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RESEARCH ARTICLE

Stress factors resulting from the Arctic vernal sea-
ice melt: Impact on the viability of bacterial
communities associated with sympagic algae

Rémi Amiraux1,2,3, Christopher Burot1, Patricia Bonin1, Guillaume Massé3,
Sophie Guasco1, Marcel Babin3, Frédéric Vaultier1, and Jean-François Rontani1,*

During sea-ice melt in the Arctic, primary production by sympagic (sea-ice) algae can be exported efficiently
to the seabed if sinking rates are rapid and activities of associated heterotrophic bacteria are limited.
Salinity stress due to melting ice has been suggested to account for such low bacterial activity. We
further tested this hypothesis by analyzing samples of sea ice and sinking particles collected from May 18
to June 29, 2016, in western Baffin Bay as part of the Green Edge project. We applied a method not previously
used in polar regions—quantitative PCR coupled to the propidium monoazide DNA-binding method—to
evaluate the viability of bacteria associated with sympagic and sinking algae. We also measured cis-trans
isomerase activity, known to indicate rapid bacterial response to salinity stress in culture studies, as well as
free fatty acids known to be produced by algae as bactericidal compounds. The viability of sympagic-
associated bacteria was strong in May (only approximately 10% mortality of total bacteria) and weaker in
June (average mortality of 43%; maximum of 75%), with instances of elevated mortality in sinking particle
samples across the time series (up to 72%). Short-term stress reflected by cis-trans isomerase activity was
observed only in samples of sinking particles collected early in the time series. Following snow melt, however,
and saturating levels of photosynthetically active radiation in June, we observed enhanced ice-algal
production of bactericidal compounds (free palmitoleic acid; up to 4.8 mg L–1). We thus suggest that
protection of sinking sympagic material from bacterial degradation early in a melt season results from low
bacterial activity due to salinity stress, while later in the season, algal production of bactericidal compounds
induces bacterial mortality. A succession of bacterial stressors during Arctic ice melt helps to explain the
efficient export of sea-ice algal material to the seabed.

Keywords: Bacteria, Sea ice, Sympagic algae, Ice biota, Viability, Stress factors, Salinity, Bactericidal free
fatty acids, Carbon export

1. Introduction
Primary production in the Arctic Ocean is characterized by
short-lived, springtime blooms of sympagic (ice-associ-
ated) algae and phytoplankton, which are the major
sources of autochthonous organic carbon for the Arctic
food web (Horner and Schrader, 1982; Gosselin et al.,
1997; Pabi et al., 2008; Wassmann et al., 2011). For both

types of microalgae, light availability is the principal factor
controlling bloom onset (e.g., Cota, 1985; Lavoie et al.,
2005; Lee and Whitledge, 2005; Popova et al., 2010;
Campbell et al., 2016), while nutrient availability is the
key factor determining its magnitude, duration, and taxo-
nomic composition. The contribution of sympagic algae to
total primary production varies depending on the season
and the region (from <1% to 60%; e.g., Loose et al., 2011;
Dupont, 2012; Fernández-Méndez et al., 2015), but these
ice algae represent a crucial food source for the marine
food web (Søreide et al., 2010). In sea ice, microalgae are
largely concentrated near the ice–water interface within
the skeletal layer of the congelation ice, where light is
sufficient, the water is relatively rich in nutrients at the
start of the bloom season, and physico-chemical condi-
tions (e.g., pH, salinity, temperature) are relatively stable.
During the melting season, the high concentrations of
extracellular polymeric substances (EPS) they have pro-
duced while inhabiting the ice (Ewert and Deming,
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2013) favor their agglomeration (Riebesell et al., 1991)
and therefore their descent to the seafloor and contribu-
tion to sediments. Other scenarios are possible, however,
as EPS may also enhance the buoyancy of particles (Riedel
et al., 2006; Assmy et al., 2013; Belt et al., 2018).

The fate of algal material in the water column during
its sinking depends not only on zooplankton grazing but
also on the hydrolytic and remineralization activity of bac-
teria associated with the sinking particles (whether by sea-
ice or water-column bacteria). Howard-Jones et al. (2002)
suggested that significant fractions (25%–80%) of Arctic
bacterioplankton (including the particle-associated ones)
are dormant or express very low activity, based on mea-
surements made in the water column of the Barents Sea
marginal ice zone, where the percentage of active bacteria
varied by measurement method. Early studies suggested
that heterotrophic bacterial remineralization was gener-
ally low in perennially cold environments like the Arctic
(Pomeroy and Deibel, 1986), allowing organic matter to be
exported from productive to oligotrophic regions or to be
preserved long enough for use during times of low pri-
mary productivity. Subsequent studies have pointed to
more complex interactions between temperature and het-
erotrophic bacterial production and other aspects of bac-
terial metabolism (Rivkin et al., 1996; Yager and Deming,
1999; Pomeroy and Wiebe, 2001). The effect of tempera-
ture on Arctic bacterial activity remains unclear (Kirchman
et al., 2005).

In sea ice, some substances produced by ice algae have
the potential to inhibit bacterial growth; for example,
acrylic acid, which can form during intensive blooms as
dimethylsulfoniopropionate (DMSP) is degraded (Monfort
et al., 2000), and free fatty acids (FFAs), as produced by
some diatoms (Desbois and Smith, 2010). Viral infection
may also play a role in the mortality of bacteria in sea ice
and the underlying water column (e.g., Maranger et al.,
1994; Deming and Collins, 2017). Virus-to-bacteria ratios
measured in the bottommost layer of Arctic sea ice are
among the highest reported in natural samples (Maranger
et al., 1994; Collins and Deming, 2011).

Recently, we suggested that at least for sea-ice bacteria,
their limited activity in the Arctic could also result from
other stress factors such as salinity (Amiraux et al., 2017).
During the early stage of ice melting in spring, brine in-
clusions become interconnected in channels and experi-
ence expulsion from the sea ice into the underlying
seawater (Wadhams and Martin, 2001; Ewert and Deming,
2013), which occurs over relatively short timescales (e.g.,
hours). To cope with the stress of salinity shifts that may
be experienced in this ecosystem as a result of brine drain-
age, bacteria appear to have developed various strategies.
Previous work on the microstructure of sea ice raised the
possibility that EPS, observed to fill sea-ice pores and coat
individual cells inhabiting the brine phase, may provide
a physical buffer against extreme salinities (Krembs et al.,
2011). Bacteria in sea-ice brines are also able to import or
export compatible solutes such as proline, glycine betaine,
or choline that can act as osmoprotectants (Ewert and
Deming, 2014; Firth et al., 2016). Another major adaptive
response of many microorganisms, including bacteria, is

to maintain membrane fluidity through “homeoviscous
adaptation” (Sinensky, 1974). The shifts in fatty acid com-
position of membrane lipids, most notably by the enzy-
matic conversion of cis- to trans-unsaturated fatty acids
(Loffeld and Keweloh, 1996; Heipieper et al., 2003)
through the activity of cis–trans isomerases (CTI), can
constitute an important bacterial mechanism to modify
membrane fluidity. To our knowledge, this mechanism
has not been studied in the sea-ice environment; how-
ever, in other environments, membrane trans/cis ratios
>0.1 have been suggested to indicate bacterial stress
(Guckert et al., 1986).

