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Abstract

The distribution of picophytoplankton (0.2–2 µm) and nanophytoplankton (2–20 µm) in the Beaufort Sea–Mackenzie Shelf
and Amundsen Gulf regions during autumn, 2002 is examined relative to their ambient water mass properties (salinity, temperature
and nutrients: nitrate + nitrite, phosphate, and silicate) and to the ratio of variable to maximum fluorescence, Fv/Fm. Total
phytoplankton and cell abundances (b20 µm) were mainly correlated with salinity. Significant differences in picophytoplankton
cell numbers were found among waters near the mouth of the Mackenzie River, ice melt waters and the underlying halocline water
masses of Pacific origin. Picophytoplankton was the most abundant phytoplankton fraction during the autumnal season, probably
reflecting low nitrate concentrations (surface waters average ~0.65 µM). The ratio Fv/Fm averaged 0.44, indicating that cells were
still physiologically active, even though their concentrations were low (max Chl a=0.9 mg m−3). No significant differences in Fv/
Fm were evident in the different water masses, indicating that rate limiting conditions for photosynthesis and growth were uniform
across the whole system, which was in a pre-winter stage, and was probably already experiencing light limitation as a result of
shortening day lengths.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Arctic shelves comprise roughly 50% of the area of
the Arctic Ocean, and the biological and biogeochem-
ical processes that occur on these shelves dominate the
carbon cycle (see Stein and Macdonald, 2004). Primary
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production on arctic shelves varies greatly from region
to region, from season to season and from year to year in
response to differences in ice (e.g., concentration, thick-
ness, duration), riverine input (e.g., nutrients, particles)
and ocean forcing (e.g. through flow, upwelling, wind
and tidal mixing; Carmack et al., 2006). Recent years
have witnessed a dramatic decrease in sea ice extent
(Stroeve et al., 2005) and the major fraction of this
reduction has in fact taken place in the Beaufort Sea
(Shimada et al., 2006). It is also predicted that the
quantity and timing of river discharge to the Arctic
Ocean will change as climate warms (Peterson et al.,
2006). The Mackenzie Shelf and adjacent Amundsen
Gulf region of the southeastern Beaufort Sea are thus
critically located in the context of climate variability
(Carmack and Macdonald, 2002).

The Mackenzie Shelf in the Beaufort Sea is delimited
to the west by Mackenzie Canyon, to the north by the
Canada Basin, to the east by Amundsen Gulf and to the
south by the Mackenzie River Delta (Carmack et al.,
2004). In the coastal margins of arctic shelves, landfast
sea ice is formed annually (Barber and Hanesiak, 2004).
Seasonality in the region is not only influenced by
annual sea ice formation but also by the inflow of fresh
water from several rivers, by far the largest of which is
the Mackenzie River. Inflow from the Mackenzie River
onto the shelf contributes to the shelf's freshwater and
the dissolved and particulate organic matter (Parsons
et al., 1988).

The oceanography of the Southern Canada Basin and
the Mackenzie Shelf has been documented in several
studies (see synthesis in Carmack and Macdonald,
2002). Briefly, waters from several origins can be iden-
tified and, other than the influence of Mackenzie River,
waters on the shelf and surface waters in the Beaufort Sea
are of Pacific Ocean origin (McLaughlin et al., 1996,
2004), while waters at depth (N200 m) originate in the
Atlantic Ocean (Macdonald et al., 1989). The clockwise
Beaufort Gyre dominates the movement of sea ice and
surface water. Below the surface water, the flow reverses
to counter-clockwise forming the so-called Beaufort
Undercurrent, moving waters of both Pacific and Atlan-
tic origin eastward along the continental margin, pro-
viding nutrients to shelf waters. The relationship of such
environmental factors to the temporal and spatial dis-
tribution of phytoplankton on arctic shelves remains,
however, poorly understood. Typically, studies having
good seasonal coverage give limited spatial range, while
those with large spatial coverage have poor temporal
resolution.

One of the aims of the CASES (Canadian Arctic
Shelf Exchange Study) project is to study the temporal
variation in the major water properties in the Beaufort
Sea. A first expedition was undertaken in September–
October 2002, during the period of minimum ice extent
(Parkinson et al., 1999). The hypothesis that the
Mackenzie River subsidizes to a great extent the pool
of planktonic cells of the Beaufort Sea has been tested in
several previous works (Galand et al., 2006; Garneau
et al., 2006; Lovejoy et al., 2006, 2007; Waleron et al.,
2007). We here present a snap-shot of picophytoplank-
ton (0.2–2 µm) and nanophytoplankton (2–20 µm)
distributions analysed by means of flow cytometry in an
area heavily influenced by riverine input. We examine
their relationships to ambient water mass properties
(temperature, salinity, nutrients) in order to find out
whether and riverine influence could be tracked in the
area by means of phytoplankton (b20 µm) distribution.
We further discuss plankton physiological state during
Fall 2002 by means of the maximum photochemical
yield measured by fluorescence.

