
communications earth & environment Article
A Nature Portfolio journal

Article in Press https://doi.org/10.1038/s43247-026-03968-0

Long-term stability of the North Water
Polynya and emerging productivity
hotspots driven by sea-ice arch dynamics
in Nares Strait
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Simon Bélanger2, Marcel Babin1, Karl Attard1,3 & Mathieu Ardyna 1

NaresStrait, at the southern edgeof theLast IceArea, is a key ecological gatewaywhere seasonal sea-
ice arches modulate ice export, stratification and light availability, shaping the timing and intensity of
phytoplankton blooms. Using two decades (2003–2023) of satellite sea-ice observations combined
with depth-resolved estimates of phytoplankton primary production, we identify two recurrent
productivity hotspots with contrasting temporal dynamics. Primary production in the North Water
Polynya (Pikialasorsuaq/Sarvarjuaq) remains remarkably stable over the satellite record, despite
pronounced interannual variability in sea-ice conditions. In contrast, a northern hotspot in Kennedy
Channel is highly variable and develops only under specific sea-ice arch configurations, with its spatial
footprint constrained by underlying local bathymetry. We also observe increasing production in the
northern strait, consistent with earlier ice retreat and longer open-water seasons. Together, these
results identify sea-ice arches as key physical regulators of ecosystem functioning at the gateway to
the Last Ice Area and provide new insights into the stability of the North Water Polynya and its role for
regional ecosystems and local communities under ongoing climate-driven environmental changes.

Arctic sea ice is undergoing a rapid decline in both thickness and extent,
driven by accelerated polar warming1,2. These changes fundamentally alter
the balance between light availability and nutrient supply, two key drivers of
primary production (PP) in polar marine ecosystems. Thinner and more
mobile ice favors earlier under-ice and sea-ice-free phytoplankton
blooms3–5. Conversely, enhanced stratification resulting from freshwater
inputs and surface warming can inhibit vertical nutrient replenishment,
ultimately limiting bloommagnitude6–9. At a pan-Arctic scale, recent studies
report a 30–50% increase in net primary production (NPP) over recent
decades, primarily attributed to longer open-water seasons and improved
light availability as ice retreats4,10,11. However, this global trend masks sig-
nificant regional contrasts, as PP is also shaped by nutrients inputs from
Pacific and Atlantic inflows9,12, lateral exchanges across shelves, and
upwelling along shelf breaks13–15. Whether Arctic ecosystems will transition
toward higher or lower productivity under continued warming remains an
openquestion and is likely to vary regionally. This uncertainty is particularly
pronounced in poorly studied regions, such as the Last Ice Area (LIA)

outflow shelf systemof theArcticOcean, where changes in sea ice cover and
sea-ice thickness influence underwater light availability and fluxes of
freshwater, but could also modify local biogeochemical conditions through
upwellings of nutrient-rich waters13.

Nares Strait, a narrow (~30 km) channel between Canada’s Ellesmere
Island and Greenland, is one of the five major gateways through which sea
ice is exported from the Arctic Ocean16 (Fig. 1a). Unlike the broader Fram
Strait, ice export through Nares Strait is dominated by multi-year ice
(MYI)17, and is strongly regulated by the seasonal formation of two ice
arches in Robeson Channel and Smith Sound18–20. These ice arches are large
consolidated packs of ice laterally anchored on the coast of narrow passages
where the circulation (here southward) stabilizes them. The ice thickness
associated with these arches varies between 0.5 and 2m20. These arches can
block ice transport for extended periods, effectively shielding the LIA
(Fig. 1a), identified as the Arctic region that is expected to lose its perennial
ice cover last, from the seasonally ice-free waters of northern Baffin Bay. It
has been hypothesized that ice arches act as ecosystem-structuring features,
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influencing phytoplankton bloom dynamics at the southern boundary of
the LIA by modulating ice export, stratification, and light penetration21,22.
However, this ecological role has yet to be demonstrated directly, leaving a
critical gap in our understanding of how physical processes shape marine
productivity in this region.

