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Abstract

The Arctic Ocean is changing rapidly as the glatiadate warms but it is not well known how
these changes are affecting biological productiaitg the carbon cycle. Here we study the Beaufare G
region of the Canada Basin in August and use ftige leeduction in summertime sea ice extent froni201
to 2012 to investigate potential impacts of climasming on biological productivity. We use the gas
tracers Q/Ar and triple oxygen isotopes to quantify ratesief community production (NCP) and gross
oxygen production (GOP) in the gyre. Comparisothefsummer of 2011 with the summer of 2012, the
latter of which had record low sea ice coverageglsvant to how biological productivity might clggn
in a seasonally ice-free Arctic Ocean. We find tirathe surface waters measured here, GOP in 8012
significantly greater than in 2011, with the measib-wide 2012 GOP = 38 +3 mmo} & d* whereas
in 2011, mean basin GOP = 16 + 5 mmel® d'. We hypothesize that this is because the lacleaf
ice and consequent increase in light penetratiomvalphotosynthesis to increase in 2012. However,
despite the increase in GOP, NCP is the same itwihgears; mean NCP in 2012 is 3.0 £ 0.2 mmpl O
m?y'andin 2011 is 3.1+0.2 mmobL®@? y ™. This suggests that the heterotrophic community
(zooplankton and/or bacteria) increased its agta# well and thus respired the additional carbon
produced by the increased photosynthetic produchivbhoth years, stations on the shelf had GOPS3 to
times and NCP 2 to 10 times larger than the bdatioss. Additionally, we show that in 2011, the
NCP/GORP ratio is smallest in regions with highestgover, suggesting that the microbial loop wasemo
efficient at recycling carbon in regions where iteewas just starting to melt. These results hijttlthat
although satellite chlorophyll records show, andwynanodels predict, an increase in summertime pgmar
production in the Arctic Basin as it warms, the amgount of carbon processed by the biological pump
during summer may not change as a function ofeserc Thus, a rapid reduction in summertime ice

extent may not change the net community produgtivitcarbon balance in the Beaufort Gyre.



Highlights
» Gross oxygen production is greater in the year witlsea ice
* Net community production does not change as seconer changes
» With melting of sea ice, photosynthesis increasgsdspiration increases too
» Large gradients in productivity observed betweeasifsdnd basins

* Trends observed in in situ data differ from treirdsatellite algorithm

1. Introduction

The Arctic Ocean is changing rapidly as the glatiahate warms. Perhaps the most dramatic
change in the past decade is the decrease in stimesea ice extent. Summer sea ice coverage is
shrinking (Kwok et al., 2009; Stroeve et al., 2QMith the summer of 2012 setting a new record for
lowest sea ice extent (National Snow and Ice Dat@e®, 2012). The fraction of multiyear sea ice is
decreasing as well; 75% of total ice extent wagigedr ice in the mid 1980s but only 45% was
multiyear ice in 2011 (Maslanik et al., 2011). {loeinger ice that replaces the multiyear sea icésmel
more easily leading to increased ice-free arefisaisummer. Additionally, the temperature of thetir
Ocean is increasing, with the Arctic region warminic rate three times faster than the global mean
warming rate (Trenberth et al., 2007). As the aliencontinues to change, it is likely the Arcticc@o
will experience other changes as well, includingrafes in freshwater balance (McPhee et al., 2009;
Proshutinsky et al., 2009; Yamamoto-Kawai et &109), enhanced permafrost warming leading to
increased terrigenous input (Frey and Smith, 2@ and Macdonald, 2006), increased melt season
length and delay of freeze-up (Markus et al., 2088) ocean acidification (Bates and Mathis, 2009;
Bates et al., 2009; Mathis et al., 2011; Yamamotovki et al., 2011).

The Canada Basin is the largest of the four subnbad the Arctic. Major changes have been

occurring in the Canada Basin (McLaughlin et 2012) over the past decade. Summer sea ice extent is



decreasing, with warmer ice-free areas and thiryoemger sea ice (Stroeve et al., 2012). The melt
season has been lengthening with the onset ofdrepbeing delayed (Markus et al., 2009). The
Beaufort Gyre is the site of the largest fresh wateumulation in the Arctic, containing about 480

km? of freshwater (Aagaard and Carmack, 1989). Inrregears, there has been an unprecedented
increase of fresh water accumulation in the Bea@gre, with a 30% gain in freshwater content befwe
2003 and 2009 (Proshutinsky et al., 2009). In ¢tlveite year of 2008, freshwater was 60% higher in
some areas than climatological values (McPhee,&2@09). These increases in freshwater conterg hav
been accompanied by fresher surface water, a deafmline and nitracline, and increased stratiifica
(McLaughlin and Carmack, 2010). Perhaps becausieeahcreased stratification, and thus a reduced
summertime vertical nitrate flux (McLaughlin andr@ack, 2010), and/or because of warmer
temperatures, the size distribution of phytoplanktas shifted from nanoplankton to picoplankton
between 2004 and 2008 (Li et al., 2009). Suchshifphytoplankton community composition have been
predicted to occur as temperatures increase (Fakiand Oliver, 2007; Moran et al., 2010).

The Arctic Ocean is currently a region of net@@take which is disproportionately large for its
size — the Arctic Ocean covers only 4% of globaastarea but the G@Qptake has been estimated to be
up to 14% of global oceanic uptake (Bates et 8092 The effect of future changes in sea ice,
temperature, and other factors on the,@ftake by the Arctic Ocean is a subject of serdrlzate. Some
studies suggest that GOptake, at least in parts of the Arctic Ocean aagthe Chukchi Sea, will
increase (Bates et al., 2011; Fransson et al.,)26@8vever, other studies predict there will bened
change in CQor even a decrease in ¢ptake (Cai et al., 2010) because expected ineseaaprimary
production (which would likely lead to increasea@wdown of CQ) will be balanced by rapid re-
equilibration with the atmosphere, and increaseésmperature and terrigenous runoff. Other studies
predict a decrease in GQptake with climate change because increasingdeatyre will favor increased
rates of respiration (Holding et al., 2013; Kritetpet al., 2010; Vaquer-Sunyer et al., 2010).

Primary production is one of the factors govern@@ uptake and also provides the base energy

available for fisheries and other higher trophiels. Satellite algorithms, specifically tuned fhe



Arctic, have been used to show that primary prdadodtas been increasing as the Arctic Ocean has bee
warming (Arrigo et al., 2008a; Arrigo and van Dijke2011; Brown and Arrigo, 2012; Pabi et al., 2008)
These algorithms assume that primary productiofdaoet occur in appreciable amounts under sea ice
due to light limitation. However, a recent repdraavidespread phytoplankton bloom under sea ice
(Arrigo et al., 2012) suggests these satelliterdigms may be grossly underestimating Arctic Ocean
primary productivity. If Arctic phytoplankton threvunder sea ice, then a warm and ice-free Arctea®c
would not necessarily mean a more productive owelitinally, primary production may increase in
some regions, such as the shelf seas (Carmacklamhtan, 2003; Lavoie et al., 2010; Nishino et al.,
2011), but decrease in other regions, such asiteaar of the Canada Basin (McLaughlin and Carmack
2010; Nishino et al., 2011) due to nutrient limaat

In order to predict the future carbon cycle, wedha better understanding of the present-day
carbon cycle in the Arctic OceaBuch an understanding will likely come from a conaition of direct
observations, remotely sensed products (i.e. pyiqeoductivity estimates from tuned satellite
algorithms), and ecosystem models. Relatively ferectl measurements of productivity have been made
in the Arctic. For the most part, measured rate® feeen of net primary production (NPP=
photosynthesis minus autotrophic respiration oftlyin *“C bottle incubations (e.g. Carmack et al., 2006;
Reigstad et al., 2011; Tremblay et al., 2012; Wassnet al., 2010). NPP has been shown to vary by
orders of magnitude depending on season, yearaatldn within the Arctic (Kirchman et al., 2009a).
Many fewer studies exist on rates of new produationet community production (Cottrell et al., 2006
Forest et al., 2011; Mathis et al., 2009; Vaquemy®@u et al., 2013). If the system is in steadyesttien
new production should equal net community produc{l@ugdale and Goering, 1967). In the Amundsen
Gulf, an extensive investigation during IPY 20008({Forest et al., 2011) showed how low sea ice led
to an increase in gross primary production (Trembelzal., 2011) but also to increased bacterial
production (Nguyen et al., 2012), resulting in tigkly little carbon being transferred to highesghic

levels (Forest et al., 2011).