2. Materials and methods

CASES 2002 was conducted from September 23 to
October 14, 2002, on board the CCGS Pierre Radisson.
37 sampling stations were occupied in the Beaufort Sea,
from the mouth of the Mackenzie River to Amundsen
Gulf, and to the ice edge in the Canadian Basin (Fig. 1).
For the determination of nutrients, phytoplankton bio-
mass and composition, water samples were collected
with a rosette sampler (SBE Carrousel), equipped with
24 12-L PVC bottles (Ocean Test Equipment Inc) and
prefiltered on 330 μm mesh to remove large grazers.

Samples were taken at the optical depths as deter-
mined with a Secchi disk, corresponding to 100, 40, 20,
10, 5, 1 and 0.1% PAR. Optical depths were calculated
considering the Secchi depth=1.7 Kd (following Koen-
ings and Edmundson, 1991) where Kd is the PAR ver-
tical attenuation coefficient for downwelling irradiance,
which was used to estimate the mentioned optical depths
according to Kirk (1983). This is a crude visual method
that could certainly entrain a large error, especially in the
estimation of 0.1% irradiance. Downwelling cosine
corrected photosynthetically-available radiation (PAR)
were obtained with a PAR sensor attached to the CTD
(High pressure connector) Biospherical Inst. QCP-
2300L (cosine). A QCR-2200 (Biospherical Inst.) sensor
measured surface irradiance.

Inorganic nutrient concentrations (nitrate + nitrite,
phosphate and silicate) were determined on board on
fresh samples with an ALPKEM Autoanalyser with
routine colorimetric techniques (Grasshoff, 1999) and
an analytical detection limit of 0.05 μmol L−1 for nitrate



Fig. 1. Map of the southeastern Beaufort Sea showing the location of sampling stations.
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and phosphate, and 0.1 μmol L−1 for silicate. Total
chlorophyll a (Chl a), a proxy for phytoplankton bio-
mass, was determined on water samples (250 to
1000 mL) filtered onto Whatman GF/F filters (total
Chl a) and onto 5 μm polycarbonate (Poretics) filters
(Chl a N5 μm). Chl a concentrations of both fractions
were measured using a 10-AU Turner Designs fluo-
rometer following 24 h extraction in 90% acetone at
4 °C without grinding (Parsons et al., 1984).

For the determination of picophytoplankton (b2 μm
diameter) and nanophytoplankton (2–20 μm) cell abun-
dance, 4.5-mL subsamples were preserved with paraf-
ormaldehyde (2% final concentration), as recommended
by Troussellier et al. (1995), and stored at −80 °C for
later analysis in the laboratory. Fluorescent cells were
counted using a FACSORT Analyser flow cytometer
(FCM, Becton Dickinson, San Jose, CA, equipped with
a 488 nm laser beam of 15 mW). The FCM simul-
taneously measured cell concentration determined from
the pump flow rate (60 μL min−1) and sample run time
(2 to 10 min) along with cell properties such as forward
angle scatter (size index) and cell red fluorescence
(FL3N650 nm) were documented. The latter is at-
tributed to chlorophyll a, and allows the detection of
phytoplankton. The forward light scatter signals were
calibrated using Fluoresbrite beads (Polyscience Inc.,
Warrington, PA) of different sizes. For all samples, two
2-mL replicates were analysed following the addition of
beads of 2, 10 and 20 μm as internal standard of size.
The data were logged and analysed using Cell Quest
and Attractors software (both from Becton Dickinson),
respectively.

Fluorescence measurements were conducted on
water samples using an Optisciences Pulse-Amplitude
Modulated (PAM) fluorometer (model OS5-FL, Opti-
Sciences, Inc., Tyngsboro, Massachusetts, USA). In this
pulse modulated fluorometer chlorophyll fluorescence is
excited with a narrow bandwidth source centered at
660 nm, and detected in the 710–750 nm range. For the
detection of the 690 fluorescence peak, a source cen-
tered at 450 nm is resent. High intensity white light (350
and 700 nm) saturates the photosystem, and a 685 nm
source is used to drive photosynthetic activity.

