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The Arctic is one of the regions under the most dramatic climate change. Global
warming has led to elevated freshwater inflow into the western Arctic Ocean and
significantly altered nutrient structure and biogeochemical cycling. In this work,
inorganic dissolved nutrients in the Chukchi Plateau (CP) and adjacent regions
were investigated to further understand their characteristics and influencing
factors. Results showed that relatively high nutrient concentrations occurred in
the water masses with salinity >32 psu, especially there was a nutrient-rich layer
influenced by Winter Pacific Water in the water column (15.10+1.96, 2.23+0.26,
and 23.4646.64 pmol/L for DIN, PO4>~ and Si(OH)4, respectively). Contrarily,
lower nutrient concentrations occurred in the mixing water of the upper layer
(1.76+1.04, 1.1540.16 and 3.764+2.29 pmol/L for DIN, PO,*~ and Si(OH)a,
respectively) with a low DIN/P ratio (1.44+0.59), suggesting DIN has become
the potentially biological limiting factor. Furthermore, the freshening and
deepening of the upper layer driven by the Beaufort Gyre has hindered the
nutrient transport from underlying layer into the upper layer. A maximum chla
was observed at 36-75 m water depth, and the phytoplankton biomass
decreased from the western to the eastern CP, accompanied by a decreased
contribution of micro-sized chla but an increased contribution of small-sized
chla (74.0+0.1%). The phytoplankton resource use efficiency for DIN was
estimated as (3.2+4.6)x10°%, which was primarily influenced by the
physicochemical parameters of water and also largely regulated by the size
structure of phytoplankton.
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1 Introduction

The Arctic has experienced some of the most pronounced
dramatic climate change, with surface air temperature rising
nearly twice as the global average over the last two decades
(Screen et al,, 2012; Ravindran et al., 2021). Global warming has
given rise to many unprecedented changes in the Arctic region since
the late 20th century, such as large-scale sea ice melt and retreat
(Kumar et al., 2020; Wu et al,, 2021), degradation of permafrost
(Abolt et al., 2020; Zhang et al., 2021) and increasing evaporation/
precipitation due to elevated land-air interaction (Ridley et al.,
2023), which caused more freshwater and materials into the Arctic
Ocean. For example, an increase in freshwater accumulation of
about 5000 km? was found in the Beaufort Gyre (BG) in the 2000s
compared to the 1980-2000 average (Haine et al, 2015). The
buoyant freshwater settled on the topmost layer of the ocean has
created a strong stratification and thus inhibited the vertical mixing
of physical and chemical properties in the water column
(Timmermans and Marshall, 2020; Ravindran et al., 2021), due to
which nutrients were more difficult to reach surface waters from
underlying layer and posed a negative impact on primary producers
in the western Arctic Ocean (Coupel et al., 2015). Although it is
conducive to enhance productivity that the receding of the ice pack
allows more sunlight to penetrate the Arctic Ocean, freshening may
counteract the additional light availability to phytoplankton in
regions of the Arctic Ocean where strong stratification inhibits
wind-driven mixing (Ardyna et al., 2014). Phytoplankton
community has responded to this change in stratification by
increasing the abundance of small-sized species typically in
oligotrophic regimes, but larger cells were detrimentally affected
as water stability increased and the nutricline deepened (Fu et al.,
2020; Mishra et al, 2022). For example, Zhuang et al. (2016)
observed that the spread of the freshened and nutrient-rich
Alaska Coastal Water (ACW) reduced the diatom biomass in the
Chukchi Sea waters. Therefore, climate change has posed significant
influences on the aquatic environment via altering the physical,
biological and biogeochemical processes in the Arctic Ocean (Liang
etal, 2024; Seok et al., 2024), and subsequently induced the intense
variations in the mechanisms of nutrient consumption and
replenishment (Carmack et al., 2015; Zhuang et al., 2019), as well
as ecosystem responses such as decreasing primary production and
changing phytoplankton size structure (Arrigo and van Dijken,
2015; Lee et al,, 2019; Zhang et al.,, 2023). That not only damaged
the role of phytoplankton as the fundamental source of energy for
an ecosystem (Behrenfeld and Boss, 2014; Leu et al., 2015), but also
influenced the associated biological pump as a key process in the
Arctic Ocean’s carbon cycle (Castagno et al., 2023).

