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RESEARCH ARTICLE

Processes controlling aggregate formation and
distribution during the Arctic phytoplankton spring
bloom in Baffin Bay

Jordan Toullec1,*, Brivaëla Moriceau1, Dorothée Vincent2, Lionel Guidi3,
Augustin Lafond4, and Marcel Babin5,6

In the last decades,the Arctic Ocean has been affected by climate change, leading to alterations in the sea ice
cover that influence the phytoplankton spring bloom, its associated food web, and therefore carbon
sequestration. During the Green Edge 2016 expedition in the central Baffin Bay, the phytoplankton spring
bloom and its development around the ice edge was followed along 7 transects from open water to the ice-
pack interior. Here, we studied some of the processes driving phytoplankton aggregation, using aggregate and
copepod distribution profiles obtained with an underwater vision profiler deployed at several stations along
the transects. Our results revealed a sequential pattern during sea ice retreat in phytoplankton production
and in aggregate production and distribution. First, under sea ice, phytoplankton started to grow, but
aggregates were not formed. Second, after sea ice melting, phytoplankton (diatoms and Phaeocystis spp.
as the dominant groups) benefited from the light availability and stratified environment to bloom, and
aggregation began coincident with nutrient depletion at the surface. Third, maxima of phytoplankton
aggregates deepened in the water column and phytoplankton cells at the surface began to degrade. At
most stations, silicate limitation began first, triggering aggregation of the phytoplankton cells; nitrate
limitation came later. Copepods followed aggregates at the end of the phytoplankton bloom, possibly
because aggregates provided higher quality food than senescing phytoplankton cells at the surface. These
observations suggest that aggregation is involved in 2 export pathways constituting the biological pump: the
gravitational pathway through the sinking of aggregates and fecal pellets and the migration pathway when
zooplankton follow aggregates during food foraging.

Keywords: Arctic phytoplankton spring bloom, Baffin Bay, Sea ice, Diatoms, Phaeocystis spp., Copepods,
Marine snow, Aggregates, UVP5

Introduction
The thickness and areal extent of sea ice in the Arctic
Ocean have changed dramatically in recent decades due

to global warming (Comiso, 2002; Stroeve et al., 2007;
Comiso et al., 2008; Kwok and Rothrock, 2009; Screen and
Simmonds, 2010; Vihma, 2014). The consequences for
marine ecosystems remain difficult to predict. Further-
more, in this context, the Arctic Ocean exerts a feedback
on global climate (Masson-Delmotte et al., 2018). Sea ice is
an essential component of global biogeochemical cycles in
polar ecosystems and supports polar marine food webs
(Vancoppenolle et al., 2013). Ice-algal and phytoplankton
blooms begin when light intensity and nutrient concen-
trations are sufficient (e.g., Tremblay et al., 2006; Assmy et
al., 2017). The resulting biomass is controlled by addi-
tional factors such as coupling with grazer life cycles (Sør-
eide et al., 2010; Leu et al., 2011) and ocean surface
temperature (Feng et al., 2016). Phytoplankton blooms
typically occur after ice melt when the water column is
stratified (Søreide et al., 2010; Randelhoff et al., 2019). The
succession of ice-algal and phytoplankton blooms, within
and beneath the sea ice, determines the reproduction and
growth of grazers (Søreide et al., 2010: Leiknes et al.,
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2016). Ice algae are grazed by small planktonic crusta-
ceans (e.g., krill and copepods), which in turn are preyed
upon by higher trophic levels such as fish, birds, and
mammals (Nielsen and Hansen, 1995; Hansen et al.,
1996; Darnis et al., 2008; Darnis et al., 2012; Darnis et
al., 2017). Unconsumed organic matter produced within
and beneath the ice descends into the water column as
senescent algae, aggregates, appendicular houses, or fecal
pellets (Forest et al., 2018). Depending on the depth
reached (Kellogg et al., 2011), this organic matter can
either be consumed by benthic feeders, buried in the
sediment, or sequestered over long periods of time in
deep water (Leu et al., 2011; Wassmann et al., 2011; Forest
et al., 2018).

With the decline of sea ice in recent decades,
a decrease in the total amount of organic matter pro-
duced in the ice is expected, due to the loss of habitat
for sympagic algae (primary producers associated with
the ice), with a possible collapse of the entire food web
and associated biogeochemical processes underneath the
sea ice (Arrigo and Dijken, 2011; Arrigo, 2014; Babin,
2020). Early spring sea ice breakup will affect the timing
of summer phytoplankton blooms and may result in a lag
between ice algae and phytoplankton blooms, which may
have a significant impact on copepod reproductive suc-
cess and subsequent biomass (Søreide et al., 2008; Sør-
eide et al., 2010; Søreide et al., 2013; Janout et al., 2016)
and affect the entire pelagic food web after sea ice retreat
(Tedesco et al., 2019).

Baffin Bay, located at the gateway to the Arctic Ocean,
is a heterogeneous environment with two different cur-
rents flowing in opposite directions: a warm, salty current
from the southeast and a cold current from the northern
Arctic that flows along the west coast of Baffin Bay (Tang
et al., 2004). The circulation affects the stratification
regime and the biogeochemical environment of Baffin
Bay, which controls phytoplankton community production
and structure and, in the end, carbon transfer through the
planktonic food web (Saint-Béat et al., 2020). The bay is
completely ice-covered from December to March. During
the Arctic spring, due to ice retreat, light passes through
the water column and nutrient-rich waters flow into the
bay. Nutrient-rich Atlantic waters from the Greenland Cur-
rent (Torres-Valdés et al., 2013), nutrient-rich waters from
the Canadian Archipelago (Coachman and Aagaard, 1974;
Newton et al., 1974), and nutrient flux from depth,
through remineralization and its vertical input due to
mixing, provide nutrients to Baffin Bay (Tremblay et al.,
2002; 2006). The combination of light, nutrients, and
increased stratification creates a stable environment for
phytoplankton growth in the water column around May
(Massicotte et al., 2018; Massicotte et al., 2019; Oziel et al.,
2019; Randelhoff et al., 2019). Diatoms and Phaeocystis
spp. are the dominant components of the phytoplankton
assemblage in the turbulent, nutrient-rich waters in spring
(Smith et al., 1991; Rousseaux and Gregg, 2013). The con-
tribution of Phaeocystis spp. to spring blooms may
increase with global change, as nutrient limitations and
inflow from Atlantic waters may increase (Marchant and
Thomsen, 1994; Gabric et al., 2003; Schoemann et al.,