In this study, we used the gas traces#AOratios and triple oxygen isotopes to deternrigée
community production (NCP) and gross oxygen pradagtGOP) in the Beaufort Gyre region of the
Canada Basin in August 2011 and 2012. Net commuyandgiuction is defined as the rate of
photosynthesis minus autotrophic and heterotrogsipiration and is a measure of the net carbomtake
up by the biological pump. Gross oxygen producisoaqual to the rate of photosynthetic productiod a
thus represents the energy available at the babe édbod chain. By concurrently quantifying NCRian
GOP, we separately examine the effect of photoggmhand respiration. This is important since mglti
sea ice may stimulate photosynthesis but also Eiewvespiration through enhanced grazing or biatter
activity and thus result in no net change in thdaa drawdown. Measurements of only NCP could lead
to the conclusion that sea ice has no effect olodical productivity, whereas measurements of GOP
would suggest that melting sea ice is increasin@pbical productivity. This may explain the apparen
discrepancy in the literature where some studieslade primary productivity has not changed
significantly in the Arctic (Cai et al., 2010; Grabier et al., 2010) while others conclude thatdgadal
productivity is increasing (Arrigo and van Dijke20Q11; Arrigo et al., 2008b; Brown and Arrigo, 2012;

Pabi et al., 2008).

2. Materialsand Methods

In this study, we used gas tracers to quantifysratéiological production in the surface ocean.
Specifically, we used £Ar to quantify NCP (e.g. Craig and Hayward, 19Bmerson et al., 1991;
Spitzer and Jenkins, 1989) and triple oxygen isegdp quantify GOP (e.g. Juranek and Quay, 2013;
Luz and Barkan, 2000; Luz et al., 1999)i€produced by photosynthesis and consumed byradisi.
However, Qalso responds to physical changes such as theoneithd and air-sea gas exchange. The
noble gas argon has physical characteristics vetjas to that of Qand therefore can be used as an

abiotic analogue of £n order to separate the physical from the biolalgiesponse (Craig and Hayward,



1987; Emerson et al., 1991; Emerson et al., 1988rEon et al., 1995; Hamme et al., 2012; Jurandk an
Quay, 2005; Reuer et al., 2007; Spitzer and JenkBf9; Stanley et al., 2010).

The triple oxygen isotope approach rests on therohtion that photochemical reactions in the
stratosphere fractionate oxygen isotopes in a indspendent way (Lammerzahl et al., 2002; Thiemens
et al., 1995). In contrast, on the earth’s surfétoere is mass dependent fractionation \ﬁ’@meing
fractionated twice as much H©. This results in oxygen in the stratosphere tgsidistinct ratio ot°0:
0:'%0. Some of this stratospherig @ mixed into the troposphere and ultimately itite surface water
of the ocean. In contrast, phytoplankton produgé&@n the oxygen in the water molecule in a mass
dependent fashion. Thus the triple isotope comiposdf the dissolved oxygen in water serves as a
“made-in tag” — it allows one to quantify what pemtage of the oxygen was made by photosynthesis and
what percentage was mixed in from air-sea gas exgghaVhen combined with an estimate of air-sea gas
exchange, it serves to quantify GOP (Hendrickd.e2@04; Hendricks et al., 2005; Juranek and Quay,
2010; Juranek et al., 2012; Luz and Barkan, 200@;dt al., 1999; Quay et al., 2012; Quay et all(020

Reuer et al., 2007; Stanley et al., 2010).

2.1 Sample Collection and Analysis

Samples for GAr and triple oxygen isotope analysis were coieddrom the Canadian icebreaker
CCGSLouis S S-Laurent in the Beaufort Gyre region of the Canada Basimfduly 21 to August 18,
2011 and from August 2 to September 8, 2012, asopéne annual combined Fisheries and Oceans
Canada’s Joint Ocean Ice Studies (JOIS) and Wootks Gceanographic Institution’s Beaufort Gyre
Observing System (BGOS) expeditions (Fig. 1). Astriiations, ~300 mL of seawater was collected
from Niskin bottles during standard conductivityAjgerature-depth casts into pre-evacuated, pre-
poisoned custom-made glass flasks, following ththowof Emerson et al. (1999). Samples primarily
were collected at a water depth of 6 or 7 m, whvels in almost all cases within the surface mixgdia
In 2011, samples were also collected at the delgpaghyll maximum (DCM) at almost every station.

The depth of the DCM was typically between 60 a@drB In 2012, only 6 DCM samples were collected.



Additionally, at 9 stations in 2011 and 9 statiom2012, an additional 5 samples were collectediwit
the upper 600 m or in three cases up to an additithsamples within the upper 3500 m to investigat
the depth distribution of the gas tracers. Sampka® collected on both the Canadian and Alaskan
Beaufort Shelves and in the Beaufort Gyre regiothefdeep Canada Basin each year, with one shelf
transect in 2011 and two shelf transects in 20%acHocations of the samples are shown in Fig. 2-4
Samples were measured at Woods Hole Oceanogranstitzition on a dual inlet Thermofisher MAT
253 isotope ratio mass spectrometer, largely fafigvthe protocol of Barkan and Luz (2003).
Modifications to the protocol include: (1) the G@8umn used was 16 ft in lengihd held at -3 [0 C in
order to achieve clear and reproducible separatidfy and Q/Ar; (2) all valves used on the processing
line were pneumatically actuated stainless std&heg valves with PCTFE stem tips (Swagelok PN SS-
8BK-TW-1C); (3) the cryogenic trap was a custom-maihgle-sample trap of the design of Lott (2001).
A sample was collected on the cryogenic trap atki@ 10 minutes. Then the trap was warmed to 295
K and held at that temperature for at least 5 meiiuthe sample was then expanded directly fronrépe
into the isotope ratio mass spectrometer wherketapygen isotopes and,@r was measured against a
custom-made reference gas consisting of 95.5%n0 4.5% Ar (Scott Specialty Gas, custom-order).
Clean air, collected at the beach in Woods Hole, & stored in an electropolished 2L stainlesd stee
cylinder, was analyzed after each batch of 10 wsdmples was analyzed. The oxygen isotope ratios
570 andd'®0 whered O = ((‘O/*°0)smpf (*O/*°0),e1-1)x1000 were calculated with respect to a refegen
equal to a two week moving average of these aisoreanents, as is customary. Additionally, one
sample of water that had been equilibrated withatihsphere by stirring in an open 4L containeator
least 2 days in a temperature-regulated laboratasyanalyzed alongside every 9 Beaufort Gyre water
samples. This was done to (1) ensure integrityaofde processing and analysis and (2) provide ateur
measurement of oxygen isotopic ratio of equilibdat@ater since that term must enter the equations fo

calculating rates of GOP from the data.



A measure of the departure from mass dependetioination,'’2A, was calculated frod’O and
5'0 according to the standard equation’af=(In(5''0/1000+1)-0.51791/{*0/1000+1))x18. The
averagée'A of equilibrated water samples run during thesepbesnwas 7.8+0.7 per meg where the
uncertainty reflects the standard error of all watamples analyzed during the time period. The
reproducibility of the air standards run during timee period when the 2011 (2012) samples werésrun
4.5 (4.7) per meg farA, 0.010 (0.010) %o fod'’0, 0.019 (0.016) %o fob"?0 and 0.0043 (0.007) for
OJ/Ar. The reproducibility of the equilibrated watsamples during the time period when the 2011 (2012)
samples were analyzed is 5.0 (5.0) per med’f9r0.011 (0.014) %o fod'’O, 0.021 (0.025) %o fob™°O
and 0.0078 (0.0063) forAAr .

Corrections were made to the raw isotope datehtoptesence of Ar and,lih the mass
spectrometer, and size of the sample (the latserlaing called the differential pressure effect).
Corrections for Ar range from -8 to 17 per meghwinhdersaturated samples having the largest
corrections. The surface samples in particular lzasmaller range of corrections, with Ar correcgion
ranging from 0 to 4 per meg in 2011 and -5 to Omeg in 2012. Corrections for,Mre negligible.
Corrections for size range from 1 to 5 per megr@uions were determined fin, 5’0, andd*°0

separately.

