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Abstract. During August 2009, measurements of bacterial the Mackenzie River plume, suggesting that the carbon fixed

abundance and nucleic acid content were made along witin plume waters helped fuel net heterotrophy in the Beaufort

production and respiration in coastal waters of the Beau-Sea margin.

fort Sea (Arctic Ocean), an area influenced by the Macken-

zie River inflow. The main purpose was to evaluate bacte-

rial organic carbon processing with respect to local sources,

mainly primary production and river inputs. Bacterial pro- 1 Introduction

duction and abundance generally decreased from river to off-

shore waters and from surface to deep waters. In contrast, thdeterotrophic prokaryotes (Bacteria and Archaea, hereafter

percentage of high nucleic acid bacteria was higher in deefpacteria) are at the centre of the balance between mineralised

waters rather than in surface or river waters. Statistical analand exported carbon in pelagic ecosystems (Azam et al.,

yses indicated that bacterial production was primarily con-1983); either catabolising it into GQo obtain energy (bac-

trolled by temperature and the availability of labile organic terial respiration, BR) or using it for anabolism; that is, build-

matter, as indicated by total dissolved amino acid concening new bacterial biomass (bacterial production, BP). The

trations. Direct comparisons of bacterial carbon demand angrevalence of these two processes, expressed as growth ef-

primary production indicated net heterotrophy was commonficiency, largely determines the fate of organic carbon chan-

in shelf waters. Net autotrophy was observed at stations imelled through the microbial food web. Estimating rates of
biogeochemical cycles, among which are the carbon fluxes
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3680 E. Ortega-Retuerta et al.: Carbon fluxes in the Canadian Arctic

mediated by bacteria, is a major challenge, and of particu-activity combining regression analyses of in situ data and ex-
lar importance in the Arctic Ocean in view of assessing itsperimental approaches.

sensitivity to climate change effects (Bates et al., 2011). In

high latitude ecosystems such as the Arctic, bacteria are ex- .

posed to persistently low temperatures and extreme seasondl Material and methods

changes in environmental parameters such as irradiance qr . .
nutrient availability (Hollibaugh et al., 2007). Despite their 2.1 Study sites and sampling
low temperatures, polar ecosystems support a highly POTHe sampling stations were distributed along 7 transects

ductive ice-free season (Garneau et al., 2008), and bacte(—named 100 to 700 from East to West). The station num-
rial activity has been found to be as high as in lower lati- :

; . ber belonging to each transect was increasing from North
tudes (Wheeler et al., 1996). However, previous studies sugt-0 South. hence. from offshore waters to coastal waters

gest low efficiency of the microbial loop in polar ecosystems,in the Mackenzie River plume. For instance, the transect
shown by low bacterial production to primary production ra- 600 started offshore with station number 616 (70°795
tios and low bacterial growth rates (Kirchman et al., 2009b).220 397 W) and ended with station number 697. in the
Although temperature can partly account for this limitation, Mac.kenzie River mouth (Fig. 1). Sampling was carried out
the low availability of substrate (Kirchman et al., 2009b) or from 30 July to 27 August 2009 onboard the research ice-
the combination of these two (Pomeroy and Wiebe, 2001)breaker CCGSAmundsenin the framework of the MA-
appear to be the key factors driving bacterioplankton activityl_INA project. Water samples were collected using a SBE

and, hence, fluxes of carbon through them. Carousel with 20 12-1 PVC bottles (Ocean Test Equipment)

. MaJOT changes in the Arctic Ocean are occurrng due tc.’and equipped with a SBE911-plus CTD profiler. The sam-
increasing temperatures, the retreat and thinning of multi-

i . . ; pling strategy was continuously adapted to account for ice
year ice (F_’erowch, 201.1) and the increase of river runOﬁdistribution and the position of the river plume. CTD verti-
and associated terrestrial organic matter due to permafro:séal profiles were generally recorded from surface down to

.meltm.g (Peterson et al., 20.02; Lala.nde etal, 2909)' Speci 200 m, and samples were collected at 6 depths between sur-
ically in the Beaufort Sea, ice melting and the influence of

the Mackenzie River discharge enhance the formation of face and right below the deep chlorophyll maximum. A zo-

Yiac was used to sample shallow wates20 m) along two
strong upper pycnocline that prevents the exchange of nu: b om) 9

trients with deeper water masses (MclLaughlin et al. 2011 transects located in the two main effluents of the Mackenzie
1ents wi -eper w ( ughiin S _)River. Seawater was collected manually at the surface (0.5 to
If this pycnocline becomes stronger due to an increase in ic

9 m) using 51 clean carboys.
melt and river inputs, a decrease in primary production due to ) 9 y

