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Abstract. The Labrador Sea is a key region for carbon dioxide uptake characterized by deep mixing during winter
that supplies nutrients to the upper water column and fuels extensive phytoplankton blooms in spring. Yet, the
efficiency by which organic carbon is exported from surface waters during these blooms, as well as their
contribution to carbon sequestration, remain poorly constrained. Here, we present an unprecedented number of
measurements of sinking export fluxes (particulate organic carbon, POC; and biogenic silica, bSi) collected in the
central Labrador Sea during a 2-week-long process study that observed the decline of a historically large
Phaceocystis bloom in spring 2022. This Phaeocystis bloom was unusually large and highly productive, extending
over more than half of the Labrador Sea for 6 weeks. During the late stages of the bloom, we found that POC
fluxes from the base of the euphotic zone to 500 m were variable but overall moderate to high (average of 8 £ 5
mmol C m? d!). Nevertheless, evidence of shallow POC flux remineralization combined with the fact that POC
fluxes in the bloom were not higher than in a region sampled outside of the bloom (average of 13 + 3 mmol C m"
2 d') suggested a limited role of Phaeocystis in carbon export. Large (>51 pum) particles collected using large
volume pumps presented relatively low bSi/POC ratios and, therefore, diatoms did not appear to have an important
ballasting role of Phaeocystis-derived material. Using in situ net primary production (NPP) rates, we determined

that 2 weeks after the bloom peak, only 6% of NPP was exported to 100 m below the euphotic zone, [Three weeks
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after the peak, fhis value jncreased to 30%, reflecting a decline in NPP while POC fluxes remained relatively

constant. However, when using satellite-derived NPP integrated from the bloom peak until its end, fhe overall

biological carbon pump (BCP) efficiency was 6%, jndicating that this Phaeocystis bloom represented a low- 3

gefficiency export system. We stress the importance of multiple pbservations of both NPP and POC export along . -

the bloom period for estimating meaningful BCP efficiencies. The results presented in this study provide a

foundation for comparisons with other datasets collected during this ship-based process study and autonomous
platforms present in the area during and beyond this study. These future efforts will provide the opportunity to
increase the observational period and further elucidate the mechanisms leading to the low BCP efficiency found

during the decline of this Phaeocystis bloom in the Labrador Sea.
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1. Introduction

The biological carbon pump (BCP) encapsulates a set of processes that remove carbon dioxide (COz) from the
atmosphere and sequester it in the deep ocean (Passow and Weber, 2025; Volk and Hoffert, 1985). In the surface

ocean, phytoplankton produce organic matter via photosynthesis, and a fraction of this organic matter is
phytop p g p Y| g

subsequently transferred to depth through sinking and other processes. Of the, material exported below the

euphotic zone, most is yemineralized in the ocean interior, while only a small fraction reaches depths where CO2

can be stored for several centuries or longer, A very small fraction of exported carbon is buried in seafloor

sediments and thus removed from the atmosphere on geological timescales. While it is well understood that the
BCP plays a large role in climate regulation, there is low confidence in the magnitude and even the sign of
predicted near-future changes in carbon export fluxes and how these will in turn affect atmospheric CO: levels

(Henson et al., 2022). Better quantification of particulate matter fluxes in the ocean and of the key parameters

controlling them is thus urgently needed.

Indeed, the various processes transforming and redistributing carbon between the surface and the deep ocean
remain poorly quantified. Assessments of carbon budgets below the euphotic zone typically have found that
organic carbon sources and sinks are not balanced (Baltar et al., 2009; Boyd et al., 1999; Burd et al., 2010,
Reinthaler et al., 2006; Steinberg et al., 2008). This mismatch has been attributed to methodological constraints,
the choice of parameters used to estimate budget terms, the exclusion of important midwater processes, and the
spatial and temporal scales over which measurements are integrated (Baumas et al., 2023; Giering et al., 2014;

Stephens and Roca-Marti et al., 2025).

Major uncertainties in the magnitude of biologically driven carbon ocean uptake and storage also lie in our
fragmented understanding of the different pathways by which the BCP exports particulate and dissolved organic
carbon (POC and DOC, respectively) from surface waters to the deep ocean. Advances in remote sensing, in situ
imagery, and the development of autonomous platforms (BGC-Argo floats and gliders) over the last 2 decades
have revealed that the BCP includes six major pathways for exporting organic carbon from the surface ocean to
the deep ocean: gravitational export (sinking), three pumps driven by physical processes (mixed layer, eddy
subduction and large-scale subduction), and two pumps driven by vertical migrations of zooplankton and larger
animals (Boyd et al., 2019; Claustre et al., 2021). Process studies and long-term observations of the BCP,
combining multiple approaches both ship- and autonomous-based, have been shown to be crucial for better

constraining ocean carbon budgets (Stephens and Roca-Marti et al., 2025).

The North Atlantic is responsible for a significant fraction of the global carbon export (~15%), driven by a
complex set of BCP processes (Sanders et al., 2014). The subpolar North Atlantic, specifically the Labrador Sea,
is an important region for CO: uptake (Arruda et al., 2024) characterized by deep vertical mixing during winter
that supplies nutrients to the upper water column and fuels extensive phytoplankton blooms in spring after the
water column has stratified (Tesdal et al., 2022). Yet, the efficiency by which organic carbon is exported from
surface waters during these blooms as well as their contribution to carbon sequestration remain poorly constrained,
partly because of the complex physical processes in the region (Baker et al., 2022) and the very limited POC flux

observations made so far (e.g., Lemaitre et al., 2018). In addition, impacts of global warming in the physical
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conditions of the Labrador Sea have already been reported, including freshening and weaker winter convection
(Yashayaev, 2024), which add uncertainty to the future state of the BCP and its downstream effects on climate

and marine ecosystems. Therefore, our new observations will provide an important baseline for constraining POC

export in the Labrador Sea under rapidly changing hydrographic and ecological conditions.

The phytoplankton assemblages in the Labrador Sea are typically dominated by diatoms, Phaeocystis spp. or
mixed populations (Devred et al., 2024). Observations of Phaeocystis blooms were previously restricted to shelf
and slope regimes, but unprecedented large Phaeocystis blooms have been reported in the Labrador basin in recent
years (in 2015 and 2022; Devred et al., 2025). Here, we present measurements of net primary production (NPP)
and sinking export fluxes (POC and biogenic silica, bSi) in the central Labrador Sea during the decline of a
historically large Phaeocystis bloom in spring 2022. The novelty of our ship-based process study (Biological
Carbon Export in the Labrador Sea, BELAS-1) lies in the high temporal resolution of in situ measurements

collected over 2 weeks which shed light on the efficiency of the gravitational sinking pump of Phaeocystis blooms.

