
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Connie Lovejoy,
Laval University, Canada

REVIEWED BY

Emmanuel Devred,
Fisheries and Oceans Canada (DFO),
Canada
Heather Bouman,
University of Oxford, United Kingdom

*CORRESPONDENCE

Jisoo Park
jspark@kopri.re.kr

SPECIALTY SECTION

This article was submitted to
Aquatic Microbiology,
a section of the journal
Frontiers in Marine Science

RECEIVED 28 June 2022

ACCEPTED 11 October 2022
PUBLISHED 25 October 2022

CITATION

Ko E, Gorbunov MY, Jung J, Lee Y,
Cho K-H, Yang EJ and Park J (2022)
Phytoplankton photophysiology varies
depending on nitrogen and light
availability at the subsurface
chlorophyll maximum in the
northern Chukchi Sea.
Front. Mar. Sci. 9:979998.
doi: 10.3389/fmars.2022.979998

COPYRIGHT

© 2022 Ko, Gorbunov, Jung, Lee, Cho,
Yang and Park. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 25 October 2022

DOI 10.3389/fmars.2022.979998
Phytoplankton photophysiology
varies depending on nitrogen
and light availability at the
subsurface chlorophyll
maximum in the northern
Chukchi Sea

Eunho Ko1, Maxim Y. Gorbunov2, Jinyoung Jung1,
Youngju Lee1, Kyoung-Ho Cho1, Eun Jin Yang1

and Jisoo Park1*

1Division of Ocean Sciences, Korea Polar Research Institute, Incheon, South Korea, 2Department of
Marine and Coastal Science, Rutgers University, New Brunswick, NJ, United States
Vertical distributions of phytoplankton in the Arctic Ocean are characterized by

a very narrow subsurface chlorophyll maximum (SCM) layer formed every

summer after the sea ice retreats. Despite the prevalence of this narrow SCM

layer, phytoplankton photosynthetic response to climate change remains to be

elucidated. Here, we examined the photophysiological properties of

phytoplankton in the SCM layer in the northern Chukchi Sea during the

summers of 2015–2018. There was a significant difference in the SCM depth

between the northwestern and northeastern Chukchi Sea determined by the

distribution of Pacific SummerWater (PSW) around the SCM layer (34 ± 14m vs.

49 ± 10 m, respectively). The maximum quantum yield of photochemistry in

photosystem II (Fv/Fm) in the SCM phytoplankton was high (Fv/Fm ≥ 0.54) and

similar in both regions until 2016; however, since then, Fv/Fm in the

northeastern Chukchi Sea has decreased by approximately 10%. This

decrease was accompanied by a marked decrease in the fraction of

microplankton, which are known to be susceptible to nutrient limitation. This

result suggests a reduction in nitrogen availability in the SCM layer in the

northeastern Chukchi Sea. Meanwhile, the maximum electron transfer rate

(ETRmax) did not have a significant relationship with the nitrogen availability and

phytoplankton community size structure in the SCM layer; however the

improved light conditions (with an approximately two-fold increase in the

relative ratio of surface PAR reaching the SCM layer) increased ETRmax by up to
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30% in the SCM phytoplankton in the northwestern Chukchi Sea. Therefore,

these results provide a better understanding of how changes in nitrogen and

light availability could affect phytoplankton photosynthesis and primary

production in the Arctic Ocean.
KEYWORDS

photochemical efficiency, phytoplankton, nitrogen availability, maximum electron
transfer rate, subsurface chlorophyll maximum, Arctic Ocean
Introduction

Phytoplankton in the Arctic Ocean have been exposed to

rapid changes in the marine environment, including sea ice

reduction and warming (Wassmann et al., 2011; Tremblay et al.,

2012). Observations in the Arctic Ocean showed that surface

water temperature continued to rise from 1982 to 2018

(Carvalho and Wang, 2020), and the Arctic warming resulted

in a drastic decline in sea ice (Comiso et al., 2017). For instance,

the sea ice extent in September decreased by approximately 40%

from 1981 to 2010 (Serreze and Stroeve, 2015). This reduction in

sea ice led to an increase in fresh water content, which

strengthened the stratification of the upper water column

(Stroeve et al., 2007; Wang et al., 2019). The early retreat and

thinning of sea ice allowed early light to penetrate into the water

column, thus leading to the early development of spring

phytoplankton bloom or developing massive under-ice

phytoplankton bloom, which would have consumed nutrients

in the surface layer (Wassmann et al., 2011; Arrigo et al., 2012).

In addition, fall blooms have begun to be observed in the Arctic

Ocean, and changes have occurred in the seasonal dynamics of

phytoplankton (Ardyna et al., 2014; Ardyna and Arrigo, 2020).

Changes in the marine environments due to climate change have

been linked to nutrient availability and light conditions, which

are a major factors affecting phytoplankton growth, community

composition, and primary production in the Arctic Ocean

(Lewis et al., 2020; Sugie et al., 2020; Song et al., 2021).

However, only a few studies have comprehensively

investigated how variations in these major factors affect the

photosynthetic properties of phytoplankton estimated by

variable fluorescence in the Arctic Ocean.

Recent studies on the variability of primary production have

mainly been conducted based on ocean color data in the Arctic

Ocean (Arrigo et al., 2008; Lewis et al., 2020). Satellite data is a

powerful technology for remote and inaccessible marine

environments, such as the Arctic Ocean; however, it does not

include information on the vertical distribution of

phytoplankton (Hill and Cota, 2005; Martin et al., 2010). It is

well known that a distinct subsurface chlorophyll maximum
02
(SCM) forms in the Arctic Ocean during the summer months

(Martin et al., 2010). Arrigo and van Dijken (2011) have

reported that the primary production in the SCM layer

accounts for 0.2 to 16% of the annual primary production in

the Arctic Ocean. In contrast, it has also been reported that by

ignoring the presence of an SCM layer, integrated primary

production can be underestimated by as much as 40–75% in

the summer months (Hill et al., 2013), with potentially greater

errors occurring in daily estimates when sharp SCM peaks are

situated within the photic zone (Bouman et al., 2020). Therefore,

in order to understand the changes in primary productivity in

the Arctic Ocean, the growth conditions and the photosynthetic

properties of phytoplankton at the SCM should be investigated.

