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The Arctic Ocean is changing rapidly as the global climate warms but it is not well known how these changes are
affecting biological productivity and the carbon cycle. Herewe study the Beaufort Gyre region of the Canada Basin
in August and use the large reduction in summertime sea ice extent from 2011 to 2012 to investigate potential
impacts of climate warming on biological productivity. We use the gas tracers O2/Ar and triple oxygen isotopes
to quantify rates of net community production (NCP) and gross oxygen production (GOP) in the gyre. Compar-
ison of the summer of 2011 with the summer of 2012, the latter of which had record low sea ice coverage, is rel-
evant to how biological productivity might change in a seasonally ice-free Arctic Ocean. We find that, in the
surface waters measured here, GOP in 2012 is significantly greater than in 2011, with the mean basin-wide
2012 GOP= 38± 3mmol O2 m−2 d−1 whereas in 2011, mean basin GOP= 16± 5mmol O2 m−2 d−1. We hy-
pothesize that this is because the lack of sea ice and consequent increase in light penetration allows photosynthe-
sis to increase in 2012. However, despite the increase inGOP, NCP is the same in the two years;meanNCP in2012
is 3.0 ± 0.2 mmol O2 m−2 y−1 and in 2011 is 3.1 ± 0.2 mmol O2 m−2 y−1. This suggests that the heterotrophic
community (zooplankton and/or bacteria) increased its activity as well and thus respired the additional carbon
produced by the increased photosynthetic production. In both years, stations on the shelf had GOP 3 to 5 times
and NCP 2 to 10 times larger than the basin stations. Additionally, we show that in 2011, the NCP/GOP ratio is
smallest in regions with highest ice cover, suggesting that the microbial loop wasmore efficient at recycling car-
bon in regions where the ice was just starting to melt. These results highlight that although satellite chlorophyll
records show, and manymodels predict, an increase in summertime primary production in the Arctic Basin as it
warms, the net amount of carbon processed by the biological pump during summermay not change as a function
of ice cover. Thus, a rapid reduction in summertime ice extentmay not change the net community productivity or
carbon balance in the Beaufort Gyre.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
1. Introduction

The Arctic Ocean is changing rapidly as the global climate warms.
Perhaps the most dramatic change in the past decade is the decrease in
summertime sea ice extent. Summer sea ice coverage is shrinking
(Kwok et al., 2009; Stroeve et al., 2012), with the summer of 2012
setting a new record for the lowest sea ice extent (National Snow and
Ice Data Center, 2012). The fraction of multiyear sea ice is decreasing as
well; 75% of total ice extent was multiyear ice in the mid 1980s but only
45% was multiyear ice in 2011 (Maslanik et al., 2011). The younger ice
that replaces the multiyear sea ice melts more easily leading to
zsandwith@whoi.edu
ms).

. This is an open access article under
increased ice-free areas in the summer. Additionally, the temperature of
the Arctic Ocean is increasing, with the Arctic region warming at a rate
three times faster than the global mean warming rate (Trenberth et al.,
2007). As the climate continues to change, it is likely the Arctic
Ocean will experience other changes as well, including changes in
freshwater balance (McPhee et al., 2009; Proshutinsky et al., 2009;
Yamamoto-Kawai et al., 2009), enhanced permafrost warming leading
to increased terrigenous input (Frey and Smith, 2005; Guo and
Macdonald, 2006), increased melt season length and delay of freeze-up
(Markus et al., 2009), and ocean acidification (Bates and Mathis, 2009;
Bates et al., 2009; Mathis et al., 2011; Yamamoto-Kawai et al., 2011).

The Canada Basin is the largest of the four sub-basins of the Arctic.
Major changes have been occurring in the Canada Basin (McLaughlin
et al., 2011) over the past decade. Summer sea ice extent is decreasing,
with warmer ice-free areas and thinner, younger sea ice (Stroeve et al.,
the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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2012). The melt season has been lengthening with the onset of freeze-
up being delayed (Markus et al., 2009). The Beaufort Gyre is the site of
the largest fresh water accumulation in the Arctic, containing about
45,000 km3 of freshwater (Aagaard and Carmack, 1989). In recent
years, there has been anunprecedented increase of freshwater accumu-
lation in the Beaufort Gyre, with a 30% gain in freshwater content be-
tween 2003 and 2009 (Proshutinsky et al., 2009). In the low ice year
of 2008, freshwater was 60% higher in some areas than climatological
values (McPhee et al., 2009). These increases in freshwater content
have been accompanied by fresher surface water, a deeper halocline
and nitracline, and increased stratification (McLaughlin and Carmack,
2010). Perhaps because of the increased stratification, and thus a re-
duced summertime vertical nitrate flux (McLaughlin and Carmack,
2010), and/or because of warmer temperatures, the size distribution
of phytoplankton has shifted from nanoplankton to picoplankton be-
tween 2004 and 2008 (Li et al., 2009). Such shifts in phytoplankton
community composition have been predicted to occur as temperatures
increase (Falkowski and Oliver, 2007; Moran et al., 2010).

The Arctic Ocean is currently a region of net CO2 uptakewhich is dis-
proportionately large for its size — the Arctic Ocean covers only 4% of
global ocean area but the CO2 uptake has been estimated to be up to
14% of global oceanic uptake (Bates et al., 2009). The effect of future
changes in sea ice, temperature, and other factors on the CO2 uptake
by the Arctic Ocean is a subject of serious debate. Some studies suggest
that CO2 uptake, at least in parts of the Arctic Ocean such as the Chukchi
Sea, will increase (Bates et al., 2011; Fransson et al., 2009). However,
other studies predict there will be no net change in CO2 or even a
decrease in CO2 uptake (Cai et al., 2010) because expected increases in
primary production (which would likely lead to increased drawdown
of CO2) will be balanced by rapid re-equilibration with the atmosphere,
and increases in temperature and terrigenous runoff. Other studies pre-
dict a decrease in CO2 uptake with climate change because increasing
temperature will favor increased rates of respiration (Holding et al.,
2013; Kritzberg et al., 2010; Vaquer-Sunyer et al., 2010).

Primary production is one of the factors governing CO2 uptake and
also provides the base energy available for fisheries and other higher tro-
phic levels. Satellite algorithms, specifically tuned for the Arctic, have
been used to show that primary production has been increasing as the
Arctic Ocean has been warming (Arrigo and van Dijken, 2011; Arrigo
et al., 2008a; Brown and Arrigo, 2012; Pabi et al., 2008). These
algorithms assume that primary production could not occur in apprecia-
ble amounts under sea ice due to light limitation. However, a recent
report of a widespread phytoplankton bloom under sea ice (Arrigo
et al., 2012) suggests that these satellite algorithms may be grossly
underestimating Arctic Ocean primary productivity. If Arctic phytoplank-
ton thrive under sea ice, then awarm and ice-free Arctic Oceanwould not
necessarily mean a more productive one. Additionally, primary produc-
tion may increase in some regions, such as the shelf seas (Carmack and
Chapman, 2003; Lavoie et al., 2010; Nishino et al., 2011), but decrease
in other regions, such as the interior of the Canada Basin (McLaughlin
and Carmack, 2010; Nishino et al., 2011) due to nutrient limitation.

In order to predict the future carbon cycle, we need a better under-
standing of the present-day carbon cycle in the Arctic Ocean. Such an
understanding will likely come from a combination of direct observa-
tions, remotely sensed products (i.e. primary productivity estimates
from tuned satellite algorithms), and ecosystem models. Relatively
few direct measurements of productivity have been made in the Arctic.
For the most part, measured rates have been of net primary production
(NPP = photosynthesis minus autotrophic respiration only) from 14C
bottle incubations (e.g. Carmack et al., 2006; Reigstad et al., 2011;
Tremblay et al., 2012; Wassmann et al., 2010). NPP has been shown to
vary by orders of magnitude depending on season, year and location
within the Arctic (Kirchman et al., 2009a). Many fewer studies exist
on rates of new production or net community production (Cottrell
et al., 2006; Forest et al., 2011; Mathis et al., 2009; Vaquer-Sunyer
et al., 2013). If the system is in steady state, then newproduction should
equal net community production (Dugdale and Goering, 1967). In the
Amundsen Gulf, an extensive investigation during IPY 2007–2008
(Forest et al., 2011) showed how low sea ice led not only to an increase
in gross primary production (Tremblay et al., 2011) but also to increased
bacterial production (Nguyen et al., 2012), resulting in relatively little
carbon being transferred to higher trophic levels (Forest et al., 2011).

