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RESEARCH ARTICLE

Zooplankton assemblages along the North American
Arctic: Ecological connectivity shaped by ocean
circulation and bathymetry from the Chukchi Sea
to Labrador Sea

Gérald Darnis'>* Maxime Geoffroy?*, Thibaud Dezutter”, Cyril Aubry’,
Philippe Massicotte*, Tanya Brown®, Marcel Babin®, David Cote®, and Louis Fortier’

We defined mesozooplankton biogeography in the North American Arctic to elucidate drivers of biodiversity,
community structure, and biomass of this key component of the Arctic marine ecosystem. A multivariate
analysis identified four mesozooplankton assemblages: Arctic-oceanic, Arctic-shelf, Coastal-Hudson, and
Labrador Sea. Bathymetry was a major driver of the distribution of these assemblages. In shallow waters,
Cirripedia and the copepod Pseudocalanus spp. dominated the Coastal-Hudson and Arctic-shelf assemblages,
which showed low species richness (19) and biomass (0.28 and 1.49 g C m~2, respectively). The Arctic-oceanic
assemblage occupied the entire North American Arctic, except for shallow breaks in the Canadian Arctic
Archipelago downstream of sills blocking the Atlantic Water layer circulation below a depth of 200 m. This
assemblage showed high copepod biomass (4.74 g C m~2) with a high share of Calanus hyperboreus, C. glacialis,
and Metridia longa. In habitats below 200-m depth, C. hyperboreus represented 68% of the copepod biomass,
underscoring its role as a keystone species in this ecosystem. Strong numerical representation by the boreal-
Atlantic C. finmarchicus and Oithona atlantica stressed the strong Atlantic influence on the subarctic
Labrador Sea assemblage on the northwestern Labrador Sea slope. The mixed Arctic-Atlantic composition
of the Labrador Sea mesozooplankton resulted in high species richness (58) and biomass (5.73 g C m~2). The
low abundance of Atlantic and Pacific taxa in the areas influenced by Arctic currents did not alter the Arctic
status of the Arctic-oceanic, Arctic-shelf, and Coastal-Hudson assemblages. This study identifies hotspots of
mesozooplankton biomass and diversity in Central Amundsen Gulf, Lancaster Sound, North Water Polynya and
Baffin Bay, known for their high biological productivity and concentrations of vertebrate predators. The
continental-scale zooplankton mapping furthers our understanding of the importance of bathymetry and
ocean circulation for ecological connectivity in a vast and complex portion of the Arctic marine ecosystem.

Keywords: Mesozooplankton, Ecological connectivity, Biodiversity, North American Arctic, Arctic marine
ecosystem

Introduction food web through the modulation of benthic-pelagic cou-
Zooplankton constitutes a crucial component of the Arctic  pling (Darnis et al., 2012); 2) biogeochemical cycling of
marine ecosystem, largely due to the different functional carbon, nitrogen, and other elements (Forest et al., 2011;
traits among a diversity of species. They contribute in  Darnis et al., 2017); and 3) flow of pollutants in the system
various ways to ecosystem processes, including: 1) tropho-  (Wang et al., 2018; Botterell et al., 2022). Arctic-endemic
dynamics in the pelagic food web, but also in the benthic species like the large copepods Calanus glacialis and C.
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hyperboreus can exert strong grazing pressure on primary
production in the top layer of the ocean (Tremblay et al.,
2006) and build up large lipid reserves for reproduction
and overwintering at depth (Falk-Petersen et al., 2009;
Darnis et al., 2019). In turn, these energy-rich organisms
with a pan-Arctic distribution constitute important prey
for key fish species like Arctic cod (Boreogadus saida; Bou-
chard and Fortier, 2020), but also planktivorous birds
(Pedersen and Falk, 2001; Karnovsky et al., 2011), and the
bowhead whale (Carroll et al., 1987). Other numerically
dominant small zooplankton taxa are essential prey for
larval stages of carnivorous zooplankton and fish, and they
also contribute greatly to organic matter remineralization
in the water column (Darnis and Fortier, 2012; Halfter
et al., 2020).

The geographic distribution of planktonic organisms
across the pelagic realm is primarily regulated by large-
scale ocean circulation (Oziel et al., 2020; Richter et al.,
2020). Ocean currents are in turn generated by a complex
interplay of physical processes involving the Coriolis
effect, winds, waves, tides, differences in temperature,
salinity, atmospheric pressure, and coastal and bottom
topography. At high latitudes, sea ice affects underlying
currents by modifying the momentum transfer from the
atmosphere to the ocean and changing water properties
through seasonal melting (Schulze and Pickart, 2012;
Armitage et al., 2020). The vertical distribution and migra-
tions of zooplankton through the water column also
impact their transport across, or retention in, habitats
where current shifts occur or where water layers set the
conditions for current shears (Kimmerer et al., 2014). The
complexities of seawater current patterns and dearth of
oceanographic data make the study of the effect of trans-
port mechanisms on zooplankton geographic distribution
an extremely challenging endeavor in the Arctic. Nonethe-
less, studies at a regional scale have shown that environ-
mental variables informing about water mass origin and
vertical distribution, such as bathymetry, salinity, temper-
ature, and water chemistry, could explain some of the
variability in zooplankton community structure in the
Chukchi and Beaufort seas and Hudson Bay (Rochet and
Grainger, 1988; Darnis et al., 2008; Pomerleau et al., 2014;
Smoot and Hopcroft, 2016).

A holistic description of zooplankton biogeography
across large arctic marine ecosystems will contribute to
understanding ecological connectivity in this region
(Hillman et al., 2018) and facilitate predictions of ecosystem
responses to stressors such as climate change. While local
studies have described zooplankton community structure,
abundance and biomass distribution in different habitats of
the North American Arctic (Fortier et al., 2002; Ringuette et
al., 2002; Ashjian et al., 2003; Hopcroft et al., 2005; Darnis
et al., 2008), a lack of large-scale perspectives on zooplank-
ton assemblages remains. This study provides a comprehen-
sive assessment of mesozooplankton biogeographic
patterns, in particular zooplankton community and bio-
mass distribution, based on 409 sampling stations across
the North American Arctic and eastern Subarctic, from the
northern Chukchi Sea to coastal Labrador. We addressed the
expectation that the Pacific and Atlantic influences on the

Darnis et al: Zooplankton biogeography in the North American Arctic

western and eastern sides of the North American Arctic,
respectively, create a longitudinal gradient in the zooplank-
ton community structure. The potential influence of envi-
ronmental factors on the distribution of zooplankton
assemblages and key taxa were assessed to identify the
main drivers of mesozooplankton community structure.

Methods

Study area

The maritime region under study is approximately
2,500,000 km? and spans a distance of 12,000 km from the
westernmost station north of the Bering Strait to the south-
easternmost one on the Labrador coast (Figure 1). From
west to east, recognisable areas include: 1) the northern
Chukchi Sea; 2) the shelf to basin areas of the Beaufort Sea,
extending to the deep southern part of the Canada Basin; 3)
the intricate network of channels of the Canadian Arctic
Archipelago (CAA); 4) the North Water Polynya at the north-
ern tip of Baffin Bay; 5) Baffin Bay, excluding the west Green-
land shelf; 6) the Hudson Complex, grouping Foxe Basin,
Hudson Strait and Hudson Bay; 7) the northwestern slope
of the Labrador Sea, along a longitudinal transect centered
on 60.46°N; and 8) four Labrador northern fjords (Figure 1;
Table S1). Several sills of varying depths (18—675 m) cut the
study region across narrow straits, starting with the Bering
Seato the west and ending with the much deeper Davis Strait
to the southeast (Figure 1a).

Generally, the water column of the North American
Arctic is stratified and composed of three main layers: the
Polar Mixed Layer (0-50 m deep) of variable salinity and
locally influenced by freshwater from rivers and sea-ice
melt, the Pacific Halocline (50-200 m), and the relatively
warm (>0°C) and saline Atlantic Water (>200 m) in deeper
areas (Carmack and Macdonald, 2002). Pacific Water flows
northward through the shallow and narrow Bering Strait
(approximately 50 m deep and 80 km wide; Figure 1a).
Flow through the CAA is complex and far from being fully
resolved (McLaughlin et al., 2004). Because of the differ-
ence in sea levels, the flow direction is a generally south-
eastward from the Chukchi Sea and deep Canada Basin of
the Arctic Ocean through the CAA, connecting the Beau-
fort Sea Gyre with its large freshwater reservoir and the
western Labrador Sea (Rudels, 2015; Zhang et al., 2021).
Due to the shallow topographic obstacles along the way,
the Atlantic Water from the Arctic Ocean cannot flow
through the CAA (Niemi et al., 2019). However, upper-
slope water intrusions have been observed over the
Canadian Beaufort Sea, Lancaster Sound and the North
Water (see figure 1A of Bluhm et al., 2020). At the eastern
border in Baffin Bay, the West Greenland Current flows
from the Atlantic toward northern Baffin Bay along the
west coast of Greenland (Miinchow et al., 2015). Arctic
water enters Hudson Bay through the shallow and narrow
Fury and Hecla Strait in northern Foxe Basin and through
northern Hudson Strait, while the outflow of water from
the Hudson Complex is mainly through southern Hudson
Strait (Loewen et al., 2020). The annual mean circulation
in Hudson Bay remains cyclonic, because of the strong
currents in autumn and winter and despite the weak anti-
cyclonic flow in summer (Ridenour et al., 2019). Discharge
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Figure 1. Near-surface circulation, sill locations, and zooplankton stations in the North American Arctic.
(a) Schematic of water circulation adapted from Cuny et al. (2002), McLaughlin et al. (2004), Niemi et al. (2019), and
Ridenour et al. (2019). Numbers in white font next to short black lines indicate sill depth. (b) Location of zooplankton
stations sampled from 2005 to 2018 during the ArcticNet annual campaigns. Orange stars indicate locations of
stations for the time series of ice concentration illustrated in Figure S1. Regions abbreviated: Amundsen Gulf (AG),
Baffin Current (BC), Barrow Strait (BaS), Bering Strait (BeS), Coronation Gulf (CG), Davis Strait (DS), Foxe Basin (FB),
Fury and Hecla Strait (FH), Gulf of Boothia (GB), Cape Bathurst Polynya (CBP), Hudson Strait (HS), Labrador Current
(LC), Labrador fjords (LF), Larsen Sound (LrS), Lancaster Sound (LnS), Mackenzie Shelf (MS), M'Clure Strait (MSt), North
Water Polynya (NWP), Nares Strait (NS), Point Barrow (PB), Queen Elizabeth Islands (QEI), Queen Maud Gulf (QMG),
Viscount Melville Sound (VMS), and West Greenland Current (WGC).
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of large river systems strongly affects temperature, salinity,
colored dissolved organic matter, ambient light, ice
dynamics, and pelagic primary production in several shal-
low neritic sectors of the study region, including the Mack-
enzie Shelf, South Kitikmeot, and Hudson Bay (Carmack
and Macdonald, 2002; Tremblay et al., 2019; Dezutter et
al., 2021). On the southeastern limits of the study region,
the northwestern Labrador Sea is considered a confluence
area under the influences of both the cold southward-
flowing Labrador Current and a section of a recirculation
cell of the North Atlantic and West Greenland Current
(Cuny et al., 2002).