nutrient Iimitatioq is predicfced (Comeau et a_ll., 2011). Onthes 5 Biological analyses
other hand, the increase in annual river discharge and per-
mafrost melting will provide alternative sources of organic 2.2.1 Bacterial abundance and biomass
substrates for bacteria. Although some studies indicate that
much of this organic matter is refractory to bacterial utili- Bacterial cells (BA) were counted onboard by flow cytom-
sation (Meon and Amon, 2004), river inputs can partly sus-etry using a FACS ARIA (Becton Dickinson, San Jose,
tain bacterial metabolism in the area (Garneau et al., 2006CA) equipped with 488 nm and 633 nm lasers and the stan-
Vallieres et al., 2008). Changes on these processes will ultidard filters setup. Samples were fixed with glutaraldehyde
mately affect the magnitude and quality of substrates avail-0.25% (final concentration) and then stored -a80°C.
able to bacteria and will influence patterns of net autotrophySYBR Green-l was added at a final dilution of 1/10000
vs. heterotrophy in the Beaufort Sea. and samples were incubated in the dark for 15min before
Owing to the expected changes in the Arctic ecosystermanalysis of about 100 ul in the presence of 0.95 um fluores-
due to global warming, a reliable estimation of all the pro- cent beads (Polysciences). Bacteria were detected on a plot
cesses governing carbon fluxes in the area becomes a prioritgf green fluorescence (515-545 nm) versus right angle light
In this sense, the magnitude and variability of organic carborscatter (SSC), using the green fluorescence as threshold pa-
channelled through bacterioplankton via production or respi-rameter. High Nucleic Acid (HNA) and low Nucleic Acid
ration is one of the central questions. In this paper, we inves{LNA) bacteria were discriminated according to their green
tigated bacterial abundance and activity proxies, presentingluorescence and counted separately. The discrimination be-
simultaneous measurements of bacterial abundance, high ntween HNA and LNA cells has been attributed to different
cleic acid and low nucleic acid bacteria discrimination, BP phylogenetic compositions or used as a proxy for active and
and BR in the coastal Beaufort Sea during summer. Thes@on-active components of the bacterial community (Gasol et
data allow us to compare bacterial carbon utilisation withal., 1999). To convert BA to bacterial biomass, we first deter-
carbon standing stocks and primary production in the areamined the mean bacterial biovolume on 75 samples stained
and to explore the environmental drivers of bacterioplanktonwith 2.5ug* of 4'-6-diamidino-2-phenylindole (DAPI)
and using epifluorescence microscoscope (AX70, Olympus

Biogeosciences, 9, 3679692 2012 www.biogeosciences.net/9/3679/2012/
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pers. The BOD bottles were incubated in the dark at in situ
50m temperature in a water bath to prevent gas exchange. At time

o zero, 5-6 BOD bottles were fixed with Winkler reagents for

500m the determination of dissolved oxygen (DO) concentration.

:‘5)2‘;" Community and bacterial respiration rates were determined
m

1250 m by following the decrease in DO in 5-6 BOD bottles after 72

;gzgm to 120 h taking intermediate time points at some cases. In all
m
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18 500 m these the @ consumption vs. time relationship was found to

69N 28 2000 m be linear. Q concentrations were measured via an automated
R titration procedure using a Mettler DL22 equipped with a po-
100w 138w 130°W tentiometric electrode (Carrignan et al., 1998). Only signif-

Fig. 1. Study area. Transect numbers from the sampling grid areicant (» < 0.05) decreases in Lare reported, which repre-

marked by top labels. Stations where respiration experiments weréented 13 out of 19 respiration experiments (detection Ii_mit
performed are marked in red. of the technique< 1 uM). TCR and BR were expressed in

mg CnT3d~1 using a respiratory quotient of 1 (del Giorgio

and Cole, 1998).
Provis) with semi-automated image analysis (Cottrell and Bacterial carbon demand (BCD, mgC#d™)
Kirchman, 2003). The factor of 380 fg C piwas thenused ~Was calculated as the sum of BP and TCR. Bacte-
to convert biovolume in biomass (Lee and Fuhrman, 1987)rial growth efficiency (BGE, %) was calculated from
The mean estimated biovolume wa84+0.009 pn?, which ~ BGE=BP/(BP+TCR). BGE and BCD were calculated
lead to a cell to carbon conversion factor of 15.2fg Ccell  Using total community respiration measurements assuming
that was used to calculate the average bacterial biomass. that a substantial portion of bacterial reSpiration is due to

particle-attached bacteria (i.e., bacteria retained by the 1 um

2.2.2 Bacterial production filter).

BP was measured b3H-leucine incorporation (Kirchman, 2-2.4 Primary production

1993) as modified by Smith and Azam (1992). SamplesAt h ductivity stati t f bon fixati .
(1.5ml in triplicate) were added to sterile microcentrifuge each productivity station, rates of carbon fixation (pri-

tubes (Eppendorf, 2ml), containing 10-20nM [#15} mary _productiqn, PP) were dete_rmined usin@ igotopic

leucine (specific activity 139 Cimmol, Amersham). The technique (Raimbault and Garcia, 2008)._Fpr this purpose,
final concentration ofH-leucine was determined to be sat- three 580-ml samples were collected at minimum sun eleva-
urating in preliminary experiments (data not shown). Sam-t'on or before sunrise at 6—7 depths between the surface and
ples were incubated for 2h in the dark at in situ tempera—the depth where irradiance was 0.3 % of the surface value

tures. One killed control was prepared for each assay by addl"zmd poured into acid-cleaned polycarbonate flasks. Bottles

tion of trichloroacetic acid (TCA) at 5 % final concentration, wetre rfmsed al\f/ltﬁlr' use with iO% HC'.'t thAeg ZV;h d'ls tt'!led
15min before the addition of leucine. Incorporations WereV\;a'\?rHEgQ a 9'9"9Q tlon ;;gCaE%RngTOP' i o solufion
terminated by adding TCA (5% final concentration). Sam-2' V@ 0z (99.9 atom L ) racer was
ples were stored for at least 1h @, processed using the added to all flasks (0.5 ml into 580 ml of water) inducing a

centrifuge method of Smith and Azam (1992). and radioac—lsc enrichment of around 10 %. Incubations were carried out
tivity determined by liquid scintillation counting. Leucine in- immediately following tracer addition in an on-deck incuba-

corporation rates were converted into carbon production us;or. This consisted of 6-7 opaque boxes, each with associated