In this study, we used the gas tracers O2/Ar ratios and triple oxygen
isotopes to determine net community production (NCP) and gross oxy-
gen production (GOP) in the Beaufort Gyre region of the Canada Basin in
August 2011 and 2012. Net community production is defined as the rate
of photosynthesis minus autotrophic and heterotrophic respiration and
is a measure of the net carbon taken up by the biological pump. Gross
oxygen production is equal to the rate of photosynthetic production
and thus represents the energy available at the base of the food chain.
By concurrently quantifying NCP and GOP, we separately examine the
effect of photosynthesis and respiration. This is important since melting
sea ice may not only stimulate photosynthesis but also stimulate respi-
ration through enhanced grazing or bacterial activity and thus result in
no net change in the carbon drawdown. Measurements of only NCP
could lead to the conclusion that sea ice has no effect on biological pro-
ductivity, whereas measurements of GOP would suggest that melting
sea ice is increasing biological productivity. This may explain the appar-
ent discrepancy in the literature where some studies conclude that
primary productivity has not changed significantly in the Arctic
(Cai et al., 2010; Grebmeier et al., 2010) while others conclude that
biological productivity is increasing (Arrigo and van Dijken, 2011;
Arrigo et al., 2008b; Brown and Arrigo, 2012; Pabi et al., 2008).

2. Materials and methods

In this study, we used gas tracers to quantify rates of biological
production in the surface ocean. Specifically, we used O2/Ar to quantify
NCP (e.g. Craig and Hayward, 1987; Emerson et al., 1991; Spitzer
and Jenkins, 1989) and triple oxygen isotopes to quantify GOP
(e.g. Juranek and Quay, 2013; Luz and Barkan, 2000; Luz et al., 1999).
O2 is produced by photosynthesis and consumed by respiration. How-
ever, O2 also responds to physical changes such as thermal forcing and
air–sea gas exchange. The noble gas argon has physical characteristics
very similar to that of O2 and therefore can be used as an abiotic
analogue of O2 in order to separate the physical from the biological
response (Craig and Hayward, 1987; Emerson et al., 1991, 1993, 1995;
Hamme et al., 2012; Juranek and Quay, 2005; Reuer et al., 2007;
Spitzer and Jenkins, 1989; Stanley et al., 2010).

The triple oxygen isotope approach rests on the observation that
photochemical reactions in the stratosphere fractionate oxygen iso-
topes in a mass independent way (Lammerzahl et al., 2002; Thiemens
et al., 1995). In contrast, on the earth's surface, there is mass dependent
fractionation with 18O being fractionated twice as much as 17O. This re-
sults in oxygen in the stratosphere having a distinct ratio of 16O:17O:18O.
Some of this stratospheric O2 is mixed into the troposphere and ulti-
mately into the surface water of the ocean. In contrast, phytoplankton
produce O2 from the oxygen in thewatermolecule in amass dependent
fashion. Thus the triple isotope composition of the dissolved oxygen in
water serves as a “made-in tag” — it allows one to quantify what per-
centage of the oxygen was made by photosynthesis and what percent-
age was mixed in from air–sea gas exchange. When combined with an
estimate of air–sea gas exchange, it serves to quantify GOP (Hendricks
et al., 2004, 2005; Juranek and Quay, 2010; Juranek et al., 2012; Luz
and Barkan, 2000; Luz et al., 1999; Quay et al., 2010, 2012; Reuer
et al., 2007; Stanley et al., 2010).

2.1. Sample collection and analysis

Samples for O2/Ar and triple oxygen isotope analysis were collected
from the Canadian icebreaker CCGS Louis S. St-Laurent in the Beaufort
Gyre region of the Canada Basin from July 21 to August 18, 2011 and
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from August 2 to September 8, 2012, as part of the annual combined
Fisheries and Oceans Canada's Joint Ocean Ice Studies (JOIS) and
Woods Hole Oceanographic Institution's Beaufort Gyre Observing
System (BGOS) expeditions (Fig. 1). At most stations, ~300 mL of sea-
water was collected from Niskin bottles during standard conductivity–
temperature–depth casts into pre-evacuated, pre-poisoned custom-
made glass flasks, following the method of Emerson et al. (1999).
Samples primarily were collected at a water depth of 6 or 7 m, which
was in almost all cases within the surfacemixed layer. In 2011, samples
were also collected at the deep chlorophyll maximum (DCM) at almost
every station. The depth of theDCMwas typically between 60 and 80m.
In 2012, only 6 DCM samples were collected. Additionally, at 9 stations
in 2011 and 9 stations in 2012, an additional 5 samples were collected
within the upper 600m or in three cases up to an additional 12 samples
within the upper 3500m to investigate the depth distribution of the gas
Canada Bas

Fig. 1. Map showing the Arctic Ocean, with the Canada Basin, the site of this study, circled in
which triple oxygen isotope and O2/Ar data for this work was collected. Shading represents ba
tracers. Sampleswere collected onboth theCanadian andAlaskanBeau-
fort Shelves and in the Beaufort Gyre region of the deep Canada Basin
each year, with one shelf transect in 2011 and two shelf transects in
2012. Exact locations of the samples are shown in Figs. 2–4.

Samplesweremeasured at theWoodsHoleOceanographic Institution
on a dual inlet Thermofisher MAT 253 isotope ratio mass spectrometer,
largely following the protocol of Barkan and Luz (2003). Modifications
to the protocol include: (1) the GC column used was 16 ft in length and
held at −3 °C in order to achieve clear and reproducible separation
of N2 andO2/Ar; (2) all valves used on the processing linewere pneumat-
ically actuated stainless steel bellows valves with PCTFE stem tips
(Swagelok PN SS-8BK-TW-1C); (3) the cryogenic trap was a custom-
made single-sample trap of the design of Lott (2001). A sample was
collected on the cryogenic trap at b12 K for 10 min. Then the trap was
warmed to 295 K and held at that temperature for at least 5 min. The
in

red. The blue dots demarcate the locations of stations occupied in 2011 or 2012, from
thymetry.
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Fig. 2.Measured values of (a) total sea ice coverage (b) chlorophyll a concentrations, (c) the triple isotopic signature of oxygen, 17Δ and (d) the biological saturation ratioΔ(O2/Ar) in the Beau-
fort Gyre region of the Canada Basin in late July and August, 2011. Data is overlain on maps of bathymetry. Sea ice coverage estimates were collected as part of the IceWatch program (http://
www.iarc.uaf.edu/icewatch) by Alice Orlich and Jenny Hutchings.
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sample was then expanded directly from the trap into the isotope ratio
mass spectrometer where triple oxygen isotopes and O2/Ar was mea-
sured against a custom-made reference gas consisting of 95.5% O2 and
4.5% Ar (Scott Specialty Gas, custom-order). Clean air, collected at the
beach in Woods Hole, MA and stored in an electropolished 2 L stainless
steel cylinder, was analyzed after each batch of 10water sampleswas an-
alyzed. The oxygen isotope ratios δ17O and δ18O where δxO = ((xO/
16O)smpl / (xO/16O)ref − 1) × 1000 were calculated with respect to a ref-
erence equal to a two week moving average of these air measurements,
as is customary. Additionally, one sample of water that had been equili-
brated with the atmosphere by stirring in an open 4 L container for at
least 2 days in a temperature-regulated laboratory was analyzed along-
side every 9 Beaufort Gyre water samples. This was done to (1) ensure
integrity of sample processing and analysis and (2) provide accurate
measurement of oxygen isotopic ratio of equilibrated water since
that term must enter the equations for calculating the rates of GOP
from the data.

Ameasure of the departure frommass dependent fractionation, 17Δ,
was calculated from δ17O and δ18O according to the standard equation
of 17Δ = (ln(δ17O/1000 + 1)− 0.5179ln(δ18O/1000 + 1)) × 106. The
average 17Δ of equilibrated water samples run during these samples
was 7.8 ± 0.7 per meg where the uncertainty reflects the standard
error of all water samples analyzed during the time period. The repro-
ducibility of the air standards run during the time period when the
2011 (2012) samples were run is 4.5 (4.7) per meg for 17Δ, 0.010
(0.010) ‰ for δ17O, 0.019 (0.016) ‰ for δ18O and 0.0043 (0.007) for
O2/Ar. The reproducibility of the equilibrated water samples during
the time period when the 2011 (2012) samples were analyzed is 5.0
(5.0) per meg for 17Δ, 0.011 (0.014) ‰ for δ17O, 0.021 (0.025) ‰ for
δ18O and 0.0078 (0.0063) for O2/Ar.

Correctionsweremade to the raw isotope data for the presence of Ar
and N2 in the mass spectrometer, and size of the sample (the latter also
being called the differential pressure effect). Corrections for Ar range
from−8 to 17permeg,with undersaturated samples having the largest
corrections. The surface samples in particular have a smaller range of
corrections, with Ar corrections ranging from 0 to 4 per meg in 2011
and−5 to 0 per meg in 2012. Corrections for N2 are negligible. Correc-
tions for size range from 1 to 5 per meg. Corrections were determined
for 17Δ, δ17O, and δ18O separately.