Sea ice coverage in the North American Arctic is a mix-
ture of seasonal and multiyear ice (Michel et al., 2015).
Most of the multiyear ice originates from the central pack
ice and flows from the Arctic Ocean through M'Clure
Strait, the Queen Elizabeth Islands passages, and Nares
Strait once the landfast ice in the CAA has melted during
spring—autumn (Howell et al., 2013). The regime of sea-
sonal ice cover is extremely variable, spatially and tempo-
rally, over this vast region and the duration and extent of
sea ice has decreased considerably in the past decades
(Mudryk et al., 2018). The northwestern portion of the
Parry Channel, including M'Clure Strait and Viscount Mel-
ville Sound, has the thickest sea ice and longest ice dura-
tion of the study region, whereas the easternmost stations
in the North Atlantic Labrador Sea are almost ice-free year-
round, being at the limit of the North American seasonal
ice perimeter (Environment and Climate Change in
Canada, 2021).

The North American Arctic is considered oligotrophic,
with short phytoplankton blooms constrained to the
spring—summer period (Michel et al., 2015). However,
some areas are recognized for their high biological pro-
duction, such as the Cape Bathurst Polynya and central
Amundsen Gulf in the southeastern Beaufort Sea, Lancas-
ter Sound, and the North Water Polynya in northern Baffin
Bay (Ardyna et al., 2011). The annual pelagic primary pro-
duction in the subarctic Labrador Sea is similar to the
estimates made in the areas mentioned above (Tremblay
et al., 2006; Forest et al., 2011; Harrison et al., 2013). On
the other hand, annual primary production is low in the
Canada Basin, Hudson Bay, and South Kitikmeot which
comprises the Queen Maud Gulf area at the centre of the
CAA (Lee and Whitledge, 2005; Tremblay et al., 2019; Back
et al., 2021). The annual cycle of photosynthetically based
primary production is initiated by ice algae when suffi-
cient photosynthetically active radiation (PAR) reaches the
bottom of sea ice in early spring. An under-ice phytoplank-
ton bloom may start after snow melt above first-year sea
ice, followed by open-water blooms if nutrient concentra-
tions remain high enough in the surface layer (Ardyna and
Arrigo, 2020). As nutrients get consumed and depleted
throughout the ice-free season, subsurface chlorophyll
maxima form and follow a deepening nitracline (Martin
et al., 2010).

Remote sensing
Daily-average sea ice concentrations were retrieved at a spa-
tial resolution of 12.5 km from the Centre ERS d'Archivage
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et de Traitement (CERSAT) of the French Research Institute
for the Exploitation of the Sea (e.g., see methods in Dezut-
ter et al., 2021). Annual surface chlorophyll-a (Chl-a) con-
centrations were extracted from MODIS-Aqua at a spatial
resolution of 4 km (https://oceancolor.gsfc.nasa.gov/).
Chl-a derived from the Garver—Siegel Maritorena (GSM)
algorithm was preferred over the band-ratio algorithm
because it performs better in coastal areas influenced by
terrestrial inputs (Clay et al., 2019).

Sampling
This work builds on a large dataset collected from 2005 to
2018 as part of the ArcticNet collective multiannual field
programs across the Canadian Arctic (Table S1). In 2014,
transit through the Bering Strait from the Pacific allowed
sampling in the northern Chukchi Sea, western Beaufort Sea,
and deep Canada Basin, Western Arctic. The annual sampling
period changed from year to year. The earliest and latest
sampling days were June 1 (in 2018 in Hudson Strait) and
November 13 (in 2009 in Anaktalak fjord in Labrador),
respectively. The biogeographic study is based on 409 zoo-
plankton samples collected at 283 geographic sites. Forty-
four of these sites spread throughout the Canadian Arctic
were sampled several times over the 14 years of the study.
Zooplankton sampling procedures are described in
Darnis et al. (2008) and Darnis and Fortier (2012). Most
of the zooplankton samples were collected using a 4-net
sampler consisting of four 1-m?* aperture, 4.5-m long,
conical-square plankton nets (two nets of 200-um mesh
and two of 500-um mesh size) mounted side by side on
a 2x2-m metal frame. For <9% of the deployments, a
0.5-m? square aperture Hydrobios Maxi® multinet sam-
pler was used instead of the 4-net sampler. The multinet
carried nine 4.5-m long nets of 200-um mesh size. Nets
of both gears were fitted with 2-L rigid codends and the
samplers were deployed in the same way. The multinet
casts were done at various sites covering a large part of
the study region, from the Beaufort Sea to the west, to
Baffin Bay and the Labrador Sea to the southeast. Imme-
diately after the CTD cast, the sampler was lowered
codend first to avoid filtration on the downward trajec-
tory. After a 1-min pause at 10 m above the sea floor, the
sampler was hauled vertically to the surface at a speed of
0.5 m s~ '. The nine nets of the multinet were deployed
sequentially to assess zooplankton vertical distribution,
described by Darnis and Fortier (2014). Due to many
technical malfunctions of the different flowmeters
mounted on the two sampling gears, we assumed
100% filtration efficiency by the nets. Upon retrieval,
macrozooplankton (large amphipods, euphausiids,
medusae and fish larvae) were removed, as they are not
sampled quantitatively by the vertical tows. For this
study, only the samples from the 200-um mesh nets of
the 4-net sampler and multinet were preserved in
a borax-buffered seawater solution of 4% formaldehyde
for taxonomic identification. A Sea-Bird SBE 911plus CTD
system with an auxiliary SeaPoint chlorophyll fluorome-
ter, integrated with a carousel water sampler, provided
water-column profiles of salinity, temperature, and
fluorescence.
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Laboratory analysis

The formalin-preserved samples were rinsed, size-
fractionated on a 1000-um sieve, and resuspended in dis-
tilled water. Successive aliquots were taken from the 200-
1000-pum size fraction using a Henson-Stempel pipette,
and the 1000-pm fraction using a Motoda splitting box,
until 300 animals from each fraction were counted and
identified to species or to the lowest possible taxonomic
level under the stereomicroscope. Only the prosome
length of copepods was measured and recorded for mor-
phometric purposes. The congeneric species Calanus gla-
cialis from the Arctic and the subarctic-Pacific C.
marshallae were pooled in a single C. glacialis taxon
because of uncertainties in differentiating them. For sim-
ilar reasons, members of the genus Microcalanus and Pseu-
docalanus were not identified to species. Carbon content
for each copepod taxon was calculated using published
prosome length-mass relationships for arctic zooplankton
(Mumm, 1991; Hopcroft et al., 2005; Forest et al., 2010).
Each sample from the water-column stratifying multinet
sampler was processed as described above, and the zoo-
plankton counts from the different layers at a station were
pooled to estimate a water-column integrated abundance
of individuals (ind) per meter squared.

Data analysis

Patterns in zooplankton community structure were
explored through multivariate analyses using a species
by station matrix of water-column integrated abundance
from the 200-pum plankton net vertical tows pooled across
all years. The multivariate analyses were conducted using
the PRIMER V6® software package (PRIMER-E Ltd, Ply-
mouth, UK). The integrated abundance was expressed as
a proportion (the ratio of taxon abundance to total abun-
dance) to attenuate the effects of large variation in filtered
volumes due to the extensive depth range (26—3860 m;
Darnis et al., 2008). The proportion matrix was square-root
arcsine-transformed to balance the weights between
highly abundant taxa and taxa likely to have been under-
sampled (appendicularians, cnidarians and ctenophores).
Station similarity in zooplankton composition was
assessed using the Bray-Curtis similarity index (Bray and
Curtis, 1957). A cluster analysis using the group average
mode was applied to the resemblance matrix to identify
groupings of stations based on similarity in zooplankton
composition. Significant faunal clusters were identified
using the SIMPROF routine (significance at o = 0.05). A
non-metric multidimensional scaling (NMDS) ordination
was applied to the same similarity matrix to produce
a visual representation of the faunal similarities of the
stations in two dimensions. The NMDS ordination is asso-
ciated with a stress coefficient that measures the diver-
gence between the data and its representation. A stress
value <0.2 generally indicates a good representation of
the proximity of taxonomic composition for all pairs of
samples (Clarke and Warwick, 2001). The similarity of per-
centage (SIMPER) routine was carried out to identify the
taxa most responsible for the intra-assemblage similarity
and dissimilarity among zooplankton assemblages
revealed by the cluster and NMDS analyses.
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Two approaches were taken to identify the environ-
mental conditions that influenced the geographic distri-
bution of the zooplankton assemblages. First, multiple
linear regressions were made to relate environmental data
to the coordinates of the stations on the ordination pro-
duced by the NMDS, following Kruskal and Wish (1978).
Each environmental variable was used as the dependent
variable and the coordinates for the two axes of the
NMDS plot, summarizing the ecological data, as the inde-
pendent variables. The environmental variables consid-
ered included station depth, water-column mean
salinity, temperature, and mean fluorescence, surface
(0—10 m) salinity and temperature, mean annual surface
Chl-a concentration, depth of fluorescence maximum,
day of sampling, year of sampling, latitude, longitude,
summer ice-free season, ice-free period from ice breakup
to zooplankton sampling, ice breakup day (i.e., first day
of year when ice was <50%). The times when sea ice
reached 50% concentration were used to indicate ice
breakup and freeze-up in our study region (Darnis et al.,
2008). For the second analytical approach, the BEST/
BIO-ENV function of the PRIMER software and Spearman’s
rank correlation coefficient were used to explore correla-
tions between the above environmental variables and the
biotic similarity matrix.