The North Water Polynya (NOW, Pikialasorsuaq/Sarvarjuaq) has
long been recognized as one of the most productive polynyas in the Arctic,
supporting large phytoplankton blooms and sustaining high biomass23,24

(Fig. 1). This latent heat polynya is maintained by the release of fusion heat
during the ice formation, which is advected with the strong winds and
currents18. Approximately half of the drifting ice within the polynya is
estimated to be thinner than 30 cm25. However, recent studies indicate
ecological shifts21,26, including a decline in PP27,28 and a reduced contribution
of diatoms to the phytoplankton community28. Several mechanisms have
been proposed to explain these trends, including enhanced ice export from
Nares Strait, reducing light availability and modifying stratification in the
polynya6,13,29. Here, we focus specifically on the role of sea-ice dynamics and
its influence NPP. These changes have significant implications for regional
ecosystems and the ecosystem services they support, frommaintaining one
of the Arctic’s richest food webs to sustaining the cultural and subsistence
practices of Inuit communities30. These concerns have generated strong
interest in better understanding the future trajectory of the NOW, both in
terms of Arctic marine ecosystems functioning and the livelihoods of the
communities that depend on them.

Contrary to previous observations of decline, our results show that the
annual PP in the NOW has remained relatively stable over the past two
decades, despite notable changes in ice-arch and sea-ice dynamics. To
reconcile this apparent discrepancy, we use two decades (2003–2023) of
satellite-derived sea-ice concentration (SIC) data with depth-resolved
phytoplankton PP estimates for the whole Nares Strait region. This
approach enables us to identify persistent productivity hotspots, assess their
contrasting sensitivities to ice-arch dynamics and bathymetric settings, and,
to the best of our knowledge, for the first time, demonstrate the role of sea-
ice arches as ecosystem structuring features at the southern gateway of
the LIA.

Results and discussion
Ice-arch dynamics drives primary production variability
Our analysis of the Nares Strait–Baffin Bay system between 2003 and 2023
highlights amarked spatial heterogeneity in annual PP, spanningmore than
two orders of magnitude (Fig. 1c). In the Lincoln Sea, values remain below
0.1 gCm−2 y−1, whereas recurrently ice-free waters in the NOW sustain
rates exceeding 60 gCm−2 y−1 (Figs. 1 and 2). This variability underscores
the tight coupling between PP, open-water area and light availability
(Supplementary Fig. 1), but here accentuated by local constraints (Fig. 2). As
the sea-ice retreats and the light availability increases, the annual PP is
increasing, consistent with pan-Arctic trends4,11,15 (Fig. 2a). The juxtaposi-
tion of perennial ice cover to the north with the highly productive NOW
downstream amplifies environmental gradients, locking northern sectors
into light-limited regimes while southern regions have been suggested to
transition rapidly toward nutrient limitation from a possible increased
stratification7,9,31,32. Beyond ice dynamics, lateral forcing fromoutlet glaciers,
ice-edge upwellings and the complex bathymetry of Kane Basin and Ken-
nedy Channel further modulate circulation and stratification, shaping
nutrient availability and reinforcing sharp contrasts in PP across this out-
flow shelf system33–36.

Two recurrent productivity hotspots emerge from the climatological
mean map (Fig. 1c) and the Hovmöller diagrams (Fig. 2c). The Southern
Hotspot, located near Smith Sound, corresponding to theNOWproductive
core, sustains the highest mean productivity (51.6 ± 0.2 gCm−2 y−1; see
Figs. 1 and3). This persistence suggests favorable local conditions, including
recurring thin-ice zones and stratification that reliably trigger under-ice
bloomswhilemaintaining sufficient nutrients15,37. Consistentwithmodeling
studies of landfast ice-edge upwelling38 and in situ measurements39, bloom
development is expected to initiate beneath thin ice near the ice edge, after
which phytoplankton is mainly advected southward by prevailing currents
and then captured by satellites. Contrary to theNOWthat has been defined
with physical processes37, we defined it using the remotely sensed primary
production (see “Method” in Section 3.2). In contrast, the northern hotspot
in Kennedy Channel near Cape Jackson exhibits lower average productivity
(27.4 ± 0.2 gCm−2 y−1; see Figs. 1–3) but pronounced interannual

Fig. 1 | General overview of theNares Strait–BaffinBay system. a Ice coverage and
surface/subsurface circulation in the Canadian Archipelago (yellow arrows for
relatively warm water masses and pink arrows for cold water masses). The red
dashed polygon represents the Last Ice Area defined by the World Wildlife Fund
Canada (WWF). The green polygon represents the study area. Bathymetry of Nares

