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a b s t r a c t

Major pathways of biogenic carbon (C) flow are resolved for the planktonic food web of the flaw lead poly-
nya system of the Amundsen Gulf (southeast Beaufort Sea, Arctic Ocean) in spring-summer 2008. This per-
iod was relevant to study the effect of climate change on Arctic marine ecosystems as it was characterized
by unusually low ice cover and warm sea surface temperature. Our synthesis relied on a mass balance esti-
mate of gross primary production (GPP) of 52.5 ± 12.5 g C m�2 calculated using the drawdown of nitrate
and dissolved inorganic C, and a seasonal f-ratio of 0.64. Based on chlorophyll a biomass, we estimated that
GPP was dominated by phytoplankton (93.6%) over ice algae (6.4%) and by large cells (>5 lm, 67.6%) over
small cells (<5 lm, 32.4%). Ancillary in situ data on bacterial production, zooplankton biomass and respi-
ration, herbivory, bacterivory, vertical particle fluxes, pools of particulate and dissolved organic carbon
(POC, DOC), net community production (NCP), as well as selected variables from the literature were used
to evaluate the fate of size-fractionated GPP in the ecosystem. The structure and functioning of the plank-
tonic food web was elucidated through inverse analysis using the mean GPP and the 95% confidence limits
of every other field measurement as lower and upper constraints. The model computed a net primary pro-
duction of 49.2 g C m�2, which was directly channeled toward dominant calanoid copepods (i.e. Calanus
hyperboreus 20%, Calanus glacialis 10%, and Metridia longa 10%), other mesozooplankton (12%), microzoo-
plankton (14%), detrital POC (18%), and DOC (16%). Bacteria required 29.9 g C m�2, a demand met entirely
by the DOC derived from local biological activities. The ultimate C outflow comprised respiration fluxes
(82% of the initial GPP), a small sedimentation (3%), and a modest residual C flow (15%) resulting from
NCP, dilution and accumulation. The sinking C flux at the model limit depth (395 m) supplied 60% of the
estimated benthic C demand (2.8 g C m�2), suggesting that the benthos relied partly on other C sources
within the bottom boundary layer to fuel its activity. In summary, our results illustrate that the ongoing
decline in Arctic sea ice promotes the growth of pelagic communities in the Amundsen Gulf, which bene-
fited from a �80% increase in GPP in spring-summer 2008 when compared to 2004 – a year of average ice
conditions and relatively low GPP. However, 53% of the secondary production was generated within the
microbial food web, the net ecological efficiency of zooplankton populations was not particularly high
(13.4%), and the quantity of biogenic C available for trophic export remained low (6.6 g C m�2). Hence it
is unlikely that the increase in lower food web productivity, such as the one observed in our study, could
support new harvestable fishery resources in the offshore Beaufort Sea domain.
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1. Introduction

Resolving the structure and function of pelagic food webs is
crucial to our comprehension and modeling of ocean productivity
and of the impact of environmental changes on the flows of en-
ergy, nutrients and organic matter (Barange et al., 2010 and chap-
ters therein). A holistic view of Arctic marine systems is
particularly needed since high-latitude northern ecoregions are
at the forefront of changes in climatic forcing, hydrology, biodiver-
sity, and biogeochemical–ecological interactions (ACIA, 2005; Car-
mack and Wassmann, 2006; Wegner et al., 2010; Carmack and
McLaughlin, 2011; Wassmann et al., 2011). By the end of this cen-
tury, Arctic marine ecosystems will likely have shifted to a new
steady-state induced by the combined effects of sea surface warm-
ing (Perovich et al., 2008; Steele et al., 2008), the declining extent,
thickness and age of sea ice (Wang and Overland, 2009; NSIDC,
2011), changes in the timing of seasonal ice growth and melt
(Markus et al., 2009), altered storm tracks and increased poleward
heat transport (Wu et al., 2010), intensified river discharge and
freshwater storage (White et al., 2007; Proshutinsky et al., 2009),
permafrost thawing and more intense coastal erosion (Frey and
McClelland, 2009; Jones et al., 2009), increased bottom ice-scour-
ing in shallow shelf areas (Conlan and Kvitek, 2005), earlier and
enhanced ocean acidification due to increased CO2 uptake in re-
sponse to sea ice retreat (Bates and Mathis, 2009; Steinacher
et al., 2009) and linked to the low buffer capacity of cold water
(Thomas et al., 2007), as well as an expected – but still difficult
to evaluate – increased inflow of warm Pacific and Atlantic waters
(Shimada et al., 2006; Dmitrenko et al., 2008; Polyakov et al.,
2011). Ecological thresholds associated with environmental transi-
tions in the Arctic Ocean may potentially impact a large variety of
organisms ranging from plankton to apex predators (e.g. Arrigo
et al., 2008; Moore and Huntington, 2008; Li et al., 2009), as well
as the circum-Arctic residents that rely on fisheries and/or marine
mammal resources for food or economic growth (Hovelsrud et al.,
2008). Yet, synoptic investigations on the consequences of rapid
environmental changes on Arctic marine ecosystem processes
and services still remain only a minor component of the global
change literature (Hoegh-Guldberg and Bruno, 2010; Wassmann
et al., 2011).

Arctic pelagic food webs are usually characterized by a low
diversity within which biomass is typically dominated by a few
species (e.g. Fuhrman et al., 2008; Kosobokova and Hirche,
2009; Degerlund and Eilertsen, 2010). This is the consequence of
the harsh conditions prevailing in the Arctic Ocean, such as sub-
zero water temperature and a marked seasonality in solar irradi-
ance and food supply, which caused the development of special-
ized plankton species (e.g. Falk-Petersen et al., 2009; Gradinger
et al., 2010; Søreide et al., 2010). Surprisingly, the large gradient
in physical conditions and habitats that promotes specialization
can also increase diversity and could, for example, explain the
greater richness of phytoplankton species in Canadian Arctic
waters relative to the two other oceans boarding Canada (Archa-
mbault et al., 2010). Despite severe light limitation during winter
months, annual primary production (PP) in seasonally ice-free
Arctic and Subarctic seas is ultimately determined by the upward
supply of inorganic nitrogen to the euphotic zone (Tremblay and
Gagnon, 2009). However, few field studies have attempted to
quantify the fate and the partitioning of PP-derived organic C
flows into key ecosystem components (e.g. Tremblay et al.,
2006b; Olli et al., 2007; Rysgaard and Glud, 2007; Sejr et al.,
2007). Such an analysis provides values to parameterize the utili-
zation of organic C in numerical models that rely on structural
and mechanistic information to propose scenarios on the nature
of food web interactions under various physical conditions (e.g.
Soetaert and van Oevelen, 2009). Two concerted efforts to review
the structure and function of pan-Arctic marine food webs have
been presented in special issues of Progress in Oceanography edi-
ted by Paul Wassmann and published in 2006 and 2011. But the
geographical and temporal scopes were not as balanced as ini-
tially planned (Wassmann, 2006) or summarizations from inten-
sive investigations (e.g. from the International Polar Year (IPY)
2007–2008) were not available yet (Wassmann, 2011). In particu-
lar, studies on the Beaufort Sea ecosystem were at that point re-
stricted to the nearshore environment and its linkages to
terrestrial C sources (Dunton et al., 2006). Hence, one of our objec-
tives is to add perspective by documenting the offshore marine-
dominated Beaufort Sea domain.

Here, we synthesize information on major planktonic and ben-
thic food web components of the central Amundsen Gulf (area
with a bottom depth >250 m, Fig. 1) during the winter-to-summer
transition in 2008. Sampling was performed during the Circumpo-
lar Flaw Lead (CFL) system study that involved the overwintering
of the CCGS Amundsen in the Beaufort Sea during IPY 2007–2008,
an achievement representing the first time an icebreaker has
overwintered in the Arctic Ocean while remaining mobile (Barber
et al., 2010). This study period was of particular relevance for
anticipating the effect of global warming on Arctic marine sys-
tems as spectacular records in sea ice decline have been measured
in 2007–2008 (NSIDC, 2011). In the southeast Beaufort Sea, the
sea ice minima of 2007–2008 resulted in a substantial boost in
PP due to the synergistic effect of sustained upwelling-favorable
winds and open water (Tremblay et al., submitted for publica-
tion). A consequence of the increase in PP was the enhanced
recruitment and growth of key mesozooplankton species (Forest
et al., 2011; Tremblay et al., submitted for publication). In turn,
increased biological activities fueled the active community of bac-
teria that subsists in the region throughout the winter due to allo-
chthonous dissolved matter inputs (Garneau et al., 2008; Nguyen
and Maranger, 2010). In summary, the central Amundsen Gulf
ecosystem in 2008 was set up for the respiration of most of the
PP-derived organic C and a modest fraction of it remained for ver-
tical export or transfer to higher trophic levels. This paper exposes
the details of this story and its implications with respect to regio-
nal comparison of Arctic marine ecosystems and biogeochemical C
fluxes in the context of current environmental changes. Our main
objective is to resolve and quantify the pathways of biogenic C
flow in the pelagic food web of the central Amundsen Gulf in
spring-summer 2008. The synthesis relies on mass balance esti-
mates of new and gross PP, ancillary in situ data on phytoplankton
dynamics, bacterial production, zooplankton biomass and respira-
tion, herbivory and bacterivory rates, vertical particle fluxes,
benthic C demand, pools of particulate and dissolved organic C,
and by an inverse modeling analysis used to maximize the field
measurements.

1.1. Study area

The Amundsen Gulf is a large channel (�400 km length �
�170 km width) that connects the southeast Beaufort Sea to the
Canadian Archipelago (Fig. 1). The seasonal sea ice cover begins
to form in October near the coast and by late December is usually
consolidated over the region (Galley et al., 2008). In early April, a
landfast ice bridge typically forms (�60% of the time over 1980–
2007) directly south of Banks Island up to the continent (CIS,
2007). The sea ice retreat has typically begun in early June when
winds and/or surface circulation push sea ice away from the Gulf.
This generates the opening of the so-called Cape Bathurst polynya
complex that can be considered as a recurrent widening of the cir-
cumpolar flaw lead system (Barber and Massom, 2007; Barber
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Fig. 1. Location and coarse bathymetry of the Amundsen Gulf region in the
southeast Beaufort Sea (Arctic Ocean) with the position of the sampling stations
(small black circles) used to estimate the fate of primary production in the pelagic
food web from February to August 2008. The star corresponds to a mooring station
where a sequential sediment trap has been deployed at 100 m depth. The dashed
polygon delineates the area over which daily percent ice cover was extracted from
Special Sensor Microwave Imager (SSM/I) archives over the study period. The
detail and list of variables measured at all the sampling stations is given in the
Appendix A.
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et al., 2010). Simplified water masses in the Amundsen Gulf
comprise the relatively fresh Polar mixed layer (salinity of �29–
31, 0–50 m depth), the Pacific halocline and its winter-summer
components derived from Bering Sea waters (�31–33, �50–
200 m), and deep waters of Atlantic origin (�34.4–34.8, >220 m)
(Lanos, 2009; Jackson et al., 2010; Lansard et al., submitted for
publication). Ocean circulation in the region is variable and not
fully resolved yet (Barber et al., 2010). Surface water is generally
influenced by the anti-cyclonic Beaufort Gyre and enters the
Amundsen Gulf near Banks Island and exits near Cape Bathurst
(Lanos, 2009). Below the surface (>50 m), circulation is usually
dominated by the eastward Beaufort Undercurrent that brings
waters of both Pacific and Atlantic origin into the Amundsen Gulf
(Barber et al., 2010).

A remote sensing analysis of the period 1998–2004 indicated
that total annual PP rates varied from 90 to 175 g C m�2 in the Cape
Bathurst polynya (Arrigo and van Dijken, 2004), but such values
are possibly over-estimated by a factor of up to ca. four due to
the use of ocean color algorithms not validated locally (Mustapha
and Larouche, 2008). Conversely, satellite imagery could also
underestimate PP since it does not include contributions from un-
der-ice algae (Gosselin et al., 1997) or from the subsurface chloro-
phyll maximum (Martin et al., 2010). Accordingly, only in situ
measurements of PP rates derived from incubation experiments
(Brugel et al., 2009) or from nutrient drawdown (Simpson et al.,
2007) appear to be suitable to estimate the PP in the Cape Bathurst
polynya.
2. Material and methods

2.1. Spatial–temporal focus

The southeast Beaufort Sea is a complex study area with
strong bathymetric gradients and important spatial–temporal
variability in its physical, biogeochemical and biological proper-
ties (e.g. Darnis et al., 2008; Galley et al., 2008; Morata et al.,
2008; Simpson et al., 2008; Juul-Pedersen et al., 2010; Sampei
et al., 2011). In the present work, it was thus crucial to delineate
a specific working framework into which homogeneity could be
assumed throughout the study period. Hence, we chose to limit
our model of biogenic C flows to the central Amundsen Gulf
(defined as the area between 120 and 128�W with a bottom
depth >250 m; Fig. 1). This environment is increasingly recog-
nized as being dominated by marine autochthonous processes
(Morata et al., 2008; Forest et al., 2010; Magen et al., 2010) in
contrast to the adjacent Mackenzie Shelf and slope (O’Brien
et al., 2006; Forest et al., 2007; Thomas et al., submitted for pub-
lication). Additionally, it has been shown that the zooplankton
population assemblage in the central Amundsen Gulf (250–
537 m) is statistically similar across the region (Darnis et al.,
2008). Our spatial focus corresponds to the region that was sam-
pled most intensively during the IPY–CFL System Study 2007–
2008 (Barber et al., 2010) and excludes the episodic burst of pro-
ductivity observed in adjacent Franklin and Darnley bays (e.g.
Mundy et al., 2009; Tremblay et al., submitted for publication),
which could not be adequately incorporated into our biogenic
C budget.
2.2. Sea ice conditions, water column profiles and light

Time-series of daily sea ice concentrations (% of coverage) were
acquired from the 85 GHz channel of the Special Sensor Microwave
Imager (SSM/I) located onboard the DMSP satellite. Daily maps
were processed by the Ifremer-CERSAT Team (http://cersat.ifr-
emer.fr/fr/data/discovery/by_parameter/) using the daily bright-
ness temperature maps from the National Snow and Ice Data
Center (Maslanik and Stroeve, 1999). The Artist Sea Ice algorithm
developed at University of Bremen (Germany) was used to process
daily sea ice concentration maps at 12.5 km resolution (Kaleschke
et al., 2001). For the period of February–August 2008, sea ice con-
centration data were extracted from the ice maps within a multi-
faceted polygon box delineating the whole sampling station area
(Fig. 1). In this manner, coastal sectors, such as the Franklin and
Darnley bays, were excluded from the ice concentration time-
series.

A rosette oceanographic profiler equipped with a conductivity–
temperature–depth system (CTD, Seabird SBE-911+) and a
fluorometer (Seapoint) was deployed at each sampling station
(Fig. 1, Appendix A). The CTD data were calibrated and verified fol-
lowing the Unesco Technical Papers (Crease, 1988). Water samples
were taken on board for salinity calibration using a Guildline
Autosal salinometer (resolution <0.0002, precision ±0.002). The

http://cersat.ifremer.fr/fr/data/discovery/by_parameter/
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fluorescence data from the fluorometer were calibrated against
in situ chlorophyll a (chl a) concentrations (obtained as described
in Section 2.3.3) using station-specific linear regressions (r2 > 0.8,
p < 0.01, n > 5 for all equations).