Results
Environmental conditions
The annual time series of ice concentration from 2005 to
2018 at selected sites across the section studied illustrates
the large spatial, seasonal, and interannual variability in
ice coverage over the study region (Table 1; Figure S1).
The Stations 186, 145, and 199 (Table S1) showed the
shortest ice-free seasons averaged over the years 2005—
2018 (<100 days) in Viscount Melville Sound on the north-
western branch of the Northwest Passage, the South Kitik-
meot on the southwest branch of the Northwest Passage,
and Barrow Strait at the centre of the CAA, respectively.
Station 186 also had the latest sea-ice breakup and earliest
freeze-up (Table 1). At the western border of the CAA,
Station 66 on the Mackenzie Shelf and Station 111 in
Amundsen Gulf showed sea-ice regimes similar to Station
215 in Lancaster Sound at the eastern border of the CAA,
with ice breakup in late May—early June and freeze-up in
late October—early November. On a north—south gradient
in the eastern part of the study region, the open-water
season in the high Arctic North Water (Station 256) lasted
longer than at the Lancaster Sound station and at Station
305 along the coast of Baffin Island, located almost 10
degrees of latitude south of the polynya station. The
northernmost station had the earliest sea-ice breakup
(mid-May) of the 11 selected stations across the study
region. However, the subarctic stations in Hudson Strait
and in Saglek Fjord of the Labrador Sea had the latest
freeze-up and the longest open-water season.
Bathymetry varied from 26 m (Foxe Basin in 2017) to
3860 m (Canada Basin in 2014) along the track of the
ship, which differed across years (Figures 2, 3, and S2).
Throughout the sampling areas and years, the thin Polar
Mixed Layer at the top of the water column was
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Table 1. Average dates + standard deviation of sea-ice breakup, freeze-up, and duration of the ice-free season
in the North American Arctic and eastern Subarctic over the annual cycles of 2005-2018

Ice Breakup Date

Ice Freeze-Up Date Ice-Free Season

Region Station® (Julian Day) (Julian Day) (Days)

Mackenzie Shelf 66 156 + 23 300 + 08 144 + 25
Amundsen Gulf 111 154 + 25 308 + 06 154 + 23
South Kitikmeot 145 203 + 06 299 + 07 96 £ 12
Viscount Melville 186 233+ 14 262 + 10 29 £ 19

Sound

Barrow Strait 199 186 + 37 282 £ 11 96 + 40
Lancaster Sound 215 147 + 13 292 + 07 145 + 17
North Water Polynya 256 132 + 10 300 + 09 168 + 15
West Baffin Bay 305 200 £ 11 320 £ 07 119 + 14
Hudson Strait 316 159 + 12 348 + 14 189 £ 22
Central Hudson Bay 359 183 + 08 339 £ 06 156 + 07
Coastal Labrador 387 157 + 20 372+ 14 215+ 24

3Station locations and sampling dates provided in Table S1.

characterized by variable temperature (Figure 2) and
salinity levels (Figure 3), varying with the location and
date of sampling. This variability was particularly evident
for surface salinity, which tended to be low (25-30) in
areas influenced by sea-ice meltwater and/or river plumes,
such as the Mackenzie Shelf, deep Canada Basin, South
Kitikmeot, and Hudson Bay. Below the Polar Mixed Layer,
the Pacific-origin Halocline had much more constant tem-
peratures and salinities until about 200-m depth and
could be observed from the west of the study region to
the southeast, except in the Labrador Sea. With tempera-
tures ranging from 0 to —1.7°C and salinities of 32—33,
the Pacific Halocline was usually colder and more saline
than the Polar Mixed Layer at the time of sampling and
was situated above the Atlantic-origin Water mass where
they overlapped. This Atlantic Water was characterised by
above-zero temperatures and salinities >34, both higher
than in the Polar Mixed Layer and Pacific Halocline. The
Atlantic Water extended to depths of 1000 m where
bathymetry allowed.

The surface Chl-a concentration, averaged over the ice-
free period of each year, was low (1.14 + 3.07 mg m?)
and remained below 5 mg m~? across most of the North
American Arctic (Figure 4). Values above this threshold
were found only in a few delimited shallow coastal areas,
including Point Barrow to the west, the inner Mackenzie
Shelf, eastern Queen Maud Gulf, and southern Hudson
Bay.

Zooplankton abundance and biomass

The distribution of total zooplankton abundance showed
high within-region variability but no obvious large-scale
geographic patterns (Figure 5). The lowest integrated
abundances (<10,000 ind m~?) were observed over the
Beaufort shelf and slope, and in Hudson Bay, whereas the

highest abundances (>400,000 ind m~2) were recorded in
the Chukchi Sea, Amundsen Gulf, Queen Maud Gulf in the
South Kitikmeot, Hudson Bay, and Labrador fjords. From
the 201 mesozooplankton taxa identified in the 409 sam-
ples analyzed, only 14 taxa had an individual share of the
zooplankton composition that was >1% of total abun-
dance, averaged over the entire dataset (Table S2). The
small copepod Oithona similis was the most abundant
species and accounted for 29% of the entire zooplankton
composition.

The oceanic taxa Microcalanus spp., Triconia borealis,
Metridia longa, and Calanus hyperboreus combined had
a share of 39 + 15% (mean * 1 standard deviation, SD)
of the composition in the regions >200 m in depth,
including the Canada Basin/Beaufort Sea, western and
eastern borders of the Canadian Arctic Archipelago, Baffin
Bay, and the centre of Hudson Strait (Figure 5; Table 2).
Conversely, this group of species comprised only 15 +
15% of the composition over the Chukchi Sea, South-
Kitikmeot, Barrow Strait, Hudson Bay and Labrador fjords,
all areas shallower than 200 m. By contrast with the oce-
anic taxa, the neritic Pseudocalanus spp. was more preva-
lent in the assemblage over the regions <200 m in depth,
where this species complex made up 33 + 19% of the
assemblage by numbers, compared to 12 £ 10% at
the 209 stations in the depth range of 200-3860 m. At
the offshore stations in the Labrador Sea, Pseudocalanus
spp. comprised only 1.3 + 1.6% of the numerical compo-
sition, a small contribution compared to the 14 + 8 and
10 + 4% by the North Atlantic Calanus finmarchicus and
Oithona atlantica, respectively, in this southernmost part
of the study region on the Atlantic side. The large North
Pacific copepods Eucalanus bungii, Metridia pacifica, and
Neocalanus spp., were found in less than 1% of the sta-
tions sampled (Table 2). Only one specimen of Neocalanus
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Ocean Data View

Distance (km)

Figure 2. Time-depth sections of temperature in the North American Arctic from 2005 to 2018. All annual
sections from the northwesternmost station to the southeasternmost station (see Figure S2). Annual variations of
track distances are not shown on the x-axis. The Mackenzie Shelf (MS), South Kitikmeot (SK), Hudson Bay (HB), and
Canada Basin (CB) are labelled to illustrate the strong influence of river runoff and meltwater on surface hydrography,
and the Labrador Sea (LS) for the larger influence of the Atlantic Water layer south of Davis Strait.
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Figure 3. Time-depth sections of salinity in the North American Arctic from 2005 to 2018. All annual sections
from the northwesternmost station to the southeasternmost station (see Figure S2). Annual variations of track
distances are not shown on the x-axis. The Mackenzie Shelf (MS), South Kitikmeot (SK), Hudson Bay (HB), and
Canada Basin (CB) are labelled to illustrate the strong influence of river runoff and meltwater on surface
hydrography, and the Labrador Sea (LS) for the larger influence of the Atlantic Water layer south of Davis Strait.
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Figure 4. Distribution of annual mean surface Chl-a concentration across the North American Arctic. Circle
size indicates Chl-a concentration, from 0.10 to >5.00 mg m 3. Regions by abbreviation: Amundsen Gulf (AG), Barrow
Strait (BaS), Bering Strait (BeS), Cape Bathurst Polynya (CBP), Coronation Gulf (CG), Davis Strait (DS), Foxe Basin (FB),
Fury and Hecla Strait (FH), Gulf of Boothia (GB), Hudson Strait (HS), Labrador fjords (LF), Lancaster Sound (LnS), Larsen
Sound (LrS), Mackenzie Shelf (MS), M'Clure Strait (MSt), North Water Polynya (NWP), Nares Strait (NS), Point Barrow
(PB), Queen Elizabeth Islands (QEI), and Viscount Melville Sound (VMS).

spp. was identified at a station in the Chukchi Sea, while
each of the other two species was found in low numbers
at three stations in the Chukchi/western Beaufort Sea
region in 2014. Euryhaline taxa indicative of brackish
estuarine waters, such as Acartia spp., Centropages spp.,
Eurytemora spp. and Limnocalanus spp., were generally
found at specific sites in the Chukchi and Beaufort Sea,
South Kitikmeot, Barrow Strait, Hudson Bay, and the Lab-
rador fjords. The occurrence of the three latter taxa was
always sporadic, whereas Acartia spp. figured among the
co-dominant taxa in Hudson Bay and in the Labrador
fjords. Cirripedia meroplankton contributed >10% of
zooplankton abundance at 23 stations <200 m in depth,
among which 19 were in Hudson Bay (Figure 5;
Table 2).

The spatial distribution of copepod biomass (Figure 7)
showed obvious geographic disparities not observed for
the distribution of zooplankton abundance (Figure 5).
The mean biomass over the areas shallower than 200 m
(including Chukchi and Beaufort shelves, South Kitikmeot
region, Barrow Strait, Hudson Bay, and the Labrador Okak
and Anaktalak fjords) was more than 4 times lower than in
the deeper areas (Mackenzie continental slope, Amundsen
Gulf, Lancaster Sound, North Water, Baffin Bay, Hudson
Strait, and Labrador Sea), with 1.3 + 1.7 versus 6.2 +
3.9 g C m?, respectively. In regions repeatedly surveyed
during the multi-year study period, the South Kitikmeot
(3 sampling years, 46 stations and mean depth of 78 +
31 m) and Hudson Bay (3 sampling years, 51 stations and
mean depth of 111 + 56 m) hosted copepod biomasses of

0.7 £ 0.5and 0.5 + 0.5 g C m™?, respectively. These values
were 8 to 10 times lower than estimates for the ArcticNet
long-term observatories in the Amundsen Gulf (8 sam-
pling years, 31 stations and mean depth of 425 *
132 m) and the North Water (9 sampling years, 32 stations
and mean depth of 480 + 128 m) that hosted biomasses
of 6.2 = 3.6 and 7.9 + 3.9 g C m™?, respectively.
Furthermore, the large copepods Calanus hyperbor-
eus, C. glacialis, and Metridia longa generally exceeded
80% of the biomass but <15% of the abundance, while
the much smaller copepods Oithona similis, Pseudocala-
nus spp., Microcalanus spp., and Triconia borealis
contributed >65% of the numerical composition but
only 12% of the biomass in the entire study region
(Figures 5 and 7). C. glacialis, C. hyperboreus, Pseudo-
calanus spp., and M. longa accounted for 35, 31, 17, and
7%, respectively, of the copepod biomass in the areas
shallower than <200 m. On the other hand, C. hyper-
boreus alone made up 68% of the biomass where
depths were >200 m, followed by C. glacialis and M.
longa (15 and 11%, respectively). Pseudocalanus spp.
had a low contribution of <1% in the deep zones of
the study region. In Amundsen Gulf and the North
Water, on either side of the CAA, biomass compositions
were similar and illustrative of biomass of the deep
areas described above. However, compositions clearly
differed between the shallow areas of the South Kitik-
meot at the centre of the CAA and Hudson Bay on the
southeast subarctic side of the study area. In Hudson
Bay, the contribution of Calanus spp. to biomass was
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Figure 5. Contribution of main taxa to water-column integrated zooplankton abundance in the North
American Arctic. The 409 stations sampled in the Western Arctic, including: (a) the Chukchi Sea (CS), Canada
Basin (CB), and Beaufort Sea; (b) the Canadian Arctic Archipelago from Amundsen Gulf and South Kitikmeot to
Barrow Strait and Lancaster Sound; (c) Baffin Bay from north to south; (d) the Hudson complex comprising Hudson
Strait, Hudson Bay, and Foxe Basin (FB); (e) Labrador fjords, including Nachvak (NF), Saglek (SF), Okak (OF), and
Anaktalak fjords (AF); and (f) the Labrador Sea, superimposed on the bathymetry of the respective regions of the
American Arctic and Subarctic. Note the different scales of the abundance axis for the Labrador fjords and Sea.

