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Abstract. The size distribution and mean spatial trends of large particles (>100 µm, in equivalent spherical diameter, ESD) and mesozooplankton were investigated across the Mackenzie Shelf (southeast Beaufort Sea, Arctic Ocean) in July–August 2009. Our main objective was to combine results from an Underwater Vision Profiler 5 (UVP5) and traditional net tows (200 µm mesh size) to characterize the structural diversity and functioning of the Arctic shelf-basin ecosystem and to assess the large-scale correspondence between the two methodological approaches. The core dataset comprised 154 UVP5 profiles and 29 net tows conducted in the shelf (1000 m) regions of the study area. The mean abundance of total particles and zooplankton in the upper water column (50 %) when progressing offshore and as the ESD of particles was increasing. Both the UVP5 and net tows determined that copepods dominated the zooplankton community (∼78–94 % by numbers) and that appendicularians were generally the second most abundant group (∼1–11 %). The vertical distribution patterns of copepods and appendicularians indicated a close association between



primary production and the main grazers. Manual taxonomic counts and ZooScan image analyses shed further light on the size-structure and composition of the copepod community – which was dominated at ∼95 % by a guild of 10 typical taxa. The size distributions of copepods, as evaluated with the 3 methods (manual counts, ZooScan and UVP5), showed consistent patterns co-varying in the same order of magnitude over the upper size range (>1 mm ESD). Copepods 500 µm; Suzuki and Kato, 1953) is the net result of aggregation and destruction processes, which include a large variety of physical and biological mechanisms such as coagulation, packaging, consumption, dissolution and fragmentation (see Burd and Jackson, 2009 for a review). The particle size distribution (PSD) of non-living particles is particularly instructive for vertical flux studies if the settling velocity of observed particles is known (e.g. McDonnell and Buesseler, 2010) or if the PSD can be related to sediment trap measurements (e.g. Guidi et al., 2008; Iversen et al., 2010). In turn, numerical models of biogeochemical fluxes used simplified PSD to estimate the magnitude and timing of sinking particle flux events (e.g. Kriest and Evans, 2000; Stemmann et al., 2004; Karakas et al., 2009). However, the strength and efficiency of the biological pump are closely connected to the aforementioned transformation processes in the water column, which are indeed largely driven by planktonic communities, including bacteria, protists and metazoans (e.g. Wassmann et al., 2003; Forest et al., 2011; Jackson and Checkley, 2011; Kellogg et al., 2011). Therefore, knowledge on the contribution of living particles to the total particle pool and on the plankton size distribution is essential if the dynamics of downward carbon export and trophic energy fluxes are to be adequately understood and modeled in marine ecosystems. Information on the variability of the size spectrum of particles support the characterization of various ecological processes and is key to our comprehension of the structure and function of pelagic food webs (e.g. Platt and Denman, 1978; Legendre and Michaud, 1998; Stemmann and Boss, 2012). The PSD of living particles (i.e. plankton) is recognized to be useful for describing the structural properties of a given marine food web. When converted into biomass, variations in the slope of the normalized PSD on a logarithmic scale can be linked to efficiencies in both the energy transfer to higher trophic levels and vertical carbon export to depth (e.g. Guidi et al. 2009; Frangoulis et al., 2010). Anomalies in the shape of the log-transformed plankton size distribution may also be indicative of excess growth/mortality or gain/losses through consumption or migration (Zhou et al., 2006; Frangoulis et al., 2010). Furthermore, size-based analysis of living particles provides a valuable tool in ecosystem modeling for reducing the complexity of actual food webs and species interactions (Zhou et al., 2010). For example, sizestructured ecosystem models can unravel shifts in the diet of zooplankton when the latter grow, since large organisms usually consume smaller ones (Platt and Denman, 1978). Species-oriented or functional group modeling approaches of trophic networks cannot solve this issue (Moloney et al., 2010). This is particularly true for Arctic regions where Biogeosciences, 9, 1301–1320, 2012