2. Methods

Samples were collected in the Labrador Sea from 19 May to 2 June 2022 during the BELAS-1 expedition
(CE22009, RV Celtic Explorer). Three regions were targeted (Fig. 1): a grid of nine stations (hereafter "Eastern
Grid", ~1075 km?), where an extensive Phaeocystis pouchetii bloom was in decline (Devred et al., 2025); two
stations located outside of the major Phaeocystis bloom to the southwest of the Eastern Grid (hereafter "Central");
and one station located in the bloom area between the Eastern Grid and the central stations which was sampled
on two consecutive days (hereafter "Station 28-1" and "Station 28-2"). In the Eastern Grid, six stations were
sampled from 20 May to 25 May (hereafter "East 1") before Station 28 and the central stations were occupied,

while three stations were sampled after a major storm at the end of the expedition from 30 May to 2 June (hereafter

"East 2"). East 1 was characterized by higher Phaeocystis biomass levels and primary production rates compared

to East 2, which represented post-bloom conditions (Fig. 2 and 3).
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Figure 1. Map of the stations sampled during the BELAS-1 expedition (CE22009, RV Celtic Explorer) in different
regions: the Eastern Grid or "East" (East 1: 20 May to 25 May; East 2: 30 May to 2 June), Station 28 (St. 28), and
"Central". All stations were sampled for total 2**Th in seawater. Red dots denote stations where in situ large volume

pumps (LVP) were deployed. Yellow squares denote stations sampled for net primary production (NPP).

The mixed layer depth (MLD), defined as the depth where potential density exceeds the density at 10 m depth
by 0.03 kg m™ (de Boyer Montégut et al., 2004), ranged from 22 to 66 m. Stratification, defined as the squared
buoyancy frequency, ranged from 5 to 88 m and was on average 20% deeper than the MLD. The base of the
primary production zone (PPZ), defined as the depth at which fluorescence was 10% of its maximal value (Owens
et al., 2015), ranged from 79 to 176 m and was used to operationally define the base of the euphotic zone.
Fluorescence was obtained from an optical package mounted on the conductivity-temperature-depth (CTD)
rosette system. The CTD was not equipped with a photosynthetic active radiation (PAR) sensor during the
BELAS-1 expedition.
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Figure 2. Satellite-derived chlorophyll-a (chl-a) concentrations (Devred et al., 2025) at the time of sampling of East 1

stations (left panel), Station 28 and central stations (middle panel), and East 2 stations (right panel).

2.1. Net primary production

Water was collected from six depths using a CTD-rosette fitted with 10 L Niskin bottles. While collections were
dispersed throughout the upper 200 m of the water column, some sampling depths were selected based on key

hydrographic features, including the surface and chlorophyll-a (chl-a) maximum (exact depths can be found in

Table S1 in the Supplement). Water was transferred from the Niskin to the incubation bottles using acid-rinsed

(10% HCI followed by a minimum of four rinses with type 1 (=18.2 MQ cm) reverse osmosis water) silicone

tubing fitted with 150 pm Nitex mesh and covered in electrical tape to exclude light from samples collected at
depth. Incubations were performed in triplicate in acid-washed 1 L incubation bottles filled to the bottle neck
(approximate volume of 1.2 L). Bottles were amended with H'*CO3™ (99%; Cambridge Isotope Laboratories) at
an approximate addition of 330 pmol C L. For stable isotope tracer studies, we aim for target additions of 10%,

and the average atom percent enrichment for the current study was 13.8 + 0.5%.

Once the isotope was added, bottles were placed in flow-through deck incubators for 24 h with natural daylight.
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Incubators were covered at night to prevent the unintended impacts of deck lighting. The incubation bottles were
covered with screen bags of varying thicknesses to mimic the light availability at the depth where they were
collected. For deep samples, bottles were covered with foil and then multiple layers of electrical tape to eliminate
light intrusion. Temperature and light in the incubators were monitored using HOBO TidbiT v2 water temperature

data loggers (Onset Computer Corporation).

The experiments were terminated by filtration onto pre-combusted (450°C for 4 h) GF-75 filters with a nominal
pore size of 0.3 um. Filters were placed into 2 mL cryovials and frozen at -20°C until analysis at Bigelow

Laboratory for Ocean Sciences using a CosTech ECS 4010/Thermo DELTA V Advantage Isotope Ratio Mass
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Figure 3. Profiles of chlorophyll-a from the CTD (CTD
chl-a) and net primary production (NPP, absolute uptake)
in the upper 200 m of the water column in East 1 (green),
Central (dark blue) and East 2 (yellow) stations. The base
of the primary production zone (PPZ, Owens et al., 2015)
shown with a grey solid line is used to operationally define
the base of the euphotic zone. The base of the mixed layer
(MLD) is shown with a blue dashed line.
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Spectrometer, Absolute carbon uptake rates were calculated according to Hama et al. (1983) using the following

equation:

PC at%xs

P = Sz et xrome < [PCL, O

™ DIC at%xs x Time

where p is the absolute uptake rate and at%xs is the atom% excess. For particulate carbon (PC), atom% excess,

refers to the percentage of 3C enrichment at the end of the incubation minus the percentage of '*C at the beginning

of the incubation. For dissolved inorganic carbon (DIC), atom% excess refers to the proportional change in '3C

available in the water when the H*COs label is added, Ambient HCOs™ concentrations were estimated based on

the salinity of each sample (Parsons et al., 1984). Absolute uptake rate represents how much *C was taken up by

the target community over the incubation period and is presented as units of carbon per volume/area per time (i.e.

mmol C m3 d).

Depth-integrated NPP was calculated using a trapezoidal integration (Knap et al., 1996) up to the base of the PPZ

from ymeasured absolute uptake rates, In cases where the base of the PPZ exceeded the deepest sampling depth,

the absolute uptake rate from the deepest sampling depth was used for any depths up to and including the base of

the PPZ. Due to a limited number of sampling depths, NPP could not be integrated at the central stations.

Satellite NPP was calculated following the methods described in Devred et al. (2025). Briefly, the satellite product

is based on daily 4-km MODIS-Aqua level-3 fields of remote sensing reflectance, sea surface temperature (SST),

and PAR. Chlorophyll-a was derived using a regionally-tuned version of the MODIS OC3M algorithm, and gaps

in chl-a and SST were filled using Data Interpolating Empirical Orthogonal Functions (DINEOF).

2.2 Total 2**Th and **U in seawater

Water column samples were taken in the upper 500 m of all stations (n = 12, Fig. 1, 4) using a CTD-rosette at 15
discrete depths. Unfiltered seawater samples (2 L) were processed on board and analyzed for the activity of total
(dissolved + particulate) »*Th following the method described in Clevenger et al. (2021). Samples were
immediately acidified after collection and spiked with a yield monitor (*3°Th, 25 disintegrations per minute, dpm,
per sample). After a minimum 6 h equilibration time, sample pH was increased to ~8.5 using ammonium
hydroxide, and reagents were added to form a manganese oxide precipitate for scavenging of Th. Samples were
allowed to stand for at least 8 h, filtered onto 25-mm diameter quartz microfiber filters (QMA), dried and mounted

for beta counting. Samples were counted using three low-level Risg beta multicounters (5 detectors each) until

the yncertainty was typically <3%. Beta counters were calibrated using two sets of five deep samples (1500 m)

from two stations. At least 5 months after collection (>6 **Th half-lives, where the half-life = 24.1 d), samples
were recounted at Dalhousie University to determine the non-?**Th beta activity stemming from other
radionuclides included in the precipitate, which was subtracted from the first count. The net counting rate was
corrected for 2*Th decay and ingrowth from 23%U, counting efficiency and chemical recovery. The chemical
recovery of 2°Th was determined by using a Thermo Scientific iCAP quadrupole inductively coupled plasma
mass spectrometer (ICP-MS) following the procedure detailed in Clevenger et al. (2021). Recoveries averaged 83

+10% (n = 218). The uranium-238 (**¥U) activity was derived from salinity (Owens et al., 2011).
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2.3. Particles collected using large volume pumps and marine snow catchers

Size-fractionated particles were collected using battery-powered in situ large volume pumps (McLane Research
Laboratories, Inc.) equipped with a three-tier 142-mm diameter filter holder (MULVFS style; Bishop et al., 2012;
Lam et al., 2015). Five pumps were deployed at depths between 40 and 490 m at six stations (Fig. 1, 5). The pump
deployment depths were chosen after examining the fluorescence profile from a CTD cast conducted shortly prior
to the pump deployment. One pump was placed close to the base of the PPZ and another pump at 100 m below
the PPZ base. Pumps were programmed to sample for 2.5 to 3.0 h at a starting flow rate of 6 L min™' and pumped
an average of 460 L each. During each pump deployment, pressure sensors (RBR duet 3) were attached to selected

pumps to confirm deployment depths.