Strait with different locations and the North Water polynya (b, black dashed
polygon). Annual mean climatology (2003–2023) of primary production across the
Nares Strait system, extending from the Lincoln Sea to the NorthWater Polynya (c);
with latitudinal bands used for the Hovmöller plots (see Fig. 2).
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variability. This northern feature is tightly linked to local conditions of thin
ice first described by Kane40 and more detailed by Kirillov et al.19,36. This
northernmost sensible heat polynya is explained by the tidal vertical mixing
near Cape Jackson, enhanced with the ice-edge upwelling and the cyclonic

eddy activity close to the landfast ice edge in the eastern side of Kane Basin,
i.e., PeabodyBay19,35,36,38,40,41. These conditions collectively generatewindows
of favorable light andnutrient conditions for bloomdevelopment. Together,

Fig. 2 | Sea-ice concentration and primary production. a Relationship between
annual NPP and the open-water area cumulated during the growing season
(April–October), with marker color indicating the opening day (OD) when the
Nares Strait SIC < 35% for a consecutive 3 weeks. The scatter plot includes a Sen
slope (s) with a Kendall rank coefficient (τ), and the asterisks (**) indicate

statistically significant correlation (p < 0.01). Daily means of sea-ice concentration
(b, top panel) grouped by arches scenarios and their associated annual primary
production associated (respectively, no arches, northern arch, and southern arch
scenarios), with a 50% SIC contour (blackline) and net primary production
(b, bottom panel) along latitude bands (Fig. 1c).

Fig. 3 | Climatological annual PP maps for years with contrasting ice-arch sce-
narios. a Open years with no ice-arch formation in the Nares Strait–Baffin Bay
system (2007, 2022). b Years with a persistent northern arch in Robeson Channel
(2009, 2010, 2017, and 2019). cClosed years with a persistent southern arch in Smith

Sound (2003, 2005, 2006, 2008, 2011, 2012, 2013, 2015, 2016, 2018, 2020, 2021, and
2023). White dashed polygons delineate the northern and southern hotspots iden-
tified using k-means clustering. Ice-arch scenarios are classified following Moore
et al.20 and Vincent18.
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these two regions exemplify how the interplay of sea ice, stratification, and
bathymetry structures PP at the gateway of the LIA.

Annual PP correlates significantly with the number of open-water
pixels during the productive season but not with the timing of break-up,
here defined as opening day (April–October; Kendall’s τ = 0.54,
Mann–Kendall test: p < 0.001; Fig. 2a). Yet the absence of a long-term trend
in PP (Kendall’s τ = 0.12, Mann–Kendall test: p > 0.05, see Supplementary
Fig. 2) may suggest that productivity trajectories at the LIA gateway are not
determined bymonotonic sea-ice retreat alone, but by the shifting interplay
of ice-arch stability, regional hydrography, bathymetric setting and vertical
mixing19,35,36.

Ice-arch control of productivity hotspots and bloom phenology
While the NOW is characterized by high annual productivity (Table 1 and
see Supplementary Fig. 3), finer-scale patterns reveal strong sensitivities to
ice-arch dynamics farther upstream in Kane Basin and Kennedy Channel.
Clustering analysis (Fig. 3 and see Section 3.4) distinguished two contrasting
regions: the NOW productive core, observed consistently across all years
with a stable PP, and the northern hotspot, which occurs intermittently
depending on ice-arch configuration Table 1.

Ice arches act as mechanical barriers to regulate ice floes entering the
strait and the timing of open-water conditions across the system. Con-
solidationof thenorthern arch inRobesonChannel suppresses downstream
ice flux, leading to prolonged open-water conditions in Kennedy Channel
and promoting the development of the northern hotspot, as observed in
2009, 2010, 2017, and2019 (see SupplementaryFig. 1).Conversely, failureof
the southern arch allows open-water conditions extend northward as early
as spring, advancing ice breakup in Kane Basin andKennedy Channel. This
favors the initiation of the northern hotspot bloom as early as May,
advancing the season by nearly 2 months compared to years when the
southern arch persists18,20. When both arches failed to consolidate (2007,
2022), ice floes persist across the strait, and the northern hotspot is less
productive. These different ice-arches scenarios determine the light avail-
ability in Kane Basin and drive the large interannual variability of the
northern hotspot.