marine ecosystems experience marked seasonal variability in biological productivity as a direct consequence of physical conditions (e.g. light, temperature). As a result, Arctic zooplankton can rapidly change their food regime depending on the nature and availability of organic matter in their environment. In fact, even the large calanoid species Calanus hyperboreus and C. glacialis that typically dominate the biomass in the Arctic Ocean – and which are traditionally known to be herbivore (Darnis et al., 2008; FalkPetersen et al., 2009) – appear to have a much more flexible diet (e.g. fecal detritus, microzooplankton) than initially believed (e.g. Seuthe et al., 2007; Campbell et al., 2009; Sampei et al. 2009). This study investigated the PSD of large particles >100 µm (total and zooplankton, expressed in equivalent spherical diameter, ESD) across the shelf-slope-basin interface in the southeast Beaufort Sea (Arctic Ocean) in late July–August 2009 (Fig. 1). Our main goal was to combine results from an Underwater Vision Profiler 5 (UVP5, Picheral et al., 2010) and from traditional net tows to infer the structure and functioning of an Arctic shelf ecosystem during the late summer season. Our specific objectives were (1) to document with high-vertical resolution imaging techniques the large-scale trends of PSD and particle concentration across the shelf-basin boundary; (2) to examine the degree of similarity between the zooplankton dataset acquired with the UVP5 and the one obtained using standard vertical net tows; (3) to characterize the size spectra of total particles and zooplankton in an ecosystem known for its relatively low diversity; and (4) to set the stage for a comprehensive study on vertical particle fluxes and ecosystem dynamics in the southeast Beaufort Sea during post-bloom conditions.



2 2.1



Material and methods Study area and sampling strategy



The Mackenzie Shelf (Fig. 1) is a relatively narrow Arctic shelf (width ∼120 km, length ∼530 km) covered with ice from October until May to early August, reaching a maximum thickness of 2–3 m in March–April (Barber and Hanesiak, 2004). The Mackenzie River supplies ∼330 km3 yr−1 of freshwater and 124 × 106 t yr−1 of sediment on the shelf (Gordeev, 2006). Approximately 75 % of the total annual discharge is delivered between May and September, with a typical peak in June. As the summer progresses, both river runoff and ice melt contribute to build up a strongly stratified surface layer in the top 5–10 m (Carmack and Macdonald, 2002). Saltwater masses in the region comprise the Polar-Mixed Layer (salinity 220 m) (Lansard et al., 2012). Surface circulation is variable and linked to ice and wind conditions (Ingram et al., 2008). Inshore, a typical coastal current www.biogeosciences.net/9/1301/2012/
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Fig. 1. Bathymetric map of the southeast Beaufort Sea (Arctic Ocean) with position of the sampling stations conducted in July– August 2009 as part of the successive ArcticNet and Malina campaigns. The ArcticNet sampling sites were located in the exploration license area EL446, whereas transects 100–700 and station 345 correspond to the Malina sampling grid. The shelf, slope and basin regions as defined in the present study correspond to the sampling stations located within the 1000 m isobaths, respectively. The metadata (coordinates, date, sampling type) for each oceanographic station are detailed in the Appendix A.



flows from west to east, whereas offshore surface circulation is overall influenced by the anti-cyclonic Beaufort Gyre (Ingram et al., 2008). Primary production in the Beaufort Sea usually ranges from 30 to 70 g C m−2 yr−1 , indicative of oligotrophic conditions (Sakshaug, 2004; Carmack et al., 2004). The spring bloom rapidly evolves into a subsurface chlorophyll maximum (SCM) as a result of relatively low nitrate concentrations in the surface layer at the end of winter (Tremblay et al., 2008). Over the growth season, the SCM progressively lowers the nitracline down to ∼60 m depth where light becomes the limiting factor (Martin et al., 2010). A second phytoplankton bloom can occur in late summer or in the fall as a result of wind-driven mixing and/or coastal upwelling (Brugel et al., 2009). Data used in the present study were collected across the Mackenzie Shelf region between 18 July and 22 August 2009 during the successive ArcticNet and Malina campaigns that took place on board the research icebreaker CCGS Amundsen (Fig. 1, Appendix A). The first leg (16–29 July) was a component of the annual expedition of the ArcticNet Network aiming to assess ecosystem dynamics in coastal waters of the Canadian Arctic. The second leg (30 July– 27 August) was led by the Malina project, which covered the Mackenzie Shelf region with a comprehensive sampling grid primarily composed of 7 shelf-basin transects www.biogeosciences.net/9/1301/2012/