2.2. Calculations of productivity rates from gas tracer data

GOP (in units ofmmol O2m−2 d−1) is calculated from themeasured
isotopic ratios according to Eq. (7) of Prokopenko et al. (2011):

GOP ¼ kOeq

X17
dis−X17

eq

X17
dis

−λ
X18
dis−X18

eq

X18
dis

X17
P −X17

dis

X17
dis

−λ
X18
P −X18

dis

X18
dis

ð1Þ

where k is the gas transfer velocity (m d−1), Oeq is the equilibrium con-
centration of oxygen, λ is the respiration slope factor = 0.5179, X*dis is
the ratio of isotopes *O/16O dissolved in the sample, X*eq. is the ratio of
isotopes *O/16O in seawater equilibrated with the atmosphere, and X*P
is the ratio of isotopes *O/16O in oxygen produced by photosynthesis
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Fig. 3. Data presented in a similar fashion as in Fig. 2 but for measurements made in August and early September, 2012. Thus, the figure displays measured values of (a) total sea ice coverage (b)
chlorophyll a concentrations, (c) the triple isotopic signature of oxygen, 17Δ and (d) the biological saturation ratioΔ(O2/Ar) in the Beaufort Gyre region of the Canada Basin in August and early Sep-
tember, 2012. Data is overlain on maps of bathymetry.
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with * referring to 17 or 18. X* can be calculated from δ* and thus all
values are reported here as δ*O and then were converted to X* for use
in the equation. The constants used in the equation for the photosyn-
thetic end-member were δ17OP = −10.12‰ and δ18OP = −20.014‰
(Eisenstadt et al., 2010; Helman et al., 2005; Luz and Barkan, 2011).
For the equilibrated water values, δ18Oeq (in‰) was calculated accord-
ing to the equation of Benson and Krause (1984): δ18Oeq = 0.730 +
427 / (T+ 273.15)where T is the in situ temperature (K) for thatwater
sample. The δ17Oeq was calculated from δ18Oeq and 17Δeq = 8 per meg.
The gas transfer velocity k was calculated as a weighted gas transfer
velocity over the previous 60 days, as is done by Reuer et al. (2007),
using the gas exchange parameterization of Stanley et al. (2009) and
NCEP reanalysis winds (Kalnay et al., 1996; Kistler et al., 2001). No
adjustment was made to the gas transfer velocity to account for the
presence of ice, due to the uncertainty in how the correction should
be made (Else et al., 2013; Fanning and Torres, 1991; Loose et al.,
2009, 2011). Thus all the GOP and NCP estimates in partially ice-
covered waters are upper bounds. A lower bound estimate could be
obtained by multiplying the gas exchange rate by the fraction of open
water and thus by extension, multiplying the reported NCP and GOP
by the fraction of open water. A discussion of the effect of this simplifi-
cation is included in Sections 4.1 and 4.3 of this paper. The NCP/GOP
ratios are not affected by gas transfer velocity and thus do not suffer
from any uncertainty in effect of ice on air–sea gas exchange.

GOP can be converted to gross primary production rates in carbon
units by assuming a photosynthetic quotient of 1.2 (Laws, 1991) and a
fraction of Mehler reaction of 20% (Bender et al., 1999; Laws et al.,
2000), so that gross primary production (C units) = GOP (O2 units) /
1.2 × (1 − 0.2). Note that all rates represent mixed layer production
only and thus do not include any contribution from production below
the mixed layer. Significant DCM are observed in the Beaufort Gyre
(Hill and Cota, 2005) and thus the rates represented here are likely to
be an underestimate of total water column production.

In theory, the estimates of GOP could be overestimating the actual
GOP if deeper water with higher 17Δ is being vertically mixed upward.
However, the 17Δ just below the mixed layer is not significantly differ-
ent than mixed layer values on the one station where it was measured.
Additionally, there is very strong stratification at the base of the mixed
layer (the Brunt–Vaisala Frequency N=0.04 s−1 to 0.09 s−1) in this lo-
cation, leading to negligiblemixing across the base of themixed layer in
the central basin. Thus for most of the data presented, which is from the
basin, vertical mixing of water is not likely to bias results.

However, on the shelf, there may be upwelling which could lead to
the GOP estimates from the shelf stations being an overestimate, due
to upward mixing of higher 17Δwater. Upwelling on the shelf becomes
significant about 10 h after easterly winds become greater than 4m s−1

(Schulze and Pickart, 2012). Upwellingwas likely significant the day be-
fore the samples from the shelf stations were collected in 2011 and
since the gas tracers average over a few days, it may be biasing the re-
sults. The effect of this upwelling would likely be to artificially increase
the rates of GOP and decrease the rates of NCP calculated at this station,
since 17Δ is elevated and ΔO2/Ar is depressed below the mixed layer.
We do not have a profile on any of the shelf stations at that year
so we cannot calculate the magnitude of the effect. Based on nearby
stations, however, it is likely to be small because there usually is not a
strong gradient of either gas tracer in the upper 100 m. In 2012,

image of Fig.�3
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Fig. 4.Rates of gross oxygen production (GOP) determined from triple oxygen isotopic data for theCanadaBasin regionof theBeaufortGyre in (a) late July andAugust, 2011 and (b) August
and early September, 2012. Rates of net community production (NCP) determined from the O2/Ar ratios for the same samples from (c) 2011 and (d) 2012. The ratio of NCP/GOP for
the same samples from (e) 2011 and (f) 2012. Some of the rates in the coastal transects are greater than the maximum of the color scales but can be examined in more detail in Fig. 7.
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upwelling was probably not significant on the 140°W transect since
winds were westerly during sampling and for the preceding week.
However, upwelling may be significant for the 151°W transect since
winds were westerly during sampling, and southerly for the 48 h prior
to sampling, they were easterly prior to that and thus upwelling a few
days earlier may still be affecting the gas signature at the time of our
measurement (wind data from shipboard winds and NDBC mooring
#48211). Profiles from nearby stations, including those on the 140°W
transect, suggest that the effect of upwelling would be small since
there are only small gradients in the gas tracers in the upper 100 m.

TheGOP calculations assume that the time rate in change of 17Δwith
time, i.e. d17Δ/dt, is zero— in other words, that the system is at steady-
state with respect to triple oxygen isotopes. Ideally, we would have a
time-series of 17Δ and would not have to make that assumption but
that is rarely the case in oceanographic studies. We expect the error in-
troduced by this assumption to be small because we have used satellite
data (see Section 4.5) to confirm that the cruise is not in the middle of
bloom conditions, which might have rapidly changing 17Δ. Modeling
studies have shown that as long as one is not in bloom conditions and
entrainment does not significantly affect the 17Δ (and the strong strati-
fication that was set well before the cruise occurredmakes entrainment
unlikely), the simple steady-state assumption typically leads to uncer-
tainties of b20% in the GOP estimates (Nicholson et al., 2014). Addition-
ally, if there are non-bloom conditions (as in this study), then the errors
due to the time rate of change term often cancel out when GOP is being
calculated on a regional average. So our conclusions on any one data-
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point may have an error of 20% but the error on the average of the rates
in the Canada Basin in a given year probably have much smaller error
due to the steady state assumption.

NCP is calculated fromO2/Ar by assuming steady state and negligible
effects of horizontal and verticalmixing. The shallowmixed layers in the
region (typically ~10m) lead to the integration time of the tracers being
only a few days. The assumption of small changes in productivity over
several days is likely reasonable in most cases but may not hold in the
marginal ice zone. As described above for triple oxygen isotopes, the
time rate of change assumption likely leads to small errors, especially
when averaging over the entire Canada Basin. In an O2/Ar modeling
study, it has been shown that regional averages are less affected by er-
rors from the steady-state assumption than individual points (Jonsson
et al., 2013). Additionally, the strong stratification (the Brunt–Vaisala
Frequency N = 0.04 s−1 to 0.09 s−1) at the base of the mixed layers
makes vertical mixing negligible in the central basin. On the shelf tran-
sects, however, upwelling may be occurring which could be leading to
the NCP and GOP estimates being an overestimate. The effect of upwell-
ing on NCP in the shelf transects was described above, in the section on
GOP calculation.

ΔO2/Ar is defined as (O2/Ar)meas / (O2/Ar)eq.− 1 andNCP is calculated
(e.g. Hendricks et al., 2004), in units of mmol O2 m−2 d−1 as

NCP ¼ kp O2½ �satΔ O2=Arð Þ ð2Þ

where k is the gas transfer velocity, calculated as described in the previ-
ous paragraph, and ρ is the density of water as calculated by Millero
and Poisson (1981).