1 0, 0, 0,
ing the conversion factor of 1.5kg C produced per mole Ofgeo/utr;::l!yanldo/bluedsgrgi/n? r;:ltlowmgt a;(_)uni?g A: ,[2.5 A),_15 %,
leucine incorporated (Kirchman et al., 2009a) and consider> ~> 7 - 7o and .5 7% light penetration. Al 5 stations, Incu-
: . - bations were also performed in situ on a drifting rig with in-
ing no isotope dilution. . -

cubation bottled positioned at the same depth where samples
for on-deck incubations were collected. After 24 h, samples

were filtered through precombusted (485 Whatman GF/F

Total community (TCR) and free-living bacterial respiration filters (25-mm diameter, nominal porosiy0.7 um) using a
(BR) were determined on whole water and samples filtered®W vacuum pressure{100 mm H g). After filtration, filters
by gravity on 1-um filter capsule (Polycap TC, Whatman), Were placed into 2-ml glz?\ss tubes, dried for_24h in 3(6_0
respectively. Samples were dispensed into ten to twelvéPven and stored dry_untll Iaporatory famaly5|s. The_se filters
60 ml calibrated biological oxygen demand (BOD) bottles. Were used to detgrmme the fifdC enrichment ratio in the
The BOD bottles were allowed to overflow3 times the vol- ~ Particulate organic matter on an Integra-CN mass spectrom-
ume of the bottle, ensuring that no bubbles remained in thét€" calibrated using glycine references for every batch of

bottles and capped free of headspace with ground glass stog0—1° samples.

2.2.3 Community and bacterial respiration

www.biogeosciences.net/9/3679/2012/ Biogeosciences, 9, 33HIR-2012



3682 E. Ortega-Retuerta et al.: Carbon fluxes in the Canadian Arctic

2.2.5 Chlorophyll a, chemical and optical analyses nificant regressor was found, partial coefficients were calcu-
lated after multiple regression analyses.

Concentrations of chlorophylk (Chl a) were determined

using the fluorometric method described by Parsons eg Results

al. (1984). Samples were filtered onto Whatman GF/F filters

and extracted with 90 % acetone for 18 h &C4inthe dark. 31 Environmental data

The fluorescence was measured before and after acidification

with a Turner Designs Model 10-AU fluorometer. The Beaufort Sea margin during MALINA cruise was char-
Dissolved organic carbon (DOC) was measured using theycterised by well-developed temperature and salinity strat-
high-temperature combustion method in a Shimadzu TOC/fication, with mixed layers ranging from 4 to 20m. Pre-
V (Davis and Benner, 2005). Filtered water samples weredominant Easterly winds caused the Mackenzie River plume
stored frozen until analysis in the laboratory. Total dissolvedto flow to the West, and an upwelling region could be ob-
amino acids (TDAA) were measured as o-phthaldialdehydeserved in coastal waters of Eastern transect 100, near cape
(OPA) derivatives using an Agilent 1100 high performance Bathurst. Cloudy days and ice coverage in offshore stations
liquid chromatography system with a fluorescence detectoprevailed during the cruise. Chl concentration in the area
(Davis and Benner, 2005). ranged from 0.04 to 17 mgni. A deep Chkz maximum was
The detailed methodology to determine light absorptionajways observed, between 29 m near the Mackenzie River
coefficient of CDOM &cpom(r), m™1) is described in Mat-  plume and 70m at offshore stations. By contrast, primary
suoka et al. (2012). Briefly, 250-ml aliquots from the seawa-production was generally highest in the upper mixed layer
ter samples collected with the Rosette sampler or from theyhere it ranged from 0.230mgmd-! at station 780 to
Zodiac were poured in clean glass-bottles and keptin the colgi44 mgnr3d-1 at river station 398. Below the upper layer
and the dark until analysis onboard the ship. Aliquots werejt ranged from 0.03 to 9.47 mgnid—2.
then filtered with 0.2 pum GHP filters (Acrodisc Inc.) to deter-  For a better description of bacterial metrics, we consid-
mine light absorption by CDOM using a liquid-waveguide ered four subgroups of samples according to different wa-
spectrophotometer (UltraPath, World Precision Instrumentser masses: (1) those from the Mackenzie River plume col-
Inc.). A 2-m optical pathlength was used for almost all sam-|ected along the river transects (mean temperaturé,.4
ples, except for coastal waters at the Mackenzie River moutfyalinity ranging from 0 to 27 %., mean 16.8 %o), (2) those
where a 0.1 m optical pathlength was used. The absorptiofrom the upper mixed layer above the pycnocline (gener-
coefficients of CDOM,acpom(2) (in m~1) was obtained  ally above 30m, mean temperature 95 mean salinity

from 250 to 750 nm with 1-nm increments. 27.8%o), (3) those from below the upper mixed layer down
to 100 m corresponding to Pacific Summer Water (mean tem-

2.3 Influence of Mackenzie River water on bacterial perature—1.1°C, mean salinity 31.6 %o) and (4) those from
production below 100 m corresponding to Pacific Winter Water (mean

temperature-1.4°C, mean salinity 32.9 %o, see Matsuoka et

To assess the impact of dissolved organic and inorganic nutria}-» 2012).
ents from the Mackenzie River on marine BP, we performed N .

and enrichment experiment using waters from the of'fshore3'2 Distribution of bacterial parameters
station 345, 71.33N, 132.55 W, bottom depth 580 m), both
from surface and the depth of the chlorophyll maximum
(60 m). We added water filtered by gravity through a 0.2-um
filter capsule (Polycap AS, Whatman) from the Mackenzie
River (station 694, 62.2(N, 137.19 W) on whole seawater
(10% inoculum, 250 ml total volume) in triplicate and incu-
bated in the dark at 4C for 48 h, measuring BP at the end
of the incubations. Controls were done with adding 10 % of
0.2-pm filtered water from the same location.