For each station, a blank was first determined on sea
water sampled at that same station filtered onto Whatman
GF/F filters. Then, the photochemical quantum yield of
photosystem II (PSII) reaction centers (Fv/Fm) was
determined in dark-acclimated phytoplankton (45 min).
Fv results from the difference between the maximum
fluorescence, Fm, reached under a strong saturating pulse
of white light irradiance, when all reaction centers of PSII
are closed (reduced) and the initial sample fluorescence
F0, when all reaction centers of PSII are open (oxidized).
The Fv/Fm ratio was used as an indicator for the potential
(or maximal) of electron flow through PSII in the dark-
adapted state (Falkowski and Raven, 1997).
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In order to study the relationships between the dif-
ferent measured variables, Spearman's rank correlation
coefficients were calculated. Nonparametric correla-
tion was preferred to parametric correlation because
the numbers of observations of the various parameters
were different. A complete linkage clustering of a matrix
of Euclidean distances among the standardized tempera-
ture and salinity data was used with the aim of grouping
and comparing the different sampling points (stations
and depths) in the TS diagram (see Fig. 2). Then, after
testing for the assumptions of the analysis of variance
(ANOVA; normality and homocedacy) a 1-wayANOVA
was performed in order to search for significant differ-
ences in biological parameters (Chl a, picophytoplank-
ton and nanophytoplankton cell concentrations and the
Fv/Fm ratio) among water masses. Post-hoc compar-
isons were performed with Tukey's Honestly Significant
Differences test for unequal sample sizes using the
Statistica Software (Statsoft).

3. Results

The water masses of the study area are shown in
Fig. 2. TheMackenzie River plume (MR) is characterised
by high temperatures (between 0.4 and 1 °C) and very
low salinities (between 16 and 20). These waters mix
with cool, ice melt waters (IM) from both land and sea
origin to form the surface layer. Winter waters (WW) lie
immediately below these waters and are identified by
Fig. 2. T/S correlation diagram showing water masses found in the study are
Mixed Layer; PSW is Pacific Summer Water; PWW is Pacific Winter Water;
line indicates the freezing temperatures.
salinities b30 and temperatures ~ −0.5 °C. Both Pacific
Summer Water (PSW), which is identified by a subsur-
face temperature maximum at depths between 30 and
40 m, and Pacific Winter Water (PWW), which is
identified by a relatively thick temperature maximum at
depth ~80–120 m are clearly recognized (Fig. 2). Lower
Halocline Waters (LHW), with salinities near 34.4 and
temperatures near −1 °C, lie between PWWand Atlantic
Water (AW), at depths greater than about 200 m, are
characterised by their higher temperatures (~0.5 °C) and
salinities (between 34.6 and 34.9).

Near surface temperature (at depth b10 m) varied
with station location and ranged between −1.6 and
1.0 °C. Fig. 3A shows that warmer surface waters were
present near the mouth of the Mackenzie River, cooling
across the Mackenzie shelf towards Amundsen Gulf.
Temperatures were lower in the vicinity of the shelf
break near 71 °N. Salinity in surface waters further
reflected the distance to the coast, reflecting patterns of
rivers discharging low-salinity waters into the shelf area
(Fig. 3B). Temperature decreased and salinity increased
from the Mackenzie Shelf northward. At greater depths,
both temperature and salinity were closely aligned with
topography, reflecting the regional circulation (data not
shown).

Surface irradiance at local noon ranged from 127 to
536 μmol photons m−2 s−1. Surface waters (b10 m)
diffuse attenuation coefficient for downwelling PAR
(Kd) ranged from 0.07 to 0.3 m−1.
a: MR is Mackenzie River; IM is ice melt water; WML is the Winter
LHW is Lower Halocline Water; and AW is Atlantic Water. The dashed



Fig. 3. Horizontal distribution of average A) temperature and B) salinity for surface waters (0–10 m).
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Nitrate + nitrite and silicate concentrations (Fig. 4A)
ranged from undetectable values (surface waters of Stn
33) to 17 µM (Stn 98, at 150 m); in the stations closest to
the Mackenzie River mouth nitrate was around 0.4 µM,
both in surface and below it. Phosphate concentrations
ranged from 0.1 to 2.62 µM, although surface concen-
trations were always b0.5 μM (Fig. 4B). Molar nitrate +
nitrite/phosphate (N:P) ratio for all depths was 4.62
(±0.32). Considering only surface waters, the ratio was
1.15 and 1.76 for depths b10 and between 10 and 50 m,
respectively. Silicates varied between 0.2 (surface wa-
ters, Stn 18) and 39.4 µM (Stn 89, at 150 m), but
concentrations were around 26 µM below 50 m depth
in the coastal shelf. A similar deep increase in silicate
was observed in the offshore stations, some of the
rich silicate water extending over the shelf (data not
shown).