The NCP/GOP ratio, which is a measure of how tightly a system
is recycling carbon, can be determined as the ratio of the above-
calculated NCP and GOP values or if one assumes steady state, they
can be estimated by the ratio of the gas tracers, such that

NCP
GOP

¼ ρΔ O2=Arð Þ
17Δsmple−17Δphoto
17Δeq−17Δsmple

ð3Þ

where 17Δsmple is the measured triple oxygen isotopic ratio of the
sample, 17Δphoto is the triple oxygen isotopic value of O2 produced by
photosynthesis = 249 per meg, and 17Δeq is the triple oxygen isotopic
value of equilibrated water (8 per meg). The two methods differ only
slightly in this location, presumably due to the steady state simplifica-
tion not completely holding. All results reported here are for the NCP/
GOP ratio being calculated directly from NCP and GOP values.

2.3. Ancillary data

Visual sea ice observations were collected as part of the Ice Watch
program (http://www.iarc.uaf.edu/icewatch). To that end, total ice
cover was estimated by trained ice observers on the bridge of the ship
at hourly intervals along the cruise track as well as at arrival on each sta-
tion. Ice concentration, ice type (whether first year ormulti-year ice) and
partial concentration of each type were recorded using Antarctic Sea Ice
Processes and Climate (ASPeCt) conventions (Worby and Alison, 1999)
within 3 nautical miles of the ship. The concentration data is estimated
in tenths. Stage of melt of the ice was recorded following standard
Russian conventions (Vasilly Smolyanitsky, personal communication),
which followWorld Meteorological Organization nomenclature (WMO,
1989), whereby ice is classified in 5 stages of melt that range between
surface wetting and rotten ice. The presence of melt ponds was recorded
andmelt pond coverage of the ice was estimated in tenths. Photographic
records from twowebcamsmounted on the ship as well as hourly pho-
tographs taken by the ice observers were used to check the bridge ob-
servations. In 2012, the Ice Watch program did not make visual sea ice
observations at every station. Thuswe used ice estimatesmade by a sci-
entist onboard the ship (but not necessarily a trained ice observer)who
observed the ice just before the CTD cast. On the many occasions when
there were estimates from both the IceWatch program and the cast es-
timates by the scientists, they agreed quite well. Additionally, the Ice
Watchprogram, aswell as estimates of ice thicknessmade from satellite
passivemicrowave concentration, all agree that 2012 had very little sea
ice compared to 2011.

Chlorophyll-a concentrationswere determined fromwater collected
from Niskin bottles that had been immediately filtered at 0.7 μM
through GF/F 25 mm filters. Concentrations of nutrients, including
phosphate, were determined from samples collected from Niskin bot-
tles. The filters were stored at −80 °C until analysis by fluorometry,
which occurred within one month from returning from sea. Precision
based on duplicate samples was 0.01 μg L−1 and detection limit was
0.025 μg L−1.

Samples for phosphate were collected from unfiltered water from
Niskin bottles. Analysis was typically performed within 24 h by a nutri-
ent autoanalyzer, as described by McLaughlin et al. (2008). If storage
was required for more than 24 h, samples were stored at 4 °C. The
precision based on measurement of standards was 0.015 mmol m−3.
Detection limit was 0.006 mmol m−3.

Mixed layer depthswere calculated at the stations from CTD density
profiles using a criterion of a density difference of 0.1 kg m−3 between
the surface and the depth of the mixed layer. Temperature and salinity
were determined from the CTD system (seabird SBE9+), which had
two temperature sensors (SBE3 plus) and two conductivity sensors
(SBE 4C). The second pair of sensors is used if there are problems with
the primary sensors. Salinity measured in bottle samples using an
autosalinometer (Guildline Autosalinometer, model 8400B) was used
to calibrate the primary CTD salinity sensor. Precision for these bottle
salinity samples based on duplicated samples measured repeatedly
was 0.003. Accuracy based on running IAPSO standard seawater
(batch P152)was 0.0015. Density was calculated from salinity and tem-
perature data from the primary sensors according to Millero and
Poisson (1981).

Satellite productivity estimates for the locations of the data were
interpolated from daily maps produced by an algorithm designed espe-
cially for the Arctic Ocean (Arrigo and van Dijken, 2011; Pabi et al.,
2008). The estimates were made based on MODIS/Aqua chlorophyll
(Level 3, binned, 8 day). When estimates did not exist for locations
near the sampling stations due to presence of clouds or sea ice no satel-
lite productivity was assigned. Thus the number of stationswhere satel-
lite productivity estimates is reported is smaller than the number of
stations where gas tracer rates are determined.

3. Results

Maps of total ice coverage, mixed layer chlorophyll concentrations,
mixed layer 17Δ, and mixed layer ΔO2/Ar for 2011 (Fig. 2) and 2012
(Fig. 3) show distinctive patterns. In 2011, total ice coverage is highest
on the northern and western edges of the sampling grid. Chlorophyll
concentrations are much larger in the shelf stations than in the open
basin and are slightly elevated in the northwest corner of the sampling
grid, where ice coverage is high. However, they are not elevated under
the other regions where ice coverage is still high. 17Δ is also highest
on the shelf stations and is slightly higher on the northern and western
edges of the sampling grid. Δ(O2/Ar) is not much different in the shelf
stations than in the basin stations with the exception of the nearest to
shore shelf station. Δ(O2/Ar) is higher on the N edge of the grid but
not on the W edge of the grid.

In 2012, there was virtually no sea ice in the entire grid.
Surface chlorophyll concentrations in the basin are higher in 2012
(Chl2012,avg = 0.07 ± 0.01 mg m−3, excluding shelf stations) than in
2011 (Chl2011,avg = 0.04 ± 0.01 mg m−3 excluding shelf stations).
Unless otherwise noted, all uncertainties listed in this paper are equal
to the standard error of the average of the rates within the region. In
2012, like in 2011, the highest chlorophyll values were in the coastal
transects. Indeed, the shelf chlorophyll averages 0.36 ± 0.1 mg m−3,

http://www.iarc.uaf.edu/icewatch
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Fig. 5.Water column profiles of 17Δ as a function of depth for one station in 2012 (75°N,
150°W, sampled on Aug 11 2012, red) and two stations in 2011 (73°N, 145°W, sampled
on Jul 27 2011, green and 76°N, 140°W, sampled on Aug 9 2011, blue). Measurement un-
certainty on the 17Δ is shown by the size of the horizontal line in the lower left corner of
the plot. The deep subsurface maximum in 17Δ, located between 50 and 150 m, has
been observed in other ocean basins and may be a reflection of small amounts of photo-
synthesis occurring at depth. The inset shows, in detail, the upper 200 m of the profiles,
with the mixed layer depth for each station demarcated as a dashed line, same color as
the station.
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which is a factor of 6 larger than the basin average chlorophyll concen-
trations. In 2012, 17Δ and Δ(O2/Ar) are highest in the shelf transect
along 151°W; however, the shelf transect along 140°Whasmuch small-
er 17Δ and Δ(O2/Ar) than in 2011.

17Δ and Δ(O2/Ar) reflect a combination of productivity and gas ex-
change since productivity increases the tracer signal in the surface
water and gas exchange erodes it. Thus to fully compare one year and
another, or between one station and another, it is important to compare
NCP and GOP rather than the gas tracers themselves. Thus in Fig. 4, NCP,
GOP, and the NCP/GOP are presented for 2011 and 2012. GOP is larger in
2012 than in 2011. The basin average, i.e. excluding shelf stations, for
GOP in 2012 = 38 ± 3 mmol O2 m−2 d−1 whereas in 2011, the basin
average GOP = 17 ± 5 mmol O2 m−2 d−1. The uncertainties given
above are the standard error of the basin samples for that year (i.e. ex-
cluding coastal transects). The uncertainty on any given rate measure-
ment is approximately 30% and is set by a combination of uncertainty
in the measurement of 17Δ (5 to 8 per meg) and uncertainty in the gas
exchange estimate (20%). Since the measurement uncertainty is a con-
stant number, regardless of sample size, the total uncertainty due to the
measurements ranges from ~20% to 30% for the samples with low 17Δ
values, and thus low GOP rates, to 10% for the samples with high 17Δ
values and thus high GOP rates. Since the measurement uncertainty is
randomly distributed, it does not bias the averages. However, the addi-
tional ~20% uncertainty due to air–sea gas exchange may have a bias in
one year vs. another. The uncertainty in air–sea gas exchange in the
presence of ice would lead to our 2011 estimates being an overestimate
of GOP. Despite this potential overestimate, the fact that the 2011 rates
are still well below the 2012 rates implies that the conclusion of signif-
icantly higher GOP in 2012 than in 2011 is robust.

