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Northwards flowing Atlantic waters transport heat, nutrients, and organic carbon in
the form of zooplankton into the eastern Greenland Sea and Fram Strait. Less is
known of the contribution of phytoplankton advection in this current, the Atlantic
Water Inflow (AWI) spanning from the North Atlantic to the Arctic Ocean. The in situ
and advected primary production was estimated using the physical-biological coupled
SINMOD model over a region bounded by northern Norway coast (along the Norwegian
Atlantic Current, NAC), the West Spitsbergen Current (WSC) and the entrance to the
Arctic Ocean in northern Fram Strait. The simulation results show that changes in
phytoplankton biomass at any one location along the AWI are supported primarily by
advection. This advection is 5–50 times higher than the biomass photosynthesized
in situ, seasonally variable, with minimum contribution in June, at the time of maximum
in situ primary production. Advection in the NAC transports phytoplankton biomass
from areas of higher production in the south, contributing to the maintenance of
phytoplankton productivity further north. In situ productivity further decreases north
of Svalbard Archipelago, at the entrance to the Arctic Ocean. Excess in situ annual
production in northern WSC is exported to the Arctic Ocean during the growth season
(April to September). The balance between in situ and advected primary production
defines three main regions along the AWI, presumably modulated by the spatial and
temporal variability of copepod grazing. As the sea ice reduces its annual extent and
warmer waters enter the Arctic Ocean, ecological characteristics of the ice-free WSC
with its AWI signature could extend north and east of Svalbard and into the central
Arctic. Advection thus constitutes an important link connecting marine ecosystems of
the Arctic and Atlantic Ocean, mainly at the gateways.

Keywords: advection, phytoplankton, carbon, Atlantic water inflow, Arctic Ocean, Fram Strait, West Spitsbergen
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INTRODUCTION

The northward movement of Atlantic Water from the North
Atlantic into the Arctic Ocean constitutes a major pathway of
ocean circulation, contributing to transports of heat and salt
into the Arctic with implications for the physical structure of
the Arctic Ocean (Rudels et al., 2004, 2005, 2015). Atlantic
Water advected along this pathway undergoes cooling and
freshening as it is transported northwards along the western
coast of Norway, across the Barents Sea Opening (BO), and
west of the Svalbard Archipelago before finally entering the
Arctic Basin north of Svalbard (NSv) (Figure 1a; Walczowski
et al., 2012). In the north, the West Spitsbergen Current
(WSC) is a rather complex circulation feature. North of 79◦N,
the current contains two separate warm cores that follow
different isobaths. The western core moves north west of
the Yermak Plateau and north of 80◦N; part of this current
detaches from the Yermak Plateau and enters the Fram Strait
recirculation (Aagaard et al., 1987; Marnela et al., 2013). The
inside branch follows the shelf break into the Arctic Ocean;
past northwestern Spitsbergen, this water mass loses heat.
Together with some freshening, this process converts the Atlantic
water into Arctic Intermediate water within ∼600 km of
the Fram Strait.

The WSC flow has seasonal variability, with maximum in
winter and minimum in summer. At 78◦ 50′ N, before entering
the Arctic, the WSC delivers 6.6 ±0.4 Sv of water (average
1997 – 2010), 45% of which is >2◦C in temperature. Overall,
the mean temperature of the WSC is 3.1 ±0.1◦C (Beszczynska-
Möller et al., 2012) and characterized by salinity of ∼35 (Rudels
et al., 1994). Two-thirds of the heat transported north of 78◦N
flowing through the Fram Strait is lost by the westward transport
and sea surface cooling; the other third is injected into the
Arctic Ocean (Kawasaki and Hasumi, 2016). In addition to
an interannual variability with 5 – 6-year cycles, the Atlantic
Water has a 20-year warming trend at 150 – 900 m depth,
with exceptionally high temperatures in the decade of the 2000’s
(Polyakov et al., 2012).

With the Atlantic Water Inflow (AWI) from Norway’s
coast into the Arctic Ocean, phytoplankton are transported
northward through 14 degrees of latitude where shorter
days and lower sun angle progressively delay the onset
of primary productivity (Longhurst, 2010). Phytoplankton
biomass values in these northern latitudes can vary by a
factor >100× between winter [0.1 mg chlorophyll a (chla)
m−3] and summer (>10 mg chla m−3) (Nöthig et al.,
2015), with maximum biomass accumulation during boreal
spring and summer, the period of minimum water transport.
The average primary production in this European sector
of the Arctic Ocean from 1995 to 2007 was estimated at
>100 g C m−2 yr−1, with the seasonal Sea Ice Zone
contributing 30–100 g C m−2 yr−1 and the Perennial Ice Zone
<30 g C m−2 yr−1 (Wassmann et al., 2010).

The Central Arctic Ocean pelagic ecosystem is net
heterotrophic, and relies on a net input of organic matter
from southerly latitudes to survive (Olli et al., 2007). In this
way, advection constitutes an important link of the marine

ecosystems of the Arctic Ocean with the Atlantic and Pacific
Oceans, from nutrients to plankton to marine mammals, in
particular at the gateways (Wassmann et al., 2015; Hunt et al.,
2016). Popova et al. (2013) estimated that about 20% of the
Arctic Ocean primary production is supported by advective
processes with simulations linking nutrient-rich Pacific and
Atlantic waters to the subsurface chlorophyll maximum in
the central Arctic Ocean on a timescale of 15–20 years and
with deep advective enrichment of nutrients occurring on a
timescale of 5–6 years. Ocean connectivity has been examined
further with respect to zooplankton communities. The supply
of zooplankton by advection from the Atlantic Ocean is 2–3
times larger than from the Pacific Ocean; most abundant is
the boreal copepod Calanus finmarchicus (Carstensen et al.,
2012). Local consumption reduces the influence that advected
zooplankton biomass has in the Amerasian Arctic sector
while having a basin-scale influence in the European sector
of the Kara, Laptev and East Siberian Seas (Grebmeier et al.,
2015). C. finmarchicus originates from the North Atlantic, with
adult populations reproducing successfully in the Norwegian
Sea, where they develop and are transported north in the
following spring and summer (Basedow et al., 2018). By
the end of the summer and during winter, C. finmarchicus
goes into diapause, migrating below the Norwegian Current-
WSC to 600–1000 m depth (Kosobokova and Hopcroft,
2010). This zooplankter cannot reproduce when introduced
to Arctic waters and disappears after a few months, where
it is replaced by Calanus glacialis, a polar shelf- associated
overwintering species, that is transported further into the Arctic
shelf along the AWI boundary current (Kosobokova, 2012;
Wassmann et al., 2015). Less is known about the influence
of advection of phytoplankton on carbon cycling and/or
planktonic ecology.

