Acta Oceanol. Sin., 2024, Vol. 43, No. 10, P. 40-47
https://doi.org/10.1007/s13131-024-2414-8
http://www.aosocean.com

E-mail: ocean2@hyxb.org.cn

Biogeochemical and physical properties influencing the nutrient
reservoirs of subsurface water in the changing Canada Basin

Tianzhen Zhang! 2, Qiang Hao!, Haiyan Jin!, Youcheng Bai!, Yanpei Zhuang?, Jianfang Chen!*

1 Key Laboratory of Marine Ecosystem Dynamics, Second Institute of Oceanography, Ministry of Natural Resources,
Hangzhou 310012, China

2(0cean College, Zhejiang University, Zhoushan 316021, China
3Polar and Marine Research Institute, Jimei University, Xiamen 361021, China

Received 7 April 2024; accepted 22 June 2024

© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

The Canada Basin is the largest basin in the Arctic Ocean. Its unique physical features have the highest
concentration of nutrients being found in the subsurface layer, referred to as the subsurface nutrient maximum
layer (SNM). Under climate change in the Arctic, the SNM is an essential material base for primary productivity.
However, long-term trends of nutrient variations and dominant factors related to nutrient levels in the SNM are
still unclear. In this study, we analyzed the SNM variations and main influencing factors of the Canada Basin
based on the Global Ocean Data Analysis Project Version 2 between 1990 and 2015 and the Chinese Arctic
Research Expedition between 2010 and 2016. We found that the nutrient concentrations in the SNM were
relatively stable for decades [average concentrations of nitrate, phosphate, and silicate were (13.6 + 2.4) pmol/L,
(1.8 £0.2) pmol/L, and (31.5 + 5.7) umol/L, respectively]. Nutrient reservoirs were dominated by physical
processes. Inflow and outflow water of the SNM contributed about 60.4% and —50.2% to the nutrient stocks,
respectively, while particle deposition and remineralization in the Canada Basin contributed approximately one-
third to the nutrient stocks. Nitrogen fixation and denitrification in the Canada Basin had no substantial impact
on nutrient stocks. The overall stabilization of the SNM over the past few decades implied that the SNM would not
substantially affect short term primary productivity. Understanding the long-term trends and dominant factors of

reservoirs in the SNM will provide useful insights into the changing Canada Basin ecosystem.
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1 Introduction

The subsurface nutrients maximum layer (SNM) present in
global oceans is typically deeper than 500 m (Chen et al., 2001;
Karl et al., 2001; Karstensen and Quadfasel, 2002; Lavin et al.,
2003); however, the SNM of the Canada Basin is usually shallow-
er than 200 m (Jin et al., 2004). This shallower, nutrient-rich layer
makes the upward supply of nutrients more accessible, indicat-
ing potential material bases for primary production in the
Canada Basin (Moore et al., 1983; Qi et al., 2017). However, in the
Canada Basin, the perennial stratification between the upper lay-
er and SNM hampers the nutrient supply to the phytoplankton,
making the SNM a relatively stable reservoir of nutrients (Coach-
man and Aagaard, 1974). Recently, the SNM in the Canada Basin
has been increasingly disturbed due to the dramatic retreat of sea
ice, causing an upward supply of nutrients that has become more
accessible to the phytoplankton and thereby promoting primary
production (Stroeve et al., 2012; Lewis et al., 2020). The Canada
Basin surface water is nutrient depleted (especially in nitrates)
(Tremblay et al., 2008), but once the upward supply to the SNM
increases, it will ultimately promote primary production and
have notable effects on the biogeochemical cycle in the Canada

Basin (Ardyna and Arrigo, 2020).

The Canada Basin is the only stock of SNM in the Arctic
Ocean (Fig. 1a) (Jin et al., 2004; McLaughlin and Carmack, 2010),
and it is generally accepted that the inflow water of the SNM is
mainly composed of Pacific Winter Water (PWW) and Remnant
Winter Water (RWW). Studies have been primarily focused on
PWW, as it is the main component of SNM and is rich in nutri-
ents (Simpson et al., 2008; Brown et al., 2016). The PWW from the
Chukchi Shelf to the Canada Basin has three primary pathways
(Fig. 1b)—(1) branch flowing northwest through Herald Canyon
(Mathis et al., 2007; Pickart et al., 2010); (2) branch through the
Central Channel; (3) branch northward along the Alaskan coast
(Itoh et al., 2013; Brugler et al., 2014). Most PWW eventually con-
verges in the Barrow Canyon and enters the Canada Basin, with a
mean flux of ~0.35 x 106 m3/s (Weingartner et al., 2005; Corlett
and Pickart, 2017). Mordy et al. (2020) detected high nitrate con-
centrations of ~24 pmol/L in winter water masses near Barrow
Canyon, suggesting that PWW may substantially contribute to
nutrient reservoirs in the SNM.