Downwelling photosynthetically active radiation (PAR, 400–
700 nm) was measured at 10 min intervals with a LI-COR 2 pi sen-
sor (LI-190SA) located on the deck in an area protected from poten-
tial shading. Underwater irradiance profiles performed with a PNF-
300 2 pi radiometer (Biospherical Instruments) were used to deter-
mine the depth of the euphotic zone (ZEU, 0.2% of surface irradi-
ance). This percentage was chosen based on Tremblay et al.
(2009) who observed that most of the chl a fluorescence in Cana-
dian Arctic waters are observed between 0.2% and 5% of surface
irradiance. A Secchi disk (Holmes, 1970) was also deployed prior
to water collection to approximate the depth of the euphotic zone
and guide sampling. But in the end, ZEU was determined from the
vertical attenuation of incident PAR measured with the PNF-300
radiometer.

2.3. Carbon pools, nutrients and primary production

2.3.1. Pools of dissolved and particulate carbon
The concentration of dissolved inorganic carbon (DIC)

throughout the water column was measured at 20 stations from
February to early August 2008 (Appendix A). Samples were col-
lected from 12-L Niskin-type bottles (OceanTest Equipment)
mounted on the rosette system, poisoned with a solution of
supersaturated HgCl2 to stop biological activity, and stored at
4 �C in the dark before analysis. All samples were analyzed on
board by coulometric titration using a VINDTA 3C (Versatile
Instrument for the Determination of Titration Alkalinity, Mari-
anda). Full details of the analytical methods for the measurement
of DIC are given in Shadwick et al. (2011). Estimates of net com-
munity production (NCP) were obtained from the February–Au-
gust time-series found in Shadwick et al. (2011). The NCP rates
were computed on the basis of monthly changes in DIC using a
two-box model comprised of surface (0–50 m depth) and subsur-
face (>50 m) values within the area delimited by 122–126�W and
70–71.5�N (i.e. central Amundsen Gulf). This inorganic C budget
accounted for horizontal and vertical advection, air–sea exchange
of CO2, freshwater input from river runoff and ice melt, and bio-
logical processes were used as closing term (Shadwick et al.,
2011). In our work, the NCP rates constrained a residual C flux
from the planktonic community over the whole water column.
We did not attempt to perform a direct comparison between
the NCP rates from the DIC budget and our PP values derived
from nutrient drawdown because of a discrepancy in the delimi-
tation of the surface layer. The surface NCP rates from Shadwick
et al. (2011) were calculated in the 0–50 m water layer, whereas
our surface PP values were estimated in the 0–80 m in order to
fully include the layer of elevated chl a biomass (see Section 2.3.2
and Fig. 2).

Standing stocks of dissolved organic carbon (DOC) and total
particulate carbon (TPC) were measured at 10 and 12 stations
over the study period, respectively (Appendix A). Samples were
collected at depths of 50% and 15% surface irradiance, at the
depth of maximum chl a fluorescence (ZCM), and at 100 m depth.
Water subsample replicates (1000 mL) were filtered through
Whatman GF/F glass fiber filters (nominal pore of 0.7 lm, pre-
combusted at 450 �C for 5 h). Filters intended for the determina-
tion of TPC were dried at 60 �C for 24 h and analyzed on a Cos-
tech ECS 4010 CHN analyzer. In the Amundsen Gulf, particulate
organic carbon (POC) is typically equal to 91% TPC (Juul-Pedersen
et al., 2008; Forest et al., 2010) so this percentage was used when
POC values were preferred to TPC for constraining the biogenic C
budget. Filtrate samples for the determination of DOC were col-
lected in 5 mL glass storage vials with Teflon-lined caps previ-
ously cleaned following Burdige and Homstead (1994) and
acidified to pH � 2 with 25% H3PO4 (10 ll mL�1). The samples
were kept at 4 �C in the dark until analysis with a Shimadzu
TOC-5000A according to Whitehead et al. (2000) and Mundy
et al. (2010). Certified reference materials for DOC measurements
were provided by D.A. Hansell and W. Chen from the Rosenstiel
School of Marine and Atmospheric Science, University of Miami,
Florida.

2.3.2. Nutrient inventories, nitrate drawdown and new primary
production

Nutrient samples were collected at standard depths (Martin
et al., 2010) using 12-L Niskin-type bottles mounted on the ro-
sette system at almost all stations (Appendix A). Water samples
were filtered through a 5 lm polycarbonate membrane filter
housed in an in-line filter holder directly connected to the outlet
spigot of the Niskin-type bottle (Tremblay et al., 2008). Samples
were dispensed into acid-cleaned (10% HCl), 15 mL polypropylene
tubes (Sarstedt Inc.) rinsed thoroughly with the seawater sample.
The use of 5 lm filters allowed gravity filtration and minimized
sample handling and contamination. Water samples were stored
at 4 �C in the dark and analyzed within a few hours of collection.
Concentrations of nitrate [NO�3 ], nitrite [NO�2 ], and silicic acid
[Si(OH)4] were measured onboard with a Bran and Luebbe Auto-
Analyzer 3 (AA3) using standard colorimetric methods (Grasshoff
et al., 1999). Ammonium concentration [NH4] was determined
manually with the sensitive fluorometric method of Holmes
et al. (1999). Details of the analytical procedures can be found
in Simpson et al. (2008) and Martin et al. (2010). Linear regres-
sions of [NO�3 ] against [DIC] and [Si(OH)4] were performed with
samples taken above 80 m depth (average ZEU) and only for
[NO�3 ] > 1.0 lm to avoid potential biases caused by greater analyt-
ical error at low nutrient concentrations (Simpson et al., 2008)
and by DIC or Si(OH)4 overconsumption once NO�3 is exhausted
(see Tremblay et al., 2008).

Vertical integration of water-column nutrients to compute
inventory changes (mmol m�2) over time is usually performed
down to the depth of maximum winter concentrations (e.g. Hopp-
ema et al., 2000). Here we chose to integrate nutrients down to
80 m as this depth corresponded roughly to the inferior limit of
the nitracline, matched the average ZEU in spring-summer, and
contained the layer of elevated chl a fluorescence throughout
the study period (see Section 3.1, Figs. 2 and 3). Nutrient invento-
ries were computed from polynomial integration algorithms
based on vertical profiles of nutrient concentrations at 10–12
sampling depths in the upper 120 m. In the absence of surface
samples, we assumed that water was well mixed down to the first
sample depth and that nutrient concentrations were uniform
within this layer. Nutrient inventories at each station were cor-
rected for freshwater dilution by multiplying every inventory by
the ratio of salt content above 80 m at that particular station to
the mean salt content above 80 m for all the stations. This method
was valid as the mean salt content for all the stations (32.1) cor-
responded to the approximate salt content <80 m at the end of
winter (32.5).

The drawdown of NO�3 was calculated following a method
adapted from Simpson et al. (2007). This procedure was used to
obtain a cumulative rate of NO�3 -based new PP for the whole pro-
ductive season. This method estimates the drawdown using the
difference (i.e. consumption) between the maximum and mini-
mum NO�3 inventories calculated with a four-parameter logistic
curve fit derived from the time-series of NO�3 inventories in the
surface layer and corrected for freshwater dilution. The new PP
rate was then estimated using the DIC:NO�3 depletion ratio (mol:-
mol) recorded in situ in the 0–80 m water layer and assuming an
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overall 6.5% NO�3 uptake by bacteria as a typical percentage for
the Amundsen Gulf ecosystem (Simpson et al., 2007). Since this
method makes use of the DIC:NO�3 depletion ratio calculated
without taking into account the possible additional DIC uptake
in late summer (Tremblay et al., 2008; Shadwick et al., 2011),
the new PP estimated here should be considered the most parsi-
monious value, in accord with our inverse analysis methodology
(see Section 2.7).
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2.3.3. f-Ratios, gross primary production and size-fractions of primary
producers

Uptake rates of NO�3 , NHþ4 (and urea after mid-July) by phyto-
plankton (>0.2 lm) were measured at the ZCM at 11 selected sta-
tions over the study period (Appendix A) using the classical 15N-
labeling method of Dugdale and Goering (1967) as described in
Tremblay et al. (2006b). From late April to early July, incubations
(>4 h) were performed at various PAR intensities in an interior lab-
oratory of constant cold temperature (�0 �C). The uptake rates at
the ZCM for this time-window were then calculated using the abso-
lute PAR values measured at the ZCM. After mid-July, incubations
were done on the ship deck under simulated environmental condi-
tions of temperature and light, so that assimilation rates for sam-
ples collected at the ZCM were directly obtained. All samples
were analyzed for 15N isotopic ratios using a mass spectrometer
(Thermo Finnigan Delta V Advantage) in the continuous-flow mode
(ConFlo III) equipped with a Costech ECS 4010 CHNSO analyzer. At
each station, the contribution of NO�3 uptake to total N uptake
(NO�3 and NHþ4 , plus urea after mid-July) was used to estimate
the f-ratio as defined by Dugdale and Goering (1967). An average
seasonal f-ratio was calculated by giving weights to each of the
11 estimated f-ratios in proportion to the amount of chl a biomass
measured in concomitance (see below). The mean seasonal (total)
gross primary production (GPP) was then estimated by dividing
the cumulative NO�3 -based new PP converted in C units (see Sec-
tion 2.3.2) by the average f-ratio obtained through chl a biomass
weighting.

Size-fractions (0.7–5 lm and >5 lm) of ice algae and phyto-
plankton were obtained from chl a biomass measurements (3 Feb-
ruary–3 August) and/or simulated in situ production assays (28
June–3 August) (Appendix A). Before mid-March, chl a biomass
in the water column was measured at 3–4 interval depths above
100 m. From mid-March to May, chl a biomass of ice algae was
obtained from the melting of the bottom 10 cm of replicate ice
cores as described in Brown et al. (2011). From mid-March to
August, chl a biomass and PP in the upper water column were
measured at seven optical depths (including ZCM). Duplicate subs-
amples (500 mL) for the determination of chl a were filtered onto
Whatman GF/F filters and onto Nuclepore polycarbonate mem-
brane filters (5 lm). Following a 24 h extraction in 90% acetone
at 4 �C in the dark without grinding, chl a concentrations were
measured using a Turner Designs 10-AU fluorometer (Parsons
et al., 1984). PP was estimated using the 14C-uptake method
(Knap et al., 1996; Gosselin et al., 1997). Two light and one dark
500 mL Nalgene polycarbonate bottles were filled with seawater
from each light level and inoculated with 20 lCi of NaH14CO3.
The dark bottle contained 0.5 mL of 0.02 M 3-(3,4-dichloro-
phenyl)-1,1-dimethyl urea in order to calculate the passive 14C
incorporation by phytoplankton (Legendre et al., 1983). The bot-
tles containing the 14C were incubated for 24 h under simulated
in situ conditions in a deck incubator with running surface seawa-
ter (Garneau et al., 2007). At the end of incubation, half of each
bottle was filtered onto Whatman GF/F filters and onto Nuclepore
membrane filters (5 lm). Each filter was placed in a borosilicate
scintillation vial, acidified with 200 ll of 0.5 N HCl, and left to
evaporate overnight under the fume hood to remove any 14C that
had not been incorporated (Lean and Burnison, 1979). After this
period, 10 mL of Ecolume (ICN) scintillation solution was added
to each vial. The activity of each sample was determined using a
Packard Tri-Carb 2900 TR liquid scintillation counter. Chl a bio-
mass and PP of small and large cells (0.7–5 lm and >5 lm) were
discriminated using results from the two size-fraction filters. Size-
fractionated chl a biomass was transformed into POC biomass
using the POC:chl a conversion factor obtained here (see Sec-
tion 3.2.1). The proportion of small and large cells, as estimated
from phytoplankton and ice algal biomass, was applied to the sea-
sonal GPP value to estimate the contribution of the two size-frac-
tions to total PP.

2.4. Dynamics of heterotrophic plankton

2.4.1. Mesozooplankton
Mesozooplankton were sampled at 19 stations (Appendix A)

using vertical samplers equipped with flowmeters and Nitex
plankton nets of 200 lm mesh size (0.5-m2 Kiel Hydrobios or 1-
m2 metal frame). The sampling gear was deployed vertically from
10 m off the bottom to the surface. Mesozooplankton samples
were condensed and preserved in seawater solution poisoned
with borax-buffered 4% formaldehyde for further taxonomic
count. Samples for taxonomy were rinsed with freshwater and
fractionated on 1000 and 177 lm mesh sieves to separate large
and small organisms. The two size fractions were divided with
a Folsom-type splitter and known aliquots were resuspended in
distilled water. From each sub-sample, approximately 300 ani-
mals were counted and identified to species or to the lowest pos-
sible taxonomical level. The Arctic species Calanus glacialis and
the Pacific Subarctic C. marshallae that may co-occur in the region
(Frost, 1974) were pooled in a single taxon due to lack of cer-
tainty in their differentiation (Seuthe et al., 2007; Darnis et al.,
2008).

The abundance of dominant calanoid copepods (Calanus hyper-
boreus, C. glacialis and Metridia longa) was converted into C-units
using the specific C-prosome length equations of Forest et al.
(2011). Other mesozooplankton taxa were transformed into C-bio-
mass according to Hopcroft et al. (2005) and assuming a 50% C-
content. The production of copepods was estimated using their
in situ C-biomass multiplied by empirical growth rates calculated
as a function of chl a concentration, surface layer temperature,
and the individual C-content of each stage/species (Hirst and
Bunker, 2003). The production of other filter- and mucous-feeder
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species considered in the present budget (i.e. Limacina helicina,
Oikopleura sp., Fritillaria sp., and Boroecia maxima) was calculated
according to Huntley and Lopez (1992) accounting for zooplankton
biomass and mean surface layer temperature.

Herbivory rates by dominant calanoid copepods were estimated
using the gut fluorescence technique (Hattori and Saito, 1997) at
six stations over the study period (Appendix A). Gut evacuation
rates were obtained through shipboard incubation experiments
in late July 2008 using natural filtered seawater (Whatman GF/F).
Mesozooplankton subsamples from the incubations were collected
and quickly frozen at �80 �C at 0, 5, 15, 30, 45, and 60 min to fol-
low changes in gut pigment content over time. Gut evacuation
rates obtained in late July were corrected for temperature using a
Q10 of 2.21 (Dam and Peterson, 1988) and applied to copepod sam-
ples for which chl a gut content and abundance were measured be-
tween late April and early August. The concentration of chl a in
sorted individual copepods (stages CIII–VI, in triplicate samples
whenever possible) was determined with a fluorometer (Turner
Design, 10-AU) in a dim-light room after 24 h pigment extraction
by DMF (N,N-dimethyl formamide) using the acidification method
of Parsons et al. (1984). Herbivory rates in terms of C-units were
estimated using the C-to-chl a relationship obtained in the present
study.

