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INTRODUCTION

Seasonal variations in solar radiation and sea-ice
cover have a large influence on primary production
in the Arctic (Gosselin et al. 1990, Rysgaard et al.
1999, Mundy et al. 2011). Pelagic production is max-
imal in the summer months between sea-ice melt in
spring and freeze-up in fall (Horner & Schrader 1982,

Wang et al. 2005, Tremblay et al. 2012). With the cur-
rent global change in climate, some re searchers pre-
dict that the annual phytoplankton production in the
Arctic Ocean will be enhanced due to the decrease of
the minimum summer ice extent that could result in a
longer phytoplankton growing season (Arrigo et al.
2008, Zhang et al. 2010). However, during the sum-
mer, the freshwater inputs from rivers and ice melt-
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face mixed layer irradiances >600 μmol photons m−2 s−1 were associated with low cell viability and
a decline in photosynthetic performance (Fv/Fm). For IC stations, %LC declined at temperatures
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ing (Macdonald et al. 2004, Peterson et al. 2006) can
lead to strong stratification of the water column,
especially if this is enhanced by the increase of river
inflows (Peterson et al. 2002), which could lead to a
depletion of nutrients in the surface layer (Tremblay
& Gagnon 2009) and to the exposure of phytoplank-
ton to higher irradiances. The accelerated changes in
the Arctic caused by sea-ice cover decline (Stroeve et
al. 2007, Comiso et al. 2008, Overland & Wang 2013)
and the rapidity of the melting will influence the new
conditions to which cells are exposed.

Recent studies have focused on the responses of
the algal community to some of these modifications
(Li et al. 2009, Tremblay et al. 2012), including the
effects of changes in light (La Rocca et al. 2015), tem-
perature (Coello-Camba et al. 2014), salinity (Her-
nando et al. 2015) and nutrients (van de Poll et al.
2005) and their coupled effects (Petrou & Ralph 2011,
Rajanahally et al. 2014) on the physiology and via -
bility of polar species. However, there is still much
uncertainty about how the algal community will
adjust to ongoing changes in environmental condi-
tions (e.g. sea-ice coverage, light and nutrient avail-
ability, and water temperature). Knowledge about
cell viability under these changing conditions could
help us understand their influence on the physiology
of phytoplankton cells and the dynamics of phyto-
plankton populations, but this is rarely studied in
field programs and few data are available from the
Arctic (Llabrés & Agustí 2008, Lasternas & Agustí
2010, Echeveste et al. 2011). Field studies in regions
other than polar environments have highlighted a
high proportion of dead cells, especially in surface
waters (van Boekel et al. 1992, Hayakawa et al. 2008)
and in oligotrophic environments (Agustí 2004,
Alonso-Laita et al. 2005, Alonso-Laita & Agustí 2006).
Some studies looked for marker compounds that
could provide information on cell viability, such as
chlorophyll a (chl a) degradation products that are
produced during the processes of senescence and
death of the cells (Spooner et al. 1994, Szymczak-
Żyła et al. 2008). These degradation pigments could
be useful as markers for the loss of cell viability
(Franklin et al. 2012).

The overall objective of this study was to inves -
tigate phytoplankton cell viability and other cell
health indicators in the Canadian Beaufort Sea dur-
ing the spring−summer transition. The specific objec-
tives were to (1) examine the variability in phyto-
plankton cell viability, specifically over the ice-melt
period in spring, (2) identify factors contributing to
the loss of viability, if any, such as high irradiance or
nutrient depletion, and (3) examine signs of a decline

in physiological condition of the algae, such as low
photosystem II (PSII) efficiency or an increase in
degradation pigments.

MATERIALS AND METHODS

Study site and sampling

This study was conducted in the Canadian Beau-
fort Sea (Fig. 1), as part of the International Polar
Year−Circumpolar Flaw Lead system study (IPY−
CFL; Barber et al. 2010), onboard the Canadian
Coast Guard Ship (CCGS) ‘Amundsen.’ Water sam-
ples (n = 66) were collected from 29 April to 13 July
2008. Stations visited included ice-covered (IC) and
open-water (OW) sites (Fig. 1). First-year drifting
sea-ice stations were located in the Amundsen Gulf,
whereas first-year landfast ice stations were situated
in Frank lin and Darnley Bays and at the entrance to
M’Clure Strait (northwestern Banks Island; Fig. 1).
After 24 June, Franklin Bay stations were free of ice.

At each station, vertical profiles of water tempe -
rature, salinity, photosynthetically active radiation
(PAR, 400 to 700 nm) and in vivo fluorescence were
measured using an SBE-911plus CTD probe (Sea-
Bird Electronics) equipped with a QCP-2300 PAR
sensor (Biospherical Instruments) and an in situ fluo-
rometer (Seapoint Sensor). The probe and sensors
were mounted on a rosette equipped with twenty-
four 12 l Niskin-type bottles (Ocean Test Equipment).
A vertical PAR profile was also created with a PNF-
300 radiometer (Biospherical Instruments) at OW sta-
tions. The vertical profiles of irradiance from the irra-
diance sensor on the rosette and from the PNF-300
radiometer were used to estimate the diffuse attenu-
ation coefficient of downwelling PAR (Kd, m−1) at IC
and OW stations, respectively. In situ PAR at the sam-
pled depth (Ez) was calculated using Beer’s law as:

(1)

where E0 is the PAR value at the ice−water interface
for IC stations and at the sea surface for OW stations
(μmol photons m−2 s−1) and Z is the sampled depth (m).

Downwelling incident PAR irradiance was meas-
ured at 1 min intervals with a PARLite™ quantum
sensor (Kipp & Zonen) installed on a tower at the bow
of the ship. These data were used to calculate daily
incident PAR.

The surface mixed-layer depth (Zm) was deter-
mined as the depth for the shallowest extreme curva-
ture of density (sigma-t, σt) and temperature profiles
(de Boyer Montégut et al. 2004; Table 1). An index of
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the vertical stratification of the water column (Δσt, kg
m–3) was estimated as the difference in σt be tween 80
and 10 m from 1 May to 24 June and between 80 and
5 m after 24 June. At stations where bottom depth
was <80 m, the deepest depth was used for the calcu-
lation. The mean irradiance in the surface mixed
layer (Ezm, μmol photons m−2 s−1) was calculated as
per Riley (1957):

(2)

where Z is the depth of Zm (m).
Water samples were generally collected within the

surface mixed layer, which ranged from 4 to 44 m
(Table 1). At IC stations, samples were collected in
the upper 5 m of the water column through a hole in
the sea ice made ~500 m from the ship, using a Kem-
merer water sampler. Samples collected at depths
>5 m were taken via the ship’s moonpool with the
CTD-rosette system. At OW stations, samples from
the upper 5 m of the water column were collected
with an electric submersible pump (12 V standard

engineered plastic pump, model Cyclone, Pro active
Environmental Products), whereas samples at depths
>5 m were taken with the moonpool’s CTD-rosette
system. After 25 June, samples were collected with
the CTD-rosette system deployed from the ship’s
upper deck.

Nutrients

Nitrate plus nitrite (NO3+NO2), nitrite (NO2), phos-
phate (PO4) and silicic acid (Si(OH)4) concentrations
were measured immediately after sampling using an
onboard Bran-Luebbe 3 Autoanalyzer (adapted from
Grasshoff et al. 1999).