The filter holders contained three filters: two Nitex screens (335 and 51 um nominal pore size, acid-leached prior
to the cruise) above a pre-combusted QMA filter (~1 um nominal pore size, Graff et al., 2023) for size
fractionation (1-51, 51-335 and >335 um). A total of 28 samples were collected for each size fraction. Size-
fractionated particles were analyzed for 2Th, particulate organic carbon (POC), and biogenic silica (bSi, only
from Nitex screens, i.e., 51-335 and >335 um size fractions). In every cast, an additional filter holder was mounted
on the deepest pump to obtain a seawater process blank (“dipped blank” filters, Lam et al., 2015). Immediately

after recovering the pumps, residual water from each filter holder was removed by vacuum to avoid particle loss.

Zooplankton that were not part of the passive sinking flux (“swimmers”) and were visible to the naked eye were

carefully handpicked from the Nitex screens using forceps and discarded. Particles were gently rinsed off the
Nitex screens onto 25-mm-diameter silver (Ag) filters (1.2 pm nominal pore size) using pre-filtered seawater.
QMA filters were subsampled for 2**Th and POC using a circular punch tool. Ag and QMA filters were dried, beta
counted at sea for 2**Th activities and recounted >5 months later at Dalhousie University. After final counting, Ag
filters were split into halves by weight and analyzed for POC and bSi. POC was analyzed using high-temperature
combustion (Costech Instruments Elemental Combustion System 4010) after acid fumigation. bSi was analyzed
following the NaOH digestion method (40 min at 95°C) using a UV-Visible Spectrophotometer (Genesys 10S,
Thermo Scientific) as in Roca-Marti et al. (2021).

The average of all dipped blanks was subtracted from total 2**Th, POC, and bSi measurements. Dipped blanks
contributed on average <3% to the total >**Th measured on the filters, <7% to total bSi, and <14% to total POC

(Table S2,in the Supplement). All concentrations were above the limit of detection (3 x standard deviation of the

dipped blanks, Lam et al., 2018). Analysis of triplicate punches from four QMA filters representing depths from
100 to 500 m yielded a relative standard deviation for POC of 1-4%, indicating a relatively homogeneous particle
distribution across the filters (Maiti et al., 2012). POC and bSi data have average uncertainties of 3% and 6%,
respectively, resulting from the dipped blank correction. Particulate **Th have average uncertainties of 5%

resulting from counting and the dipped blank correction.

At Station 12 in East 1, particles were also collected using marine snow catchers (MSCs) as an independent

method to constrain POC/**Th ratios in sinking material. Three MSCs were deployed approximately 3.5 h prior

to the large volume pump deployments at similar depths (165, 265, and 485 m; + 5 m). MSCs are 1.5-m-tall, 100-
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Figure 4. Profiles of total 2**Th and **3U in the upper 500
m of the water column in East 1 stations (green), Station
28 (light blue), central stations (dark blue) and East 2
stations (yellow). The base of the primary production zone
(PPZ) is shown with a grey solid line and the base of the
mixed layer (MLD) is shown with a blue dashed line.
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Figure 5. Profiles of POC/?**Th (C/Th) and bSi/***Th

(bSi/Th) ratios in >51 pm particles across regions. Black
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L water samplers equipped with a removable base section designed to separate particles according to their sinking

velocity under low-turbulence conditions (Giering et al., 2016; Riley et al., 2012). Following MSC retrieval

particles were allowed to settle for h, after which they were classified into three operationally defined fractions:

suspended, slow-sinking, and fast-sinking (Romanelli et al., 2023, 2026). Suspended particles, with negligible

sinking velocity, were collected from a central tap ~79 cm from the MSC top. Slow-sinking particles, with

velocities <18 m d™!, were siphoned from the base. Fast-sinking particles, with velocities >18 m d"!, were trapped

in the tray at the bottom of the base section.On average, 2.1 L (of 5.0 L) from the baseand 1.4 L (of 2.6 L) from _

the tray were filtered through 25-mm-diameter Ag filters (0.45 pm nominal pore size) for the determination of

24Th and POC in slow- and fast-sinking particles. Blank corrections were applied by subtracting the average of
two filter blanks from total 2**Th and POC measurements, and the slow- and fast-sinking particle fractions were
subsequently combined. Average uncertainties were 1% for POC and 17% for particulate 2**Th, resulting from
the blank correction (POC and #**Th) and counting (***Th). The sample from 165 m was excluded from analysis

due to a low signal-to-noise ratio in the 2**Th measurements. ,

24. 234Th, POC and bSi export fluxes

Export fluxes of *Th were calculated for each water column profile by integrating the disequilibrium between
24Th and 2*%U from the surface to each sampled depth over the upper 500 m of the water column. This model
implies steady-state (SS) conditions and neglects physical transport (Roca-Marti and Puigcorbé, 2024; Savoye et
al., 2006). We discuss the validity of this SS approach in Sect. 2.5.

To estimate POC and bSi export fluxes, steady-state 2**Th fluxes were multiplied with POC/?**Th (C/Th) and
bSi/?**Th (bSi/Th) ratios measured in >51 pum particles (i.e., combining the 51-335 and >335 um size fractions)
collected using large volume pumps. Using the >51 pm fraction for the calculation of fluxes is consistent with the
majority of 2*Th studies (Puigcorbé et al., 2020). Furthermore, this choice is directly supported here by comparing
C/Th ratios measured at Station 12 in size-fractionated particles with those measured in sinking particles collected
using MSCs (Fig. S1 in the Supplement). Sinking particles from MSCs show C/Th ratios similar to all pump size
fractions that are greater than 51 um (i.e., 51-335 um, >335 um, and >51 pm; Fig. S1 in the Supplement). On the
contrary, C/Th ratios from MSCs are clearly higher than C/Th ratios in pump samples that include particles smaller
than 51 pm (i.e., the 1-51 um and >1 um fractions).

Based on the samples collected at five depths across six individual stations, we derived average C/Th and bSi/Th
ratios (+ standard deviation) for several depth horizons below the PPZ base (115-185, 210-240, 260-340, 465—
490 m; Fig. 5). Ratios at depths not sampled by pump deployments were interpolated linearly between the mid-
points of each depth horizon. For POC, all pump casts were combined to determine cruise-average C/Th ratios
because no significant differences were found between East 1, Station 28, Central, and East 2 (one-way ANOVA,
p > 0.05). For bSi, pump casts from East 1, Station 28, and Central were combined (one-way ANOVA, p > 0.05)
to determine average bSi/Th ratios and estimate bSi fluxes from 20 May to 29 May. bSi/Th ratios in East 2 were
used to estimate bSi fluxes from 30 May to 2 June given the higher bSi/Th ratios measured in East 2 (Kruskal-
Wallis, p <0.01).
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2.5. Testing the assumptions of our export model
2.5.1.  How valid is the steady state assumption?

