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Abstract. Assessments of carbon and nitrogen (N) assim-
ilation in Canadian Arctic waters confirmed the large con-
tribution of subsurface chlorophyll maxima (SCM) to total
water-column production from spring to late fall. Although
SCM communities showed acclimation to low irradiance and
greater nitrate (NO−3 ) availability, their productivity was gen-
erally constrained by light and temperature. During spring–
early summer, most of the primary production at the SCM
was sustained by NO−3 , with an averagef -ratio (i.e., relative
contribution of NO−

3 uptake to total N uptake) of 0.74± 0.26.
The seasonal decrease in NO−

3 availability and irradiance,
coupled to the build up of ammonium (NH+

4 ), favoured a
transition toward a predominantly regenerative system (f -
ratio = 0.37± 0.20) during late summer and fall. Results em-
phasize the need to adequately consider SCM when estimat-
ing primary production and to revisit ecosystem model pa-
rameters in highly stratified Arctic waters.

1 Introduction

In the Arctic Ocean, the extreme solar cycle and the forma-
tion, ablation and motion of sea ice exert a major influence
on light availability in the water column (Smith and Harrison,
1991; Sakshaug, 2004). While these processes constrain the
timing of algal production and impose large, short-term light
fluctuations during the growth period, first-order differences
in the annual primary production of seasonally open waters
ultimately depend on mixing regime, which modulates the
supply of nitrogen (N) to the upper euphotic zone (Tremblay
and Gagnon, 2009; Ardyna et al., 2011).

In peripheral Arctic seas (e.g., Bering Sea, Barents Sea,
eastern Baffin Bay), the relatively weak vertical stratification
allows for vertical mixing that recharges the euphotic zone
with nutrients at least once a year (Tremblay et al., 2002).
In the interior (e.g., Chuckchi and Beaufort seas), however,
low-salinity waters entering through Bering Strait and the
freshwater supplied by rivers impart strong vertical stratifi-
cation. Although large quantities of nutrients are supplied
by the Bering Sea, N is depleted in the surface waters of
the Chukchi Sea and weakly replenished downstream in the
Beaufort Sea (Tremblay et al., 2008). In the coastal Cana-
dian Arctic, the pycnocline is shallow nearly everywhere (be-
tween 14 and 32 m) but is stronger in the west (where the
Brunt–Väis̈alä, or buoyancy frequency –N2, reaches up to
0.004 s−2 in Amundsen Gulf) than in the east (whereN2

generally ranges from 0.0006 to 0.002 s−2 in Baffin Bay and
Lancaster Sound; Martin et al., 2010).

Recent work showed that strongly opposing vertical gra-
dients of irradiance and inorganic N in the coastal Cana-
dian Arctic result in the widespread occurrence of subsur-
face chlorophyll maxima (SCM). These SCM are located rel-
atively high in the euphotic zone and show a strong associa-
tion with the nitracline by comparison with those observed in
other oceans (e.g., SCM in tropical oceans are located at the
base of or below the euphotic zone, above the nitracline and
do not correspond to a biomass or productivity maximum;
Martin et al., 2010). Arctic SCM communities are numeri-
cally dominated by flagellates with important contributions
of large-sized diatoms (Ardyna et al., 2011; Palmer et al.,
2011; Martin et al., 2010) that presumably account for a dis-
proportionate share of the carbon biomass and productivity.
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Since the Canadian Arctic represents a large portion of the
Arctic (ca. 27 %) and because SCM are seasonally persis-
tent, highly photosynthetically competent and closely asso-
ciated with the nitracline, Martin et al. (2010) hypothesized
that SCM mediate a large share of new production, i.e., the
portion of total primary production based on the uptake of al-
lochthonous N (e.g., nitrate, NO−3 ). Due to their positioning
in the water column, SCM probably act as a “nutrient trap”
that further weakens N renewal and new production in the
upper euphotic zone (see also Taylor et al., 1986 and Har-
rison, 1990). However, Martin et al. (2010) also found that
most SCM in the Canadian Arctic operate at very cold tem-
peratures (< 1◦C), which possibly limits their contribution
to water-column productivity since phytoplankton do not ex-
hibit specific adaptations to low temperature in the Arctic
(Platt et al., 1982; Smith and Harrison, 1991).

In the study of Martin et al. (2010), the combination of
low levels of ammonium (NH+4 ) at and above the SCM with
rapidly increasing concentrations underneath suggested that
local N recycling is important for SCM communities. It fol-
lows that regenerated production possibly fuels a substantial
part of total primary production on a daily basis. When abun-
dant, reduced N (i.e., NH+4 and urea) is generally preferred
over NO−

3 , whereas all N forms tend to be used in proportion
to their availability when total N is lower than phytoplank-
ton demand (McCarthy et al., 1977; Harrison et al., 1982).
Whether SCM communities are predominantly regenerative
or efficient vectors of export toward top predators or the deep
ocean remains to be assessed.

The main objective of this study was to evaluate the up-
take of carbon (C) and N by primary producers respond to
the availability of light and nutrients at the SCM. Secondary
goals were to generate uptake-irradiance parameters to in-
form ecosystem models or remote-sensing algorithms, and
to produce a preliminary assessment of the relative contribu-
tion of SCM layers to water-column production, based on a
limited comparison of surface and SCM samples. In select-
ing a methodological approach, we also considered previous
studies showing that C and N uptake can be partly decoupled
in the short term (i.e,. may not lead to primary organic syn-
thesis), especially at low irradiances such as observed at the
SCM (Price et al., 1985; Cochlan et al., 1991; Smith and Har-
rison, 1991). This decoupling can be caused by luxury up-
take, whereby algae store NO−

3 or release NO−2 after incom-
plete reduction, bacterial N uptake (Kirchman and Wheeler,
1998; Allen et al., 2002), or a greater capacity for algal N up-
take (relative to C) under low irradiance (Smith and Harrison,
1991; Probyn et al., 1996). For all these reasons, we elected
to measure C and N uptake simultaneously, using short-term
incubations in light-gradient, laboratory modules, instead of
classical 24-h incubations on deck (e.g., Simpson et al., 2012;
Brugel et al., 2009; Fouilland et al., 2007; Smith et Harrison,
1991; Harrison et al., 1982; Platt et al., 1982). The latter are
useful to provide daily rates and biogeochemical snapshots
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Fig. 1. Locations of all sampling stations (red circles) and those
where incubations were performed (blue squares). Open symbols
represent stations with no visible SCM, and the yellow arrow points
to station 303, which is analyzed separately in the text.

at a given location, but do not provide dynamical parameters
(e.g., maximum uptake at light saturation, initial slope of the
uptake-irradiance relationship) to quantify and model physi-
ological state, acclimation, and responses to experimental or
natural changes in growth conditions.

2 Materials and methods

2.1 Sampling

During 2005 (16 August to 16 October), 2006 (4 Septem-
ber to 4 November), 2007 (28 September to 6 Novem-
ber) and 2008 (26 April to 13 July) expeditions of the
CCGS Amundsen, 983 vertical profiles were obtained with
a CTD-rosette equipped with sensors to measure in vivo
fluorescence (Seapoint Chlorophyll Fluorometer), transmis-
sivity (WET Labs CST-671DR), dissolved oxygen (Sea-
Bird SBE43), NO−

3 (Satlantic ISUS V1), photosynthetically
active radiation (PAR; Biospherical QCP-2300), temperature
and salinity (Sea-Bird SBE-911plus). Our sampling covered
the entire latitudinal and longitudinal swath of the Cana-
dian Archipelago, including Baffin Bay, the Northwest Pas-
sage, the Beaufort Sea, Foxe Basin, Hudson Bay and three
Labrador fjords (Fig. 1).

2.2 Nutrients

Nutrient determinations were performed at subsets of
265 stations for NO−3 and NO−

2 (55 in 2005, 85 in 2006, 52 in
2007 and 73 in 2008) and 129 stations for NH+

4 (35 in 2005,
29 in 2006, 22 in 2007 and 43 in 2008). Samples were taken
at the SCM and at standard depths (5, 10, 20, 30, 40, 50, 60,
70, 80, 100, 125, 150, 175, 200, 250, 300 m and then every
100 m where the Arctic halocline was not present. Otherwise,
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sampling in the 100–200 m range occurred at every 20 m and
at a salinity of 33.1 to capture the nutrient maximum; see
Martin et al., 2010 for details). Samples were collected in
acid-cleaned tubes (stored with 10 % HCl) and stored in the
dark at 4◦C. Concentrations of NO−3 + NO−

2 and NO−

2 were
determined within a few hours using standard colorimetric
methods (Grasshoff et al., 1999) adapted for the AutoAna-
lyzer 3 (Bran + Luebbe), and NH+4 was measured manually
with the sensitive fluorometric method (Holmes et al., 1999).
For the latter, reagents were added within minutes of sam-
ple collection. Urea samples were either frozen or analyzed
fresh using the method of Mulveena and Savidge (1992) and
Goeyens et al. (1998). The analytical detection limits for
NH+

4 and urea were 0.02 µM and 0.1 µM, respectively.