2005). Isolated phytoplankton cells are generally reminer-
alized by microbial activity or consumed by zooplankton
at the ocean surface. Diatoms and Phaeocystis spp. can also
aggregate into large particles that sink at the end of the
phytoplankton bloom (Smith et al., 1991; Riebesell, 1993;
Riebesell et al., 1995; Mari et al., 2005; Cavan et al., 2019;
Henson et al., 2019; Prairie et al., 2019). Due to their rapid
sedimentation rates, these aggregates typically drive ver-
tical export (Moriceau et al., 2007; Turner, 2015). The suc-
cession of ice-algal and pelagic blooms and their fate
through higher trophic levels and vertical transfer remain
poorly understood.

To understand and predict carbon export in the Arctic
Ocean, we need to understand the parameters that trigger
aggregation in the Arctic spring phytoplankton bloom.
The Green Edge project was developed to (1) study the
timing and development of the Arctic spring phytoplank-
ton bloom, (2) understand the fate of the organic matter
produced, and (3) improve our understanding of the polar
ecosystem in a changing climate. This study, focusing on
the fate of the Arctic spring bloom, benefited from the
large data set collected during the 2016 Green Edge expe-
dition in Baffin Bay. In an effort to highlight the role of
phytoplankton bloom dynamics and environmental bio-
chemical conditions in macroaggregate (marine snow) for-
mation and distribution, this large data set was linked to
particle and zooplankton abundance profiles collected
with an Underwater Video Profiler 5 (UVP5).

Methods
Sampling area

The Green Edge expedition onboard the icebreaker CCGS
Amundsen was conducted from June 9 to July 10, 2016, in
Baffin Bay. A total of 7 transects with 137 stations crossing
an area from 55�W to 64�W and from 67�N to 71�N were
visited (Figure 1).

Sea ice satellite data and open water days

Sea ice concentration (SIC) is an index that ranges from
0 (for complete open water) to 1 (for full ice cover). SIC
data were extracted from AMSR2 radiometer daily data on
a 3.125-km grid (Beitsch et al., 2014). At each station, the
SIC was extracted from the closest pixel using the Euclid-
ean distance between the ship position and the center of
each pixel. In this study, a site was considered free of ice
when the SIC was less than 50% (where 0% is ice-free
open water, and 100% is totally ice-covered). For each
sampling station and at each sampling moment, the num-
ber of open water days (OWD) was computed. OWD cor-
responds to the number of days since the site became ice-
free (positive values) or before the ice melt (negative
values).

Depth of the euphotic zone

For each station, the depth of the euphotic zone, Ze, was
defined as the depth where a daily irradiance of photo-
synthetically available radiation reached 0.415 mol
photons m–2 d–1 (Lafond et al., 2019; Massicotte et al.,
2019; Randelhoff et al., 2019).
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Equivalent mixing layer (EML) consideration

In Baffin Bay during the Green Edge 2016 expedition,
the depth of the EML was shallow (17 to 30 m)

depending on freshwater inputs due to ice melting
(Randelhoff et al., 2019). This variation was neglected
in our analysis, and surface data were averaged over

Figure 1. Map of study area showing transects, stations sampled, and sea ice concentration. (A) Study area in
Baffin Bay during the Green Edge cruise aboard the Amundsen. (B) Zoom of the red square in (A), where black dashed
arrows represent the 7 transects, ordered chronologically, and the ship’s direction. Each dot corresponds to a sampling
station for a total of 137 hydrological stations. Color scale corresponds to the sea ice concentration (areal fraction that
was ice-covered) at each station. DOI: https://doi.org/10.1525/elementa.2021.00001.f1
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a fixed EML of 30 m, the maximum mixing layer depth
in Randelhoff et al. (2019).

Analysis of water samples

Seawater was collected, using a rosette of Niskin bottles, at
7–14 different depths. At each hydrographic station, ver-
tical profiles of water column properties were made using
a conductivity–temperature–depth (CTD) sensor system
(Seabird SBE-911 plus), installed onboard the CCGS
Amundsen, which also included a Seapoint SCF Fluorom-
eter for detection of chlorophyll a, and a WetLabs C-Star
transmissometer to measure beam attenuation as an indi-
cator of biomass. Water samples were collected as the Ni-
skin bottles were brought up to depths determined using
data collected by the CTD upon descent.

Dissolved nutrients

Nutrient (NO3
–, HPO4

3–, and H4SiO4) concentrations were
measured at 44 stations covering the 7 transects (Table
S1). Samples were taken from surface to depth with
bathymetry ranging from 350 to 2000 m. Analyses were
performed onboard on a Bran þ Luebbe Autoanalyzer 3
using standard colorimetric methods (Grasshoff et al.,
2009). Analytical detection limits were 0.03 mM for
NO3

–, 0.05 mM for PO4
3–, and 0.1 mM for H4SiO4.