Within the framework of the Green Edge project, orig-
inally designed to investigate the dynamics of the spring
bloom in ice-impacted Baffin Bay (Massicotte et al., 2020),
we found relatively strong CTI activity (high trans/cis
ratios) in sea ice and sinking particles collected in the
water column during the 2015 vernal melting period,
which suggested the occurrence of salinity stress during
the early stages of ice melt (Amiraux et al., 2017). The
relative stability of these high ratios with depth also sug-
gested that (1) sinking particles were not strongly colo-
nized by pelagic bacteria (unstressed, with low trans/cis
ratios) and (2) bacterial communities associated with sink-
ing sympagic algae were not growing (as growth is asso-
ciated with changing trans/cis ratios). These two
hypotheses are linked, because in the absence of other
forms of stress, the trans/cis ratio of bacteria decreases
to a basic level (Fischer et al., 2010), a decrease that re-
quires de novo synthesis of cis fatty acids (Eberlein et al.,
2018) and thus bacterial growth. The implication of
marine trans/cis ratios associated with sinking material
remaining at high levels is that growth is not occurring.
Nongrowing bacteria, however, are not necessarily inactive
metabolically (Kjelleberg et al., 1987), and other forms of
stress besides salinity may be involved.

In the 2015 field study (Amiraux et al., 2017), a specific
oxidation of the fatty acid palmitoleic acid at position 10
(resulting in the production of 10S-hydroxyhexadec-
8(trans)-enoic acid) was also observed in sea ice and sink-
ing material. This oxidation was attributed to the involve-
ment of a bacterial 10S-DOX-like lipoxygenase, initially
isolated from Pseudomonas 42A2 (Guerrero et al., 1997;
Busquets et al., 2004); more recently, the activity of this
lipoxygenase has also been observed in members of the
genera Pseudoalteromonas, Shewanella, and Aeromonas
(Shoja Chaghervand, 2019). The lipoxygenase enzyme,
active mainly on free unsaturated fatty acids (Martı́nez
et al., 2010), could play a role in bacterial survival and
colonization of environments rich in free fatty acids, such
as sympagic algae (Amiraux et al., submitted).

Owing to their high sinking rates and the inferred non-
growing state of their associated bacterial communities,
sympagic algae should be relatively preserved during their
descent to the seabed and thus contribute perhaps
strongly to the benthos and to carbon sequestration at
depth. However, the estimation of the bacterial physiolog-
ical state in the studies cited above was based only on
indirect evidence. Here, we evaluated the potential occur-
rence of the bacterial stressors of salinity and bactericidal
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FFAs and their impacts on bacterial viability in sea ice and
sinking particles during the 2016 vernal melting season of
the Green Edge project. To assess comparative bacterial via-
bility between samples, we used a method not previously
applied to these environments—the PMA method, which
uses propidium monoazide (PMA), a photoreactive dye that
binds to DNA, coupled with quantitative PCR (qPCR) to esti-
mate the percentage of viable and dead bacteria.

2. Materials and methods
2.1. Study site and sampling

Sampling was conducted every 48 h from May 18 to July 8,
2016, at a landfast ice station located near Broughton
Island (67� 28.7660N, 63� 47.5790W; water depth of 350
m; Figure 1) in Davis Strait within the framework of the
Green Edge project. Due to long processing times, samples
for the targeted parameters of this study (e.g., bacterial
viability and specific lipid content) were taken from sea ice
and the water column (sinking particles) on 8 of the 23
sampling dates, from May 18 to June 29. However, these
parameters are contextualized by core parameters (e.g., ice
and snow thickness, brine salinity and volume, photosyn-
thetically active radiation, chlorophyll a concentration,
bacterial abundance, common fatty acid content) that
were collected on each sampling day. Many of these core
parameters have been published elsewhere (Amiraux et
al., 2019; Oziel et al., 2019; Massicotte et al., 2020) and
are cited specifically in later sections.

2.1.1. Sea ice

On each sampling date, two sets of sea-ice samples for
biota were collected using a Kovacs Mark V 14-cm diam-
eter corer and focusing on the bottommost 10 cm of sea
ice where the bulk of ice biota are typically found (Smith
et al., 1990). The first set of samples were subsectioned
into two intervals, 0–3 and 3–10 cm, while the second set
focused on the bottommost 0–1 cm of the ice. To com-
pensate for biomass heterogeneity, common in sea ice
(Gosselin et al., 1986), 3 or 4 equivalent core sections were
pooled for each sampling set on each sampling day and
held in isothermal containers until processing. Analyses
for chlorophyll a (Chl a), lipids, and bacterial viability were
carried out on the bottom 3-cm sections of the 0–3 and
3–10 cm sampling sets (as well as on the 3–10 cm section
for some lipids), while the photosynthetic parameters of
sympagic algae were investigated in the 0–1 cm set. At the
shore-site laboratory, the pooled sets of the thicker (3 cm)
sea-ice sections were melted in dark isothermal containers
in filtered seawater (FSW, using 0.2-mm Whatman nucleo-
pore hydrophilic membrane; 3 parts FSW to 1 part ice,
vol:vol) to minimize osmotic stress to the microbial com-
munity during melting (<12 h; Bates and Cota, 1986; Gar-
rison and Buck, 1987). The pooled sets of the thinner sea-
ice sections were melted in dark isothermal containers
with a larger relative volume of FSW (ca. 38 parts FSW
to 1 part ice, vol: vol) in order to reduce the melting time,
which can impact algal physiological photoresponses.

Two additional full ice cores were sampled as described
in Miller et al. (2015) to measure vertical profiles of tem-
perature and bulk salinity (Oziel et al., 2019). Ice

temperature was measured at 10-cm intervals using
a high-precision thermometer (Testo 720; + 0.1 �C). For
ice salinity, the ice core was cut with a handsaw into 10-cm
sections, which were stored in plastic containers (Whirl-
Pak bags) and later melted at room temperature. Bulk
(practical) salinity of the melted ice sections was deter-
mined using a conductivity probe (Thermo Scientific
Orion portable salinometer model WP-84TPS) that was
calibrated every sampling day with seawater standard
(35) and MilliQ water (0). Brine salinity and volume frac-
tion (%) were calculated for each 10-cm section using the
ice temperature and bulk salinity following Cox and
Weeks (1983). Salinity of the seawater at the interface with
sea ice was obtained using a Sea-Bird Electronics 19plus
V2 CTD system (factory calibrated prior to the expedition).
The data were post-processed according to the standard
procedures recommended by the manufacturer.

Photosynthetically active radiation (PAR) below the sea
ice was estimated at 1.3 m using the multispectral data
collected with a compact-optical profiling system (C-OPS;
version IcePRO; Biospherical instruments, Inc.; see Oziel et
al., 2019). To reduce the effects of sea-ice surface hetero-
geneity on irradiance measurements (e.g., Katlein et al.,
2015), the vertical attenuation coefficients of PAR were
calculated by fitting a single exponential function on PAR
profiles between 10 and 50 m, then used to estimate PAR
at 1.3 m (for more details; see Massicotte et al., 2018).

Figure 1. Map of the study area with location of the
station investigated in Davis Strait. The white circle on
the enlarged map of western Davis Strait indicates the
sampling location. DOI: https://doi.org/10.1525/
elementa.076.f1
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Note that 1.3 m corresponds to the average ice thickness
measured during the field campaign and thus to the first
measure under the ice (mean ¼ 129 cm; standard devia-
tion [SD] ¼ 11 cm, n ¼ 23).

2.1.2. Sinking particles

Short-term sediment traps were deployed unfilled and
without preservative on a mooring line to collect sinking
particles at 2 m and 25 m from below sea ice. Sediment
traps were immersed for approximately 48 h and recov-
ered at the same frequency as for the sea-ice sampling
sets. Sediment traps were made in-house of polyvinyl chlo-
ride (PVC) and had an aperture diameter of 15 cm for
a height-to-diameter ratio of 6:7 with a collection cup at
the base. Approximately 300 ml was removed from the
collection cup on each trap recovery day and subsampled
for the different parameters analyzed.

2.2. Chlorophyll a

At the shore-site laboratory, and within 24 h of sampling,
duplicate samples of sea ice and sediment trap samples
were filtered through Whatman GF/F glass fiber filters.
The concentration of Chl a retained on the filters was
measured using a TD-700 Turner Design fluorimeter, after
18–24 h extraction in 90% acetone at 4 �C in the dark
(Parsons et al., 1984). The fluorometer was calibrated with
a commercially available Chl a standard (Anacystis nidu-
lans, Sigma).