2.3 Chlorophyll and Fv/Fm

Chlorophylla (chl a) concentration and photosynthetic com-
petency (Fv/Fm) at the surface (5 m) and the SCM depth
were analysed at the 129 stations where NH+

4 determina-
tions were also performed (see Sect. 2.2). Concentrations of
chl a were determined using the fluorescence method (Par-
sons et al., 1984) andFv/Fm by pulse-amplitude modulated
fluorometry (WALZ PHYTO-PAM; see details in Martin et
al., 2010).Fv/Fm measurements were also used to assess the
response of SCM and surface communities to experimental
treatments. Samples were obtained from bottles after their
incubation and dark adapted for 30 min before analysis.

2.4 Incubations

Of the 129 stations sampled for chla concentrations and
Fv/Fm, 59 were selected for light-gradient incubations with
water collected at SCM depth (11 in 2005, 12 in 2006,
10 in 2007 and 26 in 2008). In 2006, 9 of the 12 in-
cubations examined NO−3 uptake simultaneously for sur-
face (5 m) and SCM communities (Table 1). Most samples
were taken during the local morning. Relationships between
PAR (E; estimated with a Biospherical QSL-2101 light sen-
sor) and the uptake of C and N by phytoplankton from
the SCM were assessed in four, ten-position light-gradient
incubators designed to minimize spectral shift and accu-
rately resolve photosynthetic parameters, especially in olig-
otrophic waters (Babin et al., 1994). Full-spectrum, 400-W
Optimarc metal-halide lamps mimicking solar irradiance
were used in combination with a blue filter (118 Light
Blue Lee Filters Ltd.) and optically neutral filters (Lee
Filters) to simulate the coastal underwater light spectrum
(Hill and Cota, 2005; Carmack et al., 2004; Harrison et
al., 1977). Actual PAR values in the incubators were kept
in the low range to reproduce conditions near the SCM
(from 664.2 to 0.3 µmol quanta−1 m−2 s−1 in 2005, with
6 of the 10 light intensities below 100 µmol quanta m−2 s−1

and from 309.1 to 1.8 µmol quanta−1 m−2 s−1 in 2006,
358.0 to 3.0 µmol quanta−1 m−2 s−1 in 2007 and 281.0 to

1.8 µmol quanta−1 m−2 s−1 in 2008, with 8 or 9 of the
10 light intensities below 100 µmol quanta m−2 s−1). Tem-
perature was maintained at in situ levels with a chilling
circulator.

Samples from all incubators were spiked with13C-
bicarbonate; one incubator was enriched with15NO−

3
(10 µM) and another with either15NH+

4 (4 µM) or 15NO−

2
(2 µM). The other two incubators received trace additions
(10 % of ambient concentrations) of the same N substrates.
Experiments that compared surface and SCM communi-
ties were performed with enriched and trace additions of
15NO−

3 only. Incubations were kept short (5–6 h) to mini-
mize isotopic dilution and were terminated by filtration onto
24-mm glass microfiber filters (Whatman GF/F; vacuum
pressure< 250 mm Hg). All filters were desiccated at 60◦C
and stored dry for post-cruise analysis. An elemental ana-
lyzer (ECS 4010, Costech Analytical Technologies Inc.) cou-
pled to a mass spectrometer (Delta V Advantage, Thermo-
Finnigan) was used to determine isotopic enrichment and
particulate organic carbon and nitrogen using a modified Du-
mas method (for details see Blais et al., 2012). Specific C and
N uptake were calculated using Eq. (3) of Collos (1987).

2.5 Data transformations and calculations

Detailed vertical profiles were obtained with a CTD (con-
ductivity, temperature, depth) and attached sensors (see Mar-
tin et al., 2010 for detailed post-calibration procedures). The
depths (Z) of the pycnocline and nitracline were identified
as those where the vertical gradients of the Brunt–Väis̈alä
(or buoyancy) frequency (N2; s−2) and NO−

3 had the highest
values, respectively. The depth of the SCM was defined as
the depth where the in vivo fluorescence was at a maximum.
Daily averaged PAR at the SCM (ESCM) and at other sam-
pling depths was calculated using the coefficient of diffuse
light attenuation (k; see Martin et al., 2010 for calculation
method) and a continuous record of incident PAR above the
sea surface (Kipp & Zonen; PAR Lite) to estimateE0. Val-
ues ofE0 were corrected for surface reflectance based on the
work of Sakshaug and Slagstad (1991) and assuming a mean
loss of 7.5 % for the high Canadian Arctic (Mei et al., 2002).

Chl a normalized (superscriptB) photosynthesis-
irradiance parameters (and standard errors on these
parameters) were calculated using the empirical exponential
models that provided the best fit to the data. The model of
Platt et al. (1980) was used when photoinhibition occurred:

P B
= P B

s

[
1 − exp

(
−αE/P B

s

)] [
exp

(
−βE/P B

s

)]
(1)

with

P B
m = P B

s [α/(α + β)] [β/(α + β)]β/α, (2)

and the model of Webb et al. (1974) was used when photoin-
hibition was not apparent:

P B
= P B

m

[
1 − exp

(
−αE/P B

m

)]
(3)
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where P B
m is the maximum observed uptake rate [µg C

(µg chl a)−1 h−1], E is the incubation irradiance (PAR,
µmol quanta m−2 s−1), and α and β in units of [µg C
(µg chl a)−1 h−1 (µmol quanta m−2 s−1)−1] are the pho-
tosynthetic efficiency at low irradiance (initial slope of
the relationship) and the photoinhibition parameter, respec-
tively. The models of Platt et al. (1980) and Webb et
al. (1974) were previously shown to give similar results
(Frenette et al., 1993). The photoacclimation index (Ek;
µmol quanta m−2 s−1) was calculated as

Ek = P B
m /α. (4)

The same model parameters were estimated for nitrogen up-
take (in which case the letterN substitutes forP in Eqs. (1)
to (3) and N form identified with subscriptNO3, NO2 and
NH4), with the inclusion of a term for dark uptake (DB in
[µg N (µg chla)−1 h−1] on the right-hand side of Eqs. (1)
and (3) (Priscu, 1989)). While some studies also include a
dark term for C uptake, here the intercept of the initial slope
of the photosynthesis-irradiance relationship never differed
significantly from zero. A more robust estimation ofDB for
N uptake was done a posteriori by taking the y-intercept
(E = 0) of the linear portion of the relationship at low irra-
diance. On average, standard errors were 8± 7 %, 11± 8 %
and 15± 9 % for the photosynthetic parametersP B

m , α and
Ek, respectively, and 21± 36 %, 31± 27 %, 54± 70 % and
41± 44 % for the N uptake parametersNB

m (NO3 and NH4)
,

α(NO3 and NH4),D
B
(NO3 and NH4)

andEk (NO3 and NH4), respec-
tively. For consistency with all other Arctic studies report-
ing uptake-irradiance parameters obtained with artificial light
sources (Gallegos et al., 1983; Lewis and Smith, 1983; Gos-
selin et al., 1986; Harrison and Platt, 1986; Hirche et al.,
1991; Kristiansen and Lund, 1989; Kristiansen and Farbrot,
1991; Kristiansen et al., 1994; Cota et al., 1996; Carmack et
al., 2004; Palmer et al., 2011) and due to our need to compare
photosynthesis and N uptake (whose coupling with photo-
chemistry is not as straightforward as for C fixation), we did
not perform a posteriori corrections ofα for differences in
light spectrum between the incubators and the water column.

Since irradiance varied between incubators, thef -ratio
(NB

NO3
/NB

NO3
+NB

NH4
) at a given irradiance was calculated us-

ing uptake values predicted from individualNB
− E curves

for NO−

3 and NH+

4 . The resultingf -ratio-E curves were used
to assess thef -ratio and the relative preference index (RPI)
for NO−

3 uptake atESCM . The RPI was calculated by di-
viding thef -ratio by the relative contribution of NO−3 to to-
tal inorganic N concentration (NO−3 + NH+

4 ) and represented
the degree to which NO−3 was selected (RPI> 1) or discrim-
inated (RPI< 1) over NH+

4 (McCarthy et al., 1977).

2.6 Statistical analyses

The geometric mean regression (model II linear regression;
considering error on both variables) was used to assess
functional relationships between variables. Relationships be-
tween environmental variables and uptake-irradiance param-
eters for C and N were determined with the Pearson’s product
moment correlation (PPMC), and differences between treat-
ments were evaluated with a paired t-test when data were dis-
tributed normally or the Wilcoxon signed-rank test otherwise
(SigmaPlot 11, Systat Software). When relevant, descrip-
tive statistics were calculated separately for the spring–early
summer period and late summer–fall period (see Table 1).