Cell viability

Cell viability was assessed as the proportion of liv-
ing cells in the algal community (%LC). It was deter-
mined by applying a cell membrane permeability
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test, the cell digestion assay (CDA; Agustí & Sánchez
2002), recently extended for quantification of dead
phytoplankton cells in cold waters (Llabrés & Agustí
2008, 2010). In the CDA, phytoplankton communities
are exposed to an enzymatic cocktail (DNAse and
Trypsin) that enters the cytoplasm and digests cells
with compromised membranes. The enzymes re -
move the dead or dying cells from the sample, and
therefore the cells remaining in the samples after the
CDA are considered living cells. For quantification
of nano- and microphytoplankton viability, samples

were concentrated from an initial volume of 0.3−2 l to
50−70 ml, using a device similar to the Millipore cell
concentrator chamber used in previous studies
(Agustí & Sánchez 2002, Alonso-Laita & Agustí 2006,
Lasternas & Agustí 2010) fitted with a 2 μm pore
diameter filter with a maximum time of concentration
of 15 min. The CDA was applied (<2 min after con-
centration) to duplicate 10 ml aliquots of the cell con-
centrate by adding 2 ml of DNAse I solution (400 μg
ml−1 in Hanks’ balanced salt solution, HBSS), follow -
ed by 15 min incubation at 25°C in a water bath

92

Stn Date Bottom Zm Δσt E0 Ezm Sample Ez NO3 Si(OH)4 PO4

(2008) depth (m) (kg m−3) (μmol (μmol depth (μmol (μmol l−1) (μmol l−1) (μmol l−1)
(m) m−2 s−1) m−2 s−1) (m) m−2 s−1)

Ice-covered stations
D43 1 May 457 57 0.56 148 1 10 2 3.50 8.93 1.00
F1 10 May 53 15 0.36 650 2 0 3 nd nd nd
F1 2 nd nd nd
F1 5 nd nd nd
F2 14 May 192 21 0.63 1023 4 5 6 nd nd nd
F2 16 May 183 31 0.57 874 2 0 7 9.54 20.85 1.56
F2 5 5 9.49 20.91 1.55
F2 10 3 9.71 21.54 1.61
F5 28 May 368 14 nd 742 28 0 45 <0.03 2.51 0.77
D46 30 May 289 32 0.53 618 3 0 6 2.04 6.72 0.97
D46 5 4 3.02 8.58 1.04
D46 10 3 3.79 10.35 1.15
D47 31 May 273 16 0.47 475 2 0 3 nd nd nd
D47 5 3 nd nd nd
D47 10 2 1.36 6.31 0.94
F6 2 Jun 71 12 0.87 1213 7 5 7 0.18 5.37 0.91
F6 12 2 1.88 6.93 1.02
F7 8 Jun 78 13 0.82 1270 7 0 11 nd 7.55 0.83
F7 5 7 nd 5.79 0.77
F7 12 4 nd 18.14 1.17
F7 9 Jun 78 11 0.85 175 1 0 2 nd nd nd
F7 5 1 nd nd nd
F7 10 1 nd nd nd
F7 11 Jun 80 nd 0.51 216 nd 0 11 0.49 3.26 nd
F7 5 7 0.45 nd nd
F7 12 4 5.94 17.61 nd
F7 13 Jun 79 13 0.91 855 3 5 4 nd nd nd
F7 12 1 nd nd nd
FB01 14 Jun 98 11 1.25 678 2 5 1 1.13 8.66 0.87
FB03 15 Jun 105 12 1.17 1096 8 5 8 1.25 7.30 0.80
FB05 15 Jun 107 10 1.46 1624 3 0 4 0.91 9.92 0.79
FB05 5 3 0.40 6.60 0.82
F7 18 Jun 80 13 1.07 205 69 12 28 nd 3.54 0.65
F7 19 Jun 125 13 1.44 590 42 2 72 1.66 3.80 0.64
FB07 21 Jun 112 14 1.61 152 11 12 7 0.62 4.14 0.76
F7 24 Jun 88 6 1.63 1552 29 0 55 nd nd nd
F7 6 13 0.59 2.19 0.54
FB07 25 Jun 103 5 1.78 459 46 0 81 nd nd nd
FB07 6 17 0.96 5.91 0.71

Table 1. Physical and chemical characteristics of ice-covered and open-water stations in the Beaufort Sea during spring and
summer 2008. Zm: surface mixed layer depth; Δσt: stratification index; E0: downwelling incident PAR; Ezm: mean irradiance in
the surface mixed layer; Ez: PAR at the sample depth; NO3: nitrate; Si(OH)4: silicic acid; PO4: phosphate; nd: not determined

Table 1 continued on next page
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(Haake). After this time, 2 ml of Trypsin solution (1%
in HBSS) was added, followed by 30 min at 25°C.
Additional duplicate 10 ml aliquots from the concen-
trate without enzymes were incubated to obtain the
blanks for each sample analyzed. After incubation,
samples with enzyme additions were then placed in
ice to stop the enzymatic cell digestion process and
then both blanks and samples containing enzymes
were filtered onto polycarbonate 0.4 μm pore diame-
ter black filters, washed several times with filtered
seawater, fixed with glutaraldehyde (1% final con-
centration) and stored frozen at −80°C until micro-
scopic counts. Phytoplankton cells were observed
until ≥200 cells had been counted at magnifications
of 400× and 1000× using an epifluorescence micro-
scope (Zeiss Axiovert©) fitted with a blue excitation
red fluorescence filter. Cells were grouped by size
into 3 groups: >20, 5−20 and <5 μm.

The cell counts in the samples after the CDA assay
represent the abundance of living cells. The cell
abundance in the blank samples represents the total
cell abundance, i.e. both living and dead cells (Agustí

& Sánchez 2002). The %LC was calculated as the
ratio of the concentration of cells obtained after
applying the CDA to the concentration of cells in the
blanks.

The accuracy of the CDA to quantify living and
dead cells in polar natural samples was tested by
comparing the results obtained with the CDA with
those obtained with an independent vital stain, the
BacLightTM kit (Molecular Probes® Fluorescent Dyes
and Probes, Invitrogen). This method was chosen
among others because it uses double staining (SYTO
9 and propidium iodide), avoiding the potential am -
biguity of other stains with low fluorescence signals
(e.g. fluorescein diacetate; Agustí & Sánchez 2002,
Garvey et al. 2007, Llabrés & Agustí 2008). The
BacLightTM is a vital stain that works well with dia -
toms (a major component of the ice algae community;
Rózanska et al. 2009). With this method, diatoms
show a clear and bright staining (Llabrés & Agustí
2008).