Changes in the photosynthetic response of phytoplankton to

environmental conditions are essential for determining

phytoplankton growth and primary production. In a previous

study, we investigated phytoplankton photosynthetic properties

in the surface layer of the Arctic Ocean and revealed that severe

nitrogen limitation leads to decrease in the photosynthetic rates

and growth rates with the reduction in the fraction of

microphytoplankton (e.g. > 20 mm) communities (Ko et al.,

2020). Although phytoplankton in the SCM layer are generally

known to have a relatively higher light-harvesting capability,

photosynthetic efficiency, and growth rate than the surface

phytoplankton (Coupel et al., 2012; Palmer et al., 2013), data on

their photosynthetic response to environmental variation around

the SCM layer are limited. Recently, the nutrient supply to the

surface layer was confirmed to be influenced by the Atlantic-

origin water in the northwestern Chukchi Sea, and this change

affected the SCM depth and phytoplankton biomass (Jung et al.,

2021). The SCM layer is usually formed below the pycnocline and

is controlled by the vertical distribution of nitrogen, and thus

Change in water column structure has affected the nutrient supply

and environmental variables, which, in turn, affected

phytoplankton photosynthesis in the SCM layer (Martin et al.,

2010; Baldry et al., 2020). Therefore, we compared data by region

to understand how changes in environmental variables (e.g.

nitrogen availability and light conditions) affect the

photophysiological properties of phytoplankton in the SCM layer.
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The photosynthetic properties of the phytoplankton were

identified using variable chlorophyll-a fluorescence. This

method is useful for elucidating the spatial distribution of the

photophysiological properties of phytoplankton because it is

non-destructive, sensitive, and rapid for sampling in an

extensive hydrographic region at higher spatial resolution than

conventional 14C experiments (Behrenfeld and Kolber, 1999;

Moore et al., 2008). High-resolution data of variable fluorescence

are evaluated to have the potential to reveal large-scale patterns

and trends in photosynthetic rate and primary production

(Schuback et al., 2021). In particular, the photochemical

efficiency of photosystem II (PSII) in phytoplankton cells has

been used to diagnose nutrient limitations in the ocean,

including coastal areas, ocean gyres, upwelling systems, and

polar regions (Kolber et al., 1994; Cheah et al., 2013; Park

et al., 2017). In addition, the maximum electron transfer rate

(ETRmax) has been should be more useful for evaluating nitrogen

limitation because it is more sensitive to nitrogen stress than

photochemical efficiency alone (Gorbunov and Falkowski, 2020;

Ko et al., 2020). Thus, the photophysiological properties derived

using this method are suitable for investigating phytoplankton

photosynthesis in relation to environmental conditions, such as

nutrient limitation and photoacclimation.

The objectives of this work were to (1) examine the spatial

distribution of the photophysiological properties of

phytoplankton at the SCM depth in the northern Chukchi Sea

and (2) investigate the response of the photophysiological

properties in relation to the changes in nutrient availability

and light conditions at the SCM depth. In addition, we

analyzed photosynthetic parameters derived from the electron

transfer rate versus irradiance (ETR-E) curve. To achieve these

goals, we analyzed the phytoplankton photophysiology in the

SCM layer through field surveys in the Chukchi Sea from 2015 to

2018. This study identified the effect of nitrogen availability and

light conditions on biomass, community size fraction, and

photophysiological properties of phytoplankton in the SCM

layer of the Chukchi Sea.
Materials and methods

Water sampling and study area

Water samples were collected onboard the Korean

icebreaker R/V Araon every August, from 2015 to 2018, in the

northern Chukchi Sea (Figure 1). Water samples were obtained

from 5 to 6 depths ranging from the surface to 100 m using 10L

Niskin bottles mounted on a conductivity, temperature, and

depth rosette system (CTD; SBE 911 plus). In detail, the two

samples were collected in the mixed layer including the surface

layer, and 3–4 samples were collected from the SCM depth and

the upper and lower layers based on the SCM depth.

Fluorescence and photosynthetically active radiation (PAR)
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profiles were obtained from chlorophyll fluorescence (ECO FL,

WET Labs) and PAR sensor (SBE PAR sensor) mounted on the

CTD frame. Temperature and salinity profiles were used to

calculate the stratification index (Dst), freshwater content

(FWC) and mixed layer depth (MLD). Dst was calculated as

the difference in density between the surface layer and 100 m

(Codispoti et al., 2005), and MLD was determined as the depth

at which the difference in density of 0.05 kg m−3 from the surface

layer (Coupel et al., 2015). The salinity profile was used to

quantify the amount of freshwater in the upper layer as described

by Coupel et al. (2015). The FWC was calculated by integrating

the ratio of the reference salinity (34.8, Aagaard and Carmack,

1989) to the salinity profile and the detailed method was

described by Ko et al. (2020). After estimating the vertical

attenuation coefficient obtained from the slope of the

regression of the natural log-transformed PAR profile, the

euphotic depth was estimated as the depth at which the PAR

was 1% of the surface values (Kirk, 1994). The ratio of PAR at the

SCM depth to the surface PAR (PAR_ratio) was calculated from

the PAR profile for each station. Daily sea ice concentrations

were obtained from the National Snow and Ice Data Center

(https://nsidc.org/). The sea ice concentration for each station

was calculated by averaging the pixels around the stations. The

upper layer (~ 150 m) of the western Arctic is mainly composed

of Pacific-origin water and is classified into two types based on

the seasonal modification: Pacific Summer Water (PSW; T > −1°

C, 31 ≤ S ≤ 32 psu) and Pacific Winter Water (PWW; T< −1°C,

S > 31.5 psu) (Gong and Pickart, 2015). Considering that the

structure of the water column around the SCM layer is related to

environmental factors, the study area was divided into two

regions based on the distribution of PSW within 100 m depth.

The PSW was mainly distributed in the eastern side of the

northern Chukchi Sea, and it was named the northeastern

Chukchi Sea (NEC). Conversely, the western side of the

northern Chukchi Sea, where the PSW did not appear was

expressed as the northwestern Chukchi Sea (NWC). A total of

84 stations were investigated over 4 years (2015 to 2018), with 40

stations in the NEC region and the remaining 44 stations in the

NWC region (Table 1).
Nutrients, nitracline and chlorophyll-a
concentration

Nutrient distribution, including nitrite + nitrate (NO2 +

NO3), phosphate (PO4), silicate (SiO2), and ammonium (NH4)

concentrations, were measured using a four-channel continuous

auto-analyzer (QuAAtro, Seal Analytical) following the Joint

Global Ocean Flux Study (JGOFS) protocols (Gordon et al.,

1993). To evaluate accuracy and reproducibility, nutrient

reference materials for seawater (Lot. No. BV, KANSO

Techno) were measured with standards in all batches; the

detailed methods are described by Jung et al. (2021). Nitracline
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depths were determined as the median of the shallowest depths

where the gradient of NO2 + NO3 was greater than 0.1 mM m−1

(Coupel et al., 2015).