3 Results

3.1 General conditions in the sampling area

Unless stated otherwise, the descriptions below refer to all
data from 2005 to 2008. When appropriate, separate results
are reported for the subset of stations where C and N up-
take rates were measured (hereafter termed “experimental
stations”) in order to demonstrate that sub-sampling was rep-
resentative of the whole data set. Distinct SCM were present
at 81 % of the 465 stations analyzed (Fig. 1; see Martin et
al., 2010 for a discussion of the other stations where chla

was maximum at the surface or vertically homogenous). The
depth of the SCM ranged from 4 to 114 m with a mean
of 35± 16 m (at experimental stations the range was 11–
75 m and the mean 36± 15 m). The vertical position of the
SCM matched the depth of the nitracline (mean = 38± 16 m
for all stations and 40± 17 m for experimental ones) within
± 10 m in 79 % (67 % for experimental stations) of the
cases and within± 20 m in 89 % (88 % for experimental
stations) of cases (ZSCM = 1.00× Znitracline− 2.57,r2 = 0.46,
p < 0.0001 for all stations;ZSCM = 1.12× Znitracline− 9.24,
r2 = 0.41, p < 0.0001 for experimental stations). Pri-
mary maxima of NO−2 (PNM) and NH+

4 (PAmM) were
widespread (not shown but see Martin et al., 2010),
and their vertical positions were significantly correlated
with the SCM (ZPNM = 0.50× ZSCM + 39.23, r2 = 0.12,
p < 0.0001, n = 201; ZPAmM = 0.72× ZSCM + 25.75, r2 =
0.20,p < 0.0001,n = 96).

Fv/Fm was generally high at the surface and the SCM (not
shown), with median values of 0.55 and 0.58, respectively
(see Martin et al., 2010). Although the overall data distribu-
tion was similar for the two sampling depths, a comparison
of locally paired samples showedFv/Fm to be significantly
higher at the SCM during spring–early summer (2008 expe-
dition; Wilcoxon’s signed-rank test,p < 0.001). This differ-
ence was not apparent during late summer–fall (2005, 2006
and 2007 expeditions;p = 0.76).
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Table 1. Characteristics of the SCM at experimental stations located in the coastal Beaufort Sea (CBS), offshore Beaufort Sea (OBS),
Northwest Passage (NWP), western, central and eastern Baffin Bay (WBB, CBB and EBB, respectively) and Hudson Bay (HB) for spring–
early summer and late summer–fall. Stations where incubations were also performed with surface samples are marked with an asterisk (∗),
“n/d” indicates that no data were available and “–” stands for values below the limit of detection. Averages (AVG) and standard deviations
(SD) are presented for each season.

Region Station Date Day of Depth [chl a] [NO−

3 ] [NO−

2 ] [NH+

4 ] [Urea] Total N T % of E at ESCM
year (m) (µg L−1) (µM) (µM) (µM) (µM) (µM) (◦C) surface (µmol quanta m−2 s−1)

CBS D431 28 Apr 2008 119 30 0.73 3.63 0.09 0.02 – 3.77 −1.7 6.4 0.3
CBS 1020A 6 May 2008 127 44 0.46 6.21 0.26 0.02 – 6.54−1.7 8.8 44
CBS 405b 19 May 2008 140 16 8.31 0.00 0.10 0.05 – 0.15−1.0 16 62
CBS 1011 21 May 2008 142 63 0.88 6.53 0.11 1.01 – 7.66−1.5 1.7 5.8
CBS 1806 23 May 2008 144 50 4.47 7.53 0.11 – – 7.65−1.4 4.3 18
CBS 9008 27 May 2008 148 37 12.10 1.34 0.08 – – 1.42−1.2 6.8 31
CBS 405 1 Jun 2008 153 37 0.53 4.02 0.16 0.20 – 4.38−1.7 11 36
CBS F71 8 Jun 2008 160 12 2.98 1.87 0.18 0.25 0.1 2.42−1.4 44 30
CBS 405b 10 Jun 2008 162 37 0.84 2.32 0.19 0.10 0.1 2.75−1.2 4.8 30
CBS F71 19 Jun 2008 171 33 9.57 5.00 0.16 0.35 – 5.52−1.4 4.7 1.6
CBS FB071 21 Jun 2008 173 37 4.42 1.16 0.14 0.16 – 1.53−1.3 2.7 9
CBS 1216 23 Jun 2008 175 33 1.27 3.44 0.12 0.18 – 3.74−1.4 2.2 15
CBS F71 24 Jun 2008 176 33 4.80 1.61 0.08 0.63 – 2.34−1.3 6.7 25
CBS 1200 27 Jun 2008 179 36 1.52 0.80 0.16 0.09 0.1 1.18−1.2 2.7 17
CBS 1208 28 Jun 2008 180 35 1.64 0.10 0.00 – 0.2 0.27−1.1 1.7 11
OBS 421 1 Jul 2008 183 62 3.55 0.79 0.08 0.08 – 0.96−1.2 2.8 20
CBS 6006 4 Jul 2008 186 54 7.55 4.55 0.20 0.06 0.2 5.05−1.3 2.0 12
CBS 2010 6 Jul 2008 188 29 0.37 3.89 0.14 0.04 0.2 4.25−1.5 5.9 30
CBS 410 8 Jul 2008 190 54 1.25 3.54 n/d 0.26 – 3.80−1.5 4.6 28
CBS 416 10 Jul 2008 192 73 4.52 6.77 0.14 0.19 – 7.10−1.4 0.9 5.4

AVG 40 3.59 3.26 0.13 0.22 0.15 3.62 −1.4 7.0 23
(SD) (15) (3.42) (2.32) (0.06) (0.25) (0.05) (2.40) (0.2) (9.3) (15)

EBB BA01-05 16 Aug 2005 228 24 0.88 0.28 0.08 0.05 n/d 0.41 0.0 9.2 12
WBB BA03-05 18 Aug 2005 230 42 2.14 0.07 0.06 – n/d 0.13 1.9 0.5 1.3
CBB BA04-05 22 Aug 2005 234 25 1.05 5.34 0.30 – n/d 5.64−1.4 10 24
NWP S3 23 Aug 2005 235 33 3.45 2.73 0.12 0.33 n/d 3.18−0.7 4.8 4.0
NWP S4 24 Aug 2005 236 29 6.38 0.49 0.09 0.39 n/d 0.97−1.1 4.4 7.9
CBS S201 2 Sep 2005 245 19 0.79 1.13 0.10 0.41 n/d 1.64 0.4 3.6 7.9
OBS S10 5 Sep 2005 248 52 0.41 2.34 0.12 0.14 n/d 2.60−1.0 9.3 20
CBS CA08-05 9 Sep 2005 252 43 0.41 0.70 0.10 – n/d 0.80−0.2 8.1 12
CBS CA180-05 12 Sep 2005 255 30 2.70 4.82 0.22 0.11 n/d 5.15−1.1 4.4 8.0
HB S22 6 Oct 2005 279 35 0.83 0.70 0.09 0.04 n/d 0.83−1.4 2.5 1.3
HB NR24 10 Oct 2005 283 17 1.35 1.03 0.08 0.25 n/d 1.36 5.1 0.8 1.9
CBB 132∗ 9 Sep 2006 252 34 0.32 4.03 0.09 0.34 n/d 4.46−1.4 2.4 1.2
EBB 131∗ 11 Sep 2006 254 35 0.62 4.84 0.23 0.47 n/d 5.54−0.2 1.3 2.4
WBB 118 14 Sep 2006 257 50 1.84 1.23 0.07 0.12 n/d 1.42−1.2 0.1 0.1
CBB 108∗ 17 Sep 2006 260 40 1.50 2.32 0.11 0.34 n/d 2.77 0.7 0.9 1.4
NWP 303∗ 21 Sep 2006 264 22 1.36 2.34 0.06 0.64 n/d 3.04 0.2 12 20
NWP 307∗ 23 Sep 2006 266 31 0.16 5.47 0.12 0.63 n/d 6.22−1.3 9.1 12
CBS 405∗ 1 Oct 2006 274 48 0.67 8.30 0.47 0.30 n/d 9.07 −1.3 0.8 0.8
CBS 408∗ 3 Oct 2006 276 67 0.32 7.13 0.27 0.09 n/d 7.49 −1.3 2.1 2.1
CBS SH (409)∗ 4 Oct 2006 277 35 0.47 0.19 0.09 0.25 n/d 0.53 0.4 2.2 2.4
CBS 436 9 Oct 2006 282 18 0.65 0.03 0.07 0.04 n/d 0.14 0.4 11 3.0
CBS 435∗ 12 Oct 2006 285 55 0.16 3.69 0.20 0.03 n/d 3.92−1.2 3.3 1.5
CBS 407 18 Oct 2006 291 30 0.70 0.88 0.15 0.13 n/d 1.16−0.5 2.6 0.9
WBB 101 29 Sep 2007 272 41 0.31 1.66 0.00 0.79 n/d 2.45−1.6 1.4 n/d
EBB 115 1 Oct 2007 274 80 0.13 10.6 0.12 – – 10.73−0.8 0.001 n/d
CBB 108 3 Oct 2007 276 30 5.62 2.22 0.03 0.35 – 2.61−0.6 3.4 n/d
NWP 302 7 Oct 2007 280 37 0.24 0.63 0.03 0.51 – 1.17 0.4 6.1 n/d
CBS 435 17 Oct 2007 290 16 0.24 1.85 0.02 0.29 – 2.16−0.9 24 6.1
CBS 1806 19 Oct 2007 292 22 0.33 0.00 0.02 0.02 – 0.04−0.8 17 1.7
CBS 408 22 Oct 2007 295 12 0.65 0.51 0.15 0.32 n/d 0.98−1.1 22 3.3
CBS 407 23 Oct 2007 296 34 0.70 2.28 0.14 0.34 n/d 2.76−1.3 4.1 0.4
CBS 405 25 Oct 2007 298 31 0.23 0.47 0.06 0.17 n/d 0.70−0.7 6.0 0.8
CBS 1116 28 Oct 2007 301 7 0.23 7.10 0.31 0.46 – 7.89−1.5 47 12