The locations where GOP was measured in 2012 are not exactly the
same as the locations where GOP was measured in 2011. In order to
ensure that this spatial difference is not biasing the averages, we also
calculated the average in 2012 for only those stations which were also
sampled in 2011. That average is also 38 ± 3 mmol O2 m−2 d−1 and
thus is still significantly larger than the 2011 average GOP.

Within 2011, GOP is higher on the northern and western edges of
the sampling grid; the average GOP along the northern and western
edges of the sampling grid being 27 ± 1 mmol O2 m−2 d−1 whereas
the open basin average GOP = 8 ± 2 mmol O2 m−2 d−1.

There is no statistically significant difference between average NCP
in 2011 and in 2012. The average NCP in the basin in 2012, i.e. again
excluding shelf stations, is 3.1 ± 0.2 mmol O2 m−2 d−1, whereas the
average NCP in the basin in 2011 is 3.2 ± 0.2 mmol O2 m−2 d−1.
Again the uncertainty listed is the standard error of the rates within
the basin. The typical uncertainty on any givenNCPdetermination is ap-
proximately 20% and is set by the uncertainty in air–sea gas exchange
since the error in the O2/Ar measurements offers only a negligible con-
tribution to error in calculated NCP.

In both 2011 and 2012 GOP was more variable than NCP. The
coefficient of variation (standard deviation divided by the mean) is 0.7
for GOP but only 0.4 for NCP in 2011. It is 0.7 for GOP and 0.5 for NCP
in 2012. The average ratio of NCP/GOP is significantly higher in 2011
than in 2012. In 2011, the average basin-wide NCP/GOP = 0.23 ±
0.02. In 2012, the average basin-wide NCP/GOP = 0.09 ± 0.01.

Rates of productivity on the shelf stations are more variable than
the basin stations. Additionally, there are fewer shelf stations than
basin ones, inflating the standard error. The 2011 shelf station averages
for GOP, NCP and NCP/GOP are 40 ± 12 mmol O2 m−2 d−1, 17 ±
14 mmol O2 m−2 d−1, and 0.25 ± 0.1, respectively. The 2012 averages
of the shelf stations, i.e. including both transects, is higher for GOP and
similar for NCP, being 81 ± 21 mmol O2 m−2 d−1 for GOP, 22 ±
6mmol O2 m−2 d−1 for NCP, and 0.2 ± 0.04 for NCP/GOP. In a compar-
ison of only the shelf along 140°W in both years, the 2011 numbers are
much greater than the 2012 ones. The 2012 average of shelf stations
along 140°W only is GOP = 17 ± 2 mmol O2 m−2 d−1, NCP = 1.3 ±
0.2 mmol O2 m−2 d−1, and NCP/GOP = 0.07 ± 0.02.
Profiles of 17Δ depths of 600mweremeasured 8 times in 2011 and 7
times in 2012. Profiles to depths of 3500mweremeasured once in 2011
and twice in 2012 (Fig. 5). These profiles yield interesting qualitative in-
formation on 17Δ. 17Δ is at a maximum at approximately 50 to 150 m
(see inset in Fig. 5 for detail in upper 200 m). This deep subsurface
maximum of 17Δ has been observed in the Atlantic and Pacific as well
(Ho et al., 2004; Luz and Barkan, 2009; Quay et al., 2010; Stanley et al.,
2010) and has often been hypothesized to be a reflection of small
amounts of photosynthesis occurring at depths (Nicholson et al.,
2014). Since there is relatively little O2 at such depths, the addition of
only a small amount of photosynthetic O2 is enough to make a large
change in the 17Δ signature. Alternatively, it could be a reflection of
higher production that occurred in the Pacific-origin water when it
was still within the euphotic zone over the northern Bering and Chukchi
shelves. 17Δ then decreases until a depth of approximately 500m. This is
either a reflection of Atlantic source water or more likely that the in-
creased age of this water has meant that more 17Δ has been eroded
away due tomixing than in the shallower waters. Below approximately
500 m, 17Δ is roughly constant, within measurement uncertainty, at 30
to 40 permeg. This is the same deep value that has been observed in the
other ocean basins (Luz and Barkan, 2009) and may likely reflect the
long term balance between production when water was at the surface,
lateral transport, and vertical mixing.
4. Discussion

4.1. Comparison of 2011 and 2012

The summer of 2012 had record low sea ice extent (National Snow
and Ice Data Center, 2012). In contrast, the summer of 2011 had greater
sea ice cover. This was true of the entire Arctic, as reported by theNSIDC
as well as in the Beaufort Gyre region. For example, in the sea ice
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coverage plots in Figs. 2a and 3a, it is clear that 2012 had much less sea
ice than in 2011.

GOP was significantly higher in 2012 than in 2011. A histogram of
GOP measurements within the basin (Fig. 6) shows that in 2012, GOP
was greater than 50 mmol O2 m−2 d−1 at 20% of the stations, whereas
in 2011, GOP was never greater than 50 mmol O2 m−2 d−1. Further-
more, GOP was below 10 mmol O2 m−2 d−1 at 55% of the stations in
2011 but in only 10% of the stations in 2012. The mode of GOP in 2011
was 10 mmol O2 m−2 d−1 whereas the mode of GOP in 2012 was
30 mmol O2 m−2 d−1. In 2011, there is likely a bias in the calculated
GOP due to the unknown reduction of air–sea gas exchange rate due
to the presence of sea ice (Else et al., 2013; Loose et al., 2011). Thus,
the 2011 rates reported are upper bounds for GOP and yet they still
are significantly smaller than the 2012 rates. Hence our conclusion of
greater GOP in 2012 is robust. Notably all the rates reported are for
the surface ocean only.

Why is GOP greater in 2012 than in 2011? A likely explanation for
the increase in GOP is that the more extensive open water due to the
lack of sea ice has resulted in increased photosynthesis by relief of
light limitation. An increase in gross primary production corresponding
to years of low sea ice has been observed previously in the Amundsen
Gulf, which is adjacent to the Canada Basin (Forest et al., 2011) and
the Chukchi Sea (Kirchman et al., 2009a) as well as predicted in some
numerical simulations of the Arctic (Slagstad et al., 2011). However,
other simulations, such as one of the European Corridor, have suggested
that changes in sea ice cover will not change gross primary production
appreciably (Reigstad et al., 2011;Wassmann et al., 2010). This discrep-
ancymay be due to the differences in physical and biogeochemical con-
ditions between the Western Arctic and the European Corridor.
Nonetheless, even in the Canada Basin, the expected direction change
of production with melting ice is disputed. For example, in the Canada
Basin in particular it has also been suggested that productivity is con-
trolled by nutrients, and not light, and thus that decreased sea ice cover-
age might not increase primary production (McLaughlin and Carmack,
2010). Surface nitrate and ammonium concentrations in 2011 and
2012 were largely undetectable and there is no reason, a priori, to
expect that much lower sea ice coverage would lead to significantly in-
creased nutrients. Hence our data support the hypothesis that lower sea
coverage results in an increase in GOP and thus by extension, primary
productivity is controlled in at least some part by light. However, our
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ofNCP is similar each year. In contrast, the distribution of GOP rates is shiftedhigher and rates of
and triple oxygen isotope gas tracer data collected in late July and August, 2011 in the Beaufo
calculated from O2/Ar and triple oxygen isotope gas tracer data collected in August and early S
data is only for the surface so a different story might emerge at depth.
Sea surface temperature in both years was similar and thus the differ-
ence in 2011 vs. 2012 is likely not a result of changes in temperature af-
fecting GOP.

Another possibility, however, is that the difference in the two years
is a result of the timing of the cruise in reference to the spring/summer
blooms. To the best of our knowledge, no other in situ rates of primary
productivity exist in the Canada Basin in the summer of 2011 or 2012.
Thus, we examined time-evolving records of primary production, as de-
termined by a satellite-derived algorithm tuned specifically for the Arc-
tic (Arrigo and vanDijken, 2011; Pabi et al., 2008) to determine how the
cruise timing aligned with the seasonal bloom. In both 2011 and 2012,
the cruise occurred well after the bloom, suggesting that the difference
in the years is not related to samples from one year being taken
in bloom conditions and the other year samples being collected in
post-bloom conditions. While other variables could indeed be different
between the years, this study strongly suggests that the lack of sea ice
leads to increased gross primary production, even in an intensely strat-
ified system with a deep nitracline and subsurface chlorophyll maxi-
mum (McLaughlin and Carmack, 2010). However, given that this
study is an observation of a natural system rather than a controlled
experiment, we cannot say with certainty that our hypothesis that the
difference in productivity between the two years is due to the difference
in sea ice cover is correct.