The validity of the steady state (SS) assumption during a phytoplankton bloom depends on when the sampling
occurs with respect to the bloom peak and the duration of the bloom (Ceballos-Romero et al., 2018). Following
the approach by Ceballos-Romero et al. (2018), satellite-derived chl-a concentrations suggest that the peak of
maximum production in the Eastern Grid area occurred on 11 May, i.e., 9-22 d before our sampling period (20
May-2 June). Chl-a decreased quite rapidly with time after the peak (Fig. S2 in the Supplement), similar to a
hypothetical bloom scenario considered in Ceballos-Romero et al. (2018) (their Fig. 1b). In such conditions, these
authors found that the 2**Th SS model provides accurate flux estimates during a ~1 week-long sampling period,
referred to as "window of success", which commences 10 d after the peak of the bloom. Comparing the sampling
dates and bloom timing of the present study with the findings from Ceballos-Romero et al. (2018) suggests that
most of our sampling in East 1 happened within the window of success (21 May—27 May, Fig. S2 in the
Supplement), supporting the validity of the SS assumption. Sampling in East 2 occurred 3 to 6 d after the window
of success, and therefore, fluxes at the end of the sampling period might represent high end-member estimates

(Ceballos-Romero et al., 2018).

In addition, the sampling strategy of the BELAS-1 expedition was incompatible with a non-steady state (NSS)
model given that: 1) the sampling period was relatively short (6 d in East 1 and 4 d in East 2) relative to the 2-3
weeks recommended by Ceballos-Romero et al. (2018) to capture changes, if any, in **Th activities vs. time and
apply a NSS approach; and 2) in order to obtain accurate flux estimates with a NSS model, a Lagrangian sampling
strategy that tracks the same water mass must be followed (Resplandy et al., 2012; Savoye et al., 2006), which
was not possible during this expedition. Indeed, changes in upper water column properties occurred between the

sampling of East 1 and East 2 due to a storm (Erin Bertrand, personal communication, 2025), indicating that

different water masses might have been sampled. Further, in the Eastern Grid, where we have the highest density
of measurements, we did not observe significant changes in **Th inventories in the upper 150 m over time (Fig.

S3a in the Supplement). Thus, we consider that the SS model gives the best estimate of 2Th export in this study.

2.5.2. Evaluating the effect of physical transport

Vertical Transport: The central Labrador Sea in 2022 experienced moderately deep convection reaching 1600 m
(Yashayaev, 2024) followed by water column stratification and bloom development in early April. Winter mixing
would homogenize vertical 2**Th gradients in the water column. However, sampling during BELAS-1 occurred
at least 50 d after convection ended (Yashayaev, 2024), a time interval that exceeds the half-life of 2*Th and its
mean life (1/decay constant = 35 d). Therefore, we are confident that vertical advection associated with winter
mixing did not influence the estimates presented in this study. The potential contribution of vertical diffusion was
estimated using vertical diffusivity estimates from a hindcast simulation using the model of Ohashi et al. (2024)
in the Eastern Grid at the time of the cruise. Vertical diffusivity decreased with depth from 104-102 m? 5! at the
surface to 10 m? s”! below 80 m. We estimate that vertical diffusion changed 2**Th fluxes at the base of the PPZ
by <10 dpm m d"! only, given the small gradients in 23*Th activities observed across the base of the PPZ at each
station (Fig. 4). Therefore, the influence of vertical transport on »*Th export flux estimates must have been

negligible.
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Horizontal Transport: Horizontal advection in the Eastern Grid, derived from the hindcast simulation of the cruise
period, had mean velocities of 2.8 km d'! over the top 150 m in a mostly southeastward direction. The observed
24Th activities show relatively large variability between profiles in the Eastern Grid (Fig. S4 in the Supplement),
however, there are no consistent spatial trends in 2**Th inventories (Fig. S3b in the Supplement). We attribute the

variability in 2**Th between profiles to small-scale spatial variations or patchiness rather than horizontal transport.

3. Results

Table 1 presents a summary of the integrated NPP rates down to the base of the PPZ, together with the sinking
fluxes (POC, bSi) measured at different depths in the upper 500 m across all the stations sampled during BELAS-
1.

Table 1. Integrated net primary production (NPP) down to the base of the primary production zone (PPZ), and
particulate organic carbon (POC) and biogenic silica (bSi) fluxes at different depths across all stations.

POC flux at PPZ  bSi flux at PPZ  POC flux at PPZ  bSi flux at PPZ  POC flux at  bSi flux at 500

Region 5"]‘:"" Lat (N) Long (E) :”“‘1’2';’2‘23 Base of l"'w‘zed,:\?f base (mmol C m? base (mmol Sim™  base+100m  base+ 100 m 500 m (mmol C m (mmol Si m>
2 @022) PP (m) - (mmol €™ d7) a') 2ahy (mmol C m* d") (mmol Sim®d")  m?a") a')
4 882 4901 20May 119 166 = 25 163 = 40 18 % 02 156 & 35 21 = 03 139 = 61 21 % 05
6 882 4944 21May 153 - 81 £ 31 09 & 03 80 £ 27 LI £ 03 89 £ 50 13 & 06
bl O SBES 4936 22May 163 263 + 30 62 £ 29 07 £ 03 52 £ 23 08 £ 03 30 £ 32 05 £ 04
8 5865  49.61  23May 153 93 £ 34 10 + 03 91 £ 31 12 £ 04 I8 £ 55 18 = 05
15865 4901 24May 141 126 £ 16 74 = 27 08 + 02 55 & 23 07 £ 03 - -

12 5848 49.11  25-May 176 - 29 ¢ 38 03 + 04 4l + 31 06 + 04 7.0 + 46 11 + 06
sLas 21 5172 5007 26May 165 B 47 + 30 05 + 03 21 £ 25 03 % 04 08 = 37 01 = 06
282 5772 5007 27-May 135 S0 £ 29 05 & 03 105 & 36 14 £ 04 67 = 46 10 = 06
) 24 5665 5247 28May 115 126 = 33 14 £ 02 120 & 34 16 = 04 170 = 74 26 % 06
Connl 29 ses2 5220 29May 170 - 20+ 58 24 = 04 121 + 37 18 £ 05 94 = 55 14 £ 06
15 5848 49.61  30-May 155 B 72 + 30 13 & 04 34 £ 27 09 £ 07 27 £ 40 06 + 08
East2 13 5848 4936 31-May 143 8 & 3 120 £ 36 21 £ 05 ILS £ 33 30 £ 07 81 £ 53 18 £ 10
7 s88 4961 02Jun i 4 = 6 139 : 32 24 £ 02 187 & 54 33 £ 07 99 = 56 22 % 09
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3.1. NPP rates

