97 50
Baffin Bay 60–120 25–50
Greenland Sea 70 40
Norwegian Sea 80–150 35–65
Icelandic Sea 100–200 45–90

a Amerasian and Eurasian Basins.
b Average for the Barents and its north slope, and the White, Kara, Laptev, East

Siberian, Chukchi, Beaufort, and Lincoln Seas, the NE Water Polynya, and the North
Water Polynya.

c Average for Baffin Bay, Hudson Bay, Greenland Sea, Labrador Sea, Norwegian
Sea and Icelandic Sea.
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1. Introduction

The Arctic Ocean (AO) and its marginal seas (Fig. 1a) are a highly
heterogeneous, under-sampled marine system undergoing rapid
change. With respect to primary production (PP), enough is known
to assert that there are regional variations in the AMS that rival the
PP range that can be found in the rest of the world ocean (e.g. Sam-
brotto et al., 1984; Stein and Macdonald, 2004; Sakshaug, 2004;
Codispoti et al., 2005; Hill and Cota, 2005; Table 1).

Given the regional heterogeneity, the dramatic seasonal
changes, the poor quality of much of the data, and limited access,
obtaining a comprehensive picture of the AMS’s primary produc-
tivity regime is difficult. Rapid climate change and inter-annual
changes (e.g. Serreze et al., 2009; Tremblay and Gagnon, 2009)
add additional difficulties. Nevertheless, there has been some pro-
gress during the past �20 years. For example, we now suspect that
early estimates of PP in the AMS were too low due to faults with
methodology and a failure to account for early blooms of ice-algae
and phytoplankton (e.g. Smith et al., 1991; Wheeler, 1997). In addi-
tion, some recent studies (e.g. Hill and Zimmerman, 2010; Hill
et al., 2013) suggest that PP estimated from remotely sensed ocean
color is too low in many cases because of underestimation of PP
that occurs deeper than the �1.2 optical depths accessible via
satellite.

Decreasing snow/ice cover and ice thickness will cause the AMS
to receive more photosynthetically active radiation (PAR) suggest-
ing that there will be significant increases in PP. The trajectory for
Fig. 1a. Location chart for the Arcti
net community production (NCP) is less certain because of its
dependency on a nutrient supply whose changes with warming
are, at present, poorly constrained (e.g. Tremblay and Gagnon,
2009).
c Ocean and its Marginal Seas.



Fig. 1b. The EASE grid and its 14 sub-regions. In the companion papers of Matrai et al. (2012) and Hill et al. (2013), the Eurasian and Amerasian basins are combined into one
Arctic Basin sub-region.
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In this contribution, we examine pan-Arctic nitrate and phos-
phate distributions in order to estimate NCP. This component of
biological production is more closely related to the AMS’s ability
to sequester carbon and to export material from the photic zone
than is PP. We have produced NCP estimates for the 14 sub-regions
shown in Fig. 1b and for the entire AMS. We have also converted
these estimates of NCP into a total PP rate for the AMS by relying
on the ‘‘f-ratio’’ concept (Eppley and Peterson, 1979; Le Bouteiller,
1993).

Note that, for brevity, a suite of Supplementary figures and ta-
bles that informed our analysis is omitted from this text. These
are referred to as Tables S1–S3 and Figs. S1–S43 and are included
as an addendum to this submission. These figures and tables are
not essential for understanding this contribution, but they help
substantiate its conclusions and provide background.

2. Scientific background

2.1. Controls on primary production

The major controls on aquatic PP and NCP are nutrient availabil-
ity and radiation. These direct controls are, in turn, modulated by
stratification and circulation features that enhance or constrain
the nutrient supply and/or influence the radiation exposure of phy-
toplankton. These controls have interconnected feedbacks amongst
themselves and also with the cryosphere and the atmosphere. The
AMS combines these controls in distinctive ways. For example,
with the exception of the Nordic Seas, the AMS is strongly salt-
stratified, and circulation is relatively weak (Carmack, 2007). This
salt stratification produces strong near-surface stratification and
thin surface mixed layers. The nutrient regime is complex, in part
because of significant differences in the Atlantic and Pacific inputs
that lie on either end of the global conveyer belt (e.g. Berger, 1970;
Broecker, 1991; Gordon, 1986; Fig. 2). In addition, nutrient concen-
trations in the water masses of Pacific origin differ significantly
amongst themselves (Fig. 3). Internal processes such as the re-
moval of fixed nitrogen by sedimentary denitrification significantly
influence nutrient concentrations and ratios (e.g. Codispoti et al.,
2009), and distinct signatures can be seen near river mouths.

The amount of radiation available for photosynthesis in the
upper ocean is a function of the transmittance through the atmo-
sphere and clouds, through the snow and ice cover, and finally,
through the water column itself. Because NCP depends on the
nutrient supply (e.g. Eppley and Peterson, 1979; Williams,
1993b) and because nitrate depletion is common (Figs. 4a–c) dur-
ing the vegetative season, NCP in the AMS may be limited more by
the nutrient supply than by light. Increased light penetration due
to anticipated reductions in snow/ice cover may, however, increase
NCP modestly. This is because increased light penetration could in-
crease the utilization of nutrients present in shallow summertime
nutriclines (e.g. Fig. S1). In addition, surface nitrate concentrations
in the Eurasian Basin can be significant even during summer
(Figs. 4c and S2). This condition could result from light limitation,
or grazing pressure, or both (Olli et al., 2007). Reduced snow and
ice cover might make this pool of nitrate more available to phyto-
plankton. As noted in Section 1, the impact of climate change on
NCP in the AMS is poorly constrained because one can construct
scenarios that increase or decrease the nutrient supply (e.g. Tremb-
lay and Gagnon, 2009; Wassmann and Reigstad, 2011).

2.2. Stratification and buoyancy fluxes

Freshwater buoyancy fluxes are very large during summer on
most AMS shelves due to ice melt, runoff, and the low salinity (par-
ticularly during summer) of the inflowing Pacific Waters (Carmack
et al., 2006; Woodgate et al., 2006; Fig. 2). These processes create
relatively shallow mixed layers that, via the general circulation, ex-
tend into the central basins. Summer mixed layers in the AMS are



Fig. 2. Scatter diagram of nitrate vs. phosphate concentrations (in lM). Salinity is indicated by the color scale. The differences in phosphate values at �0 nitrate show a clear
difference between the higher salinity waters of Atlantic origin and the lower salinity waters of Pacific origin. Extremely low nitrate/phosphate ratios occur over the western
Chukchi and eastern East Siberian Sea shelves. They are a signal of sedimentary denitrification.

Fig. 3. Pre-bloom nitrate (in lM) and salinity profiles in the Bering and Chukchi Seas. that display significant differences in nutrient concentrations in the Pacific origin water
masses that enter the Arctic. ACW = Alaskan Coastal Water. AW = Anadyr Water. BSW = Bering Shelf Water.
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Winter, 0-30 

    µM scale 

Fig. 4a. BigN (nitrate or nitrate + nitrite) concentrations in lM at 10 m during ‘‘winter’’ (20 November–20 May), color scale = 0–30 lM.

Summer, 0-30   

   µM scale 

Fig. 4b. BigN (nitrate or nitrate + nitrite) concentrations in lM at 10 m during ‘‘summer’’ (15 June–20 October), color scale = 0–30 lM.
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often <10 m deep (e.g. Codispoti et al., 2005), and throughout most
of this system mixed layer depths seldom exceed 50 m even during
winter (Carmack, 2007; Steele and Boyd, 1998). The strong strati-
fication places an important constraint on the nutrient supply to
the AMS’s photic zone. The principal exceptions are the Nordic
and Barents seas. In the Nordic Seas winter convection can extend
to the abyss during deep water formation, and in both regions
nutrient distributions suggest that the signals of seasonal



Summer, 0-10 

µM scale 

Fig. 4c. BigN (nitrate or nitrate + nitrite) concentrations in lM at 10 m during ‘‘summer’’ (15 June–20 October). Same as Fig. 4b except that the color scale = 0–10 lM to better
indicate occurrences of nitrate depletion.
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phytoplankton nutrient uptake can extend to depths of �100 m
(Codispoti et al., 1991; Figs. S3 and S4). With warming, buoyancy
fluxes to the AMS are projected to increase due to increased river
flows, increased erosion of ice-rich coastlines, and increased glacial
melt (e.g. Jones et al., 2009; Peterson et al., 2002).

2.3. Mixing, upwelling and downwelling

Wind mixing events during the vegetative season increase PP,
NCP and the vertical extent of the zone of seasonal nutrient uptake
in the Nordic and Barents seas (Figs. S3 and S4). Sakshaug and
Slagstad (1992) suggest that such events can significantly increase
PP and new production in the Barents Sea. Tidal mixing is another
factor that can introduce nutrients into the photic zone during the
vegetative season. Stirling (1980) suggests that this process could
be significant in the Canadian Archipelago. The same can be said
for mesosale eddies that by virtue of the vertical motions associ-
ated with them (e.g. Smith and Niebauer, 1993) can add nutrients
to the photic zone. These processes extend the vertical extent of
the zone of net nutrient uptake by transporting the signal of photic
zone uptake downwards as they are transporting nutrients
upwards.

Wind stress in the central Arctic is relatively weak, owing to the
dominating Beaufort High (Zhang et al., 2000) and the damping ef-
fect of the sea ice pack. The Beaufort High induces downwelling
and low photic zone nutrient concentrations in the Amerasian Ba-
sin (particularly the Canada sub-Basin). The associated upwelling
on surrounding continental shelves (Aagaard, 1984) provides a
nutrient source that may increase with warming (Carmack et al.,
2006). Upwelling of nutrients is enhanced in canyons (Carmack
et al., 2006; Pickart et al., 2009, 2011). Upwelling is also known
to be important for stimulating PP in specific regions such as the
North Water Polynya (Tremblay et al., 2002). Upwelling of Anadyr
Water (AW) maintains high nutrient concentrations in the vicinity
of western Bering Strait year-round (Fig. S5).

The overall significance of upwelling in enhancing NCP is, how-
ever, poorly constrained. For example, upwelling occurs over the
Beaufort Shelf mostly in fall and winter in association with the pas-
sage of some Aleutian Lows (Pickart et al., 2011). Thus, the imme-
diate impact of upwelling on productivity may be reduced by low
light levels. In addition upwelling during the vegetative season
may have difficulty reaching the photic zone due to the strong salt
stratification. The main impact of upwelling in regions like the
Beaufort Sea may be to charge shelf waters with nutrients prior
to the vegetative season (Carmack et al., 2006). Although the ice re-
gime has an important impact on PP via its influence on radiation
and stratification, ice-edge upwelling may not be important in sup-
plying nutrients to the photic zone (Smith and Niebauer, 1993).
The reduction of ice-cover could, however, increase the occurrence
of wind-driven upwelling (Carmack et al., 2006).

2.4. Advective nutrient inputs

The largest nutrient inputs to the AMS are advective inputs via
the Atlantic and Pacific entrances. The Atlantic and Pacific influ-
enced regions of high productivity are, however, distinctly differ-
ent. Although not so far apart on a global scale, the placement of
the continents puts these inputs on different extremities of global
circulation patterns for nutrients and water vapor (e.g. Berger,
1970; Broecker, 1991; Carmack, 2007; Gordon, 1986). Conse-
quently, the Pacific input is less saline and richer in nutrients than
the Atlantic input (Fig. 2). Although the total volume of Pacific Ori-
gin waters entering the Arctic is much less than the volume of the
Atlantic inflow, the low salinity of the Pacific inflow (Fig. 2) con-
centrates its effect in the upper layers. As a consequence, the im-
pact of the Pacific inflow rivals or exceeds the impact of the
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Atlantic inflow with respect to nutrient inputs to the photic zone.
These advective transports support the high PP and NCP found in
the Nordic Seas and over the ‘‘inflow shelves’’ (sensu Carmack
et al., 2006) of the Barents, Bering, Chukchi and eastern East Sibe-
rian seas.