Chlorophyll-a (Chl-a) samples were filtered with 500 mL of

seawater through a glass fiber filter (Whatman GF/F), and

extracted in the dark for 24 h with 90% acetone. Chl-a

concentration was measured using a fluorometer (Trilogy,

Turner Designs) calibrated using a purified Chl-a standard

solution (Sigma) (Parsons et al., 1984). In addition, size-

fractionated Chl-a was measured using a cascade connection

filtration system composed of a 20 mm nylon mesh and a
Frontiers in Marine Science 04
nuclepore filter with a pore size of 2 mm (Whatman). Using

this system, the micro (≥ 20 mm), nano (2–20 mm), and pico (≤ 2

mm) Chl-a concentration were obtained. The SCM depth was

determined as the depth, which was the highest fluorescence

from the chlorophyll fluorescence profile. The profile of Chl-a

concentration was obtained by correcting the chlorophyll

fluorescence profile with Chl-a concentration, the SCM layer

was identified as a depth where the gradient of Chl-a

concentration was ± 0.01 ug l-1 m-1 and above the threshold of

Chl-a concentration (0.11 ug l-1) to calculate the contribution of

the Chl-a concentration in the SCM layer (Martin et al., 2013).
B

C D

A

FIGURE 1

Maps of oceanographic stations in the northern Chukchi Sea. (A) 5–20 August, 2015; (B) 9–19 August, 2016; (C) 10–25 August, 2017; (D) 7–24
August, 2018. The study area was classified based on the distribution of Pacific Summer Water (PSW, T > −1°C, 31 ≤ S ≤ 32 psu) within 100 m of
water depth. The blue square represents the northwestern Chukchi Sea (NWC) without PSW and the red circles represents the northeastern
Chukchi Sea (NEC) with PSW, respectively. The empty circles represent the stations of the electron transfer rate versus irradiance curve.
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Photophysiological properties
of phytoplankton

The variable fluorescence of phytoplankton was determined

using a new miniaturized fluorescence induction and relaxation

(mini-FIRe) instrument (Gorbunov et al., 2020). The sensitivity

and signal-to-noise ratio of this new instrument, which is

suitable for use in oligotrophic waters, is approximately ca. 20

times better than the previous model (Gorbunov and Falkowski,

2004). For accurate measurements of quantum yields and

functional absorption cross-sections, the FIRe instrument

provides single photosynthetic turnover measurement within

ca. 100 ms (Gorbunov et al., 1999).

For the measurement of variable fluorescence, seawater

samples were kept at in situ temperature and under low-light

conditions (~10 mmol quanta m−2 s−1) for approximately 60 min,

which was necessary for recovery from photoinhibition and non-

photochemical quenching. Then, each sample was measured to

obtain the photophysiological properties of PSII, including

minimal fluorescence yield (Fo; when all reaction centers are

open), maximal fluorescence yield (Fm; all reaction centers are

closed), photochemical efficiency (Fv/Fm), and functional

absorption cross-section (sPSII), as described by Kolber et al.

(1998). To calibrate the fluorescence parameters by depth, the

blank signals were measured at two depths (ca. 0 and 100m) after

filtering the seawater with a syringe filter (0.2 mm), using the

method described by Bibby et al. (2008). After subtracting the

blank signal, Fv/Fm was calculated using the ratio of variable

fluorescence (Fv = Fm – Fo) to the maximum fluorescence (Fm).

Photosynthetic parameters were obtained by applying the

electron transfer rate versus irradiance curve. The electron

transfer rate (ETR) of the sample obtained from the SCM

layer was measured using a programmable actinic light source

mounted on the mini-FIRe. The ETR for each PSII reaction

center was calculated as described by Gorbunov et al. (2000,

2001). The detailed method for calculating ETR has been

described by Ko et al. (2020). The photosynthetic rates as a
Frontiers in Marine Science 05
function of irradiance can be calculated using the hyperbolic

tangent equation (Jassby and Platt, 1976) as follows:

ETR Eð Þ = ETRmax tanh
E
Ek

� �
(1)

where ETRmax is the maximum electron transfer rate achievable at

saturating light and Ek is the light saturation parameter. The light

utilization efficiency (a) was estimated using ETRmax/Ek. To deduce

the photosynthetic rates in absolute units (i.e., electrons per second

per reaction center), cross-sections must be measured for the same

spectral quality as the ambient irradiance. Therefore, both

excitation and actinic light were kept in blue light range (455 nm,

with a 20 nm half bandwidth) during the measurement of the

photosynthesis versus irradiance curves.
Statistical analysis

Analysis of variance was performed using MATLAB

(R2020a) to confirm the difference in parameters by region.

Principal component analysis was performed to understand

the relationship between environmental variables and the

photophysiological properties of phytoplankton using the

factoextra package (v1.0.6) in the R software.
Results

Physical and chemical environments of
the water-column

The physical and chemical properties differed between the

NWC and NEC regions. These two regions were identified by

the distribution of PSW around the SCM layer, as described

previously (Table 1, Figure 2). The water temperature of the

SCM depth in the NWC region, where the PWW was mainly

located below the SCM layer, was 0.84°C lower than that in the
TABLE 1 Regional environmental variables at the subsurface chlorophyll maximum (SCM) in the northwestern Chukchi Sea (NWC) and
northeastern Chukchi Sea (NEC). Temperature (T; °C); Salinity (S; psu); Stratification index (Dst, kg m-3); Euphotic depth (Zeu; m); Mixed layer depth
(MLD; m), Fresh water content (FWC; m), Stratification index (Dst; kg m−3); nitrite + nitrate (NO2+NO3; mM); phosphate (PO4; mM); silicate (SiO2;
mM); nitracline (m).