The Chukchi Plateau (CP), located on the edge of the Canada
Basin and adjacent to the Chukchi and Beaufort Sea slopes, consists
of two mountain systems and a basin with water depth more than
2100 m hydrologically influenced by several water masses (Brugler
et al,, 2014). Studies have shown the dramatic changes of sea-ice in
the area of Pacific Arctic Ocean including the East Siberian,
Chukchi and Beaufort seas (Arrigo and van Dijken, 2011; Lee
et al, 2019), and the regularly ice-free during summer and early
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fall in the CP region (Kawagoshi et al,, 2019). In the context of
global warming, abundant researches have been performed with
regard to the biogeochemical cycling of nutrients in the Arctic
Ocean in recent years, such as the availability of the nutrients and
the effect of the Beaufort Gyre on the nutrient characteristics
(Zhuang et al., 2018), and the nitrate deficit caused by the strong
denitrification in the Bering-Chukchi shelves (Zhuang et al., 2021).
However, our understanding of nutrients in the western Arctic
Ocean, particularly in the Chukchi Plateau area distant from the
coastal regions, remains limited. In addition, the phytoplankton
resource use efficiency (RUE) that can better reflect the utilization of
phytoplankton to nutrients and the possible influencing factors are
still scarce in the study area. Therefore, the present work was carried
out in the Chukchi Plateau and adjacent waters mainly to
investigate the characteristics of inorganic nutrients,
phytoplankton and their RUE in the water column, as well as the
possible controlling factors. The findings of this study are valuable
for further long-term research on nutrient changes in connection
with the physical and biogeochemical processes in the Pacific
Arctic Ocean.

2 Materials and methods

2.1 Study area

The surveyed area (Figure 1) is dominated by the Pacific water
through the Bering Strait and the Atlantic waters entering through
the Fram Strait and the Barents Sea (McLaughlin et al., 2004;
Woodgate et al., 2005). The Pacific water is primarily driven by a
sea level fall between the Bering and Chukchi Seas, and splits into
three water masses in the Chukchi Sea as the saline and nutrient-
rich Anadyr Water (AdW) at the western branch, the fresher and
nutrient-depleted Alaska Coastal Water (ACW) to the east, and the
Bering Shelf Water (BSW) of intermediate salinity in between
(Reeve et al., 2019) (Figure 1). The upper waters of the Arctic
Ocean can be divided into the Arctic Surface Water (ASW) and the
halocline (from ~30-50 m to ~200-400 m depth, Colombo et al.,
2020; Zhou et al,, 2021). ASW contains some freshwater caused by
river runoft and some other inputs including sea-ice melting water
(Schlosser et al., 1995), which has caused the freshening of surface
seawater in the Canada Basin (He et al., 2012; Abe et al.,, 2020).
Then the halocline is composed of ACW, the summer Bering Sea
Water (sBSW) and the winter Bering Sea Water (wBSW) (Wang
etal., 2021; Fei et al,, 2023). Below the upper layer lies the warm and
salty Atlantic water (AW), originating from the North Atlantic
inflow (Colombo et al.,, 2020) and is ubiquitous over the Arctic
Basins (typically between ~200 and ~800 m depth). The deep water
below the Atlantic layer, representing 60% of the total volume, is the
colder and saltier Canada Basin Deep Water (CBDW)
(Timmermans et al,, 2003; Colombo et al,, 2020). Long-term
observations in the Bering Strait over the past two decades have
shown a gradual increase in the volume transport of Pacific water
inflow, bringing more heat and nutrients into the Arctic Ocean
(Woodgate et al., 2012; Woodgate, 2018).
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FIGURE 1

Location of the study area and the sampling stations. Abbreviations in (A) as AdW: Anadyr Water, BSW: Bering Shelf Water, ACW: Alaska Coastal
Water, CP: Chukchi Plateau, BG: Beaufort Gyre. Red mark in (B) represented the selected transect discussed.