half the contribution in the South-Kitikmeot, whereas
biomass of Pseudocalanus spp. was double. Further-
more, the individual shares of the small copepods

Triconia borealis, Microcalanus spp., and Oithona similis
were 17, 10 and 3 times higher, respectively, in Hudson
Bay than in the centre of the CAA.
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Table 2. Taxa characteristic of the four main zooplankton assemblages® of the North American Arctic and
eastern Subarctic, with total abundance, copepod biomass and diversity indices

Abundance (x10° ind m?) Contribution (%)

Taxon Occurrence (%)° LS CH AOc AS IS CH AOc AS
Oithona similis 99 45.3 10.4 41.1 53.9 30 8 31 27
Pseudocalanus spp. 100 2.1 16.1 18.4 94.3 1 13 14 47
Triconia borealis 92 32 7.2 16.5 33 2 6 12 2
Microcalanus spp. 91 224 4.6 16.5 35 15 4 12 2
Metridia longa 93 3.0 0.7 115 2.5 2 1 9 1
Fritillaria borealis 62 0.6 0.8 2.6 14.4 <1 <1 2 7
Calanus glacialis 100 2.3 1.2 6.0 5.0 2 1 4 2
Cirripedia 47 <0.1 68.9 1.0 2.7 <1 56 1 1
Calanus hyperboreus 93 3.6 <0.1 4.1 1.0 2 <1 3 1
Acartia spp. 37 0 21 0.4 6.3 0 2 <1 3
Limacina helicina 81 <0.1 0.3 2.0 1.6 <1 <1 2 1
Oncaea notopus 50 0.4 0.1 2.2 1.0 <1 <1 2 <1
Oikopleura vanhoeffeni 75 0.6 0.3 1.4 2.8 <1 <1 1 1
Bivalvia 48 <0.1 1.6 15 2.5 <1 1 1 1
Polychaeta 75 11 1.5 0.8 1.8 1 1 <1 1
Calanus finmarchicus 43 20.4 <0.1 0.4 0.2 14 <1 <1 <1
Boroecia maxima 46 3.3 0 0.5 <0.1 2 0 <1 <1
Parasagitta elegans 73 <0.1 0.2 0.2 0.8 <1 <1 <1 <1
Oithona atlantica 6 15.9 0 <0.1 <0.1 11 0 <1 <1
Scolecithricella minor 35 2.6 0 0.4 <0.1 2 0 <1 0
Euphausiacea 16 0.4 52 <0.1 0.3 <1 4 <1 <1
Oncaea spp. 12 4.2 0 0.26 <0.1 3 0 <1 0
Spinocalanus sp. 5 39 0 0.1 <0.1 3 0 <1 <1
Chaetognatha 13 1.7 0.2 <0.1 <0.1 1 <1 <1 0
Paraeuchaeta norvegica 6 1.6 0 <0.1 0 1 0 0 0
Metridia lucens 1 <0.1 0 0 0 <1 0 0 0
Metridia pacifica 1 0 0 0 <0.1 0 0 0 0
Eucalanus bungii 1 0 0 0 <0.1 0 0 0 0
Neocalanus cristatus <1 0 0 <0.1 0 0 0 0 0
Summing parameters

Total abundance (x10° ind m™2) - 149 122 133 202 - - - -
Copepod biomass (g C m?) - 5.73 0.28 4.74 149 - - - -
Diversity indices

Species richness (S) - 58 19 26 19 - - - -
Shannon-Wiener index (H') - 3.39 2.25 2.69 2.23 - - - -

“Defined by cluster analysis (Figure 6) and designated Labrador Sea (LS), Coastal-Hudson (CH), Arctic-oceanic (AOc), and Arctic-shelf
(AS) zooplankton assemblages.

PPercent occurrence of each taxon at the 409 sampling stations analyzed.

“Not applicable or available.
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Figure 6. Main mesozooplankton assemblages in the North American Arctic and eastern Canadian Subarctic.
(a) Clustering of the 409 stations sampled in the North American Arctic and subarctic Hudson Bay and Labrador Sea
based on the relative abundance of mesozooplankton taxa. Black unbroken and red dotted lines of this dendrogram
define, respectively, statistically significant and insignificant groupings of stations based on the SIMPROF significance
test in PRIMER V6. (b) Geographical distribution of the mesozooplankton assemblages identified by the clustering
analysis of the sampling stations in (a). Colored envelopes join stations of main assemblages for the Labrador Sea (LS),
Coastal-Hudson (CH), Arctic-oceanic (AOc), and Arctic-shelf (AS). Regions abbreviated: Barrow Strait (BaS), Bering Strait
(BeS), Coronation Gulf (CG), Davis Strait (DS), Fury and Hecla Strait (FH), Gulf of Boothia (GB), Hudson Strait (HS),
Labrador fjords (LF), Lancaster Sound (LnS), Larsen Sound (LrS), Mackenzie Shelf (MS), M'Clure Strait (MSt), North
Water Polynya (NWP), Nares Strait (NS), Point Barrow (PB), Queen Elizabeth Islands (QEI), and Viscount Melville Sound

(VMS).

Hotspots of depth-integrated biomass were found
mainly over the Mackenzie slope, central Amundsen Gulf,
Lancaster Sound, the North Water, Baffin Bay, and the
Labrador Sea and fjords (Figure 8). On the other hand,

areas of relatively low biomass were detected in the north-
ern Chukchi Sea/Canada Basin region, South Kitikmeot,
Foxe Basin, and Hudson Bay. The distribution of Calanus
hyperboreus, C. glacialis, Metridia longa, and Paraeuchaeta
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spp. followed the total copepod biomass distribution
described above (first panel of Figure 8). Biomass distri-
bution of the boreal Atlantic C. finmarchicus was restricted
to the eastern part of the study area, with highest bio-
masses observed in the Labrador Sea. The patterns of bio-
mass distribution of Pseudocalanus spp. and the other
small copepods differed from the ones displayed by the
main large copepods. Hotspots of Pseudocalanus spp. bio-
mass were more coastal, being in relatively shallow areas
over the Chukchi Sea, South Kitikmeot, Hudson Bay, and
the Labrador fjords. The two latter regions stand out as
areas of higher biomass of small copepods.

Zooplankton community structure

The cluster analysis of the 409 stations based on zooplank-
ton numerical composition revealed four distinct groups
at the 50% similarity level (SIMPROF test; Figure 6a). The
first group consisted of 8 stations along a longitudinal
transect over the western slope of the Labrador Sea at
about 60.5°N (Figure 6b) and was identified as the
“Labrador Sea” (LS) assemblage. In this group, the domi-
nant copepods Oithona similis, Microcalanus spp., Calanus
finmarchicus and O. atlantica, represented 30, 15, 14 and
11%, respectively, of the total abundance of 149 +
72 x10° ind m~? (mean + 1 SD; Table 2). The latter two
taxa from the North Atlantic never comprised more than
0.3% of the other groups. Furthermore, they were ranked
among the most important contributors to the differenti-
ation of the LS assemblage from the others (SIMPER anal-
ysis; Table 3). Mesopelagic species such as the copepods
Spinocalanus spp., Scolecithricella minor, Paraeuchaeta nor-
vegica, Gaetanus tenuispinus, Scaphocalanus brevicornis,
Heterorhabdus norvegicus, the amphipod Themisto abys-
sorum, and the ostracods Boroecia maxima, Discoconchoe-
cia elegans, and Obtusoecia obtusata also contributed
largely to the relatively high species richness of the LS
group (58 taxa; Table 2). The neritic taxa Pseudocalanus
spp., Calanus glacialis, Acartia spp. and the meroplankton
Cirripedia, Bivalvia, and Echinodermata showed a lower
share of the composition, compared to the other groups.

Eleven of the 12 stations in the second group were
distributed around Hudson Bay, and the latter on the
south coast of Hudson Strait close to the edge of Ungava
Bay (Figure 6b). Thus, this group of stations was identified
as the Coastal-Hudson (CH) assemblage. Cirripedia were
found at all of the CH stations and were the most abun-
dant taxon, representing about 56% of the total zooplank-
ton abundance (122 + 187 x10° ind m™?). Pseudocalanus
spp. comprised the second most abundant taxon, contrib-
uting 13% of the CH zooplankton composition. Cirripedia
was the main contributing taxon to the differentiation of
the CH group (SIMPER analysis; Table 3).

The remaining 389 stations further separated into two
groups at the 49% similarity level (Figure 6a). The geo-
graphic coverage by the 278 stations of the first of these
groups was almost continuous over the study region. This
group extended from the slope of the northern Chukchi
Sea, through the Canada Basin and offshore sector of the
Beaufort Sea, the western and eastern parts of the CAA;
then in the east, from Kane Basin above 79°N to Labrador
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Saglek fjord below 59°N, with an expansion in the central
Hudson Strait and Bay (Figure 6b). This group was iden-
tified as the Arctic-oceanic (AOc) assemblage. It was dom-
inated by the copepods Oithona similis, Pseudocalanus
spp., Triconia borealis, Microcalanus spp., Metridia longa,
Calanus glacialis and C. hyperboreus, which, together,
represented 86% of the numerical composition (Table 2),
totalling 133 + 179 x10° ind m 2.

The last group comprised 111 stations in 10 clusters
scattered across the study region: 4 coastal stations in the
northeast Chukchi Sea, 3 stations on the Mackenzie Shelf,
49 stations in the South Kitikmeot, 6 stations in a shoaling
section of the Northwest Passage between Viscount Mel-
ville Sound and Barrow Strait, 1 station <170 m in depth
close to Ellesmere Island on the western side of the North
Water, 1 station close to Iqaluit in Frobisher Bay, 4 stations
in Foxe Basin, 12 stations in Hudson Bay, 8 shallow sta-
tions along the south coast of Hudson Strait, and 23 of the
27 stations located in the four Labrador fjords (Figure 6b).
This group was identified as the Arctic-shelf (AS) assem-
blage. Like the AOc assemblage, the small copepods Pseu-
docalanus spp. and Oithona similis dominated the
zooplankton of the AS assemblage, with these two species
comprising 47 and 27% of the 202 + 283 x10% ind m 2,
respectively (Table 2). Ranked third and fourth in terms of
abundance, the appendicularian Fritillaria borealis and the
complex of small copepod species Acartia spp. comprised
7 and 3% of the zooplankton present in this assemblage.
The varying proportions of the 6 major taxa of the AOc
assemblage and of Fritillaria borealis and Acartia spp. were
the main drivers of the differentiation between the AOc
and AS assemblages (Table 3). In the CAA, the rather
shallow areas of the South Kitikmeot and Barrow Strait,
hosting essentially AS stations, were the main discontinu-
ities in the geographic coverage of the AOc assemblage
(Figure 6b).