In Table 1, we provide the average and range of bacterial
metrics measured during the study. BP varied over 3 or-
ders of magnitude, from 8.8 to 7078 ug C#u—1, (mean
value 8971+ 1364 pugCm3d-1), while BA only varied
within less than 2 orders of magnitude (from 0.83 to21:6
10° cellmi~1). The percentage of high nucleic acid cells
was also highly variable, ranging from 28 to 81% (Ta-
ble 1). Growth rates (o), that is, bacterial production
(ug C m3d—1) divided by bacterial biomass (ug C1¥), av-
eraged 0.08d! and ranged from 0.01 to 0.54 4
2.4 Statistical analyses BP was positively related to total bacterial abundance
(R2=0.69, p <0.001,n = 145). The regression equation
We tested for any significant differences on bacterial met-was [Logo(BA)]= —9.9+2.21[Logo(BP)]. However, no
rics among the different water masses using non-parametrisignificant relationship was found between BP and the per-
Kolmogorov-Smirnoff tests. To explore the main drivers of centage of HNA cellsg? = 0.02, p > 0.05). Similarly, the
bacterial activity in the area, linear regressions were perslopes of the BP-BA and BP-HNA regressions were not sig-
formed on logg-transformed data. When more than one sig- nificantly different (data not shown).

Biogeosciences, 9, 3679692 2012 www.biogeosciences.net/9/3679/2012/
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Table 1. Averages £ standard deviation) and ranges of bacterial production (BP), abundance (BA), percentage of high nucleic acid bacteria
(HNA), growth rates and bacterial production to primary production ratios (BP : PP) considering all data, Mackenzie River waters, marine
waters within the upper mixed layer, marine waters from below the upper mixed layer to 100 m, and deep waters below 100 m.

BP BA HNA Growth Rate BP: PP
(mgCnr3dY (x10° cellml—1) (%) (@
Mean n Mean n Mean n Mean n Mean n
(min-max) (min-max) (min-max) (min-max) (min-max)
Total 897.1+£1364 171 4293.05 139 56-14 138 0.08:0.10 145 0.8#+1.25 82
(8.8-7078) (0.83-16.2) (28-81) (0.01-0.54) (0.01-9.21)
River transects 4058 1440 16 13.1#2.02 8 4245 8 0.17+0.06 8 0.14+0.18 5
(374.9-7078) (10.8-16.2) (35-49) (0.02-0.23) (0.01-0.43)
Mixed Layer 783.1+916.5 55 4.66:2.94 44 46t9 44 0.10+0.09 46 0.821.83 35
(54.2-3817) (1.73-14.00) (30-67) (0.01-0.54) (0.05-9.21)
Below mixed 528.3:840.3 85 359085 74 6112 73 0.0#40.10 74 0.86:0.96 41
layer (9.3-3593) (1.31-10.9) (28-81) (0.01-0.49) (0.05-4.76)
Below 100 m 32.9-38.6 15 1.76£0.85 13 7TH8 13 0.01+0.01 12 -0
(8.8-157.0) (0.83-3.66) (56-78) (0.01-0.04) -

Integrated BP over the photic layer averaged425  # 760). Aside from those surface maxima, we observed a
19.1mgCnr2d-! and was significantly higher(< 0.01) second peak in BP and, particularly, in BA, coinciding with
at coastal (e.g., less than 200 m bottom depth) than at offChla maxima, in 7 out of 24 stations (Fig. 3a, d and f).

shore stations. Integrated BA averagedx210° cells n2. BP to PP ratios, indicative of the efficiency of carbon
In contrast to BP, there was no significant difference betweeruptake by bacteria, averagedB0+ 1.25 and ranged from
coastal and offshore stations. 0.01 to 9.21, with the BP:PP ratios significantly lower

BP and BA in volumetric values showed similar geo- (p <0.001) inthe Mackenzie River stations (mean 0.14) than
graphic variability patterns, going from highest values in thein marine stations (mean 0.89 in the polar mixed layer and
vicinity of the river plume, to lowest values in the deep- 0.80 in deeper waters, Table 1).
est offshore stations (Fig. 2a and c). This was confirmed by Total community respiration (TCR) ranged from 5.5 to
negative correlations between BP and station bottom deptd5.5mgCnt3d-1, while free-living bacterial respiration
(R2=0.57, p <0.001,n = 173), and BA and bottom depth (BR) ranged from 4.1 to 33.8 mgCmd ! (Table 2). The
(R?=0.32, p <0.001,n = 145). Conversely, %HNA did mean contribution of free-living bacteria (fractienl um)
not show any significant trend with station bottom depthto TCR was 70.6 % with the exception of one datapoint,
(Fig. 2e). where BR exceeded TCR. Differences in TCR and BR pat-

Looking at vertical profiles, BP exhibited highest values terns were not explained by either changes in BP or BA,
in surface samples in 22 out of 27 stations. BA also had gennor geographical of physico-chemical variability. Using the
erally highest values at the surface in 18 out of 24 measureaneasured TCR as an estimator of BR, the average bacterial
stations. This was confirmed by significantly higher values ofgrowth efficiency (BGE) was.7+7.5 % (Table 2). BGE was
BP and BA in river stations and the upper mixed layer than insignificantly (» < 0.05) higher in coastal stations (mean 13.7
deeper watersp( < 0.001). Nevertheless, there were excep- %) than in offshore stations (mean 1.6 %). Bacterial carbon
tional stations with high BA at the bottom (e.g., coastal sta-demand (BCD), as the sum of BP and BR (using TCR as
tions 380 and 390, in the slope between the river and the sea proxy of BR), averaged 249+ 14.9 mg C n13, consider-
(Fig. 2d). In contrast to BP and total BA, % HNA was signif- ing those stations where respiration was directly measured.
icantly lower in river stations and the upper mixed layer thanWe compared these values with PP at the same stations by
in deeper waters (Table p, <0.001). Maxima of % HNA  calculating BCD: PP ratios. Values of BCD: PP lower than
cells (69 and 81 %) were observed in samples at the bottom of indicates autotrophy, that is, more carbon fixed by pho-
stations 360 and 380, corresponding to the continental slopésynthesis than demanded by bacteria, and higher than 1
(Fig. 2f). Although this matched relatively high BA, it did indicates heterotrophy or higher carbon demand than fixed
not coincide with increases in BP (Fig. 2b). carbon. These values ranged from 10.8 to 39, meaning that

