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Abstract. A better understanding of how environmental like substances, and ballast minerals. Modeled settling ve-
changes affect organic matter fluxes in Arctic marine ecosysiocity of small and large aggregates was, respectively, higher
tems is sorely needed. Here we combine mooring times seand lower than in previous studies within which a high fractal
ries, ship-based measurements and remote sensing to asseésiension (i.e., more compact particles) was consequential
the variability and forcing factors of vertical fluxes of par- of deep-trap collectior{ 400-1300 m). Redundancy analy-
ticulate organic carbon (POC) across the Mackenzie Shelées and forward selection of abiotic/biotic parameters, linear
in 2009. We developed a geospatial model of these fluxedrends, and spatial structures (i.e., principal coordinates of
to proceed to an integrative analysis of their determinantmeighbor matrices, PCNM) were conducted to partition the
in summer. Flux data were obtained with sediment trapsvariation of the 17 POC flux size classes. Flux variability was
moored around 125m and via a regional empirical algo-explained at 69.5 % by the addition of a temporal trend, 7 sig-
rithm applied to particle size distributions (17 classes fromnificant PCNM, and 9 biophysical variables. The first PCNM
0.08-4.2 mm) measured by an Underwater Vision Profiler 5.canonical axis (44.5 % of spatial variance) reflected the total
The low fractal dimension (i.e., porous, fluffy particles) de- magnitude of POC fluxes through a shelf-basin gradient con-
rived from the algorithm (1.26 0.34) and the dominance trolled by bottom depth and sea ice concentratipr<0.01).

(~ 77 %) of rapidly sinking small aggregates@.5 mm)in  The second most important spatial structure (5.0 %) corre-
total fluxes suggested that settling material was the producsponded to areas where shelf break upwelling is known to oc-
of recent aggregation processes between marine detritus, gatur under easterlies and where phytoplankton was dominated
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2834 A. Forest et al.: Vertical flux variability and forcings in Beaufort Sea

by diatoms. Among biophysical parameters, bacterial pro-2007; Zhang et al., 2010). Above all, the degree and scale
duction and northeasterly wind (upwelling-favorable) were of warming observed in the Arctic since the last decades has
the two strongest corollaries of POC fluxe$ ¢um.= 0.37). no equivalent elsewhere in the world (Hansen et al., 2010),
Bacteria were correlated with small aggregates, while northwhich is first translated into a steady sea ice thinning, shrink-
easterly wind was associated with large size classési{m ing, and “rejuvenating” — all taking place at a rate faster than
ESD), but these two factors were weakly related with eachany global circulation model is able to reproduce (Stroeve
other. Copepod bhiomass was overall negatively correlatedtt al., 2012). Consequences of increased temperature and
(p<0.05) with vertical POC fluxes, implying that metazoans sea ice decline on ecosystem function and carbon flux vari-
acted as regulators of export fluxes, even if their role was mi-ability are diverse, possibly profound, and often contradic-
nor given that our study spanned the onset of diapause. Ouory (Wegner et al., 2010; Wassmann and Reigstad, 2011).
results demonstrate that on interior Arctic shelves where profor example, shifts in the phenology or location of primary
ductivity is low in mid-summer, localized upwelling zones production due to ice cover variability might result in con-
(nutrient enrichment) may result in the formation of large fil- trasting match—mismatch scenarios with zooplankton graz-
amentous phytoaggregates that are not substantially retaingdg (Sgreide et al., 2010). In turn, this could modify the mag-
by copepod and bacterial communities. nitude and nature of vertical fluxes of POC to the seafloor
as well as the rate of energy transfer to higher trophic levels
(e.g., Bluhm and Gradinger, 2008; Wexels Riser et al., 2008).
Another example is the effect of the amplified flow of river-
1 Introduction ine material around the Arctic Ocean, which has the apparent
capacity to transform the trophic balance of coastal ecosys-
The magnitude and nature of particulate organic carbortems from autotrophy to heterotrophy via increased bacte-
(POC) fluxes in marine ecosystems are key indices of biologial respiration (Valleres et al., 2008; Garneau et al., 2009).
ical productivity and ecosystem functioning (e.g., LonghurstOther complex issues that govern the ecological/carbon flux
etal., 1989; Wassmann, 1998; Boyd and Trull, 2007). Down-regime are related to modifications in stratification patterns.
ward POC fluxes drive the transfer of energy from the sunlitOn the one hand, the accumulation of freshwater (as de-
surface layer to benthic organisms and eventually support theived from sea ice melt and river input) could affect the size
sequestration of atmospheric carbon dioxide §Ci®@ marine  structure of primary producers and limit their growth due
sediments (Honjo et al., 2008). In regions close to the conto reduced nutrient supply from deeper water masses (Car-
tinental shelf, resuspension and lateral advection processanack and McLaughlin, 2011). On the other hand, the low sea
that transport POC from the shelves to the deep basins anee coverage combined with favorable atmospheric forcings
additional mechanisms that facilitate the long-term storagecould erode stratification in the upper water column, inject a
of CO, at depth (Hwang et al., 2010). Conversely, trophic in- substantial amount of deep-water nutrients into the “well-lit”
teractions in planktonic food webs keep cycling organic mat-surface layer and subsequently boost primary productivity —
ter in the pelagic environment, move energy toward verte-particularly in zones along the shelf break known to be sensi-
brates, and ultimately return POC back to atmospherig CO tive to wind-driven costal upwelling (Tremblay et al., 2011).
through respiration (e.g., Forest et al., 2011). Understanding The numerous and often opposite effects of biophysical
the spatial-temporal variability and physical-biological de- determinants of downward POC fluxes in Arctic marine en-
terminants of organic matter fluxes is therefore crucial to bet-vironments underscore the need for ecosystem-level analy-
ter resolve processes structuring marine food webs and corses in order to understand processes regulating the variability
trolling the biological pumping of C®by the ocean biota. of the biological carbon pump. Here we combine mooring
This is particularly true as rising GCand associated global time series, satellite observations and high-resolution ship-
warming progressively alter physical and chemical parame-based measurements to proceed to an integrative analysis of
ters of the water column (e.g., temperature, freshwater convertical POC fluxes in a river-influenced Arctic shelf region
tent, pH, etc.) and modify various biological properties such(Mackenzie Shelf, southeast Beaufort Sea). Our main objec-
as plankton metabolism, size distribution, and trophic inter-tive was to evaluate the biotic and abiotic factors that con-
actions (Doney et al., 2012). Changes in the lower food wehktrolled vertical POC fluxes, as well as their spatial patterns
have implications for biogeochemical cycling and feedbackacross the shelf-basin interface during the summer period
to the climatic machinery (e.g., Steinberg et al., 2012) and(July—August), in the context of an annual cycle of ecosystem
might directly impact ecosystem services upon which peopleproperties monitored through moored observatories and re-
depend for their subsistence and economic wellbeing. mote sensing. Vertical particle fluxes at 154 locations across
A better comprehension of particle flux dynamics in rela- the study region in July—August were obtained via the ap-
tionship with ecosystem functioning is particularly needed plication of a regional power-law algorithm linking sediment
in Arctic marine ecosystems where rapid environmentaltrap data (mass fluxes and POC) to the size distributions of
changes induced by the combination of both anthropogenigarticle abundance (0.08—4.2 mm, in equivalent spherical di-
and natural forcings currently occur (ACIA, 2005; IPCC, ameter, ESD) recorded with an Underwater Vision Profiler
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5 (UVP5; Picheral et al., 2010). Identification of fine-to-
broad spatial structures was performed using the principal
coordinate of neighbor matrices method (PCNM; Borcard
et al., 2004). Assessment of relationships between physical— .
biological variables, spatial-temporal trends and vertical flux ~ 72°N
size classes (i.e., used as “species”) was conducted using
redundancy analyses (RDASs), forward selection procedures,
and variation partitioning. Our statistical analyses enabled us 71°N
to test an exhaustive suite of hypotheses regarding the con- ;
trol and variability of vertical POC fluxes across the Arctic ‘
shelf-basin system. 3 ... flind D... {Cape)

@ Oceanographic stations
[ Drifting sediment traps
‘ Long-term moorings

Kugmall

M_‘:ackenzie & ;
----- Trough. / ~Bay i

2 Material and methods

Mackénzie Delta

o N ie Rive 1

W 38w 3w 132w 120°W
I I I I I I

Seasonal sea ice over the Mackenzie Shelf (Fig. 1) reaches a 25 50 100 250 500 750 1000
maximum thickness of 2—-3 m in March—April and is usu- Depth (m)
ally melted by mid-September (Barber and Hanesiak, 2004). [ ITA————
The shelfis influenced by the Mackenzie River, which brings 18 Jul TAug 15 Aug
a large volume of freshwater (330 Riyr—1) and sediment Sampling date
load (124 x16tyr—1), primarily between May and Septem- Fig. 1. Bathymetric map of the southeast Beaufort Sea (Arctic
ber (Gordeev, 2006). During summer, ice melt and river Ocean) with position of the sampling stations conducted in July—
runoff generate a highly stratified surface layer in the top 5—August 2009 as part of the ArcticNet-Malina campaign. The Arc-
10 m of the water column (Carmack and Macdonald, 2002) ticNet sampling sites were located in the exploration license area
Water masses in the region come from various sources anBL446, whereas transects 100-700 and station 345 correspond to
comprise the following: sea ice melt water, the Mackenziethe Malina sampling grid. On each Malina transect, station IDs are
River, the winter polar mixed layer (above50 m), summer numbered in increasing num_ber from north to _s_outh (e.g., 110 to
and winter water of Pacific origin~ 50-200m), Atlantic 170 from north to south on line 100). The position of short-term
water (~ 200-800 m), and Canada Basin deep water (belo ca. 24 h) and long-term (ca. 1yr) deployments of automated sed-

. Iment traps is also indicated on the map. Technical details on the
800m depth) (Lansard et al., 2012). Surface ocean ClrCUIa'short-term drifting traps and long-term moorings can be found in

tion in the region is complex and largely influenced by wind r4pje 1. A 3-D interactive visualization of the bathymetric domain

and sea ice conditions (Ingram et al., 2008). Inshore, a typyf southeast Beaufort Sea is also accessible through the online Sup-
ical coastal current flows from the west to the east. North-plement (see Appendix C for details).

westerly winds tend to retain surface waters inshore (down-

welling conditions), whereas easterlies push them seaward

(upwelling conditions) (Macdonald and Yu, 2006). The dis- wind-driven coastal upwelling is able to force episodic

tance of the ice edge from the shelf break strongly influence$ursts of productivity on the shelf (Tremblay et al., 2011).

the strength of the upwelling/downwelling flow (Carmack Zooplankton activity (dominated by copepods) is tightly

and Chapman, 2003). Offshore, surface circulation is overdinked to pulses in fresh food supply during the spring—

all driven by the anticyclonic Beaufort Gyre, while below summer period (e.g., Forest et al., 2011). Daily vertical POC

the surface layer, circulation is reversed and dominated byluxes across the shelf-basin interface in the epipelagic layer

the eastward Beaufort Undercurrent carrying waters of both(<200g C nT 2yr~1m) of the Beaufort Sea can range from

Pacific and Atlantic origin along the slope (Ingram et al., extremely high values (4000-7000 mg C#u~1; O’Brien

2008). A narrow shelf break jet (20 km width, centered atet al., 2006) to very low rates<(l mgCnr2d-1; Forest

100-200 m depth) appears to be an inherent structure of thet al., 2007), but common values are met between 5 and

subsurface countercurrent (Pickart, 2004). 75mgCnr2d-1. See Appendix A and Table A1 for an in-
Primary production in the Beaufort Sea is low when com- depth review of vertical POC fluxes in the Beaufort Sea in

pared with other Arctic shelves and typically ranges from 30comparison with other Arctic Ocean regions.

to 70g CnT2yr-1 (Sakshaug, 2004; Carmack et al., 2004).

The spring bloom rapidly evolves into a subsurface chloro-

phyll maximum (SCM) that progressively lowers the nitr-

acline over the growth season (Martin et al., 2010). The

injection of deep nutrients into the surface layer through

2.1 Physical and biological setting of the study area

www.biogeosciences.net/10/2833/2013/ Biogeosciences, 10, 28882013
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Table 1.Locations and periods of deployment of the long-term moorings and short-term drifting traps used in the present study. The location
of each station is mapped on Fig. 1.