Although GOPwas significantly higher in 2012 than in 2011, a histo-
gram of NCP shows that the NCP distribution was similar each year
(Fig. 6). NCP is the productivity parameter that is most important for
the carbon cycle since it is a measure of the strength of the biological
pump and thus of how much CO2 can be taken-up by biology. The fact
that NCP does not change in the two years, and thus perhaps does not
change in response to ice cover, suggests that the net biological carbon
cycle may not be dependent on sea ice. As the Arctic becomes more ice-
free, the net carbon balance may not change.

How canNCPnot change and yet GOP change? In order for NCP to be
similar and GOP to differ, respiration must be tightly coupled to photo-
synthesis. Quantitatively, this is shown by a decrease in the NCP/GOP
ratio in 2012. The system has become more efficient at internally
recycling carbon. Such increased efficiency is reasonable — the NCP/
GOP ratios observed in 2011 are on the high end of those typically
found in non-bloom conditions (Juranek and Quay, 2013), suggesting
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that there is certainly “room” for the system to become more efficient.
The NCP/GOP ratios observed in 2012 are more typical of oligotrophic
systems worldwide (Juranek and Quay, 2013).

NCP is defined as photosynthesis minus autotrophic and heterotro-
phic respiration and we do not know if the increase in respiration is
due to the autotrophic component or the heterotrophic one or both. If
heterotrophic, it could be either due to changes in bacterial production
rates or zooplankton grazing rates. It has been estimated that bacterial
production and zooplankton respiration account for approximately
equal proportions of respiration in the Canada Basin (Tremblay et al.,
2012). Bacterial abundance was measured in 2011 and in 2012 and
did not show statistically significant differences between the two
years (B. Li, personal communication). Micro- and meso-zooplankton
data is not available for both years.

The hypothesis engendered by this work is depicted in cartoon fash-
ion in Fig. 7. We hypothesize that the lack of sea ice in 2012 leads to
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Fig. 7. Cartoon depicting change in biological production as a function of ice cover. (a) In a year
irradiance. Phytoplankton growth (green circle) is relatively small and is well balanced by a g
Nutrient cycling (red arrows) is modest. (b) In a year with little or no sea ice, such as 2012, m
production. But the grazing community, especially the microzooplankton, is more active as we
of photosynthesis and respiration is accompanied by increased rates of recycling of nutrients
and an increase of nitrate below the nitracline, which is deeper than the mixed layer (black p
would reach the surface (thin red arrow).
more light penetration and thus increased rates of photosynthesis in
2012. Micromonas, the dominant picoplankton in the Beaufort Gyre
(Balzano et al., 2012; Lovejoy and Potvin, 2011; Lovejoy et al., 2007),
has been shown to be more responsive to increased light than to in-
creased nutrients (Terrado et al., 2008). We further hypothesize that
the grazing community, most likely microzooplankton including small
flagellate phagotrophic protists (Monier et al., 2013), increase in
response to the increased phytoplankton. Thus there is no net change
in community production although an increase in gross oxygen produc-
tion is observed.

4.2. Shelf-to-basin transitions

It is well known that the shelves in the Arctic Ocean are muchmore
productive than the basins (e.g. Carmack et al., 2006). In this study, we
examined the gradients of NCP and GOP between the shelf and basin
e, such as 2011

uch as 2012

[NO3]

[NO3]
Z

with more sea ice, such as 2011, the sea ice (blue rectangle) blocks some of the incoming
razing community consisting of bacteria (purple circle) and zooplankton (orange circle).
uch more light reaches the phytoplankton resulting in a large increase in photosynthetic
ll and thus there is similar net community production in both years. The increase in rates
(larger red arrows). Both situations would have almost zero nitrate in the surface water
rofiles). In both situations, only small vertical fluxes of nitrate from below the nitracline
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Fig. 8. Shelf to basin gradients along coastal transects along (a) 140°W in 2011 (sampled
on July 26, 2011 and Aug 14, 2011), (b) 140°W in 2012 (sampled on Aug 14 and 15,
2012), and (c), 151°W in 2012 (sampled on Aug 9, 2012). In all cases, rates of GOP
(blue), NCP (green), and NPP predicted from a satellite algorithm tuned for the Arctic
(Arrigo and van Dijken, 2011; Pabi et al., 2008) are normalized to their highest values in
the transect. Solid markers denote positions at which rates were calculated from in situ
gas tracers. Although the satellite algorithm had estimates everywhere along the transect,
it was subsampled at the same locations as the tracer data for better comparability. Open
circles at the right edge of the plot depict the basin averaged rates, scaled in the sameway
as the coastal transect. All variables are plotted as a function of distance from the shore.
The shelfbreak (defined as where depth N70 m) occurs at 65 km offshore on the 140°W
transect and 59 km offshore on the 151°W transect.
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interior. In 2011, stations were measured on one transect from ~75 km
offshore to 350 km offshore along 140°W. In 2012, that 140°W transect
was reoccupied and stations were also occupied along an additional
shorter diagonal transect at 151°W. The transect data is displayed in
Figs. 2 to 4 but the values are frequently offscale since the shelf areas
are so different than the basin interior. Thus Fig. 8 displays the transect
data as a function of distance off-shore. GOP, NCP and satellite-derived
NPP are scaled relative to their maximum value on a given transect.
This allows clear examination of changes of productivity rates over the
length of the transect and also allows easy comparison of the shelf
values to the average of interior basin stations (shown as open circles).
In 2011, GOP andNCP decrease quickly as onemoves off-shore. Interest-
ingly, GOP and NCP are decoupled — GOP decreases more slowly than
NCP. This decoupling results in a very high NCP/GOP ratio at the inner-
most shelf station, i.e. a very efficient export of carbon at that station.
Coastal upwelling near shoremay be biasing the gas tracer derived esti-
mates of NCP to be too low and GOP to be too high since water below
themixed layer is depleted in O2/Ar and elevated in 17Δ. This is especial-
ly true in 2011 and for the 151°W transect in 2012 (see Section 2.2 for
discussion of coastal upwelling effects). Thus the trends we see of GOP
changing less than NCP may be even more pronounced than shown by
these data. The fact that NCP changes more than GOP does suggests
that respiration and grazing aremore sensitive to the shelf to basin tran-
sition than photosynthesis is. This is interesting since a suggested
reason for increased productivity on the shelf is increased nutrients
due to coastal upwelling (Pickart et al., 2013), whichmight be expected
to benefit phytoplanktonmore than zooplankton or bacteria. A compar-
ison of gradient in the satellite-derived NPP with the gradient in GOP is
discussed in Section 4.5. Chlorophyll decreases along the transects less
steeply than NCP or GOP (not shown). Nitrate concentrations are unde-
tectable at all shelf stations and gradients of phosphate and silicate are
much smaller than gradients of chlorophyll or productivity.

In 2012, along the same 140°W transect, the highest values of NCP
and GOP are no longer immediately adjacent to the shelf, but rather
are several hundred km offshore. Additionally, the gradients between
shelf to basin, and the absolutemagnitudes of the rates, aremuch small-
er in 2012 than in 2011. ThemaximumGOP on the 140°W shelf in 2012
is only 33 mmol O2 m−2 d−1 compared to 338 mmol O2 m−2 d−1 in
2011. This difference between the two years is likely a result of timing
of the cruise. In 2012, the coastal transect was occupied 20 days later
than in 2011. Examination of the satellite-derived NPP for the region
shows that in 2011, the coastal stations were occupied in the midst of
a shelf bloom, whereas in 2012, the coastal stations were occupied
after a bloom had faded.

In 2012, an additional shorter transect on a diagonal around 151°W
was sampled. This line was much more productive than the 140°W
transect and had much larger gradients of production between shelf
and basin. GOP on the shelf was ten times larger than the basin average
and NCP was thirty times larger than the basin average. Production is
higher 100 km offshore than at the nearest shore station. Similar to in
2011, the gradient in GOP is smaller than the gradient inNCP, again sug-
gesting that the shelf to basin differences matter more for respiration
than for photosynthesis. The gradient in chlorophyll (not shown) on
the 140°W line also peaks offshore but has a less steep gradient than
NCP, GOP or NPP. As in 2011, nitrate concentrations are undetectable
at all shelf stations and there is not much of a gradient in phosphate
or silicate across the coastal transects.