2.2 Calculations of Productivity Ratesfrom Gas Tracer Data

GOP (in units of mmol ©@m* d™) is calculated from the measured isotopic ratmseding to
Eq. 7 of Prokopenko et al. (2011):
XéL?s - Xelg AXdl?s — Xelg
Xais Xais
o X}l’7 — Xd1i7$ _ X}l’g — Xé?s
Xals Xais

GOP = kO

€y
A




wherek is the gas transfer velocity (rif)d O.q is the equilibrium concentration of oxygenis the
respiration slope factor = 0.5179, xis the ratio of isotopes *&0 dissolved in the sample, &is the
ratio of isotopes *3fO in seawater equilibrated with the atmosphere Yands the ratio of isotopes
*0/*°0 in oxygen produced by photosynthesis with * néfigrto 17 or 18. X* can be calculated fréh©
and thus all values are reported her& @and then were converted to X* for use in the éqnaThe
constants used in the equation for the photosyinteat-member wer& 'Op= -10.12%0 and™°Op = -
20.014%. (Eisenstadt et al., 2010; Helman et aD52Quz and Barkan, 2011). For the equilibratedewat
values §'°Oq, (in %0) was calculated according to the equatioBefison and Krause (19843'20,,
=0.730+427/(T+273.15) where T is the in situ terapae (K) for that water sample. Tﬁgoeq was
calculated fron®'®0,, and" A, = 8 per meg. The gas transfer velogityas calculated as a weighted gas
transfer velocity over the previous 60 days, a®ise by Reuer et al. (2007), using the gas exchange
parameterization of Stanley et al. (2009) and N@alysis winds (Kalnay et al., 1996; Kistlerlet a
2001). No adjustment was made to the gas transfecity to account for the presence of ice, duinéo
uncertainty in how the correction should be madsgEt al., 2013; Fanning and Torres, 1991; Lobse e
al., 2009; Loose et al., 2010). Thus all the GO® MEP estimates in partially ice-covered waters are
upper bounds. A lower bound estimate could be nbthby multiplying the gas exchange rate by the
fraction of open water and thus by extension, rplylitng the reported NCP and GOP by the fraction of
open water. A discussion of the effect of this difigation is included in the Section 4.1 and 4f3hos
paper. The NCP/GOP ratios are not affected byrgasfer velocity and thus do not suffer from any
uncertainty in effect of ice on air-sea gas exclang

GOP can be converted to gross primary productitasria carbon units by assuming a
photosynthetic quotient of 1.2 (Laws, 1991) andaatfon of Mehler reacton of 20% (Bender et al9%;9
Laws et al., 2000), so that gross primary product© units) = GOP (@units) / 1.2 x (1-0.2) . Note that

all rates represent mixed layer production only #m do not include any contribution from prodonti



below the mixed layer. Significant DCM are obserirethe Beaufort Gyre (Hill and Cota, 2005) and
thus the rates represented here are likely to henderestimate of total water column production.

In theory, the estimates of GOP could be overediimg the actual GOP if deeper water with
higher'’A is being vertically mixed upward. However, tf& just below the mixed layer is not
significantly different than mixed layer valuesthie one station where it was measured. Additionally
there is very strong stratification at the basthefmixed layer (the Brunt-Vaisala Frequency N=G:b4
to 0.09 §) in this location, leading to negligible mixingrass the base of the mixed layer in the central
basin. Thus for most of the data presented, wisidfom the basin, vertical mixing of water is néely
to bias results.

However, on the shelf, there may be upwelling whichld lead to the GOP estimates from the
shelf stations being an overestimate, due to upwaxihg of higher’A water. Upwelling on the shelf
becomes significant about 10 hours after eastergssbecome greater than 4 m(Schulze and Pickart,
2012). Upwelling was likely significant the day be# the samples from the shelf stations were deliec
in 2011 and since the gas tracers average ovev ddgs, it may be biasing the results. The efféthis
upwelling would likely be to artificially increagbe rates of GOP and decrease the rates of NCP
calculated at this station, sintia is elevated andO,/Ar is depressed below the mixed layer. We do not
have a profile on any of the shelf stations at ylear so we cannot calculate the magnitude offfieete
Based on nearby stations, however, it is likelpeossmall because there usually is not a strongegradf
either gas tracer in the upper 100 m. In 2012, limgewas probably not significant on the 140°W
transect since winds were westerly during samgimg for the preceding week. However, upwelling
may be significant for the 151°W since winds wessterly during sampling, and southerly for the 48
hours prior to sampling, they were easterly priothtat and thus upwelling a few days earlier maytst
affecting the gas signature at the time of our mesamsent (wind data from shipboard winds and NDBC

mooring #48211). Profiles from nearby stations|uding those on the 140°W transect, suggest tieat th



effect of upwelling would be small since there andy small gradients in the gas tracers in the uppé
m.

The GOP calculations assume that the time ratbange of'A with time, i.e. d’A/dt, is zero —
in other words, that the system is at steady-stiterespect to triple oxygen isotopes. Ideally, wauld
have a time-series df A and would not have to make that assumption butistrarely the case in
oceanographic studies. We expect the error intrediby this assumption to be small because we have
used satellite data (see section 4.5) to confianttie cruise is not in the middle of bloom corudis,
which might have rapidly changif@\. Modeling studies have shown that as long asonet in bloom
conditions and entrainment does not significantiga the'’A (and the strong stratification that was set
well before the cruise occurred makes entrainmaeliitely), the simple steady-state assumption tylpica
leads to uncertainties of <20% in the GOP estim@e&holson et al., 2014). Additionally, if thereea
non-bloom conditions (as in this study), then tirers due to the time rate of change term oftercel
out when GOP is being calculated on a regionalamerSo our conclusions on any one data-point may
have an error of 20% but the error on the averdgfeearates in the Canada Basin in a given year
probably have much smaller error due to the stesatg assumption.

NCP is calculated from £Ar by assuming steady state and negligible effettsorizontal and
vertical mixing. The shallow mixed layers in thgimn (typically ~10 m) lead to the integration tirie
the tracers being only a few days. The assumpfiemall changes in productivity over several days i
likely reasonable in most cases but may not hotiénmarginal ice zone. As described above foletrip
oxygen isotopes, the time rate of change assumipiely leads to small errors, especially when
averaging over the entire Canada Basin. In gAiGnodeling study, it has been shown that regional
averages are less affected by errors from the wigtate assumption than individual points (Jongton
al., 2013). Additionally, the strong stratificati(ihe Brunt-Vaisala Frequency N=0.04ts 0.09 &) at
the base of the mixed layers makes vertical mixiagligible in the central basin. On the shelf temts,

however, upwelling may be occurring which couldézreding to the NCP and GOP estimates being an



overestimate. The effect of upwelling on NCP in shelf transects was described above, in the seatio
GOP calculation .
AO,/Ar is defined as (Ar) mead(Oo/Ar)eq-1 and NCP is calculated (e.g. Hendricks et 81042,

in units of mmol @m? d* as

NCP =k p[Oz]sat A(O/Ar) (2)

wherek is the gas transfer velocity, calculated as deedrin the previous paragraph, gnis the density
of water as calculated by Millero and Poisson (3981

The NCP/GORP ratio, which is a measure of how tigatsystem is recycling carbon, can be
determined as the ratio of the above-calculated BIGPGOP values. Or if one assumes steady staie, th

can be estimated by the ratio of the gas tracaech, that

NCP_ ACO. /A 17Asmpl-”Aphoto
Gop ~ PAO/AD =7 7

(3)

whereAgmpieis the measured triple oxygen isotopic ratio @ sample’ Ao iS the triple oxygen
isotopic value of @produced by photosynthesis = 249 per meg,lzmgis the triple oxygen isotopic
value of equilibrated water (8 per meg). The twdhuds differ only slightly in this location, presatiy
due to the steady state simplification not compydtelding. All results reported here are for the

NCP/GOP ratio being calculated directly from NCH &OP values.

