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Highlights

o Satellite estimates of ocean primary productivity (i.e., the rate at which marine algae
transform dissolved inorganic carbon into organic material) showed higher values for
2021 (relative to the 2003-20 mean) for seven of the nine regions investigated across the
Arctic.

e All regions continue to exhibit positive trends over the 2003-21 period, with the strongest
trends in the Eurasian Arctic and Barents Sea.

e During May 2021, a ~1700 km long region from the Greenland Sea in the west to the
eastern boundary of the Barents Sea showed much lower (10-20%) chlorophyll-a
concentrations compared with the same month of the multiyear average (2003-20), likely
associated with cooler than average sea surface temperatures.

Introduction

Autotrophic single-celled algae living in sea ice (ice algae) and the water column
(phytoplankton) are the main primary producers in the Arctic Ocean, although there is also
increased scientific interest in the role of marine macroalgae in the Arctic (e.g., kelp forests;
Filbee-Dexter et al. 2019). Recent projections indicate that range expansions of non-polar, boreal
kelps are likely, while endemic Arctic species may become much more limited in distribution as
water temperatures increase (Goldsmit et al. 2021). Through photosynthesis, all of these
autotrophs transform dissolved inorganic carbon into organic material. Consequently, primary
production provides a key ecosystem service by providing energy to the entire food web in the
oceans. Primary productivity is strongly dependent upon light availability and the presence of
nutrients, and thus is highly seasonal in the Arctic. The melting and retreat of sea ice during
spring are strong drivers of primary production in the Arctic Ocean and its adjacent shelf seas,
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owing to enhanced light availability and stratification (Ardyna et al. 2017). Recent studies have
emphasized that primary production occurs earlier in the season than previously recognized and
even under unusually low light conditions (Randelhoff et al. 2020). Other studies suggest that
increased nutrient supply has also influenced overall production (Henley et al. 2020; Lewis et al.
2020), although there are indications that increases in nutrients and primary production are not
universal across the Arctic (Yun et al. 2016). In addition to upwelling of nutrients, high winds
and glacial runoff are regionally important in helping to drive Arctic marine productivity
(Crawford et al. 2020; Hopwood et al. 2020). While declines in Arctic sea ice extent (see essay
on Sea Ice) and increases in seawater temperatures (see essay on Sea Surface Temperature) over
the past several decades have contributed substantially to shifts in primary productivity
throughout the Arctic Ocean, the response of primary production to sea ice loss has varied both
seasonally and spatially (e.g., Hill et al. 2018).

Chlorophyll-a

Here we present satellite-based estimates of algal chlorophyll-a (occurring in all species of
phytoplankton), based on ocean color, and subsequently provide calculated primary production
estimates. These results are shown for ocean areas with less than 10% sea ice concentration and,
therefore, do not include production by sea ice algae or under-ice phytoplankton blooms, which
can be significant (e.g., Lalande et al. 2019; Kim et al. 2021). The data presented in Fig. 1 show
mean monthly ratios of chlorophyll-a concentrations for 2021 as percentages of the multiyear
average from 2003 to 2020. Observed patterns, which are spatially and temporally heterogeneous
across the Arctic Ocean, are often associated with the timing of the seasonal break-up and retreat
of the sea ice cover (Fig. 2) (see essay on Sea Ice): high percentages tend to occur in regions
where the break-up is relatively early, while low percentages tend to occur in regions where the
break-up is delayed. Some of the most notable patterns in 2021 occurred in the Barents Sea, with
widespread lower-than-average concentrations of chlorophyll-a in May (Fig. 1a) and several
pockets of higher-than-average concentrations in June and July (Figs. 1b and Ic), linked with
relatively cool sea surface temperatures across the region in May that may have delayed the
spring phytoplankton bloom. In particular, this regional low in May chlorophyll-a concentrations
extended ~1700 km from the Greenland Sea in the west to the eastern boundary of the Barents
Sea. Additional lower-than-average chlorophyll-a concentrations occurred in the northern Bering
Sea during May and June (Figs. 1a and 1b) associated with an above-average sea ice cover (Fig.
2a), as well as in the Kara Sea during July and August (Figs. 1c and 1d). Higher-than-average
chlorophyll-a concentrations occurred in the Barents Sea during June and July (as noted above;
Figs. 1b and 1c¢); the Laptev Sea, Baffin Bay, and Greenland Sea during July and August (Figs.
Ic and 1d); and the northern Bering and Beaufort Seas during August (Fig. 1d).
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Fig. 1. Mean monthly chlorophyll-a concentrations during 2021, shown as a percent of the 2003-
20 average for (a) May, (b) June, (c) July, and (d) August. The light gray regions represent areas
where no data are available (owing to either the presence of sea ice or cloud cover). Data source:
MODIS-Aqua Reprocessing 2018.0, chlor a algorithm: https://oceancolor.gsfc.nasa.gov/.
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Fig. 2. Sea ice concentration anomalies (%) in 2021 (compared to a 2003-20 mean reference
period) for (a) May, (b) June, (c) July, and (d) August. Data source: SSM/I and SSMIS passive
microwave, calculated using the Goddard Bootstrap (SB2) algorithm (Comiso et al. 2017).