The 2 methods, CDA and BacLightTM, were com-
pared during an experiment conducted onboard the

93

Stn Date Bottom Zm Δσt E0 Ezm Sample Ez NO3 Si(OH)4 PO4

(2008) depth (m) (kg m−3) (μmol (μmol depth (μmol (μmol l−1) (μmol l−1) (μmol l−1)
(m) m−2 s−1) m−2 s−1) (m) m−2 s−1)

Open-water stations
1020 A 6 May 276 42 0.6 1226 252 0 1226 4.83 9.78 1.17
1020 A 5 690 4.83 9.78 1.17
O2 12 May 205 21 0.67 178 67 0 178 nd nd nd
O2 2 142 nd nd nd
O2 5 100 9.45 20.47 1.56
O2 11 50 9.59 21.2 1.35
405b 19 May 537 17 0.68 1508 495 0 1508 nd nd <0.02
405b 5 648 nd nd 1.11
405b 11 235 0.95 nd 0.92
1011 22 May 459 13 0.62 476 280 0 476 2.66 7.99 nd
1011 8 232 2.67 8.04 nd
1806 23 May 137 12 2.25 809 515 0 809 nd nd nd
1806 10 356 <0.03 2.63 0.75
9008 27 May 346 20 1.27 945 380 0 945 nd nd nd
9008 5 543 <0.03 3.03 0.8
405b 10 Jun 562 15 2.03 1544 739 7 695 nd nd nd
1216 23 Jun 207 9 3.1 1363 1363 0 1363 nd nd nd
1200 27 Jun 199 8 2.53 1250 852 0 1250 nd nd nd
1200 7 608 0.4 4.53 0.73
1208 28 Jun 400 6 1.81 181 135 7 88 <0.03 nd 0.77
434 30 Jun 40 4 2.13 270 205 5 132 nd 2.48 0.15
434 13 42 nd 1.91 0.36
421 1 Jul 1142 8 4.90 223 166 9 110 <0.03 3.71 0.31
420 9 Jul 43 6 1.88 316 238 7 158 <0.03 4.77 0.35
1100 11 Jul 265 6 3.15 1044 800 7 545 0.66 4.78 nd
1110 12 Jul 96 4 2.15 35 27 7 14 <0.03 3.27 <0.02
D34 13 Jul 182 4 4.27 1384 1176 10 599 <0.03 4.28 0.70

Table 1 (continued)
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CCGS ‘Amundsen’ during the IPY-CFL system study
(Alou-Font 2013). This experiment was performed to
test the effect of prolonged darkness and high tem-
perature on cell viability. Cells collected at the bot-
tom of the sea-ice on 29 April were incubated in the
dark at room temperature (15−20°C) for 10 d. Algal
cell viability was determined with both methods after
3 d of acclimation on 2, 5 and 9 May.

For the BacLightTM method, duplicate 1 ml samples
were stained with 0.2 μl of BacLightTM kit component
B: SYTO 9 dye (1.67 mM) and propidium iodide
(1.83 mM) both in dimethyl sulfoxide, and incubated
for 10 to 15 min in the dark following the same pro -
cedure as in Agustí et al. (2006) and Llabrés & Agustí
(2008). Quantitative analysis was conducted on board
the ship with an Olympus epifluorescence micro -
scope fitted with a blue filter (excitation 470 nm,
emission 520−560 nm). In total, 200 cells were
counted, distinguishing green cells (living cells), red
cells (dead cells) and not well-stained cells. The per-
centage of living cells was calculated as the ratio of
red cells to total cell abundance.

Taxonomic analysis

Eleven subsamples on which viability was assessed
were selected for a detailed taxonomic analysis.
These samples were preserved with acidic Lugol’s
solution (0.4% final concentration) and stor ed in the
dark at 4°C until analysis. Living cells (with chloro-
plasts) >2 μm were identified by an experienced
phytoplankton taxonomist (S. Lessard pers. comm.)
using an inverted light microscope (WILD Heer-
brugg). A minimum of 400 cells were enumerated
over at least 3 transects of the chamber (Lund et al.
1958).

Index of photosynthetic performance (Fv/Fm)

The photosynthetic performance of algae from the
surface layer (0−15 m) was assessed by examining
the changes in chlorophyll fluorescence with the
electron transport inhibitor 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) that blocks electron trans-
port at the electron acceptor Q in PSII, causing an
increase in chlorophyll fluorescence (Roy & Le -
gendre 1979, Jochem 2000). Minimum and maximum
fluorescence (F0, Fm) were measured after 30 min of
dark adaptation using a Turner Designs 10-AU fluo-
rometer. Fm was measured after adding DCMU (3 ×
10−3 M). Fv/Fm was calculated as (Fm − F0)/Fm, provid-

ing an index of photosynthetic performance. A de -
crease in the maximum quantum yield of PSII photo-
chemistry, measured as dark-adapted Fv/Fm in the
presence of DCMU, is a proxy for photoinhibition or
down-regulation of PSII (Critchley 2000).

Pigment analysis

The identity and concentrations of algal pigments
were determined by reverse-phase high perform-
ance liquid chromatography (HPLC). Under dim
light, water samples (0.25−2 l) were filtered onto
25 mm Whatman GF/F filters (maximum time of fil-
tration of 20 min). The samples were immediately
placed in liquid nitrogen for at least 24 h and then
transferred to a −80°C freezer on board the ship.
Samples were sent every 6 wk by plane in a nitrogen
dry-shipper and thereafter kept in a −80°C freezer
until analysis. Algal pigments were ex tracted in 95%
methanol, sonicated (Sonicator Ultrasonic Processor
XL 2010) for 15 s on ice and centrifuged for 5 min at
3700 × g. Extracts were filtered through a 0.22 μm
polytetrafluoroethylene syringe filter and poured
into an autosampler vial which was gently sparged
with argon to limit oxidation. A volume of 50 μl was
injected in a Waters Symmetry C8 column (150 ×
4.6 mm, 3.5 μm). Gradient elution was controlled by
a Thermo Separation (TSP) P4000 pump with sol-
vents as described by Zapata et al. (2000). Pigments
were detected with a TSP UV6000 LP diode-array
absorbance detector (400 to 700 nm) and a TSP
FL3000 fluorescence detector to confirm the pres-
ence of chlorophyll-related compounds. Calibration
was done with external pigment standards (DHI Lab
Products), and extinction coefficients were taken
from Jeffrey (1997). Limits of detection and quantifi-
cation were estimated as in Bidigare et al. (2005) and
pigments with concentrations less than the limit of
detection are not reported in the present study.
Marker pigments were identified through compari-
son with the retention time and spectral properties of
pigment standards (Egeland et al. 2011).

Statistical analyses

Spearman’s rank order correlations (rS) were used
to determine any significant correlations among
physical, chemical and biological variables. A Mann-
Whitney U-test was performed to seek differences
among IC and OW stations, whereas a Kruskal-
 Wallis test was used to seek differences between
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binned data for 5 irradiance intervals and for 3 tem-
perature intervals. Descriptive statistics, rS, and Pear-
son’s linear re gressions were obtained using Sigma-
Stat 3.5 and SigmaPlot 10.0 (Systat Software). Unless
otherwise noted, all mean values are ±SE.

RESULTS

Physico-chemical variables

The seasonal increase in daily incident PAR ranged
from 23.6 mol photons m−2 on 17 May (Stn F2) to
66.1 mol photons m−2 on 20 June (Stn F7; Fig. 2a).
Irradiance in the surface layer was influenced by ice
cover: it differed significantly between the 2 sets of
stations, viz. IC and OW. The percent sea-ice cover
ranged from 20 to 95% in May, decreasing to 10% in
June and reaching a minimum in July (<5%) (Forest
et al. 2011). We present results separately for both
sets of stations.

