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Abstract

A drastic ice decline in the Arctic Ocean, triggered by global warming, could generate
rapid changes in the upper ocean layers. The ice retreat is particularly intense over the
Canadian Basin where large ice free areas were observed since 2007. The CHINARE
2008 expedition was conducted in the Western Arctic (WA) ocean during a year of5

exceptional ice retreat (August–September 2008). This study investigates whether a
significant reorganization of the primary producers in terms of species, biomass and
productivity has to be observed in the WA as a result of the intense ice melting. Both
pigments (HPLC) and taxonomy (microscopy) acquired in 2008 allowed to determine
the phytoplanktonic distribution from Bering Strait (65◦ N) to extreme high latitudes over10

the Alpha Ridge (86◦ N) encompassing the Chukchi shelf, the Chukchi Borderland and
the Canadian Basin.

Two different types of phytoplankton communities were observed. Over the ice-free
Chukchi shelf, relatively high chl-a concentrations (1–5 mg m−3) dominated by 80 % of
diatoms. In the Canadian Basin, surface waters are oligotrophic (<0.1 mg m−3) and al-15

gal assemblages were dominated by haptophytes and diatoms while higher biomasses
(∼0.4 mg m−3) related to a deep Subsurface Chlorophyll Maximum (SCM) are associ-
ated to small-sized (nano and pico) phytoplankton. The ice melting onset allows to point
out three different zones over the open basin: (i) the ice free condition characterized by
deep and unproductive phytoplankton communities dominated by nanoplankton, (ii) an20

extended (78◦–83◦ N) Active Melting Zone (AMZ) where light penetration associated to
the stratification start off and enough nutrient availability drives to the highest biomass
and primary production due to both diatoms and large flagellates, (iii) heavy ice condi-
tions found north to 83◦ N allowing light limitation and consequently low biomass and
primary production associated to pico and nanoplankton.25

To explain the poverty (Canadian Basin) and the richness (Chukchi shelf) of the WA,
we explore the role of the nutrient-rich Pacific Waters, the bathymetry and two charac-
teristics linked to the intense ice retreat: the stratification and the Surface Freshwater
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Layer (SFL). The freshwater accumulation induced a strong stratification limiting the
nutrient input from the subsurface Pacific waters. This results in a biomass impover-
ishment of the well-lit layer and compels the phytoplankton to grow in subsurface.

The phytoplankton distribution in the Chukchi Borderland and north Canadian Basin,
during the summer of exceptional ice retreat (2008), suggested when compared to5

in-situ data from a more ice covered year (1994), recent changes with a decrease of
the phytoplankton abundance while averaged biomass was similar. The 2008 obtained
phytoplankton data in the WA provided a state of the ecosystem which will be useful to
determine both past and future changes in relation with predicted sea ice decline.

1 Introduction10

The recent exceptional decline and thinning of Arctic sea ice cover (Rothrock et al.,
1999; Lindsey and Zhang, 2005; Stroeve et al., 2007; Comiso et al., 2008) forced by
greenhouse gases emissions has put the Arctic Ocean in the centre of international
scientific attention (Wassmann et al., 2010). Models predict that sea ice will continue
to shrink in the coming years and that near ice-free conditions could be reached by15

summer 2040 (Holland et al., 2006; Overland and Wang, 2007). Numerous physical
changes have been emphasized in the Arctic such as the effects of ice retreat and
temperature increase. However, only a few studies are concerned by the direct impact
of ice retreat on primary producers, basis of the marine trophic chain and key players
in the carbon cycle through the biological pump (Longhurst and Harrison, 1989). Be-20

cause of heavy ice conditions in the central Arctic, biogeochemical studies were mainly
confined to the Arctic and sub-Arctic shelves (Barents Sea, Bering Sea, Chukchi Sea).
Only a few oceanographic campaigns, Arctic Ocean Section (AOS, 1994), Surface
HEat Budget of the Arctic (SHEBA, 1997), The RUSsian-American Long-term Cen-
sus of the Arctic (RUSALCA, 2004) and Beringia, 2005 took place in the high Arctic25

latitudes, mainly composed of the deep basins.
All these studies highlight the strong influence of environmental factors (ice, irra-
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diance, stratification, nutrients supply) on Arctic ecosystems yielding a high spatio-
temporal variability of the primary production. During the spring bloom, Arctic shelves
become one of the most productive areas of the world ocean (Walsh, 1989; Sakshaug
et al., 1994; Springer et al., 1996; Rysgaard et al., 2001; Sakshaug, 2003) sustain-
ing extremely rich fisheries and a large variety of marine mammals and migratory bird5

communities (ACIA, 2005). The spring bloom rapidly depletes the nutrients in surface
and leads to post-bloom conditions characterized by a Subsurface Chlorophyll Maxi-
mum (SCM, Cota et al., 1996; Hill and Cota, 2005). Offshore, oligotrophic conditions
prevail due to ice cover and low nutrients concentrations (Gosselin et al., 1997). In
1994, during AOS, first measurements in the central Arctic (ice cover >90 %) estimate10

the ice algae contribution to 57 % of the total primary production (Gosselin et al., 1997).
Ice-algae production was mainly composed (50 to 100 %) by large cells (>5 µm) while
the contribution of small cells primarily prasinophytes adapted to dark conditions and
low nutrients dominated the phytoplankton assemblage in the water column (Hill et al.,
2005).15

With the rapid environmental changes occurring in the Arctic Ocean, these ecolog-
ical patterns will be reorganizing. Satellite observations suggest an increase of the
primary production and phytoplankton biomass relative to an increase of open-water
area and longer ice-free periods correspond to a longer phytoplankton growing sea-
son (Arrigo et al., 2008; Pabi et al., 2008). However, the sea-ice reduction acts at the20

expense of ice algae habitat (Wassmann et al., 2010) and could decline the benthic
biomass and bottom-feeding communities by limiting the carbon export to the sedi-
ments (Piepenburg, 2005; Grebmeier et al., 2006a). The timing and species compo-
sition of the spring bloom of phytoplankton appears to have been delayed by early ice
retreat in the Bering Sea (Hunt et al., 2002). With record level of ice retreat observed in25

the early 21st century (ACIA, 2005; Stroeve et al., 2005), a northward shift of the sub-
arctic/arctic boundary is possible, together with the northward migration of competitive
species into the warmed environments (Grebmeier et al., 2006b). In the 1990s, large
blooms of coccolithophores occurred over much of the Bering Sea shelf (Vance et al.,
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1998; Napp and Hunt, 2001; Stockwell et al., 2001) where diatoms typically dominate
the phytoplankton biomass (Sukhanova and Flint, 1998).

There is a crucial need of multidisciplinary programs to observe the on-going
changes occurring in the Arctic ecosystems especially in the Arctic deep basins re-
cently released from the ice in summer. Since a decade, the Chinese National5

Arctic Research Expedition (CHINARE) undertook a series of oceanographic cam-
paigns (1999, 2003, 2008 and 2010) conducted on-board the icebreaker Xuelong. The
CHINARE cruises allow to get in situ data of physics (ice, salinity, temperature, irradi-
ance), biogeochemistry (nutrients, oxygen) and biology (phytoplankton) to monitor the
evolution of the Western Arctic (WA). We will document here the spatial distribution of10

the phytoplankton communities in the water column during the CHINARE 2008 cruise
(August and September 2008, Fig. 1b). Hydrological and biogeochemical observations
will allow to elucidate the underlying mechanisms coupling the physical and chemical
environment with the primary producer distribution. The CHINARE 2008 cruise cov-
ered a large range of latitudes from 65◦ N to 86◦ N and took place during a summer of15

exceptional ice retreat (Fig. 2a) comparable to 2007 conditions (Stroeve et al., 2007).
For the very first time, phytoplankton observations, pigments, primary production and
taxonomy, were provided in recent ice-free basins. Most of the stations presented an
ice coverage lower than 70 % while all stations located south of 75◦ N was ice-free
(Figs. 1b, 2a and b). Only samples collected north of 85◦ N presented a heavy ice pack20

with ice concentrations higher than 90 %.
Experimental protocols are described (Sect. 2) before the hydrological conditions in

the Chukchi Shelf and the Canadian Basin and a detailed description of the pigments
assemblages and associated phytoplankonic groups (Sect. 3). The transition between
the various biogeochemical regimes from the shelf towards the northern latitudes is25

discussed together with the impact of recent environmental changes on the phyto-
plankton distribution in the polar ocean (Sect. 4). Last objective will be assessed by
comparing the present state (2008) with the one deduced from previous field studies
before summer sea decline fast in the WA.
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2 Materials and methods

2.1 Hydrological and ice data

During the cruise of the XueLong from 1 August to 8 September 2008, a conductivity-
temperature-depth (CTD) system (Sea-Bird SBE 9) mounted on a 24-place rosette
samplers with 10 l Niskin Bottles was used for the sampling of 85 stations (Fig. 1b).5

Accuracy of temperature and conductivity acquired were 0.01 ◦C and 0.001S m−1, re-
spectively, and associated resolution 0.001 ◦C and 0.0001S m−1. The surveys were
made over the continental Chukchi shelf early August and then crossed the Cana-
dian Basin until the Alpha Ridge in 19 August (Fig. 1a). After a 10 days ice camp at
85◦ N, the icebreaker went south through the Chukchi Borderland to finally return to the10

Chukchi shelf in September 2008.
Ice concentrations were obtained from the Special Sensor Microwave Imager

(SSM/I) daily satellite data (level 2 products at 12.5 km spatial resolution) by colloca-
tion in time and space with the CHINARE 2008 CTD stations. At each CTD station, the
average ice concentration over the last seven days was produced (Fig. 2b) as well as15

an estimate of the number of days with ice-free conditions (Fig. 2c) and of the numbers
of days with ice concentration lower than 90 % (Fig. 2d) since the visit of the Xuelong
at that station. We consider here the onset of melting and cracking of sea ice as the
moment when the ice concentration has decreased below 90 %.

