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Abstract

The Arctic Ocean and its surrounding shelf seas are warming much faster than the

global average, which potentially opens up new distribution areas for temperate-ori-

gin marine phytoplankton. Using over three decades of continuous satellite observa-

tions, we show that increased inflow and temperature of Atlantic waters in the

Barents Sea resulted in a striking poleward shift in the distribution of blooms of

Emiliania huxleyi, a marine calcifying phytoplankton species. This species’ blooms are

typically associated with temperate waters and have expanded north to 76°N, five

degrees further north of its first bloom occurrence in 1989. E. huxleyi’s blooms keep

pace with the changing climate of the Barents Sea, namely ocean warming and

shifts in the position of the Polar Front, resulting in an exceptionally rapid range

shift compared to what is generally detected in the marine realm. We propose that

as the Eurasian Basin of the Arctic Ocean further atlantifies and ocean temperatures

continue to rise, E. huxleyi and other temperate-origin phytoplankton could well

become resident bloom formers in the Arctic Ocean.
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1 | INTRODUCTION

The most rapid and substantial climate driven changes in marine

ecosystems are expected at high latitudes in regions within or bor-

dering the Arctic Ocean where rates of warming are more than dou-

ble the global average (Blunden, Arndt, Blunden, & Arndt, 2016).

One such region is the Barents Sea (Figure 1), a highly productive

Arctic shelf sea on the main northward path of Atlantic water into

the Arctic Ocean (Smedsrud et al., 2013). Since 1980, the inflow of

Atlantic waters into the Barents Sea has doubled (Oziel, Sirven, &

Gascard, 2016) and warmed by 1.4°C (Figure 1), at a rate exceeding

four times the global average (IPCC, 2013). In the last decade,

temperatures hit highs not seen in a 110 years of recorded history

(Boitsov, Karsakov, & Trofimov, 2012). The increased inflow of

Atlantic waters is referred to as atlantification (sensu "Arthun, Eldevik,

Smedsrud, Skagseth, & Ingvaldsen, 2012; Oziel et al., 2016), which is

thought to be the main cause for the dramatic loss of half of the

winter sea ice cover in the area ("Arthun et al., 2012) and a north-

eastward shift in the position of the temperature front (Oziel et al.,

2016) where advected warm and saline Atlantic water meets south-

ward flowing fresh and cold Arctic water (Figure 1). As a conse-

quence of climate change, Atlantic waters thus carry nutrients and

plankton further and further northeast in a continuous advective

domain, creating trails of life or death for warmer-affinity species

depending on whether organisms are able to survive and thrive in

their new environments (Wassmann et al., 2015).

Phytoplankton, which form the foundation of the marine food

web, are particularly responsive to climate change due to their short

generation times, on the order of days, and being numerous and

free-floating, so they rapidly track changing environmental conditions

(Boyd, Strzepek, Fu, & Hutchins, 2010). Here, we investigate the

response of the bloom-forming species Emiliania huxleyi, a cos-

mopolitan coccolithophore, omnipresent in all except the polar

oceans (Winter, Jordan, & Roth, 1994). More specifically, we
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examine the recent suggestion that the species may be expanding its

range into the polar oceans (Winter, Henderiks, Beaufort, Rickaby, &

Brown, 2014) and its potential causes. E. huxleyi plays a crucial role

in ocean biogeochemistry and various climate change feedback

mechanisms. For example, E. huxleyi is known to alter the Earth’s

radiation budget (Tyrrell, Holligan, & Mobley, 1999), decrease ocea-

nic CO2 uptake through the reduction of surface layer alkalinity

(Frankignoulle, Canon, & Gattuso, 1994) and may enhance carbon

flux to depth by providing calcite ballast to sink organic particles

(Riebesell et al., 2016).

Emiliania huxleyi is known to form extensive blooms in summer,

especially in the temperate and subpolar Atlantic Ocean covering

areas up to 250,000 km2 (e.g. Holligan et al., 1993). Like all coccol-

ithophores, E. huxleyi cells are covered by calcite plates or coccoliths,

but E. huxleyi is unique in the sense that it overproduces coccoliths,

which are released into the water at the final bloom stage (Paasche,

2001). The resulting accumulated E. huxleyi cells (typical densities

>109 cells/m3) and detached coccoliths in surface waters scatter so

much light they turn seawater bright milky-turquoise, making these

blooms easily detectable from space both by modern ocean colour

satellites (1998–present) and by older and less sensitive optical satel-

lite sensors (1982–present), such as the advanced very high-resolu-

tion radiometer, AVHRR (Smyth, Tyrell, & Tarrant, 2004).