While physical processes associated with AWI into the
Arctic have been the subject of extensive study (Pérez-
Hernández et al., 2017), the implications of water mass
advection and transformation for primary producers at
the bottom of the food web remain poorly examined. In
particular, potential changes in the biomass and productivity
of phytoplankton communities as they are advected along
the AWI, from northern Norway into the Arctic Ocean
NSv, and the contributions of these changes to local carbon
cycling along the pathway have not been investigated. The
benefits that the current provides to the phytoplankton
productivity and losses in this region remain unknown.
This study attempts to answer the following questions:
What is the contribution of advection to phytoplankton
primary production along the AWI? How much carbon is
available from locally produced and advected phytoplankton
and how do their relative contributions vary spatially
during the growth season? Using a well-tested model for
Arctic plankton (Babin et al., 2015; Lee et al., 2016), we
have addressed these questions from a community and
ecosystem perspective (Wassmann et al., 2006, 2010, 2015).
Furthermore, we provide a context of the potential changes in
carbon cycling in this transition region at a time of warming
northward water flow.
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FIGURE 1 | (a) Main oceanographic features of the study area, including currents. The Atlantic water inflow (AWI) from the Norwegian Atlantic current (NAC) to the
Barents sea opening (BO), the West Spitsbergen current (WSC), the area North of Svalbard (NSv), the Yermak Plateau (YP), Fram Strait (FS), the East Greenland
current (EGC), and the Arctic Ocean (AO). Warm currents are depicted in red and cold currents in blue. (b) Map of the study area depicting sea ice extent in May
(blue line) and September (pink line) of 2012. Four transects along the AWI (orange) depict the locations where phytoplankton carbon flux was estimated (see
Table 1) and the dots correspond to locations where NCP (see Figure 8) was calculated.

MODEL

The phytoplankton dynamics along the AWI to the Arctic
Ocean was studied with the physically-biologically coupled,
nested 3D SINMOD model configurations with a 4 km
horizontal grid size and with 61 vertical layers. The vertical
level thickness increases from 5–10 m near the surface to 500 m
below 1000 m. SINMOD is a fully coupled hydrodynamic-
ice-chemical-biological model system. A comprehensive
description of the physical and ecosystem and food web
model is found in Slagstad and McClimans (2005) and
Wassmann et al. (2006). A short description is given here.
The hydrodynamic component of the model system, which
is responsible for calculating the basic physical properties
of the ocean like velocity, water temperature and pressure,
is based on the so-called primitive Navier–Stokes equations
and established on a z-grid (Slagstad and McClimans, 2005;
Slagstad et al., 2015).

The model is forced by atmospheric data: wind, heat
exchange, tides and freshwater run-off from land [for more
details see Slagstad and McClimans (2005)]. The ice model
is similar to that of Hibler (1979) and has two state
variables, ice thickness and ice concentration, and allows ice
interaction to depend on these. The ice momentum equation
is solved together with an equation for the ice internal stress,
using the elastic-viscous-plastic (EVP) dynamical model of

Hunke and Dukowicz (1997). The model simulates changes in ice
mass and fraction of open water due to advection, deformation
and thermodynamics effects. Initial values of temperature and
salinity were taken from World Ocean Circulation Experiment
(WOCE) Global Data Resource Version 3.01 using a spin-up
phase of 26 years prior to the start of the simulation in this work.
A comprehensive description of the WOCE data system can be
found in Lindstrom and Legier (2001).

The model is forced by atmospheric output from the
European Center for Medium-Range Weather Forecasts
(ECMWF) reanalysis data from 2012. The model is also forced
with freshwater fluxes (river discharges and diffuse run-off
from land). Freshwater run-off along the Norwegian coast and
in the Barents Sea is based on data from simulations by the
Norwegian Water Resources and Energy Directorate2. The
simulations were performed using a version of the HBV-model
in 1 km horizontal resolution (Beldring et al., 2003; Dankers
and Middelkoop, 2008). For Arctic rivers, data are obtained
from R-ArcticNet (Vörösmarty et al., 1996, 1998) available
through http://www.r-arcticnet.sr.unh.edu/v4.0/main.html.
Boundary conditions for biological, chemical and physical states
are produced by a large-scale model with 20 km horizontal
resolution. This includes tidal forcing. The large-scale model

1http://www.nodc.noaa.gov
2www.nve.no
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FIGURE 2 | SINMOD model grid cell describing the main phytoplankton
processes: Advection is depicted as import (Biomass-IN) and output
(Biomass-OUT), Gross Primary Production (GPP), Grazing, Excretion,
Respiration and Sinking. Input terms are in green, as g C m−2 d−1 and loss
terms in red, with the same units. All model output is expressed in units of
phytoplankton carbon. The model grid is 4 km × 4 km in x-y and by 50 m in
depth. Upstream advection is depicted as Advection-IN and downstream
advection by Advection-OUT.

runs with a total of eight tidal components based on data from
the TPXO 7.2 model of global ocean tides3.

The ecosystem module is formulated in an Eulerian
framework and includes state variables for nutrients (nitrate -
NO3, ammonium - NH4, and silicate - SiO4), the microbial
loop, heterotrophic nanoflagellates, diatoms and autotrophic
flagellates, ciliates and two key mesozooplankters: the Atlantic
C. finmarchicus and the arctic C. glacialis. SINMOD calculates
Gross Primary Production (GPP), new production (NP),
the f-ratio (NP/GPP) and secondary production of the two
mesozooplankton species. For details of the biological model,
see Wassmann et al. (2006). The model contains additional
compartments for sinking detritus (fast and slow), dissolved
organic carbon and the sediment.

The SINMOD model has been validated with field data
(Wassmann et al., 2006; Ellingsen et al., 2008; Slagstad et al., 2011)
where parameterization of the different variables can be found.
The SINMOD model was found to be one of the best models to
estimate primary production in the Arctic Ocean during an inter-
comparison among ocean biogeochemical coupled models and
Earth system models (Lee et al., 2016), as well as with satellite-
derived primary production algorithms (Babin et al., 2015).

In each grid cell, phytoplankton are modeled in the 50 m
surface layer of the water as:

dB/dt =GPP − Respiration− Sinking − Excretion− Grazing

+ Advection-IN− Advection-OUT (1)

3http://www-po.coas.oregonstate.edu/∼poa/www-po/research/po/research/tide/
global.html

where B is Biomass, t is time in days, GPP is Gross
Primary Production, or total carbon uptake by phytoplankton
through photosynthetic process; Respiration is phytoplankton
biomass lost as CO2; Excretion is the production of Dissolved
Organic Matter (DOC) released by phytoplankton; Grazing is
phytoplankton consumption by zooplankton, both micro- and
meso-zooplankton; and Sinking is diatoms lost from the 50-
m surface layer as vertical sedimentation by cell flocculation
and cell death; Export loss is accounted for in Sinking and
Grazing and not included in calculations, all in units of carbon,
g C m−2 d−1. The model output is in units of Nitrogen, converted
to carbon using a constant C:N ratio of 7.6, average data from
the Barents Sea (Reigstad et al., 2002). Sinking is only related
to phytoplankton cells, a slow export of organic carbon from
the surface layer. On the other hand, Export of organic matter
(Figure 2) comprises mostly the sedimentation of zooplankton
fecal pellets and molts, considered to be a fast export. The
model does include a module on the microbial loop where
bacteria consume DOC from phytoplankton excretion and are
predated upon by nanoflagellates. The model does not consider
viruses as a separate compartment or cell lysis as a separate
process (Wassmann et al., 2006); all phytoplankton cell death not
related to grazing is included as Sinking out of the 50-m surface
layer, which constitutes a portion of population mortality. DOC
production from phytoplankton, expressed as Excretion, includes
DOC from viral lysis, not expected to be high in polar waters
(Agustí and Duarte, 2013; Mojica et al., 2016).