Station  Date deployed Latitude Longitude Bottom depth  Date recovered
Long-term CAO05 26 Jul 2008 PU8.47N 127 34.94W 204 m 9 Oct 2009
moorings CAl6 28 Jul 2008 TU7.2IN  126°29.82W 314m 12 Oct 2009

Al 20 Jul 2009 7045 70N  136°00.50 W 688 m 9 Sep 2010

G09 23 Jul 2009 7100.13N 135°28.76 W 702m 18 Aug 2010
Short-term 345 14 Aug 2009 720.50N 13341.3Z2W 555m 16 Aug 2009
drifting traps 135 20 Aug 2009 PN8.62ZN 127 28.62W 227m 21 Aug 2009

235 22 Aug 2009  7145.63N 130°45.79W 625m 24 Aug 2009

2.2 Atmospheric conditions, sea ice, and river discharge the Mackenzie River splits into many channels in the delta
(Leitch et al., 2007). A time series of Mackenzie River wa-

Mean daily wind and pressure data at surface (0.995 sigmger discharge was constructed for the year 2009 to be used in

level, 2.5° x 2.5° resolution) were obtained from the Na- comparison with the mean discharge from 1998 to 2008.

tional Centers for Environmental Prediction (NCEP) Re-

analysis project (Kalnay et al., 1996) available onlihgg

Ilwww.esrl.noaa.gov/psp/ NCEP wind and pressure data 2.3 Satellite remote sensing of surface POC

were favored over measurements made at coastal weather concentrations

stations (e.g., Tuktoyaktuk) because of uncertainties related

to the presence of land (Williams et al., 2006). Wind and

pressure data were spatially averaged for the whole study reA time series of 290 level-1b satellite images (free or

gion (69.5-72N, 126-14%2 W, Fig. 1) in order to produce an partly free of clouds) of the Mackenzie Shelf region col-

annual time series for the year 2009. A 7-day recent historylected with the Medium Resolution Imaging Spectrome-

of average wind conditions was also produced for every nearter (MERIS) onboard the Envisat platform over the period

est 25° x 2.5° pixel corresponding to each oceanographic of May—September 2009 were acquired from the ODESA

station conducted during the ArcticNet-Malina campaign website fttp://earth.eo.esa.int/odesalll images were pro-

(Fig. 1). These wind data were adjusted (50°anticlockwise)cessed to level 2 with the ODESA CFI software and using

to produce along-shelf (northeasterly) and cross-shelf (souththe alternative atmospheric correction of Babin and Mazeran

easterly) wind vectors that are favorable to shelf break up{2010). For more information about the standard process of

welling (Ingram et al., 2008). MERIS level-2 products, please see ESA (2011). Monthly

Daily averaged sea ice concentrations (% of coverage]May, September) and semi-monthly (June—August) com-
across the Mackenzie Shelf region were obtained from theposites of MERIS images (1km resolution) were gener-
Special Sensor Microwave Imager (SSM/I) located onboardated using the mosaic algorithm of the Beam/VISAT open-
the DMSP satellite. Daily maps were processed by thesource softwarehftp://www.brockmann-consult.de/begm/
Ifremer-CERSAT Teamhitp://cersat.ifremer.fy/using the  The sea ice adjacency mask o#lBnger et al. (2007) to de-
daily brightness temperature maps from the National Snowtect pixels potentially contaminated by the presence of sea
and Ice Data Center (Maslanik and Stroeve, 1999). The Artisice was implemented in the mosaicking processing chain.
seaice algorithm (Kaleschke et al., 2001) was used to procesa regional POC algorithm based on the empirical relation-
daily sea ice concentration maps at 12.5km resolution. Seahip between in situ surface POC concentration and the blue-
ice concentrations were averaged for the whole study areto-green ratio of remote-sensing reflectance (490, 560 nm)
in order to produce a time series of sea ice conditions inmeasured during the Canadian Arctic Shelf Exchange Study
2009 compared with 1998-2008. A 15-day history of mean(CASES) 2004 and Malina 2009 field campaigns was applied
sea ice concentration (37:537.5 km) was also produced for to level-2 images during the process. For a complete method-
each station conducted during the summer 2009 expeditiomlogy on the development of the regional POC algorithm, see
(Fig. 1). Appendix B.

Mean daily water discharge from the Mackenzie River Monthly and semi-monthly maps of surface POC concen-
(station Arctic Red River, 10LC014) was obtained from trations for the year 2009 were produced using the Generic
the Water Survey of Canadahtfp://www.wsc.ec.gc.ca/ Mapping Tools software packagét{p://gmt.soest.hawaii.
applications/H2Q/ We used data from Arctic Red River edu). Mean surface POC concentration at each oceano-
as it represents roughly 94 % of the total Mackenzie catch-graphic station conducted in summer (Fig. 1) was extracted
ment and corresponds to the most downstream station befongithin an area of 25 25 km from the composite images.

Biogeosciences, 10, 2833866 2013 www.biogeosciences.net/10/2833/2013/
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2.4 Long-term moorings, drifting lines and sediment were filled with filtered seawater (GFF 0.7um) adjusted to 35
traps salinity with NaCl. Formalin was added for preservation (5 %
v/v, sodium borate buffered) to prevent grazing by zooplank-
Four long-term mooring lines (bottom-anchored) equippedton and remineralization of organic matter. No brine to fill the
with automated sediment traps-at100 and / or~ 200m  whole sediment trap was added in any of the short-term or
depth (Technicap PPS 3/3 cylindrico-conical trap, 0.125 m long-term collection. After retrieval, cups were checked for
aperture, aspect ratio of 2.5 in their cylindrical part) were de-salinity and put aside 24 h to allow particles to settle. Sam-
ployed across the Mackenzie Shelf region during 2009 (Tajples were stored at 4 °C until they were processed.
ble 1, Fig. 1). All moorings were equipped with conductiv-  Analyses of long-term mooring samples were performed
ity/temperature sensors (RBR CT or JFE ALEC) and acous-at Universieé Laval (Canada) whereas drifting trap sam-
tic doppler current profilers (Nortek or Teledyne) to record ples were processed at the IAEA Environment Laboratories
basic physical properties and oceanic circulation at variougMonaco). In all samples, “swimmers” (zooplankton deemed
depths throughout the water column. Only mooring CAO05to be alive at the time of collection) were handpicked from
(Fig. 1) was equipped with a complete suite of bio-optical the samples with forceps under a stereomicroscope. Micro-
sensors: photosynthetic available radiation (PAR) at 54 mscopic analyses to discriminate the contribution of zooplank-
(JFE ALEC ALW), chlorophylla (Chl @) fluorescence at ton carcasses to the sinking flux (Sampei et al., 2009) will
54m (JFE ALEC CLW), as well as turbidity at 54 m (JFE be presented elsewhere. Particle samples were divided into
ALEC CLW), 57 m (Seapoint), and 178vm (AADI). Moor- several subsamples with a Motoda splitting box (Canada) or
ing CAO5 was also the only observatory equipped with ana McLane Wet Samples Divider (Monaco). Long-term sedi-
AanderaaRCM-11 multisensors located20 m above the menttrap subsamples were filtered through preweighed GF/F
seafloor to monitor current speed, direction, temperaturefilters (25 mm, precombusted at 450 °C for 3 h), desalted with
salinity, and turbidity close to the benthic boundary layer. freshwater, and dried for 12 h at 60 °C for the determination
Current-meter data were filtered using the pl64 low-pass fil-of dry weight (DW). The subsamples were exposed for 12 h
ter (Alessi et al., 1985) to remove the tidal signal. Currentto concentrated HCI fumes to remove the inorganic carbon
components (U, V) and bio-optical sensor data were then avfraction. Samples were analyzed on a CHN Perkin Elmer
eraged over daily periods. 2400 Series Il to measure POC fluxes. Different fractions
During the Malina field campaign, a drifting line equipped of short-term trap samples were processed and stored apart
with an array of automated sediment traps (Technicap PP$or other analyses than DW and POC, whose results will
3/3, same traps as on long-term moorings) was deployed dte presented elsewhere. A 40 % fraction was used for DW
3 sites across the region (Table 1, Fig. 1). Given the relaand POC analyses. This fraction was desalted and vacuum-
tively high weight of each trap in water (17 kg), drifting lines filtered unto precombusted QMA 25 mm filters. The filters
were equipped with an adequate series of Viny and Nokalorwere dried at 40 °C overnight, left 24h in a desiccator to
floats to ensure suitable floatability. The use of sequentiaktabilize at room temperature and then weighted to obtain
traps in such drifting mode has been successfully tested imass flux. To obtain the organic carbon content (as % of dry
various environments (e.g., Peinert and Miguel, 1994; Guidiweight), filters were decalcified with 1 M 4ROy and ana-
et al., 2008). For each deployment, the length of the moorindyzed in an Elementar Vario EL autoanalyzer. Several runs
line, number of instruments, and sampling intervals had toof blanks (precombusted QMA filters) and standards (Ac-
be adapted to the constraints imposed by bottom depth, icetanilide Merck pro analysis) were also performed for cal-
cover and survey schedules. The first deployment took placération of carbon measurements.
from 14—-16 August at station 345. Four traps were installed
at depths of 45, 90, 150, and 200 m. The total sampling time2.5 Ship-based measurements of physical and biological
spanned for 32 h, divided into two 16 h intervals. The sec- variables
ond deployment took place from 20 to 22 August at station
135. Three traps were deployed at 40, 85, and 150 m deptburing the ArcticNet-Malina campaign, a caged rosette pro-
for 28 h, in two intervals of 14 h each. The third deployment filer equipped with a conductivity—temperature—depth sys-
took place at station 235 from 22 to 24 August. Four trapstem (CTD, Seabird SBE-93) connected to a fluorometer
were attached to the drifting line at 40, 85, 145, and 200 m(Seapoint) and a transmissometer (Wetlabs C-Star, path 25
depth respectively. A single sample (50 h) was retrieved peccm) was deployed from once to several times at each sam-
trap. Given the limited amount of settling mass flux in all pling station (Fig. 1). The CTD data were verified and cali-
cases, the two sequential samples in deployments first andrated following the Unesco technical papers (Crease, 1988).
second were merged in a single filter in order to obtain reli-Water samples were taken onboard for salinity calibration
able results. using a Guildline Autosal salinometer. Fluorescence data
Before deployments, sediment traps for both long-termwere calibrated against in situ Chl concentrations using
and short-term deployments were prepared following thelinear regressions specific to the period 18 July—11 August
JGOFS protocol (Knap et al., 1996). The traps’ sample cupgr? = 0.96, p<0.01,n = 71) and 11-24 August-¢ = 0.90,

www.biogeosciences.net/10/2833/2013/ Biogeosciences, 10, 28882013
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p<0.01,n = 48). The two equations were linked to a change leucine was used to transforthi-leucine incorporation into

in the gain of the Seapoint fluorometer during the field cam-carbon production, following the rationale of a recent work

paign. Data from the CTD, fluorometer and transmissometeon planktonic carbon flows in the Beaufort Sea (Forest et

from all casts were averaged over 1 m bins. al., 2011). It should be noted that BP in the present study
The rosette profiler was also equipped with an Underwa-represents the production by the total community, including

ter Vision Profiler 5 (UVP5) allowing routine recordings of both free-living and particle-attached bacteria (see Ortega-

particle size distributions (i.e., both nonliving particles and Retuerta et al., 2012b, c for details).

zooplankton). Full details of the technical specifications and

processing operations of the UVP5 can be found in Picheral-6 Optimization procedure and statistical analyses

et al. (2010) and in Forest et al. (2012). Briefly, the UVP5 . . . ' .
In order to obtain vertical particle fluxes at a fine spatial scale

aims at recording and measuring all objest80 pm ESD
g 9 ) H during the field campaign, we computed a regional algorithm

(i.e., inferior limit of the lowest size class) in real time dur- linking th icle size distributi dod by the UVP5
ing deployment. The size and grey level of every object arginking the particle size distributions recorded by the

calculated in situ, but only images of object$00 um are (0.08—4.2mm ESD) to mass gnd POC.quxes e§t|mated by
stored on a memory stick for further processing. The Zoopro-t,he sediment traps at overlapping sampling locations and pe-
cess imaging softwarettp://www.zooscan.cojnwas used riods. When more than one UVP5 deployment corresponded
to identify major zooplankton groups-600 um) with the to only one sediment trap sample (mal_nly forlong-term traps;

Plankton Identifier (PkID) (Gorsky et al., 2010). The predic- S€€ Fig. Ala), the abundance of particles for each size class

tion of organisms obtained from the PKID files was exhaus—for all corresponding profiles were averaged. A sensitivity

tively post-validated to obtain an accurate dataset of abunt€st 0 document the degree of confidence in our approach

dance and biovolume for zooplankton larger than GOOMmWas also conducted us_ing a multiple randqm re.s.ampling of
from the UVP5. The zooplankton dataset acquired with theolur ?(atabgse (Appeg%hx A E'gbAlb)' The |den(§|f|fable zr?o-
UVP5 during the ArcticNet-Malina campaign was further LpJSrllSton _atlasgztz{ b- mtr)nf ) was (rjgmove h rom the
compared with zooplankton collected in situ with 29 verti- - particle database before proceeding to the computa-
cal net tows, which showed very good agreement (see Foreé‘[or,‘ O.f the regional aIgopthm. The optimization progedyre of
et al., 2012 for details). This enabled us to use the zooplank-GUIdI et al. (2008) making use of the Matlab functitnin- '
ton biovolume dataset obtained with the UVP5 to estimatesearch(MathWorks, USA) was adapted to our dataset to find
zooplankton biomass over a fine-scale spatial grid the A andb values that minimized the log-transformed dif-

Zooplankton biovolume was converted into carbon ferences between sediment trap data (mass and POC) and

biomass using various conversion factors gathered from théhe spectrally est_lmated mass or POC fluxes in the following
literature. We are confident that the use of the UVP5 datase?ower'law equation:

provided reliable estimate of zooplankton biomass since 4.2

large organisms dominate this biomass in the Beaufort Se&# = [ n-A-d?, (1)
(e.g., Darnis et al., 2008; Forest et al., 2011). For copepods

. ) : : 0.08
we used the regional relationship established by Forest et

al. (2012). For appendicularians, ctenophores, chaetognathgkhggg I$nthrr? ﬂ:,;(zlgfgrat.zdtr:?Tooné):r]_tf';g:%ss;t(g:sss
and other gelatinous organisms, we used the conversion fac- '~ 1IN MY ' nl' 3 .3 10 part
a given size class (#1-, or # 100°m~°), A is a constant

tors of Lehette and Hernandez-Leon (2009) assuming a 30 of! b g d . . .
carbon content in the DW of appendicularians and medusa mgm'=°d™), d '2 the mean .ESD of pa_rtlcles inagiven size
(Deibel, 1986; Larson, 1986) and a 50 % carbon content inCIaSS (mm, or 1.0 m)f andb is Fhe scaling exp_onent of the
the DW of chaetognaths (Baguley et al., 2004). For proto_power-law relationship (no unit). On the basis of the scal-
zoans we used the mean conversion factor for foraminiferd 9 gxponenb, the mean fractal dmengorp( unitess) of )
and radiolarians of Michaels et al. (1995). particles (e.g., Jackson and Burd, 1998; Li and Logan, 2000;