To examine the poleward range expansion of E. huxleyi and the

environmental conditions driving the range shift, we analyse a con-

tinuous, long-term (1982–present) dataset, which combines optical

satellite observations of E. huxleyi blooms with satellite data of sea-

surface temperature (SST), and other environmental parameters in

the Barents Sea. We first investigate the intensity and distribution

area of E. huxleyi summer blooms from remotely sensed particulate

inorganic carbon concentration, PIC, derived from ocean colour

satellites (1998–2016). In conjunction, we use remotely sensed SST

data to locate the temperature front that separates Atlantic from

Arctic water masses. We further extend the time series of E. huxleyi

bloom areal distribution and SST back to the first bloom occurrence

in 1989 using observations from the AVHRR optical sensor (Smyth

et al., 2004) to quantify long-term shifts in the leading edge of

E. huxleyi’s bloom distribution.

2 | MATERIALS AND METHODS

2.1 | Remote sensing data

NASA’s daily level 3 products from the SeaWiFS (1998–2007,

9.2 km spatial resolution) and MODIS (2003–2016, 4.6 km spatial

resolution) ocean colour sensors were downloaded from NASA’s

ocean colour website (http://oceandata.sci.gsfc.nasa.gov) and

included Chlorophyll-a concentration (Chl a), PIC, Photosynthetically

available radiation (PAR) and euphotic zone depth (Zeu). The ocean

colour satellite PIC product is derived from NASA’s standard PIC

algorithm (Balch, Gordon, Bowler, Drapeau, & Booth, 2005; Gordon

et al., 2001), which is based on a robust relationship between the

light backscattering coefficient of particles suspended in seawater

and the concentration of coccospheres and coccoliths, calcite plates

forming the coccosphere of coccolithophores (Balch, Holligan, Ack-

leson, & Voss, 1991; Paasche, 2001). Some coccolithophore species,

including E. huxleyi, shed excess coccoliths into the water during the

later stages of a bloom (Paasche, 2001), creating large patches of

highly reflective waters, which can be easily observed from space

(Holligan et al., 1993). Satellite-derived PIC concentration provides a

F IGURE 1 Conceptual scheme of increased inflow and warming of Atlantic water into the Barents Sea. Conditions of diminishing sea ice
and Arctic water masses, depicted on a bathymetric background. Warming rates for surface waters in summer were computed over the period
1982–2014 (Table S1). Arrows indicate major currents (redrawn from the Norwegian Environment Agency). NAC, Norwegian Atlantic Current;
WSC, West Spitzbergen Current; NCC, North Cape Current; NZC, Novaya Zemlya Current; PC, Persey Current; ESC, East Spitzbergen Current
(after [Harris, Plueddemann, & Gawarkiewicz, 1998])
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good proxy for E. huxleyi calcite concentration in the Barents Sea

because the coccolithophore population there is of low diversity and

overwhelmingly dominated by E. huxleyi (Giraudeau et al., 2016).

Furthermore, satellite PIC products have been successfully validated

during E. huxleyi blooms in the Barents Sea (Burenkov, Kopelevich,

Rat’kova, & Sheberstov, 2011; Giraudeau et al., 2016; Hovland,

Dierssen, Ferreira, & Johnsen, 2013) and in other bloom areas (Balch

et al., 2005; Holligan et al., 1993). The exclusion of PIC data in shal-

low coastal waters with bottom depth below 100 m helped minimize

spurious high PIC concentrations caused by strong light backscatter-

ing from resuspended particles (Broerse et al., 2003) and excluded

coastal fjords in which the coccolithophore population is more

diverse than in offshore waters (Volent et al., 2011).

2.2 | Mixed-layer depth

Daily density-based estimates of mixed-layer depth at 0.25° spatial

resolution were obtained from global ocean reanalysis products,

GLORYS2v3, of the European Union Copernicus Marine Environ-

ment Monitoring Service (http://marine.copernicus.eu/). The reanaly-

sis are built to be as close as possible to the observations (of

altimetric sea level anomaly, temperature and salinity in situ profiles,

sea-surface temperature observations, and sea ice concentration)

and in agreement with the model physics.

2.3 | Water mass classification and validation

Classification of water masses from 1982 till 2014 was based on (i)

remotely sensed daily sea-surface temperature at 4 km spatial reso-

lution from the AVHRR sensor obtained through the National Ocea-

nic and Atmospheric Administration (NOAA) (Baker-Yeboah et al.,

2016) and (ii) sea ice concentration at 25 km spatial resolution from

the Special Sensor Microwave Imager (SSMI) (1998–2007) and

SSMI/Sounder (2008–2014) sensors obtained through the National

Snow and Ice Data Center (NSIDC) (Cavalieri, Parkinson, Gloersen, &

Zwally, 1996). To determine the position of the Polar Front, which

separates warm Atlantic waters from cold Arctic waters, we per-

formed a local variance filter with a window size of 7 9 7 pixels on

the March–April mean SST data. This time window optimizes remo-

tely sensed SST data availability at a time the water column is verti-

cally well mixed and well before Atlantic waters thermally stratify.