2.2 Sampling and measurement

Water samples were collected from fourteen stations during the
12th Chinese National Arctic Research Expedition in July 2021.
Seawater was collected using the SBE 911 instrument according to
the predetermined layers (0, 10, 20, 40, 50, 75, 100, 150, 200, 300, 500,
800, 1000, 1500, 2000 and 3000 m, and the bottom water of 10 m
above sea floor) based on the water depth at each station. Salinity,
temperature and depth of seawater were achieved via the CTD unit
(Conductivity-Temperature-Depth) attached to the instrument.
Seawater was filtered immediately through a 0.7 pm pore glass fiber
filter (GF/F, Whatman) and the concentrations of dissolved inorganic
nutrients (DIN=NO; +NO, +NH,", Si(OH), and PO,>") were
determined ultraviolet-visible spectro-photometrically. The
precisions of duplication for NO;~, NO,~, NH,", Si(OH), and PO
were 3%, 1%, 1%, 4% and 4%, respectively. Seawater subsamples were
firstly filtered through the sieve mesh of 200 pm, then through the
filter membranes of 20 pum, 3 um and 0.22 pum consecutively.
The phytoplankton kept in the filters of 20 um, 3um and 0.22 pm
were defined as micro-, nano- and pico-phytoplankton
biomass, respectively. Chla was extracted from the filters at 4°C
with 90% acetone (4 hours) with the concentrations determined
from the fluorescence data according to the references
(Parsons et al., 1984; SOA, 2007).

2.3 Resource use efficiency
of phytoplankton

Resource use efficiency (RUE) of phytoplankton typically refers
to standing stock production (biovolume, biomass, or Chla
concentration) per unit of nutrients (Jin et al., 2023), and it is
generally defined as the ratio of the amount of biomass produced by
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per unit resource (Hodapp et al., 2019, Ye et al., 2019). RUE (N) was
obtained following the equation (RUE=Chla : DIN) based on the
result that DIN was the limiting nutrient to phytoplankton in
study area.

2.4 Statistical analyses

Principal Component Analysis (PCA) is a method to identify
significant principal components (PC) in the data as well as possible
loadings, which can reduce the dimension of data via linear
transformation and is conducive to the understanding of data.
PCA (using Origin software) and Pearson Correlation Analysis
(using SPSS software) were performed based on the variables,
including RUE(N), size-fractionated Chla biomass and their
contributions, along with nutrient ratios, DO, salinity,
temperature, in order to discuss the potential influencing factors
on RUE and phytoplankton.

3 Results

3.1 Horizontal distributions of nutrients,
chla and environmental parameters

In this study, the characteristics of nutrients and environmental
parameters in the upper waters (less than ~200 m) are horizontally
illustrated in terms of three water layers, namely, 0 m layer (beneath
the sea ice), subsurface layer with chla maximum (~36-75 m) and
200 m layer. Firstly, the distribution of salinity, temperature and pH
values displayed a west-east (from the Chukchi Abyssal Plain
toward the Canada Abyssal Plain) gradient in the uppermost
layer (Figure 2A, a-c). Salinity decreased from 29.37 to 27.84 psu
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(average 28.79 + 0.45 psu), water temperatures increased from -1.51
to -1.26°C (-1.42 + 0.08°C) and pH increased from 7.99 to 8.11
(8.05 £ 0.04) due to a high sea ice coverage in the western and
southern plateau compared with the east with warmer and fresher
waters (Fei et al.,, 2023). The uppermost waters had generally very
low DIN concentrations (1.45 + 0.68 pmol/L), especially in the
Chukchi slope region, with the lowest value 0.80 umol/L at Station 1
(Figure 2A, d). The average PO,> concentration was 1.07 + 0.29