The average Chl a value for the whole area was 0.23
(±0.32) mg Chl a m−3. Significant differences (pb0.05)
were found in Chl a concentrations between depths.
Maximum values were found at Stn 6 (0.93 mg Chl
a m−3) (Fig. 5), and in general in surface waters (b10 m;



Fig. 4. Surface (0–10 m) average values of A) Nitrate + Nitrite, B) Phosphate and C) Silicate observed in the study area.
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(0.46±0.03 mg Chl am−3), followed by the intermediate
water depths (between 10 and 50 m, 0.20±0.11 mg Chl a
m−3). At depths N50 m, Chl a concentration averaged
0.08±0.11 mg Chl am−3. In offshore stations (Stns 36 to
49) Chl a maxima (around 0.2 mg Chl a m−3) were
found between 40 m and 60 m (Fig. 5A). Fractionated
Chl a showed that most of this pigment was due to cells
b5 μm (Fig. 5B). The highest Chl a N5 μm value
(0.49 mg Chl a m−3) was found in Stn 42, in the outer
shelf, at 59 m, exceptionally representing almost 70%
of the Chl a. In most of the stations, the proportion of Chl
Fig. 5. A) Surface (0–10 m) average total (i.e., non-fractionated) Chlorophy
N5 µm.
a N5 μm varied between 5 and 25% of total Chl a. The
lowest Chl a values were found in most coastal areas –
i.e. in the stations influenced by the Mackenzie
River (stations 65 and 62), in Stn 18, in the vicinities
of Cape Bathurst – and typically at greater depths in all
stations.

Picophytoplankton were the main component of the
phytoplankton assemblages (b20 μm) in most of the
stations and depths. Picophytoplankton cell concentra-
tions were significantly higher in surface waters, above
10 m, than at deeper depths (pb0.05). In coincidence
ll-a concentration at each station; B) Surface (0–10 m) average Chl a
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with low-salinity and warm-temperature waters, highest
picophytoplankton cell concentrations were found in Stns
59, 62 and 110, with 13810, 10240 and 10213 cells
mL−1, respectively (Fig. 6A). The lowest picophyto-
plankton abundances were found in the vicinities of
Amundsen Gulf, in Stns 104 and 98, with less than
1500 cells mL−1, contrasting with the high values found
in Stn 110, to the east of these Stns. On average in the
area, picophytoplankton represented 71% of total cells
(b20 μm). Three populations could be identified, the
smallest of which was by far the most abundant one (81%
of total picophytoplankton on average for all stations and
depths). It dominated in all stations but in the surface of
Stn 42 and in Stns 45, 49 and 53. There, a second, slightly
larger population dominated the picophytoplankton
assemblage. Nanophytoplankton concentrations varied
between 3 and 2901 cells mL−1 (average=570±39 cells
mL−1). Maximum cell concentrations were found in
Fig. 6. Distribution of surface (0–10 m) average phytoplankton cell number (b
b10 µm.
surface waters of Stns 59 and 62 (2901 and 2850 cells
mL−1, respectively, Fig. 6B), in the area of influence of
the Mackenzie River. At all but Stns 21 and 98,
nanophytoplankton cells' size was b10 μm (Fig. 6B).
Nanophytoplankton N10 µm cell concentrations were
generally b100 cells mL−1.

The photochemical quantum yield Fv/Fm, a proxy
measurement for photosynthetic efficiency of algae or
health condition of PSII, averaged 0.44 (±0.14) for all
stations and depths. In most cases, maximum Fv/Fmwas
found very close to the surface (i.e., at depths b10m) and
mostly did not coincide with maximum total phyto-
plankton concentrations. To further study the variability
in Fv/Fm, together with Chl a, picophytoplankton and
nanophytoplankton concentrations, data were pooled
according to the sampling time (four intervals were
chosen: from 06:00 to 10:00, from 10:00 to 14:00, from
14:00 to 18:00 and from 18:00 to 6:00 h) and the depth of
20 µm) in each station. A) Picophytoplankton, B) Nanophytoplankton
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sampling (samples at depths b10 m, between 10 and
50m and at depths N50m). Significant differences in Fv/
Fm were found between the samples taken at midday
(between 10 and 14 h), those taken between 14 and 18 h
and those from 18 to 6 h, the highest value being for the
midday sample, under maximum environmental light
conditions (ANOVA, pb0.05; Fig. 7). No significant
differences were found for Chl a, picophytoplankton and
nanophytoplankton distribution for the different sam-
pling hours (not shown, ANOVA, p=0.33). In addi-
tion, surface samples (b10 m) showed significantly
higher Fv/Fm ratios (pb0.05) than intermediate depths
(10 to 50 m). This was accompanied by significantly
higher Chl a and cell numbers (pb0.05) at samples from
depth b10 m (data not shown).