2.2 Nutrients and AOU20

The determination of nitrate (NO−
3 ) and nitrite (NO−

2 ) is based on the method described
by Wood et al. (1967), acid orthosilicic (Si(OH)4) was measured according to Grasshoff
et al. (1983) and phosphate (PO3−

4 ) according to Gordon et al. (1993). Preparation of
primary standards and reagents were done following the WOCE protocol (Gordon et
al., 1993). Nutrient concentrations were obtained on board using the scan++ Contin-25

uous Flow AutoAnalyzer (SKALAR, The Netherlands) and are expressed in µM (for
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µmol kg−1) in the current manuscript. The accuracy of the analytical system for nutrient
concentrations in water samples was ±0.02 µM for phosphate and nitrite and ±0.1 µM
for nitrate, ammonium and silicate. Acid orthosilicic (Si(OH)4) will be called silicate (Si)
for easy reading. Considering nitrates as the most limiting nutrient for phytoplankton
in the WA (Cota et al., 1996; Gosselin et al., 1997), the nutricline will be determined5

by the position of the nitracline. The position of the nutricline in the water column was
evaluated from each spline of vertical nitrate concentrations profile by the position of
the inflexion point (Fig. 3d). The AOU (Apparent Oxygen Utilization) in micromol/kg
is calculated from the solubility following the algorithm expression from Brenson and
Krause (1984).10

2.3 Pigments

Pigment samples were collected at 65 stations for 2 or 3 different depths: surface
(3 m), SCM based on in situ fluorescence vertical profiles and sometimes a second
SCM. Phytoplankton pigments were acquired by filtering samples (2 l of seawater)
through 25 mm Whatman GF/F filters (pore 0.7 µm). Filters were stored in a freezer at15

−80 ◦C to avoid biological degradation. HPLC (High Performance Liquid Chromatog-
raphy) analysis was performed in SOA (Second Institute of Oceanography, Hangzhou,
China) following the method developed by Van Heukelem and Thomas (2001). Pig-
ments were extracted from the filters during 1 h at −20 ◦C in 100 % methanol and
sonicated in an ultra-sonic bath to disrupt cells. An internal standard, the DL-α To-20

copherol acetate, was added to the solvent extracts to correct pigment concentrations
from recovery. Pigments were analysed using a Waters 600E HPLC and an Eclipse
C8 column (150×4.6 mm) thermostated at 60 ◦C and a flow rate of 1 ml min−1. Every
30 samples, a standard mixture was analysed under the same conditions. Standards
were purchased from Sigma Chemical Company and from DHI, Institute for Water and25

Environment, Denmark. The concentration of chlorophyll−a (chl-a) and chlorophyll−b
(chl-b) standards was determined by spectrofluorometry using published extinction
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coefficients (Jeffrey and Humphrey, 1975). Identification and quantification of chl-a
and 17 accessory pigments (Table 1) were calculated in the samples based on reten-
tion time and peak size in chromatograms. Pigments concentrations and their ratios
to chl-a allow to estimate the relative contribution of different phytoplankton commu-
nities using the CHEMTAX (CHEMical TAXonomy) software (Mackey et al., 1996).5

Twelve pigments (fucoxanthin, peridinin, alloxanthin, 19-butanoyloxyfucoxanthin, 19-
hexanoyloxyfucoxanthin, zeaxanthin, lutein, chlorophyll−b, chlorophyll−a, neoxanthin,
prasinoxanthin, violaxanthin) are used as biomarkers to determine eight phytoplank-
ton classes: diatoms, dinoflagellates, Chrysophytes, Prymnesiophytes, prasinophytes,
cryptophytes, chlorophytes and cyanobacteria. Phytoplankton biomass can be sep-10

arated in different size classes (microphytoplankton>20 µm; nanophytoplankton 2–
20 µm; picophytoplankton<2 µm) according to Ras et al. (2008).

2.4 Species composition analysis of phytoplankton

Water samples (100 ml) for species composition analysis of phytoplankton were ob-
tained from Niskin bottles mounted on CTD/rosette samplers, preserved with glu-15

taraldehyde (final concentration 1 %), and filtered through Gelman GN-6 Metricel fil-
ters (0.45 µm pore size, 25 mm diameter). The filters were mounted on microscope
slides with water-soluble embedding media (HPMA, 2-hydroxypropyl methacrylate) on-
board. Returned back to home laboratory, the HPMA slides were used to estimate cell
abundance and identify phytoplankton species, based on the same scheme of Lee et20

al. (2011). At least 300 cells were analyzed using a microscope (BX51, Olympus) with
a combination of light and epifluorescence at 400× for microplankton and at 1000× for
pico- and nanoplankton.

2.5 Nitrogen and carbon uptake rates of phytoplankton

Daily and carbon uptake rates were determined using the same a 13C isotope tracer25

technique previously applied in the Arctic Ocean (Lee et al., 2011b). In brief, seawater
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samples at each light depth (100, 50, 30, 12, 5, and 1 %) were transferred from
the Niskin bottles to 1 l polycarbonate incubation bottles covered with stainless steel
screens to simulate each light depth. Then, heavy isotope-enriched (98–99 %) solu-
tions of H13CO3 were added to the samples. The bottles were incubated in a deck
incubator under natural light conditions cooled with surface seawater. The 4 to 5 h5

incubations were terminated by filtration through pre-combusted (450 ◦C) GF/F filters
(24 mm). The filters were immediately frozen and preserved for mass spectrometric
analysis at the stable isotope laboratory of the University of Alaska Fairbanks, US.

3 Results

3.1 The physical environment10

Based on bathymetry, the study area is divided into three geographical provinces. The
Chukchi shelf (CS, Fig. 1a) is associated to shallow depths (<100 m) and edged by a
continental slope in the North and an abrupt shelf-break in the North-East (Fig. 1b).
The Chukchi Borderland, considered as a mid-depth (∼1000 m) extension of the
Chukchi shelf, is a complex area composed by the Chukchi Abyssal Plain (CAP),15

the Chukchi Cap (CC) and the Northwind Ridge (NR). The deep basins (1000 m to
4000 m) are composed of the Canadian Abyssal Plain (CB), the Mendeleev Abyssal
Plain (MAP) and the Alpha Ridge (AR). Pacific Waters (PW) enter in the Arctic Ocean
through Bering Strait are driven over the CS through two main currents (Coachman
et al., 1975). The cold nutrient-rich Anadyr Waters (AW, Fig. 1a) flows to the north20

and the Alaskan Coastal Current (ACC) carries warmer and nutrients depleted waters
to the east along the Alaskan coast (Paquette and Bourke, 1974; Ahlnäs and Gar-
rison, 1984). Basin circulation is driven by the anticyclonic Beaufort Gyre (BG); the
center of the gyre was evidenced by a freshwater accumulation resulting from Ekman
convergence (Proshutinsky et al., 2009). In summer 2008, surface salinity observa-25

tions (Fig. 4b) suggested the center of the BG to have a southern position around
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74◦ N, 145◦ W in accordance with hydrographic surveys of salinity and dynamic height
from the BGEP (Beaufort Gyre Program data project, McLaughlin and Carmack, 2010).

During the CHINARE 2008 cruise, 64 stations presented ice free conditions (<20 %
of ice, Fig. 2b), 19 stations were partially ice covered (20 % to 70 % of ice) and 6 sta-
tions were sampled in heavy ice conditions (>70 %). Ice free conditions were observed5

over the CS, the CAP and the CB south of 76◦ N. Partial ice cover was encountered
between latitude 76◦ N and 84◦ N and in the shelf-break region in August. Finally, heavy
ice cover was only observed over the AR, north of 84◦ N. Whereas the south of the CS
and the south of the CB are released from ice more than 30 days before the visit of the
icebreaker (Fig. 2c), the melting of ice over the Chukchi Borderland occurred between10

August and September, only 10 days before measurements started. This area recently
impacted by the ice melting over the Chukchi Borderland will be called Active Melting
Zone (AMZ) in this article because of these specific hydrographic conditions (Fig. 2b).