10.3389/fmars.2024.1429493

pmol/L (0.47 to 1.27 pmol/L) with the relatively higher levels in the
north of the CP decreasing toward the Canada Basin and the slope
region (Figure 2A, e). Si(OH)4 concentrations ranged from 2.13 to
9.77 umol/L with relatively lower values in the Chukchi slope and
the Canada Basin region (Figure 2A, f). Relatively higher Si(OH),
concentrations were observed in a local area, which may be
attributed to the sea ice diatoms with higher flux in summer in
the Arctic Ocean (Ren et al., 2020). Total chla concentrations were
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Horizontal distributions of nutrients, chla concentrations and environmental parameters (Panel A for O m layer, Panel B for subsurface layer and
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from 0.01 to 0.16 mg/m> (0.05 + 0.04 mg/m?) with higher values in
the western CP and lower values in the east (Figure 2A, g). On one
hand, the relatively abundant nutrients carried by Pacific water
through the Chukchi Sea shelf favored the growth of phytoplankton
in the western CP (Zhuang et al., 2021). On the other hand, the low
chla concentration in the eastern CP adjacent to the Canada
Abyssal Plain may be caused by the inability of phytoplankton to
survive under low salinity such as the input of freshwater. With the
increasing water depth and nutrient concentrations, the maxima of
chla biomass were found in the depths of 36—75 m. Chla biomass
ranged from 0.04 to 0.69 mg/m® (0.33 + 0.18 mg/m”) exhibited
relatively higher levels in the western plateau (especially stations 1, 3
and 5) but lower values in the Northwind Basin and the western
Canada Basin zone (Figure 2B, g). The salinities in this layer (30.70-
31.79, average 31.23 + 0.36 psu) decreased from the northern
plateau toward the Chukchi slope and the Canada Abyssal Plain
(Figure 2B, a). Water temperatures fell in the range between -1.53
and 0.62°C(-0.58 + 0.70°C) with relatively higher values in the
Canada Abyssal Plain region (Figure 2B, b). Nutrients displayed
similar distributions in this layer, with relatively higher
concentrations in the northern and western plateau but lower
values near to the Chukchi slope and the western margin of
Canada Basin with averages of 4.12 + 2.11, 1.54 + 0.21 and 9.16 +
3.38 umol/L for DIN, PO,*" and Si(OH),, respectively (Figures 2B,
d-f). Salinity and temperature had a similar west-east gradient in the

(d) Pb4/(pmol/Li

FIGURE 3

Vertical distributions of nutrients and environmental variables in the water column. (A) Salinity, (B) Temperature, (C) DIN, (D) POy, (E) Si(OH)4, (F) N/P,

(G) N/Si and (H) pH.
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200 m water layer decreasing from the western CP toward the
western Canada Basin with the salinity from 32.99 to 34.52 psu and
the temperature from -1.46 to —0.05°C (Figures 2C, a, b). Nutrient
distributions showed similar characteristics with relatively higher
concentrations near the Chukchi slope and the western Canada
Basin, and the values were 13.64 + 2.44, 1.93 + 0.44 and 22.35 + 8.52
umol/L for DIN, PO,*" and Si(OH),, respectively (Figures 2C, d-f).
Stoichiometric relations of nutrients were, N/P ratios of 1.38 + 0.44,
2.51 + 0.99 and 7.15 + 0.55, and N/Si ratios of 0.39 + 0.23, 0.43 +
0.10 and 0.73 + 0.29 in the three layers, respectively (Figure 2).

3.2 Vertical distributions of nutrients and
environmental variables

A longitudinal transect spanning the CP from 169°W to 152°W
(Figure 1) was selected to examine the vertical variations in nutrient
concentrations, along with the apparently stratified distributions of
environmental parameters in the water column. In the surface water
(~20 m), low salinity (27.84 to 30.22, 28.66 + 0.60 psu, Figure 3A)
and water temperature (-1.45 to -1.26, -1.35 + 0.06°C, Figure 3B)
indicated the characteristics of the polar mixed water. Elevated
salinity (32.55 + 0.56 psu) and temperature (-1.13 + 0.30°C) down
to about 200 m suggested the main influence of the Pacific inflow
through the Chukchi Sea shelf. A clear deepening with a fresher and

(h) pH
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warmer layer occurred from west to east toward the deep basin
displaying an obvious tongue in the water ~20 to 100 m intruding
westward from the Chukchi Abyssal Plain to the Canada Abyssal
Plain, influenced by downwelling of BG-driven warm freshwater
(Zhuang et al., 2021). Relatively higher salinity (34.81 + 0.14 psu)
and temperature (0.24 + 0.43°C) were exhibited in the waters > 300
m depth. DIN concentrations were generally low (1.76 + 1.04 pmol/
L) in the upper waters, but there was a higher value zone in the
water ~150-200 m with the average 15.10 + 1.96 umol/L and then
the levels lightly decreased from 300 m depth (13.12 + 0.87 pmol/L,
Figure 3C). PO,*> and Si(OH), concentrations similarly distributed
in the water column with the lower values in the upper waters
(1.15 + 0.16 and 3.76 + 2.29 pmol/L, respectively), then the highest
values at the depth of ~50-250 m (2.23 + 0.26 and 23.46 + 6.64
pmol/L, respectively), and the lower values occurred in the deeper
waters (1.47 + 0.10 and 8.02 + 3.54 umol/L, respectively, Figures 3D,
E). Nutrient ratios were low for N/P in the upper 100 m (1.44 +
0.59) and N/Si in the upper 200 m (0.51 + 0.20). These ratios
increased in the deeper waters, with N/P and N/Si ratios reaching
8.93 + 0.48 and 1.82 + 0.47, respectively, Figures 3F, G). pH also
displayed stratified distribution with lower values in about 200 m
water depth (Figure 3H). In addition to the above waters, closely
associated with biochemical processes in the upper ocean, the
Atlantic Water (AW) waters (~200-800 m) with salinity above
34.75 psu was primarily from the Fram Strait Branch inflow of the
Atlantic Ocean. Finally, the deep water of the Canada Basin extends
from the bottom of the AW layer (~1000 m) as relatively old
Canadian Basin Deep Water (Carmack et al., 2012). Nutrient
concentrations in deep waters were 12.14 + 1.65 for DIN, 1.42 +
0.29 for PO,*" and 11.23 + 5.71 umol/L for Si(OH),, respectively.