In the Canada Basin, the SNM water masses follow the
Beaufort Gyre and flow in a clockwise direction, and the resid-
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Fig. 1. a. Nutrient profiles from different Arctic areas. Purple dots, blue dots, green dots, and pink dots represent stations in the
Canada Basin, Makarov Basin, Amundsen Basin, and Nansen Basin, respectively (data source: GLODAPv2). b. Schematic circulation
of the subsurface nutrient maximum layer (SNM) source water and outflows in the western Arctic Ocean, the color bars represent the
sampling year of stations in the Canada Basin and the Mendeleev Ridge (data source: GLODAPv2). Red circles, black pentagons, or-
ange boxes, and pink diamonds represent 2010 to 2016 CHINARE stations in the Canada Basin. The white dashed boxes represent
Herald Canyon and Barrow Canyon, respectively. The blue dashed circle indicates the geographical location of the Canada Basin.

ence time of the SNM water masses is approximately ten years
(Ekwurzel et al., 2001; Macdonald et al., 2005).

After leaving the Canada Basin, the water masses from the
SNM continue to flow toward the Atlantic Ocean. There are two
notable pathways for the water leaving the Arctic Ocean—one via
the Fram Strait with the trans-polar drift, and the other passing
through the Canadian Arctic Archipelago, with most of the water
then leaving the Arctic Ocean via the Davis Strait (Anderson and
Dryssen, 1981; Torres-Valdés et al., 2013).

Previous studies have focused on the physical characteristics
of the SNM, while the long-term trends and influencing factors of
nutrient reservoirs have rarely been studied (McLaughlin et al.,
2004; Qi et al., 2017; Reeve et al., 2019). We hypothesize that with
the rapid climate change in the Arctic, both the nutrient reser-
voirs and their influencing factors are changing. The aim of this
study was to systematically understand the long-term trends of
nutrient stocks in the SNM and study the dominant factors of
these stocks on a basin scale. In a rapidly changing Arctic Ocean,
understanding the long-term trends and dominant factors of
reservoirs in the SNM will provide useful insights into the chan-
ging Canada Basin ecosystem.

2 Materials and methods

2.1 Nutrient dataset acquisition

In this study, our nutrient data (nitrate, phosphate, and silic-
ate) were derived from the Global Ocean Data Analysis Project v2
(GLODAPvV?2; https://www.glodap.info/index.php/merged-and-
adjusted-data-product-v2-2022/) during 1985 to 2015 and from
the 2010 to 2016 Chinese National Arctic Research Expedition
(CHINARE) in the Canada Basin and the Chukchi Shelf. Nutrient
samples from the 2010 to 2016 CHINARE were measured on
board using standard colorimetric methods (Grasshoff et al.,
2009) adapted for a continuous flow analyzer (Skalar Analytical
BV, Breda, Netherlands). Since GLODAPv2 in the Canada Basin
lacked data from 2010 to 2016, the 2010 to 2016 CHINARE data
were suitable supplements.

2.2 Definition of the SNM boundary

To calculate the nutrient concentrations and nutrient stocks,
we first needed to define the boundary of the SNM. Currently,
there are several ways to determine the boundary. McLaughlin

etal. (1996) and Jin et al. (2004) suggested that the depth between
50 m and 200 m of the Canada Basin can be defined as the SNM.
However, the strengthening of the Beaufort Gyre and the “Atlan-
tification” of the Arctic Ocean have gradually shifted the bound-
ary of the SNM in recent years, making the above-mentioned
definition no longer suitable (Polyakov et al., 2017; Proshutinsky
et al., 2019; Zhong et al., 2019). In this study, we combined the
definitions of the SNM in the Canada Basin by Nishino et al.
(2008), Gong and Pickart (2015), Pickart et al. (2005), and Zhong
etal. (2019) and defined the water mass between 25.5 kg/m? and
27 kg/m3 as the SNM. This is because the physicochemical prop-
erties of this water mass are close to those of its origin water mass
around Barrow Canyon (Nishino et al., 2008; Zhong et al., 2019).
In addition, researchers usually consider the depth of (33.1 +
0.1) isohaline or (26.5 + 0.1) kg/m?3 isopycnal as the core of the
SNM, which coincides with the core of the PWW in the Canada
Basin (Pickart et al., 2005; Zhong et al., 2018). However, it should
be noted that the salinity of the PWW has been decreasing since
1990 (from 33.5 in the 1990s to 32.1 after 2014) (Woodgate and
Peralta-Ferriz, 2021), which may promote the mixing of the SNM
and the upper water, consequently shifting the boundary and
making the SNM fresher. Therefore, long-term observations of
the SNM are required to produce more accurate definitions of the
SNM boundaries.