AVG 34 1.15 2.65 0.13 0.29 – 3.03 −0.5 7.2 5.9
(SD) (15) (1.47) (2.70) (0.10) (0.20) (–) (2.79) (1.3) (9.3) (6.6)

1 ESCM corrected for the presence of ice.
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Fig. 2. Comparison of photosynthesis-irradiance parameters (PB
m , α andEk) between the surface and the SCM in Baffin Bay (black), the

Canadian Archipelago (white) and the Beaufort Sea (gray). The level of significance (p) for the difference between paired samples is given
in each panel.

Table 1 provides the details of physical and chemical
properties atZSCM for experimental stations. Temperature
ranged from−1.7 to 5.1◦C and exceeded 0◦C in only 17 %
of cases. Daily averaged irradiance varied between 0.1 and
62 µmol quanta m−2 s−1 across stations (overall mean of
13± 13 µmol quanta m−2 s−1), representing 0.001 to 47 % of
incident irradiance at the surface (mode in the 1–10 % range
for 68 % of stations). Concentrations of NO−

3 ranged from
the limit of detection to 10.6 µM but were generally lower
than 2 µM (47 % of stations), whereas NH+

4 concentrations
ranged from the limit of detection to 1.0 µM, with values be-
low 0.2 µM at 55 % of stations. The concentrations of NO−

2
and urea remained relatively low. Overall, 99 % of the vari-
ability in the concentration and 78± 24 % of the total amount
of inorganic N (i.e., NO−3 + NO−

2 + NH+

4 ) at the SCM were
due to NO−

3 .

3.2 Difference in uptake-irradiance parameters
between surface and SCM communities

At stations where incubations were performed simulta-
neously (see Table 1) with surface and SCM samples,
P B

m did not differ significantly between the two com-
munities (Fig. 2; n = 9, paired t-testp = 0.212), whose
mean values were 0.82± 0.35 and 0.64± 0.46 µg C
(µg chl a)−1 h−1, respectively. However,α was signifi-
cantly lower at surface than at the SCM (Fig. 2; mean of
0.026± 0.013 versus 0.033± 0.015 µg C (µg chla)−1 h−1

(µmol quanta m−2 s−1)−1; Wilcoxon’s signed-rank test
p < 0.01), driving a decrease inEk with depth (Fig. 2;
mean of 33± 7 µmol quanta m−2 s−1 at the surface and
19± 9 µmol quanta m−2 s−1 at the SCM; paired t-test
p < 0.01). Photoinhibition was observed only at the
SCM, for which β varied between 0 and 0.0006 µg C
(µg chla)−1 h−1 (µmol quanta m−2 s−1)−1 (data not shown).

The NB
m (NO3)

(not shown) was clearly lower at
the surface than at the SCM (mean of 0.018± 0.022
and 0.031± 0.021 µg N (µg chl a)−1 h−1, respectively;
n = 8; paired t-testp < 0.05). However,α(NO3) (mean of
0.001± 0.002 versus 0.003± 0.003 µg N (µg chla)−1 h−1

(µmol quanta m−2 s−1)−1) and Ek (NO3) (mean of 18± 14
versus 15± 9 µmol quanta m−2 s−1) were not significantly
different (Wilcoxon’s signed-rank testp = 0.578 and 0.844,
respectively).

In order to assess the contribution of the SCM layer (de-
fined as the zone between the top of the SCM – i.e., the first
depth where the mean vertical gradient of in vivo fluores-
cence was zero over 5 consecutive depth bins – and the bot-
tom of the euphotic zone, set here as the depth of the 0.1 %
of surface irradiance) to daily primary production and NO−

3
uptake during 2006, we combined uptake-irradiance parame-
ters with measurements of daily mean irradiance and detailed
vertical profiles of chla reconstructed from calibrated in vivo
fluorescence. A specific example is given in Fig. 3 for sta-
tion 303, which is representative of mean conditions for this
data set (see yellow arrow in Fig. 1). In this case, we pre-
scribed the uptake-irradiance parameters of the surface com-
munity between 0 and 14 m (which coincidentally matched
the depth of the pycnocline at this station) and those of the
SCM from 14 to 71 m (based on the fact thatNB

m (NO3)
varied

with neither ambient NO−3 concentrations nor experimental
enrichment; see Sect. 3.7 and Table A2).

We observed that the SCM layer mediated 43 to 76 %
of C uptake (mean = 62± 11 %) and 64 to 98 % of NO−3
uptake (mean = 80± 12 %) in the euphotic zone. For in-
stance, at station 303 (a station representative of mean condi-
tions for the entire data set; yellow arrow in Fig. 1), max-
imum primary production (15.67 µg C L−1 d−1) and NO−

3
uptake (1.55 µg N L−1 d−1) occurred at 20 m and coin-
cided with the SCM (1.64 µg chla L−1; Fig. 3). Ver-
tical integration over the two vertical horizons gave a
production of 36.35 µg C L−1 d−1 and a NO−3 uptake of
2.00 µg N L−1 d−1 for the surface layer (representing 24 and
13 % of the total, respectively) and C production and
NO−

3 uptake of 112.40 µg C L−1 d−1 (76 % of the total) and
13.44 µg N L−1 d−1 (87 % of the total) for the SCM layer.
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Fig. 3. Reconstructed profiles of(A) averaged integrated production (% of total water-column production; standard deviation delimited by
the shaded areas) for C uptake (red) and N uptake (blue) for incubations performed simultaneously with surface and SCM samples,(B) chl a
concentration estimated from post-calibrated in-vivo fluorescence (µg L−1; solid green line) and primary production (µg C L−1 d−1; red
dashed line) and NO−3 uptake (µg N L−1 d−1; blue dashed line) estimated from uptake-irradiance parameters and(C) NO−
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line) and NH+

4 (pink dashed line) concentrations (µM) for station 303 in 2006 (yellow arrow in Fig. 1; left-hand side). The black dashed line
marks the depth of the pycnocline (14 m).

3.3 Photosynthetic parameters at the SCM under trace
15N additions

A larger set of experiments was performed with wa-
ter from the SCM only (excluding results obtained from
incubations performed simultaneously with surface and
SCM; see Table 1) collected during late summer–fall
(2005 to 2007) and spring–early summer (2008). For a
given station, photosynthetic parameters were derived us-
ing data from all incubators since no significant effect
of N substrate on C uptake was observed. TheP B

m in
units of µg C (µg chla)−1 h−1 ranged from 0.07 to 2.77
(mean = 0.65± 0.45; Fig. 4). The parameterα in units
of µg C (µg chla)−1 h−1 (µmol quanta m−2 s−1)−1 ranged
from 0.006 to 0.078 (mean = 0.027± 0.014; Fig. 4). Cor-
responding Ek values in units of µmol quanta m−2 s−1

varied between 7 and 97 (mean = 24± 13; Fig. 4). The
β parameter (same units asα) was significant at only
12 % of the stations, with values ranging from 0.00002
to 0.0032 (mean = 0.0010± 0.0008; data not shown).