3.3 Characteristics of phytoplankton
and RUE

The uneven distributions of size-fractionated chla
concentrations in the study area were found. Micro- and nano-
sized chla concentrations decreased from the western CP to the
Canada Abyssal Plain, whereas it was opposite to pico-sized fraction
phytoplankton. Micro-chla biomass had the relatively higher levels
in the western CP with an average 0.08 + 0.06 mg/m> (0.02-0.15
mg/m®) and accounted for 39-64% of the total chla biomass. On the
contrary, pico-chla biomass dominated the eastern CP, especially
the region near the Chukchi slope and the center of the CP (stations
7-12) with an average pico-chla concentration of 0.08 + 0.02 mg/m”’
accounting for 74 + 0.05% of the total chla biomass. RUE(N) of
phytoplankton was (3.2+4.6)x107 in the study area, and Figure 4
showed the variations of natural logarithm of RUE(N) along with
salinity values with the higher resource use efficiency for DIN in the
salinity range of ~29.0-31.5 psu.

4 Discussion

Climate-driven rapid changes in the Arctic have caused the
increasing inputs of northern Pacific water and freshwater into the
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western Arctic Ocean, significantly influencing the structure and
the biogeochemical cycling of nutrients (Zhuang et al, 2016;
Woodgate, 2018). The waters in the study area were mainly
characterized by a polar mixed layer that is seasonally modified
by freeze-thaw cycles of ice/snow and a multi-layered halocline. The
upper and middle halocline layers consist of Pacific-origin waters,
while the lower halocline layer is composed of Atlantic-origin
waters (Timmermans et al, 2017). The underlying layer is the
warmer and saltier Atlantic Waters, followed by the colder and even
saltier Canada Basin Deep Waters (Colombo et al., 2020).
Therefore, six distinct water masses were identified according to
their characteristics described in the previous studies (Zhou et al.,
2021; Fei et al, 2023), and further defined by the salinity and
temperature determined in the present work. Inhomogeneous
nutrient concentrations were observed in water masses and are
illustrated in Figure 5.

It was observed that nutrients showed relatively higher
concentrations in wBSW, AW, CBDW, all of which have
salinities higher than 32 psu. In contrast, all nutrient
concentrations (particularly DIN) were considerably lower in
ASW. This lower nutrient concentration in ASW was
accompanied by the lower salinity (< 30 psu) and pH values but
higher temperature in the uppermost waters of the eastern CP
waters, especially in area adjacent to the Canada Abyssal plain.
These conditions were mainly influenced by the freshwater such as
ice-melt water, river runoff, freshwater carried by BG (Woodgate,
2018; Zhuang et al., 2021). It was illustrated that ASW (or described
as polar mixed layer, less than ~20 m) was the primary factor
controlling nutrient stocks in the uppermost waters. Furthermore,
the observed variability in nutrient concentrations across different
salinity ranges (Figure 6) suggested that the lower nutrients may be
associated with the freshening of the water. The freshening reduced
the salinity in the surface water and strengthened the stratification
of the upper water, which hindered the nutrient replenishment
from the lower layer into the upper layer and caused nutrient
depletion in the surface water (Zhuang et al., 2016). The
acceleration of the Beaufort Gyre due to the strengthening of the
Beaufort High and the routing of continental river runoff to the
Canada Basin driven by the Arctic Oscillation were complementary
for the freshening (Proshutinsky et al., 2019; Falardeau et al., 2023).
For example, the influx of Mackenzie River runoff was a significant
source of freshwater to the Canada Basin and contributed to the
freshening (Fichot et al., 2013), and it was found that the routing of
Mackenzie River outflow since 2006 coincided with the
observations of a rapid accumulation of freshwater in the Canada
Basin (Proshutinsky et al., 2009; Rabe et al., 2011).