Biogenic silica

Biogenic silica (bSi) concentrations were measured at 28
stations covering the 7 transects (Table S1). Samples were
taken at depths between 0 and 350 m with one deep
profile going to a depth of 1,650 m. For each sample, 1
L of seawater was filtered onto 0.4 mm polycarbonate
filters (Nucleopore Whatman). Filters were then stored
in Eppendorf vials and dried for 24 h at 60�C before being
stored at room temperature. bSi was measured by the hot
NaOH digestion method of Paasche (1973) modified by
Nelson et al. (1989), with an analytical detection limit of
0.005 mM.

Phytoplankton identification and counting

Identification and quantitative assessment of phytoplank-
ton communities were carried out on 43 samples from the
surface (depth of 0–2 m) and the subsurface chlorophyll
amaximum (SCM, depth of 15–44 m) at 24 stations (Table
S1). The SCM was identified using a Seapoint SCF Fluo-
rometer for detection of chlorophyll a. Aliquots of 25–50
mL were preserved with 0.8 mL Lugol iodine solution in
dark glass bottles and then stored in the dark at 4�C until
analysis. For each sample, microscopic counts and identi-
fications were made in the laboratory following the Uter-
möhl settling method (1958). Counts were performed by
inverted microscopy (Nikon Eclipse TS100; Utermöhl,
1958). A minimum of 400 phytoplankton cells per sample
were counted at 100 magnification (see Lafond et al.,
2019, for further details). As they constitute the major
components of the Arctic ecosystem, diatoms (Baccilario-
phyceae) and Phaeocystis spp. (Prymnesiophyceae) were
studied as the priority. Diatom carbon biomass (mg C L–1)
was estimated following the method provided by Lafond et
al. (2019; their table S3). Concerning Phaeocystis spp., cell

abundance (Green Edge Dataset, 2021) was converted to
biomass (mg C L–1) assuming a carbon cell content of
14.2 pg C cell–1 (Rousseaux et al., 1990).

Pigments

For pigments, 521 samples were analyzed from 52 sta-
tions covering 7 transects (Table S1). About 2.7-L seawater
samples were filtered onto 0.7-mm pore size Whatman
GF/F filters and stored in liquid nitrogen prior to analysis.
Then, filters were extracted in 100% methanol, disrupted
by sonication, and clarified by filtration (GF/F Whatman).
Samples were analyzed the same day using high-
performance liquid chromatography with an Agilent Tech-
nologies HPLC 1200 system with diode array and fluores-
cence detection (Ras et al., 2008).

Particles and zooplankton distribution

The vertical distribution of large particulate matter (>600
mm to 2 cm) was studied using a nondestructive imaging
system, the UVP5 (Picheral et al., 2010). The UVP5 was
mounted on the CTD-rosette frame and positioned at the
lowest location in order to profile minimally disturbed
water during descent. The UVP5 deployments were under-
taken on 137 hydrologic stations, from the surface to the
bottom depth, and a total of 196 vertical profiles covering
7 transects were performed during the cruise (Table S1).

Images recorded by the UVP5 were processed with
custom-developed image analysis software and extracted
using the ZooProcess1 software (Gorsky et al., 2010).
Using the ECOTAXA 2.0 software, for all images, the major
and minor axes of each object were measured and con-
verted into biovolume (mm3) assuming that the particle-
projected shape was ellipsoid. A computer-assisted
method was used to classify all organisms in groups of
vignettes using the Random Forest algorithm. Machine
learning classification was subsequently verified manually.
In this study, the concentration of marine snow aggregates
and distribution of copepods were analyzed along with
the 196 profiles at a 5-m depth resolution.

Marine snow aggregate image analyses

Marine snow aggregates were identified and characterized
by irregular shape, their grainy appearance, and their het-
erogeneity of shape. In this study, long stick-shaped par-
ticles were disregarded as more representative of fecal
pellets. The aggregate equivalent spherical diameter was
calculated from the biovolume assuming that aggregates
are prolate spheroid in shape (Hillebrand et al., 1999).

Copepod image analyses

Copepod images (copepod vignettes including copepod-
like subvignettes) were validated by taxonomic expertise
considering that the prosome shape (lengthy ovoid) is
about twice as long as the urosome and that the presence
of 2 long and thin antennae that at least represented twice
the prosome length could be affiliated to copepod
vignette. For the UVP images of copepods ranging from
0.7 to 7 mm, the resolution was not adequate to distin-
guish copepod species or developmental stages. In Arctic
environments, zooplankton communities are dominated
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by only a few copepod species such as Calanus glacialis and
Calanus finmarchicus, Calanus hyperboreus, Metridia longa,
and Pseudocalanus spp. adults (Vilgrain et al., 2021).

Principal component analysis (PCA)

To describe and relate biogeochemical parameters to
aggregate abundance, we performed a PCA (Legendre and
Legendre, 2012). We included the following parameters,
all of which were available concurrently for 28 stations:
the biogeochemical parameters of EML nitrate, phos-
phate, and silicate concentrations; the biological para-
meters of EML copepod abundance and bSi, chlorophyll
a, and phaeopigment concentrations, surface and SCM
biomass of diatoms and Phaeocystis spp., and maximum
depth of copepod abundance; and the aggregate distribu-
tional characteristics of EML aggregate abundance, depth-
integrated (30–200 m) aggregate abundance, and depth
of maximum aggregate abundance. The 28 stations were
clustered by hierarchical classification on the coordinates
for the first 3 principal components, using Euclidean
distance.