3.4 Nitrogen uptake by SCM communities under trace
15N additions

Nitrate uptake was highly variable among stations
(n = 53; Appendix B). The mean values for uptake-
irradiance parameters were 0.042± 0.043 µg N
(µg chl a)−1 h−1 for NB

m (NO3)
, 0.004± 0.007 (µg N

(µg chl a)−1 h−1 (µmol quanta m−2 s−1)−1) for α(NO3),

18± 12 µmol quanta m−2 s−1 for Ek (NO3) and 0.010± 0.030
for DB

(NO3)
(same unit asNB

m ) representing 14± 17 % of the

total uptake (NB
m +DB ). Nitrite uptake was an order of mag-

nitude lower (meanNB
m (NO2)

= 0.005; meanα(NO2) = 0.0007;

meanEk (NO2) = 11; meanDB
(NO2)

= 0.001;n = 3). For NH+

4

uptake (n = 32; Appendix B), NB
m (NH4)

= 0.016± 0.017,
α(NH4) = 0.005± 0.008 and Ek (NH4) = 7± 8. Dark
uptake(NH4) = 0.008± 0.009 and accounted for 26± 24 %
of the total uptake. Urea uptake-irradiance incubations were
also performed, but data will not be shown here since only
2 out of 8 stations had detectable responses and in situ urea
concentrations were most often below the limit of detection.

3.5 Relationships between environmental factors and
uptake-irradiance parameters under trace15N
additions

The PPMC analysis showed a strong correlation between
P B

m , Ek and in situ temperature at SCM depth (correlation
coefficient for P B

m between 0.62 and 0.97 across incuba-
tion sets,p < 0.0001 and forEk between 0.72 and 0.88,
p < 0.0001; Appendix A). Note that for the SCM this cor-
relation was strongly influenced by station NR24, which was
near the Nelson River and showed anomalously high temper-
ature (5.1◦C). The day of year (DY) was significantly related
to NB

m (NO3)
uptake. No correlation was observed between

Ek and daily averaged irradiance at the SCM (ESCM). For
surface samples, theEk andα for C and N uptake showed
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a strong correlation with both NH+4 and total inorganic N
concentrations (Table A2). A weak negative correlation was
observed betweenα of C uptake and NO−2 concentrations
and positive betweenα and NH+

4 concentrations. At the
SCM, strong positive relationships were observed between
NB

m (NO3 and NH4)
, α(NO3 and NH4) and the concentrations of

NO−

3 and total dissolved N (Table A1). The only relation-
ship observed with dark uptake (not shown) was a weak
positive correlation betweenESCM andDB

(NO3)
uptake (0.40,

p < 0.05).
When excluding outlying station NR24 (see above), a de-

tailed analysis ofP B
m versus in situ temperature (T ) showed a

significant, positive linear relationship during late summer–
fall (Fig. 5;P B

m = 0.178T + 0.538,r2 = 0.64,p < 0.0001). No
significant relationship with temperature was observed dur-
ing spring–early summer when the temperature range was
very narrow at the SCM (between−1.7 and−1.0◦C). The
predictive power of the relationship for the spring–early sum-
mer was increased by including bothT and DY in a mul-
tiple linear regression (P B

m = 8.417− 0.0229 DY + 2.742T ,
r2 = 0.77,p < 0.001; not shown).

Estimates ofESCM were lower thanEk for C uptake at
47 % of the experimental stations during spring–early sum-
mer and 85 % of the stations during late summer–fall (Fig. 6).
The same percentage (85 %) was observed for NO−

3 uptake
during late summer–fall, but not during spring–early summer
when only 21 % ofESCM values were lower thanEk (NO3).
For NH+

4 uptake,ESCM was lower thanEk (NH4) in only
11 and 29 % of cases during the spring–early summer and
late summer–fall periods, respectively.

3.6 Contribution of NO−
3 uptake to inorganic N uptake

(f -ratio) at the SCM

When excluding dark uptake (DB ) from calculations,
the averagef -ratio estimated for the meanESCM dur-
ing spring–early summer (23 µmol quanta m−2 s−1) was
0.74± 0.26 (Fig. 7). During late summer–fall, the aver-
age f -ratio estimate was 0.37± 0.20 for a meanESCM
of 6 µmol quanta m−2 s−1 (Fig. 7). Despite the wide range
of observedESCM during spring–early summer (0.3 to
62 µmol quanta m−2 s−1), the meanf -ratio estimated from
individual f -ratio-irradiance curves for all stations only
varies from 0.65± 0.31 to 0.76± 0.24 (Fig. 7). For
late summer–fall, theESCM varied between 0.1 and
24 µmol quanta m−2 s−1, with correspondingf -ratios rang-
ing from 0.28± 0.18 to 0.48± 0.21 (Fig. 7). Thef -ratio did
not co-vary withESCM but was positively related to ambi-
ent NO−

3 concentration (f -ratio = 0.1 NO−

3 + 0.3; r2 = 0.61,
p < 0.0001). AddingDB to the calculation produced a mod-
est but significant decrease (p < 0.001) of 9 % in the meanf -
ratio for both seasons (Fig. 7; 0.65± 0.24 and 0.28± 0.16).
Over the range of incubation irradiances, the decrease in
meanf -ratio imparted by the inclusion ofDB in calcula-
tions varied from 17 to 8 % (values for minimum and maxi-
mum irradiances, respectively) for spring–early summer and
between 4 and 11 % for late summer–fall (Fig. 7).

Most SCM showed a RPI for NO−3 below unity (range
0.14–0.95 withDB and 0.16–1.03 withoutDB ; Fig. 8).
The RPI was strongly correlated to NO−

3 concentra-
tion (PPMC; correlation coefficient = 0.80 andp < 0.0001
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with DB included and correlation coefficient = 0.76 and
p < 0.0001 without DB). Weak correlations were also ob-
served between ESCM and the f-ratio (correlation coeffi-
cient = 0.40,p < 0.05 with or without DB) and the RPI (cor-
relation coefficient = 0.40,p < 0.05 with or without DB). A
negative trend was observed between NH+

4 concentration
and RPI (Fig. 8), but this relationship was not significant
(p > 0.05).

3.7 Effect of N enrichment on uptake-irradiance
parameters and their relationships with
environmental variables

Apart from a few anomalous data points, N enrichment had
no significant overall effect (p > 0.05) on uptake-irradiance
parameters for C (not shown), NO−

3 and NO−

2 (Fig. 9). Most
of the apparent effects at individual stations (i.e., points away
from the 1 : 1 line) disappeared when taking into account
the standard error of the parameter estimates (errors bars
were omitted to keep the graph legible). Only theNB

m (NH4)

andEk (NH4) uptake were higher (p < 0.001) under enriched

conditions. Most relationships observed between environ-
mental variables and uptake parameters under trace15N ad-
ditions (Sect. 3.5) also held for the enriched treatments. Ex-
ceptions included the disappearance of relationships between
NB

m (NO3 and NH4), α(NO3 and NH4) and the concentrations of
NO−

3 and total dissolved N and the appearance of positive re-
lationships between chla concentration andNB

m(NO3 and NH4)

andα(NO3 and NH4) and betweenESCM andNB
m(NO3 and NH4)

andEk(NH4) (Table A1).

3.8 C : N stoichiometry at the SCM

The C : N uptake ratios (where N is the sum of NH+

4 and
NO−

3 uptake) showed a general decrease with increasing
inorganic N concentration (Fig. 10). The ratios atESCM
(P B : NB ) were lower than at light-saturation (P B

m : NB
m ) and

generally close to the Redfield value. The negative effect of
N enrichment on the C : N uptake ratio was strongest under
experimental light saturation and rapidly vanished when N
concentrations rose above 2 µM (Fig. 10).
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3.9 Post-incubationFv/Fm

For SCM phytoplankton, a significant negative correla-
tion was observed between post-incubationFv/Fm and
irradiance during the incubation (Fig. 11;r =−0.64,
p < 0.0001,n = 553). Fv/Fm was stable (mean = 0.62) up
to ca. 30 µmol quanta m−2 s−1 and then declined with ir-
radiance. All extreme low values (Fv/Fm below 0.3) were
measured in samples exposed to irradiance greater than
85 µ mol quanta m−2 s−1 (representing on average 27 % of

incident irradiance at the surface). Post-incubationFv/Fm of
surface phytoplankton (5 m; mean of 62 % of incident irradi-
ance measured at surface) also showed a significant negative
correlation (Fig. 11;r =−0.73,p < 0.0001,n = 48), but ex-
tremely low values were not observed in the range of simu-
lated irradiance.
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4 Discussion

This study provides the first assessment of combined C and
N uptake by SCM communities over the entire swath of
the Canadian Arctic and the full extent of the growth pe-
riod (April to early November). It also extends recent obser-
vations showing that SCM are thriving, photosynthetically
competent communities in the Arctic Ocean (Martin et al.,
2010) and provides contemporary uptake-irradiance param-
eters to better tune models and remote-sensing algorithms
of primary production. By distinguishing between the new
and regenerated components of total primary production, our
study addressed the biogeochemical significance of SCM
communities for the food web and the biological CO2 pump.