Therefore, although ASW was almost depleted in nitrate, it was
shown that there existed relatively higher DIN concentrations (1.85
+ 0.27 pmol/L) in the uppermost layer in the area of northeastern
CP (Figure 2A, d) relative to the western and southern CP (1.09 +
0.30 pmol/L) influenced by the consumption by relatively abundant
phytoplankton biomass (Figure 2A, g). On the contrary, lower

concentrations of PO,>”

and Si(OH), in the uppermost water
exhibited in the eastern relative to the western region despite the
freshwater with abundant Si, which may be partly attributed to the

utilization by the spring algae bloom, a key feature of the Arctic
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FIGURE 4
Variations of RUE(N) (natural logarithm) along with salinity values in
the study area.

ecosystem from late April to early June (Matrai et al,, 2013;
Behrenfeld et al., 2017).

The wBSW beneath the sBSW layer (salinity 32.5-33.5 psu, less
than ~200 m depth with a temperature minimum), transported
along with the Pacific inflow via Bering Strait into the Chukchi sea
in winter and early springtime and occurred in the north of the
Chukchi slope and Canada Basin region year-round (Proshutinsky
et al,, 2019; Lin et al., 2023). It was also the layer with the nutrient
maxima of 15.0 + 1.96 umol/L DIN and 2.23 + 0.26 umol/L PO,>",
which was likely due to the water mass receiving nutrients from
remineralization as it advected along the bottom of the Chukchi
shelf (Granger et al., 2018). Pacific-origin sBSW and wBSW
occupied the upper and middle halocline of the upper ocean,
respectively, in the area of the CP and the Canada Basin
(McLaughlin et al., 2004). However, the freshening and deepening
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of the subsurface strengthened the stratification and hindered the
vertical transport of the nutrients into subsurface waters from
the wBSW layer, which also shaped the cold halocline existing in
the Canada Basin and formed the barrier hindering the heat
transport from the underlying Atlantic water into the halocline
(Pacini et al., 2019).

It has been evident that BG-driven freshwater led to regional
differences in the nutrients and phytoplankton (Lee et al., 2019).
Zhuang et al. (2018) examined that a gradual decrease in nutrient
concentrations toward the center of the BG with a nitrogen
deficiency (< 1 umol/L) occurred, and the contribution of
diatoms to the phytoplankton community decreased,
accompanied by the increased contribution of small flagellates
due to the freshwater accumulation in Canada Basin region
impacted by BG circulation. Lower nitrate (1.45 + 0.68 umol/L)
and DIN/PO,>” ratio (1.44 + 0.59) in ASW (Figures 5A, D)
suggested that DIN became the relatively biological limiting
factor. Furthermore, the significantly positive correlations
between DIN and P, DIN and Si, Si and P (r= 0.8745, 0.9673,
0.9037, respectively, p<0.01) in the upper waters (Figure 7)
indicated the close relationships during their consumption and
regeneration in the water column. Lower elemental ratios (ADIN/
AP: 8.37 and ADIN/ASi: 0.53, both less than the Redfield ratios) and
the negative intercepts of the regression lines suggested the
condition of nitrogen deficiency in the waters. However, the
nitrate concentrations were still higher than the limiting level
(defined as 1 pmol/L) for phytoplankton growth (Danielson et al.,
2017; Mills et al,, 2018). Therefore, some species of phytoplankton
could still absorb DIN in the top layer water with relatively
lower chla concentrations of 0.01-0.16 mg/m’ in the study.
Additionally, the trend of freshening in the Arctic Ocean
would favor picophytoplankton growth rather than the larger
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Distributions of nutrients along with salinity in the water column less than 200 m depth.

cells (Zhang et al,, 2021), which was shown in the study as the
decrease in micro-sized chla biomass from the Chukchi Abyssal
Plain to the Canada Abyssal Plain.