(Fig. 1). The data collected over ArcticNet-Malina was divided according to bottom depth in order to investigate the mean inshore-offshore gradients in total particle concentration, zooplankton abundance, as well as associated volume/biomass and size distribution. The shelf, slope and basin regions were defined as the sampling stations located within the 1000 m isobaths, respectively. This grouping enabled us to evaluate the largescale variations and to process the CTD, UVP5 and net tow datasets on the basis of an independent variable. 2.2
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Underwater Vision Profiler, CTD-rosette casts and image processing



The Underwater Vision Profiler 5 (UVP5) is a compact and autonomous underwater imaging system developed and initially constructed at the Laboratoire d’Oc´eanographie de Villefranche-sur-Mer (LOV) located in southern France. The instrument is now manufactured by HydroptiC (http://www. hydroptic.com/) in collaboration with the LOV. Full details of the technical specifications and processing operations of the UVP5 can be found in Picheral et al. (2010). The UVP5 used in the present study was designed to be a component of the rosette profiler equipped with a conductivity-temperature-depth system (CTD, Seabird SBE911+) and was deployed on a routine basis throughout the campaign (Fig. 1). Most CTD/UVP-rosette vertical profiles were conducted over the whole water column, i.e. from the surface down to 10 m above the sea floor (see Appendix A for the list of stations). A fluorometer (Seapoint chlorophyll fluorometer) and a transmissometer (WET Labs C-Star 25 cm) were also connected to the CTD system. The CTD data were calibrated and verified following the Unesco Technical Papers (Crease, 1988). Water samples were taken on board for salinity calibration using a Guildline Autosal salinometer (resolution 100 µm in real time (i.e. both non-living particles and zooplankton). Images of all particles were recorded at a frequency up to 5.5 Hz, corresponding to a distance of ∼20 cm between images at the ∼1 m s−1 lowering speed of the CTD-rosette profiler. The recorded volume per image was 1.02 l and the conversion equation from pixel area to size was Sm = 0.003Sp1.3348 , where Sm is the surface in mm2 and Sp the particle area in number of pixels (Picheral et al., 2010). The real time processing was set to a mixed process mode. The size and grey level of every object >100 µm were calculated in situ, but only images of all large objects >600 µm were backed up on a memory stick for further analysis. When the UVP5 was back on the ship deck, both the complete dataset of total particles and the logged images of Biogeosciences, 9, 1301–1320, 2012
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objects >600 µm were transferred on a computer for complete analysis. The size spectra of total particle abundance and volume were computed at an interval of 5 m. Images of all objects >600 µm were processed using the Zooprocess imaging software (http://www.zooscan.com) in order to calculate 40 geometric and grey-level variables to identify major zooplankton by the freeware Plankton Identifier (PkID) based on Tanagra data mining and implemented as part of the Zooprocess package (see Gorsky et al., 2010 for details). The prediction of organisms obtained from the PkID files was exhaustively post-validated by experts to obtain an accurate dataset of abundance and biovolume for zooplankton larger than 600 µm. The size distributions of the abundance and volume of total particles and zooplankton recorded at each station were normalized according to the interval of each size-class (Platt and Denman, 1978). This dataset was then divided and averaged for the shelf (1000) regions to provide a more comprehensive overview of particle dynamics and large-scale spatial trends across the inshore-offshore interface (Fig. 1, Appendix A). The relationship between the abundance/volume and the size of particles/zooplankton was approximated by the two-parameter power-law equation n = bd k , where n is the normalized particle abundance or volume, b a constant, k the scaling exponent (slope in a log-log form) and d the equivalent spherical diameter (ESD) of a given particle or organism (also referred as apparent diameter, see Stemmann and Boss, 2012 for further details). 2.3