Beyond affecting the magnitude of NPP, ice-arch dynamics also alter
the phenology of northern hotspot blooms21 by shifting their timing,
duration, and seasonal intensity, with potential consequences for food-web
coupling and carbon fluxes (Figs. 4 and 5). With a mean of 107 days
compared to 44 days (Mann–WhitneyU-test: p = 0.0001, Fig. 5), the bloom
duration of the highest amplitude peak in the northern hotspot significantly
extends in the absence of a southern arch. The bloom also occurs at a
significantly earlier datewithameandayof the year of 134, in contrast to202
(Mann–Whitney U-test: p < 0.001, Fig. 5) but also with a higher amplitude
with amean of 0.006 TgC d−1 compared to 0.002 TgC d−1 (Mann–Whitney
U-test: p < 0.001, Fig. 5). In addition, during open years, a fall bloom can be
detected in the northern hotspot further elevating the cumulative annual
NPP in the northern hotspot (0.408 TgC y−1 compared to 0.072 TgC y−1,
Mann–Whitney U-test: p < 0.001, Fig. 5). When the northern arch con-
solidates, annual NPP in the northern hotspot can significantly increase up
to 66.6 ± 0.3 gCm−2 y−1, nearly six times greater that observed in years with
a southern arch (Figs. 3 and 4).

Years of high productivity in the Nares Strait–Baffin Bay system (i.e.,
2007, 2009, 2016, 2017, 2019, and 2020) were linked to distinct environ-
mental forcing patterns. For instance, the 2009 season, characterized by a
long-lived northern arch and the early collapse of the southern arch, pro-
duced anomalously warm conditions42(+5 °C SST anomaly) and sustained
open water that favored prolonged NH blooms. Similarly, 2007 and 2019
were years when the southern arch failed to consolidate entirely, resulting in
a more open strait and consequently higher productivity. In contrast, the
2017 season combined thin ice and early collapse with unusual atmospheric
forcing linked to the breakdown of the Beaufort High43 (driven by the
anomalously warm autumn of 2016), which left the ice more fractured and
led to exceptional bloomconditions in thenorthernhotspot. Years 2016 and
2020, meanwhile, were associated with a large open-water area extending
northwards late in the season, which also supported elevated production.

Stability of the North Water Polynya productivity
By contrast, the productivity of the NOW productive core demonstrates
greater stability across all ice-arch scenarios, with an annual mean PP that
remains confined within a narrow range despite high SIC variability
upstream(Fig. 4).Onemight expect intensified and earlier northernhotspot
blooms to trigger cascading effects downstream,withnutrient depletion and
advective transport reducing NPP in the NOW productive core. Yet our
results indicate otherwise: NOW productive core PP remains decoupled
from the northern hotspot variability. This stability suggests that local
upwellings along the eastern side of Greenland described byDumont et al.41

dampen theNOWproductive core against upstream forcing, decoupling its
dynamics from northern variability. Notably, both open water and strong
upwelling in this regionhave longbeen recognized in Indigenousknowledge
systems: Pikialasorsuaq, in Kalaallisut, translates as “great upwelling,” and
Saravarjuaq refers to the “place that never freezes” in North Qikiqtaaluk/
Baffin Island Inuktitut44.

This resilience is consistentwith theNOW’s long-standing recognition
as the most productive polynya of the Northern Hemisphere, sustaining
intensephytoplanktonblooms and supportingoneof the richestArctic food
webs23,37. Due to its ecological and cultural significance, it has been the focus
of numerous studies examining phytoplankton dynamics and ecosystem
responses20,21,26,28,45. Several of these analyses reported either a decline in net
community production (NCP) or PP26,28, or a reduction in bloom magni-
tude despite earlier and longer bloom seasons21. In this study, we address
previous divergent findings using a depth-resolved PP approach applied to
an extended 21-year satellite record (2003–2023).

Unlike studies relying solely on surface chlorophyll from satellite ocean
color20,21, our approach integrates depth-resolved PP, explicitly accounting
for the subsurface chlorophyll maximum (SCM), which recurrently con-
tributes to total production in Arctic systems46. This methodological
refinement, in conjunction with an extended time series, partly explains the
contrast with earlier findings of decline21,28. This discrepancy may reflect a
sampling bias, particularly the underestimation of PP occurring deeper in

Table 1 | Annual PP of the total area, the northern hotspot, and
theNOWproductivecore (inTgC y−1) and their contributions to
the total PP (in %)

Year Northern hotspot (TgC y−1) NOW (TgC y−1) Total (TgC y−1)