Exhaustive measurements of bacterial production (BP)Gu'd' et al., 2008) along the size spectrum can be easily cal-

were conducted throughout the ArcticNet-Malina expedition culated using the equation

(Ortega-Retuerta et al., 2012a) with the classiéileucine  ,, _ b+1 @
incorporation method (Kirchman, 2001). Briefly, samples 2

(1.5ml in triplicates) were incubated for 2 h at in situ tem- Statistical analyses to evaluate the influence of spatial pat-
perature with 10—20 nM of [4,8H]-leucine (specific activ-  terns, linear trend, and physical-biological variables on ver-
ity 139 Ci mmole’1, Amersham). Incubations were termi- tical POC fluxes were conducted following the approach of
nated by adding trichloroacetic acid (TCA, 5% final concen- Borcard et al. (2011). We adapted this step-by-step method-
tration). The incorporatedH leucine was collected by mi- ology by making use of redundancy analyses (RDASs) be-
crocentrifugation and rinsed once with 5% TCA and oncetween station locations, POC flux size classes (i.e., used as
with 70 % ethanol before radioassaying (Ortega-Retuerta etspecies”) integrated over the top 200 m (i.e., the water inter-
al., 2012a). A conversion factor of 1.2kgC per mole of val corresponding to the sampling conducted with sediment
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traps, Table 1), and potential explanatory variables available8 Results
at the same spatial and temporal resolution than the UVP5
dataset (including a set of spatial structures; see below). W&.1 Environmental conditions and surface POC
could obtain 12 physical-biological constraints for our sta- concentrations
tistical analyses: 2 near-history wind components, sea ice
persistence, water column densigp), bottom depth, sur- Atmospheric pressure and wind conditions over the Macken-
face POC concentration, mean beam attenuation coefficiengie Shelf region varied markedly throughout 2009 (Fig. 2a).
Chl a inventory, bacterial production, and 3 groups of zoo- The yearly average surface pressure field yielded a value of
plankton (copepods, appendicularians and others; see Fore8t99 atm, and the annual mean wind vector was estimated as
et al., 2012). The RDAs were followed by the forward se- a weak easterly wind of 2.4 nT8. Sea ice concentrations in
lection of reduced models of only significant relationships 2009 were near the average of 1998—-2008 (Fig. 2b), but it
and a variation partitioning analysis (Borcard et al., 2011should be noted that a high standard deviation was associ-
and references therein). All RDAs were plotted as symmetri-ated with the latter mean in the summer month30 % in
cally scaled by the square root of eigenvalues (i.e., scating June,£ 24 % in July, andt 16 % in August; not shown). In
3; Oksanen, 2011) and station ordination scores were giverfact, ice conditions in the Beaufort Sea were more severe in
as weighted sums of the species scores to show the overal009 than during the previous 5 years when intensive sam-
variability for both sites and size classes. Prior to analysispling occurred as part of the CASES-ArcticNet expeditions
POC fluxes were log-transformed to give equal weights to alland Circumpolar Flaw Lead (CFL) System Study.
size classes. All analyses were conducted using the R free- Persistent northerly/northeasterly winds blew at an aver-
ware fittp://www.r-project.org/ with the appropriate pack- age speed of 5n1$ throughout much of the month of July
ages (Borcard et al., 2011). prior to the field campaign (Fig. 2a). This resulted in a steady
Spatial structures of POC fluxes across the Mackenziesouthward advection of the central ice pack visible in the
Shelf were obtained using the principal coordinates of neighsatellite images of July (Fig. 3) and mirrored in the above-
bor matrices (PCNM) procedure. The goal of the PCNM average ice concentration observed in late July (Fig. 2b). The
method is to identify patterns and gradients across a wholevind pattern broke up in August and winds blowing from the
range of fine-to-broad scales (2-D) perceptible within a givensouth dominated in late summer. A steady decline from high
dataset (Borcard et al., 2004). This procedure generates @ low atmospheric pressure was concomitantly recorded
suite of variables that can readily be used in further analysesfrom early July to September (Fig. 2a), which brought cloudy
such as RDAs and variation partitioning (e.g., Peres-Netoconditions during the Malina campaign, especially during the
et al., 2006). When used on an irregular sampling design -second half of August, as revealed by the numerous white
such as in the present analysis — the PCNM functions correpatches in Fig. 3 (panel 15-29 August). The southerly winds
spond to irregular sinusoidal-like waveforms, within which in August contributed to poleward ice motion and ice melt
spatial structures along the X-Y geographic coordinates arecross the study area (Fig. 2b, Fig. 3).
repeated. The scale of every PCNM function is zero-centered The water discharge from the Mackenzie River (as
on the mean and is a measure of the recurrent spatial strucecorded at the Arctic Red River; Fig. 2c) was above
ture, so that the value of each station (i.e., positive or negathe mean of years 1998-2008 from May to July 20.5
tive) provides its fitted position on the waveform (e.g., Bor- vs. ~ 17.4 x1m3s~1) as well as during the period of
card et al., 2004). Briefly, the PCNM orthogonal variables September—-October<(12.8 vs.~ 10.5 x1¢m3s1), but
are obtained through the following: (1) the construction of anremained overall in the envelope covered by standard de-
Euclidean distance matrix among station sites, (2) the truncaviation (from 4 0.5 to+7.4 x1m3s~1 during summer).
tion of this matrix to retain distances among close neighborsHigh surface POC concentrations150 mg C nT3) in sum-
based on a threshold corresponding to the longest distancmer 2009 were generally restricted to the shelf area within
along the spanning tree drawn on the station map, (3) thehe <100 m isobath (Fig. 3). The particle-rich Mackenzie
computation of a principal component analysis of the trun-River plume was clearly visible along the Mackenzie Canyon
cated distance matrix, and (4) the retention of the PCNMin the open flaw lead in May, indicating the presence of an
functions that model a positive spatial correlation of Moran’s under-ice river flow along the coast (Fig. 3). Under dominant
I (Moran, 1950). Because the goal of the present study wasortherly and northeasterly winds in June—July, the surface
to include PCNM functions as part of a variation partition- plume from the river runoff was expanding westward to the
ing analysis, POC flux data were not detrended, as advocatedllaskan Beaufort shelf (Fig. 3). Then, the intensity of the
by Borcard et al. (2011). Hence, the pure linear trend due taiver plume apparently declined, but we could not track its
sampling date and location was incorporated in the variatiorlate-stage behavior due to the substantial presence of clouds
partitioning that aimed at quantifying the unique and com-in late summer. In early August a lens of high surface POC
bined fractions of variation explained by numerous sources.concentration was expanding northward on the eastern shelf
along Cape Bathurst, which was presumably linked to au-
tochthonous POC production (Fig. 3).
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Fig. 2. Time series from January to December 2009a)fnear-surface wind vectors and atmospheric pressure (source: N®EB#Hily

ice concentration and recent decadal average (source: NSIDCjc)daily Mackenzie River discharge and decadal mean (as recorded at
station Arctic Red River). Data from panelsh correspond to regional averages over the entire southeast Beaufort Sea as defined as the area
shown in Fig. 1. The gray-shaded column indicates the temporal window within which the ArcticNet-Malina campaign was conducted.

3.2 Mooring-based measurements and drifting tinuously stratified. In fact, temperature in the core of the
short-term traps Pacific-derived water mass-(100 m) in the Beaufort Sea is
commonly near-1.6 °C.
Physical and bio-optical parameters measured from January Variation in the intensity and direction of the water flow
to September 2009 at mooring CAO05 provided informa- recorded at various depths at mooring CAQO5 over January
tion on the seasonal variability of pelagic conditions in the to September 2009 was pronounced (Fig. 5). Direction of
southeast Beaufort Sea prior to the summer field campaigrurrent vectors followed overall an along-shelf axis, follow-
(Figs. 4, 5). Light available (PAR) at 54 m remained closeing the bathymetry. Strongest currents (up to 35chat
to nil values until late May consistently with sea ice con- 22 m depth) were detected in late winter, when the ice cover
centrations that ranged from 90 to 100 % during this periodwas apparently consolidated over the region (Fig. 2b). Strong
(Fig. 4a, b). Light in the upper water column during the melt currents (up to 25-30cnT$ at 80 and 178 m depth) were
period was sensitive to oscillation in sea ice concentration aglso recorded in late August to early September just after
an apparent negative correlation was observed between sele Malina campaign that ended on 22 August. Current ve-
ice and PAR from late May to late July (Fig. 4a). PAR de- locities during the field expedition stricto sensu oscillated
creased roughly twofold in early August, when fluorescencegenerally between 4 and 10 cmis with a mean value of
at the same depth rose abovelmgChlam=3 (Fig. 4b, 7.5+4.6cms™.
¢). Turbidity recorded with the JFE ALEC CLW at 54m  Throughout 2009 the POC content of vertical mass fluxes
(same sensor as fluorescence) showed a quasi-parallel treqBDW) recorded with the long-term sediment traps var-
as Chla fluorescence. Interestingly, turbidity measured with ied from 2 to 43% of total mass, with an overall mean
the Seapoint sensor a 57 m depth exhibited an earlier risgalue of 11+99% (Fig. 6). The percentage of POC in DW
(May) than the turbidity recorded with the CLW (July), but fluxes was generally below average in fall-winter (October—
measurements with the Seapoint in mid-August—SeptembeApril) and above the mean value during spring and sum-
were hindered by sensor fouling. Turbidity at 178 m re- mer (May—September). Peaks in vertical mass fluxes were
mained low 1 NTU) throughout the duration of the de- detected mainly in summertime (July—August), but also in
ployment (Fig. 4d). Temperature monitored at 54, 57, andlate winter (e.g., CA16, 110m; Fig. 6¢) and in late fall
178 m at CAO5 stayed below 0°C from January to Septem<e.g., A1 and G09, 200 m; Fig. 6i, m). Except for CA16
ber (Fig. 4e). Such a relative homogeneity of temperatureat 211 m depth, a distinct peak of vertical POC flux (up
at discrete depths in the upper water column could be into 140 mg C m?d—1) was recorded in late July—August at
dicative of well-mixed conditions, but the salinity time series every station (Fig. 6). The maxima in vertical mass fluxes
(Fig. 4f) rather demonstrates that the water column was conrecorded in late winter or late fall (see above) did not yield
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Fig. 3. MERIS composites of surface POC concentrations from May to September 2009 in the southeast Beaufort Sea as estimated with an
empirical relationship established between in situ POC and the blue-to-green ratio of remote-sensing reflectance (490, 560 nm) measurec
during the CASES 2004 and Malina 2009 field campaigns. Sea ice concentration data (grayish scale, from 20 % to 100 % ice cover) as
obtained from the SSM/I-DMSP orbiting sensor were superimposed over the satellite composites of surface POC concentrations (1 km
resolution, 5km radius interpolation). White patches correspond to ice-free areas within which no MERIS data were available during the
time period due to the presence of clouds. The two bathymetric contour lines in each figure correspond to the 100 and 1000 m isobaths.

any spectacular increase in downward POC fluxes. Wher) followed those of mass fluxes. The C: N ratio of vertical

daily fluxes from all time series are cumulated and aver-fluxes recorded with short-term traps (6—9) was in the same

aged for an annual cycle, the estimated mass flux acrossange as the C:N ratio of fluxes collected with long-term

the Mackenzie Shelf region was higher at 200 than attraps (Figs. 6-7).

100 m depth (136 vs. 60 g DWTRyr—1). However, the av-

erage vertical POC flux was relatively similar at both depths

(6.9vs. 6.4gCm2yr1). The C: N ratios of particulate or-

ganic matter fluxes recorded with long-term traps generally

oscillated between 6 and 10, with no clear seasonal or verti-

cal pattern among time series (Fig. 6). We obtained 21 overlaps between sediment trap sampling
Vertical particle fluxes recorded with the short-term traps@nd UVP5 deployments over the course of the field cam-

at three stations in the third week of August 2009 (Table 1)Paign in July—August. The optimization procedure generated

exhibited a similarly low magnitude ranging from 11—  Power-law parameters (Table 2) that transformed particles

the average mass flux-(270mgDW nT2d-1) estimated ~and POC flux estimates with relatively strong coefficients of

for this period with the long-term traps. This was linked to determination 2= 0.73 for DW fluxes;r2 = 0.68 for POC

the minuscule, but actual, quantity of particulate matter ob-fluxes; Fig. 8). A multiple random resampling exercise of our
served in the upper 200 m of drifting trap stations when sam-database (Appendix A, Fig. Alb) enabled us to estimate a
pling took place (see Figure Al). It should be noted, how- Standard deviation corresponding+020% up to~ 33%
ever, that low mass ﬂuxe&60 mg DW rn—z d_l) were also of the variousA andb parameters (Table 2), which is in the
detected with the long-term traps at some stations or occat@nge of comparable previous studies. The scaling exponent
sions in summer (Fig. 6), such as in previous studies of parti? of the vertical mass flux algorithm yielded a low fractal di-
cle fluxes in the Beaufort Sea and elsewhere (Table A1). Thénension (i.e., more porous particles) of 1:26.34. The per-
percentage of POC in vertical mass fluxes at drifting stationscentage of POC in DW fluxes as estimated with the power-
345, 235, and 135 was relatively uniform (24 %). Hence, law relationships was 18 0.2 %, consistent with the per-

vertical patterns of POC fluxes in short-term traps (Fig. 7d-ceéntage of POC in mass fluxes obtained with sediment traps
(Figs. 6-7).

3.3 Vertical particle flux dynamics as obtained from the
UVPS5 dataset
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Table 2. Constant A) and scaling exponenb) of the empirical power-law relationships (xstandard deviation) computed by the Nelder-
Mead simplex minimization procedure between particle size determined by underwater cameras and the corresponding mass and particulat
organic carbon (POC) fluxes measured with in situ sediment traps. The associated coefficients of detemﬁhd&enr(be the fits between

the estimated fluxes using empirical equations and the sediment trap fluxes. See also Appendix A for a sensitivity analysis conducted on
theA andb parameters. N/A: not available.