Region Year ST SCM depth T S Dst Zeu MLD FWC NO2+NO3 PO4 SiO2 Nitracline

NWC 2015 13 45 ± 13 -1.32 ± 0.20 31.69 ± 0.43 4.29 ± 1.14 45 ± 13 9 ± 3 14 ± 5 5.80 ± 2.81 1.19 ± 0.22 12.08 ± 5.51 33 ± 12

2016 6 36 ± 8 -1.46 ± 0.10 31.56 ± 0.25 2.67 ± 0.59 37 ± 7 12 ± 6 13 ± 2 4.30 ± 2.27 1.10 ± 0.18 10.74 ± 4.70 31 ± 8

2017 10 32 ± 9 -1.33 ± 0.18 30.58 ± 0.45 2.94 ± 0.63 41 ± 6 15 ± 8 12 ± 4 2.55 ± 2.08 1.07 ± 0.20 12.97 ± 3.62 24 ± 8

2018 15 26 ± 15 -1.45 ± 0.14 31.22 ± 0.49 2.96 ± 0.78 33 ± 16 8 ± 2 10 ± 3 4.68 ± 3.33 1.18 ± 0.21 12.51 ± 5.60 21 ± 9

NEC 2015 13 54 ± 8 -0.52 ± 0.62 31.24 ± 0.31 5.34 ± 0.99 52 ± 8 9 ± 2 20 ± 2 3.11 ± 2.63 0.99 ± 0.17 9.62 ± 6.98 41 ± 13

2016 10 49 ± 9 -0.60 ± 0.46 31.10 ± 0.18 3.47 ± 0.57 57 ± 12 19 ± 5 19 ± 3 1.90 ± 1.08 0.86 ± 0.12 5.93 ± 1.96 35 ± 7

2017 7 40 ± 11 -0.54 ± 0.79 30.60 ± 0.57 3.59 ± 0.53 52 ± 8 14 ± 7 18 ± 3 1.58 ± 1.56 0.91 ± 0.17 7.95 ± 3.46 34 ± 9

2018 8 50 ± 12 -0.54 ± 0.41 31.00 ± 0.25 3.91 ± 0.39 61 ± 9 9 ± 2 18 ± 4 3.07 ± 1.65 0.97 ± 0.12 4.29 ± 3.52 36 ± 8
fro
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B

C D
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G H

A

FIGURE 2

Vertical profiles of average temperature (blue dotted lines) and salinity (red dotted lines) by year in the northwestern Chukchi Sea (NWC, Left
panels) and the northeastern Chukchi Sea (NEC, Right panels). Two horizontal dark gray, green and yellow lines indicate the mixed layer depth
(MLD), subsurface chlorophyll maximum (SCM) layer and nitracline on average, respectively. The red and cyan shading represent the Pacific
Winter Water (PWW, T > −1°C, S > 31.5 psu) and the Pacific Summer Water (PSW, T > −1°C, 31 ≤ S ≤ 32 psu) respectively. (A, B) 2015; (C, D)
2016; (E, F) 2017; (G, H) 2018.
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NEC region, where the PSW was located around the SCM layer

(−1.39 ± 0.17°C and −0.55 ± 0.56°C, respectively; p< 0.01)

(Figure 2 and Table 1). The salinity was similar at the SCM

depth in both regions (31.26 ± 0.59 psu and 31.04 ± 0.39 psu,

respectively), and the lowest value was observed in 2017 (30.57 ±

0.42 psu and 30.60 ± 0.53 psu, respectively). The mixed layer

depth (MLD) was similar in these two regions (10 ± 6 m and

12 ± 6 m, respectively) (Table 1). The MLD was the deepest in

2017 in the NWC region (15 ± 6 m) and in 2016 in the NEC

region (19 ± 5 m; p< 0.05). The FWC in the NEC region was 19 ±

3 m on average, which was 58% higher than that in the NWC

region (12 ± 4 m; p< 0.01). The FWCmaintained a similar range

each year in the NEC region, whereas it gradually decreased

from 2015 to 2018 in the NWC region (Table 1). The Dst in the

NEC region (4.23 ± 1.08 kg m-3) recorded higher values than

that in the NWC region (3.31 ± 1.05 kg m-3, p< 0.01). The SCM

depth was 49 ± 10 m in the NEC region, which was 15 m deeper

than the 34 ± 14 m depth in the NWC region (p< 0.05, Table 1

and Figure 2). In addition, SCM depth showed a tendency to

become shallower from 2015 to 2018 in the NWC region (p<

0.01). Although the SCM depth of the NEC region was the

shallowest in 2017 (40 ± 11 m), it increased again in 2018

(Figures 2F, H). The nitracline of the two regions was also

distinctly different (27 ± 10 m and 37 ± 10 m, respectively); in

particular, that in the NWC region became shallow from 2015 to

2018 (p< 0.05). The euphotic depth (Zeu) also differed

significantly between the two regions (39 ± 13 m and 55 ± 10

m, respectively; p< 0.01), but there was no significant linear

trend by region such as the SCM depth and nitracline (Table 1).

However, Zeu showed a significant negative correlation with Chl-

a concentration at the SCM depth (r = -0.63, p< 0.01). The PAR

of the SCM depth was similar between the two regions (5.69 ±

6.98 mmol m-2 s-1 and 4.40 ± 5.82 mmol m-2 s-1, respectively).

Also, the PAR_ratio in the NWC region was slightly higher than

that in the NEC region (4.94 ± 8.99 and 2.81 ± 1.49,

respectively), there was no statistically significant difference

(Supplementary Figure 1).