Model results are for the year 2012, a year of minimum sea
ice extent in the Arctic Ocean (Figure 1b; Stroeve and Notz,
2018), maximizing ice-free primary production in the West and
NSv Archipelago. These rates are calculated for a 6-month period
during the growth season, from April to September, and are
considered representative of yearly estimates (Wassmann et al.,
2010). Several experiments were performed to determine the
contribution of (a) phytoplankton biomass advection to local
primary production, (b) phytoplankton growth parameters, (c)
the relative importance of phytoplankton biomass advection
on in situ phytoplankton production at each grid cell, and
(d) the balance between sources and sinks of biomass as a
function of advection. Model experiments are explained in each
corresponding section of the “Results.” The SINMOD model
was run and the variables of interest saved as output and later
mapped within the domain of interest. Results are shown as
maps in units of phytoplankton carbon and as tables with
discrete values at fixed points along the AWI. The results are
presented and discussed only for the AWI, from the NAC to
the BO, the WSC and the area NSv (Figure 1a). The remaining
data are shown to give context to the phytoplankton dynamics
observed in the AWI.

RESULTS

Phytoplankton Growth
Phytoplankton Gross Primary Production
Gross Primary Production relates to the total amount of
organic carbon newly incorporated by photosynthesis, thus
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an index of production. As this process is based on the
existing phytoplankton biomass, it depends on the physiological
response of high-latitude microalgae to irradiance, temperature
and inorganic nutrients within the surface mixed layer.
Mapping the average GPP during the boreal growth season,
from April to September, as calculated by the SINMOD
model (Eq. 1), we observe a range spanning from 40 to
160 g C m−2 6mo−1 (Figure 3a). Along the AWI, a gradient
in GPP is observed, where close to the Norwegian shelf gross
production is ∼160 g C m−2 6mo−1, maintaining high rates of
∼140 g C m−2 6mo−1 toward the BO. West of Svalbard, on
the WSC, GPP is on average ∼120 g C m−2 6mo−1, decreasing
to ∼60 g C m−2 6mo−1 in the NSv. These GPP annual rates
are within estimates extrapolated from field samples with low
March production and high June production (Vernet et al.,
1998). Based on the decreasing rates of GPP toward the north,
three regions can be defined along the AWI: NAC including
the BO, the WSC and the NSv. However, it is notable that
the WSC shows higher seasonal production than surrounding
waters in the Greenland Sea and also NSv along the shelf
break in the Arctic Ocean, in comparison to the Nansen Basin
(Figure 1a). Superimposed on the spatial variability in GPP,
there is a strong seasonality (Supplementary Figure S1 and
Supplementary Table S1). GPP starts earlier in the Norwegian
shelf, reaches a maximum everywhere in June, decreasing in July,
with exception of the regions influenced by the AWI where GPP
remains high. By September, GPP is <15 g C m−2 mo−1. Thus,
the contribution of the AWI to regional GPP is most pronounced
early and late in the growth season.

Phytoplankton Growth Rate
In addition to GPP, phytoplankton Growth Rate (µ) gives
an indication of the speed of phytoplankton population
renewal within the upper 50-m layer of the water column.
The model simulations provide a unique opportunity to
estimate this variable along the AWI, as carbon-specific net
primary production within each model grid cell, or (GPP –
Respiration)/Biomass (Figure 2) in units of d−1. This is a
difficult parameter to measure in the field, as phytoplankton
biomass in units of carbon is often contaminated by bacteria
and other heterotrophs. The modeled rates are within the
range expected for seasonally averaged field samples in high-
latitude environments, e.g., 0.22 d−1 to 0.40 d−1 (Garibotti
et al., 2003). For the 6-month productive period (Figure 3b and
Supplementary Table S2), between April and September, average
growth rates varied from 0.02 d−1 to 0.15 d−1, with highest rates
found in the NAC and remaining high along the WSC. Growth
rates decreased in the NSv to intermediate values (∼0.1 d−1),
although these remained higher than surrounding waters of the
Nansen Basin in the Arctic Ocean and in the central Barents
Sea (∼0.02 d−1).

Advection of Phytoplankton by the
Atlantic Water Inflow
Phytoplankton Biomass
Phytoplankton Biomass at any given location along the AWI
can increase by transport from another location and/or from

in situ growth processes (Supplementary Table S3). In the
field, assessments of in situ primary production concurrent
to advection estimates of primary production are challenging.
Here, we use the model’s output to understand the possible
effect of advection to phytoplankton processes by estimating
phytoplankton Residence Time. For each model cell, we calculate
the ratio of in situ biomass to phytoplankton advected into the
grid cell, in units of days [d] (Biomass/Advection-IN, Figure 2).
Residence Time represents the time a particle spends within the
model grid cell of 4 km × 4 km × 50 m, from the time it
enters (Advection-IN) to the time it leaves (Advection-OUT), in
relation to the concentration of particles within a single model
grid cell (Biomass). This variable is sensitive to the model grid
cell size, thus, this experiment provides only relative comparisons
among locations.

When the spatial distribution of phytoplankton Residence
Time in each location is mapped, we observe consistently lower
residence time along currents, such as the northward AWI
where the average time of phytoplankton Residence Time at
each location is shorter than elsewhere by a factor of ∼5 or
more (Figure 4). Within the flow, phytoplankton is carried north
relatively fast and the Residence Time is limited to 0.05 days to
0.3 days, while phytoplankton biomass lasts 1 day or more in the
open ocean. These numbers compare favorably with transport
from a WSC current speed of 0.1 to 0.3 m s−1 (Kolås, 2017).
Comparing this Residence Time map to the distribution of
GPP in Figure 3a, it suggests that the low Residence Time in
the currents is mainly due to high advection of phytoplankton
biomass as in situ GPP changes only by a factor of 2 or 3.

An alternative to estimating the effect of advection on
phytoplankton processes along the AWI is to turn off GPP at
a certain location and observe the downstream distribution of
phytoplankton biomass (B). In this way, we can estimate the
Persistence of phytoplankton, defined as the time (in days) that
a parcel of phytoplankton with B > 0 is transported downstream
from the location where GPP = 0. In this experiment, advection
and loss processes remain >0. The loss of phytoplankton biomass
is then due to the consumption by grazing, respiration, DOC
excretion and cell sinking, such that the downstream biomass
from where GPP is set to zero is estimated as dB/dt = 0 –
Respiration – Sinking – DOC Excretion – Grazing + Advection-
IN – Advection-OUT (Figure 2). The extent of phytoplankton
biomass loss after GPP was turned off is shown for three locations
in Figure 5. When the spatial distribution of phytoplankton
Persistence in each model grid cell is mapped, biomass (as
%) that remains in the WSC is compared to the location
where GPP was cut-off. The contour in each panel shows the
distance traveled by 20% of the original biomass or the location
where 80% of the initial phytoplankton carbon is lost. Notably,
phytoplankton biomass along the AWI reaches longer distances
than elsewhere in the study domain. However, there is spatial
variability: phytoplankton biomass persists longer (i.e., travels
farther) in the AWI waters at the entrance of the BO (∼300 km),
decreasing to 200 km south of Svalbard and decreasing further
to ∼150 km at the entrance to the Arctic Ocean, regardless
of time between July and August. Such dispersal distances are
typical for larval transport of benthic, sessile organisms and a
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FIGURE 3 | (a) Seasonal phytoplankton Gross Primary Production (GPP) estimated as g C m−2 6mo−1 from April to September 2012. Low production (in blue) and
high production (in red), from 20 to 200 g C m−2 6mo−1) for the study area. (b) Phytoplankton growth rate (d−1) calculated in the SINMOD model as Net Primary
Production/Biomass. Range of values from 0.02 d−1 to 0.14 d−1. Note that in the literature (GPP-Respiration) is also considered phytoplankton primary production,
also known as Net PP or NPP (e.g., Matrai et al., 2011).
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FIGURE 4 | Phytoplankton residence time (mean over 6 months, April-September. 2012) within the 4 km × 4 km × 50 m SINMOD model grid cell where lower
values (blue) indicate shorter time of phytoplankton carbon biomass within the cell and higher values (red), a longer time of the phytoplankton carbon biomass within
the cell. In units of days, calculated as Biomass within the grid cell/Biomass advected In.