The position of the Polar Front is seasonally stable (Figure S1);

therefore, the position of the SST front in March–April is a good

indicator for the annual extent of Atlantic waters. A histogram of

pixels where the standard deviation exceeded the absolute value of

the mean SST within the moving window was built and the Polar

Front waters, PFW, were defined as those pixels that had SST

between the 16th and 84th percentiles of the corresponding his-

togram of SST values (Oziel et al., 2016). Over the 1982–2014 per-

iod, the lower and upper SST bounds of Polar Front waters were

rather stable with respective mean values (!standard deviation) of

"0.47°C (!0.07°C) and 0.50°C (!0.09°C) (Table S2). Six water

masses were derived as follows: (i) North Atlantic waters, NAW, with

March–April mean SST above 3°C (Loeng, 1991), (ii) Modified Atlan-

tic Waters, MAW, between NAW and PFW, (iii) PFW with tempera-

ture ranges shown in Table S2, (iv) the seasonal ice zone, SIZ, with

maximum winter sea ice extent above 80% and summer minimum

extent below 20%, (v) the perennial ice covered waters, PIW, with

summer minimum ice cover above 20% and (vi) Arctic Waters, ArW,

between the SIZ and the PFW. If no March–April mean SST data

were available in ice-free waters due to persistent cloudiness, pixels

were considered unclassified, which was the case for less than 5%

of the Barents Sea coverage (Figure S2). The remote sensing-based

classification of water masses was validated using a collection of

hydrographic in situ data with over 130,000 profiles of temperature

and salinity collected between 1980 and 2012 (Figure S3).

3 | RESULTS

Our analyses of the intensity and distribution area of E. huxleyi sum-

mer blooms (1998–2016) in conjunction with water mass distribution

show that E. huxleyi blooms are confined to Atlantic waters and clo-

sely track the position of the temperature front (Figure 2). The front

has strongly shifted northeastward commensurate with a doubling in

areal coverage of Atlantic water over the study period from 10% in

1998 to 23% in 2014 and alongside a strong reduction in the areal

coverage of Arctic waters from 60% to 30% (Figure S2). In the East-

ern Barents Sea, the leading edge of E. huxleyi’s bloom distribution

has shifted northward by 3° latitude, equivalent to 20.5 km per year

over the period 1998–2016 (Figure 3).

Extending the time series of E. huxleyi bloom areal distribution

back to the first bloom occurrence in 1989 (Smyth et al., 2004) gives

a northward shift of the leading edge of 501 km in nearly 30 years

(Figure 3; Table S3). The rate of range shift has clearly accelerated in

the present decade (56 km per year in 2010–2016), in pace with the

accelerated northward shift of the Polar Front. Moreover, three out

of four of the most expansive blooms on record occurred in the pre-

sent decade (2011–2012, and 2016, Figure 2; Figure S4).

4 | DISCUSSION

Poleward expansions at the leading edges of marine species have

been observed across all ocean regions with global average rate of

72 ! 13 km per decade (Poloczanska et al., 2013, 2016), as

expected for biological and ecological responses to ocean warming.

Fastest leading-edge expansions were seen for highly mobile or dis-

persive pelagic organisms such as bony fish (278 ! 77 km per dec-

ade), invertebrate zooplankton (142 ! 28 km per decade) and

phytoplankton (358 km ! 68 per decade). Here, we quantify for the

first time the rate of poleward range shift of E. huxleyi, the most

abundant and productive coccolithophore species. In contrast to the

two phytoplankton range shifts reported in a recent meta-analysis

(310 km per decade for Ceratium trichoceros; 406 km per decade for

Noctiluca scintillans) (Poloczanska et al., 2013, 2016), our analyses

NEUKERMANS ET AL. | 2547



are based on continuous long-term synoptic observations of areal

distribution and bloom magnitude at spatiotemporal scales unattain-

able by traditional ship-based sampling.

We propose that the recent rapid expansion of E. huxleyi blooms

in the Barents Sea is triggered by concurrent increases in the areal

extent and temperature of Atlantic waters. On the one hand, plank-

ton and nutrients propagate further northeast, while on the other

hand rising temperature of Atlantic water in the Barents Sea has cre-

ated an environment in which E. huxleyi is able to form extensive

blooms since the late 1980s, with an interruption in the mid-1990s

due to colder water temperature (Smyth et al., 2004) (Figure S5).