The water column of the WA is characterized by an exceptional wide range of salin-
ity from 24 to 35 and a temperature varying from near-freezing point to 7 ◦C (Fig. 3a).15

The highest variability in terms of temperature and salinity is observed in the upper
30 m, strongly affected by solar radiation, river inflow and melting of sea ice. Below
the surface layer and down to 250 m depth, the water column exhibits a strong salinity
gradient which characterized the halocline layer (HL, Fig. 3a). The halocline structure
is modified in an upper (UH, Fig. 3b) and a lower halocline (LH) by the subsurface cir-20

culation of the buoyant PW (32<S < 33.5). The UH is associated to a subsurface Tmax
(−1 ◦C< θ <−0.5 ◦C) located between 50 m to 100 m and linked to the inflow of Pa-
cific Summer Water (PSW) while the LH is associated to a Tmin (θ <−1.4 ◦C) between
100 and 200 m linked to the injection of Pacific Winter Water (PWW). The PSW flow-
ing in the Arctic only during the summer period is warmed (θ >1 ◦C) and depleted in25

nutrients during its way across the Bering Sea (Aagaard and Roach, 1990; Weingartner
et al., 1998). The PWW affected by cooling, ice formation and sediments remineral-
ization during winter, are traced in summer 2008 by a silicate maximum ([Si]=20–
40 µM, Fig. 12c) centered on salinity 33.1 and near-freezing temperature (θ <−1.4 ◦C)
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in agreement with Aagaard et al. (1981) criteria. The PW flowing in the Arctic in 2008
are characterized by a low N/P ratio of 6:1 (Fig. 3c) comparatively to the canonical N/P
Redfield ratio in the ocean of 16:1 (Redfield et al., 1963) which highlights the deficiency
of the Arctic uppers layers in nitrate. Below the halocline, the thermocline layer (TL,
Fig. 3a and b) located between 200 m to 300 m (34<S < 34.8, −0.7>θ>0 ◦C) is char-5

acterized by a temperature gradient marking the transition with the Atlantic Layer (AL)
lying at depth 300 m to 1000 m (34.5<S < 34.9, θ >0 ◦C) and the Arctic Deep Water
(ADW >1000 m, S ∼34.95, θ <0 ◦C).

The surface temperature increase from less than 0 ◦C in the ice-covered area to 6 ◦C
in the ice-free areas (Fig. 4a) in relation (R = 0.84) with the time of exposure to solar10

radiation (ie number of days with ice-free conditions, Fig. 2c). The surface salinity
(Fig. 4b) was relatively high over the shelf (S ∼32) and decreased over the basins
(S <30) due to a large accumulation of freshwater from rivers and sea-ice meltwater.
The lowest salinity is measured in the ice-free basins and especially in the center of the
BG (S ∼24) where the anticyclonic motion accumulates freshwater (Proshutinsky et al.,15

2009). The depth of the polar mixed layer (PML, Fig. 4c), defined as the depth were the
vertical gradient of density (σt) is higher than 0.05 kg m−3 does not exceed 25 m during
the expedition. The PML is reduced to a layer thinner than 10 m in ice free or sparsely
ice covered area. The thickness of the mixed layer slightly increased in presence of ice
from 10 to 20 m in partially ice covered areas (20–90 % of ice) and close to 25 m when20

ice coverage was larger than 90 % north of 85◦ N. The stratification of the upper part
of the water column is estimated through a stratification index (SI in kg m−3), Fig. 4d)
which represents the difference of density between the surface and a depth of 100 m.
An anti-correlation between surface salinity and SI (R =−0.87, not shown) emphasized
the tight relation between the accumulation of freshwater in surface and the increase25

of the stratification. The weakest stratification is observed over the shelf (SI<3 kg m−3)
and increased in offshore stations (SI>3 kg m−3) especially in the ice free basins where
the highest stratification is observed (SI=5–8 kg m−3). In this study, the freshwater
content of the upper layer called Surface Freshwater Layer (SFL, Fig. 5a) is associated
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to the layer where salinity is lower than 31. The SFL was 10 to 20 m thick over the shelf
and around 40 m thick offshore. The highest freshwater (SFL>60 m) accumulation is
observed in the center of the BG and north of 83◦ N. In contrast the south of the MAP
presents the thinner SFL (20 m) of the offshore stations, close to the values observed
over the shelf.5

3.2 Nutrients and chlorophyll-a distributions

The nutricline was shallower than 20 m over the CS and in the south of the MAP
(Fig. 5b), deepened over the Chukchi Borderland (40 m) and reached a maximum
depth in the northern part of the CB and in the center of the BG (60 m). Figure 5c
presents the averaged nitrate concentration in the euphotic layer and reflects the ni-10

trate availability for phytoplankton. Water column averaged nitrate concentrations were
lower than 2 µM in the CB and near to Point Hope over the shelf (Fig. 5c). The high-
est nitrate availability was observed in the north of the shelf, partially ice-covered, with
averaged nitrate concentrations close to 6 µM in the euphotic layer. In the Chukchi bor-
derland and south of the CS nitrate concentrations were also relatively high (3–5 µM).15

Except for the southern CS, all sampled stations presented a SCM (Fig. 6b). The
depth of the SCM varied from 20 m in the CS to 80 m in the center of the BG (Figs. 5e,
6a). Chl-a exhibits the highest concentration over the continental shelf with an aver-
age of 0.85 mg chl−am−3 at surface (3 m) and 1.5 mg chl−am−3 at SCM (Fig. 5d, 5f,
6b). Although offshore stations present biomass at the SCM three times lower than20

over the shelf, chl-a concentrations (∼0.4 mg chl−am−3) remain relatively high for the
open ocean. In contrast, offshore surface waters present very low chl-a concentrations
(<0.1 mg chl-am−3), ten times lower than over the continental shelf.
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3.3 Spatial variability of phytoplankton biomass, pigments and
functional groups

Hydrological and biogeochemical variability observed during the CHINARE 2008 cruise
define quite naturally two systems, the shelf (CS) and the basins (CB and Chukchi
Borderland) separated by a transition zone formed by a continental slope and/or an5

abrupt shelf-break. These systems drive different phytoplankton biomass and func-
tional groups.

3.3.1 Chukchi shelf, shelf-break and continental slope

In early August 2008, the south of the CS (<68◦ N) presents high surface (2–5 µM) and
sub-surface (5–10 µM) nitrate concentrations (Fig. 3d). High surface chl-a concentra-10

tion reaching 3 mg chl−am−3 measured at station R03 (Fig. 6b) are associated to a
relative abundance of Fucoxanthin (Fuco) higher than 85 % (Fig. 7a). In the north of
the CS (>68◦ N), nitrates are reduced in the upper 10 m (<1 µM, Fig. 3d) but reached
elevated concentrations deeper than 20 m (>5 µM). Biomasses are decreased in the
low nutrients surface layer (∼0.5 mg chl−am−3) and SCM is observed at around 15 m15

with concentrations varying between 1 to 5 mg chl-am−3. Partially ice covered sta-
tion R13 in the Central Canyon (73◦ N) showed a subsurface accumulation of nutri-
ents, between 20 m and 100 m with concentrations of 15 µM and 60 µM for nitrate and
silicate, respectively (Fig. 11e and f) associated to a peak of chl-a (5 mg chl−am−3,
Fig. 6b). Minimum chl-a biomass (0.2 mg chl−am−3) is measured close to the Alaskan20

coast (R05, C23) and associated to a decrease of the Fuco relative abundance (40 %)
while the importance of accessory pigments characteristic of small-sized phytoplank-
ton like Prasinoxanthin or Pras (15 %), Chlorophyll-b or Chl-b (15 %) and Neoxanthin or
Neo (5 %) increased. When crossing the continental slope (west of 160◦ W) or the shelf
break (east of 160◦W), the SCM becomes deeper (∼40 m) and chl-a concentrations de-25

crease by a factor two in sub-surface and by a factor three at surface. However, local
high chl-a concentrations (∼1.5 mg chl−am−3) are observed near 40 m at the mouth of
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Central Canyon (R17) and Barrow Canyon (S24). High pigments ratios of 19HF (52 %)
and Chl-b (48 %) are measured in the shelf break/slope transition between the shallow
shelf waters (<200 m) and the deep basins waters (>200 m).

CHEMTAX analysis revealed the dominance of diatoms over the CS, represent-
ing 71 % and 82 % of the phytoplanktonic biomass at surface and SCM, respectively5

(Fig. 8). The highest dominance of diatoms was observed where chl-a concentrations
were the highest. Prasinophytes, cryptophytes and haptophytes (prymnesiophytes +
chrysophytes) represent 13 %, 7 %, 4 % of the phytoplankton assemblage at surface
and 5 %, 4 %, 5 % at SCM. Dinoflagellates and cyanobacteria represent less than
3 % in both depths. Local enhancement of the relative abundance of prasinophytes10

(25 %), cryptophytes (20 %) and dinoflagellates (10 %) are observed in the low chloro-
phyll coastal waters of Alaska.