Zooplankton net tows, traditional taxonomic counts and ZooScan measurements



Zooplankton assemblage integrated over the entire water column was collected using a quadruple 1 m2 metal frame sampler equipped with flowmeters and plankton nets of 200 µm mesh size (Darnis et al., 2008). At each station (see Appendix A), the sampling gear was deployed vertically from 10 m above the bottom up to the surface at a speed of 45 m min−1 . Zooplankton samples were condensed and preserved in seawater solution poisoned with boraxbuffered 4 % formalin for further analysis. Preserved samples were divided in two distinct fractions in order to proceed to: (1) manual taxonomic counts; and (2) sample digitization and analysis using a ZooScan (Gorsky et al., 2010). ZooScan digitization and image post-processing with the Zooprocess software were made at LOV (Villefranche-surMer, France), whereas traditional taxonomy and validation of random ZooScan vignettes were performed at Laval University (Qu´ebec, Canada). Subsamples for manual taxonomy were rinsed with freshwater and sieved through 1000 and 150 µm meshes to separate large and small organisms. The two size fractions (1000 µm) were divided with a Motodatype splitting box and known aliquots were resuspended Biogeosciences, 9, 1301–1320, 2012



Table 1. Performance of the automatic recognition for the zooplankton groups analyzed using the ZooScan.



Appendicularians Copepods∗ Detritus Carnivorous gelatinous



True positive (recall rate)



False positive (contamination rate)



66.7 % 84.9 % 78.1 % 63.0 %



32.9 % 19.4 % 20,5 % 34.3 %



∗ Do not include nauplii



in distilled water. From each sub-sample, approximately 300 zooplankton organisms were enumerated in a Bogorov counting tray and identified to the lowest possible taxonomical level. The Arctic copepod species Calanus glacialis and the Pacific Subarctic C. marshallae that may co-occur in the region (Frost, 1974) were pooled into a single taxon due to lack of certainty in their differentiation (Darnis et al., 2008). Subsamples for ZooScan analyses were also divided with a Motoda splitter, resuspended in distilled water and fractionated to obtain two size-fractions (1000 µm). Each size-fractionated sample was gently poured in a 15 × 24 cm Plexiglas tray on the scanner (2400 dpi resolution). Prior to digitization, manual separation of plankton organisms with fine tweezers was performed directly into the tray to avoid multiple objects to be treated as one. In some cases, separation of objects was also performed computationally after digitization. Scanned samples were normalized using the full spectrum of grey and a blank (i.e. scan without objects) was subtracted from each image. The Zooprocess software was used to extract and measure every object detected in images produced by the ZooScan (pixel resolution of 10.6 µm). The major and minor axis of the best fitting ellipse for each object were measured and an equivalent apparent elliptical biovolume (EBv) was estimated as: EBv=4/3·π·(major/2)·(minor/2)2 . Many other variables (Appendix 4 in Gorsky et al., 2010) were also used for the automatic classification of objects. The automatic recognition of zooplankton was performed using the free software PkID as mentioned in Sect. 2.2. The training set for ZooScan consisted of 2100 validated vignettes of random objects (including detritus). The training set algorithm was used to classify organisms from the net tow samples in major zooplankton groups. Comparison between machine-predicted recognition and manually validated classifications showed that copepods were successfully recognized (true positive = 84.9 %, contamination = 19.4 %) while appendicularians were less recognized (true positive = 66.7 %, contamination = 32.9 %) (Table 1). The automatic prediction was then corrected by a manual validation to ensure accurate estimate of zooplankton groups.
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body parts not taken into account by this method (e.g. legs, furca, antennae) using a correction factor of 1.2–1.7 depending on the average areal ratio of the supplementary parts to the mean prosome and/or urosome area. This enabled a more coherent estimation of copepod ESD for comparison with the imaging systems that use the best fitting ellipse of a given organism to calculate the ESD (Gorsky et al., 2010). Hence, the apparent ESDs presented here should be regarded as maximum values, as they correspond to the EBv. Mean lengths, widths and ratios of body parts of Arctic copepods were obtained from the historical collection of copepod measurements from the taxonomic laboratory of L. Fortier (Laval University, Canada). Missing measurements were gathered from the global literature, as cited in the online databases of Razouls et al. (2005–2011) and Appeltans et al. (2011). No morphometric estimates were attempted on zooplankton else than copepods due to uncertainties on the average body measurements of the other groups. The size distributions and power-law relationships between abundance/biovolume and size of zooplankton from the vertical net tow datasets (i.e. ZooScan and manual counts/morphometric estimates) were calculated the same way as for the UVP5 dataset (see previous section).
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Results Underwater Vision Profiler: magnitude and distribution of particles and zooplankton across the Mackenzie Shelf in late summer 2009
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Fig. 2. Mean vertical profiles of total particle abundance (a), total zooplankton abundance (b), total particle volume (c), and total zooplankton biovolume (d), as measured with the Underwater Vision Profiler deployed across the shelf (1000 m) areas of southeast Beaufort Sea in July–August 2009 (Fig. 1). The bottom panels present the mean vertical profiles of chlorophyll a concentration (e) and beam attenuation coefficient (f) as recorded in the same regions and smoothed over 5 m depth.