FIGURE 5 | Persistence of summer phytoplankton biomass along the Atlantic Water Inflow after GPP is turned off. The three locations are depicted with the vertical
red lines (see also orange transect lines in Figure 1b). The thick lines depict the locations where 20% of the initial biomass is retained, after GPP = 0, from the NW
Norway (black), Barents Opening (pink) and NW Svalbard (blue) for (a) 1 July, (b) 15 July, (c) 1 August and (d) 15 August 2012.

variety of fish (50–150 km) with large ocean currents being major
pathways of larval dispersal (Cowen et al., 2006, 2007; Treml
et al., 2008), enriching population abundance, genetic diversity,
persistence and resilience.

Importance of Advection to Primary Production
Given that Biomass at any given location can increase by
transport from another location or from local processes, we
calculated the ratio of phytoplankton advected (into a grid cell)
per unit of in situ GPP (Advection-IN/GPP, Figure 2). This
unitless ratio indicates what proportion of the biomass in any
given location originated from advection (mg C m−2 d−1) and

how much from local photosynthesis (mg C m−2 d−1). When
the spatial distribution of the ratio in each model grid cell is
mapped, the values are always positive, indicating advection of
phytoplankton is greater than, or equal to, in situ GPP in our
region of interest (Figure 6). For the growth season, the ratio, that
is the contribution of biomass by advection, is maximum along
the currents on average, with ratios of up to 40 indicating a much
larger contribution of advected phytoplankton compared to
contribution of carbon by in situ primary production. This large
contribution of biomass by advection of phytoplankton is similar
in the NAC, the BO and NSv, although ratios are somewhat lower
(∼30X) in the WSC. Similarly, the East Greenland Current, west
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FIGURE 6 | Average contribution of Phytoplankton Biomass Advection to local Gross Primary Production estimated as Biomass advected IN/GPP (no units), from
April to September. Low contribution of advection (blue) to high (red) from 0 to 50 times higher Phytoplankton Advection than local GPP.

of the Fram Strait and Greenland Sea, and the Santa Ana Trough
region, located north of Nova Zemlya in the Arctic Ocean, exhibit
a high contribution of advection to GPP.

The relative balance between advected and locally produced
biomass at each location has a strong seasonality (Supplementary
Figure S2). When GPP is low, as in the beginning and end of the
growth season, the ratio is intermediate (10 – 20), as presumably
advected biomass is also low. During the spring bloom (May),
when in situ production is high, the ratio is lowest (sometimes
<5), indicating the local production is closer to the advected
biomass, in particular in the WSC. Advection of biomass becomes
more important as local productivity lessens later in the summer.
In August, the ratio is highest (∼50), i.e., advection brings
phytoplankton carbon from the productive regions of the south
toward the north at a time when GPP is low. In the NSv, the
importance of advected biomass is highest also late in the growth
season, in August and September.

Phytoplankton Carbon Transported by the Atlantic
Flow
If phytoplankton biomass is being advected along the AWI
current, how much carbon is being transported at any given
location? The transport of phytoplankton carbon biomass
and water through sections along the advective pathway
was calculated (Advection-OUT for biomass, Figure 2) and

integrated for the growth period (from April to September). We
defined four sections along the AWI to examine potential changes
in transport occurring from south to north (Figure 1b). These
sections have variable lengths as they were set to be representative
of all northward transport that varies along the current due to
topography (Hansen et al., 2008). As there is no objective measure
of water and carbon flow, these transects are meant to give a
semi-quantitative estimate of south-to-north changes in fluxes.

A decrease in phytoplankton biomass transport was observed
from the NAC to the NSv that can be considered a net loss
of biomass toward the north (Table 1 and Supplementary
Table S3). In northern Norway (the southernmost section), the
flow carries 2.31 ± 1.06 Tg C 6mo−1 of phytoplankton carbon
during the growth season. As the current flows northward,
0.97 Tg C 6mo−1 is advected eastward to the Barents Sea,
whereas 1.18 ± 0.07 Tg C 6mo−1 is advected northward toward
the south of Spitsbergen. Transport of carbon decreases to
0.76 ± 0.19 Tg C 6mo−1 over the Yermak Plateau, north of the
Svalbard Archipelago at the entrance of the Arctic Ocean and to
0.36 Tg C 6mo−1 along the NSv. As a result, the AWI entering
the Arctic Ocean continental slope transports only a sixth of the
phytoplankton biomass advected out of the NAC. Some of the
simulated biomass is likely transported toward the Greenland
Sea, given that in this area, AW water returns southward
south of 80◦N, due to the eddy-driven recirculation toward
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TABLE 1 | Carbon in Tg C 6mo−1 (average ± standard deviation) and water (Sv)
within the upper 50-m of the water column transported northwards by the Atlantic
Water Inflow at different locations spanning 11 degrees of latitude from northern
Norway to southern Arctic Ocean.

Location Carbon
transport

(Tg C 6mo−1)

Carbon loss
(Tg C 6mo−1)

Water
transport

(upper 50 m)
(Sv)

NAC 2.31 ± 1.06 BSO 0.97 1.4

WSC 1.18 ± 0.07 0.7

NSv 0.76 ± 0.19 0.1

NBS 0.36 0.1

NAC, BSO, WSC, NSv, and NBS correspond to the Norwegian Atlantic Current,
the Barents Sea Opening, the West Spitsbergen Current, the North of Svalbard
and North of Barents Sea, respectively. Location of transects is depicted in
Figure 1b, in orange.

the west (e.g., Marnela et al., 2013; Hattermann et al., 2016;
Wekerle et al., 2017). Thus, we expect a fraction of phytoplankton
carbon to enter this westerly recirculation, in agreement with the
decrease of phytoplankton carbon from NW Svalbard to north
of Barents Sea, from 0.76 Tg C 6mo−1 to 0.36 Tg C 6mo−1

(Table 1). The high seasonal variability in carbon flux in any
region is attributed in part to the seasonal variability in water
transport within the AWI, with summer water transport half that
in winter (0.2 Sv vs. 0.4 Sv, respectively; Beszczynska-Möller et al.,
2012). Furthermore, copepod grazing in the NAC is highest at
the time of reproduction in early spring, affecting carbon export
out of this region.