3.3.2 Open Arctic (Canadian Basin and Chukchi Borderland)

Offshore, the chl-a concentrations in surface waters ranged from 0.01 to 0.30 mg chl-
am−3 with a mean of 0.09±0.08 mg chl−am−3 (Figs. 5d, 6b). The lowest surface15

chl-a concentrations (0.01–0.10 mg chl−am−3) are measured in the CB, the AR and
the CAP and increased (0.10 to 0.30 mg chl−am−3) in the MAP, over the CC and at
Barrow Canyon. Fuco is the most represented accessory pigments in the surface
waters of the open Arctic (37 %, Fig. 7a) and dominates (40–100 %) over the ice cov-
ered part of the CB and over the slope and Barrow Canyon. The ice free part of20

the CB exposed to the light 24 h a day was associated to the lowest surface biomass
(0.03±0.03 mg chl−am−3) and dominated by the photoprotecting Diadino pigments
(Fig. 7a). The surface waters of the Chukchi Borderland were co-dominated by the
picoplankton associated pigments Chl-b (30 %), Pras (10 %) and the microplankton re-
lated pigments Fuco (25 %). The 19HF pigments were also well represented at most25

of the stations (12 %) reaching the highest contribution over the slope and in Barrow
Canyon.
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At the SCM, chl-a concentrations ranged from 0.05 to 1.00 mg chl−am−3 with a
mean of 0.40±0.28 mg chl−am−3 (Figs. 5f, 6b). The Fuco represented 22 % of the
accessory pigments at the SCM and Chl-b, 19HF and 19BF represent 24 %, 20 %, 5 %
respectively, of the pigments relative abundances (Fig.7b). Diadino signal becomes
negligible (1.5 %) while the quantities of Prasino are 5 times higher than in surface5

(16 %). Chl-c3+c2, Neo and Caro are observed in proportion between 1 % and 5 %
whereas the other pigments are found in trace quantities (<1 %). The ice-free southern
area of CB presents the deepest SCM (>60 m, Figs. 5e, 6a) associated to highly vari-
able chl-a biomass from 0.05 mg chl−am−3 to 0.90 mg chl-am−3 (Fig. 6b). The SCM
were shallower (30–50 m) in the north of the CB and exhibited average chl-a concen-10

trations of 0.49±0.09 mg chl-am−3 when ice cover varied between 30 % to 70 % and
of 0.20±0.11 mg chl-am−3 for ice cover higher than 70 % over AR. The chl-a concen-
trations was relatively high (0.5±0.25 mg chl−am−3) in the Chukchi Borderland where
the SCM depth was shallow (20–40 m). Accessory pigments assemblages underline
slight increases of the Chl-b relative abundance from 20 % in the CB to 30 % in the15

Chukchi Borderland whereas the signal of 19HF was twice as high eastward (CB) than
westward (Chukchi Borderland).

The CHEMTAX analysis (Fig. 8) in offshore stations revealed the dominance of di-
atoms in the surface waters with more than 50 % of relative abundance at most of the
stations. An exception was observed in the surface waters of the MAP where prasino-20

phytes (40 %), chrysophytes (30 %) and chlorophytes (15 %) were well represented. At
the SCM, diatoms were 3 times less abundant than at surface and represented 15 %
of the phytoplankton communities. The prasinophytes and chrysophytes represented
the two major phytoplankton groups with 45 % and 30 %, respectively, of the relative
abundance offshore. Prasinophytes contribution exceeds 60 % in the western part of25

the Arctic study area and chrysophytes with 40–70 % of the relative contribution are
the main phytoplankton group in deep SCM of the ice-free CB. The prymnesiophytes
reach a significant contribution of the SCM communities in some stations located near
bathymetric features such as the Chukchi shelf edge or north-east of CC (P80, N81).
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In summary, two distinct regimes occurred in the WA: – a shallow shelf system char-
acterized by high chl-a concentrations in the upper layer (25 m) associated to a phy-
toplankton community dominated by large cells (>10 µm) where diatoms account for
75 %; – an open ocean system characterized by nitrates concentrations in the upper
20 m ten times lower than over the shelf and a nutricline as well as a SCM 2 to 3 times5

deeper than over the shelf. Offshore, the chlorophyll biomasses are one order of mag-
nitude lower than over the shelf and associated to small-size phytoplankton (<5 µm)
mainly prasinophytes and haptophytes. Chl-a biomasses are very low in surface while
the highest biomass, 5 to 10 times higher than in surface, are observed in a deep and
well-marked SCM located between 20 and 80 m. Results also pointed a variability of10

biomass and phytoplankton groups inherent to these two Arctic systems in time and
space.

4 Discussion

Previous studies showed that the distribution of phytoplankton was controlled mainly by
environmental forcing, initially by irradiance and then nutrient distribution (Hill and Cota,15

2005), two parameters sensitive to recent climate change. The relative importance of
different physical mechanisms that could affect the availability of nutrients and light will
be investigated in the discussion to explain the observed phytoplankton distributions.
The various ice conditions we encountered during the cruise provide precious informa-
tion to investigate the impact of ice cover on the Arctic ecosystem. The extended ice20

free area observed for the first time over the western Arctic basins, until 600 km north
of the shelf edge, gives a unique opportunity to compare phytoplankton in ice-covered
and ice-free basins.
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4.1 A comparative study: biomass/productivity and CHEMTAX/Light
microscopy

4.1.1 CHEMTAX/Light microscopy

To analyse the reliability of the phytoplankton taxonomy derived from pigments com-
position through CHEMTAX, our pigments biomass determined by HPLC (Fig. 10a5

and d) are confronted with phytoplankton abundance (Fig. 10b and e) and biomass
(Fig. 10c and f) determined from light microscopy by the South Korean group. Both,
light microscopy and the CHEMTAX, revealed similar phytoplankton communities com-
posed of Bacillariophyceae (diatoms in the CHEMTAX), Dinophyceae, Cryptophyceae,
Chrysophyceae, Prasinophyceae and Prymnesiophyceae (not shown). In addition,10

Dictyochophyceae was identified by light microscopy while Cyanophyceae and Chloro-
phyceae, two picoplanktonic groups, are evidenced by the CHEMTAX. For the com-
parison, phytoplankton was gathered in four different groups according to the size:
picoplancton, nanoplancton, diatoms and dinoflagellates (Fig. 10). There is a good
relationship between the mass of pigments associated to diatoms by the CHEMTAX15

and the abundance of diatoms estimated by light microscopy at the SCM (R2 = 0.97,
Fig. 9a) and at surface (R2 = 0.79, not shown). Both methods exhibit the high pres-
ence of diatoms over the shelf and its decrease over the basins concomitant with the
decrease of the total abundance by a factor two (Fig. 10b) and biomass by a factor five
(Fig. 10a and c) offshore. In return, no relation (R2 <0.1) is found between the CHEM-20

TAX outputs and the light microscopy concerning the picoplankton (Fig. 9b) and the
nanoplankton (Fig. 9c) indicating a strong variation in the estimation of small-sized phy-
toplankton according to the method used for the determination. Offshore, picoplankton,
although dominating the CHEMTAX assemblages (Fig. 10d) and representing 55 % of
the cells abundance (>500 000 cell l−1, Fig.10e), accounts for only 3 % of the total car-25

bon biomass (Fig. 10f). Nanoplankton accounts for a majority (∼65 %) of the carbon
biomass in offshore stations and diatoms and dinoflagellates despite a ten times lower
abundance (30 000 cell l−1) than pico-sized and nano-sized phytoplankton account for
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more than 30 % of the total carbon biomass, especially in the high latitudes covered by
ice (>80◦ N). These observations highlight that CHEMTAX provides a relatively good
approximation of the biomass in the productive area ([chl-a] >1.00 mg m−3) dominated
by diatoms but seems to be a better indicator of cells abundance than biomass in the
low productive offshore waters ([chl-a] <1.00 mg m−3).5

The absence of CHEMTAX calibration with phytoplankton from the Arctic Ocean and
the overlap of marker pigments between different taxonomic groups could bias the
pigments interpretation. Low temperature and the specific light cycle occurring in the
polar oceans could result in pigments agency of the polar species far from the temper-
ate and tropical species. A large contribution (>75 %) of unidentified picoplankton and10

nanoplankton in the low biomass basins does not allow a precise comparison of both,
taxonomic and pigments related methods. Indeed, unidentified nanoplankton could
include small-sized diatoms largely observed over the basins after some recounting
by optical microscopy. The results presented here highlight the complementarity of
the HPLC pigments analysis and light microscopy. CHEMTAX appears a helpful tool15

in the low productive basins where 75 % of the phytoplankton was not identified by
microscopy. However, CHEMTAX data processing needs a calibration with different
typical Arctic species to improve is usefulness to determine complete phytoplankton
communities in the largely unexplored environment.