2.3 Nutrient reservoirs in the SNM

Averaged nutrient concentrations of the SNM and the area of
the Canada Basin were used to calculate the reservoirs in the
SNM for each year under investigation. We multiplied the math-
ematical averaged nutrient concentrations in the SNM for each
year (shown in blue dots in Fig. 2) by the area of the Canada
Basin (approximately 1.3 x 108 km?; Grantz et al., 1990) to calcu-
late the nutrient stocks in the SNM over the study period.

2.4 Nutrient contribution of inflow and outflow water to the SNM

We used stations near the exit of Barrow Canyon to estimate
the average nutrient (nitrate) concentration of inflow water
(Fig. 3), which was estimated to be (11.6 + 2.4) pmol/L (n=117)
and was consistent with those reported in previous studies (Gong
and Pickart, 2015; Lowry et al., 2015). The annual contribution
of inflow water to the SNM was determined by multiplying the
average inflow water flux (~0.35 x 106 m3/s) (Corlett and Pickart,
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Fig. 2. Interannual mean nitrate (a), phosphate (b), and silicate (c) concentrations (umol/L) in the subsurface nutrient maximum lay-
er (SNM) of the Canada Basin. Blue dots indicate mean nutrient concentrations; blue dashed lines indicate the linear regression of
mean nutrient concentrations; grey points are original data (data source: GLODAPv2, 2010 to 2016 CHINARE).
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Fig. 3. a. Horizontal distribution of nitrate concentrations along the 26.5 kg/m?3 potential density surface in the Arctic Ocean (modi-
fied after Tremblay et al. (2015). Red polygon and blue dots indicate the nitrate section near the Barrow Canyon and the Mendeleev
Ridge, respectively. Black arrows indicate the pathways of the subsurface nutrient maximum layer (SNM) outflows. b. Nitrate section
near the Barrow Canyon. c. Nitrate section near the Mendeleev Ridge. In b and c, black dots indicate the sampling depth at every sta-
tion, black dashed lines indicate the nitrate concentra contour lines, and blue solid lines indicate the isopycnal (kg/m?) of the SNM
boundaries. Data source: GLODAPv2 and the 2010 to 2016 CHINARE.

2017) by the average nutrient (nitrate) concentration [(11.6 +
2.4) pmol/L].

We used stations near the Mendeleev Ridge (Fig. 3) to calcu-
late the average nutrient (nitrate) concentration, which was es-
timated to be (12.5 + 3.5) pmol/L (n = 35). Based on the vari-
ations in the SNM nitrate reservoir over the study period, the
contribution of outflow water to the SNM can be calculated by its
difference with the contribution of inflow water (calculated
above). The average outflow water flux and nutrient (nitrate) flux
were then determined by the contribution of outflow water to the
SNM and the average nutrient (nitrate) concentration [(12.5 +
3.5) umol/L].

2.5 Nutrient contribution of remineralization

In this study, we used two methods to estimate the nutrient
contribution of remineralization to the SNM. First, we estimated
this contribution from the new production, as follows:

N=fxP=R (1
where frepresents the f-ratio (f-ratio equals new primary produc-
tion divided by total primary production), P represents the total
interannual primary production of the upper water, and R repres-

ents the C : N uptake ratio of phytoplankton in the study area.
Second, we used the remineralization equation to estimate
this contribution:

N=M=0, ©)
where M represents the ratio of Apparent Oxygen Utilization
(AOU) and nutrient concentrations measured in the SNM; O rep-
resents the ratio of AOU and nutrient concentrations (Sarmiento
and Gruber, 2006).