The Atlantic approaches are deep, and throughout the water
column nitrate:phosphate ratios are close to the atomic N:P Red-
field Ratio of 15–16:1 (Redfield et al., 1963). Stratification is weak
compared to the salt stratification found in the Pacific approaches.
In the Nordic Seas (Fig. 1b), pre-bloom nutrient concentrations
tend to be uniform with mean phosphate concentrations of
�0.8 lM and mean nitrate concentrations of �11–12 lM
(Fig. S3). Conditions in the Barents Sea are similar except that there
may be a broader range of pre-bloom nitrate concentrations
(Fig. S4). This uniformity in pre-bloom nutrient concentrations
facilitates estimates of NCP based on seasonal changes in nitrate
and phosphate concentrations.

Because of far-field and local denitrification, nitrate/phosphate
ratios are generally less than 15–16:1 in the Pacific approaches
to the Arctic and in the upper �100–150 m of the portions of the
AMS strongly influenced by Pacific waters (e.g. Codispoti and Rich-
ards, 1968; Codispoti et al., 2009; Fig. 2). As a consequence, NCP
generally depletes nitrate in Pacific influenced waters before phos-
phate is exhausted. As already noted, the Pacific influenced regions
also contain water masses with significantly different pre-bloom
nutrient concentrations (Fig. 3). Highest photic zone nutrient con-
centrations occur in the Anadyr Water (AW) that enters the Bering
Sea via the SW Bering Sea slope and thence the Arctic Ocean via
western Bering Strait. In the AW maximum nitrate concentrations
exceed 25 lM (Hansell et al., 1989; Fig. 3) and can be >20 lM even
during summer (Fig. S5). Maximum phosphate concentrations in
the AW can exceed 2.5 lM.

The year-round northerly flow of AW and topography (Stabeno
et al., 2005) produce a persistent upwelling that maintains high
nutrient concentrations in the northwestern Bering Sea, western
Bering Strait and in adjacent portions of the E. Siberian and Chuk-
chi Seas. This set-up produces extremely high local PP in the AW
with maximum annual rates of �400–800 g C m�2 a�1 (Sambrotto
et al., 1984; Piatt and Springer, 2003). These rates rival the highest
found anywhere in the ocean.

In addition to the Anadyr Water (AW) inflow into the Arctic,
Bering Shelf Water (BSW) flows northward in central Bering Strait,
and there is also a northward flow of Alaska Coastal Water (ACW)
in eastern Bering Strait (Woodgate et al., 2006). BSW has moderate
nutrient concentrations (pre-bloom nitrate �15 lM), and ACW has
low nutrient concentrations (pre-bloom nitrate <10 lM; Fig. 3)
such that the average pre-bloom nitrate concentration in the Paci-
fic inflow is probably �20 lM (e.g. Codispoti et al., 2009). For
example, early spring data from central Bering Strait suggest pre-
bloom nitrate concentrations of �20 lM (Cooper et al., 2006;
Table S1). Low-salinity, low nitrate ACW (Fig. 3) dominates the
flow in eastern Bering Strait during the summer and autumn
(Woodgate and Aagaard, 2005; Fig. S6). During these seasons,
ACW can be found in the Chukchi Sea adjacent to the coast in a
banded flow that follows the topography with higher nutrient
AW and BSW, and their modifications occurring in an adjacent off-
shore band (Fig. S1).

The high productivity region in the western Bering Strait region
arising from the almost continuous supply of nutrients in AW be-
haves more like a chemostat than a spring-bloom system (e.g.
Sambrotto et al., 1984). This makes it impossible to accurately
estimate NCP solely from local seasonal changes in nutrient
concentrations within the AW. In addition, because the inflow of
low-nutrient ACW through eastern Bering Strait occurs mainly in
summer and autumn, there is as seasonal displacement of higher
nutrient water masses by ACW in eastern Bering Strait. This can
cause nutrient concentrations in eastern Bering Strait to decrease
during the vegetative season in the absence of NCP. These factors,
together with the heterogeneous water mass structure, complicate
estimation of NCP from changes in nutrients in the Bering and
Chukchi Southern sub-regions (Fig. 1b).

2.5. Riverine impacts on nutrients

The Arctic Ocean receives �10% of global river runoff and is the
‘‘most riverine of the world’s oceans’’ (Carmack et al., 2006). Nutri-
ent inputs from rivers are, however, small compared to the advec-
tive inputs from the Atlantic and Pacific Oceans (e.g. Codispoti and
Owens, 1975), and may support only �10% of total NCP (Gordeev
et al., 1996; Gordeev, 2000). The rivers have indirect effects on
PP and NCP by inducing estuarine circulations that help to trans-
port and concentrate nutrients in shelf bottom waters as explained
by Redfield et al. (1963). Basically, the offshore surface flow in-
duced by runoff is compensated by an onshore flow of higher
nutrient sub-surface waters. The nutrient concentrations in the
sub-surface onshore flow are then further enriched by sinking
and regeneration of organic material from the offshore surface
flow (see Fig. S7). Some of the nutrients carried onto shelves in
sub-photic zone layers by estuarine circulation and upwelling
during the warm months can subsequently be introduced to the
photic zone by wintertime convection. River outflows can also
accelerate ice-retreat thereby lengthening the vegetative season
(Antonov, 1957). A negative impact of rivers is reduced light
penetration due to their transports of suspended particulate
matter and colored dissolved organic matter (Hill, 2008). River
runoff can also impact nitrate/phosphate ratios. For example, near
the mouth of the Mackenzie River phosphate is exhausted well
before nitrate depletion (Carmack and Macdonald, 2001; Fig. 2).
This is not the case in the adjacent photic zones of the Beaufort
Sea and in the Amerasian Basin because of the dominance of
waters originating in the Pacific (Fig. 2).

2.6. Iron limitation

With the exception of the Deep Bering Sea (Aguilar-Islas et al.,
2007), iron does not appear to be a major limiting factor. Future
reductions in ice-cover and its associated iron transport could
diminish the iron supply to the photic zone of the Polar Basins
(Carmack et al., 2006; Measures, 1999), but there would, of course,
still be inputs from the atmosphere, from rivers, and via transport
from sediments and sub-surface waters.

2.7. Nutrient losses

Loss of the inputs of nutrients to the photic zone arise, in part,
from physical processes (subduction, convection) that can trans-
port relatively high salinity high nutrient waters below the low
salinity ambient surface waters. Stripping of nutrients from the
photic zone during the �10 year residence time of Arctic surface
waters (Östlund, 1982; Macdonald et al., 2004) due to the sinking
of biogenic matter is also important. Near-zero nitrate concentra-
tions prevail in the upper �50 m of the Northern Beaufort Sea
sub-region even during winter. Since these data (Fig. 5) come from
a region close to the boundary of the Amerasian Basin (particularly
the Canada sub-basin), we presume that these conditions extend
into that region as well. Factors that contribute to the low nitrate
concentrations in the Northern Beaufort Sea and Amerasian Basins
include downwelling of low nutrient surface waters under the
influence of the Beaufort High.

Waters outflowing from the Eurasian Basin in the E. Greenland
Current have pre-bloom nitrate concentrations in the surface layer
of about 5 lM (Packard and Codispoti, 2007), and in the Northeast



N. Beaufort Sea, 1 Nov. – 15 May

Fig. 5. Vertical nitrate (in lM) profiles in the Northern Beaufort sub-region during winter.
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Water Polynya (NE Greenland Shelf) this nitrate is consumed by
phytoplankton growth during summer (Kattner and Budéus,
1997). Nutrients in the Canadian Archipelago outflow are enriched
by upwelling and tidal mixing in some areas such as the North
Water Polynya and Lancaster Sound (Tremblay et al., 2002; Stirling,
1980). In, general, pre-bloom photic zone nitrate concentrations in
the Archipelago are �10 lM, (Figs. S8–S11) and stratification limits
uptake to much shallower depths than in the Nordic and Barents
seas.

2.8. Types of production

To compare our estimates of NCP with more common estimates
of PP, it is necessary to distinguish between different types of pri-
mary production. Gross Primary Production (GPP) is defined as pho-
tosynthesis that does not account for contemporaneous algal
respiration or the metabolism of heterotrophic organisms. Net Pri-
mary production (NPP) is GPP minus algal respiration. Net commu-
nity production (NCP) is defined as GPP minus algal and
heterotrophic respiration.

There are voluminous literature discussions on whether PP
determined by 14C incubations approximates GPP, NPP or NCP
(e.g. Peterson, 1980; Marra, 2009; Williams, 1993a,b). There is
some agreement that the results of typical 14C incubations lie
somewhere between GPP and NPP, tending towards GPP at lower
PP rates and shorter time intervals and towards NPP at higher rates
and longer intervals (e.g. Le Bouteiller, 1993). This issue is not set-
tled, and the tendencies may, in part, be a function of species com-
position (e.g. Williams, 1993b). In addition, some 14C incubations
may produce a result between NPP and NCP for the community
in the incubation bottle (e.g. Marra, 2009).

Primary production rates obtained via 14C incubations are often
referred to simply as primary production and extended in different
ways to provide an estimate of total daily primary production for
incubation periods shorter than 24 h. Marine scientists generally
mean this type of PP when they refer to ‘‘primary production’’
without further qualification. The companion paper of Hill et al.
(2013) restricted its use of 14C incubation data to experiments last-
ing between 20–24 h, and these authors suggests that these rates
may be closest to NPP.

For any given system the following inequality should apply
GPP P NPP P NCPbottle P NCPDnut. This inequality is an extension
of one provided by Williams (1993b) insofar as it makes an explicit
distinction between NCP determined in bottle incubations of 24 h
or less (NCPbottle) and NCP values determined from maximum ni-
trate and phosphate draw-downs in a region’s water column over
the vegetative season (NCPDnut). NCPbottle can be integrated to pro-
vide an annual rate and NCPDnut should approximate an annual
rate. We justify this extension for three reasons: (1) An incubation
bottle cannot contain larger organisms that contribute to hetero-
trophic respiration. Indeed, organisms larger than a few hundred
microns in diameter are often purposely excluded. The difference
in respiration may, however, be small since somewhere between
90% and >99% of total water column respiration generally occurs
in size fractions <100 lm (e.g. Robinson and Williams, 2005). (2)
Mixing events during the vegetative season (e.g. Sakshaug and
Slagstad, 1992) can entrain nutrients that have been taken up ear-
lier in the growing season, sunken beneath the photic zone as or-
ganic matter and been re-regenerated. Such nutrients could
contribute to NCPbottle more than once, but would be registered
only once by NCPDnut. Mixing events can cause dramatic increases
in NCP (�40%) in portions of the Barents Sea south of the Polar
Front (Sakshaug, 1997; Sakshaug and Slagstad, 1992), but it is
not clear what portion of this fraction is due to regeneration of
nutrients vs. the ‘‘mining’’ of ‘‘new’’ nutrients from deeper in the
water column. (3) Our methodology computes seasonal nutrient
draw-down to the deepest level where such draw-downs can be
observed including sub-photic zone depths in favor of attempting
to assess vertical nutrient transports into the photic zone. Nutrient
regeneration that occurs below the photic zone or mixed layer but
within the integration depth during the vegetative season may
therefore mute the signal of total uptake.
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Although, NCPDnut should, theoretically, be about 5–40% less
than NCPbottle, methodological issues narrow the gap. For example,
most 14C PP incubations neglect that fraction of total carbon fixa-
tion that is returned to the incubation vessel as dissolved organic
matter (DOC) (Gosselin et al., 1997; Vernet et al., 1998). In general,
this release is �15% of net particulate primary production (e.g.
Baines and Pace, 1991; Jackson, 1993; Mague et al., 1980;
Sakshaug, 1997; Sintes et al., 2010), and will cause the incubation
results to be too low by the same amount. In addition, incuba-
tion artifacts tend to introduce a low-bias into the results of 14C
incubations (e.g. Quay et al., 2010). We will, therefore, assume
that, in practice, NCPDnut � NCPbottle.