From the 44 sites sampled repeatedly during the 14-
year study period, 36 consistently hosted the same assem-
blage with zooplankton composition characteristic of
either AOc or AS. These sites were in Amundsen Gulf
(Figure 9a), the North Water (Figure 9b), Queen Maud
Gulf in the South Kitikmeot (Figure 9c), Viscount Melville
Sound, and Lancaster Sound. The remaining eight (18%)
had zooplankton assemblages that changed or fluctuated
between AOc and AS assemblages from year to year. Two
of these sites were located on the shallow <45 m in depth
part of the Mackenzie Shelf (Figure 9d and e), 2 sites on
the northeast and northwest of Larsen Sound, respectively
(Figure 9f and g), 1 site in eastern Barrow Strait (Figure Sh),
1 site in Nachvak (Figure 9i), and 2 sites in Saglek (Figure 9j
and k) fjords.

The NMDS demonstrated well the partitioning of the
four zooplankton assemblages in a 2-dimensional ordina-
tion with a stress value of 0.18, thus validating the cluster
analysis (Figure 10). The AOc and AS assemblages sepa-
rated essentially along the horizontal axis of the ordina-
tion. Stations of the CH assemblage, which had the lowest
intra-group similarity percentage (58%; Table 3), were
scattered mostly vertically on the left side of the ordina-
tion whereas the spread of the LS stations, with an intra-
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Table 3.Taxa ranked according to their relative contribution to the multivariate intragroup similarity (%) and
dissimilarities between pairs of the four main zooplankton assemblages®

Assemblage® LS CH AOc AS
LS (76) - - -
Oithona similis (16) - - -
Microcalanus spp. (10) - - -
Calanus finmarchicus (9) - - -
Oithona atlantica (8) - - -
Oncaea spp (4) - - -
Boroecia maxima (4) - - -
Spinocalanus sp. (4) - - -
Calanus hyperboreus (4) — - -
Metridia longa (3) - - -
Scolecithricella minor (3) - - -
CH - (58) - -
Cirripedia (13) Cirripedia (32) - -
Calanus finmarchicus (7) ~ Pseudocalanus spp. (19) - -
Oithona atlantica (6) Oithona similis (14) - -
Pseudocalanus spp. (6) Triconia borealis (11) - -
Oithona similis (5) Microcalanus spp. (8) - -
Microcalanus spp. (4) Polychaeta (4) - -
Triconia borealis (3) Acartia spp. (2) - -
Oncaea spp. (3) Calanus glacialis® (2) - -
Spinocalanus sp. (3) - - -
Boroecia maxima (3) - - -
AOc - - (60) -
Calanus finmarchicus (8)  Cirripedia (18) Oithona similis (23) -
Oithona atlantica (7) Oithona similis (8) Pseudocalanus spp. (14) -
Pseudocalanus spp. (6) Metridia longa (6) Microcalanus spp. (12) -
Triconia borealis (4) Microcalanus spp. (5) Triconia borealis (11) -
Oncaea spp. (3) Triconia borealis (5) Metridia longa (8) -
Spinocalanus sp. (3) Pseudocalanus spp. (5)  Calanus glacialis® (7) -
Metridia longa (3) Calanus hyperboreus (4)  Calanus hyperboreus (6) -
Microcalanus spp. (3) Calanus glacialis® (4) Limacina helicina (2) -
Oithona similis (3) Acartia spp. (4) Oncaea notopus (2) -
Calanus glacialis® (2) Euphausiidae (3) Oikopleura vanhoeffeni (2) -
AS - - - (63)
Pseudocalanus spp. (13)  Cirripedia (20) Pseudocalanus spp. (12) Pseudocalanus spp. (39)
Calanus finmarchicus (7) ~ Pseudocalanus spp. (12)  Microcalanus spp. (8) Oithona similis (23)

Oithona atlantica (6)
Microcalanus spp. (6)

Fritillaria borealis (4)

Oithona similis (7)
Fritillaria borealis (7)

Triconia borealis (7)

Triconia borealis (7)
Fritillaria borealis (7)

Metridia longa (6)

Fritillaria borealis (7)
Calanus glacialis® (7)

Acartia spp. (4)

(continued)
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Table 3. (continued)

Assemblage® LS CH

Art. 10(1) page 15 of 30

AOc AS

Oncaea spp. (3)
Oithona similis (3)
Spinocalanus sp. (3)
Boroecia maxima (3)

Acartia spp. (3) Bivalvia (3)

Acartia spp. (5)
Microcalanus spp. (4)
Euphausiidae (4)

Calanus glacialis® (4)

Oithona similis (6) Triconia borealis (3)

Acartia spp. (4) Microcalanus spp. (3)
Calanus hyperboreus (4) Parasagitta elegans (2)
Calanus glacialis® (3) Oikopleura vanhoeffeni (2)

Oncaea notopus (3) Limacina helicina (2)

Defined by cluster analysis (Figure 6) and designated Labrador Sea (LS), Coastal-Hudson (CH), Arctic-oceanic (AOc), and Arctic-shelf

(AS) zooplankton assemblages.

PCalanus glacialis and C. marshallae pooled.

group similarity percentage of 76%, was limited to the
top-right of the ordination (Figure 10).

Environmental variables underpinning the
geographical distribution of zooplankton

The multiple regression analysis revealed highly signifi-
cant relationships (p < 0.001) between 11 of the 15 envi-
ronmental variables considered and the scores of the 2-
dimensional NMDS ordination summarizing the mesozoo-
plankton community structure (Table 4). Water-column
mean salinity explained 43% of the variance in the zoo-
plankton composition among the 409 stations, followed
by station depth which explained 39% of the variance.
Those two environmental variables were well correlated
(Spearman r; = 0.83, p < 0.001; Table S3) and weighted
most in the separation of the AOc and AS assemblages, as
illustrated by the small angles with the horizontal axis of
the ordination (Figure 10). Latitude accounted for 26% of
the variance. However, this variable operated along an axis
that was at a greater angle with the main axis of separa-
tion than the angles produced from the direction cosines
of mean salinity and station depth. The other eight envi-
ronmental variables showing a highly significant relation-
ship with the scores of the NMDS, namely: water column
average temperature, chlorophyll fluorescence, day of
sampling, surface (0-10 m) mean temperature, surface
mean salinity, the ice-free season between ice breakup and
freeze-up, mean annual surface Chl-a, the summer ice-free
period (<50% ice cover) prior to sampling, explained more
modest amounts (5-14%) of the variance. Although sig-
nificant, the contribution of the depth-of-fluorescence
maximum to the variance in zooplankton composition did
not exceed 3%.

The “BEST” procedure in PRIMER®, identified these four
environmental variables: water-column salinity, station
depth, latitude, and water-column temperature, as the
best combination to explain the multivariate patterns of
zooplankton community composition (Spearman’s rank
correlation ps = 0.554; Table 5). The correlation between
the biotic patterns and water-column salinity alone was
ps = 0.381, whereas correlations of 0.364, 0.300, and
0.258 were found with station depth, water column tem-
perature, and latitude, respectively.

The LS assemblage was found in deeper areas than the
other assemblages (Kruskal-Wallis p < 0.001), with a mean
depth of 1445 + 747 m, compared to 478 + 509, 100 +
53, and 77 + 47 m for AOc, AS, and CH, respectively
(Kruskal-Wallis p < 0.001). Mean depths of the latter two
shallower groups did not differ significantly from each
other. The AOc stations showed an extensive depth range
of 30-3860 m. However, only 40 of these 278 stations
had depths shallower than 150 m. The most southeastern
and deepest LS group, which had a thicker layer of Atlan-
tic Water due to a station depth range of 510-2485 m,
showed a higher water-column salinity (34.48 + 0.24)
than the other groups (Kruskal-Wallis p < 0.001). This
variable was also higher at the AOc stations (32.93 =+
1.30) than in the CH and AS groups, which had respective
salinities of 31.65 + 1.11 and 30.31 *+ 2.25. Mean lati-
tude of AOc stations was higher than those of the other
groups (70.87 + 4.89 versus <66°N; Kruskal-Wallis p <
0.001). All of the LS and CH stations were below the
Arctic Circle.

At the species level, abundance correlated with water-
column salinity for 13 of the 18 taxa that comprised
>90% of the total zooplankton numerical composition,
except for Oithona similis, Calanus glacialis, Oikopleura
vanhoeffeni, Limacina helicina, and the Bivalvia mero-
plankton (Table 6). This correlation was negative only for
the neritic Pseudocalanus spp., Acartia spp., Fritillaria bor-
ealis, and Cirripedia meroplankton. Similarly, abundance
correlated negatively with station depth for the latter four
taxa, whereas the correlation was positive for 12 of the
dominant taxa. The abundance of Pseudocalanus spp.,
Acartia spp., and Oithona atlantica decreased with increas-
ing latitude, whereas the relationship was positive for 9
taxa. On the other hand, C. hyperboreus and Cirripedia
were the only taxa for which abundance decreased with
the increase of the ice-free period before sampling. There
was no or only weak correlation between this variable and
the abundance of 11 of the main taxa. Cirripedia abun-
dance increased with surface Chl-a concentration averaged
over the sampling year, while no significant correlation
was found between this variable and the abundance of
most taxa, including known herbivores such as Calanus
spp. The correlation was even negative for the complex of
mainly herbivorous Pseudocalanus species and for the
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Figure 7. Contribution of main taxa to water-column integrated copepod biomass in the North American
Arctic. The 409 stations sampled in the Western Arctic, including (a) the Chukchi Sea (CS), Canada Basin (CB), and
Beaufort Sea; (b) the Canadian Arctic Archipelago from Amundsen Gulf and South Kitikmeot to Barrow Strait and
Lancaster Sound; (c) Baffin Bay from north to south; (d) the Hudson complex comprising Hudson Strait, Hudson Bay,
and Foxe Basin (FB); (e) Labrador fjords, including Nachvak (NF), Saglek (SF), Okak (OF), and Anaktalak fjords (AF); and
(f) the Labrador Sea, superimposed on the bathymetry of the respective regions of the American Arctic and Subarctic.
Note the different scales of the biomass axis for the Hudson complex and Labrador Sea.

omnivores Oithona similis, Oncaea spp., Oikopleura van-
hoeffeni, and Limacina helicina. The abundance of the her-
bivore C. hyperboreus, the omnivores Metridia longa,
Microcalanus spp., Triconia borealis and other oncaeids,

0. similis, and the carnivores Paraeuchaeta norvegica and
P. glacialis decreased with increasing water-column fluo-
rescence; only the abundance of Pseudocalanus spp. and
Cirripedia larvae increased with this variable.
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Figure 8. Geographic distribution of the water-column integrated biomass of total copepod and dominant
copepod taxa. Biomass averaged over the sampling years 2005-2018 for the 283 ArcticNet sampling sites across the
North American Arctic and eastern Subarctic. Note the lower scales (indicated by asterisks and correspondingly altered
symbol sizes) for Calanus glacialis, C. finmarchicus, and Metridia longa, and also for Paraeuchaeta spp., Pseudocalanus
spp., and other small copepods (summing the biomass of Acartia spp., Microcalanus spp., Oithona atlantica, O. similis,

Oncaea spp., and Triconia borealis).