2.3. Photosynthetic parameters

To determine photosynthetic parameters, pooled melted
0–1 cm sea-ice samples were incubated at different irra-
diance levels in the presence of 14C-labeled sodium bicar-
bonate using a method derived from Babin et al. (1994).
Inorganic 14C (NaH14CO3) was added to the samples to
achieve a final concentration of approximately 0.7 mCi
mL–1. Total initial activity was determined by adding 20-
mL aliquots (in triplicate) of the 14C-amended sample to
50 mL of an organic base (ethanolamine), 1 ml of distilled
water and 10 ml of scintillation cocktail (EcoLume,
MPBiomedicals, San Diego, USA) in glass scintillation
vials. Aliquots of the the 14C-amended sample were dis-
pensed into 50-ml cell culture flasks and exposed to
a gradient of irradiance provided by LED bulbs (Phillips
9W 6500K dimmable). The incubation system was cooled
by circulation of in situ seawater. Scalar PAR irradiance
was measured at each position in the incubation cham-
ber prior to the incubation using an irradiance quantum
meter (Biospherical QSL-2100, USA) equipped with a 4p
spherical collector. After incubating for 120 min, the
samples were filtered through 0.2-mm pore-size isopore
membrane filters (Milipore, Burlington, USA). Filters
were placed in plastic scintillation vials and acidified for
4 h with 500 ml of HCl (6N) to remove excess inorganic
carbon. Finally, 10 ml of scintillation cocktail were added
to each vial prior to counting in a liquid scintillation
counter (Tri-Carb, PerkinElmer, Boston, USA). The carbon
fixation rate was then estimated according to Parsons et
al. (1984). Photosynthetic parameters, including the sat-
uration parameter (Ek), were estimated from P versus E

curves by fitting nonlinear models based on the original
definition of Platt and Gallegos (1980).

2.4. Bacterial abundance and viability

Bacterial abundance in the bottom 0–3 cm sea-ice sec-
tions was measured by flow cytometry. Samples of the
melted ice sections (1.5 ml) were preserved at the shore-
site laboratory with a mix of glutaraldehyde and Pluronic
F-68 (Gibco; Marie et al., 2014) and stored at –80 �C.
Samples were analyzed on a FACS Canto flow cytometer
(Becton Dickinson) in the laboratory at the Station Biolo-
gique de Roscoff. Bacterial abundance was determined
based on the fluorescence of SYBR green-stained DNA
(Marie et al., 1997) and corrected for the melt dilution.
Measurements of bacterial abundance in the sediment
trap samples were not possible to obtain.

For both sea ice and sinking particles, samples for bac-
terial viability were collected in quadruplicate and treated
at the shore-site laboratory. To estimate bacteria viability,
we employed the PMA method, adapted from Nocker et al.
(2009). The principle is based on the assumption that PMA
(phenanthridium, 3-amino-8-azido-5-[3-(diethylmethy-
lammonio)-propyl]-6-phenyl dichloride; Biotium, Inc.,
Hayward, California, dissolved in 20% dimethyl sulfoxide),
when added to a mixture of living and dead (membrane-
compromised) cells, selectively enters only the dead cells.
Once inside the cells, PMA binds with DNA and can be
covalently crosslinked to it by light exposure. PCR ampli-
fication of such modified DNA is strongly inhibited. Thus,
the comparison of quantitative PCR (qPCR) results ob-
tained for subsamples treated and not treated with PMA
provides an estimate of the viability of cells in the sample,
quantified as the ratio of living to dead bacteria.

2.4.1. PMA crosslinking

At the shore-site laboratory, sea-ice and sinking particle
samples (ca. 10–40 ml), in quadruplicate, were concen-
trated for the purpose of PMA crosslinking. Samples were
pelleted at 5,000 � g for 5 min, and the pellets homog-
enized in 1 ml of 0.2-mm FSW (that had also been auto-
claved 1 h at 120 �C after filtration). Two (of four) samples
were designated for no treatment and stored at –80 �C,
while the other two samples were treated by adding PMA
at a final concentration of 100 mM. Following an incuba-
tion period of 5 min in the dark at 4 �C with occasional
mixing., these samples (1 ml) were filtered through 0.8-
mm Whatman nucleopore polycarbonate filters (24 mm,
autoclaved 1 h at 110 �C prior to use) to retain attached
bacteria on the filters (Bidle and Azam, 1999; Ghiglione et
al., 2007). Filters were placed in a Petri dish TM (Millipore
1) and exposed to light for 2 min using a 650W halogen
light source (FAD 120V, 3200K; Osram, light spectrum:
350–800 nm). The samples were placed about 20 cm from
the light source and laid horizontally on ice (to avoid
excessive heating).

2.4.2. DNA isolation

DNA was extracted from the filter previously obtained
(treated or not treated with PMA from sample volumes
of 10–40 ml) using DNeasy Blood and Tissue Mini Kits
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(Qiagen) according to the manufacturer’s instructions. The
resulting DNA was kept frozen at –20 �C until further use
to enumerate bacteria by quantitative PCR, as described in
the next section.

2.4.3 Quantitative PCR

Quantification of the bacterial SSU ribosomal RNA (rRNA)
gene was carried out by qPCR with SsoAdvancedTM Sybr
Green Supermix on a CFX96 real-time system (C1000
Thermal Cycler, Bio-Rad Laboratories, CA, USA) according
to the procedure described in Fernandes et al. (2016). The
primers used were DGGE300F (GCCTACGGGAGGCAGCAG;
Michotey et al., 2012) and Univ516R sets (GTDTTAC
CGCGGCKGCTGRCA; Takai and Horikoshi, 2000). Before
amplification, an initial denaturation step of 2 min at
98 �C was performed to activate the polymerase. The
real-time PCR cycles consisted of a denaturation step of
5s at 98 �C, a hybridization step of 10s at 55 �C, and an
elongation step of 12s at 72 �C for 30 cycles. PCR ampli-
fication efficiency was between 96% and 99%. For stan-
dard curve construction, a gammaproteobacterial
fragment was cloned after purification into pGEMT vector
(Promega,WI, USA). After purification, using the Wizard1
Plus SV Minipreps Start-Up Kit (Promega), the concentra-
tion of plasmids was determined using a NanoDropTM

1000 spectrophotometer (Thermo Fisher Scientific, DE,
USA). The target abundance for standards was calculated
using the following formula: gene abundance ¼ 6.023 �
1023 (copies mol–1) � standard concentration (g mL–1) /
molecular mass (g mol–1), assuming that double-stranded
DNA has a molecular mass of 660 Da. Standards for bac-
terial ribosomal gene corresponded to pGEMT plasmids
(Promega), harboring one copy of gammaproteobacterial
SSU rRNA gene fragment. Data were analyzed by compar-
ative starting quantity of the targeted genes (Table S1). The
regression equation was calculated on the graph, plotted
between the CT value and the copy number of the stan-
dard ranging from 5.78 � 106 to 5.78 � 102 copies in the
reaction (Figure S1). At the end of the PCR reactions, the
specificity of the amplification was checked from the first
derivative of their melting curves and also analyzed by
agarose gel electrophoresis.

2.5. Lipid analysis

Due to the number of replicates required to determine
bacterial viability (Section 2.4), samples for lipid analysis
could not be collected in duplicate. Lipid samples were
obtained by filtration through pre-weighed Whatman
glass fiber filters (nominal porosity 0.7 mm, 47 mm, com-
busted for 4 h at 450 �C), with the filters kept frozen (<–
20 �C). Owing to the porosity of the filters, these analyses
concerned mainly algae (and likely EPS; Meiners et al.,
2008) and their attached bacteria (Bidle and Azam,
1999; Ghiglione et al., 2007).