Results
Aggregate sizes and abundance

The aggregate equivalent spherical diameter ranged from
1 to 5 mm (mean+ standard error of 1.3+ 0.2 mm, n ¼
25,649) with corresponding biovolume ranging between
0.60 and 78.9 mm3 (mean of 1.04 + 0.01 mm3). No
variation in the aggregate size spectra among transects
was detected, nor did the average aggregate size change
with depth or with the progressive aging of the bloom
from the ice edge to the open water stations. When plot-
ted against OWD, the profiles of aggregate abundance
illustrate the progressive deepening of the aggregates
(Figure 2). Aggregate abundances were at a maximum
at the surface when sea ice was still present (OWD < –

10) and between 13 and 30 m for OWD ranging from –10
to 11. As OWD increased further, several profiles showed
high aggregate abundances distributed between depths of
50 and 200 m with large abundances just below the max-
imum mixed layer depth. Higher abundances (>5,000 ag-
gregates m–3) were recorded below this depth after the ice
melt (Figure 2).

Aggregates and nutrient limitations

Average nitrate, silicate, and phosphate concentrations in
the EML (first 30 m) were higher in stations under the ice
(OWD < 0). Nitrate concentrations varied between 2 and 6
mM, silicate concentrations between 2 and 10 mM, and
phosphate concentrations between 0.2 and 0.8 mM. After
ice melting, represented by OWD from 0 to 30, nitrate
concentrations rapidly approached 0 mM in 2–10 days
depending on the station, while concentrations of silicate
dropped to 1 mM and phosphate to 0.2 mM (Table S1;
Figure 3). After 10 days free of ice, most stations were
totally depleted of nitrate; after 20 ice-free days, most
stations were totally depleted of silicate. Figure 3 shows
the progressive nutrient depletion from stations under the
sea ice (OWD < 0) to open water stations (OWD > 0), with
an intensification of the depletion around the ice edge,
confirming that nutrient uptake by the phytoplankton
community strongly depleted nutrient stocks in surface
waters. Aggregate abundance in the EML was highest
around OWD¼ 0. The highest aggregate abundances were
recorded concurrently at stations where silicate concentra-
tions were lower than 2 mM. At these stations, nitrate and
phosphate concentrations were more variable, ranging
between 0 and 5 mM for nitrate and 0.1 and 0.4 mM for
phosphate. After more than 5 days free of ice, aggregate
maxima appeared below the mixed layer. This evidence of
aggregate sinking can explain why the aggregate abun-
dance at the surface around the ice edge at these stations

Figure 2. Vertical profiles of aggregate abundance by open water days. Aggregate abundance (agg m–3), pooled
from 137 hydrological stations, is indicated by color-coding. On the x-axis, open water days correspond to number of
days since the site became ice-free (positive values) or before the ice melt (negative values), where ice-free is defined as
sea ice concentration below 50% (SIC < 0.5). The horizontal shaded area represents the upper and lower depths of the
equivalent mixing layer estimated by Randelhoff et al. (2019) during the Amundsen cruise. Black dots correspond to
Underwater Video Profiler 5 profiles. DOI: https://doi.org/10.1525/elementa.2021.00001.f2
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was as low as it was prior to detecting aggregate
formation.

Aggregate distribution and phytoplankton species

Phaeocystis spp. and diatoms constituted the bulk of phy-
toplankton stocks in both abundance and biomass (Table
1) at the two sampled depths: the surface (0–5 m) and the
SCM. Concentrations of Phaeocystis spp. ranged from 2.8
� 103 to 11.5 � 106 cells L–1 (with biomass ranging from
0.04 to 163 mg C L–1), whereas diatom concentrations
ranged from 1 � 103 to 9 � 105 cell L–1 (with biomass
ranging from 0.1 to 210 mg C L–1). Cell abundance in the
surface was higher for Phaeocystis spp. than for diatoms, but
due to their small size, Phaeocystis spp. represented lower
biomass (18 + 21 mg C L–1, n ¼ 36, vs. 30 + 36 mg C L–1,
n ¼ 44, for diatoms). Cell concentrations of both diatoms
and Phaeocystis spp. increased simultaneously and reached
maxima around OWD ¼ 0, when the ice was melting.
Microscopy revealed that diatoms were the main silicifiers
(Lafond et al., 2019), validating the use of bSi as a proxy for
diatom abundance in this study.

High bSi concentrations and aggregate abundances
were observed concurrently in the surface along transects
T1, T3, and T5 (Figures 4 and 5). Along transect T3, a deep
bSi concentration maximum (close to 1 mM) was observed
below 100 m from West to East (Figure 4). At the same
time, the maximum aggregate abundance was measured
at 32.5-m depth at station G310 (7.2� 103 aggregates m–3).
Close to the eastern part of the transect, deep aggregate
concentrations were observed at 102.5 m at station G3000
(11.3 � 103 aggregates m–3), and bSi concentrations were
>0.5 mM (G3000 on T3; Figure 4). Within transect T1, we
observed high aggregate abundance and low bSi concen-
tration (<1 mM). Abundances higher than 1 � 103 aggre-
gates m–3 were measured below a depth of 50 m and
deepened from West to East (T1; Figure 4). While at some
stations aggregate abundance may be associated with
Phaeocystis spp. concentration, the highest aggregate abun-
dances co-occurred with the highest bSi concentrations (up
to 1.5 mM, at stations G204, G207, G309, G507, and G215;
Figure 5). This trend was particularly evident during ice
melting when the aggregates formed, with the exception

Figure 3. Nutrient concentrations and aggregate abundance by open water days. Depicted on the y-axes are the
mean nutrient concentrations (mM) in the equivalent mixed layer (EML, 30-m depth) for (A) nitrate, (B) silicate, and (C)
phosphate for 44 hydrological stations. On the x-axes, open water days correspond to number of days since the site
became ice-free (positive values) or before the ice melt (negative values), where ice-free is defined as sea ice
concentration below 50% (SIC < 0.5). Station data (solid circles) are color-coded for mean aggregate abundance
(agg m–3) in the EML. DOI: https://doi.org/10.1525/elementa.2021.00001.f3
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Table 1. Counts and biomass of the major phytoplankton groups in the surface and the subsurface chlorophyll
maximum (SCM). DOI: https://doi.org/10.1525/elementa.2021.00001.t1