2.6 Nutrient contribution of denitrification

Denitrification was one of the pathways for nutrient (nitro-
gen) export in the ocean (Gruber and Sarmiento, 1997). In this
study, we used the parameter N* to evaluate the contribution of
denitrification to the SNM, since N* indicates nitrogen deficit and
the variation of N* can indicate the denitrification process in the
water column (Sarmiento and Gruber, 2006; Zhuang et al., 2019):

N* = ([NO;] — 16 x [PO}”] + 2.9 ymol/L) x 0.87,  (3)

where [NO; ] and [PO3™ ] are the nitrate and phosphate concen-
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trations (umol/L), respectively; 16 represents the Redfield ratio of
16:1 (Redfield, 1934); 2.9 pmol/L was based on the global meas-
urements to set the mean N* to 0 (Sarmiento and Gruber, 2006);
0.87 is a coefficient based on stoichiometric ratios during the de-
nitrification and remineralization processes.

3 Results and discussion

3.1 Nutrient concentrations and reservoirs in the SNM

The average nutrient concentrations of the SNM remained re-
latively stable over the years studied, but the reservoirs exhibited
a trend towards increasing. Previous studies indicate that the nu-
trient concentrations of the SNM have remained relatively stable
over recent decades. Jones and Anderson (1986) reported a ni-
trate (NO; ) concentration of 17.1 umol/L in the SNM in 1983,
which is consistent with the findings of Simpson et al. (2008) and
Brown et al. (2016), who reported NO; concentrations of
17.3 ymol/L and 14.9 pmol/L, respectively. Nonetheless, the
long-term trends in the nutrient concentrations of the SNM over
the past few decades are not well understood. In this study, we
calculated the annual averaged nutrient concentrations in the
SNM. The results showed that NO; , phosphate (PO3™), and
silicate (SiO2™ ) concentrations in the SNM of the Canada Basin
have remained relatively stable since the 1980s (Fig. 2), with
mean values of (13.6 + 2.4) pmol/L, (1.8 + 0.2) pmol/L, and (31.5 +
5.7) pmol/L and with median values of 13.8 pmol/L, 1.7 pmol/L,
and 31.3 pmol/L, respectively (data not shown). The size of the
SNM reservoirs has increased over the study period. For example,
the nitrate reservoir increased from (14.4 + 2.2) x 101! mol N in
1985 to (21.2 + 1.5) x 1011 mol N in 2015. With nitrate concentra-
tion remaining relatively stable in the SNM, the increased reser-
voirs indicated the expansion of this layer (Qi et al., 2017; Zhuang
et al,, 2019). The nitrate reservoir in 2015 was 6 to 7 times larger
than the interannual surface nitrate input to the Arctic (approx-
imately 3.3 x 10'! mol/a (in terms of N), including oceanic and
riverine input) (Tremblay et al., 2015). Assuming that the SNM is
ventilated and all the nitrate is used by phytoplankton in the up-
per layer, the SNM can then provide (168.5 + 11.9) x 10'2 g C of
primary production to the upper layer (converted by the Redfield
ratio C: N = 106 : 16; Redfield, 1934). Considering the residence
time of the SNM (about ten years), the SNM could contribute
nearly 5% of the Arctic’s net primary productivity in 2018 (393.8 x
1012 g C) (Ardyna and Arrigo, 2020).

3.2 Physical processes controlling the nutrient reservoirs in the

SNM

Inflow water was the main source of nutrients to the SNM.
The contribution of inflow water to the SNM was (1.3 + 0.3) x
10" mol/a (in terms of N) [(11.6 + 2.4) pmol/L x 0.35 x 106 m3/s x
3600s x24hx365d=(1.3+0.3) x 101 mol/a (in terms of N)]. If
we assumed the nitrate reservoir of the SNM as (21.2 + 1.5) x
101! mol N (equal to the nitrate reservoir in 2015), during the res-
idence time (about ten years) of the SNM water masses, the in-
flow water could contribute about 60.4% to the nutrient reser-
voirs of the SNM. With increasing Pacific inflow (Woodgate,
2018), the contribution of inflow water to the SNM may be in-
creasing. In addition, previous studies suggested that the forma-
tion of polynyas in the northern Chukchi Shelf during autumn
and winter will change the physicochemical properties of PWW
(Woodgate et al., 2005; Ladd et al., 2016). However, given the
episodic occurrence of polynyas, we suggest that their effect on
the nutrient stocks of PWW and SNM may be insignificant.