In the case of nutrient distribution, the nutrient concentration

at the SCM depth in the NWC region was relatively higher than

that in the NEC region (Figure 3). There was a significant

difference in the nitrate + nitrate concentration (NO2 + NO3)

between the two regions (4.47 ± 2.92 mM and 2.49 ± 1.92 mM,

respectively; p< 0.01) (Figure 3A), except in 2017. Regional

differences in phosphate concentration (PO4) were also distinct

(1.14 ± 0.20 and 0.94 ± 0.15 mM, respectively; p< 0.01) (Figure 3B),

with a little interannual variation. In 2015, there was no

statistically significant difference in silicate concentration (SiO2)

between the two regions (12.08 ± 5.51 mM and 9.62 ± 6.98 mM,

respectively), but regional differences have become clear since

then (12.32 ± 4.79 mM and 5.97 ± 3.18 mM, respectively; p< 0.01)

(Figure 3C). Ammonium concentration was almost depleted in

the SCM layer of both regions during the study period (data not

shown). Most environmental variables showed distinct regional
Frontiers in Marine Science 07
differences, and the SCM layer and nitracline tended to gradually

become shallow in the NWC region.
Regional distribution of phytoplankton
Chl-a concentration and community size
structure at the SCM

Chl-a concentration and phytoplankton size structure

showed distinct regional characteristics. The Chl-a

concentration in the NWC region was higher than that in the

NEC region (2.76 ± 3.08 mg m−3 and 0.88 ± 0.74 mg m−3,

respectively; p< 0.01) (Figure 4 and Table 2). High Chl-a

concentration (> 3 mg m−3) was observed in the NWC region

in 2015 and 2018, and in the NEC region in 2015. However, Chl-a

concentrations in 2017 were lowest in both regions (0.49 ± 0.26

mg m−3 and 0.48 ± 0.16 mg m−3, respectively) (Figure 4C). The

ratio of the Chl-a concentration in the SCM layer to the depth-

integrated Chl-a concentration in the water column (0 – 100 m)

was calculated. In the NWC region, the ratio of Chl-a

concentration in the SCM layer was approximately 80 ± 18%,

slightly higher than 70 ± 19% in the NEC region (p< 0.01),

indicating that the contribution of the SCM layer was high in

both regions (Supplementary Figure 2). Excluding 2017, the

microphytoplankton community size structure prevailed, with

an average of 75% in the NWC region (Figure 5A). The fractions

of nano and picophytoplankton were very low at 15% and 10%,

respectively. In 2017, the fraction of nano and picophytoplankton

communities were 27% and 46%, respectively, and that of the

microphytoplankton community decreased to 28% in the NWC

region. In the NEC region, the microphytoplankton community

fraction decreased significantly from 55% in 2015 to 6% in 2018

(Figure 5B). Meanwhile, the picophytoplankton community

fraction more than double on average, from 21% in 2015 to

59% in 2018. The nanophytoplankton community fraction also

increased slightly from 25% to 35%. Taken together,

phytoplankton communities showed high Chl-a concentrations

and were dominated by large-cells in the SCM layer of the NWC

region. Conversely, in the SCM layer of NEC, phytoplankton had

a relatively low Chl-a concentration, and small-sized

communities tended to increase during this study.
Regional distribution of phytoplankton
photophysiological properties
at the SCM

The regional distribution of the maximum photochemical

efficiency (Fv/Fm), functional absorption cross-section (sPSII),
and P-E parameters are shown in Figures 6 and 7, and Table 2.

Fv/Fm was higher than 0.5 at the SCM depth in most stations,

and showed similar ranges in both regions when four-year data

were combined (0.54 ± 0.07 and 0.53 ± 0.06, respectively).
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However, since 2017, the Fv/Fm of the NEC region has been

significantly lower than that of the NWC region (0.49 ± 0.07 and

0.54 ± 0.09, respectively; p< 0.05), showing a clear difference

between the East and West regions (Figures 6 and 7A). The

sPSII in the NEC region was larger than that in the NWC region

(710 ± 143 × 10−20 m−2 photons−1 and 607 ± 111 × 10−20 m−2

photons−1, respectively; p< 0.05) (Figure 7B and Table 2). sPSII
maintained a similar range by year in the NWC region, whereas

it increased by 17% in the NEC region from 2017 (655 ± 112 ×

10−20 m−2 photons−1 and 772 ± 140 × 10−20 m−2 photons−1,
Frontiers in Marine Science 08
respectively; p< 0.01) (Figure 7B). The photosynthetic

parameters obtained from the P-E curve also differed

by region. The maximum electron transfer rate (ETRmax) of

the NWC region was higher than that of the NEC region

(53 ± 26 e−1 s−1 R−1 and 36 ± 23 e−1 s−1 R−1, respectively; p<

0.01) (Figure 7C). This was similar in both regions before 2016

(39 ± 24 e−1 s−1 R−1 and 33 ± 24 e−1 s−1 R−1, respectively).

However, the ETRmax of the NWC region has increased by

approximately 36% compared to the NEC region since 2017,

resulting in a significant difference between the two regions (61 ±
B

C

A

FIGURE 3

Regional distribution of nutrient concentration at the subsurface chlorophyll maximum by year (mean ± standard deviation). (A) nitrite + nitrate
(NO2 + NO3; mM), (B) phosphate (PO4; mM), (C), and silicate (SiO2; mM). The blue and red lines represent the northwestern Chukchi Sea (NWC)
and the northeastern Chukchi Sea (NEC), respectively.
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24 e−1 s−1 R−1 and 38 ± 23 e−1 s−1 R−1, respectively; p< 0.01). The

light saturation (Ek) of the NWC region was slightly higher than

that of the NEC region, but the difference was not significant (27

± 21 mmol photons m−2 s−1 and 18 ± 21 mmol photons m−2 s−1,

respectively; p = 0.08) (Figure 7D). The light utilization

efficiency coefficient (a) showed distinct differences by region

(2.43 ± 1.12 mmol electrons (mmol photons)−1 and 3.30 ± 1.97

mmol electrons (mmol photons)−1, respectively; p< 0.05)

(Figure 7E). In particular, the a between the two regions was

similar in 2015, but since then the a of the NEC region has

become higher than that in the NWC region (4.44 ± 1.48 mmol

electrons (mmol photons)−1 and 3.03 ± 0.76 mmol electrons

(mmol photons)−1, respectively; p< 0.01). Overall, the
Frontiers in Marine Science 09
photosynthetic parameters, excluding Ek, showed similar

ranges in the two regions until 2016, but regional differences

have become clear since 2017.
Discussion

What determines the SCM depth in the
northern Chukchi Sea?