Station Latitude (�N) Longitude (�W)

SCM

Depth (m)

Euphotic

Depth (m) Sample

Phaeocystis spp. Diatoms

(cell L–1) (mg C L–1) (cell L–1) (mg C L–1)

G100 68.499 56.790 40 41 Surface naa na 33,800 5.4

SCM na na 34,480 9.4

G102 68.497 57.479 40 33 Surface na na na na

SCM na na 47,960 16.7

G115 68.456 61.356 30 31 Surface 2,772 <0.1 24,700 1.4

SCM 14,360 0.2 1,764 0.5

G201 68.633 59.947 40 31 Surface 11,340 0.2 19,660 3.7

SCM 19,400 0.3 13,360 1.5

G204 68.708 59.257 15 22.5 Surface 2,063,000 29.3 915,600 93.6

SCM 3,061,000 43.5 463,700 122.7

G207 68.794 58.529 15 22.5 Surface 2,352,000 33.4 78,630 26.5

SCM 6,959,000 98.8 119,400 55.5

G300 68.999 56.789 44 na Surface 29,230 0.4 16,130 6.8

SCM 2,397,000 34 34,780 9.3

G309 69.000 58.739 15 29.5 Surface 400,400 5.7 256,500 36.2

SCM 2,104,000 29.9 429,000 56.5

G312 69.012 59.562 15 15.8 Surface 78,370 1.1 18,900 3.4

SCM 1,177,000 16.7 86,440 16.5

G318 69.007 60.953 na 27.5 Surface na na 8,920 1.2

SCM na na na na

G324 68.996 62.358 20 21.5 Surface 85,930 1.2 48,130 5.7

SCM 83,410 1.2 27,470 2.9

G403 68.031 61.601 na 40.5 Surface na na 18,680 1.2

SCM na na na na

G409 68.106 59.994 na 27 Surface na na 30,000 4.2

SCM na na na na

G413 68.123 58.966 30 na Surface 75,850 1.1 21,670 7.1

SCM 577,300 8.2 18,900 2.5

G418 68.114 57.770 30 43 Surface 24,440 0.3 1,008 0.1

SCM 41,830 0.6 1,764 0.1

G507 70.009 59.124 12 20 Surface 172,400 2.4 624,000 149

SCM 1,051,000 14.9 610,300 210

G512 70.000 60.362 15 21 Surface 568,000 8.1 204,600 70.3

SCM 11,520,000 164 483,800 135.7

G600 70.511 63.988 na 28 Surface na na 204,600 70.3

SCM na na 482,800 135.7

G605 70.503 62.517 20 41.5 Surface 5,544 0.1 30,490 5.9

SCM 58,460 0.8 43,850 2.4

G615 70.499 59.525 30 30.5 Surface 27,220 0.4 8,064 2.4

(continued)
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of station G300 where bSi concentration and aggregate
abundance remained high (0.66 mM and >2 � 103 aggre-
gates m–3) 26 days after ice melting (Figure 5).

In Figure 5, the 7 stations with elevated aggregate
abundances (G204, G207, G300, G309, G507, G512, and
G707) plot above the other stations. Five of them were
located at the ice edge (except G204 and G707), and all of
them were located at sites with more than 0.6 mM of bSi.
At these 7 stations, Phaeocystis spp. concentrations ranged
from 8 to 74 � 105 cell L–1, and diatom concentrations
varied between 2 and 6 � 105 cell L–1, except at station
G300 where the diatom concentration was only 3.7 � 104

cell L–1 at the maximum aggregate concentration (at 55-m
depth). At these high-aggregate stations, diatom commu-
nities were dominated by centric species (60%–92%) and
specifically by Chaetoceros spp. and numerous Thalassio-
sira spp. Station G512 differed somewhat as pennate and
centric species dominated the community equally. At this
station, while Chaetoceros spp. were well represented, ice
algal genera such as Melosira, Cylindrotheca, and Entomo-
neis were more abundant. Interestingly, at stations at the
ice edge where aggregate abundance remained low at the
surface (e.g., stations G605, G713, and G719), the concen-
trations of both Phaeocystis spp. and diatoms were one
order of magnitude lower and the diatom community
consisted mainly of pennate diatoms (87%–98%).

Pigment concentrations

Mean chlorophyll a concentration in the EML ranged from
0.06 to 3.28 mg L–1 across all stations, while mean EML
phaeopigment concentration ranged from 0 to 0.1 mg L–1

(Table S2; Green Edge Database, 2021). Locations of the
surface chlorophyll a maximum generally coincided with
the surface bSi concentration maximum. We observed
a gradient in phaeopigment concentrations from West
to East, with maximum values at stations G3000 and
G300 within the EML. Globally we observed a positive
gradient of phaeopigments from ice-covered stations
(negative OWD) to open water stations (positive OWD;
Figure 6).

Distribution of copepod abundance

Under the ice (OWD < 0), the highest copepod abun-
dances (>500 ind m–) were observed above the EML, with
maximum values deepening progressively as OWD
increased (Figure 7).

PCA

Results of the PCA (Figure 8) indicated that the stations
and parameters examined fell into three groups. The first
group, comprised of pre-phytoplankton bloom stations, was
characterized by high nutrient concentrations, SIC close to
1, low bSi and chlorophyll a concentrations, and low aggre-
gate abundance. The second group of phytoplankton bloom
stations was characterized by high bSi and chlorophyll
a concentrations, with both Phaeocystis spp. and diatoms
contributing to the phytoplankton community in the EML.
The third group, called the post-phytoplankton bloom sta-
tions, was where we observed high phaeopigment concen-
trations in the EML and high OWD.