Outflow water was the main pathway for nutrient export in

the SNM. Based on the increase in the SNM nitrate reservoir
between 1985 and 2015 (21.2 x 1011-14.4 x 10! mol N = 6.8 x
10! mol N), we estimated that the SNM outflow water flux dur-
ing 1985 to 2015 was ~0.27 x 106 m3/s and the nitrate flux was
(1.1 £ 0.3) x 10! mol/a (in terms of N). This nutrient flux was al-
most one-third of the interannual horizontal inflow (~3.3 x
1011 mol/a N) for the Arctic Ocean (Tremblay et al., 2015), which
suggested that the SNM outflow water was an essential pathway
for nutrient export from the Canada Basin to other Arctic seas. If
we assume the nitrate reservoir as (21.2 + 1.5) x 10! mol N, dur-
ing the residence time (about ten years) of the SNM water
masses, the inflow water could contribute about -50.2% to the
nutrient reservoirs of the SNM.

Recently, climate anomalies have led to more frequent events
such as storms, upwellings, and mesoscale eddies as well as en-
hanced diffusion, influencing nutrient stocks in the SNM of the
Canada Basin (Pickart et al., 2009, 2013; Spall et al., 2008; Dosser
etal., 2021). The processes of turbulence and convection may
promote the mixing of the SNM and the upper layer, which
would enhance the primary productivity (Tremblay et al., 2011;
Watanabe et al., 2014). Due to the lack of data in this study, we
estimated only the contribution of diffusion to the nutrient reser-
voirs of the SNM. According to Randelhoff et al. (2020), the
diffusion from the SNM to the upper water was relatively low
[~3.7 x 10-3 mol/(m?-a) (in terms of N)]. Since the nitrate gradi-
ent between the SNM and the Atlantic Water (AW) was smaller
than that between the SNM and the upper water (specific data
not shown), the diffusion from the SNM to the AW should be less
than 3.7 x 10-3 mol/(m2-a) (in terms of N). In summary, the diffu-
sion from the SNM to its adjacent layers should be less than 7.4 x
10-3 mol/(m?-a ) (in terms of N) (equal to 9.6 x 109mol/(m?2-a) (in
terms of N) after multiplying by the area). During the residence
time (about ten years) of the SNM water masses, the diffusion can
contribute up to about -4.5% to the nutrient reservoirs of the
SNM.

3.3 Biogeochemical processes controlling the nutrient reservoirs in
the SNM

In the Canada Basin and Chukchi Shelf, we analyzed the ef-
fects of major biogeochemical processes, including particle de-
position and remineralization, nitrogen fixation, and denitrifica-
tion, on nutrient reservoirs of the SNM.

The contribution of particle deposition and remineralization
to the nutrient reservoir of the SNM was relatively low. Accord-
ing to Honjo et al. (2010) and Randelhoff and Guthrie (2016), the
particle organic carbon (POC) flux at a depth of 120 m to 200 m
(near the lower boundary of the SNM) was 0.05 g/(m?2-a) (in terms
of C) to 0.65 g/(m?2-a) (in terms of C), and the POC flux in the up-
per halocline (near the upper boundary of the SNM) was
1.5 g/(m?-a) (in terms of C) to 3 g/(m?-a) (in terms of C), which in-
dicated that 56.7% to 98.3% of the POC from the upper layer re-
mineralized within the SNM. Therefore, in the Canada Basin, we
can use the new production in the upper layer to estimate the
contribution of remineralization to the SNM. The C: N uptake ra-
tio of phytoplankton in the Arctic Ocean is about 6 (Hansell et al.,
1993), and the interannual f-ratio of the Canada Basin is approx-
imately 0.66 (Simpson et al., 2013; Tremblay et al., 2015); addi-
tionally, the total interannual primary production of the upper
water (0 m to 30 m) in the Canada Basin was estimated to be less
than 5 g/(m2-a) (in terms of C) by Lee and Whitledge (2005) and
Codispoti et al. (2013). Based on these results, the remineraliza-
tion can be estimated to contribute up to 3.3 g/(m?-a) (in terms of
C) to the SNM, which can provide approximately 0.05 mol/(m?-a)
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(in terms of C) to the SNM (converted C to N with the C : N molar
ratio is = 6). Thus, particle deposition and remineralization over
the whole Canada Basin can provide ~6.5 x 101 mol/a (in terms
of N) to the SNM [0.05 mol/(m?-a) (in terms of N) x 1.3 x 106 km?2 =
6.5 x 1019 mol/a (in terms of N)]. During the residence time
(about ten years), particle deposition and remineralization in the
Canada Basin can contribute ~28.3% to the nutrient reservoirs of
the SNM {6.0 x 1019 mol/a (in terms of N) x 10 a + [(21.2 + 1.5) x
10! mol (in terms of N)| x 100% = 28.3%}, which is consistent
with the findings of Tremblay et al. (2015) (30%) and Granger
etal. (2018) (32%).