The enzymatic activity of the electron-transfer-system (ETS) of
mesozooplankton was determined following Båmstedt (2000) at
16 stations between February and July 2008 (Appendix A). For each
ETS assay, live zooplankton samples were fractionated with a
1000 lm mesh sieve and the 200–1000 lm and >1000 lm size-
classes were homogenized directly with an INT (p-iodonitrotet-
razolium violet) reagent. The homogenates were incubated for
1 h at 40 �C after which the reaction was stopped by adding a
quench solution (50% formalin and 50% phosphoric acid). A blank
of INT reagent received the same treatment. One mL of chloro-
form/methanol (2:1 by volume) was added and mixed before the
sample was centrifuged at 3000 rpm for 4 min. The lower phase
was made up to 3 mL by adding methanol before a second centri-
fugation was carried out. The reaction color was measured at
475 nm against the blank. ETS activity was converted to respiration
rate using a relationship between ETS assays and in vitro measure-
ments of respiration on zooplankton assemblages. For each in vitro
experiment, live zooplankton of the two size-classes were gently
introduced in sealed glass bottles (473 mL capacity), filled with fil-
tered seawater, and incubated for 24–36 h in darkness at 0 �C. Dis-
solved oxygen concentration was measured with a Clark-type
polarographic electrode. After verification of the state of the incu-
bated animals, the ETS activity of the zooplankton size fractions
was determined.

2.4.2. Microzooplankton
Carbon flow through nano- and microzooplankton (hereafter

referred as microzooplankton) was based on two distinct datasets
in order to cover the full size range of 2–200 lm: (1) copepod nau-
plii of 50–200 lm; and (2) protozoans of 0.2–5 lm and >5 lm.
Copepod nauplii were sampled at 17 stations with an external
10 cm diameter Nitex net of 50 lm mesh size attached to the 1-
m2 square metal frame used to collect mesozooplankton (as de-
scribed above, see also Appendix A). Samples for taxonomy were
preserved in seawater solution poisoned with borax-buffered 4%
formaldehyde. After filtration on a 50 lm mesh sieve, the whole
sample was rinsed with distilled water and all organisms present
were identified to the lowest taxonomical level. The abundance
of copepod nauplii was converted into biomass according to the
set of equations relating length and width to C-content of crusta-
cean nauplii given in Nozais et al. (2001) and assuming an elliptical
shape. The biomasses of nauplii were further transformed into pro-
duction rates using empirical growth rates (Hirst and Bunker,
2003) calculated the same way as copepodites and adult copepods
(see Section 2.4.1).

Samples for the estimation of size-fractionated heterotrophic
nanoflagellate (HNF) biomass (0.2–5 lm and >5 lm) in the surface
layer were collected at 12 stations during CFL 2007–2008 (Appen-
dix A). Alongside the HNF biomass measurements, bacterial pro-
duction and bacterivory rates by heterotrophic protozoans were
also assessed experimentally. An exhaustive description of the
grazing experimental setup and methodological procedures can
be found in Vaqué et al. (2008). The conversion factors of Men-
den-Deuer and Lessard (2000) were used to transform HNF counts
into C biomass. The biomass of ciliates was not determined in 2008
and has been assumed to be equal to 9.4 ± 3.3% of the total HNF
biomass as previously recorded in the region in spring (Vaqué
et al., 2008). A minimal bound of herbivory and detritivory rate
by protozoans was estimated considering that bacterial ingestion
represented only 14% of the total C demand by large (>5 lm)
HNF and ciliates (Vaqué et al., 2008).

2.4.3. Bacterioplankton
From February to July 2008, vertical profiles of bacterial produc-

tion (BP) (5–7 depths from surface to bottom, including ZCM) were
obtained at 14 stations (Appendix A) using the 3H-leucine incorpo-
ration method (Smith and Azam, 1992). Water samples (1.2 mL)
were dispensed in triplicate into clean 2 mL microcentrifuge tubes
pre-loaded with 50 ll 3H-leucine (115.4 Ci mmol�1, Amersham) to
produce a final leucine concentration of 10 nM (Garneau et al.,
2008). Samples were incubated in the dark at in situ temperature
for ca. 4 h. Incorporated leucine was collected by microcentrifuga-
tion after precipitation by trichloroacetic acid (TCA) and centrifu-
gation. Tubes were filled with 1.25 mL liquid scintillation cocktail
(ScintiVerse, Fisher Scientific) and radioactivity was measured
using a Packard Liquid Scintillation Analyzer Tri-Carb 2900 TR scin-
tillation counter. Rates of leucine incorporation were corrected for
radioactivity adsorption using TCA killed controls and converted to
BP using two conversion factors: 0.9 and 1.5 kg C per mol of 3H-
leucine (Garneau et al., 2008). Vertical profiles of bacterial produc-
tion were integrated over the water column using standard trape-
zoidal integration.

Extracellular enzyme activity (EEA) by bacterioplankton (cell-
free and cell-attached) was estimated at three stations in June–July
(Appendix A) on particles (>1 lm) collected at ZCM, 50, 100 m
depth, and close to the seafloor (�12 m above bottom) using
large-volume in situ pump filtration or water samples collected
with the rosette system using an in-line filtration setup (see Kel-
logg and Deming (2009) for details). EEA represents the sum of
the protease and carbohydrase exoenzymatic activities as calcu-
lated using two fluorogenic substrate analogs: L-leucine 7-amido-
4-methylcoumarin (leucine aminopeptidase) and 4-methylumbel-
liferyl-b-D-glucoside (b-glucosidase). In our biogenic C budget, EEA
rates (lg C m�3 d�1) were used (1) to estimate the bacterial degra-
dation of detritus to DOC (Kellogg et al., 2011) and (2) to constrain
an exudation/lysis flow from bacteria to DOC combining the exoen-
zymatic DOC excretion from bacteria and assuming that 7–52% of
BP can be potentially lost to DOC through viral lysis (Wilhelm
and Suttle, 1999).

2.5. Long- and short-term sampling of vertical particle fluxes

An automated sediment trap was deployed at 104 m depth
(Technicap PPS 3/3 cylindrico-conical trap, 0.125 m2 aperture, 24
cups, aspect ratio of 4.0) on mooring CA08 (star in Fig. 1) to collect
settling particles from November 2007 to July 2008 (Appendix A).
The long-term sediment trap was prepared following the JGOFS
protocols (Knap et al., 1996). Sample cups were filled with filtered
seawater (Whatman GF/F) adjusted to final salinity of 36 with
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NaCl. Borax-buffered formalin was added as a preservative (5% v/
v). After retrieval, sample cups were put aside for 24 h to allow par-
ticles to settle. Zooplankton swimmers were removed from the
samples with a 1-mm sieve and by handpicking under a stereomi-
croscope. Sediment trap sub-samples were filtered in two tripli-
cates through pre-weighed GF/F filters (25 mm, pre-combusted at
450 �C for 3 h). A first subset of triplicates was analyzed for total
particulate carbon (TPC) whereas the second subset was exposed
for 12 h to concentrated HCl fumes to remove the inorganic C frac-
tion. Samples were analyzed on a Perkin Elmer 2400 Series II or on
a Leeman Lab CEC 440 to measure POC, TPC and particulate organic
nitrogen (PON) fluxes.

Short-term particle interceptor traps (Sallon et al., in press)
were deployed at ca. 50, 100, and 150 m depth, at five stations in
June and July (Appendix A). Short-term traps were filled with fil-
tered seawater (0.22 lm, Millipore Durapore membrane filters)
collected below 200 m depth to create a dense layer within the
traps. Short-term traps were deployed for �24 h, in accordance
with the JGOFS protocols (Knap et al., 1996) with recommenda-
tions by Gardner (2000). Zooplankton swimmers were removed
from the samples as described above. Subsamples from the
short-term traps were filtered onto pre-combusted Whatman GF/
F filters, dried for 24 h at 60 �C onboard the ship, and latter ana-
lyzed for the determination of TPC on a Costech ECS 4010 CHN ana-
lyzer. For each short-term trap profile, the scaling exponent (b) in
the depth-dependent power law relationship of vertical flux atten-
uation in the water column (using 100 m as the reference depth)
was calculated following Primeau (2006).

2.6. Benthic carbon demand estimates

Benthic C demand and POC content of sediments were assessed
at 11 sites in the Amundsen Gulf region from April to August 2008
(Appendix A). At each station, five round sub-cores (10 cm diame-
ter � 20 cm depth) and three surface samples (0–2 cm) were taken
from one large sediment core collected with a USNEL box corer
(50 cm � 50 cm � 40 cm). Surface samples were frozen at �20 �C
for the later determination of POC content using dried and acidified
sub-samples processed with an elemental analyzer Costech ECS
4010. The sub-cores were incubated onboard to measure sediment
oxygen demand (SOD) in a dark and temperature controlled room
(2–4 �C), applying the protocol described in Renaud et al. (2007).
The sediment sub-cores were carefully topped with bottom-near
water collected at the same station, saturated with oxygen in order
to avoid suboxic conditions during the incubation, and let accli-
mated for 6–8 h. At the beginning of the incubations, these cores
were hermetically closed to avoid bubbles. During the incubations,
the water phase was kept homogenous by a magnetic stirring de-
vice, and speed was regulated to avoid resuspension. Dissolved
oxygen concentration in the overlying water phase was measured
periodically at 4–8 h with a non-invasive optical probe (Fibox 3
LCD, PreSens, Germany). The incubations were stopped when oxy-
gen saturations had declined by approximately 20% (i.e., after 24–
48 h). Gross estimates of benthic C demand were calculated from
the linear oxygen decrease in the incubation cores, using a respira-
tion coefficient of 0.8, a net growth efficiency of 0.3 and an assim-
ilation efficiency of 0.8 (Brey, 2001). These values are considered as
valid proxies of short-term pelagic–benthic fluxes that vary on the
scale of days to weeks (Renaud et al., 2008). The decrease of ben-
thic C demand with water depth was modeled using a log–log
function.

2.7. Carbon flow and budget: an inverse modeling approach

Biogenic C flows in the planktonic system of the Amundsen Gulf
were resolved using the inverse modeling method of Vézina and
Platt (1988) as described in Niquil et al. (2006) and Richardson
et al. (2006). The computation and graphical output of the food
web solution was produced using a Matlab routine adapted from
a code kindly provided by Georges Jackson, leader of the Ecosystem
Modeling Group at the Texas A&M University (http://oceanz.ta-
mu.edu/~ecomodel/). This approach was chosen over a conven-
tional mass balance budget in order to estimate the C flows not
measured in situ (under-determinacy problem). This analysis can
be described as a 4-step methodology (sensu Grami et al., 2008):
(1) the inverse model is defined by selecting the C flows that will
be considered as possible within the food web; (2) a set of mass
balance linear relations was constructed so that the sum of flows
was equal to the sum of the outflows for each model compartment;
(3) several biological constraints based on field measurements and
vital rates from the literature provided upper and lower bounds so
that computed flows were the most realistic; and (4) the unique fi-
nal solution was the one which had the smallest sum of squared
flows, that is the least complex explanation for the system. The
resulting model describes the planktonic food web structure and
functioning for the entire study period in terms of C fluxes. For
more details on the model rationale and components, see Appen-
dix B.
3. Results

3.1. Sea ice conditions, water column profiles and light

The mean daily sea ice concentration in the central Amundsen
Gulf in 2008 remained above 90% in February and March, but epi-
sodic decreases down to �81% were recorded throughout April
(Fig. 2a). Sea ice concentrations declined sharply from �90% in
early May to �5% in early June. During this period, the standard
deviation of daily sea ice concentrations was particularly high
across the sampling area. Except for small-dispersed ice floes, the
central Amundsen Gulf was virtually clear of ice by early June.
The temperature and salinity (T/S) diagram constructed for the
study period (Fig. 3a) was consistent with the layering of water
masses previously reported for the area (Lanos, 2009). Winter mix-
ing homogenized the surface layer down to �50 m depth, but iso-
halines remained relatively stable over time below this depth
(Fig. 2b). Upward displacements of salinity contours were detected
at ice break-up, at mid-June and in mid-July (Fig. 2b) in concomi-
tance with lenses of high nitrate concentration detached from dee-
per water (Fig. 2c). Relatively low salinity water near the surface
and increasing stratification were recorded from mid-May to Au-
gust, consistent with the period of sea ice melting (Fig. 2b). Tem-
perature in the surface layer remained below 0 �C until early
June and increased rapidly over the summer (Figs. 2b and 3a). Max-
imum sea surface temperature (<25 m depth) was reached in July,
with values up to �7–8 �C around 11 and 21 July. Between �50 m
and at least 250 m depth, water temperature remained below 0 �C
throughout the study period (Fig. 3a).

In spring-summer 2008, the depth of the euphotic zone (ZEU,
0.2% of surface irradiance) ranged from 54 to 108 m, with an aver-
age depth of 80 m (Fig. 2d). Chl a fluorescence in the upper water
column raised above nil values in late April but increased substan-
tially only when sea ice concentrations crossed the 50% threshold
in mid-May (Fig. 2d). The depth of the chlorophyll maximum
(ZCM) in May was located at �15 m, but a second lens of increased
fluorescence was detected at �65 m, probably as a result of rapid
aggregation and sinking of phytoplankton during the bloom. Fol-
lowing a period of relatively low fluorescence (<1 mg chl a m�3)
in the first half of June, the biomass of chl a increased again and
developed as a subsurface chlorophyll maximum (SCM, up to
�5 mg chl a m�3) at ca. 55 m depth until late July. The intensity

http://oceanz.tamu.edu/~ecomodel/
http://oceanz.tamu.edu/~ecomodel/
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of the SCM was high and its vertical extent especially large
(�40 m) around 8–12 July when the isohalines (Fig. 2b) were
pushed upward in the water column.

3.2. Carbon pools, nutrients and primary production

3.2.1. Pools of dissolved and particulate carbon
From February to August 2008, monthly changes in DIC inven-

tory in the surface and subsurface waters in the central Amundsen
Gulf yielded a cumulative NCP rate of 19.5 g C m�2 (Table 1) when
vertically-integrated over the two layers (i.e. 0–50 m and >50 m
depth, respectively). However, the standard deviation associated
with this average value for the whole water column was high
(±13.3 g C m�2), indicating that the error of biological activity into
the inorganic C budget that propagated from spatial variability and
uncertainties in advection, air–sea exchange and freshwater input
was high. The linear regression of DIC vs. NO�3 for samples collected
above 80 m (average ZEU) yielded a depletion C:N ratio of 6.9
(Fig. 4a), close to the Redfield C:N proportion of 6.6.

The time-series of DOC inventory in the 0–100 m interval re-
vealed a strong background of DOC concentration (�80–
95 g C m�2) that apparently remained unused (Fig. 5a). Interest-
ingly, no marked increase in DOC concentration was recorded from
April to early August, except in mid-July when it rose by �50% (up
to 133 g C m�2) and rapidly declined to background values before
the end of the month. Inventory of TPC in the upper water column
(Fig. 5b) followed a pattern similar to the chl a fluorescence time-
series (Fig. 2d). Compared to an average background of �5 g C m�2,
marked increases in TPC up to 24 and 18 g C m�2 were recorded in
mid-May and early July, respectively. When assuming a 91% POC in
TPC, a significant linear regression (r2 = 0.70, p < 0.0001, n = 54)
relating POC to in situ chl a fluorescence biomass provided a
POC:chl a conversion factor of 59.3 ± 5.4 (g:g).