The average NPP at the surface and chl-a maximum depths was higher in East 1 (2.01 and 2.56 mmol C m™ d!)
compared to Central (1.79 and 1.74 mmol C m™ d') and East 2 (0.92 and 0.75 mmol C m* d'), which correlates
with decreasing chl-a concentrations over the sampling period (Fig. 3). Surface NPP was highest at Station 11
(2.36 + 0.47 mmol C m™ d') while NPP at the chl-a maximum peaked at Station 9 (3.38 + 0.83 mmol C m™ d™').
Station 13 had the lowest surface and chl-a maximum NPP, 0.54 + 0.13 mmol C m™ d! and 0.52 + 0.10 mmol C
m? d', respectively. Depth-integrated NPP was highest during East 1, peaking at Station 9 with a value of 263 +
30,mmol C m? d! (Table 1). Between sampling for East 1 and East 2, depth-integrated NPP decreased notably as

the bloom declined and transitioned into post-bloom conditions, reaching a minimum of 38 £ 3 mmol C m? d! at |

Station 13 (Table 1). The measured in situ integrated NPP and satellite-derived NPP were in reasonable agreement

(Fig. S5 in the Supplement), with a mean measured-satellite ratio of 1.25 + 0.69 (n = 5), supporting the use of

satellite-derived NPP for estimating export efficiency (see Sect. 4.3).
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3.2 Z4Th/38U profiles and 2*Th fluxes

In the upper water column, 2**Th activities were always lower than 2*U activities (~2.4 dpm L™!) across all stations
indicating particle export (Fig. 4). However, the magnitude and extent of the 2*Th deficits showed variability.

The lowest »*Th activities were found in surface waters of East 1, with average activities of 1.6 = 0.2 dpm L"!,
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compared to Station 28, Central and East 2, where average surface activities were 1.9-2.0 dpm L. 2%Th activities
reached equilibrium with 23*U at depths between 55 and 100 m, i.e., between the MLD and the base of the PPZ
(Fig. 4). The only exception is Station 7 (East 2), the last station to be occupied, where equilibrium was only

reached at ~150 m, below the PPZ.
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Figure 4. Profiles of total **Th and 28U in the upper 500 m of the water column in East 1 stations (green), Station 28

light blue), central stations (dark blue) and East 2 stations (vellow). The base of the primary production zone (PPZ) is

shown with a grey solid line and the base of the mixed layer (MLD) is shown with a blue dashed line.

In general, 2*Th and 238U activities remained close to each other below the equilibrium depth. However, there
were two notable exceptions. At some stations (i.e., East | Stations 9 and 12, and Station 28-1), large >**Th activity
excesses relative to 2**U were apparent within the PPZ, which is indicative of remineralization or disaggregation
processes. In addition, we found a 2*Th deficit below the PPZ at Station 28-2, which can indicate particle

repackaging processes.

One-dimensional (1D) steady state 2**Th fluxes (Fig. S,in the Supplement) reflected the variability observed in

24Th/28U profiles. At the base of the PPZ, 2**Th fluxes ranged from negligible in East 1 to 1640 dpm m? d”' in
Central. On average, **Th fluxes (dpm m™ d') at the base of the PPZ were 620 + 330 in East 1, 360 £ 20 at
Station 28, 1290 + 500 in Central and 820 + 260 in East 2. In general, considering all stations, *Th fluxes
increased slightly from the base of the PPZ to 100 m below the base (1.4-fold on average), and that increase was
most pronounced (2.8-fold) at Station 28-2 due to the 3*Th deficit observed below the PPZ at this station (Fig.
4). At 500 m, 2*Th fluxes were moderately high, with fluxes >1000 dpm m d"! at most stations except three

stations located outside the central region (Stations 9, 28-1, 15).
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3.3. C/Th and bSi/Th in particles

The C/Th ratios in >51 pm particles changed, from 41 fo 4.0 pmol dpm™! between near surface (40 m) and,490 m |

(Fig. 5). The highest C/Th ratios were found within the PPZ in East 1 where Phaeocystis dominated the
phytoplankton community and phytoplankton biomass, and NPP rates were highest (Fig. 3). Below the PPZ, C/Th
ratios decreased with depth from 13.5 + 2.8 pmol dpm™ at 115-185 m to 7.1 + 2.7 umol dpm™' at 465-490 m

considering all stations. ,
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bSi/Th ratios in >51 pm particles also showed a general decrease with depth, but not as marked as C/Th ratios
(Fig. 5). The highest bSi/Th ratios throughout all depths were found in East 2, with values decreasing from 2.3—
2.7 pmol dpm™ in the upper 220 m to 1.6-1.9 umol dpm at deeper depths. In East 1, Station 28 and Central,
bSi/Th ratios decreased from 1.5 0.1 pmol dpm™ at 115-185 m to 1.1 £ 0.1 umol dpm™' at 465-490 m.

34. POC and bSi fluxes

POC flux profiles show large station-to-station variability (Fig. 6a). At the base of the PPZ, POC fluxes ranged
by 1 order of magnitude from 2.9 mmol C m? d-! in East 1 to 22.1 mmol C m™ d"!in Central (Table 1). On average,
POC fluxes (mmol C m d!) at the base of the PPZ were 8.4 4.5 in East 1, 4.9 + 0.2 at Station 28, 17.3 £ 6.7 in
Central and 11.1 + 3.5 in East 2 (Fig. 6a, 7). POC fluxes at 100 m below the PPZ were not significantly different
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than those at the base of the PPZ (¢ test, p > 0.05), indicating negligible attenuation in POC fluxes below the PPZ
and a transfer efficiency close to 1 (i.e., flux at 100 m below PPZ base ~ flux at PPZ base; Fig. 7). At 500 m, POC
fluxes were, on average, 8.9 + 4.2 in East 1, 3.8 £+ 4.1 at Station 28, 13.2 + 5.3 in Central and 6.9 + 3.7 mmol C
m2 d"!in East 2. Only East 2 showed consistent flux attenuation (30-60%) between the base of the PPZ and 500

m at all stations. ,
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Figure 6. Profiles of particulate organic carbon (POC, panel ) and biogenic silica (bSi, panel b) flux across regions

Fluxes measured at individual stations are shown in grey, whereas averages are shown in color (green for East 1, light
blue for St. 28, dark blue for Central, yellow for East 2). The vertical red lines at 20 mmol C m d"! for POC and 4
mmol Si m2 d! for bSi are for visual reference. The base of the primary production zone (PPZ) is shown with green
shading (grey solid line indicates the average, black solid lines indicate the minimum and maximum) and the average

base of the mixed layer (MLD) is shown with a blue dashed line.

bSi flux profiles also show large variability across stations (Fig. 6b). At the base of the PPZ, bSi fluxes ranged by
1 order of magnitude from 0.3 mmol Si m? d"' in East 1 to 2.4 mmol Si m? d"' in Central and East 2 (Table 1).
On average, bSi fluxes (mmol Si m? d') at the base of the PPZ were 0.9 + 0.5 in East 1, 0.5 + 0.0 at Station 28,