Dugdale and Goering (1967) introduced the concepts of ‘‘new’’
and ‘‘regenerated’’ primary production based on incubations that
employed 15N labeled nitrate and ammonium. In their scheme, to-
tal primary production = new + regenerated production. Nitrate sup-
ported production = new production and was thought to represent
uptake of nutrients present at the beginning of the vegetative sea-
son or transported into the photic zone from elsewhere. Ammo-
nium supported production = regenerated production and
represented that fraction of primary production supported by local
regeneration of nutrients. Additional forms of regenerated nitrogen
such as urea were not originally included, but some subsequent
studies indicate that urea uptake can be �10–30% of total nitrogen
uptake (e.g. Le Bouteiller, 1993; Legendre and Gosselin, 1989;
Tremblay and Gagnon, 2009). The supply of ‘‘new’’ fixed nitrogen
via nitrogen fixation is also not captured by the methodology,
but nutrient distributions and hydrographic conditions in the Arc-
tic suggest that this process should not be important (e.g. Carpen-
ter and Romans, 1991; Codispoti et al., 2005). There are additional
complexities that can be found in the literature cited and in other
publications, but there is a rough consensus that total production
estimated from 15N incubations � PP estimated from 14C incubations
and that new production � NCP. The reader who is interested in
why these � equivalences exist is referred to the papers of Wil-
liams (1993a,b) and Le Bouteiller (1993).
3. Methods

3.1. Nomenclature

NCPDnut within the context of this paper means NCP in g C m�2

based on seasonal draw-downs of phosphate and BigN (�nitrate;
see next paragraph). Generally, the use of the term NCP within this
contribution refers to NCPDnut. We express the results as g C m�2

rather than as g C m�2 a�1 because nutrients taken up during the
vegetative season are regenerated during the cold months such
that the average annual values of NCP based on changes in nutri-
ents would be �0. In contrast, productivity estimates based on
incubation techniques or chlorophyll concentrations generally
yield zero or positive rates and can be integrated over a year to
produce an annual rate. The NCP values reported here are annual
values in the sense that they are based on estimates of the maxi-
mum annual draw-down of a selected nutrient. We assume that
it is legitimate to treat our NCP results as annual rates when com-
paring them to annual rates based on incubations and algorithms
for converting chlorophyll distributions into PP rates.

Some of the expeditions listed in the data sources only reported
nitrate + nitrite data. This is not a major issue because of the
generally low (<0.5 lM) nitrite concentrations in the Arctic (e.g.
Codispoti et al., 2005). To combine data from cruises that only
reported nitrate + nitrite values, with cruises that reported nitrate
data we defined a parameter called ‘‘BigN’’. This parameter reports
the nitrate data if only nitrate data are available, the nitrate + ni-
trite data when only nitrate + nitrite data are available, and the lar-
ger of the two when both types of data are available. In general,
BigN closely approximates nitrate concentrations. Also note that
‘‘ESS’’ is sometimes used to abbreviate East Siberian Sea.

NCPs were calculated using a variety of time periods and inte-
gration depths for data organized into 100 � 100 km grid cells
(see Section 3.5) and by sub-region (see Section 3.6). In general,
the largest NCP values arising from the ensemble of depths and
time periods were assumed to be the best estimators of total
NCP during the vegetative season. The maximum values based on
changes in BigN are referred to as ‘‘MaxNCP-N’’, and the maximum
phosphate based values are referred to as ‘‘MaxNCP-P’’.

3.2. Study region and sub-regions

In this study, the Arctic Marine System (AMS) means that por-
tion of the marine environment north of 65�N including the Bering
Sea as far south as 60�N but excluding the Baltic Sea (Fig. 1b). The
companion papers of Matrai et al. (2012) and Hill et al. (2013) di-
vide the AMS into 13 sub-regions. We provide NCP estimates for
all. In addition, we have sub-divided the Arctic Basin sub-region
into the Amerasian and Eurasian sub-basins that lie on either side
of the Lomonosov Ridge (Fig. 1b). This is because the nutrient re-
gimes in these two sub-basins differ significantly. As already noted,
photic zone nutrient concentrations in much of the Eurasian Basin
are not depleted during the vegetative season (Figs. 4a–c and S2)
whereas the Northern Beaufort Sea and adjacent Amerasian Basin
contain nitrate depleted upper layers even in winter (Fig. 5).

The AMS could be further subdivided to accommodate meso-
scale features such as the PP regimes near river mouths and polyn-
yas. Also, note that our regional definitions do not necessarily map
one to one with definitions employed in other investigations such
that detailed comparison of our results with other studies may re-
quire some geographic adjustments.

3.3. Nutrient databases and data quality

The nitrate, nitrate + nitrite, and phosphate data employed in
this analysis came from the following databases: An Arctic nutrient
data base (ARCNUT) assembled under the direction of G. Cota and
L. Pomeroy (http://data.eol.ucar.edu/codiac/dss/id=62.015), a EUR-
OCEANS database (http://www.eur-oceans.eu/integration/wp2.2),
an initial version (2009) of the CARINA database http://cdi-
ac.ornl.gov/oceans/CARINA/Carina_inv.html), and the Hydrochem-
ical Atlas of the Arctic Ocean (Colony and Timokhov, 2001).
These data were supplemented with observations from the Wes-
tern Arctic Shelf-Basins Interaction Program (Codispoti et al.,
2005, 2009), data from the Fram III expedition (Packard and Codis-
poti, 2007), data from the Canadian Archipelago supplied by F.
McLaughlin, and data from a recent expedition to the Canadian
Archipelago and Baffin Bay supplied by K. Falkner.

Significant portions of the archived nitrate, nitrate + nitrite and
phosphate data were dubious and were excluded from the final
data base. Whenever possible nutrient values from depths
>300 m were examined to see if they were in accord with high-
quality historical data from the same region. In cases where the
historical data suggest little temporal variability (e.g. deep water
in the Canada Basin), stations that had deep values more than
�10% different from the expected values were rejected. The ARC-
NUT database did not include deep values, and many stations in
all databases were too shallow to apply this test. Other criteria in-
cluded rejection of data that produced jagged vertical profiles, val-
ues well outside of the expected range for a given region based on
data from cruises that were known to have produced high-quality
data, and implausible nitrate to phosphate ratios.

A large ensemble of data from the eastern Arctic contained
extremely low nitrate and phosphate values suggesting an error

http://data.eol.ucar.edu/codiac/dss/id=62.015
http://www.eur-oceans.eu/integration/wp2.2
http://cdiac.ornl.gov/oceans/CARINA/Carina_inv.html
http://cdiac.ornl.gov/oceans/CARINA/Carina_inv.html
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during unit conversions or data encoding and these values were
excluded. An ensemble of data with implausibly high nitrite values
that cast into doubt the accompanying nitrate data was also re-
jected. After initial editing, individual cases that yielded implausi-
ble NCPs were investigated to see if the dubious results might be
related to questionable data. For example, an unusually high NCP
from one 100 � 100 km grid cell in the Nordic Seas, revealed a sta-
tion that had winter phosphate values 25% higher than the mean
winter concentrations for the Nordic Seas and that were not in con-
cert with nearby data from other expeditions, so these data were
rejected.

Completely quantitative protocols for accepting or rejecting
data were not possible, and we had to also draw on long experience
in working with Arctic nutrient data. Interested investigators can,
however, compare the accepted phosphate and BigN data used to
compute NCP with the data in the original sources since the ac-
cepted data are available from the senior author (LAC) and have
been submitted to the National Oceanographic Data Center
(http://www.nodc.noaa.gov/archive/arc0034/0072133/1.1/data/0-
data). Figs. 2, 6a and b display the phosphate and nitrate data that
survived the editing process. The nitrate + nitrite data are shown in
Figs. S12 and S13.

3.4. Converting nutrient draw-downs to NCPDnut and to total primary
production

Atomic Redfield regeneration ratios of 106:16 (6.62) for DC/
DBigN–nitrogen and 106:1 for DC/Dphosphate–phosphorus
(Anderson, 1995; Redfield et al., 1963) permit conversion of BigN
and phosphate draw-downs per square meter into NCPDnut as
g C m�2. Anderson and Sarmiento (1994) suggest slightly higher
Fig. 6a. Nitrate concentrations (lM) vs. depth, color coded by temperature (�C) from the d
waters, are found to the south of the topographic features that separate the Nordic Seas
ratios of �7.31 and �117 for C:N and C:P, respectively. Use of
the latter ratios would increase NCP values by �10% when ex-
pressed as carbon. The subsurface regeneration ratio for N/P is
remarkably constant at �16:1 (e.g. Anderson, 1995; Anderson
and Sarmiento, 1994). Over short time intervals, Redfield C/N/P
uptake ratios can vary significantly, but the selected values may
be approximately correct when averaged over the vegetative
season (Hoppema and Goeyens, 1999). Since several studies (e.g.
Anderson, 1995; Anderson and Sarmiento, 1994; Redfield et al.,
1963) suggest that bulk sub-surface regeneration ratios are
reasonably constant, and since these ratios are the products of
regeneration of the NCP that supports a flux to depth, it is reasonable
to suggest that Redfield ratios can be employed to convert
phosphate and BigN draw-dawns into carbon units.

Several authors suggest phytoplankton C:N uptake ratios signif-
icantly higher than 6.62 (e.g. Sambrotto et al., 1993) when compar-
ing nitrate draw-downs with dissolved inorganic carbon draw
downs (DIC). This excess carbon uptake can be rationalized with
the ocean’s subsurface ‘‘Redfieldian’’ stoichiometry if it is largely
related to surface layer accumulations of labile carbon-rich mate-
rial (including DOC) that are largely re-mineralized in surface
waters (Kähler and Koeve, 2001). Koeve’s (2004) re-analysis casts
doubt on the overall significance of excess C uptake during the
spring bloom in the North Atlantic when NCP is high. He suggests
that high net C:N uptake ratios tend to occur during post-bloom
conditions when the export of the organic material to depth should
be low and when the ratio of new to total productivity as deter-
mined by 15N incubations is low.

Interpretation of our NCPDnut values is relatively straightfor-
ward. They represent our best estimate of the maximal draw-down
of BigN and phosphate during the vegetative season converted to
ata base employed in this analysis. The higher concentrations in warmer subsurface
from the North Atlantic.

http://www.nodc.noaa.gov/archive/arc0034/0072133/1.1/data/0-data
http://www.nodc.noaa.gov/archive/arc0034/0072133/1.1/data/0-data


Fig. 6b. Phosphate concentrations (lM) vs. depth, color coded by temperature (�C) from the data base employed in this analysis. The higher concentrations in warmer
subsurface waters, are found to the south of the topographic features that separate the Nordic Seas from the North Atlantic.
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carbon units by the employment of Redfield ratios. In theory, these
values should be smaller than NCPbottle or new production esti-
mated from incubations, but methodological problems with incu-
bations blur this distinction (see Section 2.8). Since NCPDnut

should be similar to new production, it should be useful for setting
a limit on the amount of organic matter that can be exported from
the surface layers to depth (e.g. Eppley and Peterson, 1979).

To convert our NCPDnut estimates to PP as estimated by 14C
incubations we employed the f-ratio concept. Eppley and Peterson
(1979) defined this ratio as new production/total primary produc-
tion. If one accepts that total production is �PP (see Section 2.8.),
then the f-ratio can also be defined as (new production � 6.62)/
(PP as determined by 14C incubations) where 6.62 is the atomic
C:N Redfield ratio during uptake (Le Bouteiller, 1993). Since new
production is similar to NCP (see Section 2.8.), we can say that
the f ratio is �NCP/PP (estimated by 14C incubations) and that
NCP/f-ratio � PP as determined by 14C incubations.

3.5. NCP calculations by 100 � 100 km grid cell

To facilitate comparison of NCP values based on nutrient draw-
downs with other estimates and to combine data from different
sources in a geographically consistent way, data were organized
by 100 � 100 km grid cells using the National Snow and Ice Data
Center’s Equal-Area Scalable Earth Grid (EASE-Grid). The available
data were interpolated (linearly) and extrapolated to fill all 1 m
depth bins within the selected integration depth. Extrapolations
were permitted only when the data were likely to be in a homoge-
neous layer. For example, if the shallowest observation was at 5 m,
it was assumed that the value at the sea surface was the same as
the value at 5 m. Integrated nutrient values for a grid cell were cal-
culated by summing trapezoidal sections of the profile that were
shaped by available data such that a trapezoid spanned at least
one meter. Summer and pre-bloom values for BigN and phosphate
were independently integrated over depth whenever sufficient
observations were available.