Changing water masses and fronts has also facilitated plankton shifts

in other ocean regions when accompanied by increasing ocean tem-

perature (Poloczanska et al., 2016), which allows marine organisms

to survive and thrive in new environments.

Our observations highlight two distinct barriers to E. huxleyi dis-

persal. First, blooms were exclusively found in Atlantic waters, sug-

gesting that the Polar Front represents a physical barrier to dispersal

(Figure 2). Second, no blooms were detected in Atlantic waters with

summer mean sea-surface temperature below 6°C, suggesting a ther-

mal barrier to bloom occurrence. This is exemplified in Figure 4,

which contrasts observations of 1998 and 2012 corresponding to

minimal and maximal Atlantic water extent, respectively (Figure S2).

In 1998, no E. huxleyi bloom was observed in Arctic waters even if

F IGURE 2 Time series of Emiliania huxleyi bloom calcite concentration and areal extent. Summer maximum calcite concentration in the
Barents Sea was obtained from SeaWiFS (1998–2002) and MODIS (2003–2016) ocean colour satellite sensors. Red line delineates the extent
of Atlantic waters (1998–2014). Areas shallower than 150 m were masked in white and no data in grey
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the summer mean sea-surface temperature was >6°C, whereas in

2012, no blooms were detected in waters with summer mean sea-

surface temperature <6°C even if they were of Atlantic origin. A

minimum summer SST of 6°C in Atlantic water appears to be con-

ducive to E. huxleyi blooms (Figure 5a; Figure S6). This is consistent

with experimental data on the temperature dependency of E. huxleyi

maximum growth rates, which exhibits a similarly stark rise at a tem-

perature of 6°C. Indeed, maximum growth rates in the 2"5°C tem-

perature range are on the order of 0.1 per day and then jump to 0.5

per day at 6°C, beyond which growth rates increases as a power

function of temperature (Fielding, 2013). Polar diatoms and other

cold-water adapted phytoplankton have typical growth rates above

0.5 per day in the "1 to 5°C range, thus outcompeting E. huxleyi in

cold waters (Lacour, Larivi#ere, & Babin, 2017). Compared to bottom-

up processes, top-down control of E. huxleyi blooms is thought to be

of limited importance as it has been shown that calcification is an

effective strategy to reduce grazer growth by creating indigestion or

prolonging digestion time, resulting in net growth of E. huxleyi (Har-

vey, Bidle, & Johnson, 2015; Kolb & Strom, 2013; Monteiro et al.,

2016).

The northern limit of E. huxleyi blooms in a warming Barents Sea

is thus set by the position of the Polar Front, which is associated

with a strong gradient in water temperature, and across which there

is little exchange between Atlantic and Arctic water masses. How-

ever, as Arctic surface waters continue to warm at an average rate

of 0.6°C per decade and Atlantic waters at a slightly slower rate of

0.4°C per decade (Figure S7; Table S1), we expect that the tempera-

ture front will weaken throughout the century. By the end of the

century, E. huxleyi may start forming blooms in Arctic water masses,

which will then be pushed northward of 82°N (Wassmann et al.,

2015). Furthermore, it has been hypothesized that the Barents Sea

will further atlantify through a self-amplifying positive feedback loop

in which increased Atlantic water inflow enhances sea ice melt and

anomalous cyclonic winds, which lead to an amplification of Atlantic

water inflow (Smedsrud et al., 2013). We can therefore expect

E. huxleyi blooms to expand further north along with Atlantic water

masses. This is also supported by geological studies that revealed

the presence of E. huxleyi in the Arctic Ocean during conditions of

diminished sea ice and increased Atlantic inflow of past interglacial

times (Backman, Fornaciari, & Rio, 2009) although we acknowledge

that presence does not imply blooms.