2.5.1. Lipid extraction

Filtered samples were reduced in MeOH (25 ml, 30 min)
with excess NaBH4, to reduce labile hydroperoxides (re-
sulting from 10S-DOX oxidation) to alcohols, more ame-
nable to analysis using gas chromatography-mass

spectrometry (GC-MS).Water (25 ml) and KOH (2.8 g) were
then added, and the resulting mixture saponified by re-
fluxing (2 h). After cooling, the mixture was acidified (HCl,
2N) to pH 1 and extracted with dichloromethane (DCM; 3
� 20 ml). The combined DCM extracts were dried over
anhydrous Na2SO4 and filtered and concentrated by rotary
evaporation at 40 �C to give total lipid extracts (TLEs).
Aliquots of TLEs were either silylated and analyzed by gas
chromatography-electron impact quadrupole time-of-
flight mass spectrometry (GC-QTOF) for lipid quantifica-
tion, or methylated, then treated with dimethyldisulphide
(DMDS) and analyzed by GC-MS/MS for the determination
of monounsaturated fatty acid double-bond stereochem-
istry, as previously described by Amiraux et al. (2017). Cis
and trans isomers of monounsaturated fatty acid methyl
esters react with DMDS stereospecifically to form threo
and erythro adducts, which exhibit similar mass spectra
but are readily separated by gas chromatography, allowing
unambiguous double-bond stereochemistry determina-
tion (Buser et al., 1983).

2.5.2. Gas chromatography/tandem mass spectrometry

GC-MS and GC-MS/MS analyses were performed using an
Agilent 7890A/7010A tandem quadrupole gas chromato-
graph system (Agilent Technologies, Parc Technopolis—ZA
Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-
methylpolysiloxane (Agilent; HP-5MS ultra inert) (30 m �
0.25 mm, 0.25-mm film thickness) capillary column was
used. Analyses were performed with an injector operating
in pulsed splitless mode set at 270 �C. The oven temper-
ature was ramped from 70 �C to 130 �C at 20 �C min–1,
then to 250 �C at 5 �C min–1 and then to 300 �C at 3 �C
min–1. The pressure of the carrier gas (He) was maintained
at 0.69 � 105 Pa until the end of the temperature pro-
gram and then ramped from 0.69 � 105 Pa to 1.49 � 105

Pa at 0.04 � 105 Pa min–1. The following mass spectro-
metric conditions were used: electron energy 70 eV,
source temperature 230 �C, quadrupole 1 temperature
150 �C, quadrupole 2 temperature 150 �C, collision gas
(N2) flow 1.5mlmin–1, quench gas (He) flow 2.25mlmin–1,
mass range 50–700 Daltons, cycle time 313 ms. Quantifi-
cation of DMDS derivatives was carried out in multiple
reaction monitoring (MRM) mode. Precursor ions were
selected from themore intense ions (and specific fragmen-
tations) observed in electron ionization (EI) mass spectra.
Trans/cis ratioswere obtained directly frompeak areamea-
surement (performed several times) of threo and erythro
DMDS adducts.

2.5.3. Gas chromatography--EI quadrupole time of flight

mass spectrometry

Accurate mass measurements were carried out in full scan
mode using an Agilent 7890B/7200 GC/QTOF System
(Agilent Technologies, Parc Technopolis—ZA Courtaboeuf,
Les Ulis, France). A cross-linked 5% phenyl-
methylpolysiloxane (Macherey-Nagel; OPTIMA-5MS
Accent; 30 m � 0.25 mm, 0.25-mm film thickness) capil-
lary column was used. Analyses were performed with an
injector operating in pulsed splitless mode set at 270 �C.
The oven temperature was ramped from 70 �C to 130 �C
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at 20 �C min–1 and then to 300 �C at 5 �C min–1. The
pressure of the carrier gas (He) was maintained at 0.69 �
105 Pa until the end of the temperature program. Instru-
ment temperatures were 300 �C for the transfer line and
230 �C for the ion source. Nitrogen (1.5 ml min–1) was
used as collision gas. Accurate mass spectra were recorded
across the range m/z 50–700 at 4 GHz with the collision
gas opened. The QTOF-MS instrument provided a typical
resolution ranging from 8,009 to 12,252 from m/z
68.9955 to 501.9706. Perfluorotributylamine (PFTBA)
was used for daily MS calibration. Quantification of the
different lipids (sterols, fatty acids and 10-hydroxyhexa-
dec-8(trans)-enoic acid) involved extraction of specific
accurate fragment ions, peak integration and determina-
tion of individual response factors using external stan-
dards (SD + 5%).

3. Results
3.1. Sea ice conditions

During the period investigated, snow thickness decreased
from 20 cm to 2 cm and ice thickness, from 142 cm to 105
cm (Figure 2A). A particularly notable decrease in snow
thickness was seen from June 3, ending in its disappear-
ance on June 17. Brine salinity (calculated using the whole
sea ice core) decreased throughout the study period from
42.9 to 17.2, while brine salinity in the bottommost 10 cm
of sea ice remained relatively constant (mean + SD ¼
29.4 + 2.6, n ¼ 21; Figure 2B). Depth profiles of brine
salinity and of temperature and bulk salinity of the ice are
provided in Figure S2. Salinity of the seawater at the inter-
face with sea ice was relatively constant from May 18 to
June 10 (mean + SD ¼ 32.1 + 0.3, n ¼ 12), then
decreased from June 13 to July 06 (mean + SD ¼ 13.5
+ 7.0, n ¼ 10; Figure 2B), corresponding with the tem-
poral evolution of bulk salinity in the ice (Figure S3). These
patterns indicate that release of hypersaline brines from
sea ice through brine channels would have occurred prior
to June 13, as hypothesized by Amiraux et al. (2019), while
the downward percolation of meltwater (hyposaline) took
place from ca. June 13 until the end of sampling.

The concentrations of Chl a and palmitoleic acid in the
bottom 0–3 cm of sea ice were quantifiable throughout
the sampling period, with values ranging from 0.9 to
317.3 mg L–1 (mean + SD ¼ 123.0 + 85.2 mg L–1, n ¼
23) and 0.0 to 36.3 mg L–1 (mean + SD ¼ 7.1 + 8.9 mg
L–1, n ¼ 22) (Figure 2C), respectively. The lowest sea-ice
concentrations of Chl a were observed on the last three
sampling dates (<4 mg L–1), while the two maxima were
observed on June 1 and June 13 (317.3 and 306.9 mg L–1,
respectively). The concentration of palmitoleic acid in the
bottom 0–3 cm of sea ice, which did not correlate with Chl
a concentration (r ¼ 0.1, P > 0.5, n ¼ 22), increased from
about June 10 and reached a maximum (32.2 mg L–1) on
June 20, with a second lesser peak on June 29 (Figure 2C).
The maximum occurred 3 days after the disappearance of
snow (Figure 2A), which occurred simultaneously with
the first maximum of PAR, as estimated under the ice
cover at 1.3 m (Figure 3). This under-ice PAR increased
from May 18 to June 17 (from 1.6 to 39.3 mE m–2 s–1) and
again from June 24 to July 08 (from19.2 to 56.7mEm–2 s–1).

Although PAR was relatively low through the beginning of
the sampling period, the PAR value required to reach satu-
rating irradiance (Ek) in the 0–1 cm bottommost section of
sea ice was measured by June 8 and increased from that
date onward to reach Ek values of 93.4 and 104.5 mEm–2 s–1

on June 20 and July 8, respectively.

3.2. Bacterial abundance, stress signals, and

viability

Bacterial abundances in the bottommost 3 cm of sea ice
increased slowly during May and most of June, with peaks
of 7.7 � 105 and 9.0 � 105 bact mL–1 on June 1 and June
13, respectively (Figure 4), corresponding to the two max-
ima observed in Chl a concentration (Figure 2C). There-
after, bacterial abundance dropped relatively rapidly to 0.4
� 104 bact mL–1 by the end of the sampling period (Fig-
ure 4). Overall, bacterial abundance correlated well with
Chl a concentration (r ¼ 0.86, P < 0.001).