2.3 Ancillary Data
Visual sea ice observations were collected asgbdhie Ice Watch program
(http://www.iarc.uaf.edu/icewatch). To that endatace cover was estimated by trained ice obssrear

the bridge of the ship at hourly intervals along thuise track as well as at arrival on each statoe



concentration, ice type (whether first year or irgdiar ice) and partial concentration of each tyeee
recorded using Antarctic Sea Ice Processes anda@i(ASPeCtT) conventions (Worby and Alison
1999) within 3 nautical miles of the ship. The cemization data is estimated in tenths. Stage of ofiel
the ice was recorded following standard Russiawveations (personal communication Vasilly
Smolyanitsky), which follow World Meteorological @anization nomenclature (WMO, 1989), whereby
ice is classified in 5 stages of melt that ranggvben surface wetting and rotten ice. The presehoeelt
ponds was recorded and melt pond coverage of éwas estimated in tenths. Photographic recoras fro
two webcams mounted on the ship as well as holndyqgraphs taken by the ice observers were used to
check the bridge observations. In 2012, the IcécWWprogram did not make visual sea ice observation
at every station. Thus we used ice estimates madesbientist onboard the ship (but not necessarily
trained ice observer) who observed the ice justrieghe CTD cast. On the many occasions when there
were estimates from both the Ice Watch programthedast estimates by the scientists, they agreiéel q
well. Additionally, the Ice Watch program, as wadl estimates of ice thickness made from satellite
passive microwave concentration, all agree thaP 2@ very little sea ice compared to 2011.

Chlorophyll-a concentrations were determined fioater collected from Niskin bottles that had
been immediately filtered at OpM through GF/F 25 mm filters. Concentrations ofrrartts, including
phosphate, were determined from samples collecten Niskin bottles. The filters were stored at 280
until analysis by fluorometry, which occurred wittone month from returning from sea. Precision thase
on duplicate samples was 044 L™ and detection limit was 0.028 L™

Samples for phosphate were collected from unfittevater from Niskin bottles. Analysis was
typically performed within 24 hours by a nutrient@anlayzer, as described by McLaughlin et al.
(2008). If storage was required for more than @4drk, samples were stored at 4 °C. The precisisedba
on measurement of standards was 0.015 mriioDetection limit was 0.006 mmol fh-

Mixed layer depths were calculated at the statfiore CTD density profiles using a criterion of

a density difference of 0.1 kg hbetween the surface and the depth of the mixeat |d&gmperature and



salinity were determined from the CTD system (sebBBBE9+), which had two temperature sensors
(SBE3 plus) and two conductivity sensors (SBE 4@ second pair of sensors is used if there are
problems with the primary sensors. Salinity meagimebottle samples using an autosalinometer
(Guidline Autosalinometer, model 8400B) were useddlibrate the primary CTD salinity sensor.
Precision for these bottle salinity samples baseduplicated samples measured repeatedly was 0.003
psu. Accuracy based on running IAPSO standard dea@stch P152) was 0.0015 psu. Density was
calculated from salinity and temperature data ftoenprimary sensors according to Millero and Paisso
(1981).

Satellite productivity estimates for the locatiaighe data were interpolated from daily maps
produced by an algorithm designed especially ferArctic Ocean (Arrigo and van Dijken, 2011; Pabi e
al., 2008). The estimates were made based on M@DU& chlorophyll (Level 3, binned, 8 day). When
estimates did not exist for locations near the $augstations due to presence of clouds or seaace
satellite productivity was assigned. Thus the nunalbstations where satellite productivity estinsaite

reported is smaller than the number of stationsrevgas tracer rates are determined.

3. Results

Maps of total ice coverage, mixed layer chloroplkgihcentrations, mixed lay&\, and mixed
layer AO,/Ar for 2011 (Fig. 2) and 2012 (Fig. 3) show distime patterns. In 2011, total ice coverage is
highest on the northern and western edge of thelsagrgrid. Chlorophyll concentrations are much
larger in the shelf stations than in the open basthare slightly elevated in the northwest coofehe
sampling grid, where ice coverage is high. Howetrezy are not elevated under the other regionsavher
ice coverage is still high’A is also highest on the shelf stations and is #idtigher on the northern and
western edges of the sampling giddO./Ar) is not much different in the shelf stationsuhin the basin
stations with the exception of the nearest to skbedf stationA(O,/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 therengrid. Surface chlorophyll concentrations in the
basin are higher in 2012 (Ghb,ag0.07 £ 0.01 mg i, excluding shelf stations) than in 2011 (4ghlayg
= 0.04 + 0.01 mg Mexcluding shelf stations). Unless otherwise notédidyncertainties listed in this
paper are equal to the standard error of the agerhitipe rates within the region. In 2012, like2bil 1,
the highest chlorophyll values were in the coastaisects. Indeed, the shelf chlorophyll averages 8
0.1 mg nT, which is a factor of 6 larger than the basin agerchlorophyll concentrations. In 2012,
andA(O,/Ar) is highest in the shelf transect along 151#%Myever, the shelf transect along 140°W has
much smallef’A andA(O,/Ar) than in 2011.

YA andA(O,/Ar) reflect a combination of productivity and gaechange since productivity
increases the tracer signal in the surface watdigas exchange erodes it. Thus to fully compareyeae
and another, or between one station and anothsriniportant to compare NCP and GOP rather than th
gas tracers themselves. Thus in Fig. 4, NCP, G@dPtlee NCP/GOP are presented for 2011 and 2012.
GOP is larger in 2012 than in 2011. The basin aeriee. excluding shelf stations, for GOP in 26128
+ 3 mmol Q m? d'whereas in 2011, the basin average GOP = 17 + 5 @ym d*. The uncertainties
given above are the standard error of the basiplesnfor that year (i.e. excluding coastal trarsedthe
uncertainty on any given rate measurement is ajppedgly 30% and is set by a combination of
uncertainty in the measurement™t (5 to 8 per meg) and uncertainty in the gas exchastimate
(20%). Since the measurement uncertainty is a aohsumber, regardless of sample size, the total
uncertainty due to the measurements ranges fro@%-t@ 30% for the samples with IdWA values, and
thus low GOP rates, to 10% for the samples with Ky values and thus high GOP rates. Since the
measurement uncertainty is randomly distributedpés not bias the averages. However, the additiona
~20% uncertainty due to air-sea gas exchange &g & bias in one year vs. another. The uncertainty
air-sea gas exchange in the presence of ice weatttb our 2011 estimates being an overestimate of
GOP. The fact that despite this potential overesi@n?011 rates are still well below 2012 ratedigsp

that the conclusion of significantly higher GOR2iL2 than 2011 is robust.



The locations where GOP was measured in 2012 arexactly the same as the locations where
GOP was measured in 2011. In order to ensure phisas difference is not biasing the averages, lae a
calculated the average in 2012 for only thoseatativhich were also sampled in 2011. That average i
also 38 + 3 mmol ©m? d*and thus is still significantly larger than the 2Giverage GOP.

Within 2011, GOP is higher on the northern and emesédges of the sampling grid; the average
GOP along the northern and western edges of thplsangrid being 27 + 1 mmol Om? d* whereas the
open basin average GOP = 8 + 2 mmghT d*.

There is no statistically significant differenceween average NCP in 2011 in 2012. The average
NCP in the basin in 2012, i.e. again excludingfsétations, is 3.1 + 0.2 mmol,®n? d*, whereas the
average NCP in the basin in 2011 is 3.2 + 0.2 m@oh? d*. Again the uncertainty listed is the standard
error of the rates within the basin. The typicatemainty on any given NCP determination is
approximately 20% and is set by the uncertain@iirsea gas exchange since the error in gfarO
measurements offers only a negligible contributmerror in calculated NCP.

In both 2011 and 2012 GOP was more variable thaR.N®e coefficient of variation (standard
deviation divided by the mean) is 0.7 for GOP mly®.4 for NCP in 2011. It is 0.7 for GOP and fbb
NCP in 2012. The average ratio of NCP/GOP is figanitly higher in 2011 than in 2012. In 2011, the
average basin-wide NCP/GOP = 0.23 + 0.02. In 20i€average basin-wide NCP/GOP = 0.09 + 0.01.

Rates of productivity on the shelf stations areana@riable than the basin stations. Additionally,

there are fewer shelf stations than basin ondstimg the standard error. The 2011 shelf station
averages for GOP, NCP and NCP/GOP are 40 + 12 @nwi” d*, 17 + 14 mmol @m? d*, and 0.25
+ 0.1, respectively. The 2012 averages of the stations, i.e. including both transects, is higoer
GOP and similar for NCP, being 81 + 21 mmelr@” d*for GOP, 22 + 6 mmol ©m? d*for NCP, and
0.2 £ 0.04 for NCP/GOP. In a comparison of onky shelf along 140°W in both years, the 2011
numbers are much greater than the 2012 ones. Ti®a8@rage of shelf stations along 140°W only is

GOP =17 + 2 mmol ©@m?2d?, NCP = 1.3 + 0.2 mmol Om? d*, and NCP/GOP = 0.07 + 0.02.