Region Depth (m)  Flux type A b r?2  Cameratype Reference
Southeast Beaufort ~ 125 Mass 96.6:-32.2 1.5140.41 0.73 UVP-5 This study (Fig. 8)
Sea (Arctic Ocean) POC 28416.1 2.0+0.39 0.68

Global compilation of ~ 400 Mass 109.532.6 3.52£0.72 0.70 UVP-2-3-4 Guidi et al. (2008)
coastal and oceanic areas POC w54 3.81+0.70 0.73

Cape Blanc upwelling ~ 1300 Mass 1396.2 N/A 3.65£N/A 0.85 ParCa Iversen et al. (2010)
system (Mauritania) POC 2738N/A 4.27+N/A  0.74

When applied to the whole UVP5 dataset, vertical POCgreater (Fig. 10). Roughly 50 % of vertical mass fluxes were
fluxes across the Mackenzie Shelf region can be convenientljnduced by particles less than 170 pm (shelf) or 210 pm (off-
plotted for a 3-D domain (Fig. 9). This enables quick grasp-shore) (Fig. 10). In particular, a substantial fraction of mass
ing of the main vertical flux structures, patterns and gradi-fluxes (20 % inshore, 15 % offshore) was contained in the
ents. For an in-depth description on how Fig. 9 was madesmallest size class of 80-100 pm ESD (Fig. 10a, b). A sim-
and a further 3-D interactive visualization of POC fluxes ilar trend was detected for mean vertical POC fluxes, within
across the study region using geographic information syswhich half was comprised in the lower range of the size spec-
tem (EnterVol for ArcGIS, C Tech, USA), see Appendix C trum for both the inshore{260 um) and offshore{300 um)
and the online Supplement. The 7 Malina sections mappe@nvironments. However, the contribution of smallest parti-
in Fig. 1 are illustrated as 2-D cross-shelf vertical planes incles was not that high for POC fluxes offshore, where the size
Fig. 9, whereas ArcticNet stations located on the middle shelfclass 260-330 pm was actually the most important contrib-
and other Malina stations correspond to the small along-utor (12 %). Overall, ca. 77 % of both mass and POC fluxes
shelf planes. Vertical POC fluxes75mgCnt2d-1 were  were contained in size classes below 500 um.
restricted to the shelf environment {00 m isobath) and to The modeled settling speed as a function of the coeffi-
the benthic boundary layer on the slope, in particular in Kug-cient A and scaling exponertt (thus of the fractal dimen-
mallit Valley and close to the Mackenzie Canyon (Fig. 9). sion) of the mass flux power-law equations (Table 2) were
At some locations on the inner shelf and in the Mackenzieplotted for each size class along the particle size spectrum
Canyon, vertical POC fluxes, as estimated with our empir-0.08—4.2 mm ESD (Fig. 11). This revealed that particles in
ical relationships, were remarkably high — such as at shalthe lower size range<300 pm) in the Mackenzie Shelf re-
low stations 380/390 and 680/690 (Fig. 1), where POC fluxesggion were apparently sinking faster (upt010 times) than
ranged from~ 1 up to~5g C nT2d 1. Relatively high POC  in other studies, within which tha andb parameters were
fluxes &75mg CnT2d-1) were also detected at the begin- computed in a similar manner and for which a higher fractal
ning of the cruise in July when compared with the whole dimension has been obtained (Fig. 11, Table 2). Conversely,
dataset, and especially with data obtained for the third weekhe modeled (idealized) settling rate of particles larger than
of August when fluxes were overall very low (e.g., line 400, 1 mm. ESD (which represented a minor portion of the total
stations 235 and 135; also short-term trap deployments aBuxes; see above) was much lower in the southeast Beaufort
seen in Fig. 7). Around Cape Bathurst, part of the high POCSea than in other systems. Based on our dataset, the max-
fluxes on the shelf appeared to feed a lateral (i.e., oblique) eximum “average” velocity of the population of sinking par-
port of POC toward the deeper layers (Fig. 9). At the mouthticles was~ 45md-! for the largest size class centered on
of Amundsen Gulf, the abrupt transition from a high-to-low 3.8 mm ESD, which contributed te 1 % of total mass fluxes
POC flux regime was linked to a real shift in the particle (Fig. 10a, b).
abundance from Cape Bathurst to Banks Island — and not to
an artifact of the visualization software. 3.4 Temporal variability of biotic and abiotic

_ Cumulated hlstograms of average vertlcal_ fluxes for each components in the water column
size class along the size spectrum for the inshore and off-
shore environments (delimited by the sheif break, 100 m iSO_n order to explore the biological determinants of vertical
bath) illustrated that mass fluxes over the shelf were about

times higher than offshore and that POC fluxes were fivefold.OC fluxes in the water column, we examined the e\{olu-
tion of chlorophylla (Chla) concentration, beam attenuation
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34 AN T e SN (BP) throughout the ArcticNet-Malina campaign (Fig. 12).
2 These variables were available at the same spatial and tem-
3 33 poral resolution than the POC fluxes, except for BP for which

part of the time series was replaced by a statistical model
(r>=0.71, n = 339) based on temperature and carbon re-
source (see Appendix D for details).
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_ _ ] ~a over the Mackenzie Shelf{100m isobath) was larger
Fig. 4. Time series from January to September 2009 at moorindsnd more dynamic than beyond the shelf break (Fig. 12).
CAOS5 of(a) ice concentration (12.% 12.5 km pixel over the moor- Inshore, bursts in Chk (>5mg Chla m_3) were detected

ing); (b) photosynthetically active radiation at 54 m; (c) chloro-

phyll « fluorescence at 54 n{d) turbidity at 54, 57, and 178m from 18-20 July and at several sampling stations in the

dirst half of August (see color coding in Fig. 1). Offshore,
_3 .

tails); (e) temperature at 54, 57, and 178 m; afidsalinity at 57 & Weak ¢~ 0.5mgChle m™) subsurface Chi maximum

and 178 m. These variables aim at showing the general seasonaliyfSCM, centered around 60—70 m depth) persisted over most

of the pelagic environment in southeast Beaufort Sea prior to theof July—August, except for an episodic Chlincrease at
2009 ArcticNet-Malina field campaign. N/A: no data available. ca. 50 m detected in early August at station 680 located on the
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Fig. 6. Time series from January to December 2009 of daily vertical mass fluxes (dry weight, DW) and particulate organic carbon fluxes
(POC) recorded at 100 and~ 200 m depth at moorings CAQ&-b), CA16 (c—f), Al (g-j), and GO9Kk-n) deployed around the Mackenzie

Shelf. The corresponding percentage of POC in total DW as well the C : N ratio of each sediment trap sample are illustrated as a line over the
vertical mass fluxes and POC fluxes, respectively. The location of the long-term moorings is given in Fig. 1 and details of the deployments
in Table 1. N/S: no sampling.
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Fig. 7. Vertical profiles of daily vertical mass fluxes (dry weight, DW), percentage of POC in DW, particulate organic carbon fluxes (POC),
and C: N ratios, recorded with short-term drifting traps deployed at stationga34l), 235 (b, e), and 135(c, f), during the Malina 2009
campaign. The location of the short-term traps is given in Fig. 1 and details of the deployments in Table 1. N/S: no sampling.

upper slope of the Mackenzie Trough (124 m bottom depth)variables, BP was distinctively highes2mgCnr3d-1)

The beam attenuation coefficient followed a similar inshore-over the shelf than in the offshore area, except in early Au-

offshore gradient than Clal, but did not mirror the fluores- gust, when stations on the upper slope of the Mackenzie

cence pattern at every station (Fig. 12). In particular, numer-Trough were sampled (Fig. 12).

ous features of increased beam attenuation coefficient did not

have their equiva|ent in the Chltime series. 35 Spatlal structures and variation partitioning of
Zooplankton biomass as evaluated with the UVP5 over ~ POC flux forcing factors

the Mackenzie Shelf (inshore zone) was generally concen- i i . ,

trated in water layers underneath the @hhaxima (Fig. 12). 'I.'he' first step 'toward the computatlor} of the variation parti-

Highest biomass (bottom-surface) was found over the innefioning analysis was to calculate the linear trend due to sam-

shelf (~ 7gCnT2) in late July (Fig. 13). Offshore, zoo- pling date and location, as well as to obtain all the significant

plankton biomass was markedly patchy, with an apparemSpatial PCNM functions and physical—piological variables

vertical deepening of the biomass (Fig. 12) and decliningneede‘j to _perform the analysis. _The linear trend b_etween

trend (Fig. 13) over the first half of the sampling period. In FOC flux size classes and sampling date and location was

both zones, zooplankton biomass was lowX(g C n2) af- §|gn|f|cant _(u<0.01). It coulc_j explain 52 % of th_e variability

ter the first week of August. Overall, zooplankton biomass'" the vertical flux data, W'_th date as the main facto_r (Ta-

was overwhelmingly dominated by copepods (Fig. 13), putPle 3). Redundancy analysis (RDA) and associated triplot of

appendicularians accounted for an increased fraction of th&€ linear trend model (Fig. 14a) illustrated that POC fluxes

biomass € 15 %) over the shelf when copepod biomass was"/€"® negatively correlated with sampling date. The mean co-

low in late August. The combination of measured and mog-Sine of the angle between the date vector and POC flux size

eled BP over July—August reflected a close association witrf1asses# correlation) was-0.92+0.05.

the beam attenuation coefficient pattern (Fig. 12). Asin other 1€ PCNM procedure between station distances (Eu-
clidean) and the log-transformed POC flux size classes
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Table 3. Output from the forward selection of explanatory variables of vertical POC fluxes (154 stations, 17 size classes each, all integrated
over the top 200 m of the water column) based on the double criterion procedure as described in Borcard et al. (2011). For parsimony purpose
only the resulting reduced models of significant variables<(0.05) were used in the redundancy analyses (Fig. 14) and in the variation
partitioning analysis of POC fluxes (Fig. 16). The list of all biophysical variables available for the present study is presented in Table 4.
PCNM: principal coordinates of neighbor matrices (Borcard et al., 2011).

Variables r2 2 Adj.r? Fstatistic p value
cum. cum.

Linear trend due Sampling date 0.30 0.30 0.30 65.94 <0.01

to sampling date Longitude 0.08 0.38 0.38 20.08 <0.01

& location Latitude 0.14 0.52 0.51 43.28 <0.01

Spatial structures PCNM-5 0.20 0.20 0.20 38.35 <0.01

from PCNM PCNM-1 0.10 0.30 0.29 2132 <001

functions (Fig. 14) PCNM-4 0.07 0.37 0.36 16.26 <0.01
PCNM-17 0.03 0.39 0.38 6.28 0.01
PCNM-18 0.02 041 0.39 4.68 0.02
PCNM-6 0.01 043 0.40 3.73 0.03
PCNM-2 0.01 044 0.41 2.99 0.04

Relationships to Bacterial production 0.24 0.24 0.24 48.91 <0.01

biological Along-shelf wind (northeasterly) 0.12 0.37 0.36 29.57 <0.01

& environmental Station bottom depth 0.06 043 0.42 16.76 < 0.01

variables Sea ice concentration 0.03 0.46 0.44 7.35 <0.01
Chlorophylla concentration 0.02 0.48 0.46 6.25 <0.01
Copepod biomass 0.01 0.49 0.47 4.04 0.02
Surface POC concentration 0.01 0.1 0.48 3.74 0.02
Sigma thetady) 0.01 0.52 0.49 3.38 0.03
Cross-shelf wind (southeasterly) 0.01 0.53 0.50 3.18 0.04

integrated for the upper 200 m of the water column producediological determinants responsible of the orthogonal spatial
a series of 25 PCNM with positive Moran’sThe truncation  structures (Table 4).
threshold distance resulting from the spanning tree among The RDA between POC fluxes and physical-biological
station sites was 77.9 km. The forward selection retained #ariables produced a significant relationshjp<(.01) that
significant PCNM variables (Fig. 15a—g) that explained 44 %was reduced to a parsimonious model of 9 significant param-
of the undetrended POC flux data (Table 3). The PCNM-5eters (Table 3). The reduced model generated through for-
(Fig. 15d) was the most important structuré £ 0.20, Ta-  ward selection explained 53 % of the POC flux data. Triplot
ble 3) and was strongly correlated with POC fluxes as ob-of the reduced model (Fig. 14c) illustrated that BP and the
served through the RDA triplot (Fig. 14b; mean cosine of thenortheasterly wind component were the two most important
angle between POC fluxes and PCNM-5 was &:%702). positive determinants. In particular, BP was closely related to
The RDA between POC flux size classes, stations and PCNMmall particles (0.08—0.42 mm, cosia€).99+ 0.01), while
variables generated three significant conical axes(05), northeasterly wind was associated with large aggregates
but we retained only the first two in the triplot to ease the (1.67—4.22 mm, cosine 0.94+ 0.04). Interestingly, the av-
understanding of relationships in the multidimensional do-erage water density in the upper water columgn 0—50 m)
main (Fig. 14b). The third significant canonical axis was ex- had also a strong correlation with POC fluxes (mean cosine
plaining less than 1 % of the total PCNM variance. Maps of = 0.984+ 0.01). The two variables with the most negative cor-
the fitted scores from the first two axes illustrated the mainrelations were bottom depth (mean cosine-0.88+ 0.06)
spatial structures of POC fluxes across the sampling regiomand copepod biomass (mean cosine-0.84+ 0.07).
(Fig. 15h—i). The first axis can be seen as combination of Incorporation of the three reduced models (linear trend
PCNM-4, -5, and -17, whereas the second axis was relatedhodel, spatial PCNM patterns, and physical-biological re-
to PCNM-1, -2, -6, and 18 (Fig. 15). Multiple regressions lationships) into a variation partitioning analysis explained
between the fitted scores from the first two canonical axe$9.5% of the variability of vertical POC flux size classes
of PCNM variance against the environmental variables avail{Fig. 16). The interaction between the three submodels ex-
able in the present study provided insights on the physical-plained alone 27.8% of the POC flux variability. Substan-
tial interactions ¢ 10 %) between the linear trend (mainly
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Table 4. Coefficients from the multiple linear regressions of the fitted site scores of the two significant PCNM canonical axes (representing
44.5% and 5.0 % of the total PCNM variance, Fig. 15h—i) against the set of environmental and biological variables available in the present
study. PCNM: principal coordinates of neighbor matrices (Borcard et al., 2011).