The trans/cis vaccenic acid ratios measured in the bot-
tommost 3 cm of sea ice across the study period fell well
below the threshold stress value of 0.1 (mean + SD ¼
0.01 + 0.01, n ¼ 8; Figure 5A), indicating no stress. In
contrast, ratios measured for sinking particles collected at
2 m and 25 m included values from two sampling dates
that were clearly above the threshold stress value: 0.29
and 0.36, respectively, on May 18, and 0.15 and 0.15,
respectively, on June 1 (Figure 5B, C).

The viability of the attached bacterial community in-
habiting sea ice appeared to be strong from May 18 to May
27, with only 0%–19% mortality, but weaker in June, with
23%–75% mortality (mean of 43.5 + 17.0%, n ¼ 10;
Figure 6A; Table S1). In the 2-m and 25-m sediment trap
samples, bacterial viability was highly variable across the
sampling period, with mortality ranges of 0%–64% and
0%–71% at the 2-m and 25-m depths, respectively;
Figure 6B, C; Table S1).

The fatty acid 10(S)-hydroxyhexadec-8(E)-enoic acid was
quantifiable in most of the samples, whether of sea ice or
sinking particles (Figure 7). In the sediment trap samples,
higher values were observed at the end of the sampling
period, on 22 and June 29. The highest concentration
10(S)-hydroxyhexadec-8(trans)-enoic acid was measured
in the deepest (25 m) trap sample on June 22.

3.3. Lipid composition

Fatty acid profiles of the sea-ice samples were dominated
by C16:1D9 (palmitoleic) and C16:0 (palmitic) acids; they also
exhibited smaller proportions of C14:0, C18:1D9, C18:0, and
C20:5 acids (Table S2). Similar fatty acids were also detected
in the sediment trap samples, but in different proportions
(Table S2). The palmitoleic/palmitic acid ratio was used to
estimate the contribution of diatoms to the sinking mate-
rial (Pedersen et al., 1999; Reuss and Poulsen, 2002). Low
values were observed at the beginning of sampling before
increasing from June 8 onward, with similar values and
temporal patterns observed for the two sampling depths
(Figure 8). We noted that chromatograms of the lipid
fraction of the sinking particles collected at 2 m (Figure
S4) and 25 m on June 15 showed the presence of
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significant proportions of C20:1D11 and C22:1D11 alcohols
and acids.

The sterol compositions of the different samples
were compared to evaluate spatial and temporal
changes in algal diversity. We excluded cholesterol from
this comparison because of its lack of specificity (Volk-
man, 1986, 2003) and the possible inputs of this com-
pound during collection and treatment of the samples

(Grenacher and Guerin, 1994). Sea-ice samples appeared
to be dominated by cholesta-5,24-dien-3b-ol (desmos-
terol), 24-methylcholesta-5,22(E)-dien-3b-ol (brassicas-
terol), and 24-methylcholesta-5,24(28)-dien-3b-ol
(24-methylenecholesterol); they also contained smaller
proportions of 24-norcholesta-5,22(E)-dien-3b-ol, 24-norch-
olest-5-en-3b-ol, 24-ethylcholest-5-en-3b-ol (sitosterol), and
cholesta-5,22(E)-dien-3b-ol (Figure 9A). These seven sterols

Figure 2. Time series of core parameters and biomarkers in sea ice. Time series of (A) snow (n ¼ 8–17) and ice thickness
(n ¼ 8–22), where error bars are standard deviation (SD) of the mean; (B) brine salinity in bottom ice (0–10 cm, black
diamonds) and averaged for the whole sea ice core (gray circles), where error bars are SD of the mean (n ¼ 10–15) and
surface seawater salinity is represented in watermark (adapted from Amiraux et al., 2019); and (C) concentrations of
Chl a and palmitoleic acid in the bottom 0–3 cm sea ice section (3–4 sections pooled prior to analysis) from May 18 to
June 08, 2016, at the sampling location in Davis Strait (Figure 1). DOI: https://doi.org/10.1525/elementa.076.f2
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were also present in sinking particles, but in different pro-
portions (Figure 9B, C).

4. Discussion
4.1. Photoacclimation of sympagic algae

During the sampling period, the bottommost 3 cm of sea
ice exhibited two periods of particularly high Chl a con-
centration centered on June 1 and 13 (Figure 2C; Amir-
aux et al., 2019). These peaks occurred during a period of
relatively stable salinity conditions in the bottommost
centimeters of sea ice (Figures 2B and S3). Light and
nutrient availability are commonly accepted as the

principal factors determining the onset, magnitude, and
duration of blooms (Lavoie et al., 2005; Campbell et al.,
2016). In light of our results, however, we suggest that the
stability of sea-ice salinity may represent another impor-
tant factor to consider. Although hyposaline conditions
are known to significantly impact the sympagic algae (Gos-
selin et al., 1986; Ralph et al., 2007), the final release of
sympagic algae in our study took place in July, well after
the release of hyposaline meltwater had begun
(Figure 2B), and was most likely due to melting sea ice
(Figure 2A). The occurrence of the second chlorophyll
maximum during an advanced snow melting stage

Figure 3. Time series of light parameters in sea ice. Time series of (A) photosynthetically active radiation (PAR, black
diamonds) at 1.3 m, underneath the ice (see text); and (B) sympagic algae saturating irradiance (Ek, gray circles) in the
bottom (0–1 cm) sea-ice section from May 18 to July 08, 2016, at the sampling location in Davis Strait (Figure 1). DOI:
https://doi.org/10.1525/elementa.076.f3

Figure 4. Time series of bacterial abundance in sea ice. Bacterial abundance in the bottom (0–3 cm) sea-ice section from
May 18 to June 29, 2016, at the sampling location in Davis Strait (Figure 1), where the value for each date represents
3–4 pooled sea-ice sections. Chlorophyll peaks occurred on 1 and June 15, 2016, and concentrations of bactericidal
palmitoleic acid increased thereafter (Figure 2C). DOI: https://doi.org/10.1525/elementa.076.f4
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(Figure 2A) is not surprising, as sympagic algae accumu-
late biomass rapidly when light conditions improve dur-
ing snowmelt (Mock and Junge, 2007).

Along with Chl a concentrations, palmitoleic acid, the
major fatty acid of sea-ice diatoms (Fahl and Kattner, 1993;
Leu et al., 2010), was also quantified throughout the sam-
pling period. Unlike Chl a concentrations, however, palmi-
toleic acid remained relatively low through May and into

June, with order-of-magnitude increases recorded only in
the latter part of June, when a lag between the peaks of
Chl a and palmitoleic acid was evident (Figure 2C).
Although we cannot reject the possibility that spatial het-
erogeneity explains these results (the different measure-
ments were made on different cores), the results are
consistent with the involvement of photoacclimation pro-
cesses during this period. Cells acclimated to high light
usually exhibit low Chl a to C ratios, whereas low-light
adapted cells have high ratios because they accumulate
pigments to enhance their light absorption efficiency per
unit of C biomass (Johnsen and Sakshaug, 1993). Based on

Figure 5. Time series of bacterial osmotic stress signals in
sea ice and sinking particles. Time series of trans/cis
ratios in (A) the bottom (0–3 cm) sea-ice section, and
sinking particles collected at (B) 2 m and (C) 25 m from
May 18 to June 29, 2016, at the sampling location in
Davis Strait (Figure 1). The dashed line indicates the
threshold stress value of 0.1 as defined by Guckert et
al. (1986). Error bars correspond to standard deviation
of the dimethyldisulphide (DMDS) derivative peak
integration (see text; n ¼ 3 for A, B, and C). DOI:
https://doi.org/10.1525/elementa.076.f5