ACW (salinity<32 psu) was derived from the southeastern
Bering Sea and mainly characterized by the relatively lower salinity
and nutrient concentrations, along with higher temperatures
compared to sBSW due to the freshwater infusion when it flowed
along the western shelf of northern Alaska (Danielson et al., 2017;
Zhuang et al., 2021). Zhuang et al. (2016) observed that ACW flowed
in summer with extremely low N:P ratios (0.6 in average) and
nutrient concentrations (0.43 + 0.11 and 0.2 £ 0.1 pmol/L for
PO, and NO;, respectively). Danielson et al. (2017) reported
the concentrations were 0.49 + 0.08, 0.19 + 0.04 and 7.77 + 2.18
umol/L for PO,”", NO;™ and Si(OH),, respectively, in the water
column influenced by the ACW. During summertime, ACW was
influenced by the large continental rivers (e.g., Yukon and
Mackenzie Rivers), which contributed relatively lower nutrients
compared to other rivers globally, for example, the Yukon River
contributed an annual freshwater discharge exceeding 2x10'" m’
into the Arctic Ocean, with an average DIN concentration of 2.43 +
0.63 pmol/L and P of 0.05 + 0.04 pmol/L (Guo et al., 2004). When
the low-salinity nutrient-poor ACW flowed eastward, it partially
converged with the BG, which contained increased heat and melt
water. This interaction enhanced the BG-driven freshwater
accumulation of and facilitated strong downwelling transport to
the CP zone. Consequently, this process strengthened the salinity-
based stratification in the water column and impeded the vertical
transport of nitrate into the surface layer (Zhuang et al., 2018, 2019).

sBSW (salinity 30.0-32.5 psu), characterized by high nutrients and
low temperature (Ueno et al, 2020), was mainly referred to the
mixed waters of Anadyr Water and Bering Shelf Water in
summertime (Zhuang et al,, 2016). sBSW originated from the
Bering Sea Overland Current and gained abundant nutrients
during the mixing process in the deep water in winter, and
reported to be nutrient-rich relative to the ACW. However, sBSW
was lower in nutrients than water flowing over the shelves in winter
when advected over the Bering and Chukchi shelves during the high
productivity season (McLaughlin et al., 2004). In addition, it was also
impacted by other causes including a pre-existing nitrate deficit in
the inflowing Pacific water and the nitrate removal induced by
denitrification on the Bering-Chukchi shelf (Zhuang et al., 2022).
It has been observed that the subsurface layer in the eastern
study area was mainly influenced by the ACW, while sBSW was
dominated in the western parts of the CP zone, characterized by
relatively colder and nutrient-abundant waters compared to the
ACW. The convergence of freshwater and the downwelling of BG
led to the deepening of nutricline and chlorophyll maxima in the
Canada Basin (Coupel et al., 2015; Wei et al., 2024). In this study,
subsurface chlorophyll maxima occurred at 36-75. Lower chla
concentrations (average 0.41 mg/m?®) were determined in nitrate-
poor ACW-influenced area (Zhuang et al., 2016), while the
community mainly consisted of nano- and pico-phytoplankton.
In the present study, although the total chla biomass was higher in
the western part of the CP, pico-sized chla dominated in the center
zone of the CP, which was situated in the regime influenced by the
BG, especially at stations 7-12, with the pico-sized chla
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contribution of 66-81%. The high temperature and nitrate-poor
conditions of ACW were more suitable for small phytoplankton but
significantly reduced the dominance of large phytoplankton (15-
29%). Therefore, the northward expansion of the ACW shifted the
phytoplankton community structure towards an increased
abundance of small phytoplankton (Zhuang et al., 2021).

Figure 8A demonstrates that PC1 and PC2 explain 73.6% of the
total variance, with salinity, nutrients and nano-chla% showing
higher loadings on PC1. Nano-chla% shows a relatively close
relationship with nutrients, confirmed by a significantly positive
correlation between nano-chla% and nutrients (Table 1). It
suggests that nutrients were crucial to nano-chla contribution,
together with the higher Si/P ratios in the water (r=0.259 between

10.3389/fmars.2024.1429493

Si/P and nano-chla%, p<0.05). On the contrary, micro- and pico-chla
contributions have weak relationships with nutrients (p>0.05, except
for p<0.05 for PO, and pico-chla%). Temperature shows close
correlations with nano-chla% and pico-chla% but distant
correlation with micro-chla% (r=0.298, 0.718 for temperature and
nano-chla, pico-chla concentrations, respectively, p<0.01), suggesting
that the warm waters favored the smaller-sized phytoplankton
growth. These findings indicate that phytoplankton size structure
was largely regulated by the water temperature and nutrients.
Figure 8B showed that PC1 and PC2 were the main factors
influencing the resource use efficiency of phytoplankton,
accounting for 67.8% of the total variation. The pH value and
temperature had high positive loading on PC1 and PC2,
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PCA results for size-fractionated phytoplankton contributions (A), and the resource use efficiency of phytoplankton (B) with nutrient concentrations

and ratios, as well as environmental parameters.