Ecosystem Carbon Balance Along the
Atlantic Water Inflow
Due to the variability of advected and in situ production of
biomass at any given location (Figure 6 and Supplementary
Figure S2), what is the net carbon balance between
phytoplankton production and loss rates at each location
along the AWI? A positive carbon balance between these
processes would indicate a net accumulation of phytoplankton
biomass due to in situ processes while a negative one relates
to net loss. If we define total Net Carbon Production (NCP)
as the difference between Phytoplankton production and
Phytoplankton losses (NCP = GPP – Respiration – Sinking –
DOC Excretion – Grazing) for each location (or model grid cell,
Figure 2), NCP is >0 in areas and times where in situ input terms
are higher than the in situ losses (and vice versa). Areas of NCP
>0 indicate excess carbon production that can be considered
“exportable” phytoplankton biomass (Jönsson et al., 2011), either
to depth or advected northward/eastward.

Mapping the NCP during the growth season along
the AWI, we find phytoplankton biomass accumulation
(∼20 g C m−2 6mo−1) in the BSO and the northern WSC, and
a net loss of phytoplankton in the NAC and over the Yarmak
Plateau (∼ −15 g C m−2 6mo−1; Figure 7 and Supplementary
Table S4). A slightly positive biomass accumulation of ∼
5 g C m−2 6mo−1 is visible in the NSv area. Looking at a time
evolution of NCP from April to September (Supplementary

Figure S3), there is a strong seasonal signal for NCP in NW
Svalbard that is dominated by the spring bloom in May. In
June, the NAC and the BO are dominated by carbon losses;
nonetheless, the WSC remains productive overall. By the
end of the summer season, the whole region has become
dominated by net carbon losses, indicating higher consumption
than production. The overall seasonal signal west of Svalbard
(Figure 7) is positive due to the high NCP in May and June that
is not compensated by in situ losses later in the season.

DISCUSSION

A major question in the Arctic region concerns the changes in
the Arctic Seas and their effect on the connectivity with the
Central Arctic Ocean. The most active of these connections is the
AWI from the North Atlantic to the Nansen Basin, an eastern
boundary current well known for bringing heat and nutrients
to high latitudes (e.g., Dickson et al., 2008 and refs. therein,
Hofmann et al., 2011). Water masses and their biological and
chemical constituents advected in eastern boundary currents
such as the AWI are subject to transformation along their transit
from temperate to polar waters (Saloranta and Haugan, 2004;
Longhurst, 2010). We can expect local biological processes to
take place at every location, through photosynthesis (bottom-
up processes) and the interactions of the food web components
(top-down processes). Furthermore, phytoplankton are exposed
to ever changing environmental conditions, as light and nutrients
change with latitude (Torres-Valdés et al., 2013). The series of
experiments performed with the SINMOD model in this study
provides insights into the transformation of the phytoplankton
biomass from Northern Norway to the entrance to the Arctic
Ocean and the role of advection for phytoplankton productivity
and ecosystem processes along this pathway.

The year 2012 was ideal to perform the model experiments
for two main reasons: first, it was a year of unusually low sea-
ice extent in the Arctic Ocean, providing a glimpse of future
conditions as sea ice extent continues to decline (Polyakov
et al., 2017; Stroeve and Notz, 2018). Second, there is interest
in understanding ecological processes in the NSv area, at the
entrance of the AWI into the Arctic Ocean, particularly with
respect to the potential development of cod fisheries in this region
(Haug et al., 2017). Conditions observed in 2012 reflected the
open-water fraction of this northern region, particularly during
springtime when sea ice drift normally covers the northern
Fram Strait (Lind et al., 2018). In this study, we address the
central question: how are primary production processes affected
by advection of phytoplankton carbon in the AWI and what are
the consequences for the pelagic ecosystem? As all variables and
processes from the model are in units of phytoplankton carbon,
we can infer answers to these questions.

At the entrance of the Arctic Ocean, and in most Arctic Seas,
sea ice edge blooms are considered critical to annual productivity
(e.g., Sakshaug, 1993; Carmack and Wassmann, 2006; Wassmann
and Reigstad, 2011). Sea ice retreat in NSv is predicted to
regionally increase GPP (Slagstad et al., 2015), and longer ice-
free periods have increased total Arctic productivity by 47%
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FIGURE 7 | Net carbon production (NCP), calculated as the balance between in situ production (GPP) and in situ carbon losses (respiration, DOC excretion, sinking
and grazing), calculated for each grid cell and mapped. Positive NCP (in red) and net carbon losses (in blue) from + 20 to –20 g C m−2 6mo−1, between April and
September 2012.

between 1997 and 2015 (estimated from remote sensing and close
to NPP = GPP –Respiration, as in Figure 2; Kahru et al., 2016).
Advection of phytoplankton (Carbon Transport, Table 1) along
the AWI is expected to have a positive effect on GPP rates in
ice-free waters. Results from this study suggest a ∼100% GPP
increase in the WSC. For example, the waters west of Svalbard
influenced by the AWI produce ∼120 g C m−2 yr−1 while
waters of the Greenland Sea toward the west only produce ∼60–
80 g C m−2 yr−1 (Figure 3a). As the transport of phytoplankton
arrives to the ice edge in the WSC or NSv, it is expected to enhance
the ice-edge blooms as well.

Integrated primary production rates in open waters of the
Arctic Ocean, estimated from remote sensing and closer to
Net PP (or GPP-Respiration in Figure 2), are approximately
100 g C m−2 yr−1 (Arrigo and van Dijken, 2015; IOCCG, 2015),
with production supported by winter nitrogen concentrations
of 5–12 µM NO3 (Codispoti et al., 2013). Known standing
stocks of available nitrogen in the Arctic are not enough to
support the annual Arctic Ocean production (Tremblay et al.,
2015), meaning additional sources, either from advection or
from diffusive processes, are required. Diffusion of nitrate from
deep waters through the pycnocline has recently been estimated
at 0.2 – 2.0 mmol N m−2 d−1 in the NSv area during the
growth season, equivalent to an excess 1.3 nM per day in a

15-m summer mixed layer (Randelhoff et al., 2015, 2018). This
diffusive nitrate input is expected to support 31 g C m−2 yr−1

(Randelhoff et al., 2015). However, deep-sea O2 demand is higher
than can be supported by local GPP (Boetius et al., 2013).
This imbalance between supply and demand suggests organic
carbon is advected into the Central Arctic Ocean. Similarly,
food web modeling concludes that the Central Arctic Ocean
is heterotrophic, with organic carbon being imported into the
system to meet zooplankton and fish needs (Olli et al., 2007).
Compared to 127–136 Tg C yr−1 photosynthesized each year
for the Nordic Seas/Nansen Basin and Barents Sea regions, as
defined by Arrigo and van Dijken (2015; but see IOCCG, 2015),
the SINMOD simulations suggest an advection via the N. Atlantic
into the Arctic Ocean of phytoplankton carbon of 0.76 Tg C yr−1

(Table 1). This is a conservative estimate, considering it does not
account for winter carbon advection.