Profiles of'’A depths of 600 m were measured 8 times in 201T7dimdes in 2012. Profiles to
depths of 3500 m were measured once in 2011 awe iwi2012 (Fig. 5). These profiles yield intenegti
qualitative information oW’A. YA is at a maximum at approximately 50 to 150m (ssetion Fig. 5 for
detail in upper 200 m). This deep subsurface manirofi’A has been observed in the Atlantic and
Pacific as well (Ho et al., 2004; Luz and Barka®Q2, Quay et al., 2010; Stanley et al., 2010) aasl h
often been hypothesized to be a reflection of sarabunts of photosynthesis occurring at depths
(Nicholson et al., 2014). Since there is relativdtie O, at such depths, the addition of only a small
amount of photosynthetic,@s enough to make a large change in'fAesignature. Alternatively, it could
be a reflection of higher production that occurirethe Pacific-origin water when it was still withihe
euphotic zone over the northern Bering and Chukbbives!’A then decreases until a depth of
approximately 500 m. This is either a reflectiorAtiantic source water or more likely that the ased
age of this water has meant that mdfehas been eroded away due to mixing than in thiéosiexr
waters. Below approximately 500 M is roughly constant, within measurement unceryaiat 30 to 40
per meg. This is the same deep value that hasdiesmnved in the other ocean basins (Luz and Barkan,
2009) and may likely reflect the long term balabheéveen 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 exiatignal Snow and Ice Data Center, 2012). In
contrast, the summer of 2011 had greater sea i@¥.cbhis was true of the entire Arctic, as repwibg
the NSIDC as well as in the Beaufort Gyre regiaor. €&xample, in the sea ice coverage plots in Fag. 2

and 2a, it is clear that 2012 had much less sethaein 2011.



GOP was significantly higher in 2012 than in 20Ahistogram of GOP measurements within
the basin (Fig. 6) shows that in 2012, GOP wastgréhan 50 mmol ©m? d* at 20% of the stations,
whereas in 2011, GOP was never greater than 50 @pmol’ d*. Furthermore, GOP was below 10
mmol O, m? d* at 55% of the stations in 2011 but in only 10%hef stations in 2012. The mode of GOP
in 2011 was 10 mmol Om? d*whereas the mode of GOP in 2012 was 30 mmah®d™. In 2011,
there is likely a bias in the calculated GOP duth&unknown reduction of air-sea gas exchangediade
to the presence of sea ice (Else et al., 2013;d.ebal., 2010). Thus, the 2011 rates reportedper
bounds for GOP and yet they still are significamsthyaller than the 2012 rates. Hence our conclusfion
greater GOP in 2012 is robust. Notably all ratg®reed are for the surface ocean only.

Why is GOP greater in 2012 than in 20117 A liketplanation for the increase in GOP is that
the more extensive open water due to the lackafcgehas resulted in increased photosynthesislizf r
of light limitation. An increase in gross primargopluction corresponding to years of low sea iceldess
observed previously in Amundsen Gulf, which is adja to the Canada Basin (Forest et al., 2011) and
the Chukchi Sea (Kirchman et al., 2009a) as wetlradicted in some numerical simulations of thetiarc
(Slagstad et al., 2011). However, other simulatisnsh as one of the European Corridor, have steges
that changes in sea ice cover will not change guassary production appreciably (Reigstad et @012,
Wassmann et al., 2010). This discrepancy may bedltre differences in physical and biogeochemical
conditions between the Western Arctic and the EemopgCorridor. Nonetheless, even in the Canada
Basin, the expected direction change of productith melting ice is disputed. For example, in the
Canada Basin in particular it has also been sugdékat productivity is controlled by nutrientsdarot
light, and thus that decreased sea ice coveradet mig increase primary production (McLaughlin and
Carmack, 2010). Surface nitrate and ammonium cdratens in 2011 and 2012 were largely
undetectable and there is no reason, a priorixped that much lower sea ice coverage would lead t
significantly increased nutrients. Hence our dagapsrt the hypothesis that lower sea coveragetssisul
an increase in GOP and thus by extension, primargygtivity is controlled in at least some part by

light. However, our data is only for the surfaceasdifferent story might emerge at depth. Sea sarfa



temperature in both years was similar and thuslifierence in 2011 vs. 2012 is likely not a resflt
changes in temperature affecting GOP.

Another possibility, however, is that the differenn the two years is a result of the timing of the
cruise in reference to the spring/summer bloomgh€&dest of our knowledge, no other in situ rates
primary productivity exist in the Canada Basinumsner of 2011 or 2012. Thus, we examined time-
evolving records of primary production, as detemdiby a satellite-derived algorithm tuned spedifjca
for the Arctic (Arrigo and van Dijken, 2011; Palviad., 2008) to determine how the cruise timingadid
with the seasonal bloom. In both 2011 and 2012¢thise occurred well after the bloom, suggestirag t
the difference in the years is not related to sasifrom one year being taken in bloom conditiordtae
other year samples being collected in post-bloonditmns. While other variables could indeed be
different between the years, this study stronglygeists that the lack of sea ice leads to incregisess
primary production, even in an intensely stratifigdtem with a deep nitracline and subsurface
chlorophyll maximum (McLaughlin and Carmack, 2Q1@pwever, given this study is an observation of
a natural system rather than a controlled expetiywes cannot say with certainty that our hypothésas
the difference in productivity between the two yeigrdue to the difference in sea ice cover isemrr

Although GOP was significantly higher in 2012 tt2011, a histogram of NCP shows that the
NCP distribution was similar each year (Fig. 6).mING the productivity parameter that is most imgairt
for the carbon cycle since it is a measure of thength of the biological pump and thus of how much
CO, can be taken-up by biology. The fact that NCP dwm#shange in the two years, and thus perhaps
does not change in response to ice cover, sugipstthe net biological carbon cycle may not be
dependent on sea ice. As the Arctic becomes merfrée, the net carbon balance may not change.

How can NCP not change and yet GOP change? Im fmdBICP to be similar but GOP to
differ, respiration must be tightly coupled to pb®tnthesis. Quantitatively, this is shown by a dase in
the NCP/GOP ratio in 2012. The system has becornme aficient at internally recycling carbon. Such
increased efficiency is reasonable - the NCP/G@PBsrabserved in 2011 are on the high end of those

typically found in non-bloom conditions (Juraneldd@uay, 2013), suggesting that there is certainly



“room” for the system to become more efficient. MeP/GOP ratios observed in 2012 are more typical
of oligotrophic systems worldwide (Juranek and Q2&A3).

NCP is defined as photosynthesis minus autotrogiicheterotrophic respiration and we do not
know if the increase in respiration is due to thaophic component or heterotrophic one or bifith.
heterotrophic, it could be either due to changdsaiterial production rates or zooplankton grazatigs.

It has been estimated that bacterial productionzaiglankton respiration account for approximately
equal proportions of respiration in the CanadamBéBiemblay et al., 2012). Bacterial abundance was
measured in 2011 and in 2012 and did not showsttaily significant differences between the twarnge
(B. Li, personal communication). Micro- and mesmulankton data is not available for both years.

The hypothesis engendered by this work is depictedrtoon fashion in Fig. 7. We hypothesize
that the lack of sea ice in 2012 leads to more ligimetration and thus increased rates of photbegis
in 2012.Micromonas, the dominant picoplankton in the Beaufort Gyral@ano et al., 2012; Lovejoy and
Potvin, 2011; Lovejoy et al., 2007), has been shtamlme more responsive to increased light than to
increased nutrients (Terrado et al., 2008). Wénaurhypothesize that the grazing community, méstyi
microzooplankton including small flagellate phageptnic protists (Monier et al., 2013), increase in
response to the increased phytoplankton. Thus ther@ net change in community production although

an increase in gross oxygen production is observed.