Discussion

Biogeography of zooplankton assemblages in the
North American Arctic

This study offers novel insights into the mechanisms con-
trolling zooplankton biogeography across a vast expanse
of the North American Arctic and eastern Subarctic where
we identified four main assemblages: (1) Arctic-oceanic,
(2) Arctic-shelf, (3) Coastal-Hudson, and (4) Labrador Sea.
Until now, zooplankton biogeographic patterns on such
a continental scale have only been described by Pomer-
leau et al. (2011; 2014). Their two studies were based on
results from an incomplete sampling of the water column
limited in depth to the top 0—100 m, which showed that
zooplankton composition in the epipelagic zone varied
mainly with temperature and salinity in that surface layer.
Our investigation, backed by a full water column-
integrated sampling, revealed that water-column salinity
and station depth explained best the zooplankton assem-
blage differentiation in this topographically complex
part of the Arctic (station depth range of 26-3860 m;
Figure 1). Nevertheless, salinity most likely had no direct
effect on zooplankton biology and composition, as the

depth-averaged range of measured salinities of 24.16—
34.44 was comparable to the range of salinities of 20—
34 suitable for the dominant Arctic zooplankton taxa (see
figure 5 of Grainger, 1965). Water-column salinity was in
fact a strong correlate of station depth (Table S3). The
latter defines the presence or absence of the main subsur-
face water masses, the Polar Halocline and the more saline
Atlantic Water, the thickness of which correlates with
depth-averaged salinity. Thus, the link between zooplank-
ton biogeography and water-mass features is not as
straightforward to establish for the whole water-column
assemblage as when only the epipelagic zone was
considered.

Combined with hydrographic and zooplankton ecolog-
ical knowledge, the geographic distribution of the assem-
blages illustrated in Figure 6 suggests that a complex
interplay between zooplankton habitat preference, verti-
cal distribution, and topographic features affecting ocean
circulation influences the observed large-scale zooplank-
ton community structure. The extensive geographic distri-
bution of the Arctic-oceanic and Arctic-shelf assemblages
is congruent with the general eastward direction of the
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Figure 9. Interannual variations in mesozooplankton numerical composition at selected sites across
the North American Arctic. Sites in (a) Amundsen Gulf, (b) the North Water Polynya, (c) Queen Maud Gulf,
(d, e) Mackenzie Shelf, (f) northeast of Larsen Sound, (g) northwest of Larsen Sound, (h) eastern Barrow Strait,
(i) Nachvak Labrador fjord, and (j, k) Saglek Labrador fjord. Zooplankton taxonomic compositions typical of Arctic-
oceanic (AOc) and Arctic-shelf (AS) assemblages, as defined by cluster analysis (Figure 6), are indicated by horizontal

green and blue bars, respectively, above each panel.

ocean flow from the northwestern boundary of the study
region, through the CAA, and then southward along the
eastern Canadian coastline with the Baffin Island and Lab-
rador currents (Figure 1a). The Arctic-oceanic assemblage
shared broad similarities with communities in offshore
slope and basin zones >200 m in depth of the Eastern
and Western Arctic (Kosobokova et al., 1997; Hopcroft
et al., 2005) and polynya systems, including the Cape
Bathurst (Darnis et al., 2008), North Water, and Eastern
Lancaster Sound polynyas (Ringuette et al., 2002). The
distinctive species of these Arctic-oceanic communities,
Triconia borealis, Microcalanus spp., and Metridia longa,
and the long-range seasonal and vertically migrating
Calanus hyperboreus and C. glacialis are known to spend
most of their time in the mesopelagic Atlantic Water
layer below 200 m (Auel and Hagen, 2002; Darnis and
Fortier, 2014).

Areas shallower than 200 m in depth do not include
deep habitats needed by some mesopelagic species. This
aspect partly explains why the Arctic-shelf zooplankton
composition, dominated by the neritic Pseudocalanus spp.,
Acartia spp., and Fritillaria borealis, was typical of assem-
blages found in the shelf areas of the Laptev Sea

(Kosobokova et al., 1997), Beaufort Sea (Darnis et al.,
2008; Smoot and Hopcroft, 2016), and Barrow Strait (For-
tier et al., 2002). Furthermore, several sills <150 m in
depth across the CAA (Figure 1a) block the flow of the
underlying Atlantic Water and, thus, would limit the trans-
port of mesopelagic zooplankton and seasonal vertical
migrators downstream of these barriers. The shallow
Queen Maud Gulf, located between two sills <30 m deep
and with a maximum depth of <120 m, exemplifies such
a setting and has been identified as a potential barrier to
dispersal of pelagic fish populations (Bouchard et al.,
2018). This potential barrier appears to be particularly true
for the forage species Arctic cod (Boreogadus saida), which
is scarce in the Queen Maud Gulf. Barrow Strait and Foxe
Basin are other shallow areas downstream of sills restrict-
ing the distributional range of oceanic zooplankton within
the CAA. Contrary to Foxe Basin, the deeper Hudson
Strait, devoid of sills, presented no obstacle to the expan-
sion of the Arctic-oceanic assemblage into central and
western Hudson Bay.

The constancy in zooplankton composition at most of
the 44 sites sampled multiple times during the 14-year
study period indicates that the overall geographic
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Figure 10. Non-metric multidimensional scaling ordination plotting stations based on zooplankton
composition similarities. Significant multiple regression lines between environmental variables and NMDS
scores shown with the percentage of variance in zooplankton composition explained by an environmental
variable. Groups of stations comprising each of the four main zooplankton assemblages (color-coded for Labrador
Sea, Coastal-Hudson, Arctic-oceanic, and Arctic-shelf) are identified in Figure 6.

distribution of the Arctic-oceanic and Arctic-shelf assem-
blages is consistent (Figure 9). Six of the 8 sites experi-
encing interannual shifts in zooplankton composition,
from Arctic-shelf to Arctic-oceanic assemblages, match
locations with known oceanographic features amplifying
upwelling events and episodic rise of underlying water
masses to the surface, as seen on the Mackenzie Shelf of
the Beaufort Sea (Carmack and Chapman, 2003; Wang
et al.,, 2012). The 2 remaining sites were in the northern
Labrador Nachvak and Saglek fjords, the oceanography of
which is poorly documented (Brown et al., 2012). Thus,
upwelling over the Mackenzie Shelf and shoal areas in the
southeastern M'Clintock Channel and Larsen Sound, and
the west side of Barrow Strait, could occasionally transport
oceanic zooplankton over these shallow transition areas.
The scarcity of the North Pacific copepods Metridia
pacifica, Neocalanus spp. and Eucalanus spp. prevented
a Pacific characterization of zooplankton composition in
the Chukchi Sea-Canada Basin area. This observation is
consistent with previous studies indicating that the zoo-
plankton communities of the North American Arctic
above 70°N and east of 170°W (our westernmost study
boundary) are so far only marginally influenced by North
Pacific taxa advected through Bering Strait (Nelson et al.,
2009; Pomerleau et al., 2014; Ershova et al., 2015;

Matsuno et al., 2015; Smoot and Hopcroft, 2016). By con-
trast, the Labrador Sea zooplankton assemblage on the
subarctic eastern side of the study area had a strong Atlan-
tic identity provided by the high share of the North Atlan-
tic copepods Calanus finmarchicus, Oithona atlantica, and
mesopelagic taxa indicative of the Atlantic Water layer
(Kosobokova et al., 1997; Auel and Hagen, 2002). The mix
of Atlantic and Arctic species in this deep sector of the
Labrador Sea results from the confluence of the cold
southward-flowing Labrador Current and a minor
westward-flowing branch of the Atlantic-influenced West
Greenland Current (Figure 1a). The low representation of
the Atlantic expatriates C. finmarchicus and O. atlantica in
the samples collected north of Davis Strait failed to confer
an Atlantic identity on the zooplankton assemblage in
southwestern Baffin Bay. This observation contrasts with
the current situation on the eastern side of Baffin Bay near
Disko Island, Greenland, where a shift in dominance of the
Calanus complex has been occurring in favour of the
boreal C. finmarchicus over the last decades (Moller and
Nielsen, 2020). Our sampling did not include areas north
of the Arctic Circle under a measurable influence of the
West Greenland Current. We conclude that the zooplank-
ton biogeography in the North American Arctic is so far
not structured according to a Pacific-Atlantic longitudinal
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Table 4. Relationships between environmental variables and the scores of stations on the first and second

axes of the NMDS ordination (Figure 10)

Regression Weights®

Environmental Variable First Axis Second Axis r° F P
Water-column salinity 0.994 —0.111 0.43 153.13 <0.001
Station depth 0.998 —0.057 0.39 131.85 <0.001
Latitude 0.706 —0.708 0.26 70.01 <0.001
Water-column temperature —-0.190 0.982 0.14 31.56 <0.001
Chlorophyll fluorescence —0.596 —0.803 0.13 21.76 <0.001
Day of sampling —0.551 0.834 0.07 15.59 <0.001
Surface (0-10 m) average temperature —0.755 0.655 0.07 14.64 <0.001
Surface (0-10 m) average salinity 0.972 0.231 0.06 12.75 <0.001
Season with <50% ice cover —0.446 0.895 0.06 12.14 <0.001
Mean annual surface Chl-a 0.037 0.999 0.06 11.12 <0.001
Period with <50% ice prior to sampling —0.301 0.953 0.05 9.58 <0.001
Depth of fluorescence maximum 0.704 —0.709 0.03 6.58 0.02
Day when ice concentration <50% —3.407 —4.491 0.01 2.80 ns¢
Year of sampling —0.001 —0.148 <0.01 2.16 ns
Longitude —0.390 2452 <0.01 0.35 ns

Regression weights of multiple regression analysis from equation of Kruskal and Wish (1978).

bAdjusted coefficient of determination measuring the proportion of the variance explained by the linear model.

“Value of the statistical F-test.

4ANOVA p values; ns = not significant.

Table 5. Correlations® between environmental vari-
ables and mesozooplankton community structure

K ps Environmental Variable

1 0381 Water-column salinity

1 0364 Station depth

1 0.300 Latitude

1 0258 Water-column temperature

2 0483 Water-column salinity + latitude

3 0.531 Water-column salinity + station depth + latitude
4 0.554 Water-column salinity 4 station depth + latitude

+ water-column temperature

*BEST/BIO-ENV analysis in PRIMER V6 revealing combinations of
K variables that deliver highest Spearman’s rank correlations (ps)
between a mesozooplankton assemblage similarity matrix and
resemblance matrices generated from different subsets of
a matrix made of a suite of environmental variables.

gradient, but rather by a bathymetric gradient when all
the pelagic habitats from the surface to the bottom are
considered.