The PAR at the sampling depth (Ez) and the mean
irradiance in the surface mixed layer (Ezm) were sig-
nificantly higher (Mann-Whitney U-test, p < 0.001)
for OW (418.7 ± 82.6 and 364.6 ± 62.1 μmol photons
m−2 s−1, respectively) than for IC stations (7.4 ± 2.0
and 10.9 ± 2.7 μmol photons m−2 s−1, respectively;
Table 1).

Water temperatures for the surface layer during
the study period were significantly higher (Mann-
 Whitney U-test, p < 0.05) in OW (2.57 ± 0.94°C) com-
pared to IC stations (−0.63 ± 0.33°C). Water tempera-
tures increased throughout the sampling period and
rea ched maximum values at the end of the study on
11 July (8°C, Stn 1100) and 13 July (7°C, Stn D34;
Figs. 1 & 2b). Salinity values ranged from 27 to 33
with values of 30.56 ± 0.42 at OW and 31.91 ± 0.18 at
IC stations. Lower salinity was measured at Stns 421
and D34 at the end of the study (Fig. 2b). The stratifi-
cation index (Δσt) ranged from 0.60 to 4.90 kg m−3 for
OW (1.67 ± 0.25 kg m−3) and from 0.36 to 1.78 for IC
(0.88 ± 0.07 kg m−3). Significant differences were
found for salinity and Δσt be tween the OW and IC
stations, with salinity being significantly higher at IC
stations (Mann-Whitney U-test, p < 0.01) and Δσt sig-
nificantly higher at OW stations (Mann-Whitney U-
test, p < 0.01) and increasing throughout the season
(see Table 1). The surface mixed layer (Zm) averaged
14.58 ± 1.82 m throughout the study period and did
not differ significantly between the OW and IC sta-
tions (Mann-Whitney U-test, p > 0.05; Table 1).

Nutrient concentrations (in μmol l−1) in the surface
layer varied over the entire study: for NO3, values

ranged from <0.03 to 9.6 (OW = 2.2 ± 0.9, IC = 2.7 ±
0.6), for Si(OH)4, from 1.9 to 21.5 (OW = 6.8 ± 1.6, IC
= 9.2 ± 1.2) and for PO4, from <0.02 to 1.60 (OW =
0.73 ± 0.12, IC = 0.96 ± 0.06). There were no signifi-
cant differences between OW and IC stations (Mann-
Whitney U-test, p = 0.13 for NO3; p = 0.07 for PO4 and
Si(OH)4). The NO3:PO4 and NO3:Si(OH)4 molar ratios
decreased over the study and were lower than the
critical values of 16 for NO3:PO4 (Redfield et al. 1963)
and of 1.1 for NO3: Si(OH)4 (Brzezinski 1985), sug-
gesting that nitrogen was the potentially limiting
nutrient for algal growth.
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Algal biomass

The surface layer chl a concentration was signifi-
cantly lower (Mann-Whitney U-test, p < 0.05) at OW
(0.67 ± 0.22 μg l−1) than at IC stations (1.50 ± 0.41 μg
l−1; Fig. 2c). The algal biomass reached a maximum for
OW stations on 19 May (3.95 μg l−1, Stn 405b, 0 m) and
for IC stations on 11 June (10.13 μg l−1, Stn F7, 5 m),

the peak of the observed bloom. Wind-driven up-
welling events enhanced under-ice nutrient availabil-
ity (Mundy et al. 2009, Tremblay et al. 2011), causing
the high chl a concentrations encountered during this
study at IC stations in Darnley Bay (Fig. 2c). After this
period, chl a concentrations de creased to 0.01 μg l−1 at
OW stations. The low chl a values encountered at the
end of the study co-occurred with the lowest nutrient

concentrations, suggesting nutrient-
depleted post-bloom conditions. There
was no significant relationship be-
tween chl a concentration and any of
the nutrients determined at IC sta-
tions, whereas at OW stations, chl a
was positively correlated with NO3 (rS

= 0.76, p < 0.01) and Si(OH)4 (rS = 0.68,
p < 0.05).

The chl a concentration did not
show any signi ficant relationship
with daily incident irradiance, water
temperature and salinity at OW and
IC stations, but it was negatively cor-
related with Δσt for OW stations (rS =
−0.68, p < 0.05).

Pigment markers for taxonomic
groups

The major marker pigments de tec -
ted were used to assess the composi-
tion of phytoplankton groups (Hig-
gins et al. 2011) along with the micro-
scopic examination (few data) and
past observations from this polar
region (Lovejoy et al. 2007, Poulin et
al. 2011). These marker pigments are
listed in Table 2; they include fuco-
xanthin for diatoms (fucoxanthin is
also present in a few other groups,
but diatoms were clearly dominant so
we used this pigment as a marker for
diatoms here), prasinoxanthin for
prasino xanthin-containing prasino-
phytes, peridinin for peridinin-con tai -
ning dinoflagellates, alloxanthin for
cryptophytes, and 19’-hexa noy loxy -
fucoxanthin (hex-fuco) and 19’-buta -
noyloxyfucoxanthin (but-fuco) for
hapto phytes. Chl b, micromonal and
zeaxanthin were also present and
strongly correlated with prasino -
xanthin (rS = 0.74, 0.86 and 0.92,
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Concentration and ratio IC stations OW stations
Mean ± SE n Mean ± SE n p

Marker pigments
Chlorophyll b (chl b) 0.17 ± 0.02 39 0.05 ± 0.01 28 <0.01
Peridinin (Peri) 0.04 ± 0.004 29 0.03 ± 0.004 15 ns
Fucoxanthin (Fuco) 0.48 ± 0.16 40 0.18 ± 0.06 30 <0.01
Alloxanthin (Allo) 0.01 ± 0.001 25 0.01 ± 0.000 13 ns
Prasinoxanthin (Prasino) 0.01 ± 0.001 25 0.002 ± 0.02 13 <0.01
Hex-fuco 0.02 ± 0.002 21 0.02 ± 0.01 18 ns
But-fuco 0.01 ± 0.002 28 0.01 ± 0.002 11 ns
Micromonal (Micral) 0.02 ± 0.002 20 0.01 ± 0.000 7 <0.01
Zeaxanthin (Zea) 0.02 ± 0.001 33 0.01 ± 0.000 23 <0.05
Chl b:chl a 0.24 ± 0.03 29 0.25 ± 0.04 30 ns
Peri:chl a 0.07 ± 0.01 29 0.08 ± 0.02 16 ns
Fuco:chl a 0.26 ± 0.02 30 0.35 ± 0.07 32 ns
Allo:chl a 0.02 ± 0.002 25 0.03 ± 0.01 13 ns
Prasino:chl a 0.05 ± 0.03 37 0.09 ± 0.02 25 ns
Hex-fuco:chl a 0.03 ± 0.003 22 0.05 ± 0.01 17 ns
But-fuco:chl a 0.02 ± 0.002 28 0.03 ± 0.003 11 ns
Micral:chl a 0.03 ± 0.004 20 0.03 ± 0.004 8 ns
Zea:chl a 0.03 ± 0.003 27 0.14 ± 0.06 25 <0.05

Chl a and photoprotective pigments
Chl a 1.50 ± 0.41 36 0.67 ± 1.02 20 <0.05
PPC 0.12 ± 0.02 36 0.07 ± 0.02 18 <0.05
PSC 0.62 ± 0.18 36 0.25 ± 0.09 20 <0.01
PPC:PSC 0.36 ± 0.03 36 0.53 ± 0.14 18 ns
PPC:chl a 0.14 ± 0.06 30 0.24 ± 0.05 18 <0.05
(DD+DT):chl a 0.07 ± 0.01 36 0.15 ± 0.03 18 <0.01