Besides Atlantic water extent and water temperature, northward

shifts of E. huxleyi will be constrained by other environmental condi-

tions such as the strong seasonality of day length in the high Arctic

and associated short annual window for phytoplankton growth

(Kaartvedt, 2008), water column stability and nutrient availability

(Tyrrell & Merico, 2004). The extreme light conditions in the high

North, however, do not appear to be a limitation for E. huxleyi as

viable populations have been found in Atlantic water north of Sval-

bard (>80°N) (Hegseth & Sundfjord, 2008) and laboratory experi-

ments have shown the species’ tolerance to low as well as high light,

suggesting its capacity for survival in the high Arctic. Shallow mixed

layers between 10 and 20 m are known to favour E. huxleyi blooms

(Tyrrell & Merico, 2004), consistent with our observations of signifi-

cant negative correlation between E. huxleyi bloom magnitude and

summer mixed-layer depth which ranged between 10.5 and 19 m

F IGURE 3 Shifting position of the leading edge of Emiliania huxleyi bloom distribution from 35 years of remote sensing data (1982–2016)
for three longitude bands in the Barents Sea. (a) 20°E–30°E, (b) 30°E–40°E, (c) 40°E–50°E. Bloom areal coverage was obtained from a
continuous record of optical satellite data, including the advanced very high-resolution radiometer (AVHRR) sensor (Smyth et al., 2004) (green),
from which the first conspicuous bloom was detected in 1989, and the SeaWiFS (blue) and MODIS (red) ocean colour sensors
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(r = "0.51 ! 0.16, p = .00003; Figure 5b; Table S4). Such mixed-

layer depths are typical for the Arctic Ocean in summer (Peralta-Fer-

riz & Woodgate, 2015), thereby favouring northward expansion of

E. huxleyi blooms. Due to its high nutrient affinity, E. huxleyi also per-

forms well in nutrient-depleted environments and therefore blooms

often occur after the demise of the diatom spring bloom (Iglesias-

Rodr!ıguez et al., 2002), such as observed in the Barents Sea in sum-

mer (Oziel et al., 2017). Since the early 1990s, nutrient stocks in the

Atlantic water of the Barents Sea have gradually declined, particularly

silicates which are experiencing a much larger decrease than nitrates

(Rey, 2012). Such conditions are favourable for E. huxleyi at the

expense of diatoms and modelling studies suggest that nutrient con-

centrations will continue to decline in the Arctic Ocean throughout

this century, due to shoaling of the mixed layer and decreasing nutri-

ents in the advected North Atlantic and Pacific waters (Slagstad,

Wassmann, & Ellingsen, 2015; Vancoppenolle et al., 2013).

The expansion and warming of Atlantic water masses in the Bar-

ents Sea and the associated transport and thriving of Atlantic-origin

F IGURE 4 Physical and thermal barriers to dispersal of Emiliania huxleyi blooms in the Barents Sea. Exemplified in two contrasting years,
1998 (a, c) and 2012 (b, d). Remotely sensed E. huxleyi bloom magnitude in summer (a, b) indicate that E. huxleyi blooms in Atlantic waters
delineated by the red line, with summer mean temperatures >6°C (c, d)

F IGURE 5 Environmental controls of Emiliania huxleyi bloom magnitude in the Barents Sea. Ocean colour satellite-derived E. huxleyi bloom
magnitude in different water masses (see Methods) vs. (a) median summer sea-surface temperature (SST) and (b) median depth of the mixed
layer in summer from SeaWiFS (circles) and MODIS (diamonds) ocean colour sensors
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phytoplankton is expected to affect the entire marine food web.

Warm-water species such as E. huxleyi tend to be smaller and less

energy-rich than polar species. Indeed, an atlantification of marine

organisms at higher trophic levels has also been reported in the Bar-

ents Sea, along with a poleward retraction of cold-water species (e.g.

Fossheim et al., 2015). This suggests that E. huxleyi blooms can serve

as early warnings of impending effects on the marine food web. Fur-

thermore, it is expected that other temperate-origin phytoplankton

species, including harmful ones, may also progress northward as tem-

peratures within polar and subpolar regions become more permissive

for species from lower latitudes (Gobler et al., 2017). Indeed, in the

Bering Sea, E. huxleyi bloom occurrences have been considered har-

bingers of blooms of the toxic temperate-origin dinoflagellate Alexan-

drium tamarense (Walsh et al., 2011). This dinoflagellate has also

become increasingly prevalent in waters off northern Norway since

the late 1990s, whereas it was rare before (Walsh et al., 2011).

We note that there is a second route along which Atlantic-origin

species may expand poleward into the Arctic Ocean as Atlantic

waters flow northward through the wide and deep Fram Strait on

the West Spitzbergen Current (WSC, Figure 1), which subducts and,

north of Svalbard, turns eastwards and continues along the continen-

tal slope. In recent years, the influence of Atlantic waters along the

WSC has also increased (Walczowski, Piechura, Goszczko, & Wiec-

zorek, 2012), even extending into the eastern Eurasian Basin (at-

lantification sensu Polyakov et al., 2017). Many studies have

reported increased importance of Atlantic species and atlantification

of the marine food web west and north of Svalbard (Berge, Johnsen,

Nilsen, Gulliksen, & Slagstad, 2005; Hegseth & Sundfjord, 2008;