1.9 £ 0.7 in Central and 1.9 + 0.6 in East 2 (Fig. 6b, 7). In deeper waters at most stations, bSi fluxes were similar
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or even higher than at the base of the PPZ indicating either no flux attenuation or addition of bSi at depth. The
exception is East 2, where bSi flux attenuated by 10-50% from the base of the PPZ to 500 m.
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Figure 7. Spatial maps of particulate organic carbon (POC) and biogenic silica (bSi) flux at the base of the primary
production zone (PPZ, left panels) and transfer efficiency (flux at 100 m below PPZ base/flux at PPZ base) of POC and

bSi over time in the study area (right panels). The horizontal dashed lines in the right panels indicate a transfer

efficiency = 1,

Moved down [3]: Comparison with other studies
Only three prior studies have used 234Th to estimate
POC fluxes in the Labrador Sea: Moran et al. (2003) in

i July 1999 (three stations), Puigcorbé et al. (2017) in early

May 2010 (one station), and Lemaitre et al. (2018) in late
June 2014 (three stations), the last one during the decline
of a diatom bloom. The 234Th flux results from our study
are similar to those obtained at the PPZ base (or at 100 m,
Moran et al., 2003) in June (700-860 dpm m-2 d-1,
Lemaitre et al. 2018) and lie between the fluxes measured
in May (270 dpm m-2 d-1, Puigcorbé et al. 2017) and later
in the season in July (980-1400 dpm m-2 d-1, Moran et al.
2003). Regarding POC fluxes, our fluxes are 1 order of
magnitude higher than those measured in early May (0.6
mmol C m-2 d-1, Puigcorbé et al., 2017), but encompass
the range of POC fluxes measured in June (6.1-10 mmol
C m-2 d-1, Lemaitre et al., 2018) and July (5.7-21 mmol C

4. Discussion

We begin the Discussion by providing an overview of the POC fluxes measured in this study and comparing them

with those reported in other studies. We then examine the possible reasons why the massive Phaeocystis bloom

observed here did not result in enhanced fluxes, with a particular focus on the ballasting hypothesis. Lastly, we

present estimates of BCP efficiency during this Phaeocystis bloom using both snapshot and longer-term NPP

observations. The assumptions underlying the export calculations, including the steady-state framework, are

described in Sect. 2.5.
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This study presents an unprecedented number of measurements of sinking fluxes in the central Labrador Sea

(~300 #**Th measurements) and represents one of the largest assessments of the impact of Phaeocystis blooms on
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POC export. Data collected by Fisheries and Oceans Canada along the Atlantic Repeat Hydrography Line 7 West
(AR7W) as part of the Atlantic Zone Off-shelf Monitoring Program (AZOMP) between 2014 and 2022, revealed
that the Phaeocystis bloom encountered in this study (spring 2022) was unusual given its large spatial extent and
high biomass concentration (Devred et al., 2024, 2025). Using satellite remote sensing data combined with an
ecological approach, these authors determined that the 2022 Phaeocystis bloom extended over more than half of
the Labrador Sea, lasted for 6 weeks, and resulted in a remarkably high total primary production that accounted
for 60% of the May production in the Labrador Sea (33.2 Tg C; Devred et al., 2025). Genomic analyses conducted
during our expedition, 1 week later than the 2022 AZOMP mission, confirmed that the species of this bloom was

Phaeocystis pouchetii (Romanelli et al., 2026: Stevens-Green et al., 2024).

The sampling of the Phaeocystis bloom in this study mostly focused on a ~1075 km? grid (Eastern Grid) at the
southern edge of the bloom about 2 to 3 weeks after its peak. The stations sampled from 20 May to 25 May (East

1) showed integrated NPP rates that were, on average, five times higher than those sampled from 30 May to 2

June (East 2) (Table 1) which we, consider,post-bloom conditions, Two stations located to the southwest of the |

Eastern Grid outside of the bloom (Central) were also sampled and represented more typical conditions of the RN

central Labrador Sea with a mixed phytoplankton community composition that was more diatom dominated
(Devred et al., 2024, 2025). Beyond the Eastern grid, another station (Station 28) was also sampled in the
Phaeocystis bloom area, but no in situ NPP data were collected at that station. For this reason, below we focus

our discussion on the Eastern Grid and Central (inside vs. outside of the major Phaeocystis bloom).

POC fluxes at the base of the PPZ were, overall, moderate to high, with average fluxes of 8 and 11 mmol C m?

d'in East 1 and East 2, respectively, and 17 mmol C m? d"' in Central. This indicates that POC export was lower

in the Phaeocystis bloom region relative to the stations sampled outside of the bloom, Our observations of large

excesses of 2*Th relative to *%U at around 70-100 m in the Eastern Grid (Stations 9 and 12) and Station 28-1

ig. 4) indicate remineralization of sinking particles within the euphotic zone in the Phaeocystis bloom region

and limited POC export to the mesopelagic. In general, POC fluxes did not decrease from the base of the PPZ to

500 m, except for East 2 where all stations showed a consistent decrease (30-60%). This lack of flux attenuation

down to 500 m suggests that the material that was not subject to remineralization in the euphotic zone was more

refractory in nature or sank at relatively fast rates. POC fluxes at 500 m were on average 9 and 7 mmol C m™ d!

in East 1 and East 2, respectively, and 13 mmol C m™ d"' in Central. Therefore, our results alsq show,lower fluxes )

at depth in the Phaeocystis bloom region than at the stations outside of the bloom, Despite the limited flux -

attenuation found in the upper mesopelagic, taken together, these findings suggest a limited role of Phaeocystis

in export.

Only three prior studies have used **Th to estimate POC fluxes in the Labrador Sea: Moran et al. (2003) in July

1999 (three stations), Puigcorbé et al. (2017) in early May 2010 (one station), and Lemaitre et al. (2018) in late

June 2014 (three stations), the last one during the decline of a diatom bloom. The POC flux results from our study

are | order of magnitude higher than those measured at the PPZ base (or at 100 m, Moran et al., 2003) in May

(0.6 mmol C m™ d', Puigcorbé et al.. 2017), but encompass the range of POC fluxes measured in June (6.1-10

mmol C m? d!, Lemaitre et al., 2018) and July (5.7-21 mmol C m? d"!, Moran et al., 2003). Compared to other

Phaeocystis blooms (Table 2), our POC fluxes in the Eastern Grid compare well with those found in the Barents
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Sea using sediment traps (Lalande et al., 2008), but are lower than those measured in that same study using 2**Th

and large volume sampling. Our POC fluxes in the Eastern Grid are also lower (2 to 8-fold) than those reported

in a number of other Arctic and sub-Arctic studies during Phaeocystis blooms (Coppola et al., 2002; Dybwad et

al., 2021: Le Moigne et al., 2015; Reigstad and Wassmann, 2007). Compared to studies that reported blooms

dominated by both Phaeocystis and diatoms (Table 2), our POC fluxes fall within the range of those measured in

the Crozet Plateau (Morris et al., 2007; Salter et al., 2007), but are lower (4-fold) than those reported in the Barents

Sea (Andreassen and Wassmann, 1998) and the Ross Sea (Asper and Smith, 1999).

Table 2. Compilation of sinking fluxes and biological carbon pump efficiency metrics in Phaeocystis and diatom blooms.
Values given in parentheses next to ranges indicate averages. PPZ = primary production zone, PAR = photosynthetic
active radiation, Eq depth = *Th and 2*®U equilibrium depth, NPP = net primary production, POC = particulate
organic carbon, bSi = biogenic silica, ISP = in situ pump, ST = sediment trap.
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4.2. Why did this Phaeocystis bloom not lead to enhanced fluxes?