The depths to which net nutrient uptake can be observed vary
significantly within the AMS. To account for these differences,
NCPs were calculated by integrating nitrate and phosphate differ-
ences to depths of 25, 30, 50, 60, 100 and 150 m whenever suffi-
cient data were present. Data sufficiency criteria varied by
integration depth (Table 2). Because of regional differences in the
onset and end of net phytoplankton growth, we calculated inte-
grated BigN and phosphate values over the six depth ranges, for
three ‘‘winter periods’’ and two ‘‘summer periods’’ (Table 3) that
were used as proxies for the examination of pre-bloom (winter)
and post-bloom (summer) conditions. The ‘‘long summer’’ period
(5 July–29 September, year days 186–272) matches the summer
period employed in the companion papers by (Matrai et al.,
2012; Hill et al., 2013). Subtracting integrated summer values from
integrated winter values produced BigN and phosphate draw-
downs during the vegetative season. These draw-downs were then
converted into NCP in g C m�2 over the vegetative season by
employing Redfield ratios.

Rather than decide the appropriate integration depth or the
appropriate periods for winter and summer a priori, the integration
depth and time interval that yielded the highest NCPs values (Max-
NCP-N and MaxNCP-P) based on changes in BigN and phosphate
were assumed to be most appropriate. However, integrations that
could not be performed to depths of at least 50 m were rejected for
the Nordic and Barents seas because of the clear evidence that sea-
sonal nutrient uptake signals extend significantly deeper in these
regions (Figs. S3 and S4). In addition, integrations to 100 and
150 m were only accepted for the Nordic and Barents seas. In the
other regions phytoplankton nutrient uptake below �60 m is small
or absent and integrations to 100 and 150 m could be aliased by



Table 2
Data quantity and distribution criteria for accepting integrations for the
100 � 100 km grid squares.

Integration
depth

Minimum number of
observations

Deepest value
allowed

Maximum
separationa

25 3 30 10
30 3 35 10
50 4 60 15
60 4 70 15

100 5 125 30
150 5 175 40

a Maximum distance permitted between values that define the bottom boundary
of the integration depth.

Table 3
Dates for the winter and summer periods employed in calculations of net community
production.

Winter periods Year day interval Calendar dates

Short Winter 335–059 December 1–28 February
Medium Winter 319�091 November 15–1 April
Long Winter 305–135 November 1–15 May

Summer periods
Short Summer 232–272 August 20–September 29
Long Summer 186–272 July 5–September 29
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small systematic errors or by temporal variability in water masses.
Finally ‘‘long winter’’ (1 November–15 May; Table 3) was not per-
mitted for the Barents, Bering, and Nordic Seas because this winter
period could overlap the relatively long vegetative seasons in these
regions.

Pre-bloom data were sparse. A practical reason for providing a
choice of ‘‘winter’’ and ‘‘summer’’ intervals is that much of the
pre-bloom data from the Polar Basins comes from astronomical
spring when there is sufficient light to facilitate aircraft operations,
but before the onset of significant PP. Listings of the maxNCP-P and
maxNCP-N values for the grid cells that produced results plus the
identifications and locations of the cells are included in the supple-
mentary materials (Tables S2 and S3).
3.6. NCP by sub-region

To calculate NCP on a grid cell basis requires a union of winter
and summer data within a grid. This requirement reduces cover-
age. For this reason, we also examined phosphate and BigN data
pooled over entire sub-regions (Fig. 1b) for the time periods listed
in Table 3. If sufficient data are available from a given sub-region in
relation to its water mass variations, temporal and spatial differ-
ences in water masses might be averaged out yielding a reasonable
estimate of NCP.

To obtain regionally averaged phosphate and BigN draw-downs
from data for an entire sub-region the data were first binned and
averaged into 5 m depth intervals. Then, the binned data from all
grid cells that contained data from the selected region and time
periods (Table 3) were arithmetically and geometrically averaged
to produce profiles for conditions at the beginning (�winter) and
end (�summer) of the vegetative season. Subtracting the summer
values from the winter values for each bin, integrating the differ-
ences over depth until the difference was maximal, and taking
the time period combination yielding the largest result gave esti-
mates of maxNCP-P and maxNCP-N. The same combinations of
winter and summer periods employed to determine maxNCP-N
and maxNCP-P for the 100 � 100 km grid squares were examined
(Table 3) to estimate maxNCP-N and maxNCP-P via this procedure.
All possible combinations of winter and summer periods were
examined, and the combination that produced the highest max-
NCP value was assumed to be the best estimator of maxNCP. In
general, the winter and summer combination that produced the
highest NCP value involved the shortest or next to shortest avail-
able period for winter and the shortest available period for summer
as one might expect. In some cases the longer of the two defini-
tions of summer provided higher NCP values. We assumed that this
was because the larger amount of data associated with these cases
helped to average out errors, and regional and temporal variations
and chose the larger NCP values. In some cases initial integration
depths for maxNCP were reduced because an ensemble of stations
produced an integration depth that was too deep for a sub-region’s
average topography or because sparse data from deeper in the
water column caused unrealistic results. We calculated NCP using
both arithmetic and geometric means for the data in each 5 m
depth bin. Within our data, it is possible that geometric means sup-
press high post-bloom values more than high pre-bloom values.
This would tend to make the NCP values based on geometric means
too high, but the differences between the NCP values estimated
from arithmetic and geometric means were generally small (e.g.
Figs. 7–13). Further discussions of how these data were employed
to estimate NCP is given on a sub-region by sub-region basis in
Section 4.

3.7. Qualitative NCP estimates

We also made qualitative estimates of NCP for each sub-region,
based on inspection of the available data and on values in the lit-
erature. This was done to guard against unrepresentative quantita-
tive results that could arise from sparse data or from features that
our methodology could not properly take into account. In the Ber-
ing and Chukchi Southern sub-regions the qualitative estimate is
likely to be superior to our quantitative estimates because of the
complications noted in Section 2.4. In some other sub-regions, lack
of data also necessitated a qualitative estimate. We will point out
such cases as we discuss our estimates for each sub-region. The
profiles and sections examined to arrive at the qualitative NCP esti-
mates include Figs. 3–5 and most of the Supplementary figures.

3.8. Sections

We present several ‘‘sections’’ in the Supplementary figures.
Sometimes we have aggregated data from several expeditions con-
ducted in different years in these sections. Such sections are obvi-
ously not synoptic. They are merely a convenient way to present
the data that should give some idea of mean conditions.

3.9. Statistics

Applying common statistical estimators to our results is prob-
lematic. In part, this is because our data editing process de-
pended to an extent on subjective judgements. In addition,
there are almost certainly systematic differences in NCP within
our sub-regions, and this may also be the case for data from
100 � 100 km squares that lie near boundaries. The standard
deviations given in Table 4 are calculated as sample standard
deviations (s) with the number (n) of observations taken to be
the number of grid square results available for each calculated
value. These deviations give some idea of the dispersion about
the mean value, but should be interpreted with caution. The
same caveats apply when we discuss the standard error of the
means (SEM = s/

p
n). Fig. S14 shows a regression of MaxNCP-P

vs. MaxNCP-N. This is a Type II linear regression calculated by
employing a program made available by E. Peltzer (http://
w3eos.whoi.edu/12.747/resources/lsq/lsqfitma.m).

http://w3eos.whoi.edu/12.747/resources/lsq/lsqfitma.m
http://w3eos.whoi.edu/12.747/resources/lsq/lsqfitma.m


Fig. 7. Average winter (1 December–28 February) and summer (5 July–29 September) BigN values (in lM) in the Nordic Seas sub-region based on data binned by 5 m depth
intervals. MaxNCP-N = 27 g C m�2 based on the maximum integrated difference between the winter and summer arithmetic means for BigN.
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4. Results

4.1. General

In this section, we will ‘‘tour’’ the AMS and make estimates of
NCP (NCPDnut). Whenever possible, we shall compare the NCP re-
sults from the three complementary approaches described in Sec-
tion 3. Briefly, these three approaches are as follows: (1) the
qualitative interpretation of nutrient distributions (supplemented
by the literature); (2) NCP results from maxNCP-P and maxNCP-P
values based on aggregating the data by sub-region, and (3) NCP
obtained by averaging the maxNCP-N and maxNCP-P data avail-
able in 100 � 100 km squares from each sub-region (Table 4). As
noted earlier, some of the figures and data that informed the qual-
itative estimates are included in the Supplementary material. In
several cases, the results for a given sub-region had to be restricted
to the qualitative approach because of sparse data. For the reasons
given in Section 2 and discussed further below, the qualitative ap-
proach may be superior for the Bering Sea and Chukchi southern
sub-regions.

4.2. Nordic and Barents seas

In the Nordic and Barents seas, pre-bloom BigN and phosphate
concentrations (particularly in the Nordic Seas) are relatively uni-
form over several hundred km length scales and over depth scales
in excess of 100 m. Inspection of the pre and post bloom data in
Figs. S3 and S4 and integrating the seasonal differences over depth
suggests NCP values for the Nordic and Barents seas of �25–
45 g C m�2.

The NCP calculations based on aggregating data over the entire
Nordic Seas sub-region suggest maxNCP-N and maxNPP-P values
(Figs. 7 and S15) of �27 g C m�2. The mean values of max-NCP-N
and max NCP-P values based on the data calculated from the
100 � 100 km squares were both 31 g C m�2 (Table 4). If normal
statistics are applied (see Section 3.9), the standard error of these
mean (SEM) values would be �2 g C m�2. Given this calculation
and the reasonable agreement between the various estimates
(qualitiative, data aggregated by sub-region, and averages for the
100 � 100 km squares), we suggest an NCP value for the Nordic
Seas sub-region of �30 ± 5 g C m�2. When the data are aggregated
over the entire Barents Sea sub-region, maxNCP-N and maxNCP-P
means are 46 and 34 g C m�2 respectively (Figs. 8 and S16). Aver-
aging the data from the available 100 � 100 km squares gave a
maxNCP-N value of 47 g C m�2 with an SEM of 4 g C m�2. The max-
NCP-P benefits from more abundant data (25 vs. 14 squares) and is
39 g C m�2 with an SEM of 4.4 g C m�2. Based on these calculations
we suggest an NCP value for the Barents Sea sub-region of
�40 ± 10 g C m�2.

4.3. Eurasian Basin and Northern East Siberian Sea + Laptev Sub-
regions

Low salinity (<32) and relatively high phosphate (Fig. S17)
waters carrying a Pacific signature commingle with waters of
Atlantic origin in the upper layers of the Eurasian Basin, but waters



Fig. 8. Average winter (1 December–28 February) and summer (5 July–29 September) phosphate (P) values (in lM) in the Barents Sea sub-region based on data binned by
5 m depth intervals. MaxNCP-P = 34 g C m�2 based on the maximum integrated difference between the winter and summer arithmetic means for phosphate.
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of Atlantic origin dominate. Regions with higher salinity indicate a
higher Atlantic influence and can have nitrate concentration in the
upper 20 m in excess of 5 lM even in summer (Fig. S2). Because of
large water mass related changes in phosphate that extend into the
upper 50 m, we relied only on changes in BigN (�nitrate) to esti-
mate NCP in the Eurasian Basin. Our qualitative analysis suggested
an NCP for the Eurasian Basin of �10 g C m�2. Data from this region
were sparse, but an integration of the difference between summer
and winter values aggregated over the sub-region yields a max-
NCP-N of �14 g C m�2 (Fig. 9). The maxNCP-N value based on aver-
aging data from the six available grid squares (Table 4) was
13 g C m�2 with an SEM of 3 g C m�2. Packard and Codispoti
(2007) and Zheng et al. (1997) present results suggesting that ex-
port production near the Atlantic entrances to the Eurasian Basin is
�30 g C m�2, but these results were back-calculated from water
column respiration and regeneration rates. Since the Eurasian Ba-
sin imports organic matter in the waters that inflow from the Nor-
dic and Barents seas, a rate of 30 g C m�2 is likely to be an over-
estimate of local NCP in the Eurasian Basin. In addition, productiv-
ity in the Eurasian Basin may be higher near the Atlantic entrances
because of higher nitrate concentrations. We suggest an NCP value
for the Eurasian Basin sub-region of �15 g ± 10 g C m�2.