4.3. Correlations with sea ice coverage within 2011

Above, we describe the effect of sea ice on GOPwhen comparing the
years of 2011 and 2012; but is there an effect of sea ice coverage within
2011, a year where the total ice coverage of stations ranged from 0% to
90%? There is debate in the literature as to whether primary productiv-
ity is increased in the region of actively melting ice, i.e. the marginal ice
zone, with some studies saying that it is (Arrigo et al., 2012; Slagstad
et al., 2011) and others saying that it is not (Wassmann, 2011;
Wassmann et al., 2011), although the efficiency of export may be
increased in the marginal ice zone (Reigstad et al., 2011). In this
study, we cannot unambiguously determine trends for GOPor NCP indi-
vidually with sea ice due to uncertainties in the effect of sea ice cover on
gas exchange (this is not an issue for the 2011 vs. 2012 comparison
since any gas exchange effects of sea ice would magnify the differences
that we found, rather than diminish them). However, we can compare
the ratio of NCP/GOP since gas exchange does not affect that ratio. We
find that NCP/GOP is significantly correlated with sea ice coverage in
2011 (P = 0.001, R = −0.49 for NCP/GOP). In particular, in the region
with the highest ice coverage (northern and western edges of the sam-
pling grid), the ratio of NCP/GOP is over two times smaller than in the
interior of the basin (20 to 50% ice coverage). These differences are
due to changes in GOP rather than in NCP.

All the sea ice observed in 2011 was rotten, with large melt ponds.
Recently, high rates of productivity were found under sea ice that had
large melt ponds in it (Arrigo et al., 2012) and thus it is likely that
photosynthesis is occurring under the ice, resulting in increased GOP.
Or potentially, fertilization from the melting ice may be stimulating
GOP. In contrast, NCP does not change, resulting in a smaller NCP/
GOP. A negative correlation of NCP/GOP with total ice coverage,
as well as the relatively low average value of NCP/GOP in the region
with almost 90% ice cover, implies that a smaller fraction of carbon is
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exported from the surface ocean when the ice is starting to melt. Thus
the microbial loop appears to become more efficient in the ice-edge
bloom regions. This may be because bacteria are typically limited by
carbon and during the ice-edge bloom, this limitation is lifted. A high
degree of bacterial–phytoplankton coupling was also observed in the
Amundsen Gulf (Forest et al., 2011) but has not been observed in all
areas within the Arctic Ocean (Kirchman et al., 2009a, 2009b).
4.4. Correlations of productivity rates with environmental variables

In 2011, we found that GOP hadmore significant and stronger corre-
lations with environmental variables such as nutrient concentrations,
temperature and salinity, and depth of the deep chlorophyll maximum,
than NCPwith the same variables (Table 1). This suggests that the envi-
ronmental controls are acting more strongly on rates of photosynthesis
than on carbon export. In 2011, positive correlations existed between
GOP and PO4 and between GOP and salinity. Positive correlations also
existed between NCP and PO4 and between NCP and salinity. The Beau-
fort Gyre has been reported to be nitrogen limited (e.g. Tremblay et al.,
2006) and NO3 concentrations are usually undetectable in the surface
water, precluding a correlation with nitrate. However, PO4 is often
delivered to the water in a similar proportion to NO3, although denitri-
fication on the shelf may change the N/P ratio. We can thus use the ob-
served positive correlation of GOP and NCP with PO4 as a rough proxy
for a correlationwith “available NO3” — the NO3 that oncewas available
to the community. However, we cannot exclude the possibility that the
correlationswith PO4 are a result of the correlation of GOP andNCPwith
salinity since salinity was well correlated with PO4. Interestingly, there
is no correlation of PO4 with GOP or NCP in 2012. This is surprising
since lack of ice would presumably make light less limiting and thus
nutrients more important.

The positive correlations between salinity and NCP and GOP in 2011
may be a result of the effect of sea ice melting. Regions with higher ice
coverage have higher salinity since extensivemelting has not happened
yet. They also have higher rates of biological productivity, as described
in Section 4.3. In 2012, there is still a correlation, albeit a weaker one,
betweenGOP and salinity. In this case, all the ice had alreadymelted be-
fore the averaging time of the in situ gas tracers but perhaps the salinity
signal is a remnant of previous ice cover.
4.5. Comparison to satellite productivity algorithm

We compare primary productivity estimates from a satellite algo-
rithm tuned specifically for the Arctic (Arrigo and van Dijken, 2011;
Pabi et al., 2008) to the in situ rates of primary production calculated
from the in situ gas tracers. The details of the comparison are described
below. In short, the main finding is that the magnitude of the satellite
estimates agrees well with the rates calculated from in situ data
but the pattern between the years does not. In particular, the satellite
algorithm predicts that the 2011 GOP rates are double that of the
2012GOP rates butwefind fromgas tracers that the 2012GOP is greater
than 2011.
Table 1
Correlation coefficients (R) for significant correlations (P b 0.05) between environmental
variables and rates of gross oxygen production (GOP), net community production (NCP),
and NCP/GOP in 2011. Insignificant correlations are shown with a “–.” Correlation
coefficients are not shown for 2012 since the only significant correlation in 2012 was
between salinity and GOP with a correlation coefficient of 0.4.

Variable GOP NCP NCP/GOP

Ice coverage 0.55 – −0.49
PO4 0.44 0.38 −0.33
Temperature −0.49 – 0.53
Salinity 0.60 0.52 –

Depth of DCM 0.5 −0.45 –
Satellite algorithms for primary productivity give estimates of net
primary productivity (NPP) rather than NCP or GOP. We can compare
the rates that we calculated in this study to satellite estimates by taking
into account that GOP= NPP+ autotrophic respiration. If there are no
variations in autotrophic respiration, then GOP = c NPP where c is a
constant multiplier. While there are likely some variations in autotro-
phic respiration, both laboratory and field data suggest that c is often
nearly constant. In particular, laboratory experiments have shown that
c = 3.3 for a diatom grown on nitrate (Halsey et al., 2010). In the
field, bottle incubation experiments have shown that c = 2.7 (Marra,
2002). Field estimates comparing triple oxygen isotopic derived GOP
to NPP estimates suggest that c ranges 2 to 3 in steady state conditions
(Quay et al., 2010) and may be as large as 5 or 6 in actively changing
conditions (Luz and Barkan, 2009; Robinson et al., 2009; Stanley et al.,
2010). However, these high values of c may be a result of entrainment
biasing the triple oxygen isotope GOP numbers (Nicholson et al.,
2012). If c is constant, or near constant, we would expect the trends of
NPP derived from a satellite algorithm tuned for the Arctic (Arrigo and
van Dijken, 2011; Pabi et al., 2008) to be similar to the trends shown
by GOP.

NPP determined from the satellite algorithm interpolated to the sta-
tion locations for the day of collection is shown in Fig. 9. There are not
satellite-based estimates for all stations since the presence of either
clouds or sea ice precludes a satellite estimate. The satellite algorithm
gives NPP in units of mg C m−2 d−1. In order to compare the numbers
more easily to the GOP estimates presented here, we have converted
the units to mmol O2 m−2 d−1, assuming a photosynthetic quotient of
1.2 for a community growing on a mix of recycled and new production
(Laws, 1991).

In order to compare NPP in 2011 vs. those in 2012, we calculated the
average in all non-shelf stations each year and also the average each
year in a subsampled region where estimates were available for both
years. Otherwise, theremight be a bias since there weremore northerly
satellite estimates in 2012 than in 2011. The average of non-shelf NPP
from the satellite algorithm is 16 ± 1 mmol O2 m−2 d−1 in 2011 and
8 ± 0.5 mmol O2 m−2 d−1 in 2012. The coefficient of variation for the
satellite algorithm estimates is 2.8 in 2011 and 2.6 in 2012. When sub-
sampled, the averages are almost identical: NPP average of 16 ±
mmol O2 m−2 d−1 in 2011 and 9 ± 0.7 mmol O2 m−2 d−1 in 2012.
When scaled by a factor of 2.7, the satellite algorithm predicts a “GOP”
of 43 ± 3 mmol O2 m−2 d−1 in 2011 and 22 ± 2 mmol O2 m−2 d−1

in 2012.
Thus in 2011, the satellite estimate is larger than the average of the

in situ gas tracer-derived GOP but in 2012, it is smaller. In order to see
if the difference in 2011 and 2012 estimated by satellites vs. in situ
tracers was related to time of year of the cruise, we calculated the aver-
age satellite rates for time period covered by the 2011 cruise, for the
time period covered by the 2012 cruise, and for the entire period cov-
ered by both cruises. In all cases, the satellite predicted higher NPP
and GOP in 2011 than in 2012, just the opposite of what we see from
the gas tracer data. In other ocean basins, rates of productivity estimated
from satellite algorithms often are lower than rates of productivity esti-
mated from triple oxygen isotopes (Juranek and Quay, 2010, 2013;
Reuer et al., 2007; Stanley et al., 2010) though in the North Atlantic,
satellite estimates agreed well with rates of productivity from triple
oxygen isotopes (Quay et al., 2012).