Martin et al. (2010) hypothesized that the primary produc-
tivity of SCM communities was limited by irradiance due
to their position in the lower euphotic zone near the nitr-
acline. As a corollary, they further hypothesized that SCM
depend principally on NO−3 and mediate a large share of
water-column new production. Here we examine these hy-
potheses through a discussion of (1) the relative importance
of dark versus light-dependent uptake for different N sources,
(2) the photo-acclimation and stoichiometry of C and N
uptake at low irradiance, and (3) the response of C and
N uptake to environmental conditions in Canadian Arctic
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Fig. 11.Changes inFv /Fm after light-gradient incubations of SCM
algae (open symbols) and surface algae (solid symbols).

waters. The discussion ends with a strategy for selecting
uptake-irradiance parameters for models and remote-sensing
algorithms.

4.1 N nutrition and the significance of dark versus
light-driven N uptake

Light-independent N uptake (DB
(NO3 and NH4)

) is known to oc-
cur during daytime or at night when samples taken in the
euphotic zone are incubated. In the short term (i.e., a few
hours),DB

(NO3 and NH4)
cannot be assumed to support short-

term photosynthetic primary production because it can be
mediated by heterotrophic bacteria (Kirchman and Wheeler,
1998; Allen et al., 2002) and the portion taken up by phy-
toplankton is not necessarily constitutive (i.e., not assimi-
lated or, more precisely, not leading to amino acid synthesis;
Dortch, 1982) since photosynthesis does not occur in the dark
but N may be stored in cell vacuoles. In our study, adding
DB

(NO3 or NH4)
to NB

m (NO3 or NH4)
generally had a modest im-

pact on thef -ratio, translating into potential errors of only
4–17 % (9 % on average) in new production estimates. How-
ever, DB

(NO3 and NH4)
represented a variable and sometime

high proportion of total N uptake and its role in nutrition and
N cycling needs to be discussed.

Using antibiotics and 0.2 µm filters, Berrouard (2011)
estimated absolute bacterial uptake rates in our study
area to be 0.0017± 0.0019 µg N L−1 h−1 for NO−

3 and
0.0032± 0.0061 µg N L−1 h−1 for NH+

4 , on average. Those
numbers are close to the median absolute dark uptake
(DB

(NO3 or NH4)
× chl a) values obtained here using GF/F fil-

ters (0.0014 µg N L−1 h−1 for NO−

3 ; 0.0029 µg N L−1 h−1 for
NH+

4 ). Since over half the bacteria present in the water are
retained by GF/F filters in the coastal Beaufort Sea (Simp-
son et al., 2012), we estimate that at least 61 and 55 %
of DB

(NO3)
and DB

(NH4)
were mediated by heterotrophs, re-

spectively. Given this, up to 39 and 45 % ofDB
(NO3)

and
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DB
(NH4)

, respectively, can be attributed to assimilation or non-
constitutive uptake by autotrophs.

Assimilatory algalDB
(NO3 and NH4)

requires excess C and
energy acquired in the light prior to incubation, which is
likely to be near the surface but is unlikely to occur under
low light at SCM depth (where biomass is generated primar-
ily by local growth instead of the accumulation of cells sink-
ing from above; Martin et al., 2010). For this reason, the lack
of correlation betweenDB

(NH4)
andESCM points to a low oc-

currence of light-independent NH+4 assimilatory uptake by
phytoplankton at the SCM, which is probably masked by
the contribution of bacteria that use NH+

4 preferentially. This
scenario is compatible with the low ratio ofDB

(NO3 and NH4)

to total N uptake at light saturation in our study compared
to previous ones (Price et al., 1985; Cochlan et al., 1991;
Smith and Harrison, 1991; Probyn et al., 1996). This ratio
was also much lower for NO−3 than for reduced N sources,
as expected from the relatively high energy cost of NO−

3 re-
duction (Behrenfeld et al., 2008), which is consistent with the
positive correlation betweenDB

(NO3)
andESCM. However, the

algae there probably lack energy to perform both photosyn-
thesis and the full reduction of all the NO−

3 taken up, leading
to the release of NO−2 (Kiefer et al., 1976; Lomas and Lip-
schultz, 2006) and widespread presence of a PNM near or at
the SCM (see also Tremblay et al., 2008 and Martin et al.,
2010). It is advantageous to use reduced N in this situation,
which explains the negligible contribution of NO−

2 to total N
uptake and the positive effects of NH+

4 enrichment on NH+4
uptake (Fig. 9) and of incubation irradiance on thef -ratio
(Fig. 7).

Since N enrichment or elevated ambient N concentra-
tions did not stimulateP B

m in our study, we surmise that
DB

(NO3 and NH4)
was mediated mostly by bacteria during in-

cubations, with a secondary contribution of non-constitutive
uptake by phytoplankton. WithoutDB

(NO3 and NH4)
, P B : NB

ratios atESCM hovered near the Redfield ratio, implying that
phytoplankton did not needDB

(NO3 and NH4)
to fulfill their N

demand (Fig. 10). If anything, the autotrophic component of
DB

(NO3 and NH4)
could result from the storage of inorganic N

in the vacuoles of diatoms, which are numerically important
at the SCM (Martin et al., 2010), and would explain decreas-
ing P B

m : NB
m ratios under N enrichment (Fig. 10). Whether

this storage actually occurs or eventually fuels PON (partic-
ulate organic nitrogen) synthesis before the cells sink or die
is unknown. For these reasons, only the light-driven compo-
nent of N uptake will be considered for further analysis.

Based on the above considerations, our working hy-
pothesis that NO−3 was the main form of N consumed
by phytoplankton at the SCM is supported during spring–
early summer (the meanf -ratio estimated for this pe-
riod = 0.74± 0.26). However, our hypothesis is not supported
for later summer and fall, when the meanf -ratio declined
to 0.37± 0.20 due to decreasing NO−3 availability and ir-
radiance at the SCM, which was then often lower than the

Ek (NO3). While recent studies indicate that nitrification may
cause the overestimation of new production in stratified wa-
ters (Raimbault et al., 1999; Yool et al., 2007), the SCM
considered here were generally exposed to 24-h sunlight
and located high in the euphotic zone relative to those of
other oceans (Martin et al., 2010). These conditions should
strongly inhibit bacterial nitrification (Horrigan et al., 1981).

4.2 Acclimation and vertical coupling of C and N
uptake

The following discussion assumes thatα (and thusEk) es-
timates are reliable despite the absence of correction for
possible shifts in light absorption with depth. While these
shifts are known to occur, Shakshaug and Slagstad (1991)
reported only small differences inα (ca. ± < 0.001 µg C
(µg chl a)−1 h−1 (µmol quanta m−2 s−1)−1) over the depth
interval that separates surface and SCM samples in our study.
Such a shift is similar to the statistical error attached toα esti-
mates obtained with the13C method (here± 11 % for a mean
value of 0.027) and one order of magnitude smaller than the
observed range ofα values (0.027± 0.014; see also Brunelle
et al., 2012)

SCM communities located in a strongly stratified environ-
ment would benefit by acclimating to low irradiance. For C
uptake, this expectation is consistent with the contrast be-
tween the data of Platt et al. (1982), who found no ver-
tical differences in uptake-irradiance parameters in weakly
stratified waters (Baffin Bay), and our data set, whereα

was higher at the SCM than at the surface. Here, uncou-
pled changes inP B

m and α resulted in lowerEk values
for SCM communities, which maintained very high pho-
tosynthetic performance (Fv/Fm). This pattern is entirely
consistent with photochemical acclimation to low light in-
stead of a physiological response to nutrient stress, senes-
cence or the influence of taxonomic composition (i.e.,Ek-
independency, sensu Behrenfeld et al., 2008). The lowEk

values (24± 13 µmol quanta m−2 s−1) observed during all
years and seasons at the SCM and the continuous and rapid
acclimation (within 4 to 10 days) of phytoplankton to chang-
ing light conditions during the ice–open water transition
in the coastal Beaufort Sea (Palmer et al., 2011) imply
widespread and persistent shade acclimation. This interpre-
tation is supported by the sharp drop (photoinhibition) in
post-incubatoryFv/Fm for SCM phytoplankton exposed to
irradiances greater than 70 µmol quanta m−2 s−1 (irrespec-
tive of season or region) while surface phytoplankton were
able to manage higher irradiance (Fig. 11). Similar pat-
terns were previously observed in Baffin Bay and Lancaster
Sound, where samples from the surface demonstrated negli-
gible photoinhibition relative to deeper ones under stratified
conditions (Platt et al., 1982; Gallegos et al., 1983).