Figure 6. Time series of bacterial viability in sea ice and
sinking particles. Time series of the dead percentage of
attached bacterial communities in (A) the bottom (0–3
cm) sea-ice section, and in sinking particles collected at
(B) 2 m and (C) 25 m from May 18 to June 29, 2016, at
the sampling location in Davis Strait (Figure 1). Error
bars indicate standard deviation (n ¼ 2 for A, B, and C);
a* indicates not detected; b* indicates not measured.
DOI: https://doi.org/10.1525/elementa.076.f6
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the rapid disappearance of snow during the first part of
June (Figure 2A) and the increase in irradiance (PAR)
under ice from below 5 to ca. 40 mE m–2 s–1 by June 17
(Figure 3), the sympagic algae represented by the second
chlorophyll maximum in mid-June (Figure 2C) would be
expected to undergo photoacclimation to higher light
intensities. The temporal evolution of the sympagic satu-
rating irradiance photosynthetic parameter (Ek) in the bot-
tommost 0–1 cm of sea ice during this period strongly
supports this expectation. Because the bottommost 0–1
cm section of sea ice receives less light than upper sec-
tions (e.g., light-shading from ice algae; Perovich, 1996),
the increase in Ek measured in the 0–1 cm section from

Figure 7. Time series of free fatty acid stress signals in sea
ice and sinking particles. Time series of 10(S)-
Hydroxyhexadec-8(trans)-enoic acid concentration in
(A) the bottom (0–3 cm) sea-ice section and in sinking
particles collected at (B) 2 m and (C) 25 m from May 18
to June 29, 2016, at the sampling location in Davis Strait
(Figure 1); a* indicates not detected. DOI: https://
doi.org/10.1525/elementa.076.f7

Figure 8. Time series of diatom biomarker in sea ice and
sinking particles. Time series of palmitoleic/palmitic
acid ratio in (A) the bottom (0–3 cm) sea-ice section
and in sinking particles collected at (B) 2 m and (C)
25 m from May 18 to June 29, 2016, at the sampling
location in Davis Strait (Figure 1). DOI: https://doi.org/
10.1525/elementa.076.f8

Figure 9. Time series of the D5-sterol composition in sea
ice and sinking particles. Time series of the relative D 5-
sterol composition in (A) the bottom (0–3 cm) sea-ice
section and in sinking particles collected at (B) 2 m and
(C) 25 m from May 18 to June 29, 2016, at the sampling
location in Davis Strait (Figure 1). Sterols depicted are
sitosterol (24-ethylcholest-5-en-3b-ol (pale blue), 24-
methylenecholesterol (24-methylcholesta-5,24(28)-
dien-3b-ol, green), brassicasterol (24-methylcholesta-
5,22(E)-dien-3b-ol, dark blue), desmosterol (cholesta-
5,24-dien-3b-ol, yellow), cholesta-5,22(E)-dien-3b-ol
(gray), 24-norcholest-5-en-3b-ol (orange), and 24-
norcholesta-5,22(E)-dien-3b-ol (purple).
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mid-June until the end of sampling (Figure 3) suggests
that Ek in the 0–3 cm section would have been even high-
er. The photoacclimation result is also consistent with the
photoacclimation of sympagic algae to higher light inten-
sities, and the consequent reduction of their Chl a content
per cell is consistent with the observed mismatch between
Chl a and palmitoleic acid peaks (Figure 2C).

In algae, increasing light intensities also induce
a decrease in their total polar lipid content, with a con-
comitant increase in the amounts of neutral storage lipids,
the triacylglycerols (TAGs), and free fatty acids (FFAs;
Brown et al., 1996; Khotimchenko and Yakovleva, 2005;
Hu et al., 2008). The high irradiance resulting from the
disappearance of snow cover on June 17 should thus
induce a concomitant decrease in Chl a content per cell
due to photoacclimation and an accumulation of TAGs
and FFAs, including palmitoleic acid, as observed in
Figure 2C.

4.2. Stress and resulting viability of the attached

bacterial community in sea ice

In this study, we defined the term of attached bacteria on
the basis of filtration using a filter pore size of 0.8 mm. This
operational definition allows retention of most particle
aggregates and their attached bacteria. However, free-
living bacteria may also be retained as a consequence of
filter clogging, with the fraction of retained free-living
bacteria generally assumed to increase with the volume
of sample filtered. Here, sample volumes of less than 40
ml were filtered with no evidence of clogging, so we
assume that free-living bacteria were a negligible compo-
nent in the analysis of bacteria called “attached.”

Regarding total bacterial abundance in the bottom-
most 3 cm of sea ice, limited increases were observed
during the sampling period associated with the chloro-
phyll maxima (Figure 4), and bacterial production was
relatively weak (F Joux, personal communication; Green-
Edge meeting, 2019). Although hinting at a degree of
stress to the bacterial community, such bulk measure-
ments are less likely to reveal stress responses than more
specific measurements targeting a subset of the commu-
nity, in particular the attached bacteria.

Bacteria inhabiting brine channels in ice are exposed to
highly variable salinity, pH, and dissolved inorganic nutri-
ent concentrations (Thomas and Papadimitriou, 2003).
One of the adaptive responses of bacteria to changes in
salinity is to keep their membrane fluidity at a constant
value through “homeoviscous adaptation” (Heipieper et
al., 2003), a process facilitated by conversion of cis to trans
unsaturated fatty acids (Loffeld and Keweloh, 1996).
Indeed, a trans/cis fatty acid ratio >0.1 was proposed pre-
viously as an indicator of bacterial stress (Guckert et al.,
1986). The very low values of the trans/cis ratio of vaccenic
acid, a fatty acid specific to bacteria (Sicre et al., 1988),
observed in our sea-ice samples (Figure 5A) suggest that
bacteria attached to sympagic algae in the bottommost
sections of the ice were not experiencing osmotic stress
during the sampling period. This interpretation is consis-
tent with the stable brine salinities of that layer of sea ice
throughout the sampling period (Figure 2B). Even higher

in the ice, brine salinities were not extreme (maximum of
ca. 43, on the first day of sampling; Figure 2B). Conse-
quently, the high mortality measured during June (mean
of 44%), using the PMA method coupled with qPCR
(Figure 6A), must be attributable to a different stress.

A role for viruses in the mortality of sympagic bacteria
cannot be excluded and may have been likely (Maranger
et al., 1994); however, the mortality we observed was
based on the percentage of intact cells that were non-
functional (dead) due to compromised membranes. Bac-
teria lysed (no longer intact) by viruses would not have
been included in these percentages. Bacterial mortality
associated with sympagic algae could also result from the
algal release of toxic compounds such as acrylic acid
(degradation product of DMSP; Monfort et al., 2000) or
FFAs (Desbois and Smith, 2010). However, concentra-
tions of DMSP and dimethyl sulfide (DMS; degradation
product of DMSP; Lizotte et al., 2017) in sea ice are
generally well correlated with Chl a concentrations (Ti-
son et al., 2010). An induction of acrylic acid-induced
stress when Chl a concentration was low (Figure 2C)
thus seems unlikely, nor did the presence of Phaeocystis,
a known producer of copious amounts of DMSP, di-
methylsulfide and acrylic acid, appear sufficient to influ-
ence the bacterial community (reaching only 1.5% and
3.6% of the protist community on June 20 and 29,
respectively; M Babin, personal communication; Green-
Edge meeting, 2019).