Discussion
Aggregation is an important process driving both vertical
carbon export, through the formation of rapidly sinking
particles (Turner, 2015), and carbon transfer to higher
trophic levels (Leu et al., 2011; Wassmann et al., 2011; Leu
et al., 2015; Forest et al., 2018). As such, aggregation re-
presents the termination and the fate of phytoplankton
blooms. The aggregation process and following massive
sinking may be occasional and very fast (Alldredge and
Gotschalk, 1989; Kiørboe et al., 1996; Prairie et al.,
2019), and thus hard to observe and to predict. During
the Green Edge campaign, we took advantage of the huge
amount of data collected to try to identify what triggers
aggregation of the spring phytoplankton bloom.

As not all phytoplankton species have the same ability
to aggregate, we investigated the role played by the phy-
toplankton assemblage. According to the classical phyto-
plankton succession, Phaeocystis spp. blooms often follow
diatom blooms, thriving when silicate concentrations drop
below 2 mM (Smith et al., 1991; Smith, 1994; Smetacek,

Table 1. (continued)

Station Latitude (�N) Longitude (�W)

SCM

Depth (m)

Euphotic

Depth (m) Sample

Phaeocystis spp. Diatoms

(cell L–1) (mg C L–1) (cell L–1) (mg C L–1)

SCM 6,637,000 94.2 30,740 10.3

G703 69.500 58.724 35 52 Surface 19,400 0.3 18,400 10.5

SCM 64,770 0.9 10,590 1.3

G707 69.512 59.805 35 32.5 Surface 336,200 4.8 185,000 25.3

SCM 1,260,000 17.9 39,310 2.6

G713 69.501 61.582 20 30.5 Surface 243,900 3.5 13,610 1.6

SCM 859,100 12.2 7,812 0.4

G719 69.501 63.233 21 26 Surface 57,960 0.8 27,220 5.7

SCM 181,400 2.6 105,800 9.5

aNot available.
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1999; Wassmann et al., 1999; Reigstad and Wassmann,
2007). Our results, however, demonstrated the co-
occurrence of Phaeocystis spp. and diatoms throughout
the sampling period. The occurrence of Phaeocystis spp.
blooms is expected to increase with climate change
(Marchant and Thomsen, 1994; Gabric et al., 2003; Schoe-
mann et al., 2005), and the co-occurrence of both diatoms
and Phaeocystis spp. is becoming increasingly common
(Dybwad et al., 2021). Moreover, in the eastern central
Arctic Basin, Phaeocystis spp. grow at high silicate concen-
trations (>2 mM; Smetacek, 1999; Wassmann et al., 1999;
Gieskes et al., 2007; Degerlund and Eilertsen, 2010). Both
diatoms and Phaeocystis spp. are generally associated with

strong aggregation events (Riebesell, 1993; Wassmann et
al., 1999). The distribution patterns of diatoms and Phaeo-
cystis spp. in our study globally matched the aggregate
distribution observed along the sampling transects; how-
ever, the analysis in Figure 5 revealed that the maximum
aggregate concentrations correspond to maximum bSi
concentrations, which are attributed to diatom biomass.
More specifically, our results revealed maximum aggregate
abundance at the surface when centric diatoms, mainly
Chaetoceros spp., dominated the diatom community com-
pared to stations dominated by pennate diatoms.

Many studies have shown that aggregation occurs more
often during the late stage of the phytoplankton bloom, as

Figure 4. Vertical profiles of bSi concentration (mM, color-coded) along transects T5, T3, and T1. The white
contour lines correspond to aggregate abundance (agg m–3). Black dots correspond to discrete bSi samples; white
dotted lines, to Underwater Video Profiler 5 profiles. Black arrows indicate stations of interest. DOI: https://doi.org/
10.1525/elementa.2021.00001.f4
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stickiness generally increases when senescent phytoplank-
ton produce sticky organic compounds such as extracellu-
lar polysaccharide substances (EPS), Coomassie stainable
particles, and transparent exopolymeric particles (TEP; Pas-
sow et al., 1994; Waite et al., 1995; Passow, 2000, 2002;
Cisternas-Novoa et al., 2015; Cisternas-Novoa et al., 2019a;
Cisternas-Novoa et al., 2019b).

Sea ice cover loss and nutrient limitation

In the Arctic, development of the phytoplankton bloom is
strongly controlled by the ice cover and its melting. The
senescence of phytoplankton blooms usually starts as nu-
trients become limiting and may be revealed by a change
in pigment composition (Henriksen et al., 2002; Lewis et
al., 2019). Nutrient limitation as discussed by Moore et al.
(2013) may take the form of (1) a phytoplankton biomass
threshold due to growth rate being limited by low nutri-
ent concentrations (Blackman and Liebing theory); (2)
physiological stress and deficiency of one element, for
example, when the N:P or Si:N stoichiometric ratio is
unbalanced and nitrogen becomes limiting, although the
relationship between growth rate and stress due to nitro-
gen limitation can vary, and “the most deficient nutrient
will not become limiting if all remain replete” (Moore et
al., 2013); or (3) co-limitation, when two or more elements
have been drawn down simultaneously to below the phys-
iological level that allows for phytoplankton growth.
Regarding values of half-saturation constants for nutrient
uptake, the global average Ks for diatoms has been reported
as 3.9+ 5.0 mM (n¼ 25) for silicon, 1.6+ 1.9 mM (n¼ 35)
for nitrogen, and 0.24+ 0.29 mM (n ¼ 14) for phosphorus
(Sarthou et al., 2005). For Arctic planktonic ecosystems, Ks
is lower than 2 mM for silicate (1.15 mM from model para-
meters used in Zhang et al., 2010; 2 mM from in situ mea-
surements in Krause et al., 2018) or even lower (e.g., 0.5 mM
for nitrate and silicate for the Barents Sea; Slagstad and
Støle-Hansen, 1991). From the Ks perspective, silicate con-
centrations under 2 mM and/or nitrate concentrations
under 1.5 mM may be expected to limit diatom growth.
Assuming these Ks values pertained to most of our stations,
nitrate started to be limiting 2–10 days after ice melting,
and silicate, 2 days before the ice melt (Figure 3). The
stations with the highest aggregate abundance in the EML