The photochemical acclimation observed for C uptake
was not observed for NO−3 uptake, for whichNB

m (NO3)
but

not α(NO3) was significantly higher at the SCM than at the
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surface (Ek-independency). SinceNB
m (NO3)

was also pos-

itively related to ambient NO−3 concentration (Table A1),
SCM communities near the nitracline physiologically ad-
justed to higher N concentrations presumably by increas-
ing their enzymatic capacity to reduce NO−

3 . The general
lack of increase inNB

m (NO3)
with experimental enrichment

suggests that acclimation occurred on time scales of days
rather than hours. The inhibition of NO−3 uptake by NH+4
observed in other regions (e.g., Glibert et al., 1982; Price et
al., 1985; Cochlan, 1986) was not manifest in the Canadian
Arctic (significant negative correlation neither between the
f -ratio and NH+4 concentration as observed by Smith and
Harrison (1991) nor between theNB

m (NO3)
and in situ NH+4

concentration), probably due to the fact that ambient NH+

4
concentrations were generally low. Inhibition is typically ob-
served at concentration exceeding 0.5–1.0 µM (McCarthy et
al., 1977).

For NH+

4 , the absence of correlation betweenNB
m (NH4)

and ambient concentration was probably due to the highly
dynamic nature of this N pool, which defeats the purpose of
acclimation. However, the clear response ofNB

m (NH4)
to ex-

perimental enrichment indicates that phytoplankton can ex-
ploit sudden inputs, in accord with the minimal energy and
enzymatic requirements of NH+4 assimilation. Despite this
advantage, low ambient NH+4 availability forced the phyto-
plankton to rely strongly on NO−3 to fulfill their N demand
when irradiance and NO−3 concentrations at the SCM were
relatively high during spring–early summer (Fig. 7). This re-
liance decreased toward late summer–fall with declining irra-
diance and NO−3 availability. The synoptic manifestation of
this phenomenon is well rendered by the RPI for NO−

3 uptake
and the relationship between thef -ratio and NO−3 concentra-
tion, which indicated strong “discrimination” against this N
source at relatively low ambient concentrations (Fig. 8).

Overall, the acclimation of C uptake to low light and
of NO−

3 uptake to high concentrations, as well as the
low cost of NH+

4 uptake, favoured efficient C and N
nutrition at the SCM. However, the differentEk val-
ues (µmol quanta m−2 s−1) obtained for C (24± 13), NO−

3
(18± 12), and NH+4 (7± 8) uptake imply a measure of ver-
tical decoupling between total, new and regenerated produc-
tion. For example, using these meanEk values with the irra-
diance data of station 303 (Table 1) yields the onset of light-
saturation at depths of 34, 24 and 21 m, for NH+

4 , NO−

3 and
C uptake, respectively. However, we did not observe differ-
ences in the vertical position of absolute maxima between
total and new production (both occurred at 22 m: Fig. 3) be-
cause (1) the strong concentration of chla biomass at the
SCM overrides the vertical separation that differentEk val-
ues would cause (Fig. 3) and (2)NB

m for NO−

3 uptake was
twice as high as for NH+4 uptake at the SCM.

Recent attempts to assess the impact of SCM on water-
column primary production and remote-sensing estimates at

the pan-Arctic scale reached different conclusions. While Ar-
rigo et al. (2011) propose that SCM play a modest role and
account for ca. 8 % of pan-Arctic annual production, Popova
et al. (2010) and Hill et al. (2012) assess their contribution
at ca. 50 %. For the remote-sensing studies, the difference is
presumably caused by the application of different averaging
techniques to in situ profiles obtained from the ARCSS-PP
database and to the different methods used to estimate water-
column production from surface variables. The following is
noteworthy:(1) the extent to which the historical field studies
used for validation specifically sampled and resolved SCM
layers cannot be assessed; (2) 100 % and ca. 80 % of the pri-
mary production data used for validation pre-date 2007 and
1998, respectively, and may not represent the present con-
text of rapid change and increased stratification (e.g., Li et
al., 2009); and (3) spatial coverage is very patchy, especially
during the spring–summer transition for which few data are
available. The actual contribution of SCM to primary pro-
duction thus remains highly uncertain, which underscores the
need to perform targeted contemporary studies on rates and
function such as we have done here.

In the reconstructed profiles (Fig. 3), the depth of maxi-
mum productivity occurred at the SCM and the “classical”
decrease in primary productivity with depth was not ob-
served (Cullen, 1982; Harrison, 1990). The SCM layer me-
diated up to 76 % of total production and up to 98 % of NO−

3
uptake in the water column across the Canadian Archipelago
during early fall. These estimates apply to one sector of the
Arctic Ocean, but underscore the need to consider this struc-
ture in remote-sensing estimations of productivity in regions
where strong vertical stratification prevails (e.g., the Chukchi
Sea; Arrigo et al., 2011) and/or where NO−

3 is perennially
low at the surface (e.g., the Beaufort Sea).

4.3 Environmental control of SCM productivity

Although SCM communities were shade-adapted, several if
not most (47 % for spring–early summer and 85 % for late
summer–fall) were exposed toESCM lower than theEk for
C uptake (Fig. 6). Light conditions were more favourable at
the remaining stations where irradiance equaled or slightly
exceededEk (mostly during spring–early summer), but even
if ESCM had been 2 times higher thanEk (a condition met
at only 2 out of 48 stations),P B would not exceed 87 % of
P B

m (based on Eq. 3). Primary production in the SCM layer
thus operated at sub-optimal irradiance throughout most of
the growth period.

Despite sub-optimal irradiance at the SCM,P B
m may

have been constrained by nutrient availability or tempera-
ture, which would negatively affectP B even whenESCM
exceedsEk. Because theEk for N uptake was lower
than for C uptake, we surmise that low light levels had
a much lower impact on nutrition than on photosynthe-
sis. The independency ofP B

m from ambient N concentra-
tions further suggests that total primary production was not
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nutrient-limited at the SCM and the C : N uptake ratios at
ESCM (P B : NB) showed no clear sign of N stress under
trace additions, except perhaps when ambient N reached the
lowest values (Fig. 10). This pattern is expected in a sit-
uation where SCM communities push the nitracline down-
ward or benefit from upward N fluxes in its vicinity, as long
as ESCM remains above the compensation irradiance (e.g.,
ca. 0.16± 0.02 µmol quanta m−2 s−1; Tremblay et al., 2006).
The much greater uptake ratios at light saturation(P B

m : NB
m ;

Fig. 10) suggest the possibility of N stress at light levels
greatly exceeding what is realistic for the SCM, consistent
with the effect of NH+4 enrichment onP B

m : NB
m .

In polar regions, phytoplankton experience low tempera-
tures throughout the year, but uptake-irradiance parameters
do not reveal specific adaptations to this condition (Platt et
al., 1982; Smith and Harrison, 1991). Given that optimum
temperatures for phytoplankton growth (> 10◦C; Li, 1985)
are greater than those observed during our study, the pos-
itive correlation betweenP B

m and temperature during late
summer–fall (Fig. 5) is expected and consistent with pre-
vious Arctic data sets (Harrison et al., 1982; Harrison and
Platt, 1986; Harrison and Cota, 1991) and experimental stud-
ies (Subba Rao and Platt, 1984; Smith and Harrison, 1991).
Such a correlation was not observed when excluding sur-
face data, which was expected since the range of observed
temperatures was very narrow at the SCM. The lower en-
velope ofP B

m values at the SCM was nevertheless consis-
tent with the temperature relationship established with sur-
face data, especially for late summer–fall (Fig. 5). During
spring and early summer, cold stations with highP B

m values
at the SCM were presumably associated with fast-growing,
blooming diatoms (pigment analysis indicated diatom dom-
inance at the SCM during the ice–open water transition in
the Beaufort Sea during 2008; Palmer et al., 2011). A similar
temperature-independent, transient increase inP B

m was pre-
viously observed during an intense diatom bloom in northern
Baffin Bay (Tremblay et al., 2006).

4.4 Strategy and rationale for the selection of
uptake-irradiance parameters

The extensive spatial and regional coverage of our data set
permits updating some of the parameters used in ecosystem
models and remote-sensing algorithms for the Arctic (Ta-
ble 2). Although the uptake-irradiance parameters reported
here showed no obvious regional or seasonal patterns, the
typicalP B

m constant of 2 µg C (µg chla)−1 h−1) based on pre-
vious studies (Harrison and Platt, 1980; Subba Rao and Platt,
1984; Harrison and Cota, 1991; Smith and Harrison, 1991;
Weston et al., 2005) clearly needs to be reconsidered.

When considering spring–early summer only,P B
m can

be approximated as a function of day of the year
(which integrates a complex set of interaction between
environmental parameters, e.g., surface irradiance, SCM
depth, nutrient availability, stratification) and temperature

Table 2. Summary of parameterization proposed for different case
scenarios.