While many of these observed patterns in chlorophyll-a concentrations are directly linked to sea
ice variability (and therefore light availability), there are other important factors at play that add
to the complexity of observed chlorophyll-a concentrations, such as seawater temperatures, the
distribution and availability of nutrients (e.g., Rijkenberg et al. 2018; Giesbrecht et al. 2019;
Lewis et al. 2020), and sea surface salinity (Garcia-Eidell et al. 2021). The impacts of sea ice
decline on specific water column phytoplankton properties, such as community composition and
carbon biomass (Neeley et al. 2018) as well as broader ecosystem responses (Duffy-Anderson et
al. 2019), are also critical to monitor as we continue to understand the responses of Arctic marine
food web dynamics to climate warming. Furthermore, it is important to reiterate that the satellite
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ocean color data do not account for early-season under-ice blooms that may contribute
substantially to annual primary productivity estimates in these regions (e.g., Ardyna et al. 2020).
Furthermore, under stratified conditions, it is well known that satellite observations can
underestimate production when a deep chlorophyll maximum is present (see recent review by
Bouman et al. 2021). The variable distribution of sediments and chromophoric dissolved organic
matter (CDOM), owing to riverine delivery (Lewis et al. 2016) (see essay on River Discharge)
and sea ice dynamics (Logvinova et al. 2016, Holemann et al. 2021), can also affect the accuracy
of satellite-based estimations of chlorophyll-a and primary productivity in Arctic waters. As
such, in situ observations will continue to be important to provide overall context for changes to
and drivers of primary productivity across Arctic marine ecosystems. For example, deployment
of a new sediment trap array (together with a mooring array) in the northern Bering Sea in
autumn 2020 should help to improve understanding of seasonal carbon production and export in
this region, just as new year-round results reported from the Chukchi Ecosystem Observatory in
the northern Chukchi Sea (Lalande et al. 2020) and across the Distributed Biological
Observatory in the Pacific Arctic (Lalande et al. 2021) have improved understanding of annual
production.

Primary production

Chlorophyll-a concentrations give an estimate of the total standing stock of algal biomass.
However, rates of primary production (i.e., the production of organic carbon via photosynthesis)
provide a different perspective since not all algae present in the water column are necessarily
actively producing. The mean annual primary productivity across the Arctic shows important
spatial patterns, most notably the overall decreases moving northward as sea ice cover is present
for a greater fraction of the year (Fig. 3a). Spatial trends in annual primary productivity (Fig. 3b)
are a particularly useful tool for understanding hotspots of change. Statistically significant
positive trends are primarily clustered in the Bering/Chukchi, Laptev, Barents, and Greenland
Seas. Those trends that are positive and the largest are located in the Laptev Sea, reaching into
the 100-150 g C/m?*/yr/decade range (Fig. 3b). This is consistent with the Eurasian Arctic region
as a whole, which exhibited the greatest increases in primary productivity compared to all other
Arctic regions (Fig. 4, Table 1). Investigation of 2021 annual primary productivity (Fig. 3c), as
well as 2021 compared to the 2003-20 average (Fig. 3d), shows greater-than-average annual
productivity in the western Greenland and northern Bering Seas, but lower-than-average annual
productivity in the Beaufort and Chukchi Seas as well as localized areas throughout the Arctic
region. The Laptev Sea shows subregions of both greater-than-average and lower-than-average
annual primary productivity, which is also similarly reflected in spatial heterogeneity of
chlorophyll-a concentrations during July (Fig. 1c) and August (Fig. 1d).
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Fig. 3. For the pan-Arctic region: (a) mean annual (March-September only) primary productivity
(2003-21) where white indicates no data owing to the presence of sea ice; (b) trends in annual
productivity (over 2003-21) where only those trends that are statistically significant (p<0.05) are
shown; (c) annual primary productivity for 2021 only where white indicates no data owing to the
presence of sea ice; and (d) 2021 annual primary productivity anomalies (shown as a percent of
the 2003-20 average) where light gray indicates no data owing to the presence of sea ice.
Additional information regarding these data can be found in Table 1. See Methods and data
section for details of how primary productivity was calculated.
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Fig. 4. Primary productivity (2003-21, March-September only) in nine different regions of the
Northern Hemisphere (for a definition of the regions see Comiso, 2015), as well as the average
of these nine regions. The p-values shown indicate the statistical significance of the trend (based
on the Mann-Kendall test). Additional information regarding these data can be found in Table 1.
See Methods and data section for details of how primary productivity was calculated.
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Table 1. Linear trends, statistical significance, and percent change in primary productivity (2003-21) and primary productivity anomalies for 202
(March-September) in the nine regions (and overall average) as shown in Fig. 4. Values in bold are statistically significant (»<0.05) using the Mar
Kendall test for trend. The percent change was estimated from the linear regression of the 18-year time series.