Degradation pigments
Chl a allomer 0.22 ± 0.09 27 0.10 ± 0.03 10 ns
Chlorophyllide a 0.22 ± 0.07 23 0.20 ± 0.08 11 ns
Pheophorbide a 0.41 ± 0.12 37 0.18 ± 0.28 19 <0.05
Pheophytin a 0.25 ± 0.07 12 0.14 ± 0.06 4 ns
Pyropheophorbide a-‘like’ 0.65 ± 0.08 19 0.30 ± 0.03 5 <0.05
Sum of all degradation pigments 1.1 ± 0.30 37 0.43 ± 0.14 19 ns
Chl a allomer:chl a 0.08 ± 0.05 27 0.13 ± 0.03 10 ns
Chlorophyllide a:chl a 0.09 ± 0.05 23 0.12 ± 0.03 11 ns
Pheophorbide a:chl a 0.26 ± 0.09 36 0.33 ± 0.07 19 ns
Pheophytin a:chl a 0.07 ± 0.03 11 0.18 ± 0.09 4 ns
Pyropheophorbide a-‘like’:chl a 0.86 ± 0.66 19 1.90 ± 1.4 5 ns
Sum of all degradation pigments:chl a 0.88 ± 0.63 36 1.70 ± 0.38 19 ns

Table 2. Main marker pigments, photoprotective pigments, and degradation pigments
measured at ice-covered (IC) and open-water (OW) stations. Hex-fuco: 19’-hexanoy l -
oxyfucoxanthin; but-fuco: 19’-butanoyloxyfucoxanthin; PPC: photoprotective caro -
tenoids; PSC: photosynthetic carotenoids (see ‘Results’ for details of pigments in each
group); DD+DT: sum of diadinoxanthin and diatoxanthin. Mean values ± SE are
shown; n = number of samples; p values are given for significant differences between
IC and OW stations; ns: no significant difference. All concentrations are given in 

μg l−1; all ratios are wt:wt
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respectively), suggesting that they belonged to the
prasinophytes. Complete analysis of the pigment
data set is outside of the scope of this work, but the
relative importance of these algal groups can be
obtained by dividing the mean concentration of these
marker pigments for the 2 groups of stations (OW
and IC) by the mean field-derived marker pigment:
chl a ratio for the respective algal groups (from Hig-
gins et al. 2011, using low-light ratios for IC stations).
Results show that overall, for both sets of stations,
diatoms and prasinophytes are the 2 algal groups
with the greatest contribution to total chl a biomass
(mean values for diatoms: 40% for OW stations, 30%
for IC stations; prasinophytes: 35% for OW stations,
20% for IC stations), followed by cryptophytes and

dinoflagellates (roughly 10% for both sets of stations)
and haptophytes (roughly 5%). Microscopic ob -
servations match relatively well with pigment-based
community composition, with the presence of centric
dia toms (e.g. the genera Chaetoceros and Thalas-
siosira) and pennate diatoms (e.g. Fragilariopsis spp.,
Fossula spp., Nitzschia spp. and Cylindrotheca spp.),
dinoflagellates (e.g. Gymnodinium spp., Gyrodinium
spp.), prasinophytes (e.g. Pyramimonas spp.) and
cryptophytes (e.g. Plagioselmis spp.), and finally
unidentified flagellates.

Temporal patterns for these various algal groups
obtained based on pigment composition are shown in
Fig. 3. Diatoms (expressed as fucoxanthin concentra-
tion and the fucoxanthin:chl a ratio, Fig. 3a,d) were
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present throughout the study period at both OW and
IC stations, representing nearly a third of the total
chl a. The temporal distribution of fucoxanthin dis-
played the same trend as chl a. For IC stations, maxi -
mum concentrations were observed on 9 to 13 June,
while for OW stations, concentrations were lower,
with a first maximum around 19 May and a second
smaller maximum in late June. The fucoxanthin:chl a
ratio was around 0.3, slightly higher for OW stations
particularly after the bloom in early June. Prasino-
phytes (Fig. 3b,e) represented less than 30% of total
chl a and showed different trends for the 2 groups of
stations: for OW stations, maximum concentrations of
prasinoxanthin were seen in May (Stn 405), around
10 June (Stn 405b) and at the end of June (Stn 421),
whereas for IC stations there was an increase over
time, both in terms of concentration of prasinoxan-
thin and of the prasinoxanthin:chl a ratio. Dinoflagel-
lates (Fig. 3c,f) were also present throughout the
study, at roughly 10% of the total chl a, with a pattern
that resembled fucoxanthin-containing diatoms.

Photoprotective pigments

The ratio of photoprotective carotenoids (PPC; sum
of diadinoxanthin [DD], diatoxanthin [DT], violaxan-
thin, zeaxanthin, lutein and β,β-carotene) to photo-
synthetic carotenoids (PSC; sum of fucoxanthin,
 peridinin, neoxanthin, alloxanthin, prasinoxanthin,
hex-fuco and but-fuco) increased seasonally (data
not shown). This increase was greater for OW sta-
tions (PPC:PSC, 0.16−2.52 wt:wt) than for IC stations
(0.09−0.77 wt:wt, Table 2). A similar trend was seen
for the PPC:chl a ratio (not shown), which ranged
from about 0.07 to 0.60 (wt:wt) at OW stations and
0.04 to 0.26 (wt:wt) at IC stations. The increase of the
PPC concentration was mostly due to DD (33% of
PPC), β,β-carotene (20%) and violaxanthin (14%).
The ratios indicating the relative importance of
photo protective pigments, such as PPC:chl a and
(DD+DT):chl a ratios, were significantly higher at
OW stations (see Table 2), suggesting that the most
abundant taxonomic group, viz. diatoms (which con-
tain fucoxanthin, DD and DT), increased photopro-
tection through the xanthophyll cycle in OW stations
in response to the higher irradiances of OW stations.

Validation of the CDA viability method

The CDA viability method was validated against
the vital stain BacLightTM. Both methods showed sim-

ilar results (Table 3). The percentage of living cells of
Nitzschia frigida decreased from 86.3 ± 4.9% on 2
May to 14.2 ± 1.4% at the end of the experiment on 9
May. The viability obtained with the BacLightTM

method showed a similar trend with time. Mann-
Whitney U-tests revealed no significant differences
in the percentage of living cells of N. frigida between
the CDA and the BacLightTM methods when sampled
on 2 May (p = 0.35), 5 May (p = 0.35) and 9 May (p =
0.06), from the dark and room temperature test
(Table 3). These results on N. frigida validate the use
of the CDA assay when used for Arctic species.

Variability of living cells

For both sets of stations, the %LC for the total com-
munity was most strongly correlated with the abun-
dance of the 5−20 μm cells (rS = 0.90, p < 0.001), fol-
lowed by cells >20 μm (rS = 0.78, p < 0.001) and
<5 μm (rS = 0.60, p < 0.001). Overall, the ranges of
%LC values were large and there were no significant
differences between OW and IC stations (p > 0.05,
57.3 ± 5.8% and 48.0 ± 3.9%, respectively). The cell
abundance ranged from 1.38 × 103 cells l−1 at Stn D34
to 4.56 × 106 cells l−1 at Stn D43.