South-to-North Phytoplankton Carbon
Gradient
Similar to physical and chemical seawater properties,
phytoplankton abundance and physiology along the AWI
present a gradient from South to North. The waters of the AWI
cool and freshen on their transit north. However, due to their

Frontiers in Marine Science | www.frontiersin.org 10 September 2019 | Volume 6 | Article 583

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00583 September 27, 2019 Time: 14:23 # 11

Vernet et al. Phytoplankton Advection Into the Arctic

fast movement, they maintain higher heat and salt content
than surrounding waters of the Norwegian and Greenland Seas
(Lind and Ingvaldsen, 2012). Similarly, nutrients are imported
from the North Atlantic and are transported north (Carmack
and Wassmann, 2006). It is now known that zooplankton from
temperate oceans are also advected northward, specifically the
copepod C. finmarchicus (Wassmann et al., 2015, 2019). However,
phytoplankton and zooplankton carbon have an overall net loss
toward the north, albeit with regional variability (Figure 7 and
Supplementary Figure S3), indicating that on average, in AWI
waters, carbon losses exceed production northwards (Table 1,
Ellingsen et al., 2008; Weydmann et al., 2014).

A small percentage of the biomass generated in the entire
Norwegian Sea, 2.31 Tg C (6mo)−1 (Table 1), or 2.4% of the
78 Tg C (6mo)−1 produced (as per SINMOD, data not shown),
is free to be advected north. From there, the phytoplankton
biomass decreases to the entrance of the Arctic Ocean by 85%
to 0.76 Tg C. This decrease can be attributed to two concurrent
effects: primary production rates (GPP) diminish northward
as irradiance decreases (Figure 3a) while grazing by macro-
and microzooplankton remains more constant (Banse, 1995;
Wassmann et al., 2010). High microzooplankton grazing in
the AWI has been measured in NSv where a large portion of
local primary production is consumed in situ (Lavrentyev et al.,
2019). Other loss factors contribute to carbon decrease, such as
phytoplankton respiration that increases toward the north, where
respiration in the summer, during 24-h light, was found to be
10-fold higher than in the dark (Mesa et al., 2017).

There is an abrupt change in simulated production-related
processes in the AWI as it enters the Arctic Ocean into
NSv (Figure 3a). Although the modified Atlantic water that
can be found along the Arctic shelf break maintains higher
production than surrounding waters, NSv primary production
is 30% lower in relation to the WSC. The decrease in
primary productivity at this interface is attributed to higher
concentrations of sea ice, decreased light availability and
increased stratification by meltwater annually, resulting in less
nutrient availability after the spring bloom (Harrison et al.,
2013; Tremblay et al., 2015). In contrast, the WSC features
deep mixing in winter bringing up nutrients to surface waters
(Appen et al., 2016). When these waters are affected by sea
ice cover and later by meltwater input, increased stratification
limits phytoplankton access to the deep nutrients only after
the spring bloom. In the absence of sea ice, the stratification
is less pronounced, enhancing access to deep nutrients. Lower
stratification can increase diffusion of nutrients through the
thermocline by ten-fold, from 0.1 to 2.0 mmol NO3 m−2 d−1

(Randelhoff et al., 2016, 2017). These processes are similar to the
difference in stratification affecting productivity in ice-covered
northern versus ice-free southern waters of the Barents Sea
(Rey and Loeng, 1985).

Increased GPP in the WSC relative to the Fram Strait
approximates trends observed for secondary production
(Supplementary Figure S4a, Wassmann et al., 2010). This
high productivity results in a net positive annual carbon
production, or ∼15 g C m−2 yr−1 (or ∼12.5%), that is available
for transport elsewhere in spring and summer (Figure 7).

Along with ∼2/3 of the waters from the WSC recycling into
the Fram Strait (Hattermann et al., 2016; Wekerle et al., 2017),
the remaining phytoplankton carbon (∼5 g C m2 yr−1) is likely
transported east, toward the Arctic Ocean, via a branch north
of the Yermak Plateau or directly into the slope waters of NSv
(Figure 6; Beszczynska-Möller et al., 2012). This advective source
adds up to 0.76 T g C yr−1 (Table 1) of live phytoplankton
cells that can sustain additional GPP. With an efficiency of
∼0.5 mg C (mg chla−1) h−1 for the phytoplankton in the
euphotic zone (Vernet et al., 1998) and an average seasonal
C:chla ratio of ∼53 (Wassmann et al., 2006; Vernet et al., 2017;
Paulsen et al., 2018), 23.1 Tg C yr−1 are supported by advected
phytoplankton in the NSv, i.e., the same order of magnitude of
the simulated annual GPP in NSv (60 g C yr−1; Figure 3a) or the
30 g C yr−1 estimated from nitrate input through the summer
pycnocline (Randelhoff et al., 2015). This estimate underlines
the importance of advection to in situ production (Figure 4).
However, any calculation of this type is sensitive to the average
parameters extracted from the literature and deserves further
study (Lind et al., 2018).

Effect of Advection on Phytoplankton
Ecology
The AWI transports phytoplankton biomass from a southern
location to a more northern one. Upon arrival, the biomass
can synthesize new carbon in response to local conditions
of light and nutrient availability (i.e., GPP). If we consider
bulk quantities, the transport along the current is such that
at least 20% of the biomass is maintained by advection for
75 – 250 km (Figure 5). With a growth rate of 0.1 d−1 or a
doubling time of 7 days (Figure 3b) and a Residence Time of
0.2 days (Figure 4), an average phytoplankton cell takes ∼1 day
to travel 20 km (equivalent to five model grid boxes), which
translates into a cell division cycle within 140 km (Nelson and
Brand, 1979). Hence, the current can disperse phytoplankton
beyond its location of growth and move biomass to areas
of lower local primary production, increasing productivity
toward the north.

Adding to the mechanical advection of cells northward, the
AWI provides an environment that enhances phytoplankton
growth and physiology. Higher growth rates are observed within
the current, in comparison to areas of same latitude toward the
west. Growth in the AWI can reach ∼0.14 d−1, decreasing to
∼0.08 d−1 in the Greenland Sea (Figure 3b). Several factors
could account for this enhancement. Temperatures in the AWI
are higher, increasing metabolism (Eppley, 1972; Huot et al.,
2013; Chen, 2015). Enhanced grazing, associated with advected
microzooplankton and C. finmarchicus (Gluchowska et al., 2017),
is also known to benefit phytoplankton growth, through nutrient
recycling and mortality of unhealthy cells (Michel et al., 2015).

Enhanced physiology affects the phenology of the primary
production. Two main regions along the AWI show that the
timing of phytoplankton growth is altered in such a way as to
result in a longer productive season: the spring (May) bloom
starts earlier in the NAC in comparison to the Norwegian and
Greenland Seas where peak productivity is delayed until June
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(Supplementary Figure S1). In the absence of sea ice, early
productivity implies a better use of light within the current,
though it is likely that the NAC may replenish its nutrient load
sooner due to its shallower nature and proximity to coastal
processes (Sætre, 2007; Pacariz et al., 2016; but see Johnson
et al., 2013). In addition, advection, by bringing carbon to
the north, enables productivity (GPP) in the WSC as late as
September, extending the growth season. This results in better
use of the seasonally available nutrients contributing to the
overall annual GPP.