RDA axis 1 ¢.1) RDA axis 2 (.9)

Coeff. pvalue Sign. Coeff. pvalue Sign.
(Intercept) -134.2 0.261 ns 32.9 0.495 ns
Station bottom depth 0.0008335 < 0.001 a —0.0001078 0.036
Sea ice concentration —0.008511 0.004 P 0.005571 < 0.001 a
Surface POC concentration —-0.001579 0.036 ¢ -0.001115 < 0.001 a
Bacterial production —0.01575 0.001 2 0.0008508 0.646 ns
Chlorophylla concentration 0.00579 0.039 ¢ —0.00399 0.001 2
Beam attenuation coefficient —0.5513 0.098 ns 0.4068 0.00%
Sigma thetady) 133.5 0.264 ns -32.61 0.499 ns
Along-shelf wind (northeasterly) —0.02806 0.218 ns -0.01861 0.044
Cross-shelf wind (southeasterly) —0.002897 0.866 ns 0.02238 0.002
Copepod biomass 1.399 0.396 ns —0.3998 0.548 ns
Appendicularian biomass 0.4392 0.386 ns -0.08742 0.669 ns
Other zooplankton biomass 0.2089 0.738 ns -0.1474 0.560 ns

Significance®: p < 0.001 P: p <0.01, ©: p < 0.05, ns: nonsignificanp > 0.05.

due to sampling date, Table 3) and the two other modelsigh-pressure system was located over the northern Beaufort
were also detected. The pure linear and PCNM spatial trendSea (NSIDC, 2009). But as soon as the atmospheric pres-
were relatively low (4.2 % and 6.7 %), whereas the pure trendsure declined in late July, the northerly wind pattern relaxed
due to biotic and abiotic variables was 13.0%. The nega-and broke up, thus generating wind conditions over August
tive percentage between the PCNM and environmental modthat were more variable and generally from the south. This
els (—1.5 %) indicates that the contributions from these two shift in the atmospheric pressure brought also cloudy condi-
submodels when taken separately are larger than their partigdlons as well as divergence (i.e., spreading and melt) of the
contributions. remaining sea ice cover. Hence, a substantial fraction (up to
~ 60 %) of the surface layer<10 m) across the study re-

_ _ gion was comprised of sea ice melt water in August 2009,
4 Discussion with an increasing proportion from the ice-free shelf toward
the partly ice-covered basin (Lansard et al., 2013). Another
source of freshwater was the Mackenzie River, which dis-
charged 13 % more water during 2009 when compared with
the average annual value of years 1998-2008 (Fig. 2c) — even

. . . . if the runoff in A t rs to hav n lower than th
Mean ice concentration over the Mackenzie Shelf in 2009 € runo ugust appears to have been lo verthan the
. mean. As a result, the upper water column during our field
was near the average of years 1998-2008, but the high stan- : . i : 2
. . . . “campaign was highly stratified and nitrate (the limiting nu-
dard deviation £ 25 %) associated with the mean sea ice . . .

. .. trient in Beaufort Sea) was depleted in the top 40 m, except
from June to August reflected the strong interannual variabil- :
. . . ) - near the river delta and on the eastern shelf, north of Cape
ity of ice conditions in the Beaufort Sea in summer (e.g., Gal-

ley et al., 2008). In fact, ice conditions were heavier in 2009 Bathurst (Raimbault et al,, 2011). Unfortunately, we do not

. . . . . _know the history of nutrient fields in the area prior to late
than during the previous 5 years, when intensive sampling . o
: . . “July and we have to rely on moorings and satellite imagery
was conducted in the region as part of the CASES, Arctic-, . : T
to infer spring/early summer productivity.

Net and CFL programs, but were less severe in 2009 than . . . .
over the period of 2000-2003, when the mean ice concen- According to our time series of MERIS images, the vast

tration remained above 40 % until August (CIS, 2009). Partmaj(?rlty of POC 'npUt near the surface (!.e., primary pro
. . : duction and/or terrigenous POC from the river) was confined
of the reason why sea ice was relatively heavy in summer, .
: . : to the shelf £100m isobath). From May to July, the tur-
2009 was linked to the persistent northerly winds of June—bid lume 250 mg C n3) of the Mackenzie River was ex
July (Fig. 2a) that induced the southward advection of large P 9

sea ice floes from the central Arctic pack. During that time apandmg northward across the Mackenzie Trough and along

4.1 Seasonal variability of the atmosphere—ice—ocean
interface and vertical particle fluxes in Beaufort Sea
during 2009
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nearshore revealed that particulate matter in this area was
mineral rich (i.e., around 2-4 % POC). Between the 10 and
50 m isobath, a transition zone characterized by the near-
surface &4 m) spreading of the river plume overlying a rel-
atively clear water column was observed. Beyond the 50 m
depth boundary, the concentration of riverine material was
low and the water optical properties were indicative of a sys-
tem driven by phytoplankton-derived particles (Doxaran et
al., 2012). These findings confirm that sediments carried by
the Mackenzie River plume sink quasi-exclusively nearshore
(cf. O’Brien et al., 2006) despite that riverine freshwater and
dissolved organic matter may be transported beyond the shelf
break (Matsuoka et al., 2012; Lansard et al., 2013). In fact,
an exhaustive suite of molecular biomarker assays conducted

1000 - Slope = 0.68 + 0.09

] Intercept = 23.39 + 2.53
1r#=0.73

{1p<0.01

{1n=21

UVP-derived mass flux (mg DW m2 d-')

10 —— — — on particles sampled at the shelf periphery in August indi-

10 100 1000 cated that particles beyond the shelf break were of marine
Sediment trap mass flux (mg DW m* d) origin at~ 99% (Tolosa et al., 2013). Therefore, the ma-

(b) 100 terial collected by sediment traps was obviously originating

] Slope =0.74 £ 0.11
] Intercept=4.56 +2.01 .
{r=068
{p<0.01

from a marine source, at least during the spring—summer pe-
riod, when it is known to be the case in the area (Sampei
et al., 2011 and references therein). Lipid tracer analyses of
sediment trap samples collected at CA05, CA16, and G09
(Fig. 1) in July—August confirmed that sinking material was
derived from planktonic productivity (Rontani et al., 2012).
Interestingly, the peak vertical POC flux over the 2009 an-
nual cycle occurred in August, at the same time asddhi-
orescence appeared to have reached its maximumb&tm
depth (Fig. 4). This synchronicity supports our previous de-
duction that vertical POC fluxes resulted primarily from local
biological activity. According to previous studies that docu-
mented the evolution of Chl over the spring—summer pe-
. - riod in Beaufort Sea (e.g., Tremblay et al., 2008; Forest et
10 100 al., 2011), the rise in fluorescence detected &0 m depth
Sediment trap POC flux (mg C m? d”) at CA05 was the continuum of the spring bloom that typi-
cally lowers the nutricline as the summer season progresses.
ganic carbon (POC) fluxes as estimated with the UVP5 dataset an h'.‘c’ sub§urface chlorpphyll maximum (S.CM) was also well
the empirical equations obtained with the minimization procedure efined in the (_Ihla time series m_ bo_th |n§h0re and off-
(Table 2) against the mass fluxes and POC fluxes recorded by the iil0re zones (Fig. 12), corroborating its widespread nature
situ sediment traps (Table 1). See Appendix A for a rationale andin the western Canadian Arctic (Martin et al., 2010). How-
sensitivity analysis conducted on the empirical equations obtainecever, POC fluxes recorded at long-term moorings remained
with the optimization technique. relatively low in spring—early summexB0mgCm2d-1)
compared with the month of August, when the vertical export
reached average daily rates up~+050-130mgC m?d—1
the Alaskan shelf under the effect of persistent northerlies(Fig. 6). It should be noted, however, that these peak fluxes
As landfast ice broke up, the increase of surface POC conwere presumably linked to episodic sinking flux events that
centration nearshore was probably linked as well to au-can be resolved only through the use of long-term traps.
tochthonous primary production. However, it is difficult to Within the specific spatial-temporal window of short-term
conclude on the exact contribution of each carbon source tdrap deployments (Table 1), the upper water column was al-
the surface POC pool as based solely on satellite imagesnost void of particulate matter, as recorded with multiple
Cloudy conditions hindered the collection of sufficient satel- UVP5 profiles (Fig. Al). Since the SCM is a prominent fea-
lite images to produce complete composites in August, buture of primary production in the Beaufort Sea (Ardyna et
data collected in situ during the Malina campaign showedal., 2013), spikes in vertical POC export in August were pre-
that the maximum turbidity zone of the Mackenzie River sumably induced by the amalgamation of gel-like substances
was restricted to waters within the 10 m isobath (Doxaranwith senescent microalgae as the SCM waned throughout
et al., 2012). The particulate backscattering ratio measuredummer (as similarly observed by Brigg et al., 2011 for the

UVP-derived POC flux (mg C m2d™)
o
1

Fig. 8. Regressions of vertical mass flux@g and particulate or-
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Fig. 9. Three-dimensional view of vertical POC fluxes across the Mackenzie Shelf region as estimated with the empirical power-law equations
from the minimization procedure (Table 2) and applied to the whole UVP5 dataset from the ArcticNet-Malina 2009 campaign. Each vertical
section corresponds to a specific transect as shown in Fig. 1. A MERIS composite of surface POC concentrations encompassing the perioc
from 18 July—23 August 2009 is superimposed above the vertical POC fluxes. For convenience, we show only the vertical POC fluxes
since the mass flux pattern is analogue to POC when using the UVP5 dataset — i.e., the percentage of POC in dry-weight fluxes averagec
18.7 %+ 0.2 % (within 95 % confidence bound€, = 0.95). See also Appendix C and the online Supplement for an interactive visualization

of vertical POC fluxes across the study region using geographic information system (EnterVol for ArcGIS, C Tech, USA).

North Atlantic spring bloom). Hence, our results support thatrecorded with 100 m sediment traps in the region from 2003-
the patchiness of vertical POC fluxes should be considere@008 (Forest et al., 2010a; Sampei et al., 2011; Forest et al.,
when characterizing the biogeochemical status of a given re2011). Hence, the Malina campaign should be seen as the
gion on the basis of a few vertical flux measurements. time window representing optimal conditions for studying
The seasonal pattern provided by long-term trap recordgrocesses regulating vertical export at a fine spatial scale.
(Fig. 6) suggests two nonexclusive possibilities: (1) that theThis is particularly true as current velocities recorded during
magnitude of the spring bloom in 2009 was lower than usualthat period were generally low(4—-10cms?1), which is a
or (2) that most of the primary production in spring—early good indicator that particle fluxes recorded with our Techn-
summer was intercepted by grazers and retained within thécap sediment traps were not biased by any strong hydrody-
pelagic food web. Of course, the dynamics of the springnamic flow (e.g., Forest et al., 2010a; Sampei et al, 2011),
bloom in 2009 is not actually known, even if we can assumeand thus could be used in further analysis — such as toward
that phytoplankton production was the main driver of the in- the development of an algorithm linking sediment trap data
creased POC signal associated with the receding ice covdp the particle size distribution recorded by an underwater
as seen on MERIS images in May—June (Fig. 3). In the Arc-camera.
tic Ocean, zooplankton grazers are usually primed to feed

spring bloom starts (see Forest et al., 2011 and references  \grtical POC fluxes in mid-summer 2009 across the
therein). Hence, the sinking POC in mid-to-late summer can Mackenzie Shelf

be viewed as what heterotrophic plankton were not able to
assimilate from the decaying bloom/SCM, whatever was its
magnitude. Average exportat100 m depth for the month of
August 2009 at the shelf margin was ca. 2 g C2niThis cu-
mulated value corresponds to a sampling covering less tha
10% of a year cycle, but accounts for roughly half of the
average annual autochthonous expert4(g C n12) usually

Linking sediment trap measurements to the size spectra of
particles as recorded with an in situ imaging instrument is
a powerful methodology to resolve the fine spatial distri-
Bution of vertical particle fluxes (e.g., Guidi et al., 2008;
Karakas et al., 2009; Iversen et al., 2010). Here we used
an optimization procedure to obtain a regional algorithm

www.biogeosciences.net/10/2833/2013/ Biogeosciences, 10, 28882013
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Fig. 10. Histograms of average vertical mass fluxasb) and vertical POC fluxec, d) within each size class considered to estimate the

fluxes using the empirical equations and the UVP5 dataset. The relative cumulated flux for each size distribution is also presented in each
panel. Absolute cumulated fluxes (total of all size classes) in the inshore and offshore zorfa, w646 and 263 mg DW, mé d—1 for

the mass fluxes, respectively, whereas they Werd) 244 and 43 mg C m? d—1 for the POC fluxes, respectively. The inshore and offshore
regions are delimited by the 100 m isobath, which corresponds to the shelf break. Vertical bars depict the standard error associated with eacl
vertical flux size class.