In order to show the vertical distribution of some of
the parameters (salinity, Chl a, phytoplankton b20 μm,
and Fv/Fm) four stations have been chosen (Fig. 8). Both
Stns 49 and 65 have been chosen to allow the comparison
with other variables that have been studied by other
authors: picocyanobacteria distribution (Galand et al.,
2006), CDOM optical properties (Retamal et al., 2007),
prokaryotic community structure and heterotrophic
production (Garneau et al., 2006). In addition, Archaean
distribution (Wells et al., 2006; Waleron et al., 2007),
microbial eukaryotes (Lovejoy et al., 2006) and pico-
prasinophytes were studied for Stn 65. Stn 66 was also
Fig. 7. Results of the ANOVA's contrasting the Fv/Fm ratio for dif-
ferent times of the day (A) and different depth intervals (B). The lines
and the asterisks over the lines indicate that significant differences were
found among groups.
characterised by Garneau et al. (2006). Finally, Stn 107
was chosen since it contains some of the highest numbers
of cells measured. On the outer Mackenzie Shelf and the
ice edge zone (Stn 49), the waters above 60 m were
salinity stratified. Phytoplankton (b20 μm) and Chl a
concentrations were at their highest concentrations at
60 m depth, where the highest Fv/Fm was also deter-
mined. Warm and deep Atlantic waters are evident in
temperature (not shown), below 200 m depth. At the
plume of the Mackenzie River (Stn 66), the highest
phytoplankton (b20 μm) abundance was found in sur-
face waters, but Chl a concentrations were very low. Fv/
Fm was also low in surface waters but increased with
depth and salinity. Although Stn 66 was located farther
from the Mackenzie River mouth than Stn 65, a salinity
minimum was observed in Stn 66. A relative increase in
both Chl a and phytoplankton (b20 μm) abundance was
evident in surface waters, although Fv/Fm was lower in
surface (b10 m) than between 20 and 40 m. An increase
in biomass and photosynthetic activity was evident close
to the bottom of the station. In the vicinity of Amundsen
Gulf (Stn 107) maximum phytoplankton (b20 μm), Chl
a concentrations and Fv/Fm were found above the
halocline, in waters influenced by ice melt. Below the
halocline, in waters presenting characteristics common
with the Winter Mixed Layer, both Chl a concentration
and phytoplankton abundance (b20 μm) were low.

Spearman rank correlations performed on environ-
mental and biological data from the same 3 depth ranges
analysed (b10 m, between 10 and 50 m, and N50 m;
Table 1) revealed that, except for the exhausted nitrate+
nitrite in surface waters, mainly salinity but also temper-
ature for depths N10 m are significantly related to the
distribution of nutrients at all depths (pb0.01). In both
surface (b10 m) and deep waters (N50 m), the salinity
shows significant negative correlations with picophyto-
plankton and nanophytoplankton abundances (pb0.01).
In intermediate waters, salinity was only correlated
to picophytoplankton abundance. Furthermore, the pho-
tochemical quantum yield Fv/Fm was significantly cor-
related only to total Chl a in surface waters (pb0.001) and
to phosphate concentration at depths N50 m (pb0.05).

4. Discussion

Few regional-scale biological studies have been
carried out in the Canadian Beaufort Sea (cf. Parsons
et al., 1988, 1989; Carmack et al., 2004). The autumn
season, for which very little information is available, can
be depicted on arctic shelves as a transition from a
system characterised by the presence of ice melt and
river water in the surface layer to one in which the upper



Fig. 8. Selected stations representing the different sectors of the study area as defined in Fig. 2, to show the vertical distribution of salinity,
phytoplankton b20 µm, Chl a and Fv/Fm.
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waters are strongly mixed by the winds until freezing
starts, usually in mid-October (Carmack and Macdo-
nald, 2002). As such, phytoplankton cells are likely to
be trapped in the newly formed frazil ice. Ice algae (as
well as small flagellates) can significantly contribute to
the total biomass present in the ice (Gradinger, 1999).
Such trapped cells could then potentially survive the
winter and seed the water column during the following
spring, as has been described for Antarctic sea ice algae
(Lizotte, 2001). Therefore, phytoplankton composition
and relationships with water masses and ice character-
istics during fall greatly influence the structure of the
entire trophic web and the system's fluxes and export of
carbon.