Figure 3 shows some examples of vertical profiles in con-BCD exceeded PP rates measured in situ in all stations with
trasting coastal and offshore locations. Interestingly, surfaceoincident measurements. To extrapolate this over the whole
maxima of BP and BA were not coincident with vertical sampling grid, we used the average BGE (7.7 %) to calculate
profiles of Chla, whose maxima were situated between 29 BCD in all stations where BP was measured and compared
(coastal station # 690) and 70 m (offshore stations # 540 and8CD to PP using integrated values over the euphotic layer.

www.biogeosciences.net/9/3679/2012/ Biogeosciences, 9, 33HIR-2012
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Table 2. Total community respiration (TCR, mg Cm d—1), free-living bacterial respiration (BR mg CTAd—1), percentage of respiration
associated to free-living bacteria (%), bacterial growth efficiency (BGE, %), bacterial carbon demand (BCD, dChnand BCD to
primary production (PP, mg cm d~1) ratio.

Lat Lon St Id Depth TCR BR % free BGE (%) BGE (%) BCD BCD:PP
BR Using TCR Using BR
69.5°N 133.4FPW 394 surface  45.5 na na 8.7 na 49.9 4.5
7040 N 133.6PW 380 “ 116 33.8 292 12.9 48 133 7.5
69.80CN 138.44W 670 o 5.5 4.1 74 19.4 245 6.8 3.3
70.70N 139.63W 620 " 185 114 62 2.8 45 19.0 5.7
70.68 N 136.05W 460 " 18.6 15.1 81 1.7 20 18.9 20.3
ChiIMax 21.0 13.3 63 0.4 0.6 21.1 22.0
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Fig. 2. Surface values (left panels) and vertical profiles belonging to transect 300 from river to sea (right panels) of bacterial production (BP,
pgCni3d—1 A, B), bacterial abundance (BA, cell mt, C, D), and percentage of high nucleic acid cells (% HNEAF).

We observed that BCD was on average 10 times higher thaB.3 Driving factors of bacterial production in the area

PP, but ranged from 0.08 to 50. BCD : PP was higher than 1

in all stations except the most riverine ones, and there was a

tendency to lower BCD : PP ratios in offshore locations, that To explore the potential driving factors of BP in the area,
increased towards the coast (Fig. 4). This trend was invertedve tested linear regressions using a broad set of physical
in the Mackenzie River mouth (temperature highertha@g  (temperature, salinity), chemical (dissolved organic matter,

salinity below 18 %o), where values below 1 were observedinorganic nutrients) and biological (Chlconcentration, PP)
(Fig. 4). properties as independent variables and BP as dependent

variable. We observed significant and positive relationships
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Fig. 3. Vertical profiles of bacterial production (BP, pg Cthd—1), bacterial abundance (BAs10° cellmi~1), primary production (PP,
mgC nm3d~1) and Chla concentration (mg m3) in selected offshore (st #110, 320, 540 and 760) and coastal (st #380 and 680) stations.
Note the different scales in the axes

between BP and temperature and between BP and differertighest BP values did not correspond to highest £bbn-
organic matter surrogates: dissolved organic carbon (DOC)¢entrations (Fig. 5e).

total dissolved amino acids (TDAA), coloured dissolved or- Because we found more than one factor to explain BP
ganic matter (CDOMgaaqom~1), Chl a concentration and variability, we calculated partial coefficients using forward
PP (Table 3). These relationships varied when separatingtepwise multiple regression analyses using a combination
the analyses among the different water masses. The relatiorof temperature, DOC, TDAA, CDOM, Chl and PP as in-
ship with temperature was characterised by similar slopes irdependent variables. The results pointed to temperature (par-
Mackenzie River and upper mixed layer samples and a sigtial coef. =0.55,p <0.01) and TDAA (partial coef.=0.46,
nificantly steeper slope in samples below the upper mixedp < 0.05) as significant factors driving BP in marine waters.
layer (Table 3, Fig. 5a). On the other hand, the DOC-BP rela-The same observations were made using bacterial growth
tionship depicted a saturation curve; that is, showed a higherate rather than BP (data not shown).

slope when considering waters below the upper layer than in

the mixed layer and Mackenzie River waters (Fig. 5b). This3 4 Effect of riverine water addition on bacterial

pattern, although less marked, was observed with the TDAA-
BP andz440-BP relationships (Table 3, Fig. 5¢ and d). Finally

the BP-Chla and BP-PP plots showed higher slopes in theThe addition of 0.2-um filtered water from the Macken-

I than below it (Fig. 5 d f) and illustrated that _. ~ " X .
upper layer than below it (Fig. 5e and f) and illustrated tha zie River led to contrasting effects on BP. In the enrich-

ment experiment performed with surface waters, BP was

production
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Table 3. Results of regression analyses between temperature, DOC, TDAA, CDOM, chloreptyiiicentration and primary production
and bacterial production, all in lag. For the analysis, either all data or separated into the different water masses are considered.