For comparisons with the UVP and ZooScan biovolume datasets, the abundance of copepods (copepodites only, including adults) obtained from manual counts was converted into volume units by assimilating the body shape of a copepod to an ellipsoid for the prosome and to a cylinder for the urosome (Mauchline, 1998). Biovolume estimates based on the ellipsoid-cylinder combination were further corrected for www.biogeosciences.net/9/1301/2012/



Mean total particle (>100 µm) abundance and volume recorded with the UVP5 in the surface layer (≥50 m) of southeast Beaufort Sea in July–August 2009 exhibited a decline of ca. 2 orders of magnitude when progressing from the shelf toward the basin (Fig. 2a, c). Over the shelf, maximum and minimum particle concentrations were observed around 40–50 m and 60–65 m depth, respectively (Fig. 2a). Maximum and minimum particle volumes across the three regions (Fig. 2c) corresponded roughly to patterns in total particle abundance (Fig. 2a) and in chl a (Fig. 2e). Mean chl a concentration over the shelf was low (∼1.5 mg chl a m−3 in the SCM between 30–50 m), but remained higher than values measured for the slope and basin regions (∼0.3 mg chl a m−3 between 50 and 80 m) (Fig. 2e). Mean chl a concentration and beam attenuation coefficient were also relatively high in the top 10 m over the shelf (Fig. 2e, f). Maximum abundance and biovolume of zooplankton were detected between 30 and 70 m depth (Fig. 2b, d). This interval appears to correspond to the most active water layer in terms of total particle concentration and primary production during the study period. The spike-like increase in particle abundance just below 70 m on the shelf (Fig. 2a) was symptomatic of a widespread benthic nepheloid layer (BNL) comprised of small particles (Fig. 2c). The presence of a BNL over the shelf was Biogeosciences, 9, 1301–1320, 2012
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Fig. 3. Mean size spectra of abundance (a–c) and volume (d–f) of total particles and total zooplankton as measured with the Underwater Vision Profiler deployed across the shelf (1000 m) regions of southeast Beaufort Sea in July– August 2009 (Fig. 1). The b and k values correspond, respectively, to the constants and scaling exponents (slopes in a log-log form) of the power-law equations (n = bd k ) derived from the normalized particle size distributions (see Sect. 2.2 for details). The power-law relationships for total particles were calculated using the full range of 0.1–12 mm (expressed in equivalent spherical diameter, ESD), whereas the equations for zooplankton were calculated using only the organisms >1 mm ESD because of the loss in the efficiency of detection in the low end (≤1 mm ESD) of the zooplankton size spectrum. The percent contributions of living particles to total particles as estimated with the idealized power-law equations are presented in Fig. 4.



supported by the slight increase of beam attenuation coefficient around 70–75 m depth (Fig. 2f). Mean particle abundance and volume over the slope peaked around 40– 50 m. While total particle abundance was relatively stable throughout the water column over the slope, particle volume decreased rapidly with increasing depth past its maximum (Fig. 2a, c). Contrastingly, particle abundance increased with increasing depth in the basin region (Fig. 2a), whereas volume in this area did not vary much (Fig. 2c). The fit of a power-law model to the measured particle size distribution (calculated using the full ESD range of 0.1–12 mm) was statistically significant both for the abundance (r 2 = 0.99, p < 0.0001) and volume (r 2 = 0.66–0.79, p < 0.0001) spectra (Fig. 3). Overall, the power-law fits were less robust for the volume size-spectra than for the abundance spectra. The exponent (k) of the normalized size spectra of total particle abundance and particle volume remained relatively similar, whereas k values in the size distribution of zooplankton abundance and biovolume both decreased with increasing distance from shore (Fig. 3). Zooplankton abundance and biovolume estimated with the UVP5 decreased, respectively, from ∼84 to ∼9 individuals (ind.) m−3 and Biogeosciences, 9, 1301–1320, 2012