2003 0.014 (0%) 1.686 (39%) 4.344

2005 0.070 (2%) 1.424 (44%) 3.223

2006 0.057 (1%) 1.781 (42%) 4.289

2007 0.369 (8%) 1.579 (33%) 4.719

2008 0.097 (2%) 1.645 (39%) 4.230

2009 0.443 (7%) 2.025 (31%) 6.557

2010 0.388 (8%) 1.611 (34%) 4.674

2011 0.156 (4%) 1.470 (40%) 3.720

2012 0.060 (1%) 1.862 (39%) 4.806

2013 0.036 (1%) 1.796 (42%) 4.257

2015 0.014 (0%) 1.547 (39%) 3.944

2016 0.111 (2%) 1.886 (33%) 5.643

2017 0.474 (8%) 1.741 (30%) 5.816

2018 0.014 (0%) 1.500 (37%) 4.004

2019 0.425 (8%) 1.445 (26%) 5.571

2020 0.166 (3%) 1.747 (34%) 5.202

2021 0.096 (2%) 1.446 (32%) 4.484

2022 0.349 (7%) 1.615 (34%) 4.693

2023 0.047 (1%) 1.885 (38%) 4.986
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the water column. Another study by Blais et al.28 based their conclusions on
in situ PP measurements made during CCGS Amundsen expeditions
between 2006 and 2011, but their dataset excluded the productive year 2009,
when PP reached unusually high values (Fig. 2 and Supplementary Fig. 3).
Similarly, Bergeron and Tremblay26 used a nutrient drawdown time series
(1997–2011) that pointed to decreasing NCP.When considering the longer
2003–2023 satellite-derived record, however, annual PP in theNOWshows
stability, with a slight positive trend of about +0.18 TgC per decade (see
SupplementaryFig. 3).This stability is consistentwith recent observationsof
rising nutrient concentrations in Arctic waters in Nares Strait47, which may
help sustain production despite ongoing sea-ice change.

Our results further confirm the broader stability of the system: PP
remains consistently high in the NOW productive core, regardless of ice-
arch configuration, with average values of 49.4 ± 0.2, 52.8 ± 0.2, and
51.7 ± 0.2 gCm−2 y−1 for no-arch, northern-arch, and southern-arch years,
respectively (Fig. 3). This is consistent withMoore et al.20 observations who
demonstrated that ice-arch scenarios (southern, northern, or no-arch) exert
little influence on ice opening andbiomasswithin theNOWitself.However,
their findingswere based on surface chlorophyll averages and not on depth-
integrated PP. This stability contrasts with the dependence of Kennedy
Channel productivity to ice-arch dynamics and highlights the NOW as a
resilient system within the LIA.

While the NOW as a whole generally shows stable PP over time
(Table 1 and Supplementary Fig. 3), localized spatial heterogeneity exists.
An area of recurrent elevated production is observed in its northern sector,
near Cape Alexander (Figs. 1 and 2), consistent with local upwelling and
cyclonic eddy activity41. These mechanisms underpin the system’s capacity
to sustain high PP across shifting ice regimes, reinforcing the NOW as a
critical ecological and cultural stronghold within the Last Ice Area (Table 1
and Supplementary Fig. 3). However, the resilience of the NOW represents
only one facet of amore complex arch-dependent productivity regime at the
Last Ice Area gateway.

Conclusions
Together, these contrasting hotspots—a transient, arch-dependent north-
ern hotspot and a resilient, locally sustained NOW productive core—
demonstrate that sea-ice arches act as ecosystem-structuring features that
can regulate the phenology, intensity, and spatial distribution of PP at the
southern gateway of the LIA. These dynamics carry direct implications for
the functioning and resilience of one of the Arctic’s most productive
polynyas.

The northern hotspot’s dependence on arch consolidation illustrates
the sensitivity of high-Arctic regions to shifting ice dynamics, highlighting
the vulnerability of this system to accelerating MYI loss and the potential
destabilization of these mechanical barriers. Its productivity is strongly

Fig. 4 | Hotspots PP phenology and SIC dynamics. Daily time series of PP (a, b) and SIC (c, d) in the northern hotspot (NH) and southern hotspot (SH). Years with a
consolidated southern ice arch are shown in blue, and years without are shown in red. Bold lines represent the mean for each scenario.
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correlatedwith the consolidationof thenorthernarchor the early collapseof
the southern arch, both of which determine the duration of the open-water
period and, consequently, light availability in Kane Basin. During open
years, the northern hotspot bloom occurs earlier (mid-June versus late
August; Figs. 4 and 5), with a significantly longer duration and the potential
for a secondary autumn bloom (Fig. 4). The NOW, in contrast, sustains
similar PP across ice-arch scenarios over two decades of observations,
confirming its role as a stable hotspot of productivity within an otherwise
variable system.