The water mass structure, characterized by water

temperature and salinity, affects the vertical distribution and

flux of nutrients, which in turn controls the SCM depth (Ardyna
B

C D

A

FIGURE 4

Spatial distribution of chlorophyll-a concentration (mg m−3) at the subsurface chlorophyll maximum by year. (A) 2015, (B) 2016, (C) 2017, and
(D) 2018. The left side of the black line shows the northwestern Chukchi Sea; the right side shows the northeastern Chukchi Sea.
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et al., 2013; Brown et al., 2015). The upper layer (0–150m) of the

western Arctic Ocean was mainly composed of a relatively fresh

surface mixed layer and Pacific-origin water entering the Arctic

via Bering Strait, which was a high nutrient and low dissolved

oxygen water (Codispoti et al., 2005). The Pacific-origin water

was divided into relatively warm and fresh PSW and cold and

saline PWW, and the PSW lay directly above PWW (Nishino

et al., 2013; Gong and Pickart, 2016). A warm and saline

Atlantic-origin water layer was located below the Pacific-origin

water layer (Korhonen et al., 2013; Alkire et al., 2019). In the

NWC region, PWWwas distributed below the SCM layer, and in

the NEC region, PSW mainly existed around the SCM layer and

PWWwas distributed below it. In other words, the water masses

around the SCM layer differ between these two regions

(Figure 2). These differences in the water mass distribution
Frontiers in Marine Science 10
contributed to the difference in water temperature and salinity

at the SCM in these two regions, and thus, affected nutrient

budget (Figure 3 and Table 1). In 2017, the intrusion of Atlantic-

origin cold water caused by cyclonic atmospheric circulation

raised the PWW, supplying nutrients to the upper layer of the

northwestern Chukchi Sea (Jung et al., 2021). This variability in

water masses has influenced the expansion of PWW in the

northern Chukchi Sea since 2017, which can be related to the

reduction in the spatial distribution of PSW to the Chukchi

borderlands towards 2018 (Figures 1C, D). Therefore, the

difference in physicochemical conditions (temperature, salinity,

and nutrients) of the water layer would affect the variability of

SCM depth by region.

We found a significant correlation between nitracline and

SCM depth (r = 0.80, p< 0.01; Figure 8A), indicating that
TABLE 2 Regional phytoplankton size fraction and photophysiology variables at the subsurface chlorophyll maximum in the northwestern
Chukchi Sea (NWC) and the northeastern Chukchi Sea (NEC).

Region Year ST (P-E curve) Chl-a Micro Nano Pico Fv/Fm sPSII ETRmax Ek a

NWC 2015 10 3.52 ± 3.49 67 ± 32 14 ± 10 19 ± 23 0.54 ± 0.04 652 ± 128 31 ± 16 36 ± 33 1.14 ± 0.41

2016 2 1.22 ± 0.42 77 ± 5 16 ± 5 7 ± 4 0.54 ± 0.03 566 ± 30 82 ± 5 31 ± 2 2.89 ± 0.33

2017 7 0.49 ± 0.26 28 ± 24 27 ± 12 45 ± 20 0.52 ± 0.06 638 ± 117 57 ± 31 17 ± 11 3.84 ± 0.83

2018 13 4.24 ± 3.33 80 ± 21 14 ± 11 5 ± 11 0.56 ± 0.10 563 ± 97 63 ± 20 25 ± 11 2.76 ± 0.56

NEC 2015 9 1.30 ± 1.04 55 ± 25 24 ± 12 21 ± 16 0.56 ± 0.02 636 ± 124 21 ± 5 28 ± 31 0.92 ± 0.56

2016 3 0.70 ± 0.30 30 ± 22 25 ± 6 45 ± 20 0.55 ± 0.01 683 ± 92 78 ± 5 17 ± 4 4.84 ± 0.56

2017 7 0.48 ± 0.16 12 ± 12 35 ± 6 53 ± 12 0.50 ± 0.04 718 ± 113 43 ± 26 10 ± 10 4.73 ± 1.25

2018 8 0.77 ± 0.61 6 ± 3 35 ± 7 59 ± 9 0.48 ± 0.10 827 ± 150 33 ± 19 14 ± 14 3.40 ± 1.11
fron
Chl-a concentration (Chl-a; mg−3); Micro, nano, and picophytoplankton fraction (%), Maximum photochemical efficiency (Fv/Fm); functional absorption cross-section (sPSII; 10−20 m−2

photons−1); maximum electron transfer rate (ETRmax; e−1 s−1 RC−1); minimum saturating irradiance (Ek; mmol photonsm−2 s−1); light utilization efficiency (a; mmol electrons [mmol photons] −1).
BA

FIGURE 5

Distribution of phytoplankton Chlorophyll-a (Chl-a) concentration (mg m−3) and average phytoplankton community size fraction (%) by region.
(A) The northwestern Chukchi Sea, (B) The northeastern Chukchi Sea. Green circles and black vertical lines represent Chl-a concentration
(mean ± standard deviation). Phytoplankton community size consisted of > 20 mm, 2–20 mm, and< 2 mm, respectively.
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nitrogen availability is the key factor for the formation of the

SCM layer in the Arctic Ocean. In addition, the nitracline

position was significantly correlated with FWC (r = 0.72, p<

0.01; Figure 8B). This relationship suggests that the increased

thickness of the freshwater surface layer deepens the sub-surface

nutrients reservoir of PWW (Coupel et al., 2015). Freshwater

produced by melting sea ice was one of the main factors

controlling the FWC (Serreze et al., 2006). In our study, the

FWC had a statistically significant negative correlation with sea

ice concentration in the two regions (r = −0.59, p< 0.01;

Figure 8C). Specifically, the period from the sea ice retreat to

measurement in the NEC region was 44 days on average, and

there was no significant difference by year. But, the averaged
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period was 35 days in the NWC region, which was the shortest in

2018 with 30 days. (p< 0.01, Supplementary Figure 3). The

period in the two regions showed a positive correlation with

FWC, suggesting that the sea ice melting was affecting the FWC

(r = 0.50, p< 0.01, Figure 8D). The period of sea ice retreat was

also related to the difference in the stability of the water column

(stratification index) between both regions (r = 0.36, p< 0.05,

Table 1). Furthermore, the position of the lower halocline

between the Pacific-origin water and Atlantic-origin water in

both regions was confirmed by another study (Alkire et al.,

2019); in the NWC region, the lower halocline became shallower

after 2016, meaning that the Pacific-origin waters have risen

(Supplementary Figure 4). Thus, as mentioned earlier, the PWW
B

C D

A

FIGURE 6

Spatial distribution of photochemical efficiency (Fv/Fm) at the subsurface chlorophyll maximum by year. (A) 2015, (B) 2016, (C) 2017, and (D)
2018. Based on the black line, the left side is the northwestern Chukchi Sea and the right side is the northeastern Chukchi Sea.
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uplift eventually increased the salinity and nutrients in the upper

layer, which led to a decrease in FWC and shallower nitracline

towards 2018 in the NWC region (Figure 2). Although the

fluctuation of nitracline was not significant in the NEC region,

the nutrient supply to the surface layer shallowly formed the

position of the nitracline in the NWC region, resulting in a

shallow SCM depth.
Effects of nitrogen availability on
phytoplankton photophysiology
at the SCM