to estimate vertical fluxes with the particle size distribution et al., 2008; Burd and Jackson, 2009). Our mathematical
recorded with a UVP5. The resulting empirical equationsanalyses thus suggest that sinking material in the epipelagic
were, however, different from the ones obtained previouslylayer of our study region in July—August 2009 was primar-
in various low-latitude marine ecosystems (Table 2). In par-ily composed of “fresh” marine debris (e.g., phytodetritus,
ticular, the scaling exponerit (and thus the mean fractal fecal pellets, exudates) recently agglomerated within a fluffy
dimensionD) of vertical mass fluxes in Beaufort Sea was and sticky gel-like matrix that would induce an overall fractal
more than twice lower than the values calculated by Guididimension around- 1.3 (e.g., Logan and Wilkinson, 1990).

et al. (2008) and Iversen et al. (2010). Actually, the fractal This also corroborates the results of Rontani et al. (2012) and
dimension (1.26:0.34) of mass fluxes estimated here was Tolosa et al. (2013), who found a strong marine signature in
in the lowest range of what is typically observed through- suspended and sinking matter in the upper water column of
out diverse marine aggregates (i.e., from 1.1 to 2.3; Guidi ethe Beaufort Sea during the Malina campaign.

al., 2008 and references therein). According to fractal geom- A low fractal dimension is not automatically synonymous
etry theory, such low fractal dimensidn implies that sink-  of low settling speed as the porosity of particles can also be
ing particles were apparently more porous, fluffy and/or fil- indicative of particle stickiness, a key property that would
amentous than in other marine ecosystems (e.g., Logan anehhance coagulation and thus the potential downward trans-
Wilkinson, 1990; Logan and Kilps, 1995; Guidi et al., 2008). fer through aggregation (Burd and Jackson, 2009). Things
Here, the main reason why the fractal dimension was lowbecome tricky when the influence of minerals that increase
is likely linked to our sediment trap sampling design that the density of aggregates, and thus of their sinking speed, is
was centered around 125 m, whereas previous studies usexdided as a supplementary variable in determining the magni-
trap measurements from 400 to~ 1300 m depth (Table 2). tude of the vertical flux. The scavenging of minerals by fluffy
This comparison supports the view that settling particles getand sticky aggregates could result into a substantial increase
more compact as they sink because of various processes suofitheir density that would enhance their sinking velocity by
as coagulation, grazing, and microbial degradation (Guidiup to two orders of magnitude (see De La Rocha and Passow,
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1000

Extracellular polymeric substances (EPS) produced by

| —@— Southeast Beaufort Sea ~125 m (s study) phytoplankton, ice algae, and bacteria are the biological glue
| @ Global compilation =400 m (Guidi et al, 2008) of aggregates in aquatic environments (Passow, 2002; Wot-
ton et al., 2011; Wurl et al., 2011). A recent study of verti-
cal particle fluxes in southeast Beaufort over June—July 2008
showed that EPS accounted roughly for 50 % of the sinking
POC and that EPS were significantly correlated with verti-
cal POC fluxes (Sallon et al., 2011). The spike POC fluxes
that we surmised from the comparison between short-term
and long-term sediment traps (see Sect. 4.1) could have been
actually induced by the build-up of EPS as the SCM is pro-
gressively processed by microbial organisms over the sum-
mer. Given that EPS are expected to amalgamate phytodebris
and other particles within a fluffy matrix (i.e., with a lot of
“empty space”), it appears logical that EPS were the main
driver of the low scaling exponeitobtained in the empiri-

cal equations linking sediment trap measurements and UVP5
data (Table 2). This would make sense as EPS production
is also exacerbated when nutrients are exhausted in the eu-
Fig. 11. Modeled settling speeds obtained from coefficianand ~ photic zone (e.g., Beauvais et al., 2006), as was generally the
scaling exponenk of the empirical power-law relationships com- case during ArcticNet-Malina (Raimbault et al., 2011).

puted by the minimization procedure between particle size estima- Qver the range of particle flux size classes from 0.08 to
tions by underwater cameras and corresponding mass fluxes (see2 mm ESD (Fig. 10), the two most obvious observations
Table 2). The settling speeds were computed using Stokes’ law anghat we can make are (1) that particles fluxes offshore were
normalized using a water delns'ty of 1027 kgand a kinematic ¢y erall 5-8 times lower than inshore, and (2) that the small-
viscosity of 0.894x10°m=s™. est size class (0.08-0.1 mm ESD) contributed to a substantial
proportion of the total flux{ 15-20 %) when compared with

2007 for a review). The cumulative effect of particle sticki- other size classes. Various particles can be potential contribu-
ness, porosity, sizé fluffiness, and density is indeed imposgors to the sinking material in this smallest size class, but it is
sible to generalize for all particles at all depths across a sizé'keIy that 't.s |mp0rt§mce among others was the rgsult of min-
spectrum of a few tens of microns to few millimeters, espe-eral ballasting that induces a relatively high settling velocity

cially in heterogeneous and dynamic environments such a@ marine aggregates (as defined above). This would further-

the Beaufort Sea. Nevertheless, the idealized sinking s;peed?ore support the idea that our sampling design enabled us to
(Fig. 11) modeled upon the optimized function from particle- capture small and fast-sinking particulate agents in the upper

camera data against trap measurements (Table 2) provide ivater column, especially over .the shelf where vertical fluxes
sights into the transformation of fractal characteristics with were almostan .order of magmtu@e than offshore. i

depth. In our study using data from 125 m depth, the high Minerals available for ballasting across the Mackenzie
abundance of freshly produced aggregatdsnm E'SD with Shelf could comprise diatom frustules, which dominated the

relatively high sinking speed drove the functional responseph%mplanktc;]n t;iomass ovir the Shglf’ esk?ecially beloy(\/j thef
of velocity vs. size, while in studies using data from greaterSur ace north of Cape Bathurst and on the western side o

depths € 400-1300 m), the role of rapidly sinking particles the Mackenzie Canyon (P. Coupel, personal communication,

in the lower size spectrum appears strongly reduced. As mer12013)' But the major source of minerals in the area is without

tioned above, this implies that marine particles aggregate agny_doubt_ the Macken2|e_ River, which represe_nt; the largest
fast-sinking agents in the upper water column (e.g., fecal pel_sedlment input to the Arctic Ocean among Arctic rivers. Even

lets, coalescing phytodebris) and are further broken down iri.f most of the sediment load appears to sink within the 10m

compact and slow-sinking particles in the mesopelagic zonéiOb"?‘th (O’Brfi_fen Et ‘;’]‘I'é 2006),kfine S”tI'CI"’l‘y matelrial fro:n
— thus inducing a very high theoretical sinking velocity for the river runoff, which does sink very slowly (Ongley et al.,

large aggregates in studies using deep-sea traps (Fig. 11 ]9%6)’_'ﬁ_a potelnl'Finl source ?g;geraés t:at goalc_zl be entfan-
This simple modeling exercise illustrates the complex serie ed within a gel-like malrix o and phytodebris even far

of aggregation—destruction processes that might affect ma2&y from the river delta. A similar postulate can be made

rine particles as they sink, confirming that settling speed canlcor resuspended shelf-bottom sediments that propagate hor-

not be merely computed as a function of size (cf. Iversen efzontally within benthic and intermediate nepheloid layers
al., 2010) (O’Brien et al., 2006; Forest et al., 2007) and could provide

the support for ballasting. Hence, in locations where high
mineral availability (e.g., inner shelf and zones of diatom

‘| —@— Cape Blanc system ~1300 m (Iversen et al., 2010)[

100..

Normalized settling speed (m d-')

0.1 1.0
Particle size-class ESD (mm)
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Bacterial production

Depth (m)

(mg Chl a m?) ' (m") ' (mg C m?) (mg C m?d")

Fig. 12. Times-series from 18 July to 23 August 2009 of biological/optical parameters measured inshore (top panels) and offshore (lower
panels) during the ArcticNet-Malina campaign. Each panel corresponds to an interpolated composite (Delaunay) using all the stations located
within or beyond the 100 m isobath, which delimits the inshore vs. offshore zones. See Sect. 2.5 for an exhaustive description on the
acquisition and analysis of each parameter. Further information on the zooplankton biomass is given in Fig. 13.

production) would be combined with a large inventory of fluence of the Mackenzie River plume (Fig. 3) that delivered
newly produced POC and EPS, vertical particle fluxes area non-negligible amount of nutrients (Raimbault et al., 2011)
expected to reach particularly high values. and a substantial load of fine sediments (Doxaran et al., 2012)
Downward POC fluxes greater than 50 mgC%u—1! near the coast during our field campaign.
across the Mackenzie Shelf in July—August 2009 were gen- At the stations influenced by the river plume, the propor-
erally observed over the shelf itself, north of Cape Bathurst tion of terrestrial POC in surface sediments in 2009 oscillated
in the Mackenzie Trough, and in association with the ben-from ca. 30-40 %, as estimated through multicompound geo-
thic boundary layer over the slope (Fig. 9; see also the Supehemical analyses (Tolosa et al., 2013). These percentages
plement). Remarkably high POC fluxes were also recordednight appear to be high, but in fact they were lower than any
at shallow stations 380/390 and 680/690 (Fig. 1), whereprevious estimations of the terrigenous POC fractiorlb—
POC fluxes were estimated to range from1000 up to 99 %) detected in surface sediments of the inner Mackenzie
>5000mg C m?2d-1. The prominent pattern in declining Shelf over the period of 1987—2004 (e.g., Goni et al., 2000;
POC flux magnitude from the shelf to the basin was well il- Belicka et al., 2004; Magen et al., 2010). This is particularly
lustrated by the map of the fitted scores of the first canonicatonfounding since the Mackenzie River runoff in 2009 was
RDA axis of PCNM functions (Fig. 15h). In this map, which slightly higher ¢-13 %) than the decadal mean (Fig. 2c). So
represents 44.5% of the spatial variability, the autocorrelathis suggests that a recent shift might have happened in the
tion was strong among stations located in the shallow portiorbalance of autochthonous vs. allochthonous vertical POC in-
of transects 100, 200, 300, 600 and in most stations visitegbut in the region over 2005-2009. It would be premature to
early in the campaign (i.e., ArcticNet segment, Fig. 1). By conclude firmly on such a trend toward more labile POC in-
contrast, the spatial autocorrelation was weak between thegaut, but the quadrupling of primary production that appar-
aforementioned stations and the ones visited beyond the shed#fntly occurred from 2004 to 2008 on the inner Mackenzie
break in August (Fig. 15h). If true, the amazingly high verti- Shelf (Tremblay et al., 2011) would be a robust factor to ex-
cal fluxes detected near the Tuktoyaktuk Peninsula (stationplain the enhanced marine signature of shallow shelf sedi-
380/390) and near the river delta (stations 680/690) can likelyments. Ecosystem productivity in the Beaufort Sea is tightly
be attributed to a combination of enhanced primary produc-dependent on the strength and persistence of upwelling-
tivity and mineral ballasting effect, following the direct in- favorable winds (Tremblay et al., 2011) associated with the
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[l Copepods [l Appendicularians [Jil] Others Reigstad et al.,, 2008; Forest et al., 2010b). Across the

Integrated total zooplankton biomass Mackenzie Shelf, ecosystem functioning was studied with
the combination of sediment traps and ancillary data in sev-
eral publications to date (e.g., O'Brien et al., 2006; For-
est et al., 2008; Juul-Pedersen et al., 2010; Sampei et al.,
2011). However, none of these studies had a multiparame-
ter dataset with a spatial resolution fine enough to proceed to
a “state-of-the-art” variation partitioning analysis of vertical
flux predictors, corollaries, and spatial patterns. Of course,
inferences have been made, such as linking shelf break up-
welling/enhanced productivity to high vertical fluxes of au-
tochthonous POC and biogenic silica detected nearby the
two biological hotspots mentioned above (cf. Sampei et al.,
2011). Yet, significant statistical relationships remained to be
established — as it is the case in most comparison studies of
vertical POC fluxes vs. ecosystem composition (e.g., Moran
etal., 2012).

Here, the PCNM analysis and subsequent RDA conducted
on POC flux size classes illustrated convincingly that the
planktonic food web that controls vertical export in the Beau-
fort Sea is spatially complex, primarily driven by a shelf-
basin gradient, and secondly influenced by zones sensitive to
shelf break upwelling (Fig. 15). Among environmental vari-
ables, the near history of ice concentration at each station was
a strong explanatory factop &0.01) of both PCNM canon-

Fig. 13. Times-series from 18 July to 23 August 2009 of integrated ical axes (Table 4), supporting its paramount role in control-
(bottom-surface) large zooplankton biomass (gray line) and percenling the spatial variability of vertical export (e.g., Forest et
contribution of copepods, appendicularians and other large zooal., 2010a). Conversely, the wind vectors were significant co-
plankton (colors) as estimated with the UVP5 deployed at stationsefficients only for the second PCNM canonical axis, which
located within(a) or beyondb) the shelf break (100 misobath) dur- s in accord with our previous deduction that the spatial auto-
ing the ArcticNet-Malina campaign. For further iqformation o_n_the_ correlation pattern of Fig. 15i corresponded to the two ma-
mesozooplankton community st.ructure anq detailed composition gor areas across the shelf where wind-driven upwelling is
ngasszug;a:;zi?gtog Szg?;unng the period of July-August 200 énhanced by a favorable topography (Ingram et al., 2008).
' ' Surface POC and Cha concentration were both significant
explanatory variables of the first two PCNM axes, suggest-

so-called Beaufort High (Schulze and Pickart, 2012), whichiNd that ocean color images and water column &riven-
appears to be an increasingly dominant feature of the Arc_tory_can be, overall, goqd proxies of the spatial variability of
tic atmospheric system over the recent years (e.g., MooreVertical POC export — likely because they capture well the
2012). Interestingly, the fitted scores of the second canonil@ge-scale productivity gradient. Interestingly, bacterial pro-
cal axis of PCNM functions (Fig. 15i) actually reflected the duction was a strong explanatory factor of the first PCNM
two major hotspots across the shelf (i.e., near Cape Bathur&@nonical axis (i.e., shelf-basin gradient), but not of the sec-
and in the Mackenzie Trough) where upwelling is known to ©Nd axis corresponding to the two upwelling zones (Table
be favored under easterly winds (Ingram et al., 2008). So thé")- Since bacterial production was also the most important
key question that we need to address here is to which exterfiorollary of vertical flux magnitude across size classes and
such upwelling events were important in governing the over-2mong other biophysical variables (Table 3, Fig. 14c), it ap-
all ecosystem function and vertical flux dynamics in summerP&&rs necessary to investigate what could have been the rea-

b) offshore

Integrated zooplankton biomass (g C m?)
(%) dnoub yoes Jo uonNQgIUOD JUdISd

|

July 2009 August 2009

20009. sons for such relationships.
In Arctic waters, bacterial production (BP) is influenced
4.3 Ecosystem function and variation partitioning of by temperature, but is primarily limited by carbon resources
the spatial-temporal trends and abiotic—biotic (Kirchman et al., 2009). A recent study on BP in the west-
control of POC fluxes ern Arctic Ocean has pointed out that nitrogen limitation