Data from the Northern ESS + Laptev region are extremely
sparse. A lack of pre-bloom data forced us to rely soley on a qual-
itative estimate. To make this estimate we assumed pre-bloom
concentrations of �5 lM for BigN based on the data from �50 m
in the summer profiles (Fig. S18). The phosphate data were not
useful perhaps because of variations in water masses with differing
BigN/phosphate ratios. The vertical gradient in the summer BigN
profile suggests that an average of �2 lM of BigN from depths
above 50 m is removed by biological uptake during the vegetative
season. These values yield an NCP-N of 8 g C m�2. This value is
intermediate between the values for the abutting sub-regions
(Fig. 1b and Table 5), and would therefore seem reasonable. Never-
theless, the absence of winter data makes the result tenuous. We
can only speculate that the NCP value for the ESS + Laptev North-
ern sub-region is �8 g C m�2 with a range of �3–15 g C m�2.

4.4. Amerasian Basin, Northern Beaufort, and Northern Chukchi Sub-
regions

The data from the Amerasian Basin and Northern Beaufort sub-
regions are in accord with the hydrographic description given ear-
lier (Section 2): throughout much of this region downwelling un-
der the influence of the Beaufort High, strong stratification, and
the residence time of the surface waters combine to deplete sur-
face layer nitrate concentrations even in winter (Figs. 4a–c and
5). Thus, our qualitative analysis suggests that NCP in these two
sub-regions should be low (<5 g C m�2).

The sparse aggregated data from the Northern Beaufort and
Amerasian Basin sub-regions (Figs. 10 and S19) indicate that BigN
(�nitrate) concentrations in the surface layers are low during win-
ter and summer and gave a maxNCP-N value of �1 g C m�2 for the
Beaufort Northern sub-region, and of �1 g C m�2 for the Amerasian
Basin sub-region. The available Amerasian Basin data suggest sig-
nificant uptake below 60 m, but we attribute this to differences
in water mass composition in our sparse data unrelated to local up-
take of nutrients. Similarly, NCPs based on changes in phosphate



Fig. 9. Average winter (1 November–15 May) and summer (20 August–29 September) BigN values (in lM) in the Eurasian Basin based on data binned by 5 m depth intervals.
MaxNCP-N = 14 g C m�2 based on the maximum integrated difference between the winter and summer arithmetic means for BigN.
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are higher than 2 g C m�2, but phosphate limitation is not likely in
this region (Fig. 2). In addition, there are significant water mass re-
lated differences in phosphate that complicate interpretation. Only
one 100 � 100 km grid square from these two sub-regions pro-
duced a result. It was a value for maxNCP-N of 4 g C m�2 for the
Amerasian Basin (Table 4). Bates et al. (2005) suggest an NCP for
the Beaufort Northern sub-region based on seasonal changes in
dissolved inorganic carbon (DIC) of 2.5–6.5 g C m�2, but they
extrapolated their results to a 120 day growing season which ex-
tends the growing period well beyond (�2 months) the period
when nitrate was depleted. This may be appropriate for DIC based
calculations since ‘‘excess’’ carbon uptake can continue after ni-
trate exhaustion (see Section 3.4), but is not appropriate for direct
comparison with our results. Correcting for the growing period
lowers the values by a factor of 2–3 yielding a corrected NCP range
of �1–3 g C m�2. In addition, their results came from the southern
boundary of the Beaufort Northern region, which abuts more pro-
ductive sites. Overall, our estimate for NCP in the Beaufort North-
ern sub-region is �1 g C m�2. For the Amerasian Basin, the
estimate is �3 g C m�2. We speculate that these values are not
likely to exceed 5 g C m�2 and will assign ranges of 0.5–5 g C m�2

for NCP in both regions.
Data are sparse in the northern Chukchi Sea, and integrations

are aliased by differences in water masses. If integrations based
on the data aggregated by sub-region for the Chukchi Northern
sub-regions are confined to the upper �20–40 m, NCP values based
on differences between winter and summer BigN and phosphate
concentrations are �5 g C m�2 (Figs. S20 and S21). Because the val-
ues from deeper than 20–40 m are higher in summer than in win-
ter, we suspect that these results are low due to water mass
differences that are not averaged out in the sparse data. Therefore,
an NCP of 5 g C m�2 is likely to be a minimum estimate. Two values
from 100 � 100 km squares yield an average maxNCP-P value of
14 g C m�2 for this sub-region. Bates et al. (2005) and Mathis
et al. (2009) calculated significantly higher NCP rates within the
southern portion of the Chukchi Northern sub-region, based on
seasonal changes in the inorganic carbon system. As noted above,
they assumed a 120 day bloom period and extrapolated changes
in DIC observed during shorter periods. Since nitrate was often ex-
hausted during their summer observations (e.g. Codispoti et al.,
2005), we re-calculated their results. Using their observed spring
to summer differences in DIC, we obtained an average NCP value
of 15 g C m�2 (17 values, std. dev. = 17 g C m�2) for the southeast-
ern portion of the Chukchi Northern sub-region that abuts the
more productive Chukchi Southern sub-region. Based on these
considerations we suggest that the best estimate for NCP in the
Chukchi Northern sub-region is �10 g C m�2 with an estimated
range of 5–20 g C m�2. While an NCP of 10 g C m�2 may seem
1ow for any portion of the Chukchi Sea, recall that the Chukchi
Northern sub-region as defined herein includes the Chukchi Bor-
derlands and part of the adjacent Amerasian Basin (Fig. 1b).

4.5. Arctic Deep Basin

Because Hill et al. (2013) lumped the Eurasian and Amerasian
sub-basins into one Arctic Basin sub-region, we combined our esti-



Fig. 10. Average winter (1 November–15 May) and summer (20 August–29 September) BigN values (in lM) in the Amerasian Basin based on data binned by 5 m depth
intervals. MaxNCP-N = 1 g C m�2 based on the maximum integrated difference between the winter and summer arithmetic means for BigN.
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mates for these sub-basins to facilitate comparison. The ratio of the
area of the Amerasian Basin sub-region to the sum of the areas of
the Eurasian Basin and Amerasian Basin sub-regions shown in
Fig. 1b is 0.6. With an NCP value of �3 g C m�2 for the Amerasian
Basin and a value of �15 g C m�2 for the Eurasian Basin, the area
weighted average NCP for the two basins is �8 g C m�2. A value
of 8 g C m�2 is low, but significantly larger than Sakshaug’s
(2004) estimate for the central deep Arctic of <1 g C m�2 a�1. Note,
however, that he estimated a range of 5–30 g C m�2 for total pro-
ductivity (�PP) in the Nansen Basin (part of the Eurasian Basin)
but lacked new production data for this region.

4.6. Greenland Shelf

As defined here (Fig. 1b), the Greenland Shelf sub-region in-
cludes those portions of the east and west Greenland shelves north
of 65�N. In these areas stratification is strong, and nitrate concen-
trations are relatively low (Figs. S22–S25). Nitrate depleted fresh
water inputs are accumulated over this shelf by the dynamics asso-
ciated with the southward flowing East Greenland Current and the
northward flowing West Greenland Current. Over the East Green-
land Shelf, low salinity waters exiting the Arctic have low nitrate
concentrations even in winter (�4 lM) in the upper 50 m
(Fig. 11). As the waters travel south in the East Greenland Current,
ice-melt and fresh water additions from melting glaciers will en-
hance these conditions whereas mixing with ambient Atlantic
waters will relax them. Over the West Greenland Shelf north of
65�N, winter nitrate concentrations are also low and stratification
is strong, perhaps as a consequence of ice-melt and fresh water
from glaciers (Figs. S22–S25). Overall, winter nitrate concentra-
tions in the upper 50 m appear to be <5 lM, and summer draw-
downs in the upper 50 m appear to be about 2.5 lM. These values
yield a qualitative annual NCP estimate of �10 g C m�2. To the
south of 65�N, NCP over the Greenland Shelf is likely to approach
values found in the Nordic Seas because of the greater influence
of ambient Atlantic waters, but this region is outside of the pur-
view of this study.

Integration of seasonal changes in phosphate in data aggregated
over the entire sub-region yielded NCP values ranging from 2 to
17 g C m�2. Given that this region can contain a mixture of Pacific
and Atlantic influenced waters, we did not rely on the phosphate
based integrations for the aggregated data. Integrated changes in
BigN concentrations in the aggregated data suggest a maxNCP-N
of �8 g C m�2 (Fig. 11) if the integrations were restricted to the
upper 52 m using the definition of ‘‘summer’’ that begins on 5 July
(Table 3; year days 186–272). Since including data taken as early as
5 July may include cases where nutrients have not yet reached
minimum values, this value is probably low. There was some
apparent uptake below 52 m, but this was interpreted as a change
in water mass composition not directly related to regional NCP.
MaxNCP-N data from grid squares (Table 4) suggest a mean value
of 12 g C m�2 with an SEM of �3 g C m�2 and a maxNCP-P value of
15 g C m�2 with an SEM of �3 g C m�.2. These averages exclude
anomalously large values (max NCP-P = 40 g C m�2, max NCP-
N = 56 g C m�2) from one grid square within this sub-region, but
at the boundary of this sub-region with the Nordic Seas sub-region.



Fig. 11. Average winter (1 December–28 February) and summer (5 July–29 September) BigN values (in lM) for the Greenland Shelf based on data binned by 5 m depth
intervals. MaxNCP-N = 8 g C m�2 based on the maximum integrated difference between the winter and summer arithmetic means for BigN.
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Inclusion of this grid square would have raised this sub-region’s
average maxNCP-P from 15 to 16 g C m�2, and its average for max-
NCP-N from 12 to 16 g C m�2. These results suggest that the aver-
age NCP for the Greenland Shelf sub-region could plausibly range
from �5 to 25 g C m�2 and that a reasonable estimate would be
�15 g C m�2.

4.7. Canadian Archipelago

As defined here (Fig. 1b), the Canadian Archipelago sub-region
is widespread and includes most of Baffin Bay. Within this sub-re-
gion there is a significant variation in pre-bloom nitrate concentra-
tions. Overall, vertical profiles and sections (Figs. S8–S11 and S26–
S27) suggest that pre-bloom nitrate concentrations in the upper
�50 m of the water column are �10 lM and that most of the sea-
sonal nitrate uptake is restricted to the upper 50 m. Inspection of
these figures suggested that approximately 8 lM of nitrate was re-
moved from the upper 25 m, 4 lM from 25–50 m, and perhaps
1 lM from depths of 50–150 m. Such removal yields an NCP of
32 g C m�2.

When the data were aggregated over the entire sub-region,
integration over depth of the seasonal differences in BigN and
phosphate suggested a maxNCP-P of 22 g C m�2 and a maxNCP-N
of 27 g C m�2 (Figs. 12 and S27). The average maxNCP-N based
on data from 9 grid squares was 32 g C m�2 with an SEM of
�2 g C m�2 (Table 4). The average for maxNCP-P from 10 grid
squares was 44 g C m�2 with an SEM of �5 g C m�2 (Table 4). The
average of the four quantitative results is 31 g C m�2, similar to
the result of the qualitative analysis. Nutrient supplies via upwell-
ing and tidal mixing (Stirling, 1980) may be important in this sub-
region, and these processes could be insufficiently resolved by our
data, so we suggest that NCP in the Canadian Archipelago sub-
region is �35 ± 15 g C m�2. Sakshaug’s (2004) estimate for the
Canadian Arctic (Table 1) is much smaller, but he included
productive polynya’s in a separate category and his definition of
the Canadian Arctic was considerably different than ours (Fig. 1b).