In this study, we also used the remineralization equation to
estimate the contribution of remineralization (Sarmiento and
Gruber, 2006). Using the AOU: [PO3™] (~43.1) ([PO; " ]: phos-
phate. molar concentration) measured in the SNM of the Canada
Basin during the 2010-2016 CHINARE (Fig. 4), we calculated the
remineralization of POi* in the SNM, which accounted for
~28.7% of the total PO3™ (43.1 + 150 x 100% = 28.7%). Overall, the
contribution of particle deposition and remineralization to the
nutrient reservoirs was relatively low, but with the increasing (al-
beit insignificant) primary production in the Canada Basin, the
contribution of this process to the nutrient reservoirs is likely to
increase (Lewis et al., 2020).

The SNM also contains nitrate produced via nitrogen fixation
(Yamamoto-Kawai et al., 2006; Tremblay et al., 2008). However,
its contribution was not substantial. The nitrogen-fixing bacterial
communities (mainly composed of cyanobacteria) in the Canada
Basin primarily originated from estuaries (e.g., the Mackenzie
River) (Blais et al., 2012). Due to the stratification in the Canada
Basin, the nitrogen fixation may have little effect on the SNM,
which is generally deeper than 50 m (Randelhoff and Guthrie,
2016). Blais et al. (2012) estimated the average rate of nitrogen
fixation in the upper water of the Southeast Beaufort Sea (aver-
aged 54.7 m) to be (4.4 + 3.3) x 10-° mol/(m?3-a) (in terms of N). If
we extrapolate this figure to the whole Canada Basin, nitrogen
fixation in the upper water can contribute up to ~3.9 x 109 mol/a
(in terms of N) [4.4 x 10-5 mol/(m3-a) (in terms of N) x 54.7 m x
1.3 x 106 km? = 3.1 x 10° mol/a (in terms of N)]. If the fixed nitro-
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gen can be entirely transported to the SNM through biogeochem-
ical progresses such as deposit and remineralization during the
residence time, nitrogen fixation in the upper water can contrib-
ute up to ~1.5% to the nutrient reservoirs in the SNM [3.9 x
109 mol/a (in terms of N) x 10 a + (21.2 x 10!!) mol (in terms of
N) x 100% = 1.8%), which suggests that the contribution of nitro-
gen fixation to the SNM was not considerable.

The contribution of denitrification to nutrient reservoirs in
the SNM occurred mainly in the upstream Chukchi Shelf rather
than in the Canada Basin. Reeve et al. (2019) detected total water
column denitrification rates of 5 pmol/(m?2-d) to 14 pmol/(m?2-d)
in the Canada Basin, where denitrification mainly occurred in
deep waters and sediments at depths greater than 2 000 m
(Granger et al., 2018). Compared to that in other deep-sea basins,
denitrification in the Canada Basin was weak. For example,
Lehmann et al. (2005) detected the denitrification rate in the Ber-
ing Sea Basin's sediments to be 230 pmol/(m?2-d). In this study, N*
for the 2010 to 2016 CHINARE stations was calculated (Fig. 5).
Results showed that in the Chukchi Shelf, N* decreased with in-
creasing depth, and the mean value of N* in the bottom water
was (-8.7 + 4.8) pmol/L. In the Canada Basin, with increasing
depth, N* first decreased and then increased; the lowest N* value
was found in the SNM. The mean value of N* in the SNM was
(-8.5 + 2.3) umol/L, slightly higher than the N* in the Chukchi
Shelf bottom water. This was probably due to the nitrate replen-
ishment of the SNM by the winter water mass from the Chukchi
Shelf (Lowry et al., 2015; Arrigo et al., 2017). In addition, N* val-
ues of both the SNM and the Chukchi Shelf bottom water were
much lower than those of their source water in the Bering Sea
(-3 pmol/L to -6 pumol/L) (Granger et al., 2011), suggesting that
the bottom water experienced continual denitrification during
the transport from the Bering Strait to the SNM in the Canada
Basin. However, we noticed slight differences between the N* val-
ues in the Chukchi Shelf bottom water [(-8.7 + 4.8) pmol/L] and
the SNM [(-8.5 + 2.3) umol/L]; this result implies that the denitri-
fication occurred mainly in the Chukchi Shelf bottom water dur-
ing the transportation from the Bering Strait to the Canada Basin,
and the denitrification in the Canada basin may have a minor in-
fluence on nutrient stocks in the SNM (Devol et al., 1997; Nishino
etal., 2016).