In the summer of the Arctic, phytoplankton in the SCM

layer were reported to exhibit high nitrogen availability through

assessment of nitrogen assimilation (Martin et al., 2012). We

aimed at determining the effect of high nitrogen availability in

the SCM layer on the photophysiological properties of

phytoplankton. The variation in nitrogen availability may have

contributed to regional differences in Chl-a concentration (2.76

mg m−3 vs.< 1 mg m−3) and dominant phytoplankton

community size (micro vs. nano + pico), as well as the
Frontiers in Marine Science 12
photosynthetic activity of phytoplankton (Figures 4 and 5). In

the NWC region, the phytoplankton Fv/Fm at the SCM depth

was high during the entire study period (Figure 6). This result

suggests that phytoplankton in the SCM layer exhibited the

highest photosynthetic activity because the nitrogen availability

was not limited. Meanwhile, in the NEC region, Fv/Fm in the

SCM layer remained high until 2016, and since then, it has

decreased by approximately 10% (Figures 6C, D). Fv/Fm of the

two regions showed a significant difference since 2017

(Figures 6C, D, 7A). The reduced Fv/Fm in the SCM layer was

similar to that of surface phytoplankton (0.46 ± 0.09) in the

Arctic Ocean, which was subject to severe nitrogen limitation

(Mills et al., 2018; Ko et al., 2020). This result meant that the

photosynthetic activity of phytoplankton decreased in the SCM

layer because nutrient availability was lower than the cellular

demands for photosynthesis (Parkhill et al., 2001). That is, the

nitrogen availability in the SCM layer was probably inhibited, as

the NEC region has shifted to the Chukchi borderlands since

2017. Therefore, our results revealed that the degree of nitrogen

availability in the SCM layer was highly variable in the Arctic

Ocean, which could be responsible for changes in the

photosynthetic activity of phytoplankton.
B C

D E

A

FIGURE 7

Distribution of phytoplankton photophysiological characteristics (mean ± standard deviation) by year. (A) Maximum photochemical efficiency
(Fv/Fm), (B) functional absorption cross-section (sPSII; 10

−20 m−2 photons−1), (C) maximum electron transfer rate (ETRmax; e−1 s−1 RC−1),
(D) minimum saturating irradiance (Ek; mmol photons m−2 s−1), and (E) light utilization efficiency (a; mmol electrons [mmol photons] −1). For each
variable, the x-axis and y-axis indicate the northwestern Chukchi Sea (NWC) and the northeastern Chukchi Sea (NEC), respectively.
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In the first principal component (PC1: 39%), each

photophysiological property of phytoplankton (Fv/Fm, Ek vs. sPSII,
a) was negatively correlated with the dominant phytoplankton

community size structure by region (r = −0.31 ~ −0.43, p< 0.01,

Figure 9). sPSII refers to the ability to absorb light (i.e., the physical
size of PSII antennae) and the efficiency of electron conversion in

PSII (Falkowski et al., 2004). In particular, an inverse relationship

between Fv/Fm and sPSII was evident in both regions, which is

known to be associated with high sPSII and low Fv/Fm as light-

harvesting strategies for smaller cells (Suggett et al., 2009). In the

Chukchi Sea, diatoms and small flagellates were dominant (Lee

et al., 2019), and large diatoms were known to show high Fv/Fm (≥

0.5) and low sPSII (400 to 600 × 10−20 m−2 photon-1) (Moore et al.,

2005; Suggett et al., 2009). We expected that large-sized
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phytoplankton communities with high Chl-a concentrations in

the NWC region would exhibit low light absorption (i.e., sPSII
and a) owing to the package effect (Kirk, 1975; Lavergne and Joliot,
2000). Therefore, phytoplankton in the NWC region would have

shown high Fv/Fm and low sPSII by dominant large diatoms

(Figures 7B and 10A). In addition, the Ek of the NWC region

was relatively higher than that of the NEC region because large

diatoms adapted to high light (Figures 7D and 10B) (Qiao et al.,

2021). Along with the reduction in Fv/Fm since 2017, the large-sized

phytoplankton community fraction decreased by 34% compared

with that before 2016 in the NEC region (Figures 7E and 10C). At

this time, sPSII and a increased, indicating an increase in antenna

size in the NEC region. This could increase the probability of heat

dissipation by increasing the lifetime of an exciton within the
B
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FIGURE 8

Variables related to the depth of subsurface chlorophyll maximum (SCM) by region from 2015 to 2018. (A) Relationship between nitracline and
the SCM depth (r = 0.80, p< 0.01), (B) Relationship between nitracline and freshwater content (FWC; r = 0.72, p< 0.01), and (C) Sea ice
concentration (%) and FWC (NWC: r = −0.61, p<0.01; NEC: r = −0.59, p< 0.01, Excluding 0% sea ice concentration). (D) FWC and the period
from the sea ice retreat to measurement (days) (NWC: r = 0.53, p< 0.01; NEC: r = 0.50, p< 0.01). The blue squares and red circle represent the
northwestern Chukchi Sea (NWC) and the northeastern Chukchi Sea (NEC), respectively.
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antenna. Hence, the photochemical efficiency of phytoplankton

with high sPSII would have been reduced in the NEC region

(Lavergne and Joliot, 2000). ETRmax did not show a correlation

with nitrogen availability or phytoplankton community size

structure (Figures 9 and 10D). Finally, the inhibition of nitrogen

availability in the SCM layer contributed to a decrease in the

photosynthetic activity of phytoplankton, with an increase in

picophytoplankton communities in the NEC region (Almazán-

Becerril et al., 2012; Kulk et al., 2018). Therefore, this

analysis suggests that the extent of nitrogen availability in the

SCM layer was a major factor regulating the photosynthetic

activity and light absorption ability of the regionally dominant

phytoplankton communities.
Change in maximum electron transfer
rate depending on light condition
at the SCM