4.1.2 Chlorophyll/primary production20

Here we would like to investigate whether the chlorophyll biomass is a good index of
the primary production. Collocated comparisons are made between chl-a biomass esti-
mated by HPLC and primary production measured by the South Korean group (Table 2,
Lee et al., 2011a).

The averaged carbon uptake rates of phytoplankton in the euphotic depth were25

2.00 mgC m−3 h−1 in shelf waters and 0.05 mgC m−3 h−1 over the basins. For the
same stations, the averaged chlorophyll biomass at the SCM was 1.60 mg chl−am−3

and 0.40 mg chl−am−3 in shelf and basins respectively. It suggests that primary
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production (PP) was 40 times higher over the shelf than over the basins while chloro-
phyll biomass over the shelf was only 10 and 4 times higher than offshore in surface
and sub-surface respectively. It means that for an equivalent chl-a biomass, commu-
nities over the shelf are 4 to 10 times more productive in term of carbon production
than over the basins. This observation suggests that the PP does not depend only on5

the chlorophyll biomass variability. Indeed at most of the stations, the maximum of PP
was not coinciding with the SCM but was detected at shallower depths. Calculation
of a productivity ratio (PP/Chl-a) shows the strong influence of the irradiance level on
the Arctic phytoplankton productivity (Fig. 9d). The highest productivity ratios are mea-
sured for irradiance equal to 50 % of the surface value. Such irradiance was achieved10

around 5 m in the shelf waters and 20 m in the clear waters of Canadian Basin. In
contrast, too high or too low irradiance strongly reduces the productivity. Thus, species
growing under irradiance equal to 100 % or lower than 30 % showed productivity one
orders of magnitude lower than for 50 % irradiance. When irradiance was under 10 %
of the surface irradiance, the productivity is 2 to 3 orders of magnitude lower than for15

50 % of irradiance.
The lowest PP (0.01 mgC m−3 h−1) are measured in the ice-free CB and heavy ice

covered areas (ice cover >70 %) where the decoupling between the maximum of pro-
ductivity (∼10 m) and the SCM (∼50 m) is well marked. At the depth of the SCM, the
very low light penetration (<10 % of surface light) reduces the primary production to20

negligible rates. The maximum PP, measured in the well-illuminated surface waters,
remains low (∼0.01 mgC m−3 h−1) due to very low chl-a levels prevailing in these sur-
face waters (<0.05 mg chl−am−3). In conclusion, the deep SCM observed in ice-free
basins and heavy-ice covered basins does not constitute a productivity maximum, but
results mainly from an increase in the chl-a to C ratio and represents slow-growing25

communities with a small contribution to total integrated productivity. In the AMZ the
shallower SCM (25 m) is associated to higher irradiance and coincides with the max-
imum of PP. The productivity has increased by a factor five (0.08 mgC m−3 h−1) as
compared to the ice-free areas despite similar chlorophyll biomass. Over the shelf,
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most of the biomass was measured in the upper 20 m where chlorophyll is concen-
trated (0.50 to 5.00 mg chl-am−3) and results in high primary production rates (1.00
to 20.00 mgC m−3 h−1). The productivity ratio (PP/Chl-a) is high and implies that shelf
phytoplankton produces a large amount of organic carbon.

The depth of the SCM was a crucial parameter to investigate the degree of activity5

of the Arctic community and its efficiency to drawdown carbon and export it. The near-
surface communities seem to be more active and productive leading to a more efficient
carbon uptake compared to deep SCM in ice-free basins composed of slow-growing
species.

4.2 Spatial variability of phytoplankton10

4.2.1 A shallow productive shelf (66◦ N–73◦ N)

Over the Chukchi shelf, the continuous lateral input of nutrient-rich PW from Bering
Strait and the nutrients regeneration from shallow sediments (<50 m) are associated to
high nutrients (NO3 =5−10 µM, Fig. 11e) in the euphotic depth and high chl-a biomass
(∼1 mg chl-am3, Fig. 11g). The nutrient-rich waters favour large-sized phytoplankton15

(>10 µm) especially diatoms, the more opportunist taxa to take advantage of high nutri-
ent concentration (Gradinger and Baumann, 1991). These conditions are characteristic
of new production together with efficient transfer to the upper trophic level and impor-
tant carbon export to the shallow seafloor (Parsons et al., 1984; Jeffrey and Vesk,
1997).20

The establishment of a thin SFL (S <31, Fig. 11a) in the north part of the shelf
(>70◦ N) through meltwater inputs inhibits the replenishment in nitrate of surface wa-
ters (NO3 <1 µM, Fig. 11e). The nutricline and the SCM were observed at the interface
between the basis of the SFL and the upper limit of the PW, i.e. between both isoha-
lines 31 and 32 (Fig. 11a). In the southern part of the shelf, the flow of PSW through25
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Bering Strait (Fig. 11b) impeded the establishment of the SFL and high surface chl-a
concentrations could be sustained.

The peak of biomass (5 mg chl-am−3) located at Central Canyon (73◦ N) was linked
to the ice edge (ice cover=40 %) and to a shallow and large nutrient reservoir (Fig. 11e
and f) probably identified as the Chukchi-Beaufort shelf-break jet (BSJ, Fig. 1a) accord-5

ing to Pickart (2004). Waters with nitrate concentrations as high as 10 µM at 10 m were
submitted to high irradiance following the recent ice shrinking and led to a typical Arc-
tic spring phytoplankton bloom. Moreover, the interaction between the BSJ and the
northward flow of PWW created turbulence and upwelling of the subsurface nutrient
rich-waters increasing the nutrient concentration in the upper layers. Upwelling is high-10

lighted by the upward depression of the isohaline and isotherm at 73◦ N (Fig. 11b) and
by the high silicate concentrations in surface (∼20 µM, Fig. 11f).

Regions of low chl-a concentrations (0.2 mg chl−am−3, Fig. 11g) like measured near
Point Hope (69◦ N) could be linked to the circulation of the buoyant ACC (S <32.5,
Fig. 1a), a coastal branch of the PSW carrying warm (T ◦ > 4◦C) and nutrient-depleted15

waters (NO3 = 0.001–0.1 µM, Si<5 µM, Fig. 11e and f) along the Alaskan coast. In
these coastal waters, the relative abundance of small-sized phytoplankton groups
(Cryptophytes, Prasinophytes, Chrysophytes, Cyanobacteria) adapted to low nutri-
ent concentration increased although diatoms still dominate the phytoplankton assem-
blages (40 %, Fig. 8).20

The elevated sub-surface chl-a concentrations of 1.5 mg chl−am−3 measured on the
outer shelf around 40 m depth in the extension of the Central and Barrow canyon (Sta-
tions R17 and S24, Fig. 6b) could be fuelled by nutrients rich waters plumes channelled
by the canyons. Central Canyon and Barrow Canyon represent major ways to chan-
nel the Pacific waters toward the open Arctic (Coachman et al., 1975; Weingartner25

et al., 2005) and the generations of eddies are commonly observed due to the baro-
clinic instability of PWW flowing offshore (Pickart et al., 2005). However, the CHINARE
2008 data are too sparse to highlight these mesoscale eddies (∼10 km radius). The
outer shelf SCM were dominated by Prymnesiophytes and Prasinophytes (Fig. 8), both
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groups adapted to feed on regenerated matter brought up by turbulent processes. Mov-
ing northward, the PWW finally sink deeper by density and carry their nutrient contents
at greater depths (Fig. 11b).

4.2.2 Open ocean variability

Preconditioning of nutrient source5

Offshore, the major nutrients source consists in the subsurface reservoir of the PW,
especially the PWW centered on the silicate maximum (Fig. 12c). Because of great
depths, there is no enrichment of surface layers by sediments. Concerning riverine
inputs as a nutrient source, although the McKenzie river bring large amount of fresh-
waters in the Canadian Basin (Jones et al., 2008), it seems to have no impact on10

the upper layer nutrient contents. The McKenzie river end-members were character-
ized by a phosphate depletion (NO3 = 10 µM; PO4 = 0 µM, Si=65 µM, Carmack et al.,
2004) implying a high N/P ratio whereas the upper layers of the open WA present
low N/P ratio around 6:1, characteristic of the PW end-members. Phytoplankton de-
velopment in spring and summer over the Arctic deep basins could be dependent to15

the nutrient concentrations in the surface layer before the growing season. Efficiency
of the surface layer replenishment with nutrient-rich deep waters during winter is set
by the relationship between the depth of the subsurface reservoir of nutrients and the
vertical mixing occurring during fall and winter (McLaughlin and Carmack, 2010). If
the layer entrained by the winter mixing reaches the depth of the subsurface nutrient20

reservoir, nutrient-rich waters could be uplifted in surface and relatively high nutrient
concentrations could be available for phytoplankton next summer. In contrast, if winter
mixing does not reach the nutrient reservoir, only nutrient poor waters will be entrained
resulting in low nutrient levels in surface.