4.1. Characterisation of the water masses according to
phytoplankton (b20 µm) cell abundances

The different water masses described in previous
studies in the Canadian Arctic Shelf (see Carmack et al.,



Table 1
Spearman rank correlations performed on environmental and biological data from 3 different depth ranges

Salinity Chl a Picophytoplankton Nanophytoplankton NO3+NO2 PO4 SiO4 Fv/Fm

Depthb10 m
Temperature −0.56 −0.09 0.17 −0.13 0.04 −0.44 0.09 −0.02
Salinity −0.34 ______−0.44 ______−0.22 0.10 0.67 −0.50 0.13
Chl a 0.15 0.08 0.30 −0.23 0.41 0.31
Picophytoplankton 0.48 0.01 ______−0.26 0.33 −0.10
Nanophytoplankton 0.09 −0.22 0.29 −0.03
NO3+NO2 0.16 −0.02 _____0.23
PO4 −0.41 0.00
SiO4 0.09

DepthN10 m and b50 m
Temperature −0.55 _____0.26 0.04 0.03 −0.56 −0.60 −0.51 0.14
Salinity −0.22 −0.54 0.12 0.75 0.75 0.70 −0.31
Chl a 0.13 _____0.31 −0.06 −0.08 −0.05 0.03
Picophytoplankton −0.17 −0.33 ______−0.30 ______−0.32 0.15
Nanophytoplankton 0.21 0.11 ______0.27 −0.19
NO3+NO2 0.69 0.78 −0.33
PO4 0.64 −0.22
SiO4 −0.21

DepthN50 m
Temperature −0.25 0.06 _____0.27 _____0.25 ______−0.29 −0.39 −0.47 0.06
Salinity −0.82 −0.70 −0.63 0.73 0.44 0.52 −0.07
Chl a 0.67 0.67 −0.49 −0.27 ______−0.27 0.18
Picophytoplankton 0.69 −0.41 −0.40 −0.31 0.18
Nanophytoplankton −0.24 ______−0.37 ______−0.30 0.21
NO3+NO2 0.52 0.71 −0.10
PO4 0.59 ______−0.33
SiO4 −0.12

Underlined values denote pb0.05, bold values, pb0.01; bold and underlined ones, pb0.001.

988 I.R. Schloss et al. / Journal of Marine Systems 74 (2008) 978–993
2004) were identified during the present study. One
environmental variable – salinity – was especially well
correlated with most of the measured variables (Table 1)
such as nutrients, phytoplankton abundances (i.e. Chl a)
and the most abundant phytoplankton group (i.e., pico-
phytoplankton), especially in surface waters. To allow
formal comparison with water mass distributions, phy-
toplankton cell abundances (b20 µm) were plotted as a
function of temperature and salinity; the different water
masses identified in the area (see Fig. 2) were indicated
on the diagram (Fig. 9). Differences among the so de-
fined water masses were then examined for Chl a con-
centration, picophytoplankton and nanophytoplankton
cell number, and Fv/Fm. A synthesis of the character-
istics of the different regions is presented in Table 2.
Significant differences for the biological parameters
analysed among water masses were evident (ANOVA,
pb0.05, Table 2). Post-hoc comparisons evidenced
that significant differences (pb0.05) among regions
were found mainly when comparing picophytoplankton
cell concentrations. Although picophytoplankton abun-
dance in IM waters was only half of that found in the
MR plume (where maximum cell concentrations were
found) they were still significantly higher than cell
concentrations in all the other water masses. WML was
significantly different from PWW for picophytoplank-
ton cell abundance. The MR plume also showed
significantly higher abundances of nanophytoplankton
cells. Differences in this group's abundance were also
evident between the IM and the PWW. Chl a concen-
trations were significantly higher (pb0.05) in the IM
than in any other water mass. There were no significant
differences in Chl a concentration among the other
water mass. Notably, no significant differences in the
Fv/Fm ratio among water masses were found. The above
results allow concluding that the various water masses
present in the Beaufort Sea are characterised by distinct
ranges of pico- and nanophytoplankton abundances.
This is not surprising for the deep AW, but still holds
true for surface waters (MR, IM) as well as for the
PWW. A similar conclusion was reported by Mostajir
et al. (2001) who were able to distinguish the origin of
two different surface water masses in the northern Baffin
Bay region based on picophytoplankton abundance.



Fig. 9. Distribution of phytoplankton b20 µm cell number as a function of temperature and salinity; the different water masses identified in the area
(see Fig. 2) are indicated on the figure: MR is Mackenzie River; IM is ice melt water; WML is the Winter Mixed Layer; PSW is Pacific Summer
Water; PWW is Pacific Winter Water; LHW is Lower Halocline Water; and AW is Atlantic Water.
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4.2. Size structure of phytoplankton b20 µm assemblages