4.8. Southern Beaufort

The range of the few pre-bloom nutrient concentrations avail-
able from the Beaufort Southern sub-region is high (Fig. S28). This
variability could reflect the variability in nutrient concentrations in
the ‘‘upstream’’ water masses in the adjacent Chukchi Sea, the
influence of the Mackenzie River (Fig. 2), and the occurrence of
upwelling over this shelf (e.g. Pickart et al., 2009, 2011). This var-
iability and the sparseness of the data make estimates of NCP
based on changes in nutrient distributions highly problematic,
but it would appear that seasonal draw-down of nitrate is �5 lM
over a depth of �30 m (Figs. S28–S31). This yields an NCP over
the vegetative season of �11 g C m�2. This calculation does not ac-
count for upwelling events, an example of which is shown in
Fig. S31. Because such events are concentrated in fall and winter
(Pickart et al., 2009, 2011), it was assumed that they contribute
only an additional 33% to NCP. Thus, the qualitative analysis sug-
gests an NCP value for the southern Beaufort Sea of �15 g C m�2.
NCP values based on the data aggregated over the entire sub-re-



Fig. 12. Average winter (1 November–15 May) and summer (5 July–29 August) phosphate values (in lM) for the Canadian Archipelago based on data binned by 5 m depth
intervals. MaxNCP-P = 22 g C m�2 based on the maximum integrated difference between the winter and summer arithmetic means for phosphate. Deeper integrations yielded
values as high as 34 g C m�2, but the deeper integrations are more likely to be aliased by water mass changes that do not reflect seasonal uptake of nutrients.
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gion suggest a value of �10 g C m�2, but the sparseness of the data
and the inherent variability of this region make the computer inte-
grations no better than the initial qualitative analysis. Only four
100 � 100 km grid squares were available for calculating max-
NCP-N and for calculating maxNCP-P. The average for maxNCP-N
was 7 g C m�2 with an SEM of �3 g C m�2. Average maxNCP-P
was 9 g C m�2 with an SEM of �3 g C m�2. Lavoie et al. (2010) sug-
gest a PP rate for the Beaufort Shelf of �25 g C m�2 a�1. We suggest
an NCP value of �15 g C m�2 for this sub-region, but it is highly
speculative and the plausible range is �10–30 g C m�2.

4.9. Kara Sea and Southern East Siberian Sea + Laptev Sub-regions

Topographic constraints, strong salt stratification and the verti-
cal distribution of nutrients (Figs. S6, and S32–S36) suggest that
net nutrient uptake in the water columns of these seas is generally
restricted to the upper �20–40 m. River inputs impact the distri-
bution of nutrients by intensifying stratification and by causing
nutrient traps in shelf bottom waters via the two-layered estuarine
counterflows that they can induce (Redfield et al., 1963; Sec-
tion 2.5). Such localized nutrient traps may contribute to the phos-
phate maximum and associated large standard deviation in the
average phosphate data from the Southern East Siberian + Laptev
sub-region (Figs. S7 and S34). Our initial qualitative analysis, based
on inspection of individual profiles, suggests NCPs for the Kara Sea
and the Southern E. Siberian and Laptev seas of �10–20 g C m�2.
No winter data were available for these sub-regions.
Assuming pre-bloom nitrate and phosphate concentrations of 1
and 6 lM for phosphate and BigN in the Southern East Siberian
Sea + Laptev sub-region and integrating over depth gave a max-
NCP-P of 11 g C m�2 (Fig. S34) and a maxNCP-N of 8 g C m�2

(Fig. 13) based on BigN draw-downs. The only BigN profile from
the Kara Sea is from early summer (before 20 August), and the best
phosphate data also include data from early summer. Assuming
initial BigN and phosphate concentrations of 6 and 0.6 lM for
the Kara Sea, subtracting the average summer values and integrat-
ing over the upper 22.5–27.5 m yields a BigN based NCP of
3 g C m�2 (Fig. S35) and a phosphate based NCP of 7 g C m�2

(Fig. S36). Because the data from the Kara Sea include early sum-
mer, these values are likely to be underestimates. The lack of
pre-bloom data, and in the case of the Kara Sea, the lack of late
summer data make these calculations extremely tenuous, and we
prefer the results of our qualitative analysis. We suggest that a rea-
sonable NCP estimate for both the Kara Sea and the Southern
ESS + Laptev sub-regions is �15 g C m�2, but the sparse data make
these estimates highly uncertain. We assign a plausible range of 5–
30 g C m�2 to the estimates for these two sub-regions.

4.10. Bering Sea

As noted in Section 2.4, pre-bloom nutrient concentrations vary
widely in the Bering Sea; seasonal changes in the composition of
water masses in the northeastern Bering Sea can produce ‘‘appar-
ent’’ NCP, and upwelling of Anadyr Water (AW) should produce



Fig. 13. Average summer (20 August–29 September) BigN values (in lM) for the East Siberian + Laptev Southern sub-region based on the maximum integrated difference
between the assumed winter and summer arithmetic means for BigN.

Table 4
MaxNCP-N and MaxNCP-P values and standard deviationsa (in g C m�2) for the 100 � 100 km squares for which values could be calculated.

Region maxNCP-N maxNCP-P Averageb

NCP Std. dev. n NCP Std. dev n

Bering Sea 32 12 5 48 17 5 40c

Chukchi Southern 36 13 5 56 13 5 46
Can. Archipelago 32 5 9 44 15 10 38
Barents Sea 47 13 14 39 22 25 43
Nordic Seas 31 11 56 31 14 69 31
Beaufort Southern 7 5 4 9 6 4 8
ESS + Laptev Northern No data No data No data
Kara Sea No data No data No data
Eurasian Basin 13 11 6 No datad –
Chukchi Northern No data 14 – 2 –
Greenland Shelf 12 8 10 15 10 15 14
ESS + Laptev Southern No data No data No data
Amerasian Basin 4 – 1 No datad No data
Beaufort Northern No data No data No data

a In Section 3.9 we discuss the problems of applying routine statistics to our data. The standard deviations listed here are sample standard deviations with the number of
observations (n) equal to the number of grid square NCP results available.

b Average of maxNCP-N average value and maxNCP-P when both averages were available.
c These values are likely to be significant underestimates (see Section 4.10).
d Some maxNCP-P were available but were aliased by variations in high phosphate Pacific origin water and low phosphate Atlantic origin water (see Section 4.3).
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high NCP values that would not be accounted for by NCPDnut.
These complications make estimation of NCP solely from seasonal
changes in nutrient concentrations impossible.

The main source of nutrients is the AW that originates over the
continental slope in the SW Bering Sea. This water mass rises onto
the shelf and flows northward in the western Bering Sea and then
into the Chukchi Sea via western Bering Strait (Hansell et al., 1989;
Sambrotto et al., 1984; Springer et al., 1989). Pre-bloom nitrate
concentrations in surface layers dominated by AW can exceed
25 lM (Fig. 3). In the vicinity of western Bering Strait, stratification
in AW is weak enough and turbulence strong enough to maintain
high surface nutrient concentrations even during summer
(Sambrotto et al., 1984; Fig. S5). In the eastern Bering Sea, low
salinity (S < �31.8) Alaska Coastal Water (ACW) has much lower



Table 5
NCPDnut and PP by sub-regiona and AMS totals.b

Sub-region NCP (m�2) Area NCP f-ratio PP
(g C m�2) (1012 m2) (Tg C) (Tg C)

Bering Sea 100 (50–200) 0.54 54 0.4 135
Chukchi Southern 70 (40–120) 0.53 37 0.3 124
Barents Sea 40 (30–50) 1.90 76 0.4 190
Canadian Archipelago 35 (20–50) 1.33 47 0.4 116
Nordic Seas 30 (25–35) 1.74 52 0.4 131
Beaufort Southern 15 (10–30) 0.25 4 0.25 15
ESS + Laptev Southern 15 (5–30) 0.78 12 0.25 47
Kara Sea 15 (5–30) 0.86 13 0.25 52
Eurasian Basin 15 (5–25) 1.45 22 0.4 54
Greenland Shelf 10 (5–20) 0.76 11 0.4 28
Chukchi Northern 10 (5–20) 0.65 6 0.2 32
ESS + Laptev Northern 8 (3–15) 0.36 3 0.2 14
Amerasian Basin 3 (0.5–5) 2.17 7 0.1 65
Beaufort Northern 1 (0.5–5) 0.51 1 0.1 5

AMS totals – 13.83 345 ± 72 1008

a Sub-region area includes only the portions with a marine water column.
b The best estimate for NCP is followed by the plausible range in parentheses. The error estimate (±72 Tg C) = the square root of the sum of the squares of the largest

absolute deviations from the suggested values based on the range for each sub-region. PP = an estimate of the value that would be returned from 14C incubations.
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nutrient concentrations, with pre-bloom values of �5 lM (Fig. 3).
Between these extremes, Bering Shelf Water (BSW) has intermedi-
ate nutrient concentrations and salinities (Fig. 3; Springer et al.,
1989; Table S1).

In and adjacent to the southwestern portion of the Bering Sea
sub-region (Fig. 1b), apparent nitrate uptake exceeds 20 lM in
the upper �35 m, with lesser draw-downs extending to about
75 m in some cases (Fig. S37). Based on these data, we made a
qualitative estimate of NCP for this region of �90 g C m�2. Simi-
larly, profiles from the eastern Bering Sea (Figs. 3 and S6) suggest
an NCP of �8 g C m�2. Conditions of constant upwelling of AW in
the northwestern Bering Sea do not permit such calculations. Sam-
brotto et al. (1984) suggest that the inflow of BSW-AW functions
much like a chemostat resulting in high PP whenever there is suf-
ficient light. They suggest an annual productivity of 324 g C m�2

for the western Bering Strait region. With their suggested f-ratio
of 0.55 this translates into an NCPbottle of �180 g C m�2, but this
may be a minimum value because the impacts of ice algae and fall
blooms were not included and the f-ratio may be high because of a
neglect of regenerated forms of nitrogen other than ammonium.
We will assume that NCP in the western Bering Strait region is
�200 g C m�2. To produce an average qualitative estimate for
NCP for the Bering Sea as defined in Fig. 1b, we averaged the values
for the southwest, western and eastern Bering Sea (90, 200, and
8 g C m�2). This yielded a value �100 g C m�2.

The ‘‘quantitative’’ estimates for this sub-region are included
only for completeness. In the data aggregated by sub-region, max-
NCP-N was between 24 and 41 g C m�2 and maxNCP-P was be-
tween 43 and 59 g C m�2 (Figs. S38 and S39). In the data
arranged by 100 � 100 km grid squares, the average maxNCP-N
was 32 g C m�2 and the average maxNCP-P was 48 g C m�2

(Table 4).
Based on our qualitative analysis we assign an average NCP va-

lue of �100 g C m�2 to the Bering Sea sub-regions, but this value is
highly uncertain and could easily range from 50 to 200 g C m�2.

4.11. Southern Chukchi Sub-region

The co-occurrence and seasonal variability of ACW and higher
nutrient water masses derived from AW and BSW in the southern
Chukchi Sea complicate estimation of NCP from seasonal changes
in nutrients. The qualitative analysis of individual profiles
(Figs. S40 and S41) combined with considerations of the influence
of the Anadyr Water and of upwelling in Barrow Canyon suggested
an NCP of �70 g C m�2 for the Chukchi shelf.
When aggregated over the entire sub-region, integration of the
seasonal changes in BigN and phosphate yield average values for
maxNCP-N and maxNCP-P of 37 and 47 g C m�2, respectively
(Figs. S42 and S43). The max NCP-N and maxNCP-P values from
the data arranged by grid squares are sparse and suggest values of
36 and 56 g C m�2, respectively, with an SEM of�6 g C m�2 for both
values. Taken at face value, these calculations suggest an NCP of
�45 g C m�2 for this sub-region. These data are likely to underesti-
mate the influence of upwelling in Barrow Canyon and in the AW.
On the other hand, advection of low nutrient ACW into the region
during the warmer months may cause overestimates. Codispoti
et al. (2009) suggested an NCP value between 20–80 g C m�2 for this
region, but their calculations did not account for the possibility of
upwelling in Barrow Canyon. Bates et al. (2005) suggest a range of
120–240 g C m�2 for NCP in the Chukchi Sea, assuming a 120 day
growing season, based on seasonal changes in inorganic carbon.
As noted earlier (Section 4.4), the length of their growing season is
�2–3 times too long for comparison with our results, so we recalcu-
late their estimated NCP range to be 40–120 g C m�2.