The depth of the sub-surface nutrient reservoir over the Arctic basins varies zonally.25

The near-freezing temperature and high silicate concentrations, representative of the
PWW core, were observed between 100 m and 200 m in the CB and between 50 m
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and 200 m in the Chukchi Borderland (Fig. 12b and c). This results in a nutrient reser-
voir lying 50 m to 100 m deeper in the CB than in the Chukchi Borderland leading to
nitrate concentrations in the euphotic layer three times higher in the west than in the
east (Fig. 5c). The depth of the Pacific reservoir was forced by the Ekman transport
related to the BG circulation but also by the buoyancy (i.e. salinity) of the PW flowing5

in the open Arctic (Fig. 12a). The depression of the isohalines in the center of the
BG (74◦ N) resulted of the convergence of freshwater through the anticyclonic circula-
tion. The isohaline 32.5 associated to the upper layer of the PWW was observed 50 m
deeper in the center of the gyre than in the rest of the CB (Fig. 12a). Moreover, the
gyre circulation supplies “fresher” PWW in the Chukchi Borderland than in the Cana-10

dian Basin. The PWW flowing west through the Central Canyon was localized between
the 32 and 33.5 isohalines while the waters branch flowing east through the Barrow
Canyon was observed between the 32.5 and 33.5 isohalines. The higher buoyancy of
the PWW spreading west has been previously explained by the contribution of a new
type of waters (Nishino et al., 2008). This new-type of waters is near freezing point15

(<−1.4 ◦C), enriched in nutrients but fresher (S =32) than the typical salinity (S ∼33)
caused by spreading of near-freezing PWW in the deep Arctic. These “fresher” PWW
are described by Nishino et al. (2008) as summer shelf waters, largely influenced by
sea ice melting in the CS, subsequently modified by winter convection on its way to
the Chukchi Borderland. In contrast, east of the Chukchi shelf, the circulation displays20

warm and relatively nutrient poor PSW (NO3 <5 µM) that has flowed along the Alaskan
coast in summer (Coachman and Barnes, 1961; Shimada et al., 2001) and lies above
the typical PWW in the Canadian Basin. The PSW identified by a sub-surface tem-
perature maximum (>−1 ◦C) occurring at S <32 was identified in the south of the CB
between latitude 72◦ N and 78◦ N (Fig. 12b). A deeper nutrient reservoir in the CB im-25

plies that winter nutrient replenishment would be reduced as compared to a shallow
nutrient reservoir.

Because of absence of wind stress in winter due to ice cover, cooling and associated
ice formation were the only processes able to disrupt the stratification and enhance
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mixing of the underlying layers. The winter sea-ice formation and growth are known
to be associated to brine rejection and deepening of the mixed layer through haline
convection (Aagaard et al., 1981). The more sea-ice was formed in winter and melted
in summer, the more haline convection will be efficient. Ice free conditions at the end
of summer 2007 would accelerate the heat transfer at air-sea interface conducting to5

important sea-ice formation during winter 2007–2008. At the opposite, the multi-year
ice area north of 83◦ N is covered by ice even in summer reducing ice formation in
winter. However, observations during recent winters (2004–2009) have shown that the
winter mixed layer never exceeded 40 m in the CB (Toole et al., 2010) despite ice free
conditions in summer since 2006. The great depth of the nutrient reservoir combined10

with a weak winter mixing suggests that the surface layer of the CB would be deficient
in nutrients even before the growing season as compared to conditions in the Chukchi
Borderland.

Interplay of stratification and freshwater content (SFL) of the upper layer
controlled the variability of phytoplankton in surface and at the SCM15

Surface waters in the open Arctic are oligotrophic (∼0.05 mg chl−am−3, Fig. 12g) and
pigments suggest dominance of fucoxanthin (37 %) ordinary associated to diatoms
(Fig. 8). These diatoms could correspond to sub-ice algae, released in surface waters
by ice melting or diatoms adapted to low salinity (25 to 29) and low nutrient condi-
tions (NO3 < 0.2 µM, Fig. 12e) prevailing in surface. Massive accumulations of cen-20

tric diatoms M. artica under the ice have been previously highlighted in the western
Arctic (Melnikov and Bondarchuk, 1987; Gosselin et al., 1997) and could explain the
diatom presence observed near the surface. The low phytoplankton biomass of open
Arctic surface waters during summer 2008 could be attributed to nutrient depletion
(NO3 <0.2 µM, Si∼1.0 µM, Fig. 12e) throughout the low salinity surface layer (S <30).25

The depletion is due to the combined action of the in situ production which consumes
nutrients and the strong stratification which inhibits the replenishment of surface wa-
ters by vertical exchange. Increase of the chlorophyll biomass in the AMZ is linked to a
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lower stratification (SI=2, Fig. 4d) attributed to less freshwater accumulation. Further-
more, a rapid decrease of the ice coverage from more than 90 % to 50 % in only a few
days (Figs. 2b and c, 6a) could explain why nutrients are still in enough concentration
(NO3 = 0.4 µM, Si∼4.0 µM, Fig. 12c and e) in the upper layers of the AMZ promoting
relatively high biomass.5

At the SCM, chlorophyll concentrations (0.42±0.27 mg chl−am−3) were 5 times
higher than in surface due to the proximity with the nutrient reservoir and sufficient
light levels to sustain relatively high chlorophyll concentrations. Because of a strongly
reduced ice cover and thin first-year ice over most of the basins, the light penetra-
tion was relatively high (∼60 m). The three stations covered by multi-year ice (>84◦ N)10

exhibit the lowest SCM concentrations (0.15±0.11 mg chl−am−3, Fig. 12g). The eu-
photic depth evaluated at 50 m was shallower than the nutricline depth (60 m) forcing
phytoplankton to develop in highly depleted nutrient waters.

In the AMZ, increased light penetration together with a shallow nutricline (20–
40 m) and implementation of the stratification sustained elevated chl-a biomass15

(0.55±0.20 mg chl−am−3). The partially ice covered area sampled in August in the
CB (78◦ N to 82◦ N) was associated to the northern edge of the BG characterized by a
rebound of the pycnocline. The rebound of the pycnocline implies an upwelling of nu-
trients in the well-lit layers and results in a shallow nutricline and SCM (40 m, Fig. 12g)
as compared with the deep nutricline and SCM (>60 m) observed in the ice free and20

heavy ice part of the CB.
The AMZ observed over the MAP and the north of the CC in September (stations N83

to P31) was associated to a shallow nutrient reservoir (20 m) and a weak freshwater
accumulation (SFL∼20 m). High nutrient concentrations were available in optimal light
conditions and the productivity increased by a factor 5 to 10 (PP∼0.1 mgC m−3 h−1)25

as compared to CB. Prasinophytes, typically the dominant groups at surface over the
basins (Hill et al., 2005), were promoted over Haptophytes in the AMZ (Fig. 8).

Chl-a concentrations are highly variable in the ice-free basins where the nutricline
is the deepest (40–70 m). Nutrients have been depleted (Fig. 12e) by phytoplankton
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activity in the euphotic layer as the result of 10 to 30 days of ice-free conditions (Fig. 2c).
The SCM are observed at the basis of the SFL and would control the nutricline depth
acting as a barrier inhibiting uplift of nutrients. The anticyclonic circulation of the BG
centered in the south of the CB accumulated large volume of freshwaters from McKen-
zie river and meltwater (Proshutinski et al., 2002, Jones et al., 2008) and resulted in5

a thick SFL (80 m) and a high stratification index (SI>6, Fig. 4d) in agreement with
the area of highest liquid freshwater (LFW) content calculated by Rabe et al. (2011).
The nutricline and the SCM were deep and dominated by Cryptophyes, a Haptophytes
subdivision well-adapted to grow at low irradiance (Clay et al., 1999). The very low
primary production rates (0.009±0.001 mgC m−3 h−1, Table 2) associated to stations10

with a deep SCM reflected slow growing population with very high Chl-a/C ratio sug-
gesting low carbon uptake. The deepening of the nutricline and of the SCM observed
in the ice-free area was in agreement with recent findings in the CB indicating a 20 m
deepening of the SCM between 2003 and 2008 (Mc Laughlin and Carmack, 2010).
The productivity of the SCM decreases when the SCM deepens and haptophytes are15

favoured over prasinophytes. The low productivity and carbon uptake of these com-
munities are consistent with the observations of Cai et al. (2010) on a decrease of the
carbon sink over the ice-free basins.

In conclusion, the SFL by setting the depth of the nutricline, plays a key role in con-
trolling biomass, productivity and phytoplankton communities at the SCM. The depth20

of the SCM is modulated by sea-ice melting and inflow of rivers through the thickness
of the SFL. The thin SFL observed in the AMZ conducts to the highest primary produc-
tion (0.300 mgC m−3 at 79◦ N) dominated by diatoms and haptophytes in biomass. In
contrast, in the ice-free basins, nutrients were depleted and the nutricline was deep-
ened by the freshwater accumulation in the upper layer. Low light conditions at the25

SCM imply development of unproductive phytoplankton assemblages with low carbon
production. The SFL also interplays with the surface communities by determining the
distance between the surface and the subsurface reservoir. Effects of the SFL must be
coupled with the stratification and Arctic halocline changes to understand the vertical
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exchange efficiency while the depth of the Pacific reservoir inform on the pool of nutri-
ents available for the upper layer. Association of a deep nutrient reservoir, a large SFL
and a strong stratification in the ice-free CB resulted in the lowest surface chlorophyll-a
concentrations.