Orma!nczyk, Głuchowska, Olszewska, & Kwasniewski, 2017; Wass-

mann et al., 2015; Wezsławski, Buchholz, Głuchowska, & Weydmann,

2017). One in situ study in the summer of 2003 reported that

E. huxleyi bloomed and dominated the phytoplankton assemblage in

Atlantic waters that surfaced north of Svalbard (80–81°N, 30°E) with

cell numbers up to 108/m3 (Hegseth & Sundfjord, 2008). Such occur-

rences of E. huxleyi blooms were not included in the present study

because of prevailing low sun elevation at those latitudes and lower

concentrations of E. huxleyi there. However, our analyses indicate

that E. huxleyi does form blooms in the surface waters of the WSC

southwest of Svalbard (Figures 2 and 5a), but they are weaker in

intensity possibly due to a deeper summer mixed layer in the waters

off the shelf (Figure 5b). This suggests that the dominance and

blooming of E. huxleyi associated with atlantification may extend

beyond the Barents Sea shelf. Furthermore, we expect that shoaling

of Atlantic waters and decreased vertical stratification increasingly

observed throughout the Eurasian Basin (atlantification sensu Polya-

kov et al., 2017) will favour the expansion of Atlantic-origin phyto-

plankton by decreasing their time spent in darkness and promoting

their transport to surface waters.

In conclusion, using over three decades of continuous satellite

observations, we provide evidence that E. huxleyi blooms have

expanded poleward by 501 km since first occurrence in the Barents

Sea in 1989 (Smyth et al., 2004). This northward range shift, which

reached speeds up to 56 km per year in the present decade,

represents one of the most rapid poleward expansions of marine

organisms reported so far (Poloczanska et al., 2013, 2016). We show

that E. huxleyi’s blooms keep pace with the speed of local climate

velocities (sensu Pinsky, Worm, Fogarty, Sarmiento, & Levin, 2013);

closely tracking increasing temperatures and the shifting position of

the Polar Front that separates Atlantic from Arctic waters. E. huxleyi

blooms, which can be easily observed from space, thus testify of the

encroaching atlantification of the Barents Sea ("Arthun et al., 2012;

Oziel et al., 2016) and may be considered as harbingers of cascading

effects on the entire food web (Dalpadado et al., 2012; Fossheim

et al., 2015) and of blooms of toxic temperate-origin phytoplankton

(Walsh et al., 2011). We propose that as the Eurasian Basin of the

Arctic Ocean further atlantifies (Polyakov et al., 2017) and Atlantic

Ocean temperatures continue to rise, E. huxleyi and other temper-

ate-origin phytoplankton (including harmful species), could well

become resident bloom formers in the Arctic Ocean.
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Supplementary methods and results 

Validation of water mass classification 

To validate the remote sensing-based water mass classification we used one of the 

most complete hydrographic in situ collections of the Barents Sea with over 130 000 

profiles of temperature and salinity collected between 1980 and 2012 (Oziel et al., 2016). 

We intersected the remotely sensed water mass classification with the in situ surface data 

in winter over the 1998-2012 time period. The resulting potential temperature (θ)−salinity 

(S) diagram in Supplementary Fig. S3 shows good correspondence between the remote 

and in situ water mass definitions. Most of the in situ data identified as ArW fall within 

theoretical θ−S boundaries for Arctic waters, which are typically defined as waters with 

temperatures below 0 °C and S between 34.0 and 34.7 PSU, depending on the study 

(Oziel et al., 2016),(Loeng, 1991). About half of the in situ data identified as AW fall 

within theoretical θ−S boundaries for Atlantic waters, whereas the other half corresponds 

to Norwegian coastal water which have lower salinities than Atlantic-origin waters and 

cannot be differentiated from each other by remote sensing of SST alone. The PFW fall in 

between as they represent a zone where Atlantic and Arctic water masses meet and mix. 

Next, we examined the seasonal stability of the temperature front for which we used 

the SINMOD (SINtef Ocean MODel) model (Slagstad et al., 1999). This is a coupled 3-D 

hydrodynamic and bio-geochemical model that has been under continuous development, 

assessment, and validation in the Barents Sea over the past 30 years (Slagstad et al., 1999, 

2015; Slagstad & McClimans, 2005; Ellingsen et al., 2009; Oziel et al., 2016). Here, we 

analyzed the high spatial resolution output at 4 km resolution and applied the same local 

variance filter and Polar Front detection methods as for the remote sensing data. This 

analysis shows that overall the seasonal variability of the temperature front is weak 

(supplementary Fig. S1). In some years differences were found which may be attributed 
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to unrealistic summer heat and volume transport and/or warming by the atmosphere. The 

model also shows interannual variability of the position of the front with a more 

northward position during warm years (2000-2002, 2005-2008, 2012) compared to colder 

years (1998-1999, 2003-2004, 2009-2011), which is in agreement with interannual 

variability of its position obtained from remote sensing data. Even though the SINMOD 

model accurately represents seasonal variations, it is unable to reproduce climatic trends 

(Ellingsen et al., 2009; Slagstad et al., 2015), which is why we used the position of the 

front obtained from remote sensing. 