3.2.2. Nutrient inventories, nitrate drawdown and new primary
production

From February to August 2008, NO�3 accounted for 97.4% of the
total inorganic nitrogen pool (NO�3 + NO�2 ). Since the contribution
of NO�2 was low and that no clear pattern was observed in its ver-
tical and temporal distributions (not shown), we decided not to use
[NO�2 ] in our estimate of new PP. In contrast, [NO�3 ] was tightly re-
lated (r2 = 0.94) to salinity as visualized through the optimal Ker-
nel-density function (Epanechnikov) presented in Fig. 3b. The
Table 1
Calculated values (means ± 95% confidence level) for the period of February to August
2008 in the central Amundsen Gulf: net community production (NCP) in the surface
(0–50 m depth) and subsurface (>50 m) water layers, consumed NO�3 inventory above
the depth of the euphotic zone (ZEU, �80 m) and corrected for freshwater dilution and
bacterial uptake, DIC:NO�3 consumption ratio above ZEU, NO�3 -based new production
above ZEU, seasonal f-ratio at the depth of the chlorophyll maximum (ZCM, �15–
60 m), total gross primary production (GPP), fraction of large and small cells as
estimated from the biomass of ice algae and phytoplankton, and export POC flux at
mean ZEU. Please note that these values are derived directly from field measurements
and not from the inverse modeling analysis.

Net community production (0–50 m)a 47.0 ± 18.8 g C m�2

Net community production (>50 m)a �27.5 ± 5.5 g C m�2

Total NO�3 consumed (0–80 m) 432.7 ± 103.3 mmol m�2

DIC:NO�3 consumption ratio (0–80 m) 6.91 ± 0.14 (mol:mol)
New primary production (0–80 m)b 33.5 ± 8.0 g C m�2

Seasonal f-ratio at ZCM (�15–60 m) 0.64 ± 0.15
Total gross primary production (0–80 m) 52.5 ± 12.5 g C m�2

Fraction of cells >5 lm (0–80 m)c 67.6 ± 7.0 %
Fraction of cells <5 lm (0–80 m)c 32.4 ± 7.0 %
Export POC flux at mean ZEU (80 m) 5.0 ± 1.5 g C m�2

a Adapted from Shadwick et al. (2011).
b Corrected for a 6.5% nitrate uptake by bacteria.
c Include the contribution of both ice algae and phytoplankton cells.
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Fig. 5. Inventories of (a) dissolved organic carbon (DOC) and (b) total particulate
carbon (TPC) within the 0–100 m water layer from April to early August 2008. N/A:
not available.
time-series of NO�3 inventories corrected for dilution in the eupho-
tic zone (0–80 m) showed unusually high values in mid-June and
mid-July (Fig. 6a) as a result of the episodic upward displacements
of isohalines and lenses of high [NO�3 ] (Fig. 2b and c). A meticulous
inspection of the nutrient vertical profiles during these events re-
vealed that the sporadic upward excursion of high-NO�3 contours
did not reinject any substantial NO�3 stocks that would have re-
mained in the stratified upper water column (Fig. 2b and c).
Accordingly, we excluded these outliers from the four-parameter
logistic regression fit in order to calculate the actual NO�3 consump-
tion over our study period (Fig. 6a). Since the NO�3 drawdown
continued until near-exhaustion in the euphotic zone (Fig. 2c and
d), we assumed that our methodology accounted for the further
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NO�3 consumption following these episodic events. The amount of
total NO�3 consumed was thus estimated by calculating the differ-
ence between the initial and final inventories from February to
early August (432.7 ± 103.3 mmol m�2) and the NO�3 -based new
PP (33.5 ± 8.0 g C m�2) was computed accordingly (Table 1).
According to the logistic equation, roughly 50% of the NO�3 con-
sumption in the euphotic zone during our study period was al-
ready achieved before late May. The linear regression of in situ
[Si(OH)4] against [NO�3 ] for samples collected above 80 m (average
ZEU) provided a drawdown molar ratio of 1.64 (Fig. 4b).

Inventories of NHþ4 in the upper water column were close to
zero in April, but dramatically increased in the second half of
May (up to �50 mmol m�2, Fig. 6b) following the development of
the surface (�15 m) spring bloom (Fig. 2d). Similar to the chl a
fluorescence pattern, NHþ4 inventories decreased rapidly in early
June and increased again to intermediate values (�15 mmol m�2)
in late June and July. High concentrations of NHþ4 (0.3–1.0 lm)
were typically observed just below the chlorophyll maximum
(i.e. from approximately �50–70 m depth over the spring-summer
period, not shown), suggesting a link between grazing activities
occurring in the lowest portion of the euphotic zone and NHþ4
recycling.
3.2.3. f-Ratios, gross primary production and size-fractions of primary
producers

In spring-summer, the discrete f-ratios calculated at ZCM oscil-
lated between 0.48 and 0.95 (Fig. 6b), with the maximal ratio being
observed when the intense SCM around 10 July was recorded
(Fig. 2b). The computation of a seasonal average f-ratio (0.64) en-
abled us to estimate the total GPP (52.5 ± 12.5 g C m�2) for our
study period (Table 1). Our seasonal f-ratio was relatively high,
but it was comparable with a previous study of spring-summer pri-
mary productivity in the Beaufort Sea (f-ratio of 0.67; Carmack
et al., 2004). The overall biomass of primary producers was domi-
nated by phytoplankton (93.6%) over ice algae (6.4%) (Fig. 6c). From
March to early May, ice algae contributed as much as phytoplank-
ton to total biomass, confirming their surmised role in the CO2

drawdown detected over April (Shadwick et al., 2011); but the ra-
pid ice melt in May prevented ice algae to further develop across
our study area (i.e. dashed polygon in Fig. 1). The biomass of pri-
mary producers integrated over the course of the study was dom-
inated at 67.6% by cells >5 lm (Fig. 6c). The dominance of large
cells was particularly strong in ice algal communities in April
(94.0%), and at mid-May (100%) and around mid-July (�82%) for
phytoplankton. In phytoplankton only, the biomass of large cells
represented 65.8% of the total phytoplankton C pool. The few
in situ PP assays performed revealed that the absolute contribution
of small cells was high (�0.9 g C m�2 d�1) in late June (Fig. 6c)
when the lowest f-ratio was measured (Fig. 6b). The average frac-
tions of small and large cells obtained through biomass measure-
ments were used to partition the GPP into two size-fractions
(Table 1).
3.3. Dynamics of heterotrophic plankton

3.3.1. Mesozooplankton
The estimated secondary production of copepods varied mark-

edly over the spring-summer period (Fig. 7). In general, pro-
nounced peaks in production (ca. P20 mg C m�2 d�1) were
measured in May and in July. This bimodal pattern was particularly
apparent for C. hyperboreus, a species for which 91% of the inte-
grated production was due to stages CV and adult females (Table 2).
The production of C. glacialis – dominated by stages CIV–V at 82%
(Table 2) – remained relatively high in June and peaked around
10 July (38 mg C m�2 d�1) when the SCM was the most intense
(Fig. 2d). Due to a relatively low biomass in spring-summer, C. gla-
cialis females represented a low fraction (4.3%) of the integrated
secondary production for this species. After the peak of May and
a dramatic decrease around 1 June, the production of M. longa
was more uniform (�15 mg C m�2 d�1) until the end of the sam-
pling period (Fig. 7c). The production of M. longa was dominated
by stages CV (38.6%) but the contribution of adult females and
stages CIV were relatively similar (Table 2). The production of
other copepod species was dominated by omnivorous cyclopoids
and small calanoids (Table 2).

Rates of herbivory by the three dominant Arctic copepods esti-
mated through gut pigment measurements peaked in May (ca.
150–300 mg C m�2 d�1), following the phytoplankton production
patterns (Fig. 2a–c). In all species, herbivory in early June de-
creased to near zero in accordance with the decline in chl a fluores-
cence (Fig. 2d) and phytoplankton biomass (Fig. 6c). Herbivory by
C. hyperboreus peaked again in mid-July when the SCM was at its
maximum intensity. Interestingly, herbivory by C. glacialis was rel-
atively low in July (<50 mg C m�2 d�1), indicating that this species
was most likely relying on non-algal food resources to partly fuel
its growth. Herbivory by M. longa in late June, July and early August
remained at intermediate rates (�75 mg C m�2 d�1), suggesting
even and continuous ingestion of phytoplankton.
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Production of the pteropod, appendicularian and ostracod spe-
cies considered in the present C budget and integrated for the en-
tire study period (Fig. 8a) represented 5.6% of the total
Table 2
Species-specific copepod production from February to August 2008 (d
growth rates following Hirst and Bunker (2003).

Calanus hyperboreus Calanus glacialis

CVI-$ 71.2% 4.3%
CVI-# 0.4% 1.0%
CV 19.4% 53.8%
CIV 6.5% 27.7%
CIII 2.4% 12.8%
CII 0.1% 0.3%
CI 0.1% 0.2%

Total (g C m�2) 1.42 ± 0.35 1.78 ± 0.44
mesozooplankton secondary production as estimated from bio-
mass measurements (�7.2 g C m�2; as calculated upon Table 2
and Fig. 8a). Among these species, the mucous-feeder L. helicina
clearly dominated the production (59%) over Oikopleura sp., Fritil-
laria sp., and B. maxima – except for the 19 May when no pteropod
was found in the mesozooplankton sample (Fig. 8a).

Respiration rates of the whole mesozooplankton population
were relatively high (ca. 25–140 mg C m�2 d�1) over the sampling
period, even prior to spring (Fig. 8b). Such high rates were related
to high total mesozooplankton dry weight (DW) biomass (2.9–
18.2 g DW m�2) measured in the central Amundsen Gulf in 2008
(not shown). The average contribution of species >1000 lm to total
respiration was 75% with a standard deviation of only ±6%. Respi-
ration rates peaked (�140 mg C m�2 d�1) around 10 July when
both the SCM and sea surface temperature were at maximum
intensity (Fig. 2b and c). The total integrated respiration rate esti-
mated here can be considered as maximum, because the total res-
piration rates as calculated in situ with the ETS technique took into
account all mesozooplankton species >200 lm (i.e. possibly includ-
ing other species not considered in the present C model) and could
comprise an unknown respiration fraction of old C reserves.
3.3.2. Microzooplankton
According to the empirical equations based on chl a availability,

temperature and body length, the production of copepod nauplii
was low (1–3 mg C m�2 d�1) in winter, but dramatically increased
in late April/early May (Fig. 9a), up to �23 mg C m�2 d�1 as the
spring bloom developed at mid-May (Fig. 2d). After a progressive
decline during June, the naupliar production reached a second peak
(�16 mg C m�2 d�1) in late July. The production of copepod nauplii
was overall dominated by cyclopoids (71%) over calanoids (29%).

Bacterivory rates by protozoans in the surface layer during
2007–2008 ranged from 0.14 to 1.43 mg C m�3 d�1 (Table 3). A sig-
nificant linear relationship was found between BP measured during
the experiments (Table 3) and bacterivory rates: bacteri-
vory = 0.588 � BP + 0.0831, r2 = 0.72, p < 0.01, n = 10. This relation-
ship was used to estimate an average bacterivory rate cumulated
for the study period as a function of BP in the water column
(Fig. 9b). The integrated bacterivory estimate (2.2 ± 0.5 g C m�2)
was then used to constrain bacterial ingestion by protozoans in
the inverse C flow model. The size-fractionated HNF biomass mea-
sured alongside the experiments revealed that large HNF cells dom-
inated (84%) the integrated HNF biomass (Table 3). The fraction of
HNF > 5 lm combined with an assumed 9.4 ± 3.3% biomass of cili-
ates enabled us to estimate reliable ranges for herbivory and detri-
tivory by protozoans (13.0 ± 3.2 g C m�2) throughout the study
period, considering that bacterial ingestion would meet only 14%
of their C demand (Vaqué et al., 2008; see Section 2.4.2).
3.3.3. Bacterioplankton
The two conversion factors linking C to 3H-leucine provided

minimum and maximum values of bacterial production (BP)
etail from Fig. 7) as estimated from in situ biomass and empirical

Metridia longa Other copepod species

31.0% Oithona sp. 26.4%
7.6% Microcalanus spp. 16.2%
38.6% Triconia sp. 15.2%
21.4% Pseudocalanus spp. 13.6%
0.9% Paraeuchaeta sp. 9.2%
0.4% Cyclopina sp. 3.5%
0.2% Others (63% each) 15.9%

1.92 ± 0.48 1.67 ± 0.42
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throughout the study period (Fig. 9b). Significant multiple linear
relationships (r2 = 0.96, p < 0.0001, n = 11) were found linking the
range of experimentally-measured BP to mean temperature and
chl a fluorescence in the surface layer (0–80 m) (cf. Garneau
et al., 2008), as well as total mesozooplankton production (an in-
dex of food web activity). These relationships were used to esti-
mate the range of BP during periods when discrete in situ
measurements of BP were lacking, such as in early May, early June
and after mid-July (Fig. 9b). The average BP rate estimated with the
mean C-to-3H-leucine conversion factor and integrated for the
whole study period cumulated to 3.7 ± 0.9 g C m�2.
Rates of bacterial extracellular enzyme activity (EEA) measured
at discrete depths over the water column in June–July ranged from
53.4 to 1590 lg C m�3 d�1 (Table 4). The linear regression of EEA
rates (lg C m�3 d�1) against in situ POC concentrations (mg C m�3)
in the surface layer (6100 m) provided a significant relationship
(EEA = 5.34 � POC + 29.5, r2 = 0.83, p < 0.001, n = 9). When used
with a mean EEA rate of 84.6 ± 37.1 lg C m�3 d�1 for waters
P100 m (Table 4) this simple model enabled us to calculate a
cumulated EEA value of 8.2 ± 2.2 g C m�2 for the entire productive
season. Enzymatic excretion was further used with viral lysis esti-
mates (7–52% of BP, see Section 2.4.3) to constrain an exudation/
lysis C flow of 9.4 ± 3.1 g C m�2 from bacteria to DOC in the inverse
model.

3.4. Vertical particle fluxes and benthic carbon demand

Organic carbon represented overall 95.6% of TPC fluxes across
�100 m depth at mooring CA08, in accord with the percentage
measured by Juul-Pedersen et al. (2008) in the Beaufort Sea. Daily
vertical POC fluxes remained very low (<4 mg C m�2 d�1) until
early May (Fig. 10a) and subsequently showed peaks in mid-May
(18 mg C m�2 d�1), mid-June (47 mg C m�2 d�1) and late July
(74 mg C m�2 d�1). This sequence is in line with the results of
Shadwick et al. (2011), who found two subsurface respiration
peaks induced by increases in biologically mediated DIC in May
and July 2008. The cumulated POC flux for the whole study period
at 100 m depth amounted to 3.0 g C m�2. The mean C:N ratio
(mol:mol) of sinking particles was 7.1 ± 0.7, indicating that the
material was of autochthonous marine origin.