Figure 5. Mean biogenic silica concentration and
aggregate abundance by open water days. Mean
biogenic silica (bSi) concentrations (mM) are from the
equivalent mixed layer (EML, 30-m depth) for 28
hydrological stations. Open water days correspond to
number of days since the site became ice-free (positive
values) or before the ice melt (negative values), where
ice-free is defined as sea ice concentration below 50%
(SIC < 0.5). Station data (solid circles) are color-coded for
aggregate concentration (agg m–3) in the EML.
DOI: https://doi.org/10.1525/elementa.2021.00001.f5

Figure 6. Vertical profiles of aggregate abundance and phaeopigment concentration by open water days.
Aggregate abundance (agg m–3), pooled from 137 hydrological stations, is indicated by color-coding. Open water days
correspond to number of days since the site became ice-free (positive values) or before the ice melt (negative values),
where ice-free is defined as sea ice concentration below 50% (SIC < 0.5). White contour lines correspond to
phaeopigment concentrations (mg L–1) measured from 52 hydrological stations; white dots, to discrete pigment
samples. Black dots correspond to Underwater Video Profiler 5 profiles. DOI: https://doi.org/10.1525/
elementa.2021.00001.f6
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all had nitrate concentrations higher than the assumed Ks
for nitrate (about 0.5–4.5 mM), but all had silicate concen-
trations around the value of the Ks measured for silicate in
the Arctic by Krause et al. (2018; about 2 mM, Figure 3).
Both nitrogen and silicon limitations could trigger aggre-
gate formation in the EML, as they increase the mucus
production that enhances stickiness (e.g., EPS, TEP; Passow
et al., 1994; Waite et al., 1995; Passow, 2000, 2002;
Cisternas-Novoa et al., 2015; Cisternas-Novoa et al.,
2019a; Cisternas-Novoa et al., 2019b). As in Aumack and
Juhl (2015), silicon limitation as defined by Ks values better
explains high aggregate abundance in the EML than nitrate
limitation in our study.

Phytoplankton bloom decline

A senescing phytoplankton bloom may be characterized
by high phaeopigment concentrations (Tremblay et al.,
1989; Riebesell, 1991; Barlow et al., 1993). However, in
our data set, chlorophyll a was not degraded and phaeo-
pigments were not concentrated at the ice edge. Hence,
aggregates occurred when phytoplankton were still viable.
Considering Ks values, aggregates appear to have formed
when diatoms became limited by silicate, suggesting that
nutrient limitation plays a major role in aggregation (Kal-
tenbock and Herndl, 1992; Magaletti et al., 2004; Beauvais
et al., 2006; Aumack and Juhl, 2015). Other signals of
stress were reported by Amiraux et al. (2017) during this
same field campaign, including evidence for salinity stress
of the bacterial communities in sea ice before it had com-
pletely melted and photo-oxidative stress of pelagic algae
after the ice had melted. These authors suggested that EPS
might protect the algae and their associated bacterial
communities against abiotic stresses, as EPS production
may be enhanced at these points.

In the PCA, which summarizes both the chemical and
biological variables implicated in causing differences
between stations (Figure 8), low phytoplankton growth
(pre-phytoplankton bloom stations) was not associated
with cell aggregation. As presented in Figure 3, the
decrease in all nutrient concentrations in the EML
(nitrate, silicate, and phosphate) appeared to correlate
with the increase in OWD, which corresponds to the
progressive utilization of nutrients as the phytoplankton
bloom developed. At the phytoplankton bloom stations,
the PCA shows a strong covariance between bSi concen-
tration and aggregate abundance in the EML (red arrows
in Figure 8), suggesting that nutrient-limited diatoms
may be more efficient at aggregating in this ecosystem
than Phaeocystis spp. even if their respective biomasses
were not discriminated in the PCA (Figure 8). At the
postbloom stations, high values of integrated aggregate
abundance and depth of maximum aggregate abundance
are congruent with phaeopigment concentration in the
EML and depth of the maximum copepod abundance.
Phaeopigment concentrations in the EML could be asso-
ciated with a declining phytoplankton bloom and altered
pigments (Tremblay et al., 1989; Riebesell, 1991; Barlow
et al., 1993).

Copepod distribution

In Arctic environments, zooplankton communities are
dominated by only a few copepod species. Only C. glacialis
and C. finmarchicus adults were counted in the eastern,
Atlantic-influenced part of the Bay where they appeared in
slightly higher numbers. C. hyperboreus, M. longa, and
Pseudocalanus spp. adults were spread homogeneously
among the stations (Vilgrain et al., 2021, on the same
cruise). As the maximum aggregate abundance deepened