TABLE 1 The results of Pearson Correlation Analysis for chla, RUE and environmental parameters in the water.

PO, Si(OH)4 DIN Salinity Temp DO pH N/P N/Si Si/P
Total chla .095 -.034 -.075 2917 414 -.059 .189 -.060 -.093 -011
Micro-chla .038 -.016 -.069 121 -.031 .052 .107 -.079 -.134 .001
Nano-chla .145 .041 -.007 295%% .298** -.115 .104 -.018 -.093 .049
Pico-chla .078 -.070 -.069 .304%% 718 -121 .208 -.022 .010 -.045
Micro-chla% .003 -.011 -.139 097 -.157 156 .256* -.200 -.363% 004
Nano-chla% .330%* 3264 .290%* 2944 .032 -.245% -.158 195 .001 259%
Pico-chla% -.220* -.208 -.101 -.258* .032 .060 -.046 .002 237* -174
Micro- Nano- Pico- - ; .
chla% chla% chla% Salinity Temp DO pH N/P N/Si Si/P
©° ] ‘o
RUE(P) 454 .109 -.370%* 112 436** 178 A472%* -231* -.153 -.201
RUE(SI) .396** .004 -.262* -.233* 370%* 497 736** -.543** -.189 -.580%*
RUE(N) .483** -.002 -315%* -.289%* 273% .568%* 783%* -.661** -425%* -577%*
N=84.
**correlation is significant at the 0.01 level (2-tailed).
*correlation is significant at the 0.05 level (2-tailed).
Bold values mean significant correlations.
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respectively, indicating that warmer waters promote the RUE for
DIN by phytoplankton (significantly positive correlations between
temperature/pH and RUE). Salinity values had higher positive
loading on PC2, however, it also showed higher negative loading
on PCl. Micro-chla contributions displayed high positive loading
on PC2, but pico-chla concentrations showed high negative
loading on PC2, suggesting micro-chla and pico-chla contributed
opposite effect on the phytoplankton RUE(N). Therefore, PC1
mainly represented the physicochemical characteristics of water
posing the most significant influences on the RUE(N), and
PC2 may represent the influence of the phytoplankton size,
indicating RUE(N) was largely regulated by the size structure of
phytoplankton. Overall, micro-sized phytoplankton (e.g., diatom,
ice algae) contribution to total chla and primary production was
dominated in the Chukchi shelf region, which was the primary
contributor to RUE (Chen et al., 2018). However, miniaturization of
phytoplankton was evident due to the stratification and DIN
deficiency in the eastern CB waters and resulted in the lower chla
concentration (He et al.,, 2012). There were some researches on
phytoplankton community structure influencing the plankton
resource use efficiency in aquatic environments (Filstrup et al,
2014; Ye et al., 2019) but the limited data set in the present paper
restricted the deep understanding of this issue in this study.
Therefore, how the community structure, biodiversity and
functional diversity of phytoplankton may influence the resource
use efficiency in the western Arctic waters is worth further study
in the future, which would be significant to the in-depth
understanding on nutrient cycling in the Arctic Ocean.

5 Conclusions

In the context of global warming, increased freshwater input has
emerged as a significant factor influencing nutrient and
phytoplankton conditions in the upper waters, with the BG-driven
freshwater convergence playing a complementary role. Additionally,
the freshening of these waters, coupled with the BG-driven
downwelling, has deepened the upper water layer and strengthened
stratification. This process has impeded the nutrient replenishment
from the lower layer into the upper layer, consequently leading to the
nutrient depletion in the surface water. Furthermore, freshening has
also resulted in the decreased chla concentrations from the western
to the eastern CP, accompanied with a decreased contribution of
micro-chla biomass but an increased dominance of nano- and pico-
chla, particularly evident near the Canada Abyssal Plain in the BG
regimes. The freshening and warming water increased the
phytoplankton resource use efficiency of DIN, in addition, the
fraction of micro-chla positively contributed but pico-chla fraction
negatively contributed to the RUE(N).
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