| 2003-21 2021
Anomzaly
Bezlon (g C/mrf/;felf;gecade) Ma;{lvﬁflleledan 2O from a(;gﬂgf/al-g(?;‘?ference (%P(:.fl I:;ltrg’ol:)g(zg:)l?‘l,:
period

Eurasian Arctic 38.45 0.001 59.5 29.72 119.9
Amerasian Arctic 6.66 0.238 14.9 9.31 110.8
Sea of Okhotsk 9.14 0.332 7.3 32.80 114.2
Bering Sea 12.27 0.164 13.7 20.44 111.9

Barents Sea 24.42 0.001 24.0 -2.47 98.8

Greenland Sea 10.51 0.093 12.1 -2.71 98.4
Hudson Bay 7.70 0.368 13.4 11.50 110.5
Baffin Bay/Labrador Sea 11.73 0.041 15.7 17.66 112.3
North Atlantic 17.09 0.019 14.4 22.07 109.7
Average of nine regions 15.33 0.000 18.1 15.37 109.3

Estimates of ocean primary productivity for nine regions and across the Northern Hemisphere
(relative to the 2003-20 reference period) were assessed (Fig. 4, Table 1). The Eurasian Arctic
designation includes the Kara Sea, Laptev Sea, and East Siberian Sea. The Amerasian Arctic
designation includes the Chukchi Sea, Beaufort Sea, and Canadian Archipelago region. The
North Atlantic region in this categorization is south of 60° N and east of 45° W, and as such is
not inclusive of the Labrador or Greenland Seas. Our results show above average primary
productivity for 2021 in seven of the nine regions investigated; only the Barents and Greenland
Seas exhibit lower-than-average values (Fig. 4, Table 1). Across the whole time series, positive
trends in primary productivity occurred in all regions during the 2003-21 period. Statistically
significant positive trends occurred in the Eurasian Arctic, Barents Sea, Baffin Bay/Labrador
Sea, North Atlantic, as well as on average for the nine regions. The steepest trends over the
2003-21 period were in the Eurasian Arctic (a ~59.5% overall increase) and the Barents Sea (a
~24.0% overall increase). In summary, while observations of primary productivity have shown
complex interannual and spatial patterns over the 2003-21 period, we observe overall increasing
trends across all sectors of the Arctic Ocean.

Methods and data

Measurements of the algal pigment chlorophyll (specifically, chlorophyll-a) serve as a proxy for
the amount of algal biomass present in the ocean (e.g., Behrenfeld and Boss 2006) as well as
overall plant health. The complete, updated Moderate Resolution Imaging Spectroradiometer
(MODIS)-Aqua satellite record of chlorophyll-a concentrations within northern polar waters for
the years 2003-21 serves as a time series against which individual years can be compared.
Satellite-based chlorophyll-a data across the pan-Arctic region were derived using the MODIS-
Aqua Reprocessing 2018.0, chlor a algorithm: https://oceancolor.gsfc.nasa.gov/. For this
reporting, we show mean monthly chlorophyll-a concentrations calculated as a percentage of the
2003-20 average, which was chosen as the reference period in order to maximize the length of
the satellite-based time series. Satellite-based sea ice concentrations were derived from the
Special Sensor Microwave/Imager (SSM/I) and Special Sensor Microwave Imager/Sounder
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(SSMIS) passive microwave instruments, calculated using the Goddard Bootstrap (SB2)
algorithm (Comiso et al. 2017). Monthly sea ice concentration anomalies were additionally
calculated for 2021 (compared to the 2003-20 average) in order to streamline comparisons with
the variability in monthly chlorophyll-a satellite data. Primary productivity data were derived
using chlorophyll-a concentrations from MODIS-Aqua data, the NOAA 1/4° daily Optimum
Interpolation Sea Surface Temperature Version 2 dataset (or daily OISSTv2) that uses satellite
sea surface temperatures from AVHRR, incident solar irradiance, mixed layer depths, and
additional parameters. Primary productivity values were calculated based on the techniques
described by Behrenfeld and Falkowski (1997). Chlorophyll-a and primary productivity data
only incorporate pixels where sea ice is less than 10%, which is a compromise between potential
pixel contamination with sea ice and an attempt to incorporate open water near the ice edge that
typically exhibits high rates of primary production. We define annual productivity as
productivity over the March-September time period. The 2021 annual primary productivity
percent of average (compared to 2003-20) was calculated the same way as for chlorophyll-a, as
described above. Lastly, Theil-Sen median trends were calculated spatially (Fig. 3b) and for the
extracted time series for each geographic region (Table 1), where statistical significance (p<0.05)
of the trends was determined using the Mann-Kendall trend test.

An erratum for past Arctic Report Card (ARC) primary production essays (2015-2020) can be
found here. This erratum identifies how the algorithm that produced primary production data
for these years incorrectly incorporated sea surface temperatures, and presents a comparison of
the previously reported data with corrected updated data.
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