In general, there was a match between high algal
biomass and high %LC, in the bloom periods of mid-
May for OW and beginning of June for IC sites. At
OW after the period of maximum chl a in May and
the smaller maximum in late June, there was no clear
decrease in %LC, while at IC, there was a sharp de -
crease in %LC following the demise of the bloom.
The %LC at both sets of stations varied widely with
environmental variables throughout the study, and
did not show a significant relationship with nitrate
concentration (not shown). However, we note that
the lowest %LC values (<20%) encountered at low
nitrate concentrations (<0.2 μmol l−1) are character-
ized by a greater abundance of prasinophytes rela-
tive to diatoms.

The relationship between %LC and in situ irradi-
ance (Ez) was different between OW and IC stations.
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Method 2 May 5 May 9 May

CDA 86.3 ± 4.9 22.7 ± 7.1 14.2 ± 1.4
BacLightTM kit 91.5 ± 0.8 15.7 ± 1.3 10.0 ± 3.0

Table 3. Percent living cells of Nitzschia frigida (mean ± SE)
estimated using the enzymatic cell digestion assay (CDA)
and the BacLightTM viability kit. Number of observations: 

n = 4 for CDA; n = 2 for the BacLightTM kit



Alou-Font et al.: Cell viability of Arctic phytoplankton

At OW stations, the %LC maximum values (86.7 ±
7.2%) were found at irradiances between 200 and
600 μmol photons m−2 s−1 (Fig. 4a). There was a clear
decrease in %LC as irradiances increased through-
out the season: lowest %LC values (22.7 ± 9.8%)
were found at irradiances ≥600 μmol photons m−2 s−1

(Fig. 4a). These %LC values were significantly lower
than the averaged %LC values found at irradiances
between 200 and 600 μmol photons m−2 s−1 (Kruskal-
Wallis test, p < 0.05, 86.6 ± 7.2%, see Fig. 4a). After
the second smaller biomass maximum (30 June to 15
July), the phytoplankton community of the OW sta-
tions showed an increase of %LC over time, match-
ing with a decrease of the incident PAR during this
period (see Fig. 2a). At OW stations with >50% LC
(n = 5) and Ez <200 μmol photons m−2 s−1, diatoms,
prasinophytes and other groups of flagellated cells
made up 40, 6 and 30% of the total chl a biomass,
respectively. For stations with <50% LC and Ez

<200 μmol photons m−2 s−1 (n = 5), the dominant algal
groups were diatoms (26%), prasinophytes (26%)
and cryptophytes (23%). Finally, for samples with
low %LC and high irradiances (>600 μmol photons
m−2 s−1), diatoms (39%), cryptophytes (8%) and
prasinophytes (7%) dominated. Hence at OW sta-
tions, high %LC were seen only at moderate irradi-
ances (<600 μmol photons m−2 s−1) and were domi-
nated by diatoms, but a large proportion of these
cells died when irradiances increased above this
threshold.

For IC stations, %LC varied widely
with Ez and did not show a significant
relationship (rS = 0.09, p = 0.61). The
%LC ranged from 6 to 100% (mean ±
SE: 49.7 ± 4.5%) at irradiances <15 μmol
photons m−2 s−1 and from 18 to 59%
(38.8 ± 5.4%) at irradiances >15 μmol
photons m−2 s−1. We examined whether
the changes in algal community could
explain the high variability of the %LC
for Ez <15 μmol photons m−2 s−1 by com-
paring the pigment composition of sam-
ples having %LC >75% and samples
with %LC <25% (n = 6). The stations
with >75% LC had, on average, 39% di-
atoms, 5% prasinophytes and minor
contributions from a few other groups to
the total chl a. Stations with <25% LC
presented a higher contribution of pra -
sinophytes (21%), followed by diatoms
(18%) and cryptophytes (8%). Stations
with Ez values >15 μmol photons m−2 s−1

(maximum of 60 μmol photons m−2 s−1)
were mainly composed of prasinophytes (33%) fol-
lowed by diatoms (22%) and other groups (<5%).

The relationship between %LC and water temper-
ature differed between OW and IC stations, with a
clear decrease of %LC at temperatures above 0°C for
IC stations (Fig. 4b). The %LC of IC stations was sig-
nificantly higher between −1 and 0°C (Kruskal-Wal-
lis test, p < 0.05, 79.3 ± 7.2%) than at < −1°C (43.2 ±
6.8%) or at higher temperatures >0°C (30.9 ± 6.6%,
see Fig. 4b). The community was mainly composed of
diatoms at temperatures <0°C (37% diatoms, 14%
prasinophytes and <10% contribution from other
groups, n = 10) and of prasinophytes at temperatures
>0°C (33% prasinophytes, 19% diatoms and 10%
cryptophytes, n = 3). At OW stations, %LC tended to
increase above 0°C (data not shown), but did not
show significant changes with water temperature.
The phytoplankton community at these stations
above 0°C was mainly composed of diatoms (45%
diatoms and 34% prasinophytes, with <5% contribu-
tion from other groups, n = 4).

Living cells and photosynthetic performance

During the period of study, the total %LC was sig-
nificantly correlated with Fv/Fm for all stations and
depths (rS = 0.34, p < 0.05, n = 53). This correlation
was improved slightly when considering only IC sta-
tions (rS = 0.36, p < 0.05, n = 33, Fig. 5a).
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The relationship between Fv/Fm and mean irradi-
ance in the surface mixed layer (Ezm) differed be -
tween the 2 sets of stations. At OW stations, we ob -
served a significant negative relationship between
the Fv/Fm values and Ezm (Fig. 5b) when an outlier,
Stn 1110 (799 μmol photons m−2 s−1, Fv/Fm = 0.8, 75%
LC), was omitted, suggesting that high irradiance
had a negative influence on the photosynthetic per-
formance of the cells in open waters. However, our
results showed no significant relationship between
these 2 variables at IC stations. For all stations, the
Fv/Fm index was negatively correlated with Δσt (rS =
−0.31, p < 0.05, n = 53). There were no other signifi-
cant correlations between Fv/Fm and environmental
variables.

Degradation pigments

We identified 6 chlorophyll degradation products:
chl a allomer and epimer, chlorophyllide a, pheo -

phorbide a, pheophytin a, and a pyropheophorbide
a-‘like’ pigment (see Table 2 and Fig. 6 for the ab -
sorption spectrum of this pigment). The sum of chl a
allomer and epimer generally made up <15% of chl a.
The concentrations of pheophorbide a and pyro -
pheophorbide a-‘like’ were significantly lower at OW
than IC stations (Table 2), as was the concentration of
chl a. When normalized to chl a (wt:wt), there were
no differences in the concentration of any of the
degradation pigments detected between both sets of
stations.

The ratio of the pigment pyropheophorbide a-‘like’
to chl a (wt:wt) was significantly correlated with Δσt

at IC stations (rS = 0.49, p < 0.05, n = 20). No other sig-
nificant relationship was found between any of the
degradation pigments (normalized to chl a) and other
physico-chemical variables at IC stations (p > 0.05).