High picophytoplankton and low nanophytoplankton
abundances were evident in all the water masses defined
for the area. In general, Chl a b5 μm represented ca. 70%
of total phytoplankton biomass. Furthermore, con-
sidering all data, Spearman rank correlations evidenced
that Chl a was significantly (r=0.55; pb0.05) correlated
with total b20 μm (picophytoplankton + nanophyto-
plankton) cell concentration. This high correlation is
produced by picophytoplankton abundance (r=0.56;
pb0.05), while no significant correlation was found for
nanophytoplankton (p=0.12). Therefore, although no
information is available on phytoplankton N20 µm, it
could be concluded that picophytoplankton dominated
the total phytoplankton community at all studied stations.
Similar results have been shown for other areas in the
Arctic Ocean (Booth and Horner, 1997; Mostajir et al.,
2001; Vidussi et al., 2004; Not et al., 2005). It is
hypothesised that in the present study, the species re-
sponsible for the picophytoplankton peak could probably
be the prasinophyte Micromonas sp., whose occurrence
has been frequently reported in the Arctic Ocean
(Throndsen, 1970; Sherr et al., 2003; Not et al., 2005;
Lovejoy et al., 2007) andwhich has been found in ice-free
areas, when nitrate concentrations were low (Booth and
Smith, 1997). This species is also reported in estuarine
environments at lower latitudes (Ansotegui et al., 2003).

4.2.1. Phytoplankton b20 µm and freshwater inputs in
the SE Beaufort Sea

The Mackenzie River, the largest North American
source of freshwater for the Arctic Ocean (Stewart et al.,
1998), carries large amounts of inorganic and organic
matter into the Arctic Ocean, including living biota
(Garneau et al., 2006). These particle-rich waters first
spread across the coastal Mackenzie Shelf before being
transported by wind and buoyancy-driven surface cur-
rents over the shelf. The high picophytoplankton con-
centrations found in the MR plume and in IM waters
along the Mackenzie Shelf (which contain lower but still
high amounts of phytoplankton cells) confirm the po-
tential importance of the MR as a source of phyto-
plankton cells (b20 μm) to the whole area (see 4.2).
Freshwater inputs are very often accompanied by phyto-
plankton cells (b20 μm) as evidenced in the high pico-
phytoplankton abundances found in low-salinity waters
and in the correlation between salinity and nanophyto-
plankton cells in surface waters during the present study.
Similar results where obtained by Waleron et al. (2007)
for epifluorescence cell counts. These authors showed
that picocyanobacteria present in the coastal Arctic
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Ocean could be of riverine origin. However, for other
planktonic groups such as Archaea (Galand et al., 2006)
and microbial eukaryotes (Lovejoy et al., 2006), a
community change between the river and the adjacent
sea is evident. This stresses the importance of detailed
taxonomic studies in the characterisation of arctic mi-
crobial communities. In some of these works a group of
stations (Stns 65, 66 and 49, Fig. 1; Fig. 8) correspond-
ing to a transect perpendicular to the coast, starting close
to MRmouth was analysed to follow the influence of the
MR on the Beaufort shelf. Stn 66, which is located in the
middle of this transect, was characterised by the highest
surface temperature and the lowest surface salinities
(Fig. 8), a high proportion of picocyanobacteria (Wale-
ron et al., 2007), Archaea concentration (Wells et al.,
2006), and the presence of β-proteobacteria (Garneau
et al., 2006), which are all characteristic of riverine
waters. The latter authors suggested that the presence of
these waters in an intermediate station had its origin in
the waters flowing from the main river channel at the
western side of the MR mouth, later deflected eastward,
150 km offshore (Garneau et al., 2006). Both Stns 65
and 49 showed evidence of less fresh water influence
than Stn 66. In fact, two other intermediate stations, Stn
59 and to a lesser extent Stn 62, which were not con-
sidered in neither of the mentioned studies, showed even
higher temperatures and lower salinities in surface
waters than Stn 66, as well as the highest picophyto-
plankton abundance (N1.3×104 cells mL−1). This sug-
gests that the freshwater flow had an extension of
~50 km, with its core some 120 km offshore. Unfor-
tunately, information on the taxonomic composition of
the dominating picophytoplankton group at Stns 59 and
62 is not available, although a dominance by picocya-
nobacteria such as found in Stn 66 by Waleron et al.
(2007) could be expected; the same population of
picophytoplankton represented almost 100% of pico-
phytoplankton cells in all three stations.

River runoff and sea ice melt greatly reduce surface
water salinities. In coastal Antarctic environments,
meltwater has been shown to favour the development
of a group of phytoflagellates, the Cryptomonads over
diatoms (Moline et al., 2004). Although these results
could not be confirmed by Garibotti et al. (2005), such a
change could in turn affect the abundance of herbivor-
ous plankton, thus altering the entire food web. A si-
milar response might be expected for the arctic shelves.