Calculation of mean PAR in the mixed-layer  

The mean photosynthetically available radiation, PAR, in the mixed-layer was obtained 

using the following formula:  

!"#!" =
1

!"# !"# 0− exp (−!!"#  !)
!"#

!
!" 

where MLD is the depth of the mixed layer (see Methods), !"# 0−  is the 

photosynthetically available radiation just below the ocean surface and !!"# is its diffuse 

attenuation coefficient obtained from the depth of the euphotic zone, !!"as:  

!!"# =
−log (0.01)

!!"
 

where !"# 0−  and !!" are obtained from NASA’s standard daily level 3 products 

from the SeaWiFS (1998-2007, 9.2 km spatial resolution) and MODIS (2003-2016, 4.6 

km spatial resolution) ocean colour sensors, downloaded from NASA’s ocean colour 

website (http://oceandata.sci.gsfc.nasa.gov).  

Correlation analyses between maximum summer PIC and !"#!" in summer is 

shown in Supplementary Table S4. 
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Supplementary Figures 

 

Supplementary Figure S1. SINMOD model output analysis of winter temperature fields 

with surface winter (blue) and sub-surface (30m) summer (red) southern edge of the Polar 

Front.  
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Supplementary Figure S2.  Areal coverage of water masses in the Barents Sea based on 

remotely sensed data of sea surface temperature (Baker-Yeboah, Sheekela; Saha, Korak; 

Zhang, Dexin; Casey, Kenneth S.; Kilpatrick, Katherine A.; Evans, Robert H.; Ryan, 

2016) and ice cover (Cavalieri, D., Parkinson, C., Gloersen, P., Zwally, 1996). See 

methods for details. Pixels with no valid remotely sensed SST observation in March/April 

are unclassified.  
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Supplementary Figure S3. Potential temperature (θ)−salinity (S) diagram diagram of 

winter surface in situ data (1998-2012) and corresponding water masses obtained from 

remote sensing. Boxes represent the theoretical definitions of ideal Arctic and Atlantic 

Waters from the literature (1, 2 and references therein). Dashed lines are isopycnals with 

potential density anomalies in kg/m3. 
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Supplementary Figure S4.  Interannual changes in the distribution area of E. huxleyi 

blooms (PIC>0.006 mol m-3) with PIC obtained from SeaWiFS (blue) and MODIS 

(red) ocean colour sensors.  
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Supplemental Figure S5.  Long-term trends in annual (circles, light grey) and summer 

(diamonds, dark grey) mean temperature in the top 50 m of the water column on the main 

branch of the Atlantic water current on the Kola hydrographic section (Knipovich Polar 

Research Institute of Marine Fisheries and Oceanography (PINRO)). Shaded grey areas 

in top panel indicate presence of E. huxleyi blooms in the Barents Sea (Smyth et al., 

2004).  
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Supplementary Figure S6. Remotely sensed summer mean SST from the AVHRR 

sensor(Baker-Yeboah, Sheekela; Saha, Korak; Zhang, Dexin; Casey, Kenneth S.; 

Kilpatrick, Katherine A.; Evans, Robert H.; Ryan, 2016) with black line indicating the 

extent of Atlantic Waters.  
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Supplementary Figure S7.  Interannual changes in (a) annual and (b) summer (July-Sep) 

mean SST in Atlantic (red) and Arctic (blue) water masses of the Barents Sea over the 

period 1982-2014. Boxes extend from the 25th to the 75th percentile of remotely sensed 

SST within each water mass, with circles representing median values. Black line 

represents temperature data (0-50 m) on the Kola hydrographic section (Knipovich Polar 

Research Institute of Marine Fisheries and Oceanography (PINRO)). Regression 

coefficients and statistics for each time series are shown in Supplementary Table S2.  
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Supplementary Tables  

Supplementary Table S1.  Coefficient estimates and statistics of linear regression 

analyses of annual mean and summer mean surface temperature over the time period 

1982-2014 in various water masses of the Barents Sea. 95% confidence intervals are 

given for Pearson’s product moment correlation coefficient r , and for the slope and offset 

of the linear regression, as dr, doffset and dslope, respectively. Temperature data (shown 

in Supplementary Fig. S5) are remotely sensed spatial means for each water mass 

domain, whereas Kola data is vertically integrated temperature data (0-50m) on the Kola 

transect stations on the main branch of the Atlantic water current (Knipovich Polar 

Research Institute of Marine Fisheries and Oceanography (PINRO)). Significance of 

results for each dataset are indicated as follows: *** for p < 0.001; ** for p < 0.01; * for p 

< 0.05.  