4.3 Comparison with previous expeditions in the Western Arctic5

The regions investigated during the CHINARE 2008 cruise have been poorly docu-
mented before especially the Arctic basins where heavy ice conditions limit the pro-
gression and hamper the deployment of underwater instruments. The most studied ar-
eas were the Chukchi shelf (Hameedi et al., 1978), the shelf break and slope area (Hill
and Cota, 2005; Sukhanova et al., 2009). Only one cruise carried out in 1994 (AOS)10

provides information about phytoplankton communities in the WA for latitudes as high
as 90◦ N despite a heavy ice cover higher than 80 % between 75◦ N and 90◦ N (Booth
and Horner, 1997; Gosselin et al., 1997). A drastic decrease of the average surface
phytoplankton abundance was observed in the Chukchi Borderland and the MAP from
4970 cell l−1 in August 1994 to 504 cell l−1 in August 2008. The high abundance in15

1994 was attributed to the dominance of picoplankton (<2 µm), 10 to 20 times more
concentrated than in 2008. However, phytoplankton biomass is the same order of
magnitude between 2008 (10.81 mgC m−3) and 1994 (11.44 mgC m−3). This drastic
decrease of the abundance despite an unchanged biomass could be explained by an
increase of the biomass per cell. It can be attributed to an increase of the contribution20

of nanoplankton (+70 %) and diatoms (+5 %) in the total biomass while picoplankton
biomass has decreased (−50 %). The drastic reduction of the ice cover from 95±4 %
in 1994 to 40±36 % in 2008 allowed the apparition of an AMZ between 78◦ N and
82◦ N in 2008 (Fig. 2b) while the area was largely covered by heavy ice in 1994. The
formation of an extended AMZ in 2008 drives a fast growth of small (nanoplankton)25

and large (diatoms) phytoplankton and produces a high carbon biomass increase. Li
et al. (2009) also reported a total phytoplankton biomass unchanged between 2004
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and 2008; however their study highlights a reduction of the nanophytoplankton over
the Canadian Basins while picophytoplankton increased.

Community changes were also noted near Barrow Canyon between 2002 and 2008.
Barrow Canyon was ice covered (>80 %) in August 2002 and completely ice-free in
2008. In 2002, outer shelf surface waters were dominated by Pras and Chl-b, two5

characteristics pigments of picoplankton while at the SCM, the relative abundance of
Fuco, representative of diatoms, was two to three times higher than in surface (Hill et
al., 2005). This result was in contrast with observations from CHINARE 2008 showing
dominance of diatoms in surface (Fuco ∼50 %) while haptophytes (19HF + 19 BF ∼
40 %) and picoplankton (Chl-b∼ 30 %) dominated at the SCM. Ice retreat prevailing in10

2008 seems to advantage haptophytes communities at SCM while high irradiance in
surface could favors diatoms.

Observations over the Chukchi shelf are in accordance with previous investigation
highlighting high biomass (Hameedi, 1978; Booth and Horner, 1997) and a diatom
dominated ecosystem (Hill et al., 2005; Shukanova et al., 2009). Nevertheless, chl-a15

concentrations at the ice edge (73◦ N) were lower than concentrations expected during
typical spring bloom over the Chukchi shelf. In fact, along this extended shelf, biomass
as high than 10 to 40 mg chl−am−3 has been already evidenced (Hameedi et al., 1978;
Hill and Cota, 2005). Lower chl-a values measured in August 2008 could be linked to
early ice retreat over the shelf resulting in post-bloom conditions, underlined by the20

warming and nutrient depletion of surface waters observed in early August.

5 Conclusions

Sea ice melt in the Arctic Ocean has increased steadily since recent decades with ac-
celeration over the last four years. Summer 2008 was a period of exceptional ice retreat
enabling a high resolution physical, chemical and biological survey, CHINARE 2008, to25

be carried out across the Canadian Basin in the western Arctic Ocean up to 86◦ N. A
strong divide between the shelf and open ocean waters was noted in terms of species
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composition, abundance, biomass and primary productivity (PP). In the open basins,
primary production and biomass were markedly lower and dominated by nano- and
pico-sized phytoplankton, mainly haptophytes and prasinophytes. Moreover a subsur-
face chlorophyll maximum (SCM) was found and is related to the Pacific Waters (PW)
subsurface circulation providing the unique source of nutrients. In ice free basins, ice5

melting strengthens the surface freshwater layer (SFL) which deepens either the nutri-
cline and the SCM. These areas are dominated by small diatoms in the surface layers
while slow-growing haptophytes using regenerated nutrients but producing low carbon
prevail at SCM outcompeting pico-sized phytoplankton in the algal assemblages. The
setting of the SFL through ice melting leads the upper layers of the CB to oligotrophy10

by removing the nutrients source and preventing any fuelling from the subsurface pool
of nutrients towards the surface. However, despite a maximum chlorophyll biomass in
sub-surface, the maxima of PP mainly due to nanoplankton occurred in the very strati-
fied and well-lit surface layers. At the opposite, a fine SFL linked to recent ice melting
could drive to an extended AMZ where phytoplankton grows fast and consumes the15

available nutrients.
In contrast, Arctic shelves sustained by the continuous flow of nutrients-rich PW

through the Bering Strait and by nutrient regeneration from the shallow sediments were
rich and dominated by diatoms. Early August 2008, an ice-edge bloom is observed
north of the shelf (73◦ N) associated to diatoms and haptophytes blooming species.20

Over the shelf, two effects associated to the lengthening of the ice-free season could
rapidly limit the phytoplankton production after the spring bloom. After nutrients de-
pletion in surface, a strengthening of the stratification by surface freshening could de-
crease the replenishment with deep nutrients even over the shelves. The warming of
the shelf waters could promotes zooplankton and microbial loops and thus reduce the25

phytoplankton population through predation pressure. The assumption of an increase
of the primary production relative to a longer ice-free period needs to consider the
probable decrease of phytoplankton standing stock and production with time.
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Very few historical in situ data documented previously the western Arctic zone point-
ing out the difficulties to establish a trend of phytoplanktonic evolution over time. Com-
pared to an earlier underway survey in 1994, one can witness in the Borderland area a
drastic decrease of total phytoplankton abundance due to much lower pico-sized phyto-
plankton. However in the AMZ (Arctic Melting Zone) at 78◦ N to 82◦ N, carbon biomass5

and chlorophyll-a content have increased by a factor 10 as compared with conditions
when areas were ice-covered. This biomass increase is linked to the appearance of
diatoms and large flagellates in these favourable hot spots. Although satellite obser-
vations predicted that primary productivity and phytoplankton biomass may increase
in the Arctic Ocean as a result of sea ice melt, this does not seem to be the 200810

scenario in the Western Arctic. With ice retreat, light limitation in the basins seems
to be replaced by nutrient limitation which ultimately will impact on PP. Severe nutri-
ent depletion down to 80 m associated to weak winter ventilation might lead to a quite
unproductive Canadian Basin in a close future. In situ observations of the primary pro-
ducers along the Arctic during the ice decline year provided us evidences of the impact15

of global climate changes along the entire food chain and the carbon biological pump.
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Table 1. List of the pigments used in this study and theirs taxonomic significance. P: Picoplank-
ton (<2 µm), N: Nanoplankton (2-20 µm), M: Microplankton (>20 µm).

Pigments Abbreviation
Size Taxonomic
Classes significance

Chlorophyll-c3 Chl-c3
All

Prymnesiophytes, Chrysophytes
Chlorophyll-c2 Chl-c2 Various
Peridinin Peri M Dinoflagellates
19′-Butanoyloxyfucoxanthin But N Chrysophytes, Haptophytes
Fucoxanthin Fuco M Diatoms, prymnesiophytes, some Dinoflagellates
Neoxanthin Neo P Chlorophytes
Prasinoxanthin Pras P Prasinophytes
Violaxanthin Viola P Chlorophytes, Prasinophytes
19′-Hexanoyloxyfucoxanthin Hex N Prymnesiophytes
Diadinoxanthin Diadino All Various
Alloxanthin Allo P+N Cryptophytes
Diatoxanthin Diato All Various
Zeaxanthin Zea P Cyanobacteria, Prochlorophytes, Chlorophytes
Lutein Lut P+N Red algae, Chlorophytes
Chlorophyll-b Chl-b P+N Green algae
Divinyl Chlorophyll-a Dvchl-a P Prochlorophytes
β−Carotenes Car All Various
Chlorophyll-a Chla All All – except Prochlorophytes
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Table 2. Table referencing physical and biogeochemical parameters for the eight provinces
visited during the CHINARE 2008 cruise.