Our observations during the decline of a massive Phaeocystis bloom in the Labrador Sea do not show indications
of enhanced sinking fluxes when compared to an area located outside of the major bloom. These observations

cover a period of 2 weeks during which NPP in the bloom area strongly declined, but POC fluxes remained
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relatively constant. As described in Sect. 2.5, the assumptions behind the 2**Th export model used in this study
have been assessed and validated to the best of our possibilities based on information of the dynamics specific to
that bloom and a hindcast simulation of physical transport at the time of the cruise. Furthermore, the conversion
from 2*Th to POC fluxes using >51 pm particles from large volume filtration in this study is supported with
independent data from marine snow catchers (see Sect. 2.4). We also note that the C/Th ratios used to estimate
POC fluxes in this study (< 16 pmol dpm™) are far below the ratios measured by Lalande et al. (2008) of up to
>100 pmol dpm! which were considered to be biased towards high values and in turn led to overestimated POC-
derived fluxes. Hence, the comparison of our data with context information and independent methods gives

confidence in the export estimates presented here.

because of its unique polymorphic life cycle, including free-living cells of <10 um and gelatinous colonies that

usually reach sizes of several mm (Schoemann et al., 2005). However, despite the large sizes of Phaeocystis

colonies, most of the literature available on the topic shows that Phaeocystis-derived material is largely recycled

in the upper ocean (Smith and Trimborn, 2024 and references therein). For instance, a compilation of sediment

trap studies, including data ranging from polar to sub-Arctic and boreal regions, revealed that Phaeocystis POC

fluxes strongly decline throughout the upper 100 m of the water column (Reigstad and Wassmann, 2007). In our

study, the large excesses of **Th observed within the euphotic zone in the bloom region (Fig. 4), also support

remineralization of sinking particles in the upper water column during Phaeocystis blooms. Yet, Phaeocystis-

derived material can be efficiently exported to depth under certain circumstances, including: the formation of
aggregates by Phaeocystis colonies facilitated by the release of transparent exopolymer particles (TEP) which can

scavenge other particles like ballasting minerals (Andreassen and Wassmann, 1998; Passow and Wassmann, 1994;

Wollenburg et al., 2018); and through physical mixing processes, such as downwelling associated with eddy

activity (Lalande et al., 2011). The incorporation of Phaeocystis into fast-sinking zooplankton pellets has also

been identified as an important export pathway (Dybwad et al., 2021; Wiedmann et al., 2020).

One hypothesis for the lack of enhanced sinking fluxes is that Phaeocystis material resulting from the decline of
the bloom was not sufficiently ballasted. Phaeocystis colonies can release large amounts of TEP during their
growth and their senescence, which, thanks to the high stickiness of TEP, can aggregate suspended particles and
facilitate the formation of marine snow (Passow, 2002). However, the density of TEP is lower than that of
seawater, which may cause the aggregates to remain in surface waters if not ballasted by other particles (Mari et
al., 2017). In line with this, other studies have shown that below the mixed layer, marine biogels such as TEP can
adhere to and accumulate on particles, reducing their sinking velocity by increasing both their buoyancy and
hydrodynamic resistance, which may enhance carbon flux attenuation (Alcolombri et al., 2025; Romanelli et al.,
2023). Sinking rates of Phaeocystis colonies and aggregates range from negligible to up to 200 m d! (Schoemann
et al., 2005), indicating that their capacity to sink and get transferred from the upper ocean to depth depends on
their characteristics including the amount and type of particles that might have been scavenged. For instance, in
the ice-covered Arctic Ocean, sinking of Phaeocystis aggregates throughout the water column down to the seafloor
has been associated with ballasting by cryogenic gypsum which would have increased the density of such
aggregates, facilitating their export to abyssal depths (Wollenburg et al., 2018). More common ballasting minerals

that are known to increase the density of phytoplankton aggregates and enhance their export include continental

18

(Moved (insertion) [4]

Deleted: Our observations of large excesses of 2**Th relative
to 28U at around 70-100 m in the Eastern Grid (Stations 9
and 12) and Station 28-1 (Fig. 4) also support shallow
remineralization of sinking particles during Phaeocystis
blooms. ...




744
745

746
747
748
749
750
751
752
753
754

55

757
758
759
760
761
762
763
764

765
766

67
68
769

770
771
772

73
774
775
776
777
|778
779
780

dust, calcium carbonate, and biogenic silica (Armstrong et al., 2002). Yet, to our knowledge, the role of those

minerals in controlling the sinking of Phaeocystis aggregates have not been explored.

If insufficient ballasting limited export, then we would expect a low contribution of dense mineral phases such as

bSi to sinking particles. In line with this, nolar bSi to POC ratios in particles >51 um within the PPZ were lower

in East 1 (0.02-0.08) relative to those in Central (0.13) and East 2 (0.15-0.20), which Jikely suggests a change in

phytoplankton community composition towards more diatoms in East 2. This observation is consistent with

genomic samples faken during the cruise showing a lower relative contribution of diatoms to biomass in East 1

(Romanelli et al., 2026; Stevens-Green et al., 2024). Likewise, bSi fluxes at the base of the PPZ were 2-fold lower

in East 1 than in Central and East 2 (Table 1), indicating a smaller contribution of siliceous plankton to export
flux in East 1. However, below the PPZ, bSi fluxes in East 1 and East 2 became more similar, with fluxes within
the same range at 500 m. Overall, bSi/POC ratios were relatively low in all areas, with averages from the base of
the PPZ down to 500 m of 0.14 + 0.03 (East 1), 0.18 + 0.06 (Central), and 0.22 + 0.04 (East 2), supporting a

limited contribution of siliceous ballast in this study.

To our knowledge, bSi/POC ratios during the decline of other Phaeocystis blooms have not been reported. Our
bSi/POC ratios fall in the lower range of those measured in the Labrador Sea (Lemaitre et al., 2018), the Porcupine
Abyssal Plain (Clevenger et al., 2024), and the Crozet Plateau (Salter et al., 2007) during the decline of either
diatom or mixed diatom and Phaeocystis blooms (Table 2). The bSi/POC ratios measured in this study are also
lower than those found in the upper mesopelagic of Ocean Station Papa during low flux conditions (0.63 + 0.28;
Roca-Marti et al., 2021). Taken together, these results suggest that sinking particles during the BELAS-1
expedition were not heavily ballasted with bSi or, in other words, that diatoms did not appear to play an important

ballasting role, which could at least partly explain the limited export of Phaeocystis in this study.

Other factors that may help explain why this Phaeocystis bloom did not lead to enhanced fluxes will be assessed
elsewhere, including the analysis of the biochemical composition and morphology of suspended and sinking

particles (Cisternas-Novoa et al., 2026) or their susceptibility to be degraded by heterotrophic bacteria (Romanelli

et al., 2026).