Spring–early summer Late summer–fall

PB
m 0.65± 0.45 µg C (µg chla)−1 h−1

PB
m v s T PB

m = 8.417− 0.0229 DY + 2.742T PB
m = 0.178T + 0.538∗

Ek suface ca. 60 µmol quanta m−2 s−1∗∗

Ek SCM 24± 13 µmol quanta m−2 s−1

NB
m (NO3)

NB
m (NO3)

=−0.0005 DY + 0.16

f -ratiosurface 0.74 0.30
f -ratioSCM 0.74 0.37
f -ratio vs. NO−

3 0.1 NO−

3 + 0.3

∗ Also applicable to post-bloom estimations.
∗∗ Arrigo et al. (2011); Palmer et al. (2011)

(e.g., P B
m = 8.417− 0.0229 DY + 2.742T ). Otherwise P B

m

can be estimated as a function of temperature only (e.g.,
P B

m = 0.178T + 0.538; Fig. 5) for post-bloom situations span-
ning spring, summer and fall (sinceP B

m after the spring
bloom apparently obeys the relationship obtained for late
summer and fall). The difference in photosynthetic param-
eters observed between the upper mixed layer and the SCM
suggests that algorithms should consider acclimation of the
phytoplankton to the vertical light gradient in strongly strati-
fied Arctic waters (e.g., implement models with at least 2 sets
of parameters and ideally several that cover the vertical ex-
tent of the SCM layer).

While our data set contains few early spring data, a com-
panion study performed in 2008 during the ice–open wa-
ter transition by Palmer et al. (2011) found meanP B

m val-
ues of 1.25 and 0.82 in Franklin Bay and Darnley Bay
(Beaufort Sea), respectively, similar to those reported here
for spring to late fall, i.e.,P B

m = 0.65± 0.45. At the very
beginning of the season, the phytoplankton seem to show
a continuous and rapid acclimation (within 4 to 10 days)
to changing conditions at the time of the SCM develop-
ment (Palmer et al., 2011). Given this fact, theEk val-
ues used after that rapid early spring acclimation by algo-
rithms below the upper mixed layer should be lower (e.g.,
Ek = 24± 13 µ mol quanta m−2 s−1) than those prescribed
for surface waters (e.g.,Ek of ca. 60 µmol quanta m−2 s−1;
Arrigo et al., 2011; Palmer et al., 2011).

By contrast with C uptake, thef -ratio showed a rela-
tively weak dependence on irradiance during spring–early
summer. A vertically constant value of 0.74 could thus be
assumed for this period. The situation was different in late
summer–fall, where thef -ratio was relatively low even at
light saturation. Considering that the SCM act as a “nutri-
ent trap”, limiting upward NO−3 diffusion to the surface, we
would advocate using a maximumf -ratio of 0.3 in the upper
mixed layer (derived from the relationship observed at SCM
wheref -ratio = 0.1 NO−

3 + 0.3; see also Harrison, 1990). In
the SCM layer, af -ratio of 0.37 could be used to con-
vert remote-sensing estimations of totalP into new produc-
tion. In models using N as a currency (Fasham et al., 1990;
Kuhn and Radach, 1997), a more dynamic parameterization
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Table A1. Significant correlations between water-column variables and uptake-irradiance parameters for the data set where SCM
communities were incubated with trace (T ) or enriched (E) N additions.

Carbon

PB
m Ek α

NH+

4 T
NO−

3 T
NH+

4 E
NO−

3 E
NH+

4 T
NO−

3 T
NH+

4 E
NO−

3 E
NH+

4 T
NO−

3 T
NH+

4 E
NO−

3 E

Temperature (◦C) 0.85∗∗∗ 0.73∗∗∗ – 0.86∗∗∗ 0.88∗∗∗ 0.79∗∗∗ – 0.88∗∗∗ – – – –
Day of the year – – –0.53∗∗ – – – – – – – – –
[chl a] (g L−1) – – 0.51∗∗ – – – 0.43∗ – – – – –
[NO−

3 ] (µM) – – – – – – – – – – – –
[NO−

2 ] (µM) – – – – – – – – –0.39∗ – – –
[NH+

4 ] (µM) – – – – – – – – 0.46∗ – – –
Total [N] (µM) – – – – – – – – – – – –
ESCM – – 0.49∗ – – – 0.48∗ – – – – –

Nitrogen

NB
m Ek α

NH+

4 T
NO−

3 T
NH+

4 E
NO−

3 E
NH+

4 T
NO−

3 T
NH+

4 E
NO−

3 E
NH+

4 T
NO−

3 T
NH+

4 E
NO−

3 E

Temperature (◦C) – – – – – – – – – – – –
Day of the year – −0.36∗ −0.50∗∗

−0.60∗∗∗ – – – – – – −0.44∗ −0.61∗∗∗

[chl a] (µg L−1) – – 0.53∗∗ 0.58∗∗∗ – – – – – 0.36∗ 0.37∗ 0.54∗∗

[NO−

3 ] (µM) – 0.52∗∗ – – – – – – – 0.35∗ – 0.35∗

[NO−

2 ] (µM) – 0.53∗∗ – – – – – – – – – –
[NH+

4 ] (µM) – – – – – – – – – – – –
Total [N] (µM) – 0.52∗∗ – – – – – – – 0.36∗ – –
ESCM – – 0.67∗∗∗ 0.62∗∗∗ – – 0.44∗ – – – – –

∗: p < 0.05;∗∗: p < 0.01;∗∗∗: p < 0.001

of NB
m according to the day of year could be achieved (e.g.,

NB
m (NO3)

=−0.0005 DY + 0.16).

5 Conclusions

Data collected over the full extent of the growth season in
the Canadian Arctic revealed that primary production at the
SCM is generally co-limited by light and temperature. Nev-
ertheless, SCM communities (1) show high photosynthetic
competence, (2) are well acclimated to low light conditions
and (3) can be photoinhibited by irradiance levels typical of
those prevailing in the upper mixed layer. These communi-
ties consume predominately NO−

3 during spring–early sum-
mer, but their reliance on NO−3 decreases seasonally as the
algae eventually discriminate against this N source and use
mostly NH+

4 . The low concentrations of NH+4 in the water
column could explain the association observed between the
SCM and the nitracline, where the phytoplankton can meet
their N demand.

The sheer size of the Canadian Arctic, combined with the
unique and dynamic nature of phytoplankton communities at
widespread SCM, demonstrates the need to adapt ecosystem
models and remote-sensing algorithms to the strong temporal
and vertical gradients of temperature, irradiance and nutrient
concentrations. This is especially relevant in strongly strat-
ified Arctic regions (e.g., Canadian Arctic, Chukchi Sea),
which presumably host the most understudied yet strongly

perturbed marine ecosystems of the global ocean. A more ef-
fective parameterization could also consider the vertical and
seasonal dynamics of N uptake parameters for different N
substrates and the change observed in the ratio of new to to-
tal production throughout the growth season.

Tremblay and Gagnon (2009) proposed that the major dif-
ferences in productivity and trophic status at the pan-Arctic
scale are controlled by nutrient supply to the surface, which
is typically greater in polynyas or peripheral areas with a
short ice-covered season. Within a given region, productivity
can increase with the duration of the ice-free season (Pabi et
al., 2008; Arrigo et al., 2011), but the relative role of nutrient
re-supply versus greater exposure to irradiance on this trend
is unknown. Here, we showed how the latter may act in syn-
ergy with rising temperature and lead to greater productivity
by SCM layers, either through more complete NO−

3 usage
or by deepening of the nitracline. In this regard, the physi-
cal processes that affect the vertical position of the nitracline
(e.g., McLaughlin and Carmack, 2010) are also expected to
influence new production at the SCM.
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Table B1.Summary of uptake-irradiance parameters for N uptake (trace15N additions) at the SCM.

NO−

3

NB
m α Ek DB RelativeDB

µg N (µg chla)−1 h−1) µg N (µg chla)−1 h−1) (µmol quanta m−2 s−1)−1 µmol quanta m−2 s−1 µg N (µg chla)−1 h−1) %

Mean (± SD) 0.042± 0.043 0.004± 0.003 18± 12 0.010± 0.030 14± 17
Minimum 0.001 0 1 0 0
Maximum 0.210 0.040 57 0.210 64

NH−

4

NB
m α Ek DB RelativeDB

µg N (µg chla)−1 h−1) µg N (µg chla)−1 h−1) (µmol quanta m−2 s−1)−1 µmol quanta m−2 s−1 µg N (µg chla)−1 h−1) %

Mean (± D) 0.016± 0.017 0.005± 0.008 7± 8 0.008± 0.009 26± 24
Minimum 0 0 1 0 0
Maximum 0.070 0.039 43 0.030 80
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