Dependent Variable Bacterial Production
Independent Variable Total River  Upper ML Below ML
Temperature slope 1.290.11 1.25:£0.47 1.43t0.20 3.99+ 0.67
r2 0.47 0.34 0.50 0.28
p *k%k * *kk *kk
n 167 16 55 88
DOC slope 2.47%0.28 — 3.35:0.65 15.29:3.30
r2 0.55 0.04 0.53 0.46
p * k% nS *kk *k%k
n 66 13 26 27
TDAA slope  3.96+0.30 — 3.58:0.50 5.02:0.86
r2 0.74 0 0.68 0.47
p *k%k ns *k%k *k%k
n 66 13 26 24
CDOM (aq40) slope 1.05:0.14 0.50+0.19 1.05£0.20 2.55-0.92
r2 0.26 0.36 0.34 0.09
P *kk * *kk *%
n 154 15 53 86
Chla slope 0.65:0.12 — 0.98:0.14 0.56+0.15
r2 0.27 0.24 0.62 0.29
p *kk nS *kk *k%k
n 77 8 33 36
PP slope 0.540.08 — 0.68:0.13 -
r2 0.38 0.47 0.44 0.43
p *k%k nS *k%k nS
n 81 5 35 41

ns: not significant ***: p < 0.0001, **: p <0.01, *: p <0.05

BCD:PP significantly (p < 0.05) higher when enriched with Macken-
<20 zie River water, with a BP enhancement of 43% (Fig. 6).

19 By contrast, no significant effect of Mackenzie River water

was observed in the experiment performed with €imhax

16 waters.

4 Discussion

10 4.1 Patterns of bacterial abundances and production

Bacterial production and abundance in the Beaufort Sea mar-
gin during the MALINA cruise were within the broad range
of those previously reported in the same and other areas of
the Western Arctic Ocean (Table 4). The observed vertical
distributions of BP and BA reveal a pattern with maxima near
the surface, which coincided with maxima of PP, but not with
vertical maxima in Chk concentration. These surface max-
ima, added to the increasing trend in BA and BP from the
Fig. 4. Spatial pattern of bacterial carbon demand (BCD) to pri- S€a towards the river, suggest the influence of the Mackenzie
mary production (PP) ratios using values integrated over the euRiver controlling PP and bacterial activity in the system.
photic layer. Values above 1 represent net heterotrophic stations. ~ Growth rates were consistent with previous works in the
Western Arctic (Table 4), but at the lower end of those
reported in other ocean areas, which has classically been

DS =N WA N ©

Ocean Data View

140°W 135°W 130°W
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Fig. 5. Bivariate plots between different environmental variables and bacterial production (BP, pﬁ(ﬂrﬂj, all logyg transformed. Grey

circles: River samples. White circles: Upper Mixed Layer samples. Black circles: Below mixed layer samples. Results of the regression

analyses are detailed in Table 3.

1400.0 The absence of a correlation between the proportion of
¥ 0 HNA cells (% HNA) and bacterial production or growth rates

1200.0 1 Control suggests that HNA cells were not the most active population

—~ B +River in the area, contrary to observations reported during a sea-
g 1000.0 7 sonal study in the Beaufort Sea (Belzile et al., 2008). In the
"-’E 200.0 - Southern Ocean, Ortega-Retuerta et al. (2008), in line with
O our finding, observed that LNA cells were more closely re-
50 600.0 lated to BP than HNA cells. In the present study, HNA and
2 LNA subpopulations were likely governed by different forc-
E 400.0 ings. % HNA was higher in deep waters than in the upper
mixed layer, and particularly in waters below 100m (Ta-
200.0 7 ble 1), which corresponded to Pacific Winter Water. It has

0.0 been recently demonst_rated in different oceani_c regions that
: Surface Chl. Max HNA and LNA populations corresponded to different bac-

Fig. 6. Bacterial production (ugC e d—1) after 48 h incubations

without (grey columns) and with (white columns) additions of
0.2 um-filtered water from the Mackenzie River (10 %, vol:vol).

Asterisk represent significant differences< 0.05).

attributed to the low temperatures and low labile substrate

terial species (Schattenhofer et al., 2011; Vila-Costa et al.,
2012). This suggests that bacterial populations with different
cytometric signatures likely corresponded to different com-
munities with intrinsic metabolic properties, which were dis-
tributed along with water masses (Lovejoy et al., 2011).

4.2 Bacterial respiration and net heterotrophy
vs. autotrophy

supply. However, the BP to PP ratios were relatively high

and indeed higher than those reported by (Kirchman et al.Jn contrast to BA and BP measurements, fewer data on bac-
2009b) who discuss low BP to PP ratios in the Arctic. In terial respiration have been reported in the Arctic Ocean. The
our study, where oligotrophic conditions prevailed and low ones presented here are consistent with previous works (Ta-
PP values were observed, bacteria incorporated a substantible 5). Based on our respiration analyses, a mean 70.6 %
amount (81 %) of fixed carbon. of community respiration was attributable to free-living
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Table 4. Bacterial production (BP, pg CT¥ d—1), abundance (BAx10° cellmi=1) growth rates (GR, @l) and primary production (PP,
mg C n-3d~1) reported in previous studies in the Western Arctic Ocean and a study in the coastal Eastern Arctic Ocean. Studies performed
in the same location as the present study are highlighted in bold.