4.3. BCP efficiency

The export efficiency (i.e., flux at PPZ base/integrated NPP within PPZ) and transfer efficiency (i.e., flux at 100
m below PPZ base/flux at PPZ base) are two common metrics for assessing the efficiency of the biological carbon

pump and allowing comparisons between studies across different regions and seasons (Buesseler et al., 2020;

Buesseler and Boyd, 2009). Here, we obtain export efficiencies ranging from 2 to 10% in East 1 and 32,to 34%

in East 2 using in situ estimates of integrated NPP throughout the PPZ in combination with POC flux estimates
measured at the base of that layer (Table 1, 2). Transfer efficiencies ranged from 48 to 139% and were on average
98% in East 1 and 92% in East 2 suggesting that flux attenuation throughout the upper 100 m of the mesopelagic
zone was low. Combining both metrics, we obtain an overall BCP efficiency, defined as the amount of NPP

reaching 100 m below the PPZ base, of 6% in East 1 and 30% in East 2. That would place this Phaeocystis bloom

in the Labrador Sea as either a low BCP efficiency system (when looking at East 1 results) like the oligotrophic

site ALOHA near Hawaii (Buesseler and Boyd, 2009), or a high BCP efficiency system (when looking at East 2
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792 results) similar to that found in the Kerguelen Plateau (Savoye et al., 2008) and in the Barents Sea (Andreassen

793 and Wassmann, 1998; Buesseler et al., 2020) during diatom and mixed diatom and Phaeocystis blooms (Fig. 8,
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796 Figure 8. Biological carbon pump efficiency (BCP) comparing bloom studies across different regions (see Table 2). The
797 x-axis depicts transfer efficiency (flux at 100 m below PPZ base/flux at PPZ base) and the y-axis export efficiency (flux
[798 at PPZ base/integrated NPP within PPZ). Contour lines represent pverall BCP efficiency (percentages), and symbol O} leted: are )
799 area is proportional to NPP. The "East 1" and "East 2" symbols and the diamond correspond to this study. The
800 diamond represents the overall BCP efficiency for the Labrador Sea (LS) 2022 bloom, calculated using satellite-derived
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804  Yet, these BCP metrics are based on NPP and export estimates measured during the same time window. Given the
805 similar POC fluxes measured in East 1 and East 2, the increase in export efficiencies observed with time in the
806 Eastern Grid, from East 1 to East 2, is due to a decrease in NPP with time. This increase in export efficiencies
807

may reflect either 1) a more efficient BCP during post-bloom conditions, or more likely 2) a temporal decoupling
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between primary production and export (Henson et al., 2015; Kiorboe et al., 1996; Smetacek et al., 1984) which

have been shown to explain the inverse relationship between NPP and export efficiency found in different oceanic
regions (Laws and Maiti, 2019; Roca-Marti et al., 2017). In other words, in this study, the export measured during
post-bloom conditions in East 2, when NPP was low, could have been fueled with higher NPP rates that occurred
at an earlier phase of the bloom. It is important to keep in mind that the NPP rates presented in this study were
measured in the late stages of the bloom during its decline (East 1) and post-bloom phase (East 2) and therefore

do not reflect the higher rates that occurred before the field campaign.

In order to estimate an pverall BCP efficiency for the 2022 Phaeocystis bloom in the Labrador Sea (see diamond

in Fig. 8), where NPP and export estimates are compared over longer timescales (Laws and Maiti, 2019), we have
used satellite-derived NPP (Devred et al., 2025) in the Eastern Grid area from the peak of the Phaeocystis bloom
until the last sampling day of the BELAS-1 expedition (9 May—2 June, Fig. S5 in the Supplement). The generally

good agreement between in situ and satellite-derived NPP over the course of the expedition (Fig. S5 in the

Supplement) provides confidence in the use of satellite NPP for calculating the overall efficiency. We have

obtained an integrated NPP during that period of 3920 mmol C m™ which, combined with the POC fluxes
measured in the Eastern Grid (average of 9.3 mmol C m? d! in East 1 and 2) multiplied by 25 d (i.e., 232 mmol

C m?), results in an pverall export efficiency for the Phaeocystis bloom decline of 6%. This estimate assumes that

the POC export measured in East 1 and 2 using >**Th (half-life = 24.1 d) is representative of the export that
occurred over the 25 d from the peak of the bloom until the end of the bloom. Using that export efficiency
combined with an average transfer efficiency in the Eastern Grid of 96% (East 1 and 2), we would obtain an
overall BCP efficiency of 6%, which is the same as that obtained in East 1 (Fig. 8). This analysis suggests that
East 1 results represent better the overall BCP efficiency of the extensive Phaeocystis bloom occurred in the
Labrador Sea in spring 2022 and stresses the importance of long-term observations of the BCP. The overall BCP
efficiency obtained in this study is lower than that reported during other blooms in the North Atlantic and Southern

Ocean, dominated by either diatoms or Phaeocystis and diatoms (Fig. 8, Table 2). Insufficient mineral ballasting

may have contributed to the low BCP efficiency observed during this massive Phaeocystis bloom.

Altogether, our findings highlight the complexity of quantifying the contribution of phytoplankton blooms to
carbon export and underscore the importance of sustained observations to better capture their variability and
broader implications in a changing ocean. This study provides a foundation for future comparisons with other
datasets from the BELAS-1 expedition. Integrating these datasets will help elucidate the mechanisms underlying
low BCP efficiency events, such as the one observed during this study, thereby improving our ability to predict
the consequences of shifting bloom dynamics for global carbon export. Moreover, future efforts will offer the
opportunity to extend the observational period by incorporating data from autonomous platforms, thereby

shedding light on the evolution of sinking fluxes beyond the limited timeframe of ship-based campaigns.

5. Conclusions

This study represents one of the largest assessments ever of the impact of Phaeocystis blooms on sinking fluxes

using *Th as a tracer during a 2-week-long process study in spring 2022. The Phaeocystis bloom encountered
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was unusually large and highly productive extending over more than half of the Labrador Sea for 6 weeks. The

main conclusions of this work are summarized below:

e During the late stages of the bloom, POC fluxes in the upper mesopelagic down to 500 m were variable but
overall moderate to high (average of 8 = 5 mmol C m? d'). Yet, evidence of shallow POC flux
remineralization combined with the fact that POC fluxes in the bloom were not higher than in a region
sampled outside of the bloom (average of 13 + 3 mmol C m™ d'') suggests a limited role of Phaeocystis in
carbon export.

e Large (>51 um) particles collected using large volume pumps presented relatively low bSi/POC ratios and,
therefore, diatoms did not appear to have an important ballasting role of Phaeocystis-derived material during
the observation period.

e 2 weeks after the peak of the bloom, the total amount of in situ NPP that reached 100 m below the euphotic
zone was only 6%. However, 3 weeks after the peak of the bloom, the value had increased to 30%. This
apparent change was driven primarily by a decline in NPP over the sampling period, highlighting how
sensitive the BCP efficiency determination is to temporal changes in NPP.

e Using satellite-derived NPP from the peak of the bloom until its end, we obtain an overall BCP efficiency of
6% supporting a low BCP efficiency system. We stress the importance of long-term observations of both NPP
and POC export for estimating meaningful BCP efficiencies. Future research including data from autonomous
platforms will elucidate how sinking fluxes might have changed after this ship-based observation study.

e The BCP efficiency of this Phaeocystis bloom is clearly lower than that found during the decline of either
diatom blooms or mixed diatom and Phaeocystis blooms (albeit with no bSi/POC information) in the North
Atlantic and Southern Ocean.

e To elucidate under which conditions Phaeocystis can be a good exporter, future research should include the
analysis of bSi and other ballasting minerals, if possible, in all particle size fractions. These measurements
will be key to shedding light on the role of the BCP in sequestering carbon in a future ocean where small
cells, such as Phaeocystis, will increasingly dominate phytoplankton communities (Finkel et al., 2010;
Passow and Carlson, 2012).
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