3.4 Potential impacts of climate change on SNM stability

Figure 6 shows a schematic diagram of SNM stability under
various physical and biogeochemical processes. The stratifica-
tion maintains the stability of nutrient reservoirs in the SNM;
however, with further climate change in the Arctic Ocean, these
reservoirs are likely to experience increased disturbance. Nishino
et al. (2013) suggested that as the area of open water will increase,
the structure of the water column would be more susceptible to

Depth/m
N*/(umol-L™")

70°N

72°N 74°N 76°N

Fig. 5. Section of nitrate deficit (N°) from Chukchi Shelf to
Canada Basin. Red rectangle indicates the section range. Blue
dots indicate the stations from the Chukchi shelf to the Canada
Basin during the 2010 to 2016 CHINARE.
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Fig. 6. Schematic diagram showing the main currents of the up-
per layer in the Canada Basin (a) and the contribution of nitrate
to the subsurface nutrient maximum layer (SNM) 10! mol/a (in
terms of N) (b). The geographical location of the Barrow Canyon
is marked in red. Red arrows represent the main currents that
flow into the Canada Basin, including the Beaufort shelfbreak jet,
the Chukchi slope current, and the Chukchi shelfbreak jet. The
black curved arrow represents the circulation of the Beaufort
Gyre. The orange arrows represent the outflow water from the
SNM. The dark blue arrows represent the Atlantic water flow into
the Canada Basin. The densities of the upper water, the SNM,
and the Atlantic water and deep water were: less than 25.5 kg/m?,
between 25.5 kg/m3 and 27 kg/mS3, and greater than 27 kg/m3 re-
spectively.

disturbance. Therefore, in the Canada Basin, the increased sea
ice retreat and the prolonged open water periods may have
weakened the stability of the SNM (Wang and Overland, 2009;
Serreze and Meier, 2019). However, the Canada Basin converged
freshwater under the intensified Beaufort Gyre and subsequently
enhanced the stratification between the upper water and the
SNM (Serreze et al., 2006; Yamamoto-Kawai et al., 2008; Proshut-
insky et al., 2019), which implied that the SNM would not sub-
stantially affect primary production at this time. It is worth not-
ing that storms and mesoscale eddy events were becoming more
frequent in the Canada Basin and these have the potential to
destabilize the SNM, especially in the marginal areas of the
Canada Basin (Pickart et al., 2013; Rinke et al., 2017). Since the
SNM in marginal areas was more susceptible to disturbances
from atmospheric and hydrodynamic events due to the relatively
shallow depth, the frequent disturbances might promote an up-
ward supply of nutrients and thus enhance primary production
(Timmermans and Toole, 2023; Pickart et al., 2011). Although we
inferred that storms and mesoscale eddies events had substan-
tial impacts on SNM stability and that such effects were likely to
increase with further climate changes in the Arctic, we currently
do not know the specific effects of these events on SNM stability.
Therefore, future studies will be needed to further evaluate these
events.

4 Conclusions
In this study, we first analyzed the long-term trends of nutri-

ent concentrations and stocks in the SNM. We then summarized
the main factors influencing the nutrient reservoirs of the SNM
and analyzed the dominant factors affecting these nutrient
stocks. Finally, we discussed the potential impacts of climate
change on SNM stability. We arrived at the following conclusions.
(1) Nutrient concentrations in the SNM of the Canada Basin have
remained relatively stable over the past four decades, but the ab-
solute nutrient stocks in the SNM showed an increasing trend
due to the expansion of this layer. (2) The nutrient stocks in the
SNM were dominated by inflow water and outflow water, which
contributed about 60.4% and about -50.2% to the nutrient stocks,
respectively. (3) Biogeochemical processes such as particle de-
position and remineralization in the Canada Basin contributed
approximately one-third to the nutrient stocks. Nitrogen fixation
in the Canada Basin contributed ~1.5% to the nutrient stocks in
the SNM. The contribution of denitrification to the nutrient
stocks in the SNM occurred mainly on the Chukchi shelf. (4) In
recent years, the SNM would not substantially affect primary pro-
duction. However, with further expected climate changes in the
Arctic, storms and mesoscale eddies may have an increasing im-
pact on the stability of SNM; this requires further evaluation in
the future.