Carbon Balance Along the Atlantic Water
Inflow
Overall, there is no consistency of NCP in space and time along
the AWI, suggesting the timing of the different components of
the system within is not synchronous. Considering the AWI
from western Norway to the Arctic Ocean, we mentioned before
that NCP defines three main regions: the NAC extending to
the southern BO, the WSC including the northern portion
of the BO and the waters in NSv. The decrease in primary
productivity toward the north (Figure 3a) is likely determined
by bottom-up controls of shortening day length and mixed-layer
depth dynamics, as mentioned above in section “South-to-North
Phytoplankton Carbon Gradient,” as well as by decreasing grazing
pressure, as zooplankton biomass experiences losses toward the
north (Supplementary Figure S4, Ellingsen et al., 2008; see
section “Input of Carbon to the Arctic Ocean”). For example,
NW of Svalbard, the WSC current features an accumulation of
carbon as the phytoplankton input exceeds the loss terms for
May and June, resulting in a NCP >0 for the growth season
(Figure 7 and Supplementary Figure S3). Similarly, the GPP
in the NAC is high (120 g C m−2 yr−1, Figure 3a), resulting
in another region with net harvestable phytoplankton biomass
in the system. Seasonally, the NCP shows variability in all
the regions; it is most variable in the NAC, with two periods
of negative NCP, one in May-beginning of June and one in
July-August, following periods of positive NCP (Figure 8 and
Supplementary Figure S3). The WSC shows similar dynamics
on NCP, with a lag of ∼1 month. In contrast, NSv switches from
a positive NCP in mid-June to negative for the remainder of the
growth season.

The NCP, expressed as the carbon balance between GPP and
loss terms for each location (Eq.1, Figure 2), and mapped in
Figure 7 and Supplementary Figure S3, can also be expressed
in terms of advection. If dB/dt = 0, and if the system is assumed
in balance for 1 day, then any excess production will generate
phytoplankton biomass that can then be advected out of a given
location. In this way, the net advection north, calculated as
the difference between import and export of carbon to/from a
location, is equal to the NCP. If advection of phytoplankton
provides 5–50 times more biomass than local production along
the AWI (Figure 4), this import is maximum at times of low GPP
(see section “South-to-North Phytoplankton Carbon Gradient").
The AWI water flow, in its seasonal variability, decreases by
half in summer, at the time of highest GPP (Beszczynska-Möller
et al., 2012). In comparison, the seasonal variability of GPP

is 1,000-fold, from an average <3 mg C m−2 d−1 in winter
to >1 g C m−2 d−1 during the spring bloom (Vernet et al.,
1998) and is expected to dominate the phytoplankton advection.
During early spring and fall, when GPP rates are intermediate,
the current flow must have a disproportionate role in moving
phytoplankton biomass from the NAC toward the north, not only
to feed the zooplankton being advected, but also for birds, benthic
filter feeders and fishes (Kwasniewski et al., 2012). Furthermore,
advected phytoplankton carbon can provide a more constant
supply, reducing any short-term variability of local productivity.
In summary, copepod biomass in northern latitudes, such as the
NSv and food availability to benthic feeders and fish populations
in western and northern waters of the Svalbard Archipelago, are
partly maintained by the advection of phytoplankton biomass
that can be consumed directly, or by supporting increased in situ
GPP resulting from this advection of biomass.

Input of Carbon to the Arctic Ocean
Phytoplankton production is dependent on environmental
factors and biomass concentration (e.g., light and nutrient
availability, sea ice conditions and the amount of chlorophyll
a available to photosynthesize, Dierssen et al., 2000) while
zooplankton abundance and physiology are more dependent on
internal population dynamics, such as periods of reproduction
and diapause (Basedow et al., 2018). These zooplankton
processes, in turn, control grazing pressure on phytoplankton,
influencing B and GPP spatial and temporal variability (Figure 3
and Supplementary Figure S4).

Accounting for the dynamics and life history of
C. finmarchicus, the most abundant grazer in the AWI, can
also help explain the variability observed in NCP (Figure 7).
C. finmarchicus is a temperate copepod that can be transported
northward from the North Atlantic (Wassmann et al.,
2015; Basedow et al., 2018). The southern NAC contains
overwintering C. finmarchicus that are ready to start grazing
at the onset of light in April followed by GPP initiation
(Hirche, 1996). The grazing pressure generates a negative
NCP (blue in Supplementary Figure S3). The larvae and
adults are moved north with the current (Wassmann et al.,
2019) and maintain a high grazing pressure (Supplementary
Figure S4a), resulting in negative NCP in NW Norway and
southern BO in June (Supplementary Figure S3). Along
the NAC, grazing pressure from C. finmarchicus continues
to consume available phytoplankton carbon (Figure 8
and Supplementary Figure S3), despite the negative NCP
concurrent with the highest GPP rates in May and June.
Spatially, 50% of the simulated zooplankton biomass in
the WSC is reported as found in NSv where the cohort
from the southern NAC enters diapause 6 months later,
in September (Wassmann et al., 2019). Despite this loss,
the modified AWI waters arriving to the Arctic shelf break
in NSv are shown to have twice the zooplankton biomass
than in the Nansen Basin, and hence can exert twice the
grazing pressure on GPP, resulting in twice the secondary
production (Supplementary Figure S4b). The presence
of C. glacialis, an Arctic copepod, is expected to start
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FIGURE 8 | The spatial and temporal variability of Net Carbon Production (NCP) from March to September for three regions along the Atlantic Water Inflow: the
Norwegian Atlantic Current (NAC, red), the West Spitsbergen Current, (WSC, blue) and North of Svalbard (Svalbard N or NSv, green) for the year 2012.
Representative locations for these three regions are indicated in Figure 1b.

exerting grazing pressure as the cooler AWI waters reach
NSv (Svensen et al., 2019). Similar to C. finmarchicus, this
species also depends on the spring bloom, now associated to
the ice edge, to reproduce and develop (Søreide et al., 2010;
Daase et al., 2013).

As already indicated, phytoplankton biomass accumulates
when GPP exceeds grazing, establishing a positive NCP, as
other loss terms in the model are calculated as percentage
of GPP (Banse, 1995; Wassmann et al., 2006). In this way,
NCP in NSv waters becomes positive in mid-April, when
the spring diatom bloom occurs (Figure 8). At this time
of the year, microzooplankton are not able to consume all
diatoms (Lavrentyev et al., 2019). In June, grazing increases.
Grazing by C. finmarchicus is 13%, by C. glacialis is 2%,
and 20% by ciliates (Ellingsen et al., 2008), in agreement
with recent field data (Reigstad et al., pers. comm., Paulsen
et al., 2018; Lavrentyev et al., 2019; Sanz-Martin et al.,
2019; Svensen et al., 2019). Such processes result in an
accumulation of phytoplankton biomass in the NSv area until
mid-June, when the new copepod cohort arrives. By July, and
further into August and September, grazing exceeds GPP and
generates a net carbon loss from mid- June to the end of
phytoplankton growth season.