Nitrogen availability appeared to affect the distribution of Fv/

Fm in the SCM layer, but did not show a significant relationship

with ETRmax. Thus, we analyzed the factors that influenced the

distribution of ETRmax by region. In the second principal

component (PC2: 17%), ETRmax showed a positive correlation

with PAR_ratio (r = 0.33, p = 0.07) and a negative correlation

with the SCM depth (r = −0.56, p< 0.01, Figure 9). Arctic

phytoplankton are well known for their adaptation to low-light

conditions, resulting in high a and low Ek. (Platt et al., 1982;

Gallegos et al., 1983; Palmer et al., 2011). The PAR_ratio in the
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Arctic Ocean is generally reported to be at a 1–5% level (Martin

et al., 2012). This was similar to our results (~4.0%), with no

regional differences in PAR_ratio. However, the PAR_ratio

continued to increase from 2.7% in 2015 to 8.5% in 2018 as

the SCM depth in the NWC region became shallow owing to the

uplift of the nitracline described above. In fact, the PAR of the

two years (2015 vs 2018) was not significantly different (4.6 ± 3.8

vs 7.0 ± 8.2 mmol photons m-2 s-1) in the NWC region

(Supplementary Figure 1), but the increase in the PAR ratio

considered that the light availability was improved in the SCM

layer. For example, doubling of the average PAR_ratio between

2015 and 2018 resulted in a difference of approximately 30% in

the ETRmax in the NWC region (41 e−1 s−1 RC−1 and 60 e−1 s−1

RC−1, respectively) (Figure 11A). In the surface layer, severe

nitrogen limitation reduced the ETRmax by approximately 40%

in the Chukchi Sea (Ko et al., 2020), which suggests a very strong

reduction (ca. 80%) in net primary production (Gorbunov and

Falkowski, 2020). In contrast to the surface layer, it was shown

that the improvement in light conditions (e.g. a two-fold

increase in the PAR ratio) increased ETRmax in the presence of

sufficient nitrogen availability within the SCM layer (Palmer

et al., 2013). This result suggests that the position of the SCM

layer associated with light availability affects the photosynthetic

rate (Bouman et al., 2020). Similarly, the maximum rate of

photosynthesis measured by the 14C method was also regulated

under a physical environment such as light (Harrison and Platt,

1986; Huot et al., 2013). Meanwhile, PAR_ratio was similar in

the NEC region during the study period; thus, ETRmax did not

change significantly (Figure 11B). We found that the
FIGURE 9

Biplot of the first and second principal components (PC1: 39%, PC2: 17%) between the environmental variables and phytoplankton
photophysiological parameter in the subsurface chlorophyll maximum (SCM) grouped by regions. Terms and abbreviations: temperature (T);
salinity (S); the SCM depth (SCM depth); nitracline; freshwater content (FWC); Chlorophyll‐a concentration (Chl‐a); size fraction (micro, nano,
pico; %); photochemical efficiency (Fv/Fm); functional absorption cross‐section (sPSII); maximum electron transfer rate (ETRmax); light saturation
for photosynthesis (Ek); light utilization efficiency (a); nitrite + nitrate (NO2 +NO3); phosphate (PO4); and silicate (SiO2); The ratio of
photosynthetically available radiation (PAR) in the SCM layer to the surface layer (PAR_ratio).
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photophysiological properties of phytoplankton at the SCM

depth depending on the light and nitrogen availability could

greatly contribute to the primary production in the water

column. Since the contribution of Chl-a concentration in the

SCM layer was high in the summer of the Arctic Ocean,

understanding the photophysiological properties of

phytoplankton at the SCM depth would be essential to

confirming changes in primary production in the Arctic Ocean.

Our study describes the responses of phytoplankton

photophysiology to nitrogen availability and light conditions at

the SCM in the Arctic Ocean in summertime. The extent of

nitrogen availability in the SCM layer affects the photochemical
Frontiers in Marine Science 15
activity (e.g. Fv/Fm) and light absorption ability (e.g. sPSII and a)
depending on the phytoplankton community structure by region.

Similar to the effect of nitrogen limitation on surface phytoplankton

in the Arctic Ocean, the reduced nitrogen availability in the SCM

layer decreased Fv/Fm by approximately 10% and also decreased the

fraction of large phytoplankton in the NEC region. Despite the

reduction in nitrogen availability in the NEC region, there was no

significant change in ETRmax. Meanwhile, large phytoplankton in

the NWC region, which showed sufficient nitrogen availability in

the SCM layer, retained high photochemical efficiency but resulted

in low light absorption ability due to the package effect. In addition,

the improvement of the light conditions in the SCM layer caused by
B
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FIGURE 10

Relationships between microphytoplankton fraction (f>20mm; %) and photosynthetic variables. (A) functional absorption cross-section (sPSII; 10−20

m−2 photons−1), (B) minimum saturating irradiance (Ek; mmol photons m−2 s−1), and (C) light utilization efficiency (a; mmol electrons [mmol
photons] −1), (D) maximum electron transfer rate (ETRmax; e−1 s−1 RC−1). The red circle and blue square represent the northeastern Chukchi Sea
(NEC) and the northwestern Chukchi Sea (NWC), respectively.
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the shallower SCM depth contributed to an increase in ETRmax by

up to 30%, which was similar to the increase in ETRmax of surface

phytoplankton by the alleviation of nitrogen limitation. In other

words, fluctuations in light conditions could have a greater effect on

phytoplankton photosynthetic capacity and primary production,

based on sufficient nitrogen availability in the SCM layer. The

recent inflows of the Atlantic-origin and Pacific-origin waters have

delivered additional nutrient fluxes to the Arctic Ocean, which has

caused the increase in primary production in the Arctic Ocean

(Lewis et al., 2020). The amount and duration of light transmitted

to the water layer has increased owing to the reduced sea ice extent

and thickness in the Arctic Ocean (Ardyna and Arrigo, 2020).

Therefore, our findings have important implications for

understanding how changes in light conditions and nutrient

fluxes might affect phytoplankton photosynthesis and primary

production in the subsurface layer of the Arctic Ocean.
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FIGURE 11

Regional distribution of maximum electron transfer rate (ETRmax) at the subsurface chlorophyll maximum (SCM) by year. (A) The northwestern
Chukchi Sea and (B) the northeastern Chukchi Sea. The black line and blue dotted line represent a non-linear regression line and a 90%
confidence interval.
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