  Water mass r dr p offset slope doff dslope F   

A
nn

ua
l  

M
ea

n 
T

 Arctic 0.395 0.341 0.025 -56.075 0.029 49.935 0.025 5.536 * 
Atlantic 0.349 0.342 0.046 -41.237 0.024 46.214 0.023 4.310 * 
NAW 0.261 0.351 0.142 

    
2.269 

 Kola 0.725 0.217 0.000 -70.527 0.038 26.365 0.013 34.254 *** 
           

Su
m

m
er

  
M

ea
n 

T
 Arctic 0.506 0.315 0.003 

-
114.189 0.059 74.262 0.037 10.337 ** 

Atlantic 0.397 0.335 0.022 -64.855 0.036 61.736 0.031 5.786 * 
NAW 0.367 0.340 0.035 -56.022 0.032 59.948 0.030 4.839 * 
Kola 0.533 0.301 0.001 -58.945 0.033 38.502 0.019 12.299 ** 
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Supplementary Table S1.  16th, 50th, and 84th percentiles of sea surface temperatures of Polar Front waters 

based on remote sensing data from the AVHRR sensor (Baker-Yeboah, Sheekela; Saha, Korak; Zhang, 

Dexin; Casey, Kenneth S.; Kilpatrick, Katherine A.; Evans, Robert H.; Ryan, 2016), 1982-2014.  

Year 
P16 

(SST) 
Median 

SST 
P84 

(SST) 
1982 -0.560 -0.027 0.518 
1983 -0.450 -0.017 0.435 
1984 -0.506 -0.004 0.489 
1985 -0.621 0.005 0.595 
1986 -0.391 0.002 0.399 
1987 -0.524 -0.037 0.450 
1988 -0.464 0.003 0.405 
1989 -0.479 0.003 0.484 
1990 -0.529 -0.004 0.569 
1991 -0.520 -0.036 0.588 
1992 -0.458 -0.003 0.482 
1993 -0.480 0.050 0.611 
1994 -0.542 0.002 0.591 
1995 -0.520 0.036 0.303 
1996 -0.384 -0.005 0.371 
1997 -0.575 -0.007 0.541 
1998 -0.414 0.020 0.521 
1999 -0.518 -0.008 0.444 
2000 -0.442 0.029 0.556 
2001 -0.514 -0.037 0.487 
2002 -0.495 0.002 0.546 
2003 -0.491 0.015 0.611 
2004 -0.602 0.005 0.593 
2005 -0.391 0.005 0.579 
2006 -0.335 -0.009 0.375 
2007 -0.434 -0.001 0.436 
2003 -0.456 0.014 0.600 
2004 -0.557 -0.003 0.604 
2005 -0.485 -0.018 0.621 
2006 -0.346 0.005 0.415 
2007 -0.403 0.002 0.426 
2008 -0.383 0.008 0.470 
2009 -0.465 0.014 0.622 
2010 -0.484 0.002 0.454 
2011 -0.478 -0.004 0.490 
2012 -0.480 0.004 0.543 
2013 -0.318 0.007 0.359 
2014 -0.438 0.013 0.439 
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Supplementary Table S3.  Coefficient estimates and statistics of linear regression 

analyses of E. huxleyi bloom leading edge latitudinal position over the time period 1989-

2016, shown in Fig. 3. 95% confidence intervals are given for Pearson’s product moment 

correlation coefficient r, and for the slope and offset of the linear regression, as dr, doffset 

and dslope, respectively. 

Longitude 
sector r dr p offset slope doffset dslope F   
20E-30E 0.149 0.463 0.532 74.214 0.026 1.622 0.084 0.406 

 30E-40E 0.452 0.403 0.031 72.987 0.067 1.141 0.060 5.381 * 
40E-50E 0.663 0.364 0.002 71.177 0.104 1.212 0.060 13.318 ** 
		 		 		 		 		 		 		 		 		 		

 

Supplementary Table S4.  Correlation analyses between maximum summer PIC and 

environmental drivers. n is the number of observations, r is Pearson’s product moment 

correlation coefficient with 95% confidence interval, dr. 

  n r dr p   
summer PAR in ML 60 0.395 0.238 0.002 ** 
summer MLD 60 -0.511 0.166 0.000 *** 
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