4.2. Shelf-to-Basin Transitions

It is well known that the shelves in the Arctic&ao are much more productive than the basins
(e.g. Carmack et al., 2006). In this study, we eérardhthe gradients of NCP and GOP between the shelf
and basin interior. In 2011, stations were measareone transect from ~75 km offshore to 350 km
offshore along 140°W. In 2012, that 140°W trangexd reoccupied and stations were also occupied
along an additional shorter diagonal transect &#\W5 The transect data is displayed in Fig. 2 bu#the
values are frequently offscale since the shelfsaaea so different than the basin interior. Thug 8i

displays the transect data as a function of digtaffeshore. GOP, NCP and satellite-derived NPP are



scaled relative to their maximum value on a givangect. This allows clear examination of chandes o
productivity rates over the length of the transed also allows easy comparison of the shelf values
the average of interior basin stations (shown anajircles). In 2011, GOP and NCP decrease quakly
one moves off-shore. Interestingly, GOP and NCRlamdupled — GOP decreases more slowly than
NCP. This decoupling results in a very high NCP/G&tiv at the innermost shelf station, i.e. a very
efficient export of carbon at that station. Coastalelling near shore may be biasing the gas tracer
derived estimates of NCP to be too low and GORettob high since water below the mixed layer is
depleted in @Ar and elevated ifA. This is especially true in 2011 and for the 151fsvisect in 2012
(see section 2.2 for discussion of coastal upwgehifiects). Thus the trends we see of GOP charigiyg
than NCP may be even more pronounced than showmelsg data. The fact that NCP changes more than
GOP does suggests that respiration and grazingare sensitive to the shelf to basin transitiomtha
photosynthesis is. This is interesting since a ssgggl reason for increased productivity on thef shel
increased nutrients due to coastal upwelling (Piaisal., 2013), which might be expected to benefi
phytoplankton more than zooplankton or bacteriaofparison of gradient in the satellite-derived NPP
with the gradient in GOP is discussed in Secti&n @hlorophyll decreases along the transects less
steeply than NCP or GOP (not shown). Nitrate cotmaéinons are undetectable at all shelf stations and
gradients of phosphate and silicate are much snthb@ gradients of chlorophyll or productivity.

In 2012, along the same 140°W transect, the higladises of NCP and GOP are no longer
immediately adjacent to the shelf, but rather aregal hundred km offshore. Additionally, the geads
between shelf to basin, and the absolute magnitoidéx rates, are much smaller in 2012 than 201
The maximum GOP on the 140°W shelf in 2012 is @8lynmol Q m?d? compared to 338 mmol,n
2dtin 2011. This difference between the two yealiédy a result of timing of the cruise. In 201Rgt
coastal transect was occupied 20 days later tha@lia. Examination of the satellite-derived NPPtfar
region shows that in 2011, the coastal stationg wecupied in the midst of a shelf bloom, whereas i

2012, the coastal stations were occupied afteo@nblhad faded.



In 2012, an additional shorter transect on a diagaround 151°W was sampled. This line was
much more productive than the 140°W transect addvhech larger gradients of production between
shelf and basin. GOP on the shelf was ten timggitahan the basin average and NCP was thirty times
larger than the basin average. Production is higid@rkm offshore than at the nearest shore station.
Similar to in 2011, the gradient in GOP is smailem the gradient in NCP, again suggesting that the
shelf to basin differences matter more for resjgirathan for photosynthesis. The gradient in chpbrdl
(not shown) on the 140°W line also peaks offshotehbs a less steep gradient than NCP, GOP or NPP.
As in 2011, nitrate concentrations are undetectab#d! shelf stations and there is not much ofaalignt

in phosphate or silicate across the coastal trésisec

4.3 Correlationswith Sea | ce Coverage within 2011

Above, we describe the effect of sea ice on GOPwaoenparing the years of 2011 and 2012.
But is there an effect of sea ice coverage witlihl2 a year where the total ice coverage of station
ranged from 0% to 90%? There is debate in thealitee as to whether primary productivity is incexhs
in the region of actively melting ice, i.e. the miaal ice zone, with some studies saying it is igaret
al., 2012; Slagstad et al., 2011) and others satiaigt is not (Wassmann, 2011; Wassmann et@L12
although the efficiency of export may be increasettie marginal ice zone (Reigstad et al., 20I1}his
study, we cannot unambiguously determine trend&fP or NCP individually with sea ice due to
uncertainties in the effect of sea ice cover ongg@hiange (this is not an issue for 2011 vs. 2012
comparison since any gas exchange effects of samaald magnify the differences we found, rathanth
diminish them). However, we can compare the ratid@P/GOP since gas exchange does not affect that
ratio. We find that NCP/GOP is significantly coatsd with sea ice coverage in 2011 (P=0.001, R&8-0.4
for NCP/GOP). In particular, in the region with hast ice coverage (nhorthern and western edgeof th
sampling grid), the ratio of NCP/GOP is over twads smaller than in the interior of the basin @0 t

50% ice coverage). These differences are due tagelsain GOP rather than in NCP.



All the sea ice observed in 2011 was rotten, vétlye melt ponds. Recently, high rates of
productivity were found under sea ice that haddarglt ponds in it (Arrigo et al., 2012) and thus i
likely that photosynthesis is occurring under ttes resulting in increased GOP. Or potentially,
fertilization from the melting ice may be stimulediGOP. In contrast, NCP does not change, restitting
a smaller NCP/GOP. A negative correlation of NCPRG@th total ice coverage, as well as the relagivel
low average value of NCP/GOP in the region withah®0% ice cover, implies a smaller fraction of
carbon is exported from the surface ocean whercées starting to melt. Thus the microbial loop
appears to become more efficient in the ice-edgerb$ regions. This may be because bacteria are
typically limited by carbon and during the ice-eddeom, this limitation is lifted. A high degree of
bacterial-phytoplankton coupling was also obselimgtie Amundsen Gulf (Forest et al., 2011) but has

not been observed in all areas within the Arctie@c(Kirchman et al., 2009a; Kirchman et al., 2009b

4.4 Correlations of Productivity Rateswith Environmental Variables

In 2011, we found that GOP had more significart stnonger correlations with environmental
variables such as nutrient concentrations, temperaind salinity, and depth of the deep chlorophyll
maximum, than NCP with the same variables (TahleThjs suggests that the environmental contras ar
acting more strongly on rates of photosynthesis tiracarbon export. In 2011, positive correlations
existed between GOP and P&ahd between GOP and salinity. Positive correlataieo existed between
NCP and P@and between NCP and salinity. The Beaufort Gys=ldegen reported to be nitrogen limited
(e.g. Tremblay et al., 2006) and BEdncentrations are usually undetectable in thiasaiwater,
precluding a correlation with nitrate. However, f/&often delivered to the water in a similar prdjmor
to NG, although denitrification on the shelf may chattye N/P ratio. We can thus use the observed
positive correlation of GOP and NCP with RA3 a rough proxy for a correlation with “availabl®;” —
the NG that once was available to the community. Howewercannot exclude the possibility that the

correlations with PQare a result of correlation of GOP and NCP witin#g since salinity was well



correlated with PQ Interestingly, there is no correlation of R@th GOP or NCP in 2012. This is

surprising since lack of ice would presumably migget less limiting and thus nutrients more impaotta
The positive correlations between salinity and N@B GOP in 2011 may be a result of the effect

of sea ice melting. Regions with higher ice coverhgve higher salinity since extensive meltingrts

happened yet. They also have higher rates of habgroductivity, as described in Section 4.32012,

there is still a correlation, albeit a weaker dmtween GOP and salinity. In this case, all thenag

already melted before the averaging time of th&tingas tracers but perhaps the salinity signal is

remnant of previous ice cover.

4.5 Comparison to Satellite Productivity Algorithm

We compare primary productivity estimates frosatellite algorithm tuned specifically for the
Arctic (Arrigo and van Dijken, 2011; Pabi et alQ@B) to the in situ rates of primary production
calculated from the in situ gas tracers. The detd#ithe comparison are described below. In shuet,
main finding is that the magnitude of the satelistimates agrees well with the rates calculatem fn
situ data but the pattern between the years dolngiarticular, the satellite algorithm predi2&l1
GOP rates double 2012 GOP rates but we find frosrtrgeers that 2012 GOP is greater than 2011.