Taken together, these results demonstrate how sea-ice dynamics
influence primary production in an under-explored Arctic outflow. The
early phytoplankton blooms enabled by the reduced ice cover, coupled with
zooplankton growth, constitute an early food resource for benthic species,
fish, mammals, and birds21,48,49. These findings support recognizing the
NOW as not only a sustained productivity hotspot, but as a keystone eco-
system within the Arctic. The World Conservation Union (IUCN) has
already proposed to the United Nation Educational, Scientific and Cultural
Organization (UNESCO) to make it a Natural MarineWorld Heritage Site
(WHS) but also the Fisheries and Oceans Canada Department identified it
as an Ecologically and Biologically Significant Area (EBSA) due to the
importance for Arctic endemic species. Arctic mammals (e.g., Belugas,
Narwhals, Polar Bear, Walrus, Seals, and Bowhead Whale), fish (Arctic
Cod), and other species rely on the NOWand are important for indigenous
communities’ way of life50,51.

Given this ecological and cultural significance, protection of the NOW
should be prioritized through marine protected area initiatives and Indi-
genous stewardship45,51. Yet, its future is tied to the broader dynamics of the
LIA gateway. As Arctic ice regimes continue to evolve, monitoring the
development of the LIA gateway and the NOW in response to unstable ice
arches will be important for determining the future of these keystone yet
vulnerable ecosystems30.

Data and methods
Atmospheric and ocean color data
The Santa Barbara DISORT Atmospheric Radiative Transfer model52

(SBDART)was used, in accordancewith Bélanger et al. (2013)26, to generate

look-up tables (courtesy of Simon Bélanger). Subsequently, we use these
look-up tables to retrieve the incident spectral downwelling irradiance Ed
(0+, λ, t) at the sea surface (0+), with a 5 nm spectral resolution (λ) at 3 h
timesteps (t). The SBDART model inputs were solar zenith angle (θs) and
values of cloud fraction (CF) and total ozone concentration (O3) from
MODIS-Aqua (MYD08, https://ladsweb.modaps.eosdis.nasa.gov).

We used the Level-3 binned daily reflectances (Rrs) from the Ocean
Colour Climate Change Initiative sinusoidal version 6 product as inputs for
the Arctic-optimized version of the semi-analytical
Garver–Siegel–Maritorena algorithm (GSM) from Li et al.53 to generate
surface chlorophyll a concentration (Chl mgm−3) (OC-CCI v6.0)54. Pixels
with out-of-range values for the phytoplankton Chl-specific absorption
coefficient, spectral decay constant for colored detrital material absorption
(aCDM), and power-law exponent for the particulate backscattering spectra
from GSM were classified invalid and filtered out following Li et al.53. This
surface chlorophyll was used to process the different vertical profiles in
accordance with Ardyna et al. (2013)45. Then the OC-CCI v6.0 Rrs (MERIS
bands) were adjusted to generate the PP as in the Bélanger et al. (2013)26 PP
model, based on MODIS spectral bands. This involved shifting the Rrs at
490, 560, and 665 nm to 488, 555, and 667 nm, respectively, without car-
rying out any operations or modifications, and without any significant
impact on the results of the inherent optical properties (IOP)55. A linear
interpolation between 510 and 560 nm bands were applied to generate
Rrs(531). These modified Rrs (488, 531, 555, and 667 nm) were used as
inputs for the model.

Sea-ice concentration and ice arches
Daily sea-ice concentration at 12.5 km resolution for the period 2003–2023
was obtained from SSM/I data (CERSAT/Ifremer)56 using the ARTIST
algorithm57. Values outside the physical range (0–100%) were removed58,
and a 15% SIC threshold was applied tominimize contamination in ocean-
color retrievals near the ice edge21,59. Freeze-up and break-up (opening day)
were defined according to the adapted Kahru et al.60 methodology, which
defines the open-water period aswhen the ice fraction is below the threshold
of 15%SIC.Thismethodhasbeenadaptedwith amodified thresholdof 35%

Fig. 5 | Comparative phenological dynamics between open years (blue)— with a
southern ice arch—and closed years (red)—without a southern ice arch. Inter-
annual variability and comparison of bloom duration (a), start of the season (day of
year, b), peak NPP amplitude (c), and yearly NPP (d). Individual raw interannual

observations (white markers) are represented with the interquartile range (dotted
lines) and the median (dashed line). n = 6 (open) and n = 13 (closed) independent
years. P-values were determined by a two-sided Mann–Whitney U test.
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SICanda rollingwindowof 21days tofilter out short-lived oscillations in ice
cover21,60 (Supplementary Fig. 4).