The use of a large ship to deploy plankton nets limited
shallow-water sampling (<20-m depth) and the study of

zooplankton in estuarine habitats strongly influenced by
freshwater from river plumes, such as the inner Mackenzie
Shelf and the coastal part of the South Kitikmeot. Thus,
abundances of euryhaline taxa, including Eurytemora spp.,
Limnocalanus spp. and Temora spp. indicative of brackish-
water ecosystems, were too low in our dataset to demar-
cate a “Plume” assemblage as previously detected in the
coastal Beaufort and Laptev seas (Kosobokova et al., 1997
Walkusz et al., 2009; Smoot and Hopcroft, 2016). Further-
more, a dataset with more coastal stations certainly would
have enabled a more precise delimitation of the habitats
of the Arctic-shelf assemblage.

Depth and differences in zooplankton biodiversity
and biomass distribution

The water column in the deeper areas of the North Amer-
ican Arctic and Labrador slope comprises several water
masses of various origins, providing multiple habitats for
a diverse group of pelagic-oceanic organisms, compared to
the less complex hydrographic setting at shallow depths.
Hence, the Labrador Sea and Arctic-oceanic assemblages,
found in water columns hundreds of metres thick, dis-
played higher biodiversity indices than the shallow-water
Arctic-shelf and Coastal-Hudson assemblages (Table 1).
Moreover, the discrepancy between deep- and shallow-
water assemblages in the abundances of the Arctic cope-
pods Calanus hyperboreus, C. glacialis and Metridia longa
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Table 6. Spearman'’s rank correlation coefficients (pps) between environmental variables and abundance of
dominant zooplankton taxa in the North American Arctic

Water-Column Station Ice-Free Water-Column
Taxon Salinity Depth Latitude Season Annual Surface Chl-a  Fluorescence
Oithona similis 0.080 0.167** —0.076 0.288*** —0.145* —0.197*
Pseudocalanus spp. —0.428** —0.367%*  —0.294** 0.153* —0.140* 0.224**
Triconia borealis 0.396*** 0.450*** 0.303*** 0.157* —0.061 —0.227**
Microcalanus spp. 0.540** 0.645*** 0.284*  —0.092 —0.099 —0.355%*
Metridia longa 0.614* 0.733* 0.464* 0.289* —0.065 —0.351"
Calanus glacialis 0.074 0.202%* 0.347** 0.368** —0.054 —0.081
Calanus hyperboreus 0.556** 0.649*** 0.577  —0.244** 0.022 —0.380**
Calanus finmarchicus 0.267** 0.293**  —0.048 0.054 0.085 —0.072
Oithona atlantica 0.266™* 0.223=*  —0.187** —0.103* 0.030 —-0.179*
Paraeuchaeta norvegica 0.332%* 0.295*  —0.048 —-0.012 0.052 —0.252%*
Paraeuchaeta glacialis 0.369** 0.459** 0.504*** 0.168** —0.075 —0.184*
Oncaea sp. 0.614* 0.679* 0.375** 0.021 —0.136* —0.339**
Acartia spp. —0.475** —0.484*  —0.476™* 0.128* —0.027 0.243*
Fritillaria borealis —0.245% —0.209*** 0.081 0.027 —0.043 —0.071
Oikopleura spp. —0.093 0.079 0.356%* 0.074 —0.145* —0.036
Limacina helicina 0.052 0.160** 0.337** 0.102* —-0.117% —0.021
Bivalvia —0.078 —0.057 0.207* 0.590* 0.080 0.057
Cirripedia -0.121* —0.203**  —0.050 —0.168** 0.222%* 0.239**

*p < 0.05. *p < 0.001. **p < 0.0001.

and the boreal C. finmarchicus led to a spatial distribution
of mesozooplankton biomass largely skewed towards the
deep areas within the CAA, Baffin Bay, and Labrador Sea
(Figure 8). The sum of abundances of these large cope-
pods, representing 80% of copepod biomass in the entire
study area, was 5 times higher in the deep-water assem-
blages (25.6 + 5.2 x10° ind m~?%; Table 2) than in the
shallow-water ones (5.3 + 4.8 x10° ind m~?). Conse-
quently, the mean biomass in the two deep-water assem-
blages (5.2 + 0.7 g C m ?) was approximately 6 times
higher than in the shallow-water ones (0.9 = 09 g C
m~2). In the shallow shelf areas, the Calanus species
remained dominant in terms of biomass, though to
a much lesser extent, despite a lower contribution to total
abundance compared to the deep areas. This biomass
dominance was essentially due to the much larger size
of the Calanus species than the numerically dominant
neritic copepods, including Pseudocalanus spp. Neverthe-
less, the hotspots of copepod biomass identified in the
central Amundsen Gulf, eastern Lancaster Sound, the
North Water, and Baffin Bay were in waters >350 m in
depth, and all were occupied by the Arctic-oceanic assem-
blage (Figures 6 and 8).

Our estimates compared well with those by previous
studies in the same areas (Table S4), indicating that the
skewness risk due to the spatially uneven sampling effort
is low for our mapping of copepod biomass. Biomass

values above 7 g C m~* were only observed in these North
American Arctic hotspots and on the opposite side of the
Arctic in Rijpfjord, Svalbard, in August 2010 (Hop et al.,
2019). Considering only copepods leads to a conservative
estimate of mesozooplankton biomass that could be
biased if the copepod fraction constituted only a minor
part of the assemblage. However, copepods account gen-
erally for >80% of mesozooplankton biomass in shelf,
slope, and basin areas of the North American Arctic (Hop-
croft et al., 2005; Darnis et al., 2008; Smoot and Hopcroft,
2016), supporting a consistent description of mesozoo-
plankton biomass patterns solely based on copepods.

Primary production, sea ice, water chemistry,

and differences in zooplankton assemblages

Food availability is a key driver of zooplankton geographic
distribution (Druon et al., 2019). A main strategy among
the dominant Arctic zooplankton is to take advantage of
the intense pulse of biological productivity in spring—sum-
mer to fuel metabolic needs for reproduction, growth,
development, and lipid storage for overwintering (Falk-
Petersen et al., 2009). However, the proxies of algal bio-
mass used in our analyses, namely the mean annual sur-
face Chl-a and chlorophyll fluorescence at the time of
sampling, only explained a small fraction of the variance
in zooplankton composition (6 and 13%, respectively).
Ocean color remote sensing provides time series, enabling
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the temporal integration of Chl-a over the ice-free produc-
tive season, but technical limitations affect calculations of
Chl-a concentration and pelagic primary production at
high latitudes (Babin et al., 2015). Sea ice and frequent
clouds prevent the estimation of sea-ice algae and under-
ice phytoplankton production in the early stages of the
productive season, a crucial period for the arctic Calanus
species (Sereide et al., 2010; Darnis et al., 2019). Addition-
ally, the satellite sensors cannot reach the subsurface chlo-
rophyll maxima following the deepening nutricline as
surface nutrients get depleted through the ice-free season
in highly stratified seas. These constraints may lead to
underestimation of Chl-a biomass. Heavy loading of col-
ored dissolved organic matter in river plumes can cause
Chl-a overestimation in coastal waters of the Mackenzie
Shelf, South Kitikmeot, and Hudson Bay (Figure 4). Our
satellite-based estimates of surface Chl-a concentration,
averaged over the ice-free period, therefore may not be
illustrative of the real food availability to zooplankton. The
absence of correlation between this variable and the abun-
dance of a large majority of the dominant zooplankton
herbivores and omnivores (Table 6) supports this hypoth-
esis. Furthermore, the non-motile algae, mainly concen-
trated in the epipelagic layer, may be subject to different
advective forces than the zooplankton, most of which are
able to swim vertically and influence their dispersal. The
assessment of annual Chl-a at a stationary site makes the
investigation of the algae-zooplankton trophic relation-
ship even more complex because the captured zooplank-
ton grew from feeding during months while being
transported with currents in a Lagrangian system. The
snapshot of mean water-column chlorophyll fluorescence
at sampling is also unlikely to be representative of food
availability during the weeks prior to sampling (Darnis et
al., 2008).

The ice-free season, a rough proxy of the length of the
pelagic primary production season, notwithstanding nutri-
ent constraints, was also not a good determining variable
of zooplankton community patterns at such a large spatial
scale. However, comparing maps of copepod biomass
(Figure 8) and of polynyas and flaw leads (Niemi et al,,
2019) shows that the main hotspots of biomass were near
or in polynyas, such as the North Water, Lancaster Sound,
and Cape Bathurst polynyas. A good correspondence
between the geographic distribution of zooplankton bio-
mass and of phytoplankton biomass and production was
also described by Ardyna et al. (2011). They identified two
main phytoplankton assemblages in the Canadian High
Arctic: one characterized mainly by pico-flagellate cells
and low biomass of diatoms in the southeastern Beaufort
Sea and central CAA, and the other characterized by larger
diatom cells in the nano- and micro-phytoplankton size
class distributed in the centre of Amundsen Gulf, Lancas-
ter Sound, and Northern Baffin Bay. The zooplankton bio-
mass hotspots, where the herbivores Calanus hyperboreus,
C. glacialis, and the omnivore Metridia longa dominated,
were all associated with the diatom-based food web.

Low seawater pH has been shown to cause mortality or
reduce long-term fitness of abundant arctic copepods such
as the coastal Acartia longiremis and Calanus glacialis
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(Thor et al., 2018; Halsband et al., 2021) and calcifying
zooplankton with a calcium carbonate shell made of ara-
gonite, such as the pteropod Limacina helicina (Niemi et
al., 2021). Thus, variability in seawater carbonate chemis-
try could influence zooplankton geographic distribution.
Yet, no clear pattern emerged when comparing the distri-
bution of zooplankton communities with surface seawater
pH and saturation state with respect to the carbonate
mineral aragonite described by Beaupré-Laperriere et al.
(2020). The Canada Basin and Queen Maud Gulf, which
exhibited the lowest surface pH and undersaturation of
aragonite, hosted different assemblages (Arctic-oceanic
and Arctic-shelf, respectively). The lack of resolution in
zooplankton vertical distribution in our study may mask
the effect of a low-pH environmental stressor on zoo-
plankton composition.

Zooplankton distribution, food web processes, and
marine ecosystem management

This new large-scale spatial perspective on mesozooplank-
ton biodiversity and biomass has applications for research
on the trophodynamics, ecological connectivity, and regu-
lation of marine ecosystem processes over a vast sector of
the Arctic (Pendleton et al., 2020). A comparison of our
distribution maps with previous descriptions of
continental-scale distribution of marine vertebrates pro-
vides insightful information about the linkages between
zooplankton and higher trophic levels. The North Water,
Lancaster Sound, and Amundsen Gulf hotspots of cope-
pod biomass (Figure 8) matched the locations of high
acoustic backscatter (proxy of fish biomass) caused primar-
ily by the presence of Arctic cod juveniles in the top 100 m
(figure 5 of Bouchard et al., 2018). On the other hand, the
South-Kitikmeot area displayed both low zooplankton bio-
mass and fish backscatter. South of the Arctic Circle, no
updated data on fish distribution was available for com-
parison in Hudson Bay, another shallow-water system
characterized by low zooplankton biomass. Nevertheless,
this region does not sustain fish stocks enabling commer-
cial fisheries (Tremblay et al., 2019). These comparisons of
distributions suggest a positive correlation between zoo-
plankton and fish biomass in the North American Arctic
and boreal regions influenced by arctic waters.