After the removal of 1 outlier (assumed to be an
artifact due to the presence of fecal pellets), the pyro -
pheophorbide a-‘like’ concentration (normalized to
chl a) presented a significant negative relationship
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with the %LC and with Fv/Fm for OW and IC stations
(Fig. 5c,d), suggesting that it could be used as a
tracer of low cell viability conditions.

DISCUSSION

Water temperature and salinity values observed
during this study (Fig. 2) were characteristic for the
upper water layer in the area, the polar mixed layer,
which is highly influenced by freezing−melting and
river inputs (salinity < 33, temperature ~ −1.5°C,
Carmack & Macdonald 2002). The spring−summer
2008 was characterized by an unusually low sea-ice
cover and warm sea surface temperatures (Forest et
al. 2011). As the season progressed, the surface
temperatures increased, reaching the observed
maximum values, coinciding with the complete
retreat of the sea-ice cover by the end of the study.
Surface salinity was lowered due to the summer
sea-ice melting that increased stratification and
reduced the depth of the surface mixed layer (Trem-
blay et al. 2012). The distribution of nutrients and
phytoplankton biomass du ring the study period
have been discussed elsewhere (Mundy et al. 2009,
Brown et al. 2011, Tremblay et al. 2011); 3 consecu-
tive wind-driven upwelling events enhanced the
under-ice nutrient availability leading to the ob -
served peaks in chl a concentrations at IC stations
(Fig. 2c). Lower surface layer nutrient concentra-
tions were observed at OW stations (Table 1), likely
because of high stratification, especially later in the
season, reducing nutrient replenishment. Verti cal
stratification and nutrient availability are thought to
drive the structure and shape of phytoplankton
communities of the surface waters in the Beaufort
Sea (Hill et al. 2005). The Arctic community includes
sea-ice-associated and pelagic organisms. The land-
fast ice is characterized by the high abundance of

pennate diatoms (Poulin et al. 2011) and other
groups during the ice melting period (e.g. prasino-
phytes, Mundy et al. 2011). The pelagic community
includes diatoms, nano- and picoprasinophytes
(especially Micromonas pusilla, Lovejoy et al. 2007)
and other groups such as cryptophytes or hapto-
phytes (Lovejoy et al. 2006, Balzano et al. 2012). Our
results based on pigments are consistent with these
observations.

Cell viability methods, when applied to natural
communities, provide relevant information on phyto-
plankton responses to the environment. The CDA is a
valuable method to quantify living cells in natural
phytoplankton communities because it does not in -
volve staining, and the optical and fluorescent sig-
nals of phytoplankton cells remained invariable after
the CDA test, helping identification (Agustí & Sán -
chez 2002). However, the CDA provides valuable
results only after quantification of total cell abun-
dances in control samples (without enzymes) and of
remaining living cells in samples exposed to the CDA
enzymatic cocktail. Non-quantitative applications of
the method as performed by Zetsche & Meysman
(2012) or other results without detailed quantitative
data are not appropriate uses of the CDA method.
When microscopy methods are required to count and
identify the natural populations, as in our study, ap -
plication of the CDA method implies a notable effort
and is time-consuming. As a quantitative method, the
quality of the results when applying the CDA de -
pends on the same aspects expected when quantify-
ing phytoplankton, including the experience of the
microscopist and the abundance and complexity of
the communities in the water body tested (Dromph et
al. 2013).

We observed a large variability in the %LC at both
sets of stations. This agrees with already reported
estimates of cell lysis rates in natural phytoplankton
communities that show a large variability in time and
space (Agustí et al. 1998, Agustí & Duarte 2000, Brus-
saard 2004). The averaged %LC values found during
this study at OW and IC stations did not differ, and
the range in %LC was very large, as observed by
Lasternas & Agustí (2010) for Arctic communities. We
observed a mean ± SE percentage of living cells in
our study of 57.3 ± 5.8% for OW and 48.0 ± 3.9% for
IC stations, which is in agreement with average via-
bility data in other studies examining natural com-
munities (e.g. Agustí 2004, Lasternas & Agustí 2014).
Contrary to natural populations, phytoplankton
growing in cultures show a higher % of living cells,
close to 100% in the exponential phase (Agustí &
Sánchez 2002). The optimized growth conditions in
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cultures explain this difference between natural and
cultured phytoplankton. The high viability together
with the high cell abundance reached by phyto-
plankton in cultures also imply the need for a very
precise quantification of the cell abundance when
applying the CDA to cultured phytoplankton. This
lack of quantification led Zetsche & Meysman (2012),
by simply observing the large abundance of living
cells after applying the CDA to phytoplankton cul-
tures, to erroneously conclude that the CDA enzymes
did not efficiently digest the cells. However, it is our
opinion that this was a non-quantitative use of the
CDA method involving erroneous interpretations
(Zetsche & Meysman 2012). We validated the % of
viable Nitzschia frigida cells obtained with the CDA
against the % observed using a vital stain, and found
significant agreement. We are thus confident in our
results for the percentage of living cells in the natural
environment of the Beaufort Sea.

The %LC was significantly and positively corre-
lated with the photosynthetic performance index
(Fv/Fm, Fig. 5a), which is a proxy for photoinhibition
or downregulation of PSII (Critchley 2000). Hence a
decrease in cell viability expressed as %LC was asso-
ciated in our results with a decrease in photosyn-
thetic performance as Fv/Fm.

The environmental variables examined (NO3, irra-
diance and temperature) had a different association
with the viability of phytoplankton cells, according to
the group of stations considered. The distribution of
%LC did not show a relationship with the concentra-
tion of nutrients, as expected from past studies in
other oceanic regions (Agustí et al. 1998, Alonso-
Laita & Agustí 2006, Lasternas et al. 2010). The lack
of a relationship between the %LC distribution and
nutrient concentrations in our results suggests that
irradiance and water temperature were more impor-
tant than nutrients in explaining the changes in the
algal cell viability during the study (see Fig. 4).

Throughout the study, we investigated the influ-
ence of irradiance using the PAR at the sampling
depth (Ez; Fig. 4a). We assumed that this parameter
was representative of the environmental irradiance
influencing the cells, as the in situ measurements
were consistent with the daily incident irradiance
measurements. Irradiance differently influenced the
%LC at OW and IC stations; cells at OW stations
were clearly exposed to much higher irradiances
than cells at IC stations. Under low irradiances
(<15 μmol photons m−2 s−1), the highest %LC at IC
stations matched with high percentages of diatoms,
likely well acclimated to low irradiances, such as bot-
tom ice pennate diatoms that are released and enter

the water column.These diatom cells might be photo -
inhibited at higher irradiances (25−50 μmol photons
m−2 s−1, McMinn et al. 2007, Mangoni et al. 2009)
with potential loss of viability (van de Poll et al. 2005).
At higher irradiances (>15 μmol photons m−2 s−1),
%LC showed an increasing trend with irradiance at
IC stations, along with a community formed of
prasino phytes and diatoms likely able to cope with
the increasing irradiances of the ice melting condi-
tions (Petrou et al. 2011). These stations were located
in landfast ice, while the ice cover was retreating or
completely retreated (as for Stns F7 and FB07, 24−25
June) with the exception of Stn F5 (28 May, ~20% ice
cover, see Fig. 1). For OW stations, the higher %LC
values were associated with the diatom bloom in
May. These communities showed a threshold of opti-
mum irradiance at 600 μmol photons m−2 s−1 (Fig. 4a),
showing a clear loss of viability at higher irradiances.
This observation is consistent with photoinhibition at
irradiances >600 μmol photons m−2 s−1 observed in
other polar studies (van de Poll et al. 2005, Petrou &
Ralph 2011). The significant loss of photosynthetic
performance (Fv/Fm) with the increasing irradiance
(Ezm, Fig. 5b) confirmed the detrimental physiological
condition of the cells under these high irradiance OW
conditions. Interestingly, the best relationship be -
tween the physiological condition of the cells (Fv/Fm)
and the irradiance was obtained using Ezm instead of
Ez. Our results showed the influence of water column
stratification on the physiological performance of the
cells. Since Ezm considers the changes of the surface
mixed layer depth, this parameter might describe
more accurately the irradiance that influenced the
photosynthetic performance of the cells throughout
the season.