Figure 7. Vertical profiles of copepod abundance and aggregate abundance (agg m–3, white contour line) by
open water days. Copepod abundance (ind m–3), pooled from 137 hydrological stations, is indicated by color-coding.
Open water days correspond to number of days since the site became ice-free (positive values) or before the ice melt
(negative values), where ice-free is defined as sea ice concentration below 50% (SIC < 0.5). The white contour lines
correspond to aggregate concentrations (agg m–3) measured from 137 hydrological stations. The horizontal shaded
area represents the upper and lower depths of the equivalent mixing layer estimated by Randelhoff et al. (2019)
during the Amundsen cruise. Black dots correspond to Underwater Video Profiler 5 profiles. DOI: https://doi.org/
10.1525/elementa.2021.00001.f7
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with OWD, the same pattern was seen with depth of the
maximum copepod abundance (Figure 2). When phyto-
plankton in the surface began to degrade, as evidenced by
higher phaeopigment concentrations (Sanmartin et al.,
2011), copepods seemed to migrate below the EML fol-
lowing the aggregates. As diatom cells can stay viable for
long periods inside aggregates (Garvey et al., 2007, Agustı́
et al., 2015), sinking aggregates may be a better food
source for copepods than degraded phytoplankton cells
in surface waters (Helling and Baars, 1985; Barlow et al.,
1993). In the post-phytoplankton bloom conditions, cope-
pods seemed to forage deeper for food and switch their
feeding behavior, as suggested in other studies (Dagg,
1993; Lampitt et al., 1993; Steinberg, 1995; Dilling et
al., 1998; Kiørboe, 2000; Dilling and Brzezinski, 2004;
Koski et al., 2017; Toullec et al., 2019). Copepods are the
dominant component of the zooplankton communities
that may actively participate in particle dynamics by
breaking apart aggregates, as previously suggested from
laboratory experiments (Toullec et al., 2019), mesocosm
experiments (Moriceau et al., 2018; Taucher et al., 2018),
and in situ studies (Dilling and Alldredge, 2000), or by

favoring the aggregation process of free phytoplankton
cells (Taucher et al., 2018; Toullec et al., 2019). At the ice
edge, maximum copepod and aggregate abundances were
found at similarly shallow depths; however, copepods
were much less numerous than aggregates (1:1,000 to
1:100), and the average aggregate size was not affected
by fragmentation due to copepod feeding activities. Fur-
ther from the ice edge, the maximum copepod and aggre-
gate abundances were deeper but again at similar depths.
Although copepods may have gone deeper to escape pre-
dation from fishes and seabirds (Lampert, 1989; Fortier et
al., 2001; Karnovsky et al., 2003; Schmid and Fortier,
2019), they may have also descended to feed on phyto-
plankton aggregates (Bochdansky and Herndl, 1992; Boch-
dansky et al., 1995; Green and Dagg, 1997; Shanks and
Walters, 1997; Goldthwait et al., 2004; Koski et al., 2017;
Toullec et al., 2019). Low food quality, illustrated by high
phaeopigment concentrations, in the surface at stations
where both aggregate and copepod maxima were deep
suggests that copepods were following the aggregates to
feed on them because they contained less degraded algal
cells (Garvey et al., 2007).

Figure 8. Principal component analysis of stations and parameters sampled during the Amundsen cruise. Solid
circles indicate the 28 stations sampled, color-coded by group (the 3 shaded areas); red arrows represent the
explanatory variables. The first dimension (x-axis) represents 44.9% of the variance. The second dimension (y-axis)
represents 21.9% of the variance. EML indicates equivalent mixing layer as presented in Randelhoff et al. (2019).
DOI: https://doi.org/10.1525/elementa.2021.00001.f8
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Conclusions
The purpose of this study was to consider the importance
of hydrobiological dynamics on the formation and distri-
bution of macroaggregates (marine snow) in Baffin Bay
during spring 2016. Here, we combined hydrological para-
meters and advanced optical particle analysis (UVP5
deployment and particle quality based on automatic
determination) to describe the distribution and fate of the
aggregates in an Arctic ecosystem.

Ice melting drives the hydrological context, and thus
the phytoplankton phenology in Baffin Bay. Contrary to
previous expectations of bloom succession, we observed
the simultaneous occurrence of diatoms and Phaeocystis
spp. blooming at the ice edge. Climate change has been
identified as responsible for this phenological pattern,
which is expected to become increasingly common
(Marchant and Thomsen, 1994; Gabric et al., 2003; Schoe-
mann et al., 2005). Indeed, the hydrodynamic context
would be affected by climate change mainly by a reduction
in the EML, leading to a decrease in the vertical input of
nutrients (Tremblay et al., 2002; 2015), an inflow modifi-
cation that will tend to increase nutrient limitation in
Baffin Bay. During this study in Baffin Bay, diatoms still
dominated phytoplankton groups during the spring
bloom, with their aggregation beginning once silicate con-
centrations dropped to 2 mM, close to the physiologically
limiting value at this latitude. However, nitrate is the first
limiting nutrient in the Arctic and was observed to be
limiting later in our study. Aggregation may be triggered
by the first nutrient that reaches a limiting concentration
that stresses the diatoms, suggesting that aggregation may
be enhanced by increased stratification, regardless of the
nutrient involved. Haline stress resulting from ice melting
possibly also contributes to the aggregation process. If
primary production increases in open waters in this
region, as hypothesized in the context of climate change
(Babin, 2020; Lewis et al., 2020), our study suggests a con-
comitant increase in aggregate formation and thus a high
potential for increased vertical export through the gravity
pathway. As copepods go deeper, switching their feeding
target from free phytoplankton cells to sinking aggregates,
the active transport of matter due to zooplankton migra-
tion may also increase.

Data accessibility statement
All data are accessible at the Green Edge Database (2021),
available at http://www.obs-vlfr.fr/proof/php/GREENEDGE/
greenedge.php, and will be made public prior to
publication.

Supplemental files
The supplemental files for this article can be found as
follows:

Table S1. List of parameters per sampling stations.
Table S2. Pigment concentrations in the EML.

Acknowledgments
The project is conducted under the scientific coordination
of the Canada Excellence Research Chair on remote sens-
ing of Canada’s new Arctic frontier and the CNRS and
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Nauendorf, A, Kolzenburg, R, Büdenbender, J,
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