The zooplankton-fish relationship is undeniably more
complex than simply one of causality. As discussed, the
same topographic barrier could restrict oceanic zooplank-
ton transport and the movement of Arctic cod and meso-
pelagic fish over the South Kitikmeot, as these fish tend to
avoid unfavorable epipelagic habitats. Moreover, the low
biomass of the large-sized and lipid-rich Calanus species,
an important prey of pre-adult and adult arctic pelagic
fish, may constrain fish population growth in this part
of the CAA. On the other hand, the high abundance of
small-sized zooplankton likely provides plenty of prey for
fish larvae and juveniles, which prey size is restricted by
their mouth gape (Bouchard and Fortier, 2020). Ichthyo-
plankton sampling over several years revealed the estab-
lishment of the invasive Pacific sand lance (Ammodytes
hexapterus) in Queen Maud Gulf on its eastward range
expansion in the CAA (Falardeau et al., 2017).
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Furthermore, there is an Arctic char (Salvelinus alpinus)
commercial fishery based on a large stock in this region.
The anadromous chars spend the spring—summer period
near shore preying on small marine fish and zooplankton.
The ship’s draft did not allow sampling in the shallow
seasonal foraging range of Arctic char, nor did the 200-
um mesh vertical net tows target efficiently the crustacean
prey of this salmonid, which are mostly neritic amphipods,
euphausiids, and mysids belonging to the macrozooplank-
ton size class (Ulrich and Tallman, 2021). As little is known
about these organisms, research effort is needed to extend
our results by including macrozooplankton species, which
are essential for the marine food webs of the Arctic coastal
areas.

So far, knowledge gaps about the geographic distribu-
tion of planktivorous long-range seasonal migrators, such
as the Bowhead whale (Balaena mysticetus) and various
seabird species (Ulrich and Tallman, 2021), complicates
the analysis of trophic interactions between vertebrate
predators and their zooplankton prey. Still, superimposing
our zooplankton and bowhead whale distribution maps
(Baird and Bickham, 2021; Hamilton et al., 2022) shows
that the areas of high summer density of whales overlap
with hotspots of zooplankton biomass in Amundsen Gulf
and the south of Lancaster Sound (Figure S3). However,
a known area of whale aggregation in the northwestern
Hudson Bay does not concur with our mapping of high
zooplankton biomass. Again, this discrepancy might be
due to our difficulty to assess zooplankton biomass in
shallow areas. Furthermore, the mapping indicates that
zooplankton diversity and biomass need to be better docu-
mented in the Gulf of Boothia, a summer refuge for a sig-
nificant portion of the East Canada-West Greenland
bowhead whale stock.

A comprehensive understanding of the relationship
between the geographic distribution of zooplankton and
their vertebrate predators will also depend on the assess-
ment of their fine-scale vertical distribution, which the
coarse resolution provided by our plankton net sampling
prevents from achieving. New high-resolution acoustic
and imaging techniques can be used to improve knowl-
edge of the foraging behaviors of zooplanktivorous fish,
whales, and birds in light of zooplankton distribution
(Fortune et al., 2020; Greer et al., 2020; Schmid et al.,
2020). Seabird surveys from the Pacific Aleutian Islands
to Newfoundland across the Northwest Passage revealed,
again, Lancaster Sound as a hotspot of planktivorous birds
in the Canadian Arctic (Wong et al., 2014). The North
Water Polynya between Ellesmere Island and Greenland
hosts the world'’s largest breeding colony of the zooplank-
tivore Dovekie (Alle alle; Figure S3), the most abundant
seabird in the North Atlantic, which feeds extensively on
large Arctic Calanus species (Moller et al., 2018). Con-
versely, these biogeographic studies reveal that whales and
planktivorous seabirds seldom forage in the South Kitik-
meot, identified in this study as a cold spot of copepod
biomass.

The perimeter of most of the Marine Protected Areas
and aquatic wildlife sanctuaries in the Canadian Arctic
adjoins or encompasses our identified zooplankton
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biomass hotspots (Figure S4). The Anguniaqvia nigiqgyuam
Marine Protected Area, around Cape Parry in the western
Canadian Arctic (Chambers and MacDonell, 2012), is just
downstream of the central Amundsen Gulf hotspot, and
the Tallurutiup Imanga National Marine Conservation
Area (Lancaster Sound National Marine Conservation Area
Feasibility Assessment Steering Committee, 2017) encom-
passes the Lancaster Sound hotspot. The joint Canadian-
Greenlandic Inuit plan for an Indigenous Protected Area,
the Pikialasorsuaq protected area, shares the location of
the North Water hotspot (Pikialasorsuaq Commission,
2017). Unfortunately, we could not sample in the multi-
year sea ice north of the CAA, and a literature search
stressed the serious lack of knowledge on the specificities
of zooplankton communities in the Tuvaijuittuq Marine
Protected Area (MPA), the Canadian northernmost pro-
tected area.

Zooplankton-mediated processes participate in the reg-
ulation of the carbon and nitrogen pathways within
aquatic ecosystems, and in the functioning of the ocean
biological carbon pump that sequesters carbon out of the
atmosphere (Ducklow et al., 2001). Combined with infor-
mation on migration patterns and diet, our data on com-
munity structure, composition, size classes, and biomass
distribution can help to formulate a preliminary view of
the geographic variability of the role that zooplankton
play in carbon flux in the North American Arctic waters.
The large Calanus species, Metridia longa, and euphausiids
are known to perform extensive diel and/or seasonal ver-
tical migrations through which they actively transport car-
bon consumed in the surface layer to the deep ocean
where it can be sequestered for a long time (Jonasdottir
et al., 2015; Darnis et al., 2017). C. hyperboreus alone
transports during its seasonal vertical migrations a quan-
tity of carbon comparable to the gravitational export of
POC measured with sediment traps in the Amundsen Gulf
(Darnis and Fortier, 2012), one of our zooplankton bio-
mass hotspots. A similarly important contribution of the
seasonal vertical migrations of C. hyperboreus to the bio-
logical carbon pump was found in the deep Fram Strait,
Greenland, and in Iceland seas (Hirche, 1997; Visser et al.,
2017). Therefore, we hypothesize that the other biomass
hotspots described in this study, namely Lancaster Sound,
the North Water Polynya and Baffin Bay, are also poten-
tially important carbon sinks, due to deep waters, rela-
tively high pelagic primary production, and the high
share of long-range zooplankton vertical migrants operat-
ing an active flux of carbon. Following these conditions,
the subarctic northern Labrador Sea should be an area
where the oceanic boreal C. finmarchicus and arctic C.
hyperboreus play a significant role in carbon export
through their vertical migrations.

On the other hand, the carbon pump in shallow areas
like the inner Mackenzie Shelf, the south Kitikmeot, Foxe
Basin, and Hudson Bay would most likely be driven essen-
tially by the gravitational (passive) POC export, due to low
biomass and representation of large size vertical migrants.
The less mobile but numerically dominant small omnivo-
rous and detritivorous copepods mainly reduce the POC
export by recycling organic carbon in the epipelagic layer
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(Sampei et al., 2008). Moreover, zooplankton activity is
expected to affect the level of pelagic-benthic coupling
(Darnis et al., 2012). However, poor knowledge of the
biogeography of North American Arctic benthos, particu-
larly biomass distribution, makes verifying the relation-
ship between zooplankton and benthos spatial patterns
difficult. A proper assessment of the influence of zoo-
plankton processes on the biogeochemical cycling of car-
bon in this vast and complex marine ecosystem requires
a significant increase in our understanding of Arctic zoo-
plankton biology, particularly diet diversity, phenology,
seasonal variability of metabolism and carbon demand,
migration patterns, overwintering depth, and mortality.

Conclusion

Recent scientific evidence indicates that marine species
are expanding their distributional range northward into
the Arctic, under the effects of climate change. This expan-
sion has been well documented for zooplankton assem-
blages in the two main Arctic-Subarctic transition zones of
the Bering-Chukchi and the Barents-Fram Strait systems
(Basedow et al.,, 2018; Kim et al., 2020), and also along
eastern Baffin Bay where boreal zooplankton are trans-
ported northward by the Atlantic-influenced West Green-
land Current (Moller and Nielsen, 2020). There, the North
Atlantic Calanus finmarchicus is replacing its larger arctic
congeners C. glacialis and C. hyperboreus, with conse-
quences higher up the food web. In contrast, we did not
find any significant effect of Atlantic and Pacific taxa on
zooplankton composition in the sector of the North Amer-
ican Arctic under study, the subarctic Hudson Complex,
and the Labrador fjords, all areas through which cold arc-
tic waters flow. Thus, except for the sub arctic Labrador Sea
assemblage that had a strong Atlantic signature, the
assemblages identified by this study can be considered
as true arctic zooplankton communities, similar to the
ones described by earlier arctic studies (Dunbar, 1953;
Grainger, 1965).

This work provides a strong baseline against which we
will be able to gauge changes in the zooplankton commu-
nity structure over a vast region of the Arctic subject to
intensified oceanographic Atlantification and Pacification
at its eastern and western boundaries (Polyakov et al.,
2020). Based on an unprecedented sampling resolution
and geographic scale, our data reveal the complexities of
the mechanisms maintaining connectivity within this
large pelagic ecosystem and pinpoint the factors of geo-
graphic discontinuities in the zooplankton community
distribution. We surmise that an interplay between zoo-
plankton habitat preference and vertical distribution, and
the presence of sills and shallow areas constraining the
transport of mesopelagic species by underlying currents
such as the Atlantic Water layer below a depth of 200 m, is
responsible for the discrimination of the main zooplank-
ton assemblages in the North American Arctic. The data
underline the status of the central Amundsen Gulf, Lan-
caster Sound, the North Water, and western Baffin Bay as
mesozooplankton biomass hotspots in deep (>300 m)
habitats often near or in known polynyas. These areas have
already been, or are still in the process of being,
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designated as Marine Protected Areas for the richness of
their fauna. In these oceanic parts of the North American
Arctic, the large herbivorous and arctic-endemic copepod
Calanus hyperboreus represents >60% of the copepod bio-
mass, highlighting its rank as a keystone species in the
Arctic marine ecosystem. Thus, environmental disruptions
affecting C. hyperboreus populations in this part of the
Arctic should be monitored (Darnis et al., 2019).

We can only emphasize the need to increase sampling
resolution in coastal areas that likely provide habitats for
more zooplankton assemblages, some sustaining Arctic
char stocks and dependent northern fisheries. Further-
more, plankton communities need to be better documen-
ted along the most heavily ice-covered sectors of the
Northwest Passage, including M'Clure Strait, Viscount Mel-
ville Sound, The Queen Elizabeth Islands in the north of
the CAA, and finally in the Gulf of Boothia, considered as
an important feeding area for planktivorous bowhead
whales.
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