Instead, the presence of FFAs, produced by sympagic
algae as a significant proportion of their lipid content
(Falk-Petersen et al., 1998) which can be amplified during
late bloom conditions (Smith et al., 1993) or under high
irradiation (Hu et al., 2008), could be at the origin of this
stress. FFAs are released from cellular lipids by host lipo-
lytic enzymes (Jüttner, 2001; Wichard et al., 2007). They
are toxic for many bacteria owing to their deleterious
effect on bacterial cellular membranes (Greenway and
Dyke, 1979; Chamberlain et al., 1991). They can also
inhibit enzyme activity, disrupt electron transport chains,
and uncouple oxidative phosphorylation (reviewed by
Desbois and Smith, 2010). In general, unsaturated FFAs
tend to have greater antibacterial potency than saturated
FFAs with the same carbon chain length (Desbois et al.,
2009), and the most potent usually have 14 or 16 carbon
atoms (Feldlaufer et al., 1993). Free palmitoleic acid,
a monounsaturated 16-C FFA, displays strong bactericidal
action against Gram-negative marine bacterial pathogens,
as reported by Desbois et al. (2009). Sympagic algal pro-
duction of this FFA (stimulated by increasing irradiance)
could thus contribute to the high mortality (approxi-
mately 75%) of attached bacteria observed on June 15
(Figure 6A).

To test this hypothesis, we quantified free palmitoleic
acid in samples collected on June 1 and 15 during the two
chlorophyll peaks. The concentrations measured (0.3 and
4.8 mg L–1, respectively) support elevated bactericidal
activity during the second chlorophyll peak. Although the
basic nature of seawater has been proposed to enhance
the solubility and thus toxicity of FFAs (Parrish, 2013), the
effect may be stronger in sea-ice brines where the pH
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varies between 8.0 and 8.5 (Hare et al., 2013). The prox-
imity of bacteria to sympagic algae cells (attached bacte-
ria) would also make them particularly susceptible to the
antibacterial activity of free palmitoleic acid. Indeed, FFAs
released by host lipolytic enzymes from a microalgal cell
generally act on bacterial pathogens in the local vicinity
(Desbois and Smith, 2010).

4.3. Stress and resulting viability of attached

bacteria in sinking particles

The algal material present in sinking particles collected by
the sediment traps was less than the material present in
bottom sea ice, based on Chl a concentrations (<1.2 mg L–1

until June 24 near the end of the time series, as reported
by Amiraux et al., 2019). The presence of diatoms, the
dominant taxa of sympagic and planktonic blooms in the
Arctic (Sakshaug, 2004; Mikkelsen et al., 2008; Tremblay
et al., 2012), could be estimated using the palmitoleic/
palmitic acid ratio, however, as employed by others to
follow diatom blooms (Pedersen et al., 1999; Reuss and
Poulsen, 2002). Our results showed an increase in diatoms
in sinking particles from early June onward (Figure 8).
Concentrations of IP25, the specific tracer of sympagic
diatoms (Belt and Müller, 2013; Belt, 2018) measured in
the same samples (Amiraux et al., 2019), supported sea ice
as the source of this sinking material. Amiraux et al. (2019)
suggested that the flush of sympagic algae into the water
column resulted from shifts in the salinity of sea-ice brines
likely induced by the downward percolation of melted
snow and, from June 24, to melting of the sea-ice skeletal
layer (Figure 2A, B). The resulting hyposaline stresses,
known to reduce sympagic algal growth and survival (Gos-
selin et al., 1986), would favor their release from the ice as
well as their potential agglomeration (Riebesell et al.,
1991).

High trans/cis vaccenic acid ratios were previously
observed in sinking particles collected a year earlier dur-
ing the 2015 GreenEdge campaign (Amiraux et al., 2017).
These high values were attributed to the release of sym-
pagic algae with attached bacteria stressed by hypersaline
brines during the early stages of sea ice melting. In the
present study, the investigation of this ratio showed high
values only on the first day of the time series (May 18;
Figure 5B, C) when brine salinity was also highest
(Figure 2B). The relatively high trans/cis ratios measured
at the start of the time series in the 3–10 cm section of ice
(approximately 0.15, above the threshold indicative of
stress; Figure S5) suggests that sinking particles derived
from brine channels during the beginning of the melting
season. During the latter part of the time series (June 15–
29) when most ice-algal material was released and set-
tling, the trans/cis ratio remained very low, attesting to
the lack of salinity stress (or other stressors). We thus
attribute the high mortality of attached bacteria observed
in sinking particles from the last two sampling dates in
June (Figure 6B, C) to the presence of free palmitoleic
acid at depth. Unfortunately, the fraction of sediment trap
material available for lipid analyses was too low to allow
quantification of FFAs, including palmitoleic acid. How-
ever, the likely presence of an elevated proportion of FFAs

in the sinking material is supported by the increase in
10(S)-hydroxyhexadec-8(trans)-enoic acid concentration
observed on June 22 (Figure 7), when most of the sinking
material appeared to be composed of sympagic material
(based on IP25; Amiraux et al., 2019). Fatty acids are
thought to bind to 10S-DOX-like lipoxygenase with their
carboxyl groups at a fixed position relative to the catalytic
site, allowing the enzyme to contribute to the detoxifica-
tion of fatty acids in the bacterial environment (Martı́nez
et al., 2010). The increase in 10(S)-hydroxyhexadec-
8(trans)-enoic acid concentration observed with depth
(Figure 7), indicative of 10S-DOX-like lipoxygenase activ-
ity, is consistent with the proposed elevated proportions of
free palmitoleic acid in sinking particles.

Because the highest sinking fluxes of sympagic algae
were observed from June 15 onward (Amiraux et al.,
2019), we analyzed the samples from this period in greater
depth. The mortality of attached bacteria in sinking parti-
cles collected on June 22 and 29 was clearly elevated
(Figure 6B, C), yet no mortality was detected in the sed-
iment trap samples collected on June 15. The high mor-
tality in sea ice observed on this date was not matched by
enhanced mortality in sinking particles. This discrepancy
could be attributed to (1) a bulk dilution of dead bacteria
associated with sympagic algae by living bacterial inputs
(i.e., bacteria associated with phytoplankton or copepod
fecal pellets) or (2) a lag in sedimentation.

To estimate the relative contribution of sympagic
algae, phytoplankton, and zooplankton to these samples,
D5-sterol compositions of corresponding sea-ice and
sinking particle samples were compared (Figure 9).
Three sterol profiles were observed in the sea ice during
the time series. The first profile between May 18 and 27
was characterized by the dominance of desmosterol (Fig-
ure 9) and cholesterol (data not shown), suggesting the
presence of sympagic amphipods (Harvey et al., 1987)
known to live in sea-ice brine channels (Macnaughton
et al., 2007). The second, observed from June 1 to 8, was
mainly composed of pennate diatoms (dominated by
Nitzschia frigida; B Queguiner, personal communication;
GreenEdge meeting, 2019) as suggested by the domi-
nance of brassicasterol and 24-methylenecholesterol
(Rampen et al., 2010). The third community, from June
15 to 29, showed an increasing contribution of centric
diatoms (Melosira arctica), as suggested by the domi-
nance of 24-methylenecholesterol (Rampen et al.,
2010). The similarities of sterol profiles observed in sea-
ice and sediment traps collected on June 22 attest to the
dominance of sympagic algae in sinking particles, as well
as their rapid descent (Amiraux et al., 2019).

In contrast, the sterol compositions of trap samples
collected on June 15 and 29 differed from those of the
corresponding sea-ice samples by their higher contents of
24-norcholesta-5,22(E)-dien-3b-ol, 24-norcholest-5-en-3b-
ol, desmosterol and cholesta-5,22(E)-dien-3b-ol) (Fig-
ure 9). These differences suggested the presence of high
and moderate proportions of phytoplankton in trap sam-
ples collected on June 15 and 29, respectively. On the
basis of number of epiphytic bacteria per algal cell, gen-
erally one order of magnitude higher for ice diatoms (up
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to 25 in Arctic sea ice; Smith et al., 1989) compared to
phytoplankton (<2; Kaczmarska et al., 2005), a bulk dilu-
tion of bacteria attached to sympagic algae by unstressed
bacteria attached to phytoplankton seems unlikely on
June 15. This conclusion is supported by the relatively
high bacterial mortality observed in sinking particles col-
lected later, on June 29, which were composed, at least in
part, of phytoplankton (under-ice bloom from June 24;
Amiraux et al., 2019).