Like the in situ data, the satellite algorithm predicts higher produc-
tivity on the shelf stations than in the basin (Fig. 8). However, the gradi-
ent between the basin and coast is much steeper for the satellite rates
than for the in situ gas tracer rates. For example, in 2011, there is a factor
of 5 difference between GOPmeasured in situ on the shelf vs. the basin
average. However, there is approximately a factor of 20 difference in the
satellite algorithm NPP between the shelf and basin stations. This may
be because satellite algorithms have biases in coastal waters due to
signal contamination by colored dissolved organic matter or because
the satellite algorithmsmay be reflecting productivity gradients present
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Fig. 9. Rates of net primary production (NPP) as estimated from the satellite algorithm of Pabi et al. (2008) updated by Arrigo and van Dijken (2011) for the Beaufort Gyre region of the
Canada Basin for late July and August 2011 and August and early September, 2012. Rates were interpolated from regular griddedmaps to the times and locations of the sample points and
then converted to units of mmol O2 m−2 d−1 using a photosynthetic quotient of 1.2. The values for the coastal transects are off the color scale but can be examined inmore detail in Fig. 7.
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before the gas tracer data started integrating. A further difference
between the satellite algorithm and the in situ rates is that the satellite
algorithm predicts in 2011 that the highest rates are 150 m offshore
whereas the in situ data predicts the highest GOP closest to the shore
station. In 2012, the reverse is true — the satellite algorithm predicts
that the highest rates are closest to shore whereas the gas tracer data
suggests higher rates offshore.

4.6. Comparison to historical productivity data

Not many measurements of gross primary production exist for the
Arctic Ocean, though gross primary production has often beenmodeled
(Reigstad et al., 2011; Slagstad et al., 2011; Wassmann, 2011;
Wassmann et al., 2010). Instead, most often NPP is measured using
14C bottle incubations (Marra, 2009). As described in Section 4.5, GOP
is likely to equal 2.7 × NPP. Thus, we can compare GOP calculated
here to previously determined NPP. When doing so, we find that the
values are similar, even though our rates only reflect mixed layer
production and thus are likely missing the large subsurface production,
estimated to range from 10% to 50% (Arrigo and van Dijken, 2011;
Tremblay et al., 2008). NPP are typically reported in units of mg C m−2

d−1; an NPP value of 100 mg C m−2 d−1 is equivalent to a GOP of
27 mmol O2 m−2 d−1. NPP, measured in the Canada Basin in 2002 and
2004 (Kirchman et al., 2009a) was approximately 100 mg C m−2 d−1

in 2002 and two to three times larger in 2005. The 2002 numbers are
very similar to our 2012 rates, especially given the difference in timing
of the cruises with respect to blooms, interannual variability, differences
in sample location, and differences in depth to which production is inte-
grated. Kirchman et al. (2009a) also examined the differences between
shelf, slope and basin and found about a factor of 100 difference in pro-
ductivity between shelf, slope and basin, which is a larger gradient than
we find in this study. In 2007, NPP was measured in the Beaufort Sea
on a JOIS expedition. Average NPP within the South Beaufort Sea/
Canada Basinwas 50mgCm−2 d−1 (Tremblay et al., 2012)which is sim-
ilar to the averageGOP thatwefind in2011. Carmack et al. (2006) reports
rates of total productivity of 30 to 70 g C m−2 y−1 which if scaled to a
120 day growing season again is in reasonable agreement with the
rates we determine, especially since our rates are post-bloom and are
only for the mixed layer.

We determined the ratio of NCP/GOP to be on average 0.23 in 2011
and 0.09 in 2012. If one uses the factor of 2.7 to convert GOP to NPP and
assumes that NCP equals new production over long enough spatial and
temporal scales (Dugdale and Goering, 1967), then the average f-ratio
that we determined is 0.62 in 2011 and 0.24 in 2012. This is a large
range of f-ratios but is well within the range of f-ratios reported in
the literature for the Canada Basin. In the Amundsen Gulf, in 2007, the
f-ratio was determined to be 0.64 (Forest et al., 2011). The Amundsen
Gulf, however, is more productive than the central Beaufort Sea Basin
and thus might be expected to have a higher f-ratio. In 2007, measure-
ments on the JOIS expedition suggested an f-ratio of 0.26 (Tremblay
et al., 2012). Carmack et al. (2006) reports that f-ratios can range in
the Beaufort shelf from 0.2 to 0.5.

Many fewer estimates of NCP exist than those of f-ratios or NPP.
Mathis et al. (2009) quantified NCP using the seasonal drawdown
of DIC and nutrients in the Chukchi Sea and also for a few stations in
the South Beaufort Sea and Canada Basin. For the Canada Basin, they
reported NCP estimates of 8 to 24 mg C m−2 d−1, which equals 0.8 to
2.4 mmol O2 m−2 d−1. On the slope/basin interface, Mathis et al. deter-
mined NCP to be equal to 45mg Cm−2 d−1, corresponding to 4.5mmol
O2m−2 d−1. This is in good agreementwith the NCP thatwe find in this
study, namely an average of 3 mmol O2 m−2 d−1 for the basin stations.

Coupled physical and biological models are used to examine trends
in rates of biological productivity in the Arctic. A recent study compared
five such models (Popova et al., 2012). The rates of GOP determined
from in situ tracers in this study are within the range of the scaled
NPP estimated by 4 of the 5 models used in the comparison study.
Only the Ocean Circulation and Climate Advanced Modeling (OCCAM)
project model predicted very different rates than that determined in
this study. OCCAM had the longest unconstrained run and the coarsest
resolution of the models in Popova et al. (2012) study.

5. Conclusions

In this study, we quantified GOP and NCP from in situ gas tracers in
the Beaufort Gyre in 2011 and 2012. The productivity rates we report
are for themixed layer only and integrate over several days. Most nota-
bly, we found that GOP was a factor of three greater in the record-low
sea ice year of 2012 compared to 2011, a year with more sea ice. How-
ever, NCP was the same in the two years. Interestingly, this region of
the Canada Basin is expected to be nutrient limited and thus one
might predict that a change in sea ice coverwould not have a large effect
on gross primary production. A satellite-derived primary productivity
algorithm tuned for the Arctic (Arrigo and van Dijken, 2011; Pabi
et al., 2008) did not capture this interannual difference, instead
predicting that NPP at sampled stations would be higher in 2011 than
in 2012.
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The results presented in this study are only for one month and only
for themixed layer. If the trends we find here hold true in other seasons
and locations, they have profound implications for the question
of whether primary productivity will increase as the Arctic becomes
ice-free. This study suggests that although changing sea ice cover may
affect gross primary productivity, it may not change net community
productivity. In other words, photosynthesis may increase as sea ice
decreases, but net carbon uptake may not change. Thus the question
of whether the Arctic will become more productive may depend on
whether by productive, only photosynthesis is meant or if net biological
uptake is the important consideration.

We found a larger gradient between the shelf stations and basin
ones for NCP than GOP in 2011 but a smaller one for NCP than GOP in
2012. For both years, the gradients determined for the in situ GOP esti-
mates were within the range of gradients reported in the literature but
smaller than those predicted by the satellite-basedprimary productivity
algorithm.

We examined the relationship between NCP, GOP, and ice cover in
2011 in order to investigate if there was increased production in the
marginal ice zone. We found an increase in GOP and a decrease in
NCP/GOP ratio in the regions with highest ice cover, rotten ice, and
large melt ponds. NCP however was not correlated with ice cover.
Once again, NCP was less variable than GOP, suggesting a tightly
coupled response of the heterotrophic community to changes in prima-
ry production.

Overall, the main conclusion of this paper – that rates of GOP in
the ice-free year are larger than rates in the heavier ice year but rates
of NCP are similar between the two years – has profound implications
on carbon cycling in the Canada Basin. In order to verify these findings,
it would be useful to havemore in situ gas tracermeasurements at vary-
ing months within a given year, both in the Canada Basin and in other
areas of the Arctic Ocean. At the moment, there is no capability for
collecting samples for triple oxygen isotopes on moorings. However,
all ships going to the region could potentially collect bottles for analysis,
since sample collection is fairly straightforward. Having a long term
time-series with many samples distributed throughout the summer –
or even throughout the whole year – in several of the Arctic basins
would provide key information on how biological productivity and the
carbon cycle changes as the Arctic ocean warms. Additionally, a time-
series in a given basin would allow quantitative information on rates
of biological productivity below the mixed layer.
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