from ∼2.5 to ∼0.1 cm3 m−3 across the inshore-offshore gradient (Table 2). Such values were likely minimum estimates as zooplankton ≤1 mm ESD were not accurately quantified by the UVP5, as seen in Fig. 3 Accordingly, the power-law models were fitted to the zooplankton size spectra only for organisms >1 mm ESD. The power-law equations presented in Fig. 3 enabled us to calculate the idealized contributions of planktonic particles to the total particle inventory in each size-class of the full ESD range of 0.1–12 mm (Fig. 4). These estimations revealed that living particles accounted for an increasingly large proportion of total particles from the shelf to the basin (e.g. 0.60, 0.0001 < p < 0.01, Pearson’s Model II Regression) within a proportional ratio close to 1:1 (1.09 ± 0.49). Based on manual counts and ZooScan analyses, the abundance of copepods 1000 m
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Fig. 5. Vertical distribution of zooplankton group abundance (a–f) and biovolume (g–l) as identified and measured with the Underwater Vision Profiler across the shelf (1000 m) areas of southeast Beaufort Sea in July–August 2009. The zooplankton abundance and biovolume averaged for the entire water column within each of the defined regions are presented in Table 3.
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Fig. 6. Mean size spectra of abundance (a–c) and biovolume (d–f) for each zooplankton group as identified and measured with the Underwater Vision Profiler deployed across the shelf-slope-basin interface in the southeast Beaufort Sea in July–August 2009. ESD: equivalent spherical diameter.
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Table 3. Abundance of sorted zooplankton groups and biovolume of copepodites (including adults; mean ± SE and percent contribution in brackets) as identified by traditional taxonomic counts in samples from integrated vertical net tows (bottom to surface, 200 µm mesh size) conducted in the shelf (1000 m) regions of southeast Beaufort Sea in July–August 2009 (Fig. 1). The data presented in this table summarize the whole zooplankton net dataset comprising 29 vertical tows (Appendix A). The biovolume of copepodites was based on the morphometry of copepods for which species-specific body measurements were available (see Sect. 2.3). No morphometric estimates were attempted on other groups. N/A: not available.



Copepods (copepodites*) Copepods (nauplii) Appendicularians Echinoderms Pteropods Barnacles Protozoans Polychaetes Cnidarians Chaetognaths Ostracods Other crustaceans Total



Copepods (copepodites∗ )



Shelf abundance (ind. m−3 )



Slope abundance (ind. m−3 )



Basin abundance (ind. m−3 )



250.9 ± 44.7 (58.6 % ± 10.4 %) 81.4 ± 22.2 (19.0 % ± 5.2 %) 46.9 ± 35.6 (11.0 % ± 8.3 %) 16.4 ± 6.3 (3.8 % ± 1.5 %) 15.1 ± 5.0 (3.6 % ± 1.2 %) 7.5 ± 3.3 (1.7 % ± 0.8 %) 4.7 ± 2.7 (1.1 % ± 0.6 %) 2.1 ± 0.9 (0.5 % ± 0.2 %) 1.7 ± 0.4 (0.4 % ± 0.1 %) 1.2 ± 0.7 (0.3 % ± 0.2 %) 0.2 ± 0.1 ( 0.64) and significant similarities (slope close to ∼1, all at p < 0.01) (Fig. 10).
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Discussion Environmental context and regional variability in the abundance, volume and size distribution of particles and mesozooplankton



In July 2009, unusually high concentrations of old sea ice from the central Arctic pack were pushed southward in the Beaufort Sea by persistent northerly winds (CIS, 2009). The www.biogeosciences.net/9/1301/2012/
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Fig. 8. Approximative equivalent spherical diameter (ESD) of each dominant copepod species (Fig. 7) as estimated with morphometric relationships. The apparent ESDs presented here should be regarded as maximum values, as they correspond to the elliptical biovolume (EBv, see Sect. 2.3 for details)
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Fig. 7. Relative contribution of dominant copepod species in the total abundance (a) and biovolume (b) of copepod assemblages (copepodites only) as estimated with bottom-to-surface vertical net tows (200 µm mesh size) conducted across the shelf-slope-basin interface in the southeast Beaufort Sea in July–August 2009. The biovolume of each species was estimated using morphometric estimates based on mean prosome and urosome lengths/widths of each copepodite stage (see Sect. 2.3 for details).