Overall, the complexity of this sub-region makes estimation dif-
ficult, but we suggest that the best estimate for NCP in the Chukchi
Southern sub-region is �70 g C m�2. The correct value could plau-
sibly lie between �40 and 120 g C m�2.

5. Discussion

5.1. General

A major problem for calculating NCPDnut in most sub-regions
was sparse data. In part, this was because much of the nutrient
data from the Arctic is suspicious or of demonstrably poor quality.
This necessitated a considerable editing effort that sometimes had
to rely on experience and intuition rather than on quantitative cri-
teria. A quote from Helland-Hansen and Nansen (1909) in their dis-
cussion of the need for high quality salinity determinations from
the Norwegian Sea shows that this is not a new problem. ‘‘We have
discussed this point at such length in order to urge upon future ocean-
ographers the necessity of a very high degree of accuracy and care, if
the investigations are to be of lasting value. . .’’. It is a pity that more
investigators have not taken this advice to heart. Included in the
need for care is the proper coding of submitted data. A significant
fraction of the suspicious data appeared to arise from coding and
conversion errors.

The scarcity of useable pre-bloom data (�winter/early spring)
was particularly acute. Even when data from several years were
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aggregated, there was often a dearth of useable wintertime data,
such that the winter and summer values that we used for our cal-
culations may be separated by years and, in the cases of our qual-
itative and entire sub-region analyses, sometimes by considerable
distances. Thus, estimates of NCP from several of the sub-regions
required judgment, inspired by a combination of the data, previous
studies, and experience. Nevertheless, we were able to arrive at a
few robust conclusions, and our less robust results should help
provide a base from which to launch further research. Qualitative
estimates of the reliability of our NCP values for each sub-region
are encapsulated in the ranges given in Table 5. This table also
gives an error estimate for the AMS’s total NCP.

The NCP estimate for the Nordic Seas is robust because of favor-
able hydrogaphic conditions and relatively abundant data.
Although data were not abundant, hydrographic conditions in
the Beaufort Northern and Amerasian Basin sub-regions mandate
low NCP values, and the estimates for these regions should be cor-
rect within a few g C m�2. We are also confident in asserting that
the NCP regimes in the Eurasian and Amerasian Basins are signifi-
cantly different with the former being more light limited and the
latter more nutrient limited.

5.2. Biases

In Section 2.8 we noted that some of the biases in NCPDnut and
NCPbottle tend to compensate such that, in practice, the two terms
may be similar although both may be low with respect to net car-
bon fixation. For example, we noted that our methodology for
NCPDnut does not account for nutrient regeneration below the pho-
tic zone during the vegetative season, nor does it account for ex-
cess carbon fixation after nitrate and phosphate depletion. In
addition, the exact time period for maximal seasonal nutrient
draw-down in any particular region is likely to �month. Because
the time window for maximum nutrient depletion may be short
and because data were so sparse in many of our sub-regions, it is
likely that we have, on average, underestimated the maximum
draw-down of nutrients. This would also cause our NCPDnut esti-
mates to be low-biased. Similarly, typical 14C incubations do not
determine the amount of fixation that accumulates as DOC and
incubations may, in general, be low biased (e.g. Quay et al.,
2010). Thus, several of the biases may cancel when we convert
NCPDnut into an estimate of PP by dividing by an appropriate
f-ratio and compare these estimates with PP estimated from or
keyed to typical 14C incubations. It is therefore useful to note that
a favorable comparison is not a sufficient condition to eliminate
the possibility of low-biased results.

Nutrient concentrations were not corrected to a common salin-
ity in part because some of the data were not accompanied by
salinity values. If we assume that two meters of ice with a bulk
nutrient concentration of 20% of the pre-bloom photic zone con-
centrations melts in summer, such melting would reduce nutrient
concentrations in a 25–50 m water column by �3–6%. This would
cause NCPDnut estimates to be too high by a similar amount. On the
other hand, a small amount of ammonium can be present at the
beginning of spring in Arctic waters (Table S1), and neglecting this
‘‘new’’ fixed nitrogen that may arise from sedimentary ammonium
inputs would cause the NCP estimates to be too low. The combina-
tion of these two errors is likely to be small relative to other poten-
tial errors and was neglected.

5.3. NCPDnut from maxNCP-N vs. maxNCP-P

In general, NCPDnut estimates from maxNCP-N are similar in
magnitude and correlate with estimates from maxNCP-P (Table 4;
Fig. S14), but the relationship is far from perfect. In addition to er-
rors in the data, explanations for the disparities include the follow-
ing: (1) Phosphate is not exhausted by phytoplankton uptake in
AMS waters of Pacific origin, and complications arise when these
waters mix with waters of Atlantic origin. Such mixing was the
apparent cause of a few negative NCP values in the Eurasian and
Amerasian basins, and these results were discarded (Table 4). (2)
There was no requirement for the BigN and phosphate data to
come from the exact same times and locations. Thus, the max-
NCP-N and maxNCP-P data for a given square or sub-region, could
differ in spatial and temporal distribution thereby contributing to
mis-matches.

5.4. NCPDnut vs. incubation estimates

Since NCPDnut is similar to new production (see Section 2.8), it
follows from the arguments of Eppley and Peterson (1979), that
NCPDnut should be superior to the results of 14C incubations for
estimating the amount of productivity that can be exported from
an ecosystem. Determination of nutrient concentrations is also rel-
atively straight forward compared to primary production incuba-
tions and the interpretation of such incubations (see Section 2.8).
An advantage of NCPDnut for computing regional rates is that the
method integrates over time and, to some extent, space. On the
other hand, while the characteristic of NCPDnut of integrating over
space and time is useful for determining regional rates, it is a dis-
advantage when attempting to understand spatial and temporal
patterns, community structure, etc.

Early PP estimates may be low-biased by trace metal contamina-
tion (e.g. Fitzwater et al., 1982), and by a dearth of data from early
blooms (e.g. Codispoti et al., 1991), but these problems have re-
cently been alleviated. It is nevertheless, still difficult to properly
sample and incubate samples in Arctic conditions. Given the rela-
tively favorable conditions that exist with respect to nutrient gradi-
ents, it would, perhaps, be useful to consider a detailed comparative
study of techniques somewhere within the Nordic Seas.

5.5. Conversion of NCPDnut into PP and the total rates for each sub-
region

In Sections 2.8 and 3.4 we have outlined how NCPDnut estimates
can be converted to estimates of traditional 14C incubation-based
PP estimates as reported in the companion paper of Hill et al.
(2013). In brief, NCPDnut (expressed as g C m�2 a�1)/
f-ratio = 14C PP a�1. The question that arises is what is the appropri-
ate f-ratio? Traditional studies suggest an oceanic range for this
ratio of �0.1–0.5 (e.g. Kanda, 1995) with the lowest values occurring
in oligotrophic waters and the highest in nutrient replete produc-
tive waters (see Table 1). Wafar et al. (1996) suggest that tradi-
tional estimates are too high (by �24% in polar waters) because
of the neglect of urea uptake when f-ratios are calculated from
the results of 15N incubations. Sakshaug’s (2004) review of Arctic
PP (Table 1) provides values for new and total primary production.
These data suggest a range of f-ratios similar to the overall oceanic
range of �<0.1 to �0.5. Within the AMS, higher f-ratios (�0.65)
have been found in the Northeast Water (Smith et al., 1997), in
the North Water (0.58; Tremblay and Gagnon, 2009) and in wes-
tern Bering Strait (Sambrotto et al., 1984). The f-ratios that exceed
0.5 represent bloom conditions and many f-ratio estimates are
high biased due to the neglect of regenerated forms of nitrogen
other than ammonium (e.g. urea). We will assume, therefore, that
the f-ratio averaged over the vegetative season for any of our sub-
regions never exceeds 0.4. We began with the data on total and
new production in Table 1 and made some adjustments in order
to select f-ratios for each of our sub-regions. For example, we agree
with Sakshaug’s (2004) ratio of �0.1 for the Arctic Basin only for
that portion that is depleted in nitrate in winter (the Amerasian
and Beaufort Northern sub-regions). Because surface layer nitrate



Table 6
Comparison of annual primary production (PP) values by sub-region.a

Sub-region Hill et al. This study Hill et al. incl. deep PP
(Tg C a�1) (Tg C a�1) (Tg C a�1)

Bering Sea 69 135 134
Chukchi Southern 26 124 80
Barents Sea 106 190 212
Canadian Archipelago 24 116 93
Nordic Seas 162 131 308
Beaufort Southern 2 15 2
ESS + Laptev Southern 20 47 20
Kara Sea 17 52 16
Greenland Shelf 33 28 118
Chukchi Northern 1 32 6
ESS + Laptev Northern 2 14 2
Arctic Basinb 1 119 1
Beaufort Northern 1 5 1

AMS totalsc 464 1008 993

a Hill et al. incl. deep PP are the values adjusted for deeper PP in inflow and
outflow regions (Hill et al., 2013). For comparative purposes, it is assumed that Tg C
during the vegetative season � Tg C a�1.

b To compare our results with those of Hill et al., we have summed the values for
the Eurasian and Amerasian Values (see Table 5).

c Hill et al.’s values may slightly differ from ours (1 or 2 in the last place) due to
variations in rounding.
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concentrations remain appreciable in the Eurasian Basin even dur-
ing summer (Figs. 4c, 9 and S2), we suggest an f-ratio of �0.4 for
this basin. We assumed relatively low ratios of 0.2 for the Northern
ESS + Laptev Sea and Northern Chukchi sub-regions because they
are influenced by low nitrate waters from the Amerasian Basin
and early depletion of the low stock of nitrate should lead to great-
er re-cycling of nutrients. The Greenland Shelf as defined herein
covers a wide range of latitudes. While it includes regions such
as the Northeast Water with f-ratios above 0.5 (Smith et al.,
1997), ratios are probably lower in its southern reaches and we
employed an overall f-ratio of 0.3 for this sub-region. Because of
constant nutrient replenishment via the AW, the western Bering
Strait and Bering Sea might be expected to have an f-ratio of
�0.5 as suggested by Sambrotto et al. (1984), but much lower ra-
tios would be expected in the eastern sectors due to the low nutri-
ent content of the ACW, and a relatively long growth season. In
addition, Sambrotto et al.’s (1984) estimate for western Bering
Strait did not account for forms of regenerated nitrogen other than
ammonium. An appropriate overall f-ratio for the Bering Sea might
be about 0.4. Sakshaug’s (2004) ratios of new to total production
suggests an overall f-ratio for Arctic Shelf Seas of 0.25. This value
is lower than some individual estimates for Arctic Seas, but we will
accept it because many f-ratio estimates are high-biased. We will
employ this value for the Kara Sea, Beaufort Southern, and
ESS + Laptev Southern sub-regions. Because of the influence of
the AW, we will assume a slightly higher ratio of 0.3 for the Chuk-
chi Southern sub-region. Sakshaug’s (2004) estimates of new and
total production for the Barents Sea and Nordic Seas suggest an
f-ratio of �0.5, so we have assigned our maximum value of 0.4 to
these regions. He suggests a lower value for the Canadian Arctic,
but his definition for this region excluded some regions of high
productivity. We suggest an f-ratio of 0.4 for the Canadian Archi-
pelago sub-region.