Absolute daily rates of vertical POC fluxes measured with short-
term drifting sediment traps in June–July were always higher
(Fig. 10b) than the mean rates measured with the long-term trap
in the corresponding interval (Fig. 10a). This discrepancy is essen-
tially due to technical differences in the sampling gear (e.g. aspect
ratio, aperture), deployment duration (hours vs. days), and spatial–
temporal variability across the Amundsen Gulf region. Hence,
average differences in flux measurements coupled with vertical
attenuation coefficients (b) calculated on the basis of the short-
term profiles (Fig. 10b) were applied to the average sinking POC
fluxes estimated with the long-term trap in order to provide min-
imum and maximum bounds to total POC sedimentation at a mean
depth of 395 m (i.e. the average bottom of all sampling stations,
see Appendix A) within the inverse food web model
(1.7 ± 0.5 g C m�2). The same approach of applying a correction
and the b coefficients to the average flux dataset was used to cal-
culate a seasonal export POC flux of 5.0 ± 1.5 g C m�2 at the mean
ZEU (80 m depth) for the entire March–August period (Table 1). For
convenience within the graphical output of the model, we did not
permit direct sedimentation from zooplankton or phytoplankton
but only from the detritus pool, which is connected to all pertinent
plankton components.

The daily benthic C demand (mean ± standard error) ranged
from 19.0 ± 1.5 to 46.4 ± 3.2 mg C m�2 d�1 across the stations in
the central region of the Amundsen Gulf where sediment core sam-
pling was performed from April to early August 2008 (Fig. 11). An
increase in the benthic C demand was generally observed over the
spring-summer transition when coastal regions were included in
the analysis, but overall differences among sites were more
pronounced than the seasonal variability (see Link et al. (2011)
for details). In the central Amundsen Gulf, benthic C demand de-
creased significantly with water depth (ANCOVA: F = 31.26,
p < 0.01), but did not differ significantly between ice-covered con-
ditions in spring and open-water conditions in summer for the spa-
tially distributed sites (ANCOVA: F = 3.43, p = 0.07). The log–log
equation derived from the significant correlation (r2 = 0.62,
p < 0.01, n = 11) between daily benthic C demand and water depth



Table 3
Surface values (means ± standard deviation) of bacterial production, bacterivory rates and size-fractionated biomasses of heterotrophic nanoflagellates (HNF) recorded in situ at
stations where grazing experiments (following Vaqué et al., 2008) were performed in the Amundsen Gulf region in 2007–2008. Stations F2, F6 and F7 were located in Franklin and
Darnley bays (Fig. 1). No bacterivory measurements were performed in the central Amundsen Gulf from May to July 2008 (N/A: not available).

Date Station ID Latitude (�N) Longitude (�W) Bacterial production
(mg C m�3 d�1)

Bacterivory rates
(mg C m�3 d�1)

Biomass HNF <5 lm
(mg C m�3)

Biomass HNF >5 lm
(mg C m�3)

19-November-07 405 70�37.30 123�00.10 0.18 ± 0.07 0.28 ± 0.19 0.08 ± 0.07 0
2-December-07 D4 71�43.90 125�33.80 0.32 ± 0.25 0.14 ± 0.10 0.5 ± 0.25 3.54 ± 2.15
7-December-07 D5 71�18.80 124�47.30 0.95 ± 0.56 0.60 ± 0.44 0.6 ± 0.27 1.17 ± 0.45
29-December-07 D12 71�22.80 125�04.10 0.03 ± 0.19 0.18 ± 0.13 0.30 ± 0.23 1.14 ± 0.52
15-January-08 D17 71�30.60 124�55.30 0.25 ± 0.22 0.21 ± 0.13 0.46 ± 0.29 5.75 ± 2.19
18-February-08 D22 71�18.70 124�29.80 0.63 ± 0.33 0.19 ± 0.16 0.54 ± 0.24 2.89 ± 1.11
2-March-08 D27 70�47.50 122�23.00 0.31 ± 0.15 0.68 ± 0.34 0.60 ± 0.29 3.42 ± 1.51
27-March-08 D33 71�03.80 121�47.20 0.68 ± 0.32 0.17 ± 0.15 0.19 ± 0.02 3.61 ± 1.94
12-April-08 D38 71�14.70 124�36.70 1.17 ± 0.29 N/A 1.02 ± 0.18 6.07 ± 3.26
26-May-08 F2 69�56.80 126�10.30 N/A N/A 0.52 ± 0.29 0.05 ± 0.02
2-June-08 F6 69�51.60 123�45.10 0.49 ± 0.30 0.41 ± 0.28 0.63 ± 0.31 0
9-June-08 F7 69�49.60 123�37.90 2.04 ± 0.42 1.43 ± 0.45 1.03 ± 0.53 0

Table 4
Extracellular enzyme activity (EEA) by bacterioplankton measured on particles
(>1 lm) at ZCM (depth of the chl a maximum), 50 m, 100 m, and close to the seafloor
(�12 m above bottom) using water samples collected with a large-volume in situ
pump or with the rosette system. The concentration of particulate organic carbon
(POC) measured at the same depths as EEA is also given when available. N/A: not
available.

Date Sampling
depth

EEA
(lg C m�3 d�1)

EEA sampling
gear

POC
(mg C m�3)

10-June ZCM 764.1 Rosette 87.0
50 m 234.0 Pump 40.8
100 m 53.4 Pump 39.0
Bottom 63.8 Rosette N/A

28-June ZCM 1341.5 Rosette 205.1
50 m 592.2 Pump 151.1
100 m 57.1 Pump 27.8
Bottom 115.8 Rosette N/A

8-July ZCM 887.6 Pump 88.2
50 m 1586.1 Pump 318.4
100 m 133.2 Pump 51.1
Bottom N/A N/A N/A
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enabled us to calculate a cumulated C demand of 2.8 g C m�2 at the
boundary depth (395 m) of the C flow model for the entire spring-
summer period (i.e. 124 days from 1 April to 3 August). The mean
POC content in surface sediments was low (1.3 ± 0.5%), consistent
with the low total POC sedimentation allowed within the inverse
analysis (Table 5).
3.5. Carbon flow model

The biological variables used as lower and upper bounds for
constraining the inverse food web model and obtained both from
in situ field measurements and from the literature are detailed in
Table 5. The structure and rationale of the model are presented
in the Appendix B. The food web solution was based on the mean
GPP of 52.5 g C m�2 that was divided into the production of small
and large cells (32.4% and 67.6%, respectively) and assuming a con-
tribution by both ice algae (�6%) and phytoplankton (�94%)
(Fig. 6c). The GPP was further fractionated into the heterotrophic
community (six components), pools of detritus and DOC, and a
residual C flux (Fig. 12, Table 6). The model computed a net PP of
49.2 g C m�2, which yields a ratio of export (e-ratio) at ZEU (80 m
depth) of only �10% when using the POC export flux estimated
in 3.4 and shown in Table 1. The direct ingestion of the net PP by
micro- and mesozooplankton yielded an exploitation efficiency of
66% (i.e. total ingestion of phototrophs by zooplankton divided
by the amount of net PP), but the high turnover of biogenic C in
the planktonic food web resulted into the retention of nearly 97%
of the initial GPP in the water column (Fig. 12). Accordingly, the
cumulated respiration fluxes dominated (82%) the ultimate C out-
flow, whereas the residual C flux and the total POC sedimentation
flow represented 15% and 3% of the initial GPP, respectively. The
vertical POC output from the inverse model (1.7 g C m�2) was
1.1 g C lower than the mean benthic C demand (2.8 g C m�2) esti-
mated for the April–August period at the boundary depth of
395 m (see Section 3.4). Within the total respiration flux, bacteria
were responsible for 45% of the outflow, mesozooplankton for
29%, microzooplankton for 18%, and phytoplankton for only 8%.
Based on the C flows from the inverse analysis (Table 6), we calcu-
lated the main physiological parameters (see Appendix B for defi-
nitions) of the heterotrophic components (Table 7).
4. Discussion

4.1. Environmental setting and the control of primary production by
climatic and oceanic forcings in the central Amundsen Gulf in spring-
summer 2008

In September 2007, a dramatic record low in sea ice extent was
reported over the Amerasian Arctic Ocean (NSIDC, 2011). In the
southeast Beaufort Sea, the phase of seasonal ice expansion in
the fall of 2007 was characterized by anomalously strong easterly
winds that set the stage for unprecedented lead formation and ice
mobility over the following winter (Barber et al., 2010). Solar heat-
ing due to reduced ice conditions in summer 2007 contributed
additional heat to the ocean, which hindered ice growth during
fall-winter (Perovich et al., 2008). As a result, the landfast ice
bridge that typically forms in the Amundsen Gulf over March–April
did not consolidate in spring 2008 and a rapid ice decline occurred
in early May, roughly 1 month earlier than usual (Galley et al.,
2008). It is thus likely that the combination of strong winds and
open leads during winter 2007–2008 produced more convection
and vertical mixing between the surface layer and the nutrient-
rich waters of Pacific origin (Simpson et al., 2008; see also Fig. 2b
and c). According to the pattern of isohalines (Fig. 2b), winter mix-
ing in 2008 homogenized the surface layer down to at least 50 m
depth in the central Amundsen Gulf. Such a stratum was �45%
deeper than what has been measured (�35 m depth) in the adja-
cent Franklin Bay during the Canadian Arctic Shelf Exchange Study
(CASES) in 2003–2004 (Gratton, unpublished data) – a year of
moderate winds, near-average ice concentrations and more stable
ice cover (Galley et al., 2008; Forest et al., 2010; Tremblay et al.,
submitted for publication). In fact, the mixed-layer depth in late
winter 2008 appeared to have reached at times a depth of
�70 m, roughly twice deeper than what has been measured during
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2004 (Nahavandian Isfahani, INRS-ETE, personal communication).
Interestingly, the mean NO�3 -based new PP calculated in our study
(33.5 g C m�2) was nearly twice higher than the one estimated
using a similar methodology and over the same seasonal window
during CASES 2004 (16.6–17.9 g C m�2; Simpson et al., 2007;
Tremblay et al., 2008). Assuming a conservative f-ratio of 0.6 for
the southeast Beaufort Sea (Carmack et al., 2004) yields a corre-
sponding mean GPP rate of �28.8 g C m�2 for 2004. Hence, the
mean GPP estimated from the nutrient drawdown in the central
Amundsen Gulf in spring-summer 2008 (Table 1) was approxi-
mately 80% higher than in 2004. Still, the increase in PP detected
here was not as pronounced as in the coastal zone of the Beaufort
Sea (<250 m isobath) where the new PP rate was at minimum 4-
fold higher in 2007–2008 relative to 2003–2004, due to the



Table 5
List of the biological variables (mean primary production rates and minimum–maximum bounds for other trophic flows) used as constraints for reconstructing the food web flows
using the inverse modeling approach (see Section 2.7).

Biological constraint Units Lower bound Upper bound Reference

Phototrophs
Primary production by small cells (<5 lm) g C m�2 17.0 This study
Primary production by large cells (>5 lm) g C m�2 35.5 This study
Respiration by small and large cells % of production 5 30 Vézina and Platt (1988)
Exudation/lysis from small and large cells to DOC % of production 8 82 Gosselin et al. (1997), Klein et al. (2002)

Mesozooplankton
Production of Calanus hyperboreus g C m�2 1.1 1.8 This study
Production of Calanus glacialis g C m�2 1.3 2.2 This study
Production of Metridia longa g C m�2 1.4 2.4 This study
Production of other mesozooplanktona g C m�2 1.6 2.5 This study
Herbivory by Calanus hyperboreus g C m�2 9.8 17.4 This study
Herbivory by Calanus glacialis g C m�2 2.8 5.1 This study
Herbivory by Metridia longa g C m�2 4.9 8.8 This study
Assimilation efficiency of mesozooplankton % 60 80 Daly (1997), Frangoulis et al. (2010)
Gross growth efficiency of mesozooplankton % 15 33 Straile (1997), Frangoulis et al. (2010)
Total respiration by mesozooplankton g C m�2 9.9 14.8 This study
Excretion/egestion from mesozooplankton to DOC % of respiration 33 100 Vézina and Platt (1988)

Microzooplankton
Production of copepod nauplii g C m�2 0.9 1.3 This study
Bacterivory by protozoans g C m�2 1.7 2.7 Vaqué et al. (2008); This study
Herbivory and detritivory by protozoans g C m�2 9.8 16.2 Vaqué et al. (2008), This study
Assimilation efficiency of microzooplankton % 50 90 Vézina and Platt (1988)
Gross growth efficiency of microzooplankton % 10 40 Straile (1997)
Excretion/exudation from microzooplankton to DOC % of respiration 33 100 Vézina and Platt (1988)

Bacteria
Production of bacteria g C m�2 2.8 4.6 This study
Exoenzymatic degradation of detritus by bacteria g C m�2 6.0 10.2 This study
Net growth efficiency of bacteria % 7 25 del Giorgio and Cole (2000), Kirchman et al. (2009b)
Exudation and viral lysis from bacteria to DOC g C m�2 6.3 12.4 Wilhelm and Suttle (1999), This study

Other parameters
Total POC sedimentation at 395 m g C m�2 1.2 2.2 This study
Net community production (whole water column) g C m�2 6.2 32.8 Shadwick et al. (2011)

a Other mesozooplankton comprise copepods other than the three dominant calanoids, as well as ostracods, appendicularians and mucus-feeder pteropods.
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synergistic effect of persistent upwelling-favorable (i.e. north-east-
erly) winds and the steep topography (Williams and Carmack,
2008; Tremblay et al., submitted for publication). This spatial com-
parison indicates that despite the potential for enhanced vertical
mixing, the central Amundsen Gulf remains a stratified area (cf.
Lansard et al., submitted for publication). Such a characteristic is
a consequence of its inherent offshore condition, but probably also
of the residual anti-cyclonic circulation in the Gulf (Lanos, 2009),
which is influenced by the Beaufort Gyre conveying a large amount
of freshwater (Proshutinsky et al., 2009).

Wind-driven upwelling events in 2007–2008 have particularly
boosted the PP associated with the landfast-ice (i.e. ice algae and
under-ice phytoplankton), as observed in May and June in the
Darnley and Franklin bays (Mundy et al., 2009; Brown et al.,
2011; Tremblay et al., submitted for publication). However, mea-
surements in these shallow areas were of coarse temporal resolu-
tion and could not be adequately included into our seasonal C
budget of the planktonic food web. Nevertheless, three apparent
upwelling events were detected in our offshore time-series, as sur-
mised by the upward displacement of isohalines and NO�3 contours
at mid-May (less visible), mid-June and mid-July (Fig. 2b and c).
Each of these events occurred shortly (<2 weeks) after episodes
of north-easterly winds (20–40 km h�1) that persisted for at least
5 days over the IPY–CFL study region (Tremblay et al., submitted
for publication). Hence, we propose that what has been detected
in the central Amundsen Gulf is not a consequence of local upwell-
ing, but simply a reflection of the episodic south-eastward entrain-
ment of deep water from the Beaufort Sea into the Amundsen Gulf
(Lanos, 2009), as a consequence of the surface Ekman drift toward
the north-west (cf. Williams and Carmack, 2008). These remotely-
driven, transient uplifts in the nitracline during May and July were
clearly associated with marked increases in chl a fluorescence
(Fig. 2d) and in the proportion of large phytoplankton cells
(Fig. 6c), whereas the apparent lack of similar effect in mid-June
is likely an artifact linked to the lack of sampling in the central
Amundsen Gulf from 11 to 27 June 2008 (see Appendix A). We as-
sumed that our new PP rate compensated to some extent for this
shortage of measurements, as our methodology integrated the
NO�3 deficit over the euphotic zone and throughout the productive
season until near-exhausted nutrient stocks (cf. Hoppema et al.,
2000). Therefore, we conclude that in addition to enhanced vertical
mixing during winter, the so-called upwelling events in spring-
summer have likely contributed to the increase in PP in the off-
shore zone of the Amundsen Gulf in 2008, when compared with
the average PP rate measured in 2004. Indeed, more data account-
ing for the influence of inter-annual variability and spatial hetero-
geneity of sea ice and wind conditions on nutrient inventories are
needed to establish a real trend in primary productivity in the
region.