We classified the years as either open (absence of southern ice arch) or
closed (presence of southern ice arch) following themethodology described
below. The mean SIC for each latitudinal band from April to June was
compared from2003 to 2023 (Supplementary Fig. 5). Thereafter, a k-means
clustering method model61, was employed to categorize each year based on
their latitudinal mean SIC gradient (Supplementary Fig. 5). A dendrogram
for hierarchical clusteringwas then applied to ascertain the optimal number
of clusters (Supplementary Fig. 5). The present classification is consistent
with those reported by Vincent18 and Moore et al.20. However, it should be
noted that the present approach highlights only the closed and open years
and does not explicitly distinguish no-arch scenarios (Supplementary
Fig. 5b). The terminology employed in this paper adopts a different set of
ice-arch classification scenarios. Ice-arch configurations are therefore
grouped following the framework from Vincent18 and Moore et al.20 into
three scenarios: a southern arch, when the ice arch is consolidated in Smith
Sound; a northern arch, when an ice arch formed in Robeson Channel; and
no arch, when neither structure developed during winter. These scenarios
capture the primary modes of interannual variability in ice dynamics that
modulate sea-ice export through Nares Strait.

TAKUVIK-UQAR primary production model
Primary production was estimated with a depth- and wavelength-resolved
model upgraded from Bélanger et al. (2013)26, as applied in Li et al.62 and
maintained by Takuvik & UQAR (2025)63. The upgraded version incor-
porates improved spatial resolution of atmospheric inputs and a resolution
of the vertical Chl a profiles followingArdyna et al. (2013)45, which captures
the typical subsurface chlorophyllmaximumfound in theArctic, andof IOP
profiles. The carbon fixation rate was calculated daily with the
photosynthesis–irradiance model of Platt et al.64:

PP ¼ Pmax
B

Z24h

t¼0

Zz100%

Z0:1%

ChlðzÞ 1� e�
PURðz;tÞ
Ek ðPURÞ

� �
dzdt;

Where Chl(z) is the Chl a concentration at depth z (mgm−3), PB
max is the

light-saturated Chl-normalized carbon fixation rate (mgCmgChl−1 h−1) set
to 2 based on fieldmeasurements in Arctic waters65,66. Ek(z) is the saturation
irradiance modeled here as a function of the spectrally resolved PUR (z, t)
(derived from the look-up table in μmol photon m−2 s−1). PUR(z), the
photosynthetically usable radiation (μmol photonm−2 s−1), is estimated as a
function of PUR followingHuot et al.66 calculated for each optical depth at a
3 h time interval following Arrigo et al.67. The calculated PP, integrated to a
maximum depth of 100m constrained by local bathymetry, was linearly
interpolated in timewith amaximum8-day slidingwindow.Years 2004 and
2014 were excluded due to cloudiness covering more than 50% of the ice-
free pixels during both spring and summer (Supplementary Figs. 6 and 7).

Statistical analysis
The k-means clustering method61, which has been previously applied in the
Amundsen Sea68, was applied to the maximum primary production value
per pixel subset for the identification of productivity hotspots. This unsu-
pervised classification algorithm partitions pixels into groups based on the
similarity of their feature values, here defined as the maximum annual
primary production across the time series. Because pixels are assigned
according to their distance frommean-based centroids, outliers can strongly
influence the clustering. To avoid abrupt pixel-to-pixel variations, we first
applied a 7 × 7 median filter to the climatological PP maps to smooth the
data and remove outliers before clustering.