Mackenzie Shelf was generally free of ice over our sampling period, but sea ice remained abnormally close to the shelf margin located ∼100 km north off the Tuktoyaktuk Peninsula. Concurrently, the warm (>8 ◦ C) plume from the Mackenzie River was observed expanding from west to east over the shelf and approximately until the ice edge (SLGO, 2011). Interestingly, no particular maximum in the total particle concentration recorded by the UVP5 was noticed near the ocean surface despite the fact that the Mackenzie River carries a substantial load of fluvial sediment (Macdonald and Yu, 2006). Instead, the main peak in particle concentration was linked to the occurrence of a widespread subsurface chlorophyll maximum (SCM; Martin et al., 2010) detected across the region between 30 and 70 m depth. The rather low background of particulate matter present down to ∼30 m supports that most terrigenous particles supplied www.biogeosciences.net/9/1301/2012/



by the Mackenzie River sink near the coast (∼97 % of total mass; O’Brien et al., 2006). The only apparent signature of the river plume was detected in the beam attenuation coefficient and chl a profiles whose signals showed visible rise above ∼10 m (Fig. 2e, f). Such a vertical pattern near the surface was the likely result of riverine waters expanding over the shelf (cf. Carmack and Macdonald, 2002) that sustained some phytoplankton biomass (∼0.6 mg chl a m−3 ) and contained small particles of the size-class ∼0.5–20 µm – to which the beam attenuation coefficient is sensitive (Boss et al., 2001 and references therein). The fine particles that accumulated in the stratified surface layer were presumably a mixture of clay-silt material and fresh algae (cf. O’Brien et al., 2006). By contrast, the relatively high chl a signal (∼1.5 mg chl a m−3 ) recorded at depth suggests that phytoplankton biomass was primarily fuelled by subsurface nutrients. The magnitude and positioning of the chl a maximum indicate that the phytoplankton bloom in late-July–August 2009 in southeast Beaufort Sea was “matter of the past”, as they compared well with the configuration observed toward the end of summers 2004 and 2008 (Tremblay et al., 2008; Forest et al., 2011). In fact, except for few shallow stations located over the shelf, nitrate was exhausted in the upper ∼40 m across the study area and primary production was relatively low, averaging 45 ± 25 mg C m−2 d−1 in late summer 2009 (P. Raimbault and N. Garcia, LMGEM, France, unpublished data). Nevertheless, the integrated chl a biomass in the upper water column was roughly 4-fold higher over the shelf Biogeosciences, 9, 1301–1320, 2012
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Fig. 9. Average size spectra of abundance (a–c) and biovolume (d–f) of the total copepod assemblage as estimated using traditional zooplankton nets (further divided into manual estimates and ZooScan measurements) and Underwater Vision Profiler deployments conducted at each of the overlapping stations (Fig. 1, Appendix A) across the shelf (1000 m) regions of southeast Beaufort Sea in July–August 2009. The parameters of the power-law equations (n = bd k ) derived from size distributions were calculated with the combined datasets (see Sect. 2.3 for details). In each panel, the percent contribution of copepods 1 mm to total abundance or biovolume (i.e. sum of all size-classes) is also given according to each methodology. ESD: equivalent spherical diameter.



than beyond stations of depth >100 m (Fig. 2). Nitrate is the ultimate limiting factor of primary production in the Beaufort Sea (Tremblay et al., 2008), but this does not exclude a posteriori that the presence of sea ice across the slope and basin regions could have been a local property that restrained phytoplankton growth offshore by limiting light available at the nitracline (Carmack et al., 2004; Martin et al., 2010). Overall, zooplankton populations (as estimated with the UVP5) mirrored the inshore-offshore patterns of chl a and total particle volume. The proportion of zooplankton relative to non-living particles increased with greater distance from shore and as the ESD of particles was increasing. These observations suggest that the ratio of plankton to total particles 
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