4.2.2. The central Beaufort Sea and Amundsen Gulf
waters

In Stns 33 to 49 at the shelf break, where depths
exceeded 200 m (and where the influence of Atlantic
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waters is shown by the higher temperatures and sali-
nities), very low amounts of picophytoplankton cells
were found and phytoplankton b20 µm was dominated
by nanophytoplankton b10 μm. The characteristics of
the surface waters in these stations are similar to those in
the western part of the coastal transect between Stns 66
and 89 probably due to time elapsed between the two
parallel to the coast transects, which could have allowed
the pack ice to extend southward. However, maximum
picophytoplankton concentrations in the surface waters
of the first transect varied between 3900 and 5500 cells
mL−1, while for the last one they varied between 3800
and 8500 cells mL−1. These slightly higher values were
likely related to enhanced phytoplankton growth fa-
voured by increased water column stability closer to the
coast (data not shown). Waters of terrestrial origin
around Franklin Bay could additionally contribute to
phytoplankton cell concentrations in the area. Cells
might then again be diluted eastward by the effect of the
winds. During the first 10 days of this study winds came
dominantly from the East during (Environment Canada,
2002).

In Amundsen Gulf, total phytoplankton (b20 µm)
abundance was highest in the surface waters at Stns 107
(Fig. 8) and 110, dominated by picophytoplankton. Their
concentration was twice that described by Waleron et al.
(2007) for the neighbour Stn 101 at 5 m. The dominance
of small cells in the area was previously described by Lee
and Whitledge (2005) for summer 2002, who further
described this area as the most productive area in the
Canadian Basin (Lee and Whitledge, 2005).

4.3. The physiological state of phytoplankton in the SE
Beaufort Sea during fall

The lack of variability found when comparing Fv/Fm
for the different water masses described would indicate
that growth conditions are similar all over the study area
or that organisms were acclimated to growing in the
different conditions encountered. The values of the Fv/
Fm ratio indicate that phytoplankton were still active.
Photosynthesis would not be inhibited by midday or
surface waters light. Primary production measurements
at several stations (Stns 24, 49, 65, 66, 83 and 101)
during the same period showed that maximum daily
production rates occur in surface waters (depth b10 m)
(S. Brugel et al., in prep), thereby supporting the present
interpretation. Our findings additionally indicate that
light might have been a limiting factor rather than a
photoinhibiting factor for phytoplankton to develop at
depths N10 m. Moreover, there was a small (ca. 20%)
decrease in night Fv/Fm values. In the tropical Pacific
Ocean Behrenfeld et al. (2006) found a pattern similar to
our, with nocturnal decreases in Fv/Fm. They divided
their study area in 4 regimes according to the degree of
nocturnal decrease and down increase in Fv/Fm. Our
findings would fit in their regime I (percentage decrease
in Fv/Fm b25%; dawn normalized variable fluorescence
Fv/Fm ≥0.45), which corresponded to oligotrophic,
iron sufficient and low-nutrient concentration waters.
Although iron concentration was not measured during
CASES 2002, we assume that no iron limitation will
occur in shallow coastal areas; nutrient concentrations
were on occasions undetectable or very low, so that
the conditions would be similar to those described by
Behrenfeld et al. (2006).

The fact that the highest Fv/Fm values were found in
the surface waters suggests that phytoplankton would
not be affected by nutrient limitation in the present
study. Moreover, phytoplankton cells could be growing
on ammonium, which is their preferred nitrogen species
for growth (Wheeler and Kirchman, 1986; Harrison and
Wood, 1988). Ammonium data are not available for the
present study. The low macronutrient (especially nitrate)
concentrations measured during the present study could
result from dilution by freshwater input. Nitrate was
probably the limiting nutrient for N20 μm phytoplank-
ton growth, as evidenced by the low N:P ratio calcu-
lated, and as previously described for the Beaufort Sea
(Carmack and Macdonald, 2002; Carmack et al., 2004;
Lovejoy et al., 2006). Silicate concentrations were sig-
nificantly and negatively correlated to salinity in surface
waters (Table 1). Silicate could be supplied by the low-
salinity Mackenzie River waters (Carmack and Macdo-
nald, 2002). At depth, silicates as well as the other
analysed macronutrients were probably not consumed
by phytoplankton at this time of the year.

In summary, our work establishes a relationship
between water masses physical characteristics (salinity
and temperature) and phytoplankton b20 µm abun-
dance. The composition and abundance of phytoplank-
ton are of central importance to the structure and
functioning of the trophic webs and to the carbon trans-
fer in the arctic ecosystem. Understanding the actual
link between physics and biology is a first step in the
prediction of the response of the system to climate
change. Global circulation models further predict a
warming of Mackenzie River waters of about ~4.2 °C
for the next 20 years (Nijssen et al., 2001). Since most of
the precipitation in the Mackenzie Basin is stored as
snow, spring snowmelt runoff is predicted to increase in
a warming scenario (Nijssen et al., 2001). With the
freshwater runoff increase that is expected to enter the
Arctic Shelves (Peterson et al., 2002), the impact
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particle size and its effects on biological communities
remains a central question.
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