(or colimitation) can also occur (Ortega-Retuerta et al.,
Investigation of ecosystem variability from a vertical flux 2012a), even if labile carbon availability remains generally
perspective is a fruitful approach to get insights on pelagicthe most important factor. Results from our multiple linear
food web structure and function (e.g., Wassmann, 1998regression analysis (Appendix D) revealed that BP during
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Fig. 14.0Ordination plots of axes | and Il from redundancy analyses (RDAs) conducted between the 17 vertical POC flux size classes (i.e., used
as “species”), the 154 station locations, and the three reduced models obtained from the forward selection pr@)didesasrend due to

sampling date and locatio(h) variance from the PCNM sinusoidal-like waveform functions, &)drend induced by the set of significant
environmental and biological variables. The list of all biophysical variables available for the present study is presented in Table 4. Panel
(d) is a zoom on the ordination gradient of POC flux size classes (expressed in equivalent spherical diameter) as obtained from the PCNM
RDA, but the gradient is similar in pandls) and(c). Details from the forward selection procedures are presented in Table 3. Spatial patterns

corresponding to the PCNM functions and associated canonical axes are presented in Fig. 15. PCNM: principal coordinates of neighbor
matrices (Borcard et al., 2011).

ArcticNet-Malina was sensitive to the signal provided by the surface than large particles to which bacteria can be attached.
beam attenuation coefficient, as illustrated by the corresponFor the same reason, small particles could be more sensitive
dence between the two variables over time (Fig. 12). In turnto photodegradation processes that are particularly intense
beam attenuation followed roughly the Ghbpattern, espe- during the midnight sun (Rontani et al., 2012), thus result-
cially over the shelf, but several layers and patches of in-ing in the liberation of substantial amount of dissolved or-
creased concentration of fine particles (i.e., likelyl-10  ganic matter readily available for free-living bacteria around
um; Boss et al., 2001) without any fluorescence signaturesettling aggregates. In fact, the fraction of particle-attached
were also detected. These nepheloid layers probably convs. free-living bacteria in the total prokaryote biomass in
tained a mixture of small phytodetritus and refractory fossil the Beaufort Sea is highly variable (0—-98 %, Garneau et al.,
material as the result of river runoff, dispersal of resuspende®009) and the quantity of suspended matter is a strong ex-
material and local primary production (O’Brien et al., 2006). planatory variable of the bacterial community structure be-
In the RDA triplot of biophysical variables (Fig. 14a), BP yond the inner shelf (Ortega-Retuerta et al., 2012c). Our re-
was clearly associated with the small aggregate size classesults thus support previous studies of vertical fluxes showing
(<500 pm ESD) that contributed to most{5 %) of the ver-  that bacteria in Arctic/Subarctic zones are dependant on the
tical export (see above). Such a relationship supports the linlavailability of particulate organic matter in the water column.
between BP and beam attenuation since, for a same volumBut if either they contribute actively to the remineralization

of particulate matter, small particles offer theoretically more of settling POC on particles themselves (Lapotissiet al.,
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Fig. 15. Maps of (a—g) the seven significant PCNM functions obtained from the analysis between the Euclidean station distance matrix
and the vertical POC flux size classes (i.e., used as “species”), and resulting from the forward selection of 25 initial PCNM variables with
positive spatial correlation (i.e., positive Moram;sacross a range of broad-to-fine scales). Map&ei) the fitted scores of the first two
canonical axes from the redundancy analysis (representing 44.5 % and 5.0 % of the total PCNM variance) performed between the POC flux
size classes, station locations, and the significant PCNM functions (Fig. 14b). The station locations across the maps correspond to their
geographical position as illustrated in Fig. 1. The scale of every PCNM function is zero-centered and corresponds to the distance (km) along
an irregular sinusoidal-like waveform function describing the repetition of broad-to-fine scale spatial structures along the X-Y geographic
coordinates. The PCNM value of each station (i.e., positive and negative values) corresponds to the fitted value of each POC flux dataset
according to these PCNM waveform functions. PCNM: principal coordinates of neighbor matrices (Borcard et al., 2011).

2011; Kellogg et al., 2011) or benefit from the photolibera- atom colonies (as partly observed with phytoplankton taxon-
tion of dissolved organic carbon around sinking aggregate®omy; P. Coupel, personal communication, 2013) that could
(Rontani et al., 2012) remains an open question. not be grazed efficiently by zooplankton due to size limita-
Among other explanatory biophysical variables of POC tion and/or to the presence of mucous-rich material, such as
fluxes (Table 3), the near history of the northeasterly windEPS (Schnack, 1983; Alldredge et al., 2002fiija et al.,
vector (7-day mean) was the second most positive determi2011). The subsequent accumulation, aggregation, and rapid
nant, especially for large particles in the range of 2—4 mmdownward export of freshly produced material following the
ESD (Fig. 14c). This result reinforces that the magnitudetransient diffusion of deep nutrients in the upper water col-
of vertical POC fluxes was statistically linked with zones of umn (e.g., Zifliga et al., 2011) probably explains why BP
upwelling-favorable winds, but it also shows that upwelling was not correlated with the northeasterly wind component.
conditions favored the production of very large aggregatesThis is because export events associated with short-term up-
Of course, the Beaufort Sea system was not under the influwelling pulses are typically quick, so bacteria would not have
ence of strong and persistent upwelling winds in 2009, aghe time to process actively coagulating and fast-sinking par-
was the case in 2007-2008 (Tremblay et al., 2011). How-iculate matter composed of chain-forming diatoms and exu-
ever, mild episodes of shelf break upwelling (or isopycnal date/gel substances (Alldredge et al., 2002). Some greenish,
“slanting”) north of Cape Bathurst and nearby the Macken-sticky and filamentous marine aggregates were indeed visu-
zie Trough have likely induced the local growth of large di- ally identified in the collection of vignettes recorded by the
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100% bulk of zooplankton biomass migrated to depth for ontoge-
netic diapause in the first half of August, as inferred from
Fig. 12c (see also Darnis and Fortier, 2012, for a similar pat-
tern observed in August 2008). Hence, copepods may often
act more as “flux regulators” than as true “flux contributors”,

a conclusion supported by many previous studies, especially
in Arctic ecosystems (e.g., Wassmann et al., 2003; Wexels
Riser et al., 2008; Jackson and Checkley, 2011; Forest et al.,
2011). Nevertheless, in the localized zones where upwelling
was favored under northeasterly wind, copepods were appar-
ently not responsive or efficient enough to fully retain the
spike POC fluxes caused by the production of diatom cells
and large phytoaggregates (cf. Sampei et al., 2011).

Linear trend
due to sampling
date & location

Spatial trend
linked to PCNM
eigenfunctions

4.7% 6.7%

13.0%

Trend induced
by biological &
environmental

variables 5 Conclusions

Residuals = 30.5%

_ o o _ _ Across the Mackenzie Shelf in summer 2009, the interplay of
Fig. 16. Variation partitioning analysis of the vertical POC fluxes complex spatial patterns, a linear temporal trend over July—
derived from the UVP5 dataset (154 stations, 17 size classes, all inAugust as well as a suite of 9 significant biophysical forcing

tegrated over the top 200 m of the water column) as based on redur}—actors could explain ca. 70% of the vertical POC flux vari-
dancy analyses of three sets of explanatory variables (Fig. 14). The, ... . . ) . . .

) . - 0 ability (Fig. 16). This well-constrained result is appreciable
content of reduced models of explanatory variables is detailed in

Table 4. The negative percentage between the red and green circlé;gr sucha Colmpl|cate.d system affected by extreme physical-
means that the contributions from these two fractions when takerPi0g€0ochemical gradients (Carmack and Wassmann, 2006).
separately are larger than their partial contributions (i.e., their in-Interestingly, our study region in mid-summer 2009 was gen-
teraction). PCNM: principal coordinates of neighbor matrices (Bor- €rally under the regime of low primary productivity rates
card et al., 2011). beyond the 20m isobath~( 50 mg C nT?d~*; Raimbault
et al., 2011), but vertical POC fluxes were apparently high
when compared with other periods of the year. This de-

UVP5 as well as in some sediment trap samples collecteé:OUpIIng in the production export pattern was likely the re
. sult of temporal lags between primary production and down-
in early August (A. Forest and L. Stemmann, personal ob- . . .

ward export, such as delays for biogenic matter to fill up the

servation, 2010). However, such interpretations might dis- ; : .
: . 1 suspended particulate pool, aggregation—coagulation mech-

agree with the apparent low settling speed4bmd ) es- . .
anisms, and/or turnover by food web processes in the up-

timated for large aggregates (2-4 mm ESD) using our em-

pirical equation (Fig. 11). This underscores again that thePs' water colymn (cf. Reigstad et al., 2008; Fc_>rest et al.,
. RNy 2010a). The time lags caused by such factors might also ex-
cumulative effect of aggregate properties is difficult to ren-

der into a unique mathematical function (as concluded b lain why BP was much higher than primary production over

McDonnel and Buesseler, 2010). In fact, the second PCN he course of the Malina expedition (Ortega-_Retuerta et al.,
. . . : 012b). They could thus prevent the need to invoke large ter-
canonical axis corresponding to the two upwelling-favorable

zones explained only 5.0 % of the POC flux spatial variance ' 9°noUS inputs for supporting microbial communities over

(Fig. 15i). It is thus evident that the contribution of episodic the shglf even if we cou.ld envisage 'that bacteria may trgns
R ; ) .~ fer terrigenous carbon in the pelagic food web via the in-
upwelling-induced production/export events in the emerging g ; )
; ; . ~corporation of dissolved carbon liberated through the pho-
picture of vertical POC fluxes across the Mackenzie Shelf N Ocleavaae (Rontani et al., 2012) and/or incidental hydrol
July—August 2009 was overwhelmingly diluted by the strong 9 N Y

shelf-basin gradient and the low productive regime that gov-.ySIS (Kellogg et al., 2011) of land-derived organic material

ermed the Beaufort Sea ecosystem in summer 2009, interweaved with sinking marine aggregates. Nevertheless,

Our interpretation regarding the relatively minor contribu- our statistical analyses demonstrated that bacterial activity

tion of large fast-sinking aqareaates that could escape zooVaS related to the overall magnitude of the vertical flux (es-
9 g aggreg b ecially with small aggregates500 pm ESD), which was

plankton grazing is also consistent with the copepod biomasgSelf primarily composed of phytodebris, fecal pellets, and
that was strongly negatively correlated with vertical POC lanktoni dat ¢ Rontani et al 2'012_ Miquel ,t |
fluxes in our RDA analysis (Fig. 14c). This suggests that thel antonic exudates (cf. Rontani et al., -, Miquel et al,
) ’ : 2012) — so definitely a few steps after the initial fixation of
large grazers that dominated the zooplankton assemblage e 0
erted overall a sustained feeding pressure on settling material ~=
across the shelf-basin system during the ArcticNet-Malina

campaign (cf. Forest et al., 2012) — at least until that the
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As sea ice recedes and atmospheric patterns shift in thenatic, hydrographic, and cryospheric conditions (e.g., Beau-
Beaufort Sea due to Arctic warming amplification (NSIDC, fort Sea High, Pacific water inflow, sea ice extent and phe-
2009; Serreze and Barrett, 2011; Moore, 2012), the transinology), the monitoring of ecosystem indices through sus-
tion toward a more productive ecosystem — or at least a trendained observations (e.g., ship-based operations, long-term
toward enhanced marine signature in sinking particles andnoorings, remote sensing) remains a critical task. But the
surface sediments — appears to be well underway. Howeveaddition of a high-resolution modeling effort that would in-
our results underscore that such changes might occur preaegrate the complexity of biophysical processes and propose
dominantly over the inner/mid shelf and in the vicinity of realistic scenarios of future ecosystem functioning is also one
upwelling-favorable topographic features. In other regionsimportant duty we need to carry out as a community at this
where phytoplankton biomass is typically low (e.g., slope point.
and basin), most of the vertically exported labile POC would
be expected to be remineralized at depth, so fossil particles
that are horizontally transported offshore within the shelf Appendix A
bottom boundary layer (O'Brien et al., 2006; Forest et al.,