Satellite algorithms for primary productivity giestimates of net primary productivity (NPP)
rather than NCP or GOP. We can compare the ratealealated in this study to satellite estimates by
taking into account that GOP = NPP + autotrophspir@tion. If there are no variations in autotraphi
respiration, then GOP=c NPP where c is a constaittptier. While there are likely some variatioms i
autotrophic respiration, both laboratory and figéda suggest that c is often nearly constant. fiticpdar,
laboratory experiments have shown that ¢ = 3.Z&fdiatom grown on nitrate (Halsey et al., 2010}him
field, bottle incubation experiments have showr tha 2.7 (Marra, 2002). Field estimates comparing
triple oxygen isotopic derived GOP to NPP estimateggest ¢ ranges 2 to 3 in steady state conditions
(Quay et al., 2010) and may be as large as Siaragtively changing conditions (Luz and BarkanQ20

Robinson et al., 2009; Stanley et al., 2010). Hawethese high values of ¢ may be a result of



entrainment biasing the triple oxygen isotope GQRilmers (Nicholson et al., 2012). If ¢ is constant,
near constant, we would expect the trends NPPetkfrom a satellite algorithm tuned for the Arctic
(Arrigo and van Dijken, 2011; Pabi et al., 2008ptosimilar to the trends shown by GOP.

NPP determined from the satellite algorithm intéaper to the station locations for the day of
collection is shown in Fig. 9. There are not sa&elased estimates for all stations since theeies of
either clouds or sea ice precludes a satellitenasti. The satellite algorithm gives NPP in unitengf C
m? d™. In order to compare the numbers more easilyed@®P estimates presented here, we have
converted the units to mmob®@i? d*, assuming a photosynthetic quotient of 1.2 foommunity
growing on a mix of recycled and new productionwsal991).

In order to compare NPP in 2011 vs. those in 2@&2¢alculated the average in all non-shelf
stations each year and also the average eachnyaaubsampled region where estimates were awailabl
for both years. Otherwise, there might be a biasesthere were more northerly satellite estimates i
2012 than in 2011. The average of non-shelf NPR fiee satellite algorithm is 16 + 1 mmo} &2 d* in
2011 and 8 + 0.5 mmol@n? d*in 2012. The coefficient of variation for the dhie algorithm
estimates is 2.8 in 2011 and 2.6 in 2012. Whenasupked, the averages are almost identical: NPP
average of 16 + mmol @n? d* in 2011 and 9 + 0.7 mmol@n? d* in 2012. When scaled by a factor of
2.7, the satellite algorithm predicts a “GOP” of#3 mmol Q m? d* in 2011 and 22 + 2 mmol@n*

d* in 2012 .

Thus in 2011, the satellite estimate is larger tihenaverage of the in situ gas tracer-derived GOP
but in 2012, it is smaller. In order to see if thference in 2011 and 2012 estimated by sateNitesn
situ tracers was related to time of year of thésesuve calculated the average satellite ratesmar
period covered by the 2011 cruise, for the timegoecovered by the 2012 cruise, and for the entire
period covered by both cruises. In all cases, ételite predicted higher NPP and GOP in 2011 than
2012, just the opposite of what we see from theliga®r data. In other ocean basins, rates of gtvly
estimated from satellite algorithms often are lotiean rates of productivity estimated from triple/gen

isotopes (Juranek and Quay, 2010; Juranek and QQa; Reuer et al., 2007; Stanley et al., 2010)



though in the North Atlantic, satellite estimatgsesed well with rates of productivity from tripleygaen
isotopes (Quay et al., 2012).

Like the in situ data, the satellite algorithm potslhigher productivity on the shelf stations than
in the basin (Fig. 8). However, the gradient betwéhe basin and coast is much steeper for thditatel
rates than for the in situ gas tracer rates. Famgte, in 2011, there is a factor of 5 differeneenzen
GOP measured in situ on the shelf vs. the basiragee However, there is approximately a factor®f 2
difference in the satellite algorithm NPP betwdemnghelf and basin stations. This may be because
satellite algorithms have biases in coastal wateesto signal contamination by colored dissolveghaoic
matter or because the satellite algorithms mayeftleating productivity gradients present before glas
tracer data started integrating. A further differeibetween the satellite algorithm and the inrsites is
that the satellite algorithm predicts in 2011 tthat highest rates are 150 m offshore whereas thiéuin
data predicts highest GOP closest to the shorierstéih 2012, the reverse is true — the satellgerdthm

predicts the highest rates are closest to shoreeakéhe gas tracer data suggests higher raté®adfs

4.6 Comparison to Historical Productivity Data

Not many measurements of gross primary produ&iast for the Arctic Ocean, though gross
primary production has often been modeled (Reigstad, 2011; Slagstad et al., 2011; Wassmann,
2011; Wassmann et al., 2010). Instead, most offeR ¥ measured usifC bottle incubations (Marra,
2009). As described in Section 4.5, GOP is likelgdqual 2.7 x NPP. Thus, we can compare GOP
calculated here to previously determined NPP. Wiweng so, we find the values are similar, even
though our rates only reflect mixed layer produtiimd thus are likely missing the large subsurface
production, estimated to range from 10% to 50%i@drand van Dijken, 2011; Tremblay et al., 2008).
NPP are typically reported in units of mg C uii*; an NPP value of 100 mg C ™ is equivalent to a
GOP of 27 mmol @m? d*. NPP, measured in the Canada Basin in 2002 al @0rchman et al.,
2009a) was approximately 100 mg & o' in 2002 and two to three times larger in 2005. Z6@2

numbers are very similar to our 2012 rates, esfpegen the difference in timing of the cruisesttw



respect to blooms, interannual variability, diffieces in sample location, and differences in dipth
which production is integrated. Kirchman et aD@2a) also examined the differences between shelf,
slope and basin and found about a factor of 1d@rdifices in productivity between shelf, slope and
basin, which is a larger gradient than we findhiis study. In 2007, NPP was measured in the Betaufor
Sea on a JOIS expedition. Average NPP within thelSBeaufort Sea/Canada Basin was 50 mg“@m
! (Tremblay et al., 2012) which is similar to theeeage GOP we find in 2011. Carmack et al. (2006)
reports rates of total productivity of 30 to 70 grC y* which if scaled to a 120 day growing season
again is in reasonable agreement with the ratedetarmine, especially since our rates are postanloo
and are only for the mixed layer.

We determined the ratio of NCP/GOP to be on awefa83 in 2011 and 0.09 in 2012. If one uses
the factor of 2.7 to convert GOP to NPP and assuhadNCP equals new production over long enough
spatial and temporal scales (Dugdale and Goer®j/)1 then the average f-ratio we determined i 0.6
in 2011 and 0.24 in 2012. This is a large rangerafios but is well within the range of f-ratiosported
in the literature for the Canada Basin. In the Adsen Gulf, in 2007, the f-ratio was determined&o b
0.64 (Forest et al., 2011). The Amundsen Gulf, haregs more productive than the central Beaufed S
Basin and thus might be expected to have a highaid. In 2007, measurements on the JOIS expeditio
suggested an f-ratio of 0.26 (Tremblay et al., 30Carmack et al. (2006) reports that f-ratios e
in the Beaufort shelf from 0.2 to 0.5.

Many fewer estimates of NCP exist than thoseratibs or NPP. Mathis et al. (2009) quantified
NCP using the seasonal drawdown of DIC and nusignthe Chuchki sea and also for a few stations in
the South Beaufort Sea and Canada Basin. For thedaaBasin, they reported NCP estimates of 8 to 24
mg C n¥ d*, which equals 0.8 to 2.4 mmolL @ d". On the slope/basin interface, Mathis et al.
determined NCP to be equal to 45 mg € dif, corresponding to 4.5 mmobL®? d* . This is in good
agreement with the NCP we find in this study, nanael average of 3 mmol,@n* d* for the basin

stations.



Coupled physical and biological models are usezktomine trends in rates of biological
productivity in the Arctic. A recent study comparaeg such models (Popova et al., 2012). The rates
GOP determined from in situ tracers in this studywithin the range of the scaled NPP estimated bfy
the 5 models used in the comparison study. Omybean Circulation and Climate Advanced Modeling
(OCCAM) project model predicted very different satban that determined in this study. OCCAM had

the longest unconstrained run and the coarsedutiesoof the models in Popova et al. (2012) study.

5. Conclusions

In this study, we quantified GOP and NCP from o gias tracers in the Beaufort Gyre in 2011 and
2012. The productivity rates we report are forrtiged layer only and integrate over several daysstiv
notably, we found that GOP was a factor of thresagar in the record-low sea ice year of 2012 cosgar
to 2011, a year with more sea ice. However, NCPthesame in the two years. Interestingly, thisoeg
of the Canada Basin is expected to be nutrientdunind thus one might predict that a change inceea
cover would not have a large effect on gross prynpaoduction. A satellite-derived primary produdiy
algorithm tuned for the Arctic (Arrigo and van Déjk, 2011; Pabi et al., 2008) did not capture this
interannual difference, instead predicting thaXlBP at sampled stations would be higher in 2014 itha
2012.