According to our NO�3 drawdown equation (Fig. 6a), half of the
cumulated new PP occurred from late March to May and the other
half was mediated by the subsurface chlorophyll maximum (SCM)
that developed in June–July. Phytoplankton biomass over March–
April was low (Fig. 6c) and it is most probable that ice algae
(Fig. 6c) and pelagic mixotrophic microorganisms (e.g. Micromon-
as-like picoprasinophytes; Lovejoy et al., 2007) began to deplete
the surface NO�3 inventory before the phytoplankton bloom re-
corded in May. A decrease in the pCO2 has also been attributed
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Fig. 12. Inverse modeling solution for the planktonic food web flows in the central Amundsen Gulf for the whole period of spring-summer 2008 (0–395 m depth). Arrow
widths are proportional to the importance of each carbon flow between connected food web components as abbreviated as: GPP: gross primary production (i.e. total), sph:
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chy: Calanus hyperboreus, ozo: other mesozooplankton >200 lm, det: detrital particulate organic carbon, doc: dissolved organic carbon, ext: residual carbon flow). Please note
that the contribution of both phytoplankton (93.6%) and ice algae (6.4%) is assumed to be included in the two phototroph compartments since GPP in our study is derived
from the drawdown of NO�3 and DIC in the upper water column (see Appendix B). Mesozooplankton were divided into four sub-categories to take into account the species-
specific feeding strategies (see Section 2.7). The detail of all carbon flows is given in Table 6.
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to the growth of ice algae over April–early May, but the uncertainty
on this decline was large (Shadwick et al., 2011). Photosynthesis by
picoprasinophytes probably corresponds to the passage of chl a
fluorescence above nil values during March (Fig. 2d), but a reason-
able maximum biomass for these small species before ice break-up
appears to be only �1.0 mg chl a m�2 (Lovejoy et al., 2007). By con-
trast, ice algal biomass in the central Amundsen Gulf in 2008
peaked around mid-April at �1.2 g C m�2, a value recorded as the
ship drifted along with a large ice floe (Brown et al., 2011). This
maximum ice-algal biomass is more than one order of magnitude
lower than the C biomass of phytoplankton measured in the upper
water column during the spring bloom of May (�18.2 g C m�2,
Fig. 6c). Actually, the biomass of phototrophs in our study
(Fig. 6c) was largely dominated by phytoplankton (93.6%) over
ice algae (6.4%). This supports that ice algae accounted for a minor
fraction of total PP when averaged spatially across the study area
and integrated temporally throughout the sampling period. Such
low relative contribution of ice algae to PP is consistent with the
chl a fluorescence time-series (Fig. 2d), within which the weak in-
crease in late April probably corresponded to the release of ice al-
gae as the ice cover ruptured (Fig. 2a). This was a period when the
stable isotopic composition of phytoplankton and ice algae (d13C,
d15N) was overlapping and highly variable (Forest et al., 2011). It
is clear, hence, that uncertainties remain about the precise contri-
bution of ice algae to total PP, as actual PP rates were not measured
in situ on ice algae and phytoplankton before ice break-up (Appen-
dix A). This is particularly true as the f-ratio of ice algal communi-
ties could be lower (e.g. �0.34; Lee et al., 2008) than the one that
has been used in the present study (0.64) to calculate the total GPP.

Long-lived SCMs (i.e. generally below 25 m depth) are wide-
spread features in seasonally ice-free waters of the Canadian Arctic
(Martin et al., 2010). The depth of the SCM in our study (�55 m,
Fig. 2d) was greater than the usual depth (�30–40 m) associated
with these features in the Amundsen Gulf (Martin et al., 2010),
consistent with the deepening of the chlorophyll maximum in
the Canada Basin observed over 2003–2008 (from 45 to 60 m
depth; Jackson et al., 2010). During the CASES expedition in
2004, the SCM developed simultaneously with the ice break-up
as a result of low initial NO�3 inventories in the surface layer and
persisted at least until early August (Tremblay et al., 2008). In
2008, the SCM in the central Amundsen Gulf developed in June
(Fig. 2d) and was first characterized by a f-ratio of �0.5 and small
phytoplankton cells at �74% (Fig. 6b and c). Such a large propor-
tion of total GPP fueled by regenerated nutrients is consistent with
heterotrophic activities and the peak NHþ4 inventory generated in
the wake of the superficial spring bloom. A shift toward high f-ra-
tios (up to 0.95) and dominance of both PP and chl a biomass by
large phytoplankton (>80%) occurred in early July as the SCM grew
in intensity with the upward displacement of isohalines. This illus-
trated a prompt response by phytoplankton in the SCM to the sud-
den availability of high NO�3 concentrations from intermediate
Pacific-derived waters (Fig. 3). However, this transient event af-
fected only the lower euphotic zone and did not restore late-winter
concentrations at the surface (which would show in Fig. 6a). It
boosted productivity of the existing SCM, whose NO�3 consumption
is adequately captured by the logistic model described in Sec-
tion 3.2.2. The increase in the chl a fluorescence signal observed
in the SCM in mid-July implies a high photosynthetic capacity
despite its location in the lower portion of the euphotic zone (i.e.
near 1% light level; cf. Tremblay et al., 2009; Martin et al., 2010).
Diatoms and silicoflagellates were most likely the dominant phyto-
plankton species in the SCM – as well as during the spring bloom –
since we found a tight relationship between [Si(OH)4] and [NO�3 ]
drawdown (Fig. 4b). Accordingly, the high depletion ratio



Table 6
Results of food web flows from the inverse modeling solution (Fig. 12). All flows are
expressed in g C m�2, which are integrated rates for the whole period of spring-
summer 2008.

From To Flow (g C m�2)

Gross primary production Phytoplankton <5 lm 16.961
Gross primary production Phytoplankton >5 lm 35.549
Phototrophs <5 lm Microzooplankton 7.024
Phototrophs <5 lm Calanus hyperboreus 2.561
Phototrophs <5 lm Calanus glacialis 0.216
Phototrophs <5 lm Metridia longa 0.225
Phototrophs <5 lm Other mesozooplankton 0.545
Phototrophs <5 lm Detritus 3.555
Phototrophs <5 lm Dissolved organic carbon 1.647
Phototrophs <5 lm Respiration 1.187
Phototrophs >5 lm Calanus hyperboreus 7.203
Phototrophs >5 lm Calanus glacialis 4.859
Phototrophs >5 lm Metridia longa 4.717
Phototrophs >5 lm Other mesozooplankton 5.187
Phototrophs >5 lm Detritus 5.160
Phototrophs >5 lm Dissolved organic carbon 6.290
Phototrophs >5 lm Respiration 2.133
Bacteria Microzooplankton 2.158
Bacteria Other mesozooplankton 0.110
Bacteria Detritus 0.612
Bacteria Dissolved organic carbon 7.210
Bacteria Respiration 19.500
Bacteria Residual flux (net production) 0.320
Microzooplankton Calanus glacialis 1.164
Microzooplankton Metridia longa 0.733
Microzooplankton Other mesozooplankton 1.053
Microzooplankton Detritus 1.558
Microzooplankton Dissolved organic carbon 2.607
Microzooplankton Respiration 7.900
Microzooplankton Residual flux (net production) 0.563
Calanus hyperboreus Detritus 1.388
Calanus hyperboreus Dissolved organic carbon 2.518
Calanus hyperboreus Respiration 4.296
Calanus hyperboreus Residual flux (net production) 1.562
Calanus glacialis Detritus 1.258
Calanus glacialis Dissolved organic carbon 0.991
Calanus glacialis Respiration 2.645
Calanus glacialis Residual flux (net production) 1.345
Metridia longa Detritus 1.161
Metridia longa Dissolved organic carbon 1.050
Metridia longa Respiration 2.703
Metridia longa Residual flux (net production) 1.468
Other mesozooplankton Detritus 1.391
Other mesozooplankton Dissolved organic carbon 1.103
Other mesozooplankton Respiration 2.756
Other mesozooplankton Residual flux (net production) 1.673
Detritus Microzooplankton 6.395
Detritus Metridia longa 0.708
Detritus Dissolved organic carbon 6.910
Detritus Other mesozooplankton 0.027
Detritus Sedimentation 1.654
Detritus Residual flux (accumulation) 0.388
Dissolved organic carbon Bacteria 29.910
Dissolved organic carbon Residual flux (dilution) 0.416
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measured in our study (1.64) was a good indicator of siliceous
plankton growth at low irradiance (Tremblay et al., 2008). But
the fact that it was slightly lower than during CASES (1.86) sug-
gests that the SCM contributed less to total PP in 2008 than in
2004. Actually, the spring bloom in 2004 was a ‘‘flash’’ event that
has been barely detected at ice break-up, as a result of the weak
surface renewal of inorganic nutrients during winter 2003–2004
(Simpson et al., 2008; Tremblay et al., 2008).
4.2. Biotic regulation of trophic and downward carbon flows: influence
of the high carbon demand by zooplankton and bacterial communities

In marine ecosystems, primary producers provide the initial
organic C source, whereas consumers and decomposers determine
its distribution and fate in the food web. The balance in the quan-
tity of energy retained in the pelagic environment or transferred to
the benthos depends primarily upon the degree of coupling be-
tween PP and heterotrophic plankton (Wassmann, 1998). Despite
differences in their size and feeding strategies, zooplankton and
microorganisms can be seen as an interacting functional unit that
controls both trophic export and sinking losses (e.g. Steinberg
et al., 2008). In the Amundsen Gulf in spring-summer 2008, the
POC sedimentation modeled at the depth of 395 m amounted to
1.7 g C m�2 (only 3% of the initial GPP), a rate which accounted
for �60% of the estimated C demand of benthic communities. This
discrepancy could be explained by uncertainties on vertical flux
measurements (Buesseler et al., 2007), such as underestimation
due to passively sinking copepods (Sampei et al., 2009b), or by var-
iability in the timescale of C cycling in the sediment when com-
pared to the pelagic (Rysgaard and Nielsen, 2006). A possible
additional C source to the benthos in a trough-like environment
such as the Amundsen Gulf might be cascading particles, i.e. lateral
transport of organo-mineral aggregates or benthic algal POC within
the bottom boundary layer of the slope (Feder et al., 1994; Thom-
sen, 1999; Rysgaard and Glud, 2007). However, sediment pigment
concentrations did not suggest that lateral input was important in
spring-summer 2008 (Link et al., 2011). The low fraction of down-
ward C flow out of the pelagic food web computed here is never-
theless in accord with a recent multi-year study on vertical POC
fluxes showing that only �5% of the surface POC signal appears
to reach 210 m depth in the area (Forest et al., 2010). Clearly, the
general picture emerging from these results and from our synthesis
illustrates that the pelagic food web in the central Amundsen Gulf
leaves little for other components of the ecosystem (cf. Sallon et al.,
in press). This seems to be the case in most years, even when PP
levels are unusually high like in 2008. The high retention is obvi-
ously induced by a high top-down pressure, a condition that is
increasingly recognized in off-shelf Arctic environments (e.g. Olli
et al., 2007). The challenge now is to identify the driving forces be-
hind this condition. If the impact of environmental changes on the
Amundsen Gulf dynamics is to be adequately understood and pro-
jected, the comprehension of key mechanisms governing food web
function is needed. In particular, the fact that we estimated an ex-
port flux at ZEU representing only �10% of GPP (Table 1) suggests
that the C demand of heterotrophs was especially high in 2008.
High top-down pressure at the onset of PP in spring was presum-
ably exerted by large populations of heterotrophic plankton in
place beforehand. Such pre-conditioning of the ecosystem is likely
to be the critical determinant of pelagic retention.

In autumn 2007, high recruitment of the key copepod species C.
glacialis was detected on the Mackenzie Shelf and in the Franklin
Bay, thanks to the abundant food resources available following
the highly productive season of 2007 (Tremblay et al., submitted
for publication; see also above). A high biomass of C. glacialis, as
well as of the two other dominant calanoid copepods C. hyperbore-
us and M. longa, was subsequently measured in the Amundsen Gulf
in January 2008 (up to 7.6 g C m�2; Forest et al., 2011). This ten-
dency for sustained secondary production obviously persisted over
spring-summer 2008, as peaks in zooplankton production were
generally detected in concomitance with the successive increases
in chl a biomass. Peaks in the production of dominant calanoid
copepods were also associated with the rapid moulting of young
copepodite stages into older stages (Forest et al., 2011). Most
importantly, the early spring bloom detected in May favored a
steep increase in the production rate of all zooplankton species,
including copepod nauplii (Figs. 7a–d, 8a and 9a). This response oc-
curred despite the prevalence of sub-zero temperature throughout
the upper water column (Fig. 2b), indicating that Arctic zooplank-
ton are well adapted to their cold environment (e.g. Conover and
Huntley, 1991). Herbivory in the three dominant calanoids reached



Table 7
Vital parameters of planktonic heterotrophs as obtained from the inverse food web solution (Fig. 12 and Table 6) and of the benthos as calculated upon Fig. 11 and according to
Brey (2001). The definition of each parameter is given in the Appendix B. Please note that the secondary production of each component comprises the C flow lost through
mortality (i.e. by constrained predation and/or natural death) and does not equal each of the residual C flows as listed in Table 6.

Heterotrophic component
(modeled)

Ingestion
(C demand)
(g C m�2)

Excretion/egestion
(g C m�2)

Assimilation
efficiency (%)

Respiration outflow
(g C m�2)

Net secondary
production (g C m�2)

Gross growth
efficiency (%)

Bacterial growth
efficiency (net) (%)

Bacterioplankton 29.9 6.9 76.9 19.5 3.5 11.7 15.2
Microzooplankton 15.6 3.8 75.9 7.9 3.9 25.2 –
Calanus hyperboreus 9.8 3.8 61.4 4.3 1.7 17.4 –
Calanus glacialis 6.2 2.1 66.0 2.6 1.5 23.6 –
Metridia longa 6.4 2.1 67.2 2.7 1.6 24.8 –
Other mesozooplankton 6.9 2.4 66.0 2.8 1.8 26.2 –
Benthosa 2.8 0.6 80.0 1.6 0.7 24.0 –

a Values calculated upon Fig. 11 and according to Brey (2001).
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their maximum in May, thus supporting the match hypothesis be-
tween the growth of Arctic copepods and phytoplankton blooms
(see Falk-Petersen et al., 2009 for a review). The vernal increase
in the production of C. glacialis was less visible (Fig. 7b) because
the biomass of this species was roughly twice lower in May than
in July (Forest et al., 2011). Hence, the observation that the produc-
tivity of C. glacialis reached daily rates as high as �38 mg C m�2 d�1

in early July (Fig. 7b) suggests a tight coupling between the devel-
opment of the SCM in open water conditions and the growth of this
species (cf. Søreide et al., 2010). On the other hand, the relatively
low herbivory rates measured in C. glacialis and M. longa during
summer can likely be explained by a diverse diet (e.g. Campbell
et al., 2009) not captured by the gut fluorescence technique (Hat-
tori and Saito, 1997). In our C flow model, 19% of the feeding mode
of C. glacialis was carnivorous and 23% of that of M. longa was car-
nivorous and detritivorous (Table 6). In fact, stable isotope analyses
revealed that only the large grazer C. hyperboreus could be consid-
ered a true herbivore in the Amundsen Gulf in spring-summer
2008 (Forest et al., 2011). This is in accord with the evident bimo-
dal pattern and high rates of phytoplankton ingestion observed for
this species (Fig. 7a, Table 6).