5.6. Perspective

Table 5 summarizes our estimates of NCP and PP by sub-region
and for the entire AMS. Conversion of our NCP results to PP re-
quires division of the NCP values by f-ratios, and choosing appro-
priate f-ratios introduces another potential source of error (see
Section 5.5), so it is interesting that our estimate of 1008 Tg C a�1

for total AMS PP was so close to the estimates of Sakshaug
(2004) and Hill et al. (2013). When we normalize Sakshaug’s
(2004) PP estimate for the AMS to an area equal to ours, his result
is 1130 Tg C a�1. This is 12% higher than our estimate of
1008 Tg C a�1, but Sakshaug included Hudson Bay, the Icelandic
Sea, the Labrador, Sea and the Sea of Okhotsk in his estimate. Since
average PP in these more southerly seas may be higher than our
average, the agreement between the two estimates is surprisingly
good. These results are not completely independent since we relied
on Sakshaug’s study for initial guidance on f-ratios, although we
did not agree with him in every case.

Our result for total AMS PP also agrees well with the estimate in
the companion study of Hill et al. (2013). They suggest a total PP
rate for the AMS, based on 14C incubations and remote sensing data
keyed to such incubations of at least 465 Tg C a�1 if results are re-
stricted to the upper portion of the photic zone where biomass was
assumed to be constant, but as high as 993 Tg C a�1 if PP deeper in
the water column that is not captured by satellite data are in-
cluded. Since there really is no reason to exclude the deeper PP,
this study’s estimate of 1008 Tg C a�1 and their estimate of
993 Tg C a�1 are quite similar (see Table 6). While the agreement
between this study, Hill et al. (2013), and Sakshaug (2004) is
encouraging with respect to total AMS PP, we call attention to
our earlier comments about the potential for low biases in our re-
sults and in estimates keyed to typical PP incubations (see Sections
2.8 and 5.2). We also note Sakshaug’s suggestion that his estimate
may be a minimum.

It is difficult to compare our values for sub-regions (Table 5)
with Sakshaug’s (2004) values because of differences in the way
sub-regions were defined, but broadly speaking the results were
similar. For example, Sakshaug gives a new production range for
the East Siberian and Laptev Seas of 6–10 g C m�2 a�1. Our estimate
for NCP during the vegetative season for the Northern East Sibe-
rian + Laptev sub-region is 8 g C m�2 a�1 with a plausible range of
3–15 g C m�2. For the Southern East Siberian + Laptev sub-region,
we estimate 15 g C m�2 with a plausible range of 5–30 g C m�2.
Section 4 provides additional comparisons.

On a sub-region basis, our PP results (Table 5) did not always
agree well with the results of Hill et al. (2013), and exploration
of the discrepancies (Table 6) provides some useful insight. Good
agreement was found for the Bering, Barents, Southern Chukchi,
and Canadian Archipelago sub-regions with the ratios between
estimates (higher estimate/lower estimate) ranging from 1.01 to
1.55. These regions are productive and account for 52% of the
AMS total in Hill et al. (2013) and 56% of the total AMS PP esti-
mated in this study.

The largest relative differences occurred in sub-regions
(ESS + Laptev Northern, Southern Beaufort, Northern Beaufort,
Northern Chukchi, and Arctic Basin) with heaviest ice-cover. The
lower values obtained by Hill et al. (2013) for these regions may
arise because their algorithms assumed no productivity when
ice-cover was greater than 40%. As they noted, this approach ex-
cludes production by ice algae and production under the ice which
can be significant in these regions once the snow cover on the ice
has melted (see discussion in Hill et al. (2013)). These are all
regions with relatively low productivity. Setting aside the Arctic
Basin sub-region for the moment, the ratios, between high and
low estimates ranged between 5.00 and 7.50. These sub-regions
accounted for only 1% of Hill et al.’s total estimate, and 7% of this
study’s total, so the large relative differences between estimates
did not greatly impact the total.

The Arctic Basin sub-region in Table 6 includes the productivity
in the Eurasian and Amerasian Basin sub-regions (Table 5). Here
we find the worst relative comparison between our study and Hill
et al. (2013), and also a large absolute difference.

The ratio between the high and low estimates for the Arctic Ba-
sin was 119 (Table 6), and the absolute difference between the two
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estimates was 118 Tg C a�1. Average productivity was relatively
low in both studies, but the region is vast and accounted for 12%
of total AMS PP in our estimate while making only a negligible con-
tribution to the estimate of Hill et al. (2013). Since much of the pro-
ductivity in this region is ice-associated (e.g. Gosselin et al., 1997),
the failure to account for such productivity in the algorithms of Hill
et al. may explain the difference as these authors have noted. We
chose a low f-ratio of 0.1 for the Amerasian Basin that might also
contribute to the difference. Finally, lumping the moderately pro-
ductive Eurasian Basin with the oligotrophic Amerasian Basin
could alias Hill et al.’s results if there is an uneven distribution of
data between the two sub-basins.

There was a major difference between our PP estimate for the
Nordic Seas of 131 Tg C a�1 and Hill et al.’s (2013) estimate of
308 Tg C�1. The relatively deep MLDs that occur in this region could
contribute to this difference. Mixing events that contribute to the
deep MLDs may transport organic material below the photic zone
leading to nutrient regeneration during the vegetative season that
can suppress our estimates of NCP, and it is possible that our choice
of an f-ratio for this region was too high. We can only speculate at
this point that the true value lies between the two estimates.

Our PP estimate of 28 Tg C a�1 for the Greenland Shelf sub-re-
gion was only about one fourth of Hill et al.’s (2013) estimate of
118 Tg C a�1. Broadly speaking there is likely to be a strong
cross-shelf gradient in PP in this sub-region with heavier ice-cover
towards the coast, and the offshore boundary grading into condi-
tions more typical of the abutting higher productivity Nordic Seas
and Canadian Archipelago sub-regions. Since it is possible that the
distribution of remote sensing and in situ productivity estimates
were weighted towards the offshore boundaries and to productive
polynyas, it is possible that spatial aliasing in these data introduce
a high-bias. Once again, we suggest that the true value may lie be-
tween our estimate and the estimate of Hill et al.

We have already noted that our NCP estimates for the Kara Sea
and Southern ESS + Laptev sub-regions suffer from extremely sparse
data (Section 4.9), so it is not surprising that the combined PP values
for these regions differ significantly with this study estimating PP at
99 Tg C a�1 and Hill et al. (2013) estimating 36 Tg C a�1.

5.7. Change

The AMS is highly variable. This system is sensitive to global
change and the pace of change has accelerated to include drastic
decreases in ice cover in recent years (Serreze et al., 2009). With re-
spect to inter-annual change, it has already been noted that PP in
the Barents Sea tends to be higher during warmer years (Carmack
et al., 2006). In recent years significant hydrographic changes with
a �decadal time scale have also been documented (e.g. Steele and
Boyd, 1998). There is a consensus that the overall trajectory is for
decreased ice cover and increased warming.

Unfortunately, the sparse data made it problematic to investi-
gate temporal variability in NCP. Overall, it is more difficult to esti-
mate the trajectory of NCP than PP’s trajectory because PP includes
a re-cycled component that can respond to an increased photon
flux and to increased temperature without requiring additional
nutrients. For example, comparison of data from the Chukchi Shelf
collected in 2002 and 2004 suggested higher PP during the warmer
year (2004), but how this would translate into changes in NCP dur-
ing the vegetative season was uncertain. This was because the
nutrient pool was probably higher during 2002, and the 2002
observations may not have captured the end of the vegetative sea-
son (Codispoti et al., 2009).

Temperature regulates phytoplankton physiology in temperate
waters (Eppley, 1972), and increased temperature is likely to cause
modest increases of total PP and respiration even over the rela-
tively restricted range of AMS temperatures (e.g. Kirchman et al.,
2009). Increases in the availability of light with decreased ice cover
in the AMS have been suggested as raising the possibility of large
increases in PP in the future (e.g. Arrigo et al., 2008). Because
fixed-N is stripped from much of the surface layer during summer
(e.g. Fig. 4a–c), the impact of increased temperature and light on PP
may be damped without an increased nutrient supply, but the
overall trajectory is likely to be positive.

Since the AMS’s nutrient supply is heavily utilized under pres-
ent-day conditions (Fig. 4a–c) and since NCP, new production
and export production depend critically on the nutrient supply,
the trajectory of these types of productivity will be highly depen-
dent on changes in the nutrient supply. We can posit plausible sce-
narios for increases or decreases in the nutrient supply. For
example, decreased ice cover should cause increased vertical mix-
ing that might enhance the nutrient supply, but an increase in river
flow (Lavoie et al., 2010; Tremblay and Gagnon, 2009) would tend
to increase stratification and could reduce inputs of nutrients into
the photic zone. Plausible changes in the advective inputs of nutri-
ents could also be positive or negative (e.g. an increase or decrease
in the AW inflow). In addition, light penetration could decrease in
some regions due to increased riverine inputs of particulate matter
and colored dissolved matter, as well as increased wind mixing in
shallow seas (e.g. Forest et al., 2008). Finally, as suggested by Mea-
sures (1999), reduction in ice cover might increase the importance
of iron limitation. It is also worth noting that decreases in export
production from the photic zone may arise from a reduction in
the size of phytoplankton as the surface layers of the Arctic freshen
(Li et al., 2009).

Overall, the extant studies and the characteristics of the AMS
suggest that predictions of several-fold increases in PP in the next
�50 years are not likely, but moderate increases are plausible.
Changes in NCP are harder to predict, and, to date, there is no com-
pelling evidence to suggest whether the trajectory of NCP will be
positive or negative.

6. Concluding comments and cautionary notes

Robust conclusions from this analysis include the seasonal
changes in nutrient values for the Nordic Seas where there were
relatively abundant high quality data, plus a hydrographic set-up
that favors calculation of NCP from changes in nutrient concentra-
tions. Conditions for the Barents Sea calculations, although not as
favorable, also gave us some confidence in the quantitative esti-
mates for this sub-region. The low wintertime nitrate concentra-
tions in the Northern Beaufort Sea and adjacent Amerasian Basin
would seem to be a sufficient condition to allow one to assert that
NCP in this region is quite low and not likely to change much un-
less nitrate from depths of �50 m and greater can be made avail-
able for phytoplankton growth. We have also been able to
demonstrate geographic differences in controls and rates of NCP
between the Amerasian and Eurasian Basins. This study also sup-
ports previous results that suggest that the differences in PP and
NCP between AMS sub-regions range over two orders of magnitude
(Tables 1, 5 and 6). It is also possible that the edited phosphate, ni-
trate and BigN data employed in this study might prove superior
for model validation since many highly suspicious values occurred
in some existing data bases.

While the sparse data (particularly pre-bloom data) added con-
siderable uncertainty to some of our estimates, the results were
encouraging enough to suggest that an increase of high-quality
time-series nitrate data from the AMS would enable calculation
of NCP values in some of our sub-regions that might be highly use-
ful for estimating export production and that would be free of
some of the complications associated with incubation techniques.
Given the problems with incubation-based estimates of PP and
the importance of NCP as a variable that sets an upper limit on
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export production, we suggest that an increased emphasis on
obtaining high quality nutrient time-series from the Arctic would
be useful. This is increasingly feasible because of the recent devel-
opment of autonomous sensors for nitrate and other nutrients
(Glibert et al., 2008; Johnson et al., 2010).

Although the agreement of our overall estimate for Arctic Ocean
PP with other estimates is encouraging, the reader is cautioned to
view this analysis as a starting point rather than a last word. The
relatively good agreement on overall PP could be fortuitious given
the uncertainties arising from sparse data, the need for subjective
data editing in some cases, the reliance on qualitative analysis for
several sub-regions, etc. In addition to convert our NCP estimates
to PP, we had to rely on literature estimates of f-ratios (see Sec-
tion 5.5). Some of our f-ratio estimates were based on estimates
of total and new production in Sakshaug (2004), and we compare
our estimate for total AMS PP with his. Thus, it could be argued
that there is a degree of circularity in this particular comparsion,
even though we do not totally agree with the f-ratios suggested
by Sakshaug’s analysis, and even though our NCP estimates were
independent. Finally, because the Arctic is changing, even a highly
accurate estimate for past productivity might not apply to the fu-
ture. Much more needs to be done, and, as we have suggested, this
includes obtaining improved time-series for nutrient
concentrations.
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