Area Year Month BP (min—max) BA (min-max) GR (min-max) PP Reference
Mackenzie Shelf 2009 Aug 897.1(8.8-7078) 4.3(0.8-16.2) 0.08 (0.01-0.54) 4.32(0.03-545)  This study
Bering and Chukchi Seas 1992 Aug-Sep  150-17 000 0.06-0.84 (Steward et al., 1996)
Chukchi Sea 1993 Aug Shelf: 115.2 2-5 Shelf: 336 (Cota et al., 1996)
Slope: 232.8 Slope: 394
Basin: 146.4 Basin: 74
Resolute Bay, Canada 1999 Mar/Dec 0.6-3.3 <0.2-1 (Anderson and Rivkin, 2001)
Chukchi and Beaufort Seas 2000 Aug Chukchi : 5.7 (0.8-8.7) (Hodges et al., 2005)
Beaufort: 1.8 (1.8-1.9)
Chukchi and Beaufort Seas 2002 Jul-Aug 0.3-13 0.07 (0.02-0.14) 458 (Kirchman et al., 2009a)
2004 " 1581
Mackenzie shelf and Beaufort Sea 2002 Sep-Oct 48 (12-112) River: 13 (Garneau et al., 2006)
Coast: 4.3
Offshore: 2.3
Franklin Bay (Beaufort Sea) 2004 Feb—-Mar 1.2-3 (Wells and Deming, 2006)
Franklin Bay (Beaufort Sea) 2003-2004 Nov/Aug 6.6-163 0.873-10.7 (Garneau et al., 2008)
Mackenzie River and Beaufort Sea 2004 Jun-Jul 820 (220-2250) 8.8 (5.7-13.6) 0.07 (0.02-0.19) (Garneau et al., 2009)
Mackenzie River and Beaufort Sea 2004 Jul-Aug  4272-9360 12-466 (Retamal et al., 2008;
Valli éres et al., 2008)
Amundsen Gulf 2007-2008 Nov—Jul 146 (0-2680) 2.73(0.72-12.3) (Nguyen et al., 2012)
Other Arctic Coastal system
Ob and Yenisei Rivers and Kara Sea 2001 Aug-Sep River: 13500 15.1 155 (Meon and Amon, 2004)
Estuary: 5800 19.3 127
Kara Sea: 2400 <5 57

Table 5. Respiration measurements (total or with fractionation) and bacterial growth efficiencies (BGE) reported from the Arctic Ocean.

Area Year Month or season  Fraction used Respiration BGE (%) Reference
(mg O m=3d~Y)
Mackenzie shelf and Beaufort Sea 2009 Aug whole 20.1(5.5-45.5) 7.7 (0.4-19.8) This study
<1 20.1 (4.1-33.8) 5.5(0.2-25.5)
Chukchi and Beaufort Seas 2002 and 2004  Jul-Aug whole 53.2 (0-239) (Kirchman et al., 2009a)
<0.8 21(0.3-94.8) 6.9 (0.6-31.6)
Amundsen Gulf (Beaufort Sea) 2007-2008 Nov-Jul whole 6.74 (1.84-18.1) 4.6(0.2-18.1) (Nguyen etal., 2012)
Ob and Yenisei Rivers and Kara Sea 2001 Aug-Sep <0.8 12.5(4.1-26.3) 19 (10-39) (Meon and Amon, 2004)
Central Arctic 1997-1998 Fall-winter whole 7.142 (Sherr and Sherr, 2003)
Winter “ 3.196
Spring—summer “ 10.166
Greenland Current 2007 Jul whole 25.2 (2.9-44.9) (Regaudie-de-Gioux and Duarte, 2011)
Fram Strait 2007 “ “ 74.8 (12.1-350)

Fram Strait 2008 Jul-Aug <10 7.25 (2.6-16.8) 6.3 (2-9) (Kritzberg et al., 2010)

na: not available
* converted from TCR after Robinson et al. (2005)

bacteria (e.g., bacteria passing through 1 um filters), highedecided to use TCR values instead of BR to calculate values
than reported by Kirchman et al. (2009a) for Arctic waters, of BGE and BCD. However, if we made the same analyses
but in the range of other studies that calculated TCR and BRusing size fractionated BR data, the resulting numbers would
using size fractionation (mean =56 % according to Robinsorlead to minor changes in BGE (5.5 % instead of 7.7 %) and
and Williams, 2005). Although size fractionation has beenBCD (20.8 instead of 21.5 mg Cmd—1), not changing the
generally used to measure BR, this procedure may lead to bigeneral net heterotrophy vs. autotrophy patterns. Similarly,
ases due to the minimisation of grazing or to the exclusionthe same trends of autotrophy vs. heterotrophy are observed
of bacteria attached to particles from the measured rate. Invhen using BR calculated as a fraction TCR using the model
fact, a significant reduction of grazers by filtration (Pomeroy of Robinson (2008), even though BR values calculated using
et al., 1994) could account for the higher respiration ratesthis model are on average 46 % smaller than the measured
measured in fractionated samples than in whole samples iBR values.