Lipid extracts of sinking particles collected on June 15
showed the presence of C20:1D11 and C22:1D11 alcohols
and acids (Figure S4), known to occur in herbivorous co-
pepods that undergo diapause (Graeve et al., 1994), and
a high proportion of sterols relative to fatty acids (Figure
S4), as often observed after copepod feeding on phyto-
plankton (Bradshaw et al., 1991). These results suggest
that the samples collected on June 15 contained copepod
fecal pellets, a favorable environment for bacterial growth;
indeed, incubation of copepods collected in the water
column near this date exhibited maximum production
of fecal pellets (Sampei et al., submitted). Because fecal
pellets increase the sedimentation rate of particulate mat-
ter (Small et al., 1979), the lack of bacterial mortality in
sinking particles collected on June 15 seems unlikely to be
due to a lag in sedimentation.We thus attribute the lack of
detectable bacterial mortality in sinking particles from this
date to bulk dilution of stressed bacteria attached to sym-
pagic algae by fecal pellet-colonizing bacteria.

4.4. Impact of bacterial stress on the preservation

of sympagic material

Following the use of cis-trans isomerase activity as an
urgent response to guarantee survival against stress, bac-
teria replace this short-term activity with other adaptive
mechanisms (Heipieper et al., 2007). Consequently, in the
absence of osmotic stress in the water column (after
release from exposure to any higher brine salinity in sea
ice), the trans/cis ratio of salinity-stressed bacteria associ-
ated with sympagic algae should decrease to the basic
level (as for other bacteria; Fischer et al., 2010). If the
conversion of trans to cis fatty acids is no longer being
catalysed (Eberlein et al., 2018), then recovery to the reg-
ularly low trans/cis ratio requires de novo synthesis of cis
fatty acids, which is dependent on bacterial growth. The
stability of the trans/cis ratio previously observed associ-
ated with sinking particles during the 2015 vernal melting
period at our same sampling site was thus attributed to
the nongrowing state of attached bacteria (Amiraux et al.,
2017). The high trans/cis ratios measured in sinking par-
ticles collected in this study on May 18, 2016 (0.29 and
0.36 at 2-m and 25-m depth, respectively; Figure 5B, C),
again points to the nongrowing state of bacteria attached
to sinking material during the early stages of ice melt.
Most of these attached bacteria remained viable (Fig-
ure 4), as PMA did not enter the cells to bind to DNA and
thus inhibit PCR amplification (Nocker et al., 2006).

In contrast, by the end of the melting season, the PMA
technique showed that most of the bacteria associated
with sympagic algae had disrupted membranes and were
considered dead. Because osmotic stress appeared to be

lacking at this time, free palmitoleic acid produced by the
ice algae can explain the strongly altered membranes of
these bacteria. The insertion of FFAs into the inner bacte-
rial membrane increases its permeability, allowing inter-
nal contents to leak from the cell, which can result in
growth inhibition or death (Shin et al., 2007).

Overall, our study suggests that the bacterial commu-
nity associated with sympagic algae is exposed to multiple
stresses during most of the vernal Arctic melting season.
This exposure reduces their viability, as indicated by the
nonreversible loss of membrane integrity, thereby limiting
their potential to remineralize sympagic algal material.We
hypothesize that the fate of sympagic algae during a com-
plete melting cycle of the ice occurs in successive steps as
follows: (1) During the beginning of ice melt, a limited
amount of sympagic algae is discharged into the water
column, and bacteria attached to the sinking algae are
nongrowing due to osmotic stress from prior exposure
to hypersaline sea-ice brine. (2) At the end of snow cover
melt, sympagic algae bloom, followed by a photoacclima-
tion phase that induces the production of bactericidal
FFAs. (3) The downward percolation of melted snow gen-
erates hyposaline conditions that cause sympagic algae to
aggregate. (4) The aggregated sympagic algae flush into
the water column, with their attached bacteria strongly
impacted by bactericidal FFAs, which may even increase
with depth.

5. Conclusions
During this work, we evaluated the viability of bacteria in
sea ice and in sinking particles over the course of a spring
ice melt season, from May 18 to June 29, 2016, in Davis
Strait, Canadian Arctic. In mid-June, just after the second
of two chlorophyll peaks in the ice, an intense production
of palmitoleic acid, mainly esterified in TAGs but also
present in free form, was detected and attributed to the
effects of excess irradiance induced by the complete dis-
appearance of snow cover. The viability of the attached
bacterial community in sea ice, quantified by the PMA
approach coupled with qPCR, showed high mortality (up
to 75%, mean of 44%) toward the end of ice melting. We
attribute the mortality of these attached bacteria to the
bactericidal properties of free palmitoleic acid released by
sympagic algae under the effect of light stress. Osmotic
stress to bacteria in sea-ice brines appeared to be limited
to the beginning of ice melt, which could be tested in
future by applying our suite of measurements to sea ice
prior to the melting season. Due to their propensity for
strong aggregation (shortening residence time within the
water column) and the high mortality of their attached
bacteria (limiting remineralization), sympagic algae
should contribute importantly to the export of carbon
to Arctic sediments.

Data accessibility statement
All data are accessible at the Green Edge database (http://
www.obs-vlfr.fr/proof/php/GREENEDGE/greenedge.php)
and will be made public prior to publication.
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Supplemental files
The supplemental files for this article can be found as
follows:

Figure S1. qPCR calibration curves for determining the
number of bacterial 16S rDNA genes. Example of (A) rel-
ative fluorescence versus cycle number. Amplification
curves are created when the fluorescent signal from each
sample is plotted against cycle number; therefore, ampli-
fication plots represent the accumulation of product over
the duration of the real-time PCR experiment. The samples
used to create the plots are a dilution series of the target
DNA sequence. Example of (B) a standard curve of real-
time PCR data. A standard curve shows threshold cycle (Ct)
on the y-axis and the starting quantity (SQ) of DNA target
on the x-axis. Slope, y-intercept, and correlation coefficient
values are used to provide information about the perfor-
mance of the reaction.

Figure S2. Temporal evolution of sea-ice properties.
Time series of (A) sea-ice temperature, (B) bulk salinity,
and (C) brine salinity as a function of depth, where mean
sea-ice thickness is indicated by the black line (adapted
from Oziel et al., 2019).

Figure S3. Temporal evolution of mean bulk salinity in
sea ice. Time series of mean bulk salinity in the whole sea-
ice core. Error bars are standard deviation of the mean
(n ¼ 11–15).

Figure S4. TIC chromatogram of the total lipid extract
in sinking particles. TIC chromatogram of the total lipid
extract of sinking particles collected at 2 m on June 15,
showing the presence of C20:1D11 and C22:1D11 alcohols
and acids.

Figure S5. Time series of bacterial osmotic stress sig-
nals in the near-bottom 3–10 cm sea-ice section. Time
series of trans/cis ratios in the near-bottom 3–10 cm
sea-ice section from May 18 to June 29, 2016, at the
sampling location in Davis Strait (Figure 1). The dashed
horizontal line indicates the threshold stress value of 0.1
as defined by Guckert et al. (1986). Error bars represent
the standard deviation of the dimethyldisulphide (DMDS)
derivative peak integration (n ¼ 3).

Table S1. qPCR raw data for determination of the per-
centage of dead bacteria.

Table S2. Relative fatty acid composition of sea ice and
sediment trap samples.
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lande, C, Laliberté, J, Lambert-Girard, S, Lari-
vière, J, Lavaud, J, LeBaron, A, Leblanc, K, Le
Gall, F, Legras, J, Lemire, M, Levasseur, M, Ley-
marie, E, Leynaert, A, dos Santos, AL, Lourenço,
A, Mah, D, Marec, C, Marie, D, Martin, N, Marty,
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