Latitude
Ice

Date
PWW SFL

SI
Nitrate Surface SCM SCM PPeu

cover depth thickness ( µM) Chl-a Chl-a depth (mg C m−3 h−1)
% (m) (m) (mg chl-am−3) (mg chl-am−3) (m)

Chukchi Shelf 68–73◦ N 10±20 01–06 Aug 15 5 1.5 4.6 0.91±0.89 1.61±1.55 22 2.050±2.150
Slope/Shelf break 72–74◦ N 0 08–10 Aug 40 30 5 2.2 0.11±0.08 0.64±0.60 40 0.100 ±0.077
CB (ice-free) 74–78◦ N 4±9 10–14 Aug 150 55 6 0.8 0.03±0.03 0.34±0.28 60 0.009±0.001
Borderland (ice-free) 75–78◦ N 0 01–03 Sept 60 30 3 3.2 0.06±0.04 0.41±0.26 35 0.027±0.007
CB (partially ice covered) 78–83◦ N 67±10 14–18 Aug 100 30 3 2.7 0.05 ±0.02 0.49±0.09 40 0.022±0.008
AMZ 78–83◦ N 50±23 03–06 Sept 80 15 2 3.6 0.21±0.07 0.53±0.26 25 0.110±0.043
CB (Heavy ice) 83–86◦ N 80±10 18–31 Aug 100 60 4 0.15 0.06±0.03 0.21±0.11 55 0.013
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Aug.01
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eddies
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Fig. 1. (a) Bathymetry, circulation and main topographic features of the study area. CS:
Chukchi Shelf, CB: Canadian Basin, MAP: Mendeleev Abyssal Plain, AR: Alpha Ridge, CC:
Chukchi Cap, NR: Northwind Ridge, CAP: Chukchi Abyssal Plain, B.Cy: Barrow Canyon, H.Cy:
Herald Canyon, C.Cy: Central Canyon. The Chukchi Borderland includes the CC, the NR
and the CAP. BG: Beaufort Gyre, AW: Anadyr Water, ACC: Alaskan Coastal Current, BSJ:
Chukchi/Beaufort Shelfbreak Jet. (b) Location and name of the CTD stations visited during the
CHINARE 2008 cruise aboard “XueLong” icebreaker between 1 August and 8 September 2008.
Limit of ice concentration 20 % and 70 % are indicated on the map by dashed blue line. (c) Lo-
cation of both transects discussed in section 4 and presented in Fig. 11 (Transect 1) and Fig. 12
(Transect 2). The transect 1 (red) describes the Chukchi Shelf (CS) and the transect 2 (blue)
describes the offshore conditions encompassing the Canadian Basin, the Alpha Ridge and the
Chukchi Borderland (CC+CAP+NR).
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August ice concentration September ice concentration

70%

20%

20%

a.

b. c. d.

AMZ

Fig. 2. (a) Monthly Western Arctic ice concentrations from SSMI for August 2008 and Septem-
ber 2008. The dashed line represents the CHINARE 2008 cruise track. (b) Seven days aver-
age ice concentration (%). The dashed red circle represents the Active Melting Zone (AMZ).
(c) Number of days with ice-free conditions since visit of CTD station. (d) Number of days with
ice concentrations lowers than 90 % since visit of CTD station.
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Fig. 3. (a) θ/S diagram for the summer CHINARE 2008 cruise where colour indicates pres-
sure. SL (Surface Layer), HL (Halocline Layer), UH (Upper Halocline), LH (Lower Halocline),
PSW (Pacific Summer Water), TL (Thermocline Layer), AL (Atlantic Layer), ADW (Arctic Deep
Water). (b) Temperature and salinity vertical profiles of deep waters stations for the upper
1000 m of the water column. Tmax and Tmin indicate the position of the core PSW (Pacific
Summer Water) and PWW (Pacific Winter Water), respectively. (c) Nitrate versus phosphate
scatter diagram for the CHINARE 2008 cruise. The dashed red lines labelled “Redfield” shows
the canonical 15:1 nitrate (N): phosphate (P) ratio. (d) Vertical profiles of nitrate for 5 stations
representative of the provinces discussed in the results. CS: Chukchi Shelf, CB: Canadian
Basin, MAP: Mendeleev Abyssal Plain, AR: Alpha Ridge. The depth of the nitracline at each of
these stations is indicated by the dashed horizontal line and was determined by the position of
the inflexion point.
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b.
Surface Salinity

a.

Polar Mixed Layer (m) Stratification Index

c. d.

Surface Temperature

AMZ

Fig. 4. (a) Surface potential temperature at 3 m in ◦C; (b) surface salinity at 3 m with position of
the Beaufort Gyre (BG); (c) polar mixed layer depth (PML); (d) stratification index in kg m−3with
position of the Active Melting Zone (AMZ) indicated by the red dashed circle.
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BG
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Fig. 5. (a) SFL: Surface Freshwater Layer (m) with position of the Beaufort Gyre (BG) and the
Active Melting Zone (AMZ); (b) nutricline depth (m); (c) average nitrate concentrations within
the euphotic depth ( µM); (d) surface chlorophyll-a concentration (mg m−3); (e) depth of the
sub-surface chlorophyll maxima (m); (f) sub-surface maximum of chlorophyll-a concentration
(mg m−3).
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Fig. 6. (a) Percentage of ice covers (blue line) prevailing along the ship track and 7 days before
the visit of the ship (dashed blue line) and depth of the SCM (red line). AMZ: Active Melting
Zone. (b) In-situ Chl-a concentrations (mg m−3) along the ship track in surface (blue) and at
SCM (red). The small panel represents a zoom (0 to 1 mg m−3) of the chl-a concentrations over
the open basins.
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Fig. 7. Percentage contribution of the major diagnostic pigments to the total accessory pig-
ment load at the CHINARE stations and within provinces: (a) surface, (b) SCM. The pigments
abbreviations are indicated in Table 1. The miscellaneous group refers to pigments measured
in proportion less than 2 % at each station (Chl-c2, Diato, Lut, Dvchl-a).
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Fig. 8. Percentage contribution of the main phytoplankton groups derived from CHEMTAX to
the total phytoplankton communities at surface (8 top maps) and at SCM (8 bottom maps). Note
the scales are from 0 to 100 % for Diatoms, Chrysophytes, Prymnesiophytes and Prasinophytes
and from 0 to 20 % for Dinoflagellates, Cryptophytes, Chlorophytes and Cyanobacteria.
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Fig. 9. Pigments contribution (mg m−3) against cell number (cells ml−1) for specific phytoplank-
ton classes identified by light microscopy and CHEMTAX: (a) “Diatoms”, (b) “Picoplankton”,
(c) “Nanoplankton”. (d) Productivity index (PP/[Chl-a]) as a function of percentage of the sur-
face irradiance.
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Fig. 10. Contribution of 4 major phytoplankton classes (Picoplankton, Nanoplankton, Dinoflag-
ellates, Diatoms) in terms of (a) biomass of specific pigments allocated to each group by CHEM-
TAX (mg m−3) (b) cell abundance (cells l−1) (c) carbon biomass (mg C m−3) and relative contri-
bution of the 4 groups to (d) total accessory pigments biomass (%) (e) total cell abundance (%)
(f) and total phytoplankton carbon biomass (%).
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Fig. 11. Caption on next page.
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Fig. 11. Vertical section of the upper 100 m, across the transect 1 presented in Fig. 1c, for
(a) salinity, (b) temperature (◦C), (c) fluorescence (arbitrary units), (d) AOU (Apparent Oxygen
Utilization in µmol kg−1), (e) nitrate concentration ( µM), (f) silicate concentration (µM), (g) Chl-
a concentration (mg m−3). Main topographic features and ice cover are indicated at the top
of the sections. PSW (Pacific Summer Water), PWW (Pacific Winter Water), BSJ (Beaufort
Shelfbreak Jet) are indicated on section. The black bold dashed line in sections (g) represents
the position of the nitracline where nitrate concentrations equal 1 µM.
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Fig. 12. Caption on next page.
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Fig. 12. Vertical sections, along transect 2 presented in Fig. 1c, of the upper 500 m (a) salinity,
(b) temperature (◦C), (c) silicate concentration (µM) and of the upper 100 m (d) salinity, (e) ni-
trate concentration (µM), (f) Oxygen saturation ( %) overlay with fluorescence isoline (g) Chl-a
concentration (mg m−3). Ice conditions are indicated at the top of the sections and defined in
“ice-free” conditions (<20 %), AMZ (Active melting zone, 20–70 %), Partial ice cover (20–70 %)
and heavy ice conditions (>70 %). Input of PSW and PWW are represented by red and blue
arrows respectively. The SFL depth (S=31) is indicated by a blue dashed line on section (e)
and (f). The black bold dashed line in section (g) represents the position of the nitracline where
nitrate concentrations equal 1 µM.
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