We used the Sentinel Application Platform (SNAP)69 k-means cluster
analysis algorithm and the number of clusters from 2 to 11. The default
parameters for the random seed (rs = 31415) and number of iterations
(i = 30) were used to group pixels with similar production. Based on our
observations,we selectedk = 6 for the clustering, as this configuration clearly

highlights the two highly productive areas consistently observed across the
time series, with a cluster mean primary production of 47.6 ± 0.2 gC
m−2 y−1. Using k = 5 produces a very similar outcome, while increasing the
number of clusters beyond six does not alter the representation of the two
productive regions and offers little additional insight. A more exhaustive
analysis of the clustering procedure, including sensitivity tests for k, is
provided in the Supplementary Information (Supplementary Fig. 8).

The trendanalysis over the 21-year time serieswas performedusing the
Theil–Sen non-parametric method to remove autocorrelation and outliers
from the time series before calculating the trend26,70. To assess the sig-
nificance of the trends, we ran the non-parametric Mann–Kendall test. To
compare bloom characteristics—including start, duration, and amplitude—
between open and closed arch years, we applied the non-parametric
Mann–WhitneyU test,whichdoes not assumenormality and is appropriate
for small independent samples. Both the Mann–Kendall and
Mann–Whitney U test, along with the Theil–Sen slope estimator, were
conducted using the pyMannKendall and Scipy packages from the Python
library71.

Time-frequency bloom detection
To analyze seasonal variability in daily NPP, we used a Python-based time-
frequency decomposition using Scipy.signal Python library71 and visually
inspected the resulting spectrograms to confirm that the method captured
the relevant seasonal scales. A temporally resolved spectrogram was gen-
erated (Supplementary Fig. 9) using a Short-Time Fourier Transform
(STFT) with a 12-day sliding Hann window (nperseg) and 11-day overlap
(noverlap) to characterize the non-stationary seasonal signal while preser-
ving short-term variability72. The high overlap (11/12 = 92%) and 12-day
Hann window were chosen to ensure a smooth temporal resolution to be
able to capture a 2-week periodicity in NPP. To capture multi-day to sea-
sonal patterns, we removed high-frequency noise by summing the 3 lowest
frequencies and applied a 1D median filter to the envelope (scipy.-
signal.medfilt, kernel = 5).

Bloom eventswere identified from the filtered envelope using the Scipy
peak detection algorithm based on prominence (find_peaks). This algo-
rithmwas applieddirectly on theNPPsignal andon the envelope toevaluate
the improvements from the STFT approach (Supplementary Fig. 9). Peaks
were determined using a minimum temporal spacing of 30 days and a 10%
threshold of the annualmaximumamplitude to exclude smaller oscillations,
although secondary sub-peaks could persist in years with multi-modal
structure. The start and end of each bloomwere also defined using a relative
amplitude criterion, set at 20%of peak height, providing consistent duration
estimates even when NPP dampens to zero baseline. For each event, we
extracted the day of maximum productivity and the spectral magnitude of
the spectrogram if they were quality data. Our approach facilitates the
identification of one or more seasonal blooms and their duration, while
being insensitive to noise or large data gaps.

To evaluate the added value fromour STFTapproach, bloomdetection
results were compared against a simpler baseline method (see Supple-
mentaryFig. 9) inwhichpeakswere identifiedusing the samepeakdetection
criteria but applied on a Gaussian-smoothed NPP signal (σ = 5 days;
scipy.ndimage.gaussian_filter1d)71.

Differences in bloomcharacteristics betweenopen and closed southern
ice-arch scenario conditionswere evaluated for threemetrics: start dayof the
bloom with the highest amplitude (day of year), bloom duration, and peak
NPP amplitude. We used the non-parametric Mann–Whitney U for all
comparisons. Data distributions were visualized using a combination of
violin plots for the probability density of each metric supplemented with
strip plots of the raw data (Fig. 5). The density estimators were constrained
(cut = 0) to ensure biological plausibility for non-negative metrics. Com-
parative statistics were conducted at a 95% confidence interval (α = 0.05)

Data availability
Theoriginal datasets used to reproduce thefindingsof this study arepublicly
available on Zenodo for the primary production at https://doi.org/10.5281/
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zenodo.20028548. Sea-ice concentration data (12.5 km resolution grids of
sea ice concentration from the 85 GHz channel of SSM/I) are available from
IFREMER FTP servers at ftp://ftp.ifremer.fr/ifremer/cersat/products/
gridded/psi-concentration/data/arctic.

Code availability
The analysis of the model output was done using the open-source software
Python. Post-processing scripts will be provided upon request to the cor-
responding author. The model original code is available on Zenodo at
https://doi.org/10.5281/zenodo.14715624.
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