2007) might at the end still account for a substantial propor-Rationale for the sediment trap-UVP5 approach

tion of surface sediment content in these outer zones (Tolosa

et al., 2013). This is particularly true as the prolonged ab-Daily fluxes of particle mass (dry weight, DW) recorded
sence of ice over shallow shelves would permit enhancedvith sediment traps moored in the upper 200 m of the wa-
sediment resuspension through increased energy transfer bier column across the Arctic Ocean show an extreme range
tween waves and the shelf bottom (Lintern et al., 2012). Ulti-of rates oscillating from less than 1mgDW#Ad! in
mately, the net effect from the combination of increased pro-the central Arctic basins up to hundreds of thousands of
ductivity, increased resuspension, and increased riverine inmg DW n2 d~— in very nearshore environments (Table Al).
puts (White et al., 2007) across a vast assortment of climati@ similar range can be also observed for POC fluxes. In the
scenarios and spatial-temporal scales appears inextricable pyesent work, the minimum, median, and maximum rates
resolve without a fully coupled 3-D regional model that could recorded with long-term and short-term traps in the south-
account for all these processes. Furthermore, a key issue thaast Beaufort Sea were in the lower end of values when com-
remains open for debate in terms of carbon fluxes across thpared against more productive areas, such as the Chukchi Sea
atmosphere—ocean system is related to the opposite effects ahd Barents Sea, but fall within the envelope expected for
upwelling events. On the one hand, they bring nutrients up-our study region (Table Al). Here we argue that it is more
ward and contribute to the drawdown of €0y increasing  comprehensive to provide the median vertical flux instead of
productivity and vertical POC export (e.g., Tremblay et al., the mean in order to document the real distribution of rates
2011; this study). On the other hand, they bring acidic wa-across the entire minimum—maximum range.

ters near the surface (containing up~td600 ppm CQ) and A convenient way to demonstrate that, even if low, the ver-
may induce massive sea-to-air €@utgassing (Mathis etal., tical particle fluxes recorded in our study represent simply
2012). the lower tail of the flux distribution across Arctic shelves

From a pan-Arctic perspective, the Beaufort Sea is a lowis actually to present these results in the context of the par-
productive region (cf. Ardyna et al., 2013) and might not ap- ticulate matter inventory observed at the sampling stations
pear to be the most exciting area to study in that regard. Nev{Fig. Ala). Using the UVP5 dataset, we have detected a mi-
ertheless, this region can provide insights and better undemuscule pool of particulate matter at some of the sediment
standing of the complex spatial heterogeneity and seasonatap locations (down to only 3 particles per liter in total),
variability of biophysical factors that control biogenic matter which also corresponded generally to very low mass fluxes
fluxes in Arctic shelf seas. The Beaufort Gyre of the Canada(<60 mg DW nt2d~1). Conversely, high mass fluxes (up to
Basin has been recently coined as the “ground zero” of cli-1000 mg DW nt2d~1) were detected at stations where a to-
mate change in the Arctic Ocean (Carmack et al., 2012). Adal particle inventory ranging from 10 to 100 particles per
such, the southeast Beaufort Sea is the perfect experimeniter was detected. This observed gradient set the stage for
tal “ground” to develop process-based studies that would testhe development of an empirical equation linking the in-
hypotheses of the influence on the magnitude and quality offentory of particles across the various size classes (0.08—
POC export fluxes of the following: (1) modifications fol- 4.2 mm ESD) to the vertical fluxes as recorded by the sed-
lowing a warmer, fresher and more acidic surface layer, (2)iment traps. We have used a log—log relationship to estimate
change in the depth of the nutricline and associated SCMvertical fluxes using the UVP5 dataset in order to keep co-
structure, (3) potential shift in the size spectrum of planktonherency with previous studies (Table 2) and to give equal
communities, and (4) possible increases in shelf break upweight to low and high fluxes during the minimization pro-
welling episodes that could be at the same time both favorcedure. Since this computation (Sect. 2.6) yielded only one
able and damageable to ecosystem productivity (see above3olution for theA andb parameters, we also conducted a
Since these transformations are all somehow related to clisensitivity analysis using a multiple random resampling of
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in contrasting Arctic Ocean regions. 4
g
Region Sampling Year(s) Mooring array Trap design Aperture Vertical mass flux (mg DWm2d—1) Vertical POC flux (mg C m2d~1) Reference .%
period (m?) f
Minimum %u
o
Southeast Annual cycle 2009 Bottom-anchored Cylindrico- 0.125 5.8 This study o
Beaufort Sea conical
Southeast Late summer 2009 Drifting line Cylindrico- 0.125 11.0 This study
Beaufort Sea conical
Inner Spring— 1987 Ice-tethered and  Cylindrical 0.008 20.0 O’'Brien
Mackenzie Shelf  summer bottom-anchored et al. (2006)
Outer Annual cycle  1987-1988  Bottom-anchored Conical 0.500 10.1 O’Brien
Mackenzie Shelf et al. (2006)
Southeast Spring— 2002-2004  Drifting line Cylindrical 0.008 N/A Juul-Pedersen
Beaufort Sea summer—fall etal. (2010)
Outer Annual cycle  2003-2004  Bottom-anchored Conical 0.500 2.4 Forest
Mackenzie Shelf etal. (2007)
Franklin Bay Annual cycle  2003-2004  Bottom-anchored Conical 0.500 62.2 Forest
et al. (2008)
Amundsen Gulf Annual cycle  2003-2006  Bottom-anchored Conical/  0.125- 9.8 Forest
cylindrico- 0.500 etal. (2010)
conical
Southeast Spring— 2008 Drifting line Cylindrical 0.008 N/A Sallon et al.
Beaufort Sea summer (personal
communication,
2011)
Canada Basin Annual cycle  1996-1998  Ice-tethered Conical 0.500 0.2 Honjo
etal. (2010)
Chukchi Spring— 2004 Drifting line Cylindrical 0.004 N/A Lalande
Sea summer et al. (2007)
Amundsen Annual cycle  1995-1996  Bottom-anchored Conical 0.500 2.7 Fahl and
Basin Nothig (2007)
Outer Laptev Annual cycle  2005-2007  Bottom-anchored Cylindrico- 0.125 5.8 Lalande
Sea conical etal. (2009a, b)
Barents Sea Spring— 2003-2005  Drifting line Cylindrical 0.004 N/A Reigstad
summer et al. (2008)
All regions - - - - - 0.2 All studies

N/A: not available.
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Fig. A2. Relationship between surface POC concentration and the

‘ o blue-to-green ratio of remote-sensing reflectance (490, 560 nm)
40— i measured during the CASES 2004 and Malina 2009 field cam-
35 ‘ ' ' paigns. This empirical algorithm was used to produce the MERIS
ol B ‘ S composites of surface POC presented in Fig. 3. Details on the col-

... ' lection and analysis of the CASES 2004 dataset can be found in
....................... . Forest et al. (2010&)
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Fig. Al. (a) Relationship between vertical mass fluxes recorded
at sediment trap locations against total particle inventory (0.08—
4.2mm ESD) measured with the UVP5 camera deployed at the
same locations in July—August 2009. The horizontal bars in panel 5
(a) correspond to the standard deviation of particle abundance as$
obtained from multiple UVP5 deployments at the trap locations. .
(b) Result of the multiple random resampling test conducted on the
UVP5-sediment trap dataset £ 1000; using arbitrarily from 5 to e — T — T —
20 data points each time) in order to document the error around the 0.01 0.1 1

zone of the most probable parametgrandb (Table 2). Bacterial production (measured)
(mg C m3d")

0.1

al production (modeled)

(mg C m3d")

0.01

--------- 95% Cl on obs.
——— 95% Cl on fit

our databasen(= 1000, using arbitrarily from 5 to 20 data Fig. .A 3. '.:'t between pactenal prpductlon (BP) 9‘"’_‘ICU|ated using a
multiple linear regression model (i.e., study-specific model based on

points each time) in order to provide a standard deviation forchlorophylla concentration, beam attenuation coefficient and water

these two parameters (Table 2). Result of this random permugmperature recorded in situ; see Appendix D) and BP measured
tation exercise (Fig. Alb) showed that the zone of the mostith classical leucine uptake experiments during the Malina cam-

probable parameters was actually centered on the parametggsign. We used a conversion factor of 1.2 kg C per mole of leucine

obtained using the full database (see Sect. 3.3). to transfornH-leucine incorporation into carbon production.
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Appendix B 2-D planes in this figure were produced using a Delaunay
interpolation and gridding of POC fluxes of corresponding
Development of the regional satellite POC algorithm stations using the Matlab functiorgiScatteredinterpand

meshgridMathWorks, USA).
We built upon the approach based on the nonlinear relation- The result of the second approach is available as an on-
ship (power-law) between surface POC concentrations angine supplement since it consists of a dynamic visualization
the remote-sensing reflectandag(1), sr?) ratio presented  of vertical POC fluxes and surface POC concentration built
in Forest et al. (20103) to refine the regional POC algorithmin the 3-D domain using a geographic information system
for the Mackenzie Shelf region using both the CASES 2004(G|S). This animation was constructed in ArcGIS 10 envi-
and Malina 2009 datasets. The methodologies of data C0|r0nment (ESRL USA) with the commercial extension En-
lection and processing were the same for both campaigngervol for ArcGIS (C Tech, USA) used for volumetric spa-
and are fully described in Forest et al. (2010a). Further in-tial modeling. The animation is available as a VRML (vir-
formation on data collection and analysis during Malina cantyal reality modeling language) file viewable on multiple
be found in Doxaran et al. (2012). Since the goal in thepjatforms with many freewares available on the web, (see,
present study was to apply the algorithm on MERIS imagesfor example, http://www.web3d.org/x3d/content/examples/
(which does not have the 555 nm band but the 560 nm), the3dResources.htl The EnterVol spatial model of vertical
initial reflectance ratios from the CASES dataset and develpOC fluxes was constructed with a 3-D natural neighbor in-
oped for MODIS (490 nm/555 nm) were adjusted for MERIS terpolation followed by cuts directly along the oceanographic
(490 nm/560 nm). The reflectance ratios from CASES weresampling sections. The animation also presents cuts of two
corrected with an equation developed on the relation betweefhdependent spatial 3-D models, indicated in the VRML file
Rrs(490)/Rs(555) andRs(490)/Rs(560), as observed during  with a vertical black bar above sea surface. One of these is

the Malina campaign: derived from a 3-D spatial model of POC flux interpolated
from the 20 ArcticNet stations (Fig. 1) sampled from 16—
Rrs(49 Rrs(49
[ rs( 0)} =0.938x [LO)} +0.012 (B1) 25 July (ordinary kriging interpolation). Vertical flux values
RI’S(56@ Rrs(555)

5 from this period are presented by two intersecting cuts in the
r©=098 n=116 center of the spatial model. The second region indicated with

The combined CASES—Malina dataset covered a wide Spec@ ve_rtical bar above sea s_urfgce corresponds to a group of 19
trum of hydrographical and optical conditions present in thespaually more densely distributed profiles conducted from

southeast Beaufort Sea. This included both Case 1 and Cadé—18 August at station 34 (Fig. 1). Results from this sam-
2 waters with a dominance of stations influenced by a relaP!ing are illustrated with a simple vertical cut across the re-

tively high concentration of colored dissolved organic matter9ion: €qually derived from a 3-D spatial model of POC flux

(CDOM) relative to other optical constituents (Forest et al. (Ordinary kriging interpolation). A MERIS composite of sur-
2010a; Doxaran et al., 2012). A total of &%s spectra were face POC above the vertical cuts was produced using a reg-

used in the development of the refined POC algorithm. Theularized spline interpolation method. For the three 3-D inter-

power-law regression equation (Fig. A2) for the combined polations used in order to create the spatial model, a hori-
dataset provided this relation: zontal/vertical anisotropy of 10 was considered. Vertical ex-

aggeration is 75 and bathymetric lines are at 500 m interval,

Ris(490 7713 starting from sea surface.
POC= 1833 x [Rrs 56 0)] , (B2)
r>=068 n=67 Appendix D
Appendix C Statistical model of bacterial production
Static and interactive 3-D visualization of POC fluxes A total of 345 in situ bacterial production (BP, pmol Leu

L-1h~1) data (55 vertical profiles) in the upper water col-
We used two approaches to plot the vertical POC fluxes deumn (<150 m) were available during the Malina campaign
rived from the UVP5 patrticle dataset into the 3-D domain of (Table Al). Full methodology on the measurements of BP
southeast of Beaufort Sea. The result from the first approaclean be found in Ortega-Retuerta et al. (2012a, b). In order to
is presented in Fig. 9. This plot represents vertical POCobtain a BP database comparable to the one of UVP5-derived
fluxes in the 3-D domain as individual vertical 2-D planes of vertical fluxes (154 profiles), we developed a statistical
the 7 shelf-basin transects, stations 135, 235, and 345, as wathodel based on temperature and carbon resources following
as of ArcticNet stations conducted in July—August (Fig. 1). A the findings of Garneau et al. (2008) and Forest et al. (2011).
MERIS composite of surface POC concentration (1 km reso-Missing BP data were modeled using a multiple regression fit
lution) is also plotted above the vertical sections. The variougleast-squares estimation function, Fathom Matlab Toolbox)
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based on Chi concentration (mg Chk m—3), beam atten-
uation coefficient dp, m~1) and water temperaturd’( °C).
These data were averaged over a 5m interval centered @
the depth of every in situ BP rate (expressed in pmol Leu
L=th~1). Here Chla andc, were used as combined prox-
ies for organic carbon availability from autochthonous and
allochthonous matter sources. The multiple linear regressionhe publication of this article is financed by CNRS-INSU.
provided the following equation:

INSU

Institut national des sciences de I'Univers

BP=—-1524+3.71+ (4.11+0.77 x Chla) (D1)
+ (42524 6.90 x cp) References
+(314+105x T),

ACIA: Arctic Climate Impact Assessment — Scientific Report, Cam-
F2=071 n=2339 P P

bridge University Press Cambridge, 1046 pp., 2005.

Modeled and measured BP data were converted to carbofi€sSi: C- A Beardsley, R. C., Limeburner, R., Rosenfeld, L. K.,

. . . . Lentz, S. J., Send, U., Winant, C. D., Allen, J. S., Halliwell, G. R.,
using a conversion factor 1.2 kg C per mole of leucine, which and Brown, W. S.- CODE-2: moored array and large-scale data
provided a fit with a slope of 0.86 (Fig. A3). '

report, Woods Hole Oceanographic Institutibitp://hdl.handle.
net/1912/1641last access: 1 April 2012, 1985.
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