Despite their proximity, the AWI waters in northern WSC
present a contrasting scenario to the NSv region, for both GPP
(Figure 3a) and NCP (Figure 7), as discussed earlier. As the
waters cool in their transit north, we can expect C. finmarchicus
grazing pressure to decrease in relation to GPP due to a
temperature-controlled delay in grazing pressure, combined with
the diminishing zooplankton biomass. In northern WSC, the
net loss starts in July (Supplementary Figure S3), after the
arrival of the new C. finmarchicus cohort (Kosobokova and
Hopcroft, 2010). In this region, C. glacialis abundance is still
relatively low, estimated at 100-fold lower than C. finmarchicus

(Wassmann et al., 2019). This scenario is similar to the
decoupling between primary and secondary production observed
in advected waters of the Chukchi Sea, where low temperatures
delay the peak of secondary production (Grebmeier et al.,
2015). A decrease in grazing pressure, allowing for GPP to
exceed the loss terms for phytoplankton, may also result
from C. finmarchicus ingesting microzooplankton, such that
photosynthesizing flagellates can bloom, as observed in field and
mesocosm experiments (Verity et al., 1999; Irigoien et al., 2005;
Löder et al., 2011).

Advective Processes in the Study of
Arctic Ocean Primary Production
Most of the estimates of primary production, either from
field observations, remote sensing, or estimates from models
(e.g., SINMOD Figure 3), provide in situ rates that translate
into new biomass becoming available for consumption or
dispersal. These approaches do not differentiate between
the carbon produced locally and the carbon brought in
by, or lost to, a current, although alternative methods to
account for the effect of advection are becoming available
(Jönsson et al., 2011; de Verneil and Franks, 2015). By
differentiating between biomass advected into a location and
the rate of local production, we have shown that the bulk
of the simulated production in the AWI is maintained by
advection (Figure 7). By defining new variables based on
model output, we provide first-time evidence that in absence
of advection, local production would be decreased by half
in this region. The importance of the strength of the AWI
cannot be discounted in assessments of sub-Arctic Ocean health
and productivity.

The benefit of the AWI flow for primary production in the
eastern Fram Strait is expressed over different time scales. GPP
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rates are higher in the WSC on annual time scales where, as
noted before, the production is higher than in neighboring
Greenland Sea (Figure 3) and its importance increases with
latitude. However, the enhanced GPP by the AWI flow is
more noticeable on (sub-annual) seasonal time scales, with
maximum effect in early spring and late summer (see April
and August in Supplementary Figure S1), due mainly to
advective processes before and after the peak in June productivity
(Supplementary Figure S2).

The entrainment of phytoplankton in the AWI facilitates
its dispersal and increases its connectivity between sub-Arctic
and Arctic regions (or domains, Wassmann et al., 2015; Moore
et al., 2018), as shown for larval stages elsewhere (Cowen et al.,
2006). Advection is one of the main processes involved in
connectivity (Treml et al., 2008). Defining ocean connectivity
as the probability that water parcels from one location have
advected to another site over a given time interval (Mitarai
et al., 2009), this study has shown higher connectivity, expressed
as shorter residence time, along the AWI than in surrounding
waters of the Greenland Sea (Figure 5). The global surface
ocean is emerging as highly interconnected with waters from
the Atlantic Ocean taking a median time of 6.4 ± 2.2 years
to reach the Arctic (Jönsson and Watson, 2016). Along a main
oceanic current such as the AWI, the transport time from
NAC to NSv is shortened considerably to a few months, as
indicated by the consumption of the local NSv productivity
by the arrival of the new C. finmarchicus cohort in mid-July
(Figure 8; Svensen et al., 2019; Wassmann et al., 2019). In
this way, this study provides a first glimpse of the degree of
interconnectivity from the Norwegian Sea to the Arctic Ocean
through the balance between local processes and phytoplankton
seasonal evolution driven principally by advection in this sub-
Arctic region.

The degree of connectivity can also be assessed in relation
to a species growth rate, which can be considered an
intrinsic organismal residence time within a population. In
the case of the AWI, phytoplankton persistence of up to
250 km (Figure 6), combined with a simulated growth rate
of 0.1 d−1 (Figure 4), suggests about two cell cycles are
necessary to travel that distance (see also section “Effect of
Advection on Phytoplankton Ecology”). In the ∼2,000 km
from NAC to Svalbard (Wassmann et al., 2019), this translates
to approximately ∼16 cell divisions from April to July.
For longer lived organisms, such as C. finmarchicus, the
cohort reaching NSv in mid-July originated in April in
the NAC (Wassmann et al., 2019) and is equivalent to
one reproductive cycle. The difference in phytoplankton
vs. zooplankton residence times in the AWI suggests that
phytoplankton can have an expanded ability to adapt when
transported from temperate to Arctic waters, not only as a
result of their increased plasticity in relation to zooplankton
but also by having more opportunities to evolve, i.e., 16 times
more. Thus, we can predict higher resiliency in phytoplankton
(Pancic et al., 2015).

Changes in climate are further expected to affect dispersal
and connectivity among locations (Lett et al., 2010). For
phytoplankton, enhanced current temperature can increase

specific growth rates (Figure 4), shortening the time of
dispersal per cell by advection, or a decrease in Persistence
(Figure 6); this would result in higher in situ GPP in relation
to advection (Figure 7). Other factors could compensate,
such as the survival of temperate zooplankton species
reaching and reproducing in northern latitudes, as seen
for the amphipod Thermistos compressa (Schröter et al.,
2019) and C. finmarchicus copepodites (Gluchowska et al.,
2017), or increasing zooplankton grazing rate (Lett et al.,
2010). Although no trends in zooplankton abundance or
biomass are recorded for the surface waters (0–60 m)
of the WSC in a 14-year time series (Carstensen et al.,
2019), C. finmarchicus becomes an increasing proportion of
zooplankton biomass reaching the Barents Sea in warmer
years (Gluchowska et al., 2017). Expansion of North Atlantic
temperate phytoplankton species into the Arctic will be
enhanced by the warming AWI flow (Polyakov et al., 2012),
as a highway facilitating transport into higher latitudes within
seasonal timescales, as observed in 2014 by the presence of
unusually abundant Synechococcus sp. in NSv during summer
(Paulsen et al., 2016).

CONCLUSION

Several interesting conclusions have arisen from this modeling
study, indicating advection contributes to phytoplankton
biomass and production in the North Svalbard area and to the
transport of autotrophic plankton from the northern Norway
coastal region to the gateway to the Arctic Ocean, supporting the
importance of field studies to parameterize and test modeling
predictions in this transition region (Slagstad et al., 2015).

Specifically:

1. Advection of phytoplankton provides 5–50 times more
biomass than local production along the Atlantic Water
Inflow, suggesting the planktonic foodweb in the area is
constantly fed during the growth season.

2. A high phytoplankton growth rate is maintained along the
AWI, in comparison to open ocean regions west of the
WSC, suggesting that the physical, chemical and biological
processes within the current provide an environment for
healthy phytoplankton.

3. Overall, there is no consistency of NCP in space and time
along the AWI, suggesting the timing of the different
components of the system within the current is not
synchronous. Variability in zooplankton grazing is the
most likely source of variability in NCP.

4. Advection extends phytoplankton biomass further north
at the end of the summer, i.e., August and September,
likely initiating blooms toward the north, and providing
food for local benthic and fish populations in polar and
sub-polar ecosystems.

5. The model predicts net import of phytoplankton biomass
into the Arctic Ocean as it is produced in the system west of
Svalbard. ∼15 g C m−2 (6mo)−1 (or ∼12.5%) of GPP can
be exported from the WSC annually, either to the Arctic
or recirculated.
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