The high-irradiance OW stations (Ez ≥ 600 μmol
photons m−2 s−1) were characterized by low %LC
(Fig. 4a) along with increased photoprotection poten-
tial compared to IC stations (see Table 2). Samples
with increased photoprotection at these high irradi-
ances showed a relatively high contribution of green
algae (21% prasinophytes, 14% diatoms) compared
to low-photoprotection, high-irradiance samples (4%
prasinophytes, 34% diatoms). The highest PPC:PSC
values measured at OW stations are similar to those
found in communities dominated by green algae in
other oceanic regions (Allali et al. 1997, Roy et al.
2008), whereas the lower values are comparable to
those observed in other polar regions (Kropuenske et
al. 2009, Petrou et al. 2011).

Photoprotection capacity might be a key factor ex -
plaining cell viability and the fact that this capacity
differs among diatoms (Dimier et al. 2007, Lavaud et
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al. 2007) might explain some of the variability in the
%LC encountered during this study for in situ irradi-
ances (Ez) lower than 600 μmol photons m−2 s−1. This
result could also be explained by the different photo-
protective capacity between planktonic and sea-ice-
associated algal cells that are released in the water
column (Barnett et al. 2015). Values of (DD+DT):chl a
above 0.4 wt:wt have been suggested to occur during
nutrient limitation in Antarctic diatoms (van de Poll
et al. 2005, van de Poll & Buma 2009). However, the
shallowing of the surface mixed layer, the increase of
the vertical stratification and the marked seasonal
increase of daily irradiances probably exposed the
cells to high irradiances (including potentially dam-
aging UV) for longer periods (24 h day length), espe-
cially by the end of our study when irradiances and
stratification were higher, likely causing the ob -
served viability loss in diatoms. Unfortunately, nutri-
ent concentrations were not always determined at
the stations with the measured higher irradiances,
making it difficult to determine whether there was a
combined effect of nutrient limitation and excessive
irradiance causing the observed loss of viability (van
de Poll et al. 2005).

Within the ranges of water temperatures observed
during the present study there was a combination of
meltwater (−2 to 2°C) and pelagic (>2°C) communi-
ties occupying these distinct ecological niches (see
Petrou & Ralph 2011). The ice-covered phytoplank-
ton community showed responses in cell viability
within a narrow variability in temperature (Fig. 4b),
with a significant decrease of %LC above 0°C, with
the lowest %LC stations being characterized by a
community largely composed of prasinophytes. The
bloom in the ice-covered community occurred when
the ice melting accelerated and surface seawater
temperature was around 0°C. The collapse of the
bloom occurred in mid-June and was fast, parallel to
the increase in temperatures and the drastic reduc-
tion of ice cover, and this was well reflected in the
sharp decrease in viability at temperatures above
0°C (Fig. 4b). Phytoplankton at OW stations showed
increased values of chl a in May, but did not show a
clear bloom as observed in the IC area (Fig. 2c). At
OW stations, light conditions were important in de -
termining phytoplankton viability. In our study, Fv/Fm

was variable (0.05−0.8) but did not show a good rela-
tionship with %LC at OW stations. However, high
Fv/Fm values are not always evidence of the absence
of dead cells (Franklin et al. 2009) and these values
can vary widely in natural communities from polar
environments (McMinn & Hegseth 2004). Some polar
algae are able to acclimate to high temperatures

(>7°C, Michel et al. 1989) with no influence on
photo synthetic performance (Fv/Fm ~0.6, Petrou et al.
2012).

The degradation pigment pyropheophorbide a-
‘like’ (relative to chl a) was the only pigment that
showed a significant (inverse) relationship with both
%LC and Fv/Fm (Fig. 5c,d). In contrast to some other
studies (Llewellyn et al. 2008, Szymczak-Żyła et al.
2008), we did not find a clear relationship of %LC (or
Fv/Fm) with chlorophyllide a, often considered a mar -
ker of cell senescence. In a recent study on cell se -
nescence in the haptophyte Emiliania huxleyi and
the diatom Thalassiosira pseudonana, Franklin et al.
(2012) found species-specific senescence responses,
which included increases in the pigment methoxy-
chlorophyll a only in T. pseudonana. In the natural
communities examined in the present study, the pig-
ment pyropheophorbide a-‘like’ appears to be a good
marker for senescence, more likely associated with
the ice-covered community particularly during melt-
ing conditions, accounting for its positive correlation
with the stratification index at these IC stations.

CONCLUSIONS

This study provides the first assessment of algal
cell viability associated with environmental changes
in the surface waters of the Beaufort Sea during the
spring−summer transition. The %LC of phytoplank-
ton varied widely, and this variation was related in
part to changes in the community composition. The
%LC was influenced by irradiance and temperature,
showing distinct trends for OW and IC stations.
Photo synthetic performance and %LC decreased
with increasing irradiance, suggesting a detrimental
effect of high irradiances on the physiological con-
dition of phytoplankton. The lower %LC values
were related to the highest irradiances at OW sta-
tions and to melting temperatures at IC stations. A
pigment that we called pyropheophorbide a-‘like’
and that will need to be fully identified with appro-
priate techniques (such as liquid chromatography-
mass spectrometry) shows potential as a marker
pigment for the loss of cell viability in this environ-
ment. Based on the major marker pigments
detected, diatoms see med to thrive better than other
groups during the spring−summer melting condi-
tions. This may be because they occupy specific
ecological niches with optimal biochemical and
physical conditions in which they are favored, sug-
gesting a certain degree of specialization over other
microalgal cells.
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Within the context of the continued global warm-
ing in the Arctic, our results suggest that phytoplank-
ton physiological inter- and intra-specific differences
could be key factors explaining the changes in com-
munity composition. The freshening of the surface
waters as a result of sea-ice melting seems to favor
the growth of planktonic diatoms over prasinophytes.

In a similar scenario than the one encountered by the
end of this study (ice free, high irradiances and tem-
peratures, highly stratified waters, and a shallow sur-
face mixed layer), our results suggest a loss of cell via-
bility when cells are exposed to high irradiances
(>600 μmol photons m−2 s−1). Extrapolating our re sults
suggests that future increases in the surface mixed
layer irradiance due to climate-related de creases in
sea-ice coverage and thickness as well as increased
water temperature may negatively affect the physiol-
ogy of Arctic phytoplankton species, po tentially reduc-
ing cell viability. This study highlights the complexity
of the responses of natural communities submitted to
different perturbation factors of the environment.
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