Feeding and egestion activities by copepods are increasingly
known to trigger the fragmentation of large-size particles and
the transfer of particulate material into the dissolved phase. Such
shift in the size-spectrum of biogenic matter is due to sloppy feed-
ing, coprophagy/chaly/rhexy behaviors (i.e. ingestion, handling and
fragmentation of fecal pellets), leakage from fecal pellets, and di-
rect excretion (e.g. Møller et al., 2003; Iversen and Poulsen,
2007). This perspective contrasts with the general view that fecal
pellet production by large copepods contributes to vertical POC ex-
port since a substantial proportion (50–98%) of fecal POC material
produced in the upper water column is indeed retained there (e.g.
Sampei et al., 2004, 2009a; Wexels Riser et al., 2007). When fo-
cused on phytoplankton blooms, feeding activities by copepods
are thus expected to release high-quality DOC that can be readily
used by bacterioplankton (e.g. Titelman et al., 2008). In our food
web model, the fraction of DOC egested by mesozooplankton rep-
resented on the average 53 ± 10% of their unassimilated C (Table 6).
In addition, exoenzymatic activity by bacteria diverted 43% of the
detrital C flow to DOC. As a result, bacterial production in our study
was not only statistically linked to chl a concentration and water
temperature (Garneau et al., 2008), but also to mesozooplankton
production (see Section 3.3.3). The temporal patterns we observed
and modeled convincingly show that microbial growth (Fig. 9b)
was promoted by elevated phytoplankton and zooplankton pro-
duction (Figs. 6c and 7). According to our time-series of DOC con-
centration in the upper water column (Fig. 5a), the DOC produced
by local biological activities over the study period was rapidly used
by bacteria, as no major accumulation could be noticed from April
to early August. Interestingly, the DOC pool during the spring
bloom in May did not increase, but a �50% rise was detected
simultaneously with the increase in SCM intensity. This suggests
that the warm surface temperature in summer (Fig. 2b) might have
played a role in enabling more efficient exoenzymatic POC degra-
dation by bacteria in summer than in spring (Table 4). On the other
hand, we cannot exclude the possibility that photodissolution of
POC (Estapa and Mayer, 2010) was facilitated in early July when
ZEU (0.2% PAR) reached down to �100 m depth (Fig. 2d).

Despite low production, bacteria are relatively abundant over
the winter months in the Amundsen Gulf region, so they respond
quickly to the onset of the productive season (Garneau et al.,
2008). During the polar night, they can potentially assimilate
CO2 (Alonso-Sáez et al., 2010) and/or use refractory C sources –
such as colored dissolved organic matter (CDOM) – to sustain a
minimal growth that compensates for mortality (Garneau et al.,
2008; Vaqué et al., 2008). In marine environments, CDOM can be
generated by zooplankton and bacteria themselves (e.g. Ortega-
Retuerta et al., 2009), but river inputs are possibly the main con-
tributors to CDOM inventories at high-north latitudes (e.g. Ret-
amal et al., 2007). In the Beaufort Sea, the Mackenzie River (ca.
300 km west of the Amundsen Gulf mouth) delivers annually a
vast amount of freshwater (�330 km3 yr�1) and particulate matter
(�124 Tg yr�1) (Rachold et al., 2004), but almost all of the terrige-
nous sediments (�97%) are deposited on the shallow Mackenzie
Shelf (O’Brien et al., 2006) and only 2–10% of riverine water appear
to occupy the surface layer in the Amundsen Gulf (Lansard et al.,
submitted for publication; Thomas et al., submitted for publica-
tion). The loading of CDOM and DOC from the Mackenzie River
to the Arctic Ocean is low when compared with the other Arctic
rivers (Stedmon et al., 2011). In the western Arctic, the major
CDOM pool lies at intermediate depths (�50–200 m) with maxi-
mum concentration in association with the cold core of the Pacific
winter water mass (Guéguen et al., 2007; Benner and Amon, 2010).
Such vertical layering suggests that the high baseline of DOC con-
centration in the Amundsen Gulf (Fig. 5a) results primarily from
the influence of Pacific-origin water, which is laden with refractory
dissolved compounds as a consequence of the oxidation of marine
organic matter during the long transit within the global conveyor
belt (Nelson et al., 2010). Further CDOM incorporation into the
cold Pacific halocline appears to occur during sea ice formation
when dense water from the water–sediment interface is entrained
offshore (Guéguen et al., 2007). A similar input mechanism is the
resuspension of detrital material from the shelf bottom and its
subsequent lateral transport offshore during storm and convection
events (e.g. O’Brien et al., 2006; Forest et al., 2007). All these pro-
cesses feed actively the upper water column with both marine or-
ganic matter in early diagenesis and terrigenous material. In turn,
the large DOC/CDOM inventory in the Beaufort Sea region sustains
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an active community of bacteria (Garneau et al., 2008; Nguyen and
Maranger, 2010) that might explain why the central Amundsen
Gulf appears overall (i.e. surface and subsurface waters combined)
to be net-heterotrophic over an annual cycle (Shadwick et al.,
2011).

Production of heterotrophic protists was not measured in the
field, but their in situ bacterivory rates from November 2007 to June
2008 were significantly correlated to bacterial production (Sec-
tion 3.3.2 and Table 3). This tight fit suggests that the background
of bacterial production likely fueled by refractory compounds over
the winter months was able to maintain a functional population of
protozoans. Such a view is consistent with the notion of an active
microbial-detrital food web in the dark waters of the Arctic Ocean
in winter (e.g. Garneau et al., 2008; Sampei et al., 2009a; Alonso-
Sáez et al., 2010; Rokkan Iversen and Seuthe, 2011). A seasonal shift
occurs however in spring when photosynthesis becomes rapidly
(once again) the main determinant of organic C fluxes in Arctic mar-
ine ecosystems (see Fig. 10 in Forest et al., 2008). Assuming that
bacterivory could meet only 14% of the C demand of large protozo-
ans (>5 lm) in spring-summer (Vaqué et al., 2008), we estimated
that at least ca. 10 g C m�2 of small phytoplankton or detrital POC
was needed to fulfill the C requirement of heterotrophic protists
in our study (Table 5). The inverse C flow model actually computed
that 41% of the POC ingested by microzooplankton exited from the
detritus compartment and that 54% of C inputs to the detritus pool
entered directly from the two phototrophic components (Fig. 12
and Table 6). Hence, the break-up of freshly-produced ice algal
and phytoplankton cells into small phycodetritus through mechan-
ical burst or sloppy feeding by copepods was not only an important
source of DOC for microbes, but also probably of small detrital POC
for protozooplankton. Interestingly, the Amundsen Gulf ecosystem
in spring-summer 2008 was dominated at �68% by the production
of large cells (mainly diatoms), but clearly, cannot be classified as
an export system (sensu Wassmann, 1998). Such disconnection be-
tween the size-structure of phototrophic communities and food
web function has been observed in other Arctic polynyas (Berreville
et al., 2008) as well as in the subarctic Gulf of St-Lawrence (Rivkin
et al., 1996), and is likely due to a rich set of internal trophic inter-
actions, as exemplified by our diagram of the planktonic food web
(Fig. 12).

4.3. Comparison of the central Amundsen Gulf with other Arctic
ecosystems: implications for higher trophic levels and biogeochemical
carbon fluxes

A persistent paradigm of Arctic shelf seas is that the pelagic–
benthic coupling in these regions is tight due to a large proportion
of PP left ungrazed by zooplankton and directly available to the
benthos via sinking (e.g. Dunton et al., 2005; Renaud et al., 2008;
Tamelander et al., 2008). This is generally the case on the shallow
Barents, Chukchi and Bering shelves, where PP is high (100–
400 g C m�2 yr�1; Sakshaug, 2004), but strong pelagic–benthic
coupling in other Arctic regions is patchier and typically associated
with upwelling areas, marginal ice zones and polynyas (Piepen-
burg, 2005). Among Arctic polynyas, however, both the North
Water (NOW) and Northeast Water (NEW) polynyas have been
identified as retention systems because of the rich spring-summer
zooplankton populations that inhabit these regions (Grebmeier
and Barry, 2007). To a lesser extent, a similar functioning occurs
in the northern Barents Sea where zooplankton could potentially
ingest POC in the range of 22–44% of the daily PP during the spring
bloom (Wexels Riser et al., 2008). According to our results, we can
clearly add the Amundsen Gulf flaw lead polynya to the list of Arc-
tic systems where vertical export is low (e-ratio at ZEU � 10%) as a
result of high top-down regulation (as discussed above). This com-
parison becomes more insightful when considering similarities
and contrasts in the magnitude of PP and its fate in the food
web across the so-called retention systems. A convenient compar-
ison can be made with the pelagic food web of the eastern NOW in
spring-summer 1998, which was investigated by Tremblay et al.
(2006a). Out of a total PP of 139 g C m�2 measured during this per-
iod, 79% was consumed by heterotrophs, 6% accumulated as detri-
tus and DOC, and 15% sank below 150 m depth. Furthermore, the
fractions of PP reaching the 200 and 500 m isobaths were only
7% and 1%, respectively. Functioning of the planktonic food web
in the central Amundsen Gulf in 2008 thus appears similar to what
has been deduced for the NOW polynya in 1998. The prompt re-
sponse of the heterotrophic components to micro-algal production
and the significant prey-predator relationships found in our study
are further evidence for similarities between the two environ-
ments. What differs is presumably the absolute quantity of energy
transferred to higher trophic levels and available for the develop-
ment of vertebrate populations.

In the NOW polynya, the planktonic food web supports large
biomasses of seabirds and marine mammals, whereas the density
of top predators in the Amundsen Gulf region is known to be much
lower (Stirling, 1997). The most striking example concerns the sea-
bird population, as literally millions of seabirds, mainly of the
copepod-specialist species dovekie (Alle alle), migrate every year
to the NOW polynya to feed and breed (Karnovsky et al., 2007).
The average C flux to dovekies in the NOW is estimated to be
�1 g C m�2 yr�1, or �0.5% of the annual PP of 250 g C m�2 (Karnov-
sky and Hunt, 2002). By contrast, only one colony of <1000 sea-
birds, dominated by thick-billed murres (Uria lomvia), appears to
settle in the Amundsen Gulf at Cape Parry (Fig. 1). This is despite
the existence of suitable nesting cliffs along Banks Island, in partic-
ular at Nelson Head at the southern tip of the island (Johnson and
Ward, 1985; Stirling, 1997; Dickson and Gilchrist, 2002). Dickson
and Gilchrist (2002) suggested that the lack of pelagic seabirds
nesting at Nelson Head was indicative of the relatively low produc-
tivity of the offshore Beaufort Sea area, when compared for exam-
ple with the Bering Sea or the eastern Canadian Arctic. The only
substantial population of marine birds in the Amundsen Gulf re-
gion (>100,000 individuals) appears to occur nearshore and to
coincide with the spring migration of eiders (Somateria spp.) and
long-tailed ducks that feed mainly on bottom-dwelling inverte-
brates within the <50 m isobath contour (Dickson and Gilchrist,
2002). Hence, in the absence of notable seabird predation pressure,
the organic matter derived from mesozooplankton production in
the central Amundsen Gulf would thus be expected to be trans-
ferred toward larger planktivores, such as carnivorous zooplank-
ton, fishes or whales.

Carnivorous macrozooplankton (e.g. chaetognaths, amphipods,
cnidarians) in the Amundsen Gulf polynya represents ca. 12% of
the zooplankton biomass (Darnis et al., 2008), yielding a mean
seasonal estimate of 0.6 g C m�2 during CFL 2008 when assuming
a 40% C-content in zooplankton dry weight. This conservative va-
lue is at least one order of magnitude lower than the average bio-
mass (�11.6 g C m�2) of polar cod (Boreogadus saida) as estimated
during the CFL expedition in 2007–2008 with the ship-mounted
Simrad EK60 echosounder (Geoffroy et al., 2011) and when assum-
ing a C-content of 12.6% in the wet weight of Gadidae (Crabtree,
1995). In the Beaufort Sea, polar cod feeds primarily on copepods,
with the three calanoids C. hyperboreus, C. glacialis and M. longa as
the most frequent preys (Benoit et al., 2010), and serves as a key
link in the transfer of energy to seals, belugas and polar bears
(Loseto et al., 2008). Hence most of the residual C flow resulting
from the net production of large calanoid copepods in our model
(�4.4 g C m�2, Table 7) would be directed toward this simple and
short food chain. The southeastern Beaufort Sea is also the summer
feeding ground (June–September) for migrating bowhead whales
(Balaena mysticetus) of the Bering–Chukchi–Beaufort population
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(COSEWIC, 2009). Bowhead whales spend the summer across a
vast territory (>200,000 km2) that spans from the western Macken-
zie Shelf up to the eastern Amundsen Gulf, mostly in waters shal-
lower than 200 m depth (COSEWIC, 2009). Bowhead whales are
filter-feeders specialized in the harvest of any available zooplank-
ton in the water column and so occupy the same trophic level as
polar cod (e.g. Hoekstra et al., 2002). Their population was evalu-
ated at 8100–13,500 individuals in 2001, with an annual rate of in-
crease of 3.4% (George et al., 2004). Unfortunately, the trophic
coupling dynamics and the predation pressure exerted by bow-
head whales on their prey in the Amundsen Gulf are unknown,
making it impossible to evaluate their role in the top-down control
of zooplankton.