one of our experiments (Table 2). In our case, size fraction- BGE in our work (mean 7.7 %) showed similar values to
ated BP determinations (3 um by gravity) showed that 36 %those previously reported by Kirchman et al. (2009a) and
on average of total BP was due to BP attached to particledNgyuen et al. (2012) in the Western Arctic (6.9 % and 4.6 %
(n =121, data not shown), suggesting that also a significantn Chukchi and Beaufort Seas), although lower than the 19 %
fraction of BR is due to particle-attached bacteria. Thus, wereported in another coastal Arctic Site, the Kara Sea (Meon
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and Amon, 2004) (Table 5). However, different analytical 4.3 Controlling factors of bacterial production in the
methods would lead to higher BGE values. For instance, coastal Beaufort Sea
these authors used a higher leucine to C conversion factor
(2.3kg Cmot1vs. the 1.5 kg C mol® used in our study) and It has been hypothesized that labile organic matter rather than
BR was determined only in the fraction of less than 0.8 umtemperature controls bacterial activity in the Arctic (Kirch-
instead of whole seawater. Substrate quality has been posnan et al., 2009a, b). Based on our multiple regression anal-
tulated as controlling factors of BGE and is in accordanceyses we cannot rule out a driving effect of BP by temperature
with our results, as BGE was higher in coastal stations whergarticularly in the upper layer. If we calculated t@gg in the
TDAA concentrations were higher. river stations and the upper mixed layer using the slope of the
Our comparisons between BCD and PP demonstrated thaegression between temperature and log-normalised growth
during our study the coastal Beaufort Sea was net hetrates (Kirchman et al., 2009b), we would obtain a value
erotrophic, while the stations located in the Mackenzie Rivergreater than 100 (data not shown), suggesting a high sensitiv-
mouth where net autotrophic (Fig. 4). This last observationity of bacterial activity to temperature. However, these high
suggests that the excess carbon fixed by PP in the river plum@1o values would look unrealistic given that previo@gg
was likely transported downstream and used in the coastatstimated from incubations in the Western Arctic were al-
Beaufort Sea, where the highest BCD to PP ratios are obways lower than 10 (Kirchman et al., 2005). We hypothesize
served (Fig.4). We cannot exclude that dissolved primarythat temperature and labile organic substrate would interact
production, not measured in this study, contributed partiallyto drive BP, as postulated by Pomeroy and Wiebe (2001).
to the BCD. Although there are no published data on phy- Regression analyses also showed that BP in the study area
toplankton extracellular carbon release in the Beaufort Seare primarily controlled by organic matter supply, and in par-
margin, previous studies in the Arctic have reported valuedicular by the availability of labile organic compounds, as the
from less than 3% (Nller-Niklas and Herndl, 1996) up to regressions were closer with TDAA (proxy of labile organic
65 % (Gosselin et al., 1997). Even using this upper valuematter) than with the total DOC pool, particularly evident
BCD: total phytoplankton production ratio would remain in the upper mixed layer (Table 3) and confirmed by partial
higher than 1 (3.7 on average). regression coefficients calculation. This suggests that in sur-
Alternative non-exclusive organic matter sources for anface waters a relatively low proportion of organic carbon in
excess in carbon demand are terrestrial carbon transportetie area is labile. In fact, the concentrations of amino acids
with the river or carbon fixed during the more productive and the fraction of DOC as amino acids was low compared to
spring season. A decoupling between production and resether areas in the Western Arctic (Davis and Benner, 2005;
piration processes was already pointed out by Cottrell etShen etal, 2012). This is particularly important if a high pro-
al. (2006) in the Chukchi and Beaufort Seas. A previousportion of organic matter comes from the river, where the
study performed at the end of July in the Mackenzie Riveramino acid yields were substantially lower (0.58 %) than in
plume (Vallieres et al., 2008) found opposite patterns to thosethe Beaufort sea (0.82 % and 0.88 % above and below the up-
reported in this study: while the Mackenzie River area wasper mixed layer, respectively). We note the weaker relation-
net heterotrophic, the coastal Beaufort Sea was autotrophicship with PP and Chk than with TDAA (Table 3), which
While BP values were of the same magnitude in both stud-again supported the decoupling between carbon fixation and
ies (Table 5), the main difference between both, when com-consumption processes. This is in line with the general sce-
paring stations with the same location, was in terms of PPnario of heterotrophy, where bacteria are fueled by alterna-
(Table 4), where our values were 1 to 2 orders of magni-tive organic matter sources such as organic carbon fixed up-
tude lower. In fact, in our study, bacterial carbon demandstream in the Mackenzie River.
ranged within the same order of magnitude, while PP varied The enrichment experiments pointed to a stimulation of
over 4 orders of magnitude, from 0.03 to 544 mg Clrd 1. BP by organic matter coming from the Mackenzie River
Thus, the variability in autotrophic vs. heterotrophic patternsonly in surface waters. Nutrient enrichment experiments per-
in the study region are mostly driven by differences in PP.formed during the same cruise (Ortega-Retuerta et al., 2012)
The marked differences in PP between the works of 8@k  showed BP limitation by nitrogen in surface waters of the
et al. (2008) and ours may be explained by interannual varistudy area, while carbon limitation or no substrate limita-
ability, high in the Arctic Ocean (Kirchman et al., 2009a), tions were observed in chlorophyll maxima waters. There-
but also to seasonal variability. In our study, performed laterfore, the stimulation of BP by river water addition at the sur-
in summer (1-27 August vs. July), PP is likely lower due face was probably due to an increase in nitrogen, with the
to nutrient depletion and lower light availability. Also, wa- subsequent alleviation of this limitation, rather to an increase
ter discharge and the associated organic matter and inorganin dissolved organic carbon. This can be calculated by the
nutrients supply by the Mackenzie River (and other Arctic concentrations of added C and N versus the ambient con-
rivers) is lower in August than in July (Serreze et al., 2002; centrations. While riverine DOC added (228 uM) involved
Spencer et al., 2008). substantial £ 20 %) DOC increases over ambient DOC in
both surface (65uM) and Chl Max (73 uM) concentrations,
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river additions led to 10 % increases of total dissolved nitrate

(0.13 uM), over ambient concentrations (0.01 uM) in the sur-

face, explaining the observed stimulation in BP. Conversely,

at the Chla max, the addition yielded a decrease in nitrate

of 8 % over ambient concentrations (0.62 uM), resulting in a

lack of stimulation, or even a slight inhibition of BP (Fig. 6).

However, it is worth noting the high C to N ratios and Iow The publication of this article is financed by CNRS-INSU.

amino acid yield of Mackenzie River water, that would lead,

after microbial communities uptake and consume all N pro-

vided by the river, to an accumulation of refractory organic References
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