The results presented in this study are only fer month and only for the mixed layer. If the trends
we find here hold true in other seasons and logsfithey have profound implications for the questd
whether primary productivity will increase as thec#ic becomes ice-free. This study suggests that
although changing sea ice cover may affect grassapy productivity, it may not change net community
productivity. In other words, photosynthesis magréase as sea ice decreases, but net carbon upske
not change. Thus the question of whether the Amilidoecome more productive may depend on
whether by productive, photosynthesis only is meatitt net biological uptake is the important

consideration.



We found a larger gradient between the shelf statamd basin ones for NCP than GOP in 2011 but a
smaller one for NCP than GOP in 2012. For bothg,ghe gradients determined for the in situ GOP
estimates were within the range of gradients reglart the literature but smaller than those predidty
the satellite-based primary productivity algorithm.

We examined the relationship between NCP, GOPjandover in 2011 in order to investigate if
there was increased production in the marginat@cee. We found an increase in GOP and a decrease in
NCP/GORP ratio in the regions with highest ice cowetten ice, and large melt ponds. NCP however was
not correlated with ice cover. Once again, NCP lss variable than GOP, suggesting a tightly caliple
response of the heterotrophic community to chaingpamary production.

Overall, the main conclusion of this paper — tlaséés of GOP in the ice-free year are larger than
rates in the heavier ice year but rates of NCRBiandar between the two years — has profound
implications on carbon cycling in the Canada Balsirarder to verify these findings, it would be fude
to have more in situ gas tracer measurements gingamonths within a given year, both in the Canada
Basin and in other areas of the Arctic Ocean. Atrttoment, there is no capability for collecting pées
for triple oxygen isotopes on moorings. Howeverships going to the region could potentially cotle
bottles for analysis, since sample collection idyfatraightforward. Having a long term time-serigith
many samples distributed throughout the summereven throughout the whole year — in several of the
Arctic basins would provide key information on hbielogical productivity and the carbon cycle chamge
as the Arctic ocean warms. Additionally, a timetks®in a given basin would allow quantitative

information on rates of biological productivity bel the mixed layer.
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7. Figure Captions

Fig. 1. Map showing the Arctic Ocean, with the Canada ®Babie site of this study, circled in red. The
blue dots demarcate locations of stations occupi@®11 or 2012, from which triple oxygen isotopela

O, /Ar data for this work was collected. Shading repres bathymetry.

Fig. 2. Measured values of (a) total sea ice coveragehloyophyll a concentrations, (c) the triple
isotopic signature of oxygelA and (d) the biological saturation rafi¢O./Ar) in the Beaufort Gyre
region of the Canada Basin in late July and Aug2@t1. Data is overlain on maps of bathymetry.iSea
coverage estimates were collected as part of théMiatch progranthttp://www.iarc.uaf.edu/icewatch)

by Alice Orlich and Jenny Hutchings.

Fig. 3. Data presented in a similar fashion as for Figufor measurements made in August and early
September, 2012. Thus, the figure displays measuie@s of (a) total sea ice coverage (b) chlorb@hy
concentrations, (c) the triple isotopic signaturexygen,*’A and (d) the biological saturation ratio
A(O,/Ar) in the Beaufort Gyre region of the Canada BasiAugust and early September, 2012. Data is

overlain on maps of bathymetry.

Fig. 4. Rates of gross oxygen production (GOP) determiraed triple oxygen isotopic data for the
Canada Basin region of the Beaufort Gyre in (a Jay and August, 2011 and (b) August and early
September, 2012. Rates of net community produ¢hi®®P) determined from ther ratios for same
samples from (c) 2011 and (d) 2012. The ratio oPN&OP for the same samples from (e) 2011 and (f)
2012. Some of the rates in the coastal transeetgraater than the maximum of the color scales#uit

be examined in more detail in Fig. 7.



Fig. 5. Water column profiles of A as a function of depth for one station in 2012K73.50°W, sampled
on Aug 11 2012, red) and two stations in 2011 (73%%°W, sampled on Jul 27 2011, green and 76°N,
140°W, sampled on Aug 9 2011, blue). Measuremergrinty on thé’A is shown by the size of the
horizontal line in the lower left corner of the pl&he deep subsurface maximunt, located between
50 and 150 m, has been observed in other oceamsta®il may be a reflection of small amounts of
photosynthesis occurring at depth. The inset showdgtail, the upper 200 m of the profiles, witie t

mixed layer depth for each station demarcateddeshed line, same color as the station.

Fig. 6. Histograms of measurements of (a & b) Net Commyuriibduction (NCP) in 2011 and 2012 and
(c & d) Gross Oxygen Production (GOP) in 2011 ad#i22 Note the distribution of NCP is similar each
year. In contrast, the distribution of GOP rateshited higher and rates of GOP are significalattger

in 2012 than in 2011. Rates in 2011 were calculfited O,/Ar and triple oxygen isotope gas tracer data
collected in late July and August, 2011 in the BeduGyre region of the Canada Basin (70°N to 80°N,
160°W to 130°W). Rates in 2012 were calculated ftMr and triple oxygen isotope gas tracer data
collected in August and early September, 2012 énstime region. See Fig. 1-3 for exact sample

locations.

Fig. 7. Cartoon depicting change in biological productienfunction of ice cover. (a) In a year with more
sea ice, such as 2011, the sea ice (blue rectargts some of the incoming irradiance. Phytoplank
growth (green circle) is relatively small and islMalanced by a grazing community consisting of
bacteria (purple circle) and zooplankton (orangel&). Nutrient cycling (red arrows) is modest. lipga
year with little or no sea ice, such as 2012, mmoie light reaches the phytoplankton resulting iarge
increase in photosynthetic production. But the iggazommunity, especially the microzooplankton, is
more active as well and thus there is similar metmmunity production in both years. The increase in

rates of photosynthesis and respiration is accoragdy increased rates of recycling of nutrierasggr



red arrows). Both situations would have almost zetrate in the surface water and an increasetuodtei
below the nitracline, which is deeper than the mhibegrer (black profiles). In both situations, osiyall

vertical fluxes of nitrate from below the nitradimvould reach the surface (thin red arrow).

Fig. 8. Shelf to basin gradients along coastal transéatgda) 140°W in 2011 (sampled on July 26, 2011
and Aug 14, 2011), (b) 140°W in 2012 (sampled og A4 and 15, 2012), and (c), 151°W in 2012
(sampled on Aug 9, 2012). In all cases, rates oP@tue), NCP (green), and NPP predicted from a
satellite algorithm tuned for the Arctic (Arrigocdran Dijken, 2011; Pabi et al., 2008) are nornealito
their highest values in the transect. Solid markiersote positions at which rates were calculateeh in

situ gas tracers. Although the satellite algorithe estimates everywhere along transect, it was
subsampled at same locations as tracer data fer lsemparability. Open circles at the right edgthe

plot depict the basin averaged rates, scaled i sy as the coastal transect. All variables avtqa as

a function of distance from the shore. The shetthrglefined as where depth >70 m) occurs at 65 km

offshore on the 140°W transect and 59 km offsharthe 151°Wtransect.

Fig. 9. Rates of net primary production (NPP) as estithfrtam the satellite algorithm of Pabi et al.,
(2008) updated by Arrigo and van Dijken (2011)tfoe Beaufort Gyre region of the Canada Basin for
late July and August 2011 and August and earlyedelper, 2012. Rates were interpolated from regular
gridded maps to the times and locations of the &apmints and then converted to units of mmeh@

d* using a photosynthetic quotient of 1.2. The vafoeshe coastal transects are off the color sbate

can be examined in more detail in Fig. 7.
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8. Tables

Table 1. Correlation coefficients (R) for signifitacorrelations (P<0.05) between environmental
variables and rates of gross oxygen production (G@& community production (NCP), and NCP/GOP
in 2011. Insignificant correlations are shown vath-.” Correlation coefficients are not shown #12

since the only significant correlation in 2012 vietween salinity and GOP with a correlation coédfit

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 -
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