Despite the successful partitioning of PP into key food web
components in the NOW polynya, the fraction of C returned back
to the water column by pelagic respiration remained unknown
there (Tremblay et al., 2006b). In the central Amundsen Gulf in
2008, we estimated that the planktonic community respired
43.1 g C m�2 (82% of the initial GPP), of which 92% was mediated
by heterotrophs (Fig. 12). By comparison, less than 1% of the PP
in Arctic marine ecosystems is estimated to be respired by upper
trophic predators (e.g. Karnovsky and Hunt, 2002 and references
therein; see also Wassmann et al., 2006). Such a high respiration
flux by plankton in our study was constrained by the different
field and literature values (Table 5) and is reflected in the phys-
iological efficiencies of the heterotrophic food web components
computed by the inverse analysis (Table 7). Interestingly, the
bacterial growth efficiency (BGE) and microzooplankton gross
growth efficiency (GGE) corresponded to the mean typical per-
centages as seen in the literature: �15% for BGE (del Giorgio
and Cole, 2000; Kirchman et al., 2009b) and �25% for microzoo-
plankton GGE (Straile, 1997). Concerning bacteria, our analysis
indeed contrasts with Kirchman et al. (2009a) who measured a
mean BGE of only 6.9% through a dataset obtained in the Chukchi
and Beaufort seas in summer 2004. Such a low BGE was, how-
ever, not statistically different than the typical value of �15% re-
ported for oceanic systems by del Giorgio and Cole (2000). Given
the oligotrophic regime of the Canadian Beaufort Shelf (e.g. Car-
mack et al., 2004), we were expecting our model to compute
low GGE for microorganisms (e.g. <10% BGE; del Giorgio and
Cole, 2000). Our results thus suggest that the production efficien-
cies of bacteria and microzooplankton reflected the state of the
southeast Beaufort Sea ecosystem in 2007–2008, which was ri-
cher in nutrients and more productive than in previous years
(Tremblay et al., submitted for publication). Except for C. hyper-
boreus, the GGE for mesozooplankton were also close to the usual
value of �25% used in global biogeochemical models (Straile,
1997; Frangoulis et al., 2010). Low GGE in copepods (<20%)
may be induced by low food levels, but are also possible at high
food concentrations (e.g. during phytoplankton blooms) as a re-
sult of superfluous feeding (Straile, 1997). Hence, it is difficult
to conclude on the exact mechanisms driving the relatively low
GGE of 17.4% obtained for C. hyperboreus in our analysis. Because
C. hyperboreus has been considered as a strict herbivore, a combi-
nation of low vs. high food regimes alternating during the study
period as consequence of pulses in PP flanked by low-productiv-
ity phases (Fig. 2d) can most probably explain the low GGE in
this species.

Results from our inverse analysis (as calculated upon Table 6)
also showed that the net secondary production (i.e. residual C
flux + mortality by predation and/or natural death) summed for
microzooplankton and bacteria (7.4 g C m�2) was slightly higher
than the one cumulated for mesozooplankton (6.6 g C m�2), thus
representing 53% of the total secondary production (Table 7).
However, bacteria and microzooplankton contributed little to
the residual C flow (�10%) because they were subjected to strong
top-down control within the planktonic food web (Table 6 and
Fig. 12). Our model calculated that 55% of bacterial production
was diverted to microzooplankton, 9% to virus and 6% to mu-
cous-feeders (for a total of 70%, Table 6). Similarly, 75% of micro-
zooplankton production was redirected toward carnivorous
mesozooplankton. Nevertheless, if we sum up the net production
of bacteria and microzooplankton to what accumulated in the
model as detrital POC and DOC (Table 6), it appears that �22%
of the residual C flow resulting from plankton production in
spring-summer 2008 ended up within microbial and detrital
pathways. Hence, our results support the emerging view that
the contribution of micro-heterotrophs to marine C cycling in
the Arctic Ocean is higher than previously assumed (e.g. Garneau
et al., 2008; Rokkan Iversen and Seuthe, 2011; Seuthe et al.,
2011), but still lower than at sub-polar latitudes – at least during
the productive season (cf. Kirchman et al., 2009b; Sherr et al.,
2009; Calbet et al., 2011). For example, the grazing impact of
microzooplankton on PP in temperate and tropical waters usually
exceeds that of mesozooplankton, with consumption rates reach-
ing 60–70% of the PP flow (Calbet, 2008). In our study, the direct
ingestion of phototrophic cells by microzooplankton accounted
for only 14% of the net PP, consistent with the envelope of
22 ± 26% found by Sherr et al. (2009) in the western Beaufort
Sea in summer. By contrast, Seuthe et al. (2011) found that pro-
tozoans in Kongsfjorden (Svalbard Archipelago) could have grazed
100% of the daily PP in April when assuming complete herbivory,
which is obviously an over-simplification of the trophic interac-
tions. Here, it is possible that the C flow through microzooplank-
ton has been underestimated as the field dataset of
microzooplankton was not as exhaustive as the one of mesozoo-
plankton (Appendix A). However, our model took into account a
minimum grazing bound consistent with the literature (Vaqué
et al., 2008; Sherr et al., 2009) as well as the alternative feeding
modes of microzooplankton (Table 5). Nevertheless, our analysis
indicated that mesozooplankton (mainly large copepods) ingested
directly 52% of the net PP through herbivory in spring-summer
2008, whereas 18% of the phototrophic C flow was directed to
the detritus pool (Table 6). At first glance, such a proportion of
‘‘ungrazed’’ PP channeled into detritus might imply a large poten-
tial for vertical POC export in the central Amundsen Gulf, or at
least larger than the small 3% of the initial GPP computed upon
our field measurements. However, the degradation of POC to
DOC by bacterial exoenzymes (Kellogg et al., 2011) combined
with intense detritivory by protozoans, omnivorous copepods
and unselective filter-feeders (e.g. appendicularians) recycled
�87% of detritus back in the food web (Table 6), which stresses
the importance of the detritus hub as a major trophic link in
the pelagic system of the Amundsen Gulf.
5. Summary and concluding remarks

The central Amundsen Gulf in 2008 can be defined as a reten-
tion system (e-ratio at ZEU � 10%) within which: (1) the structure
of phototrophic communities, characterized by the dominance of
large cells at 68% and a high seasonal f-ratio of 0.64 at the ZCM,
was decoupled from the typical export function that would be ex-
pected under these conditions; (2) relatively large populations of
zooplankton (mainly copepods) yielded an exploitation efficiency
of �66% and took advantage of increased GPP to sustain their
development, consistent with the traditional view that the offshore
Beaufort Sea is oligotrophic; (3) allochthonous DOC inputs associ-
ated with the Pacific-derived water masses maintained an active
microbial food web over the dark season, allowing a quick re-
sponse of bacteria and protozoans to pulses in the availability of la-
bile C at the onset of the productive season; (4) sedimentation and
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benthic C demand at ca. 400 m depth remained low since feeding
and degradation by heterotrophs retained nearly all (97%) of the
primary-produced C in the water column; and (5) the residual C
flow as a result of net community production, dilution and accu-
mulation was modest (7.7 g C m�2) because most of the GPP-de-
rived organic C (82%) was respired by the planktonic community
and released as CO2.

The depth at which CO2 is released by planktonic respiration
dictates whether the initial GPP-derived C could potentially return
back to the atmosphere within a year or be stored for at least a
decade or even hundred of years. This is because the average res-
idence time of Pacific water (�50–200 m depth) in the Beaufort
Sea is estimated to be 11 years (Yamamoto-Kawai et al., 2008)
and that of Atlantic and deep waters (>250 m depth) from approx-
imately 30 to 300 years (Gregor et al., 1998). Unfortunately, dis-
crepancies in the sampling depth or incomplete coverage of the
water column in the various datasets, as well as uncertainties re-
lated to zooplankton diel vertical migration (e.g. Fortier et al.,
2001) prevented the conception of a multi-layer C flow model in
the present study. The intermittent on-shelf upwellings of Amund-
sen Gulf intermediate waters (�33 salinity) during spring and
summer 2008 (Tremblay et al., submitted for publication) – which
are supersaturated with respect to atmospheric CO2 – might com-
plicate assessments of the ultimate fate of the C respired during
our sampling period. However, measurements of surface water
CO2 concentrations (0–50 m depth) and subsequent air–sea flux
computations confirmed that the central Amundsen Gulf acted
as a sink for atmospheric CO2 at the annual scale in 2007–2008
(Shadwick et al., 2011). Future studies of C fluxes in the region
should thus aim at using a finer vertical resolution, especially
since plankton respiration rates are expected to increase in re-
sponse to Arctic warming in spring-summer (Vaquer-Sunyer
et al., 2010).

A yet unresolved issue concerns the fate of the residual C flow
in the Amundsen Gulf ecosystem. Much uncertainty remains on
the trophic transfer of organic matter from zooplankton to higher
trophic levels, in particular through the key species polar cod.
Here, it was difficult to calculate an average ecological efficiency
for the planktonic system (i.e. secondary production divided by
net PP) as the set of internal trophic interactions was rich and in-
volved links between consumers and decomposers (Fig. 12). If we
exclude bacteria, the pelagic secondary production constrained by
the inverse analysis amounted to 10.5 g C m�2 (Table 7), which
yields an ecological efficiency of 21.4%, a fraction as high as in
productive upwelling systems (Ryther, 1969). However, the ac-
tual residual C flow resulting from zooplankton growth (including
nauplii and protozoans) after accounting for trophic interactions
rather suggests that vertebrates had access to a maximum of
6.6 g C m�2 (i.e. 13.4% ecological efficiency). This transfer effi-
ciency is presumably in the upper range of ‘‘environmentally pos-
sible’’ values for the central Amundsen Gulf region since it was
obtained during a year of low ice coverage, warm sea surface
temperature and enhanced new PP. Nevertheless, it is much low-
er than the absolute production required for sustaining commer-
cial fish catches (15–130 g C m�2 yr�1) as recorded throughout
large marine ecosystems (Conti and Scardi, 2010). It is therefore
unlikely that the increase in zooplankton productivity caused
by more favorable physical and biological conditions, such as
the ones observed in 2008, could foster a substantial increase
in new harvestable resources in the offshore Beaufort Sea do-
main. The relatively simple Arctic pelagic food web in its present
structure (e.g. see Fig. 9 in Welch et al., 1992) would conversely
benefit from such a relaxed situation (cf. Tremblay et al., 2006a),
at least if other threats like the loss of sea ice habitats, ocean
acidification or increased stratification do not stress it. Less is
known on the possible effects of the sea ice decline on benthic
processes (Piepenburg, 2005) and their feedback to the pelagic
system.

The apparent increase in pelagic productivity as inferred from
our analysis needs obviously to be confirmed by the inclusion of
an extensive multi-year dataset in order to account for the intrin-
sic system variability. To achieve this goal, the time-series of
physical and biological measurements that began in the Canadian
Beaufort Sea since the CASES program should be maintained and
further developed. Moreover, given that our inverse C flow model
was the most parsimonious solution out of many food web possi-
bilities (e.g. Soetaert and van Oevelen, 2009) and that numerous
environmental changes might affect Arctic marine systems in
the coming years (see Section 1), future work should focus on
the design of a fully-coupled 3D model for the Beaufort Sea eco-
system in order to decipher its future state under various climate
scenarios (cf. Lavoie et al., 2010). Such a model is indispensable
for understanding the probable consequences of shifts in physical
forcing mechanisms for Arctic marine food webs (Carmack and
Wassmann, 2006; Wegner et al., 2010; Carmack and McLaughlin,
2011; Wassmann et al., 2011) and their impacts on biogeochem-
ical cycling and biological productivity. An unprecedented ecosys-
tem modeling effort is now underway at the pan-Arctic scale (e.g.
Popova et al., 2010; Zhang et al., 2010; Slagstad et al., 2011), but
current models rely on many unverified assumptions due to a lack
of in situ ecological data. Our synthesis of field measurements and
inverse analyses contributed to close this gap in knowledge and
provided detailed information on food web structure, biological
processes and predator–prey interactions in the offshore Beaufort
Sea region.
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Appendix B. Model rationale and components

Our inverse plankton model constructed for the central Amund-
sen Gulf for spring-summer 2008 (Fig. 12 and Table 6) contains 11
compartments (small phototrophs <5 lm, large phototrophs
>5 lm, bacteria, microzooplankton (i.e. protozoans and copepod
nauplii), C. glacialis, M. longa; C. hyperboreus, other mesozooplank-
ton, detrital POC, DOC, and a residual C flow). Please note that the
contribution of both phytoplankton (93.6%) and ice algae (6.4%) to
GPP is somehow included in the two phototroph components as
our mean GPP value was derived from the drawdown of DIC and
NO�3 in the upper water column (Figs. 4a and 6a), a seasonal f-ratio
(Fig. 6b) and further divided in two size fractions according to chl a
biomass (Fig. 6c). The model encompasses the spatial domain from
120 to 128�W within the isobath >250 m (Fig. 1) and extends ver-
tically from the surface to a depth of 395 m (average bottom depth
of all stations, see Appendix A). We did not directly include a ben-
thic compartment in the model given the variability in the time-
scale of C cycling in the sediment when compared to the pelagic
realm (e.g. Rysgaard and Nielsen, 2006); and because of the uncer-
tainties related to resuspension and lateral transport within the
bottom boundary layer in trough-like environments such as
Amundsen Gulf where cascading particles from shallower depths
can occur (cf. Thomsen, 1999). Instead, the benthos dataset was
used as a validation of the vertical POC output.

We considered possible the flow of small phototrophs (<5 lm)
to micro- and mesozooplankton, but the flow of large phototrophs
(>5 lm) was only possible to mesozooplankton. The mesozoo-
plankton were divided into four sub-categories to take into ac-
count the species-specific feeding strategies. Calanus hyperboreus
was considered a strict herbivore (Falk-Petersen et al., 2009; Forest
et al., 2011), C. glacialis was considered both herbivore and carni-
vore (Campbell et al., 2009; Forest et al., 2011), and M. longa was
considered omnivore (i.e. herbivory, carnivory and detritivory)
(Sampei et al., 2009a; Forest et al., 2011). The compartment named
‘‘other mesozooplankton’’ comprised all other copepod species
>200 lm length as well as the pteropod, appendicularian and
ostracod species considered in the budget (Section 2.4.1). Other
mesozooplankton were considered omnivore and a flow from bac-
teria was also allowed as mucous-feeders are able to use bacteria
as food source (Deibel, 1998). Only the respiration rates of meso-
zooplankton measured in the field during the productive period
(late March–early August) were considered in the analysis. We fur-
ther assumed that an average of 10% of the zooplankton production
was diverted to the detritus pool through natural mortality (Elliott
et al., 2010). The partitioning of ingested C by planktonic hetero-
trophs was assessed using standard equations (Tremblay et al.,
2006a) binding ingestion (I) to respiration (Re), egestion/excretion
(e), secondary production (Ps), assimilation efficiency (AE), gross
growth efficiency (GGE), and exploitation efficiency (EE). These
equations can be solved in different manners:

I ¼ Ps þ Re þ e ð1Þ
GGE ¼ Ps=I ð2Þ
AE ¼ ðPs þ ReÞ=I ð3Þ
Re ¼ I � ðAE� GGEÞ ð4Þ
e ¼ I � ð1� AEÞ ð5Þ
EE ¼ I=Ps ð6Þ

For bacteria, we further used net bacterial growth efficiency (BGE)
as physiological constraint:

BGE ¼ Ps=ðPs þ ReÞ ð7Þ

The cumulative net community production (NCP) rate for the whole
study period (Table 1) was used to estimate the residual C flow as
an outlet from other compartments (to provide a steady state). Only
the mean GPP as well as the fraction of large and small phototrophs
were used as fixed constraints in the inverse model, whereas the
95% confidence interval limits associated with every other parame-
ters measured in the field were used as lower and upper bounds. In
the absence of any confidence interval associated with a given
parameter, the standard deviation or the same coefficient of varia-
tion as GPP was used for consistency across the food web. Supple-
mentary physiological constraints were obtained from the
appropriate literature, with an emphasis on studies from the Beau-
fort Sea (Table 5).
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