References

Anderson L, Dryssen D. 1981. Chemical-constituents of the Arctic
Ocean in the Svalbard area. Oceanologica Acta, 4(3): 305-311

Ardyna M, Arrigo K R. 2020. Phytoplankton dynamics in a changing
Arctic Ocean. Nature Climate Change, 10(10): 892-903, doi: 10.
1038/s41558-020-0905-y

Arrigo KR, Mills M M, Van Dijken G L, et al. 2017. Late spring nitrate
distributions beneath the ice-covered northeastern Chukchi
Shelf. Journal of Geophysical Research: Biogeosciences, 122(9):
2409-2417, doi: 10.1002/2017JG003881

Blais M, Tremblay J E, Jungblut A D, et al. 2012. Nitrogen fixation and
identification of potential diazotrophs in the Canadian Arctic.
Global Biogeochemical Cycles, 26(3): GB3022

Brown K A, Mclaughlin F, Tortell P D, et al. 2016. Sources of dis-
solved inorganic carbon to the Canada Basin halocline: A mul-
titracer study. Journal of Geophysical Research: Oceans, 121(5):
2918-2936, doi: 10.1002/2015JC011535

Brugler E T, Pickart R S, Moore G WK, et al. 2014. Seasonal to inter-
annual variability of the Pacific water boundary current in the
Beaufort Sea. Progress in Oceanography, 127: 1-20

Chen Chen-Tung Arthur, Wang Shulun, Wang Bing-Jye, et al. 2001.
Nutrient budgets for the South China Sea basin. Marine Chem-
istry, 75(4): 281-300, doi: 10.1016/50304-4203(01)00041-X

Coachman L K, Aagaard K. 1974. Physical oceanography of Arctic
and subarctic seas. In: Marine Geology and Oceanography of
the Arctic Seas. Berlin, Heidelberg: Springer, 1-72

Codispoti L A, Kelly V, Thessen A, et al. 2013. Synthesis of primary
production in the Arctic Ocean: III. Nitrate and phosphate
based estimates of net community production. Progress in
Oceanography, 110: 126-150

Corlett W B, Pickart R S. 2017. The Chukchi slope current. Progress in
Oceanography, 153: 50-65, doi: 10.1016/j.pocean.2017.04.005

Devol A H, Codispoti L A, Christensen J P. 1997. Summer and winter
denitrification rates in western Arctic shelf sediments. Contin-
ental Shelf Research, 17(9): 1029-1050, doi: 10.1016/S0278-4343
(97)00003-4

Dosser HV, Chanona M, Waterman S, et al. 2021. Changes in intern-
al wave-driven mixing across the Arctic Ocean: Finescale estim-
ates from an 18-year pan-Arctic record. Geophysical Research
Letters, 48(8): €2020GL091747, doi: 10.1029/2020GL091747

Ekwurzel B, Schlosser P, Mortlock R A, et al. 2001. River runoff, sea
ice meltwater, and Pacific water distribution and mean resid-
ence times in the Arctic Ocean. Journal of Geophysical Re-
search: Oceans, 106(C5): 9075-9092

Gong Donglai, Pickart R S. 2015. Summertime circulation in the east-


https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.1002/2017JG003881
https://doi.org/10.1002/2015JC011535
https://doi.org/10.1016/S0304-4203(01)00041-X
https://doi.org/10.1016/S0304-4203(01)00041-X
https://doi.org/10.1016/S0304-4203(01)00041-X
https://doi.org/10.1016/S0304-4203(01)00041-X
https://doi.org/10.1016/S0304-4203(01)00041-X
https://doi.org/10.1016/j.pocean.2017.04.005
https://doi.org/10.1016/S0278-4343(97)00003-4
https://doi.org/10.1016/S0278-4343(97)00003-4
https://doi.org/10.1016/S0278-4343(97)00003-4
https://doi.org/10.1016/S0278-4343(97)00003-4
https://doi.org/10.1016/S0278-4343(97)00003-4
https://doi.org/10.1016/S0278-4343(97)00003-4
https://doi.org/10.1029/2020GL091747

46 Zhang Tianzhen et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 10, P. 40-47

ern Chukchi Sea. Deep-Sea Research Part II: Topical Studies in
Oceanography, 118: 18-31, doi: 10.1016/j.dsr2.2015.02.006

Granger J, Prokopenko M G, Sigman D M, et al. 2011. Coupled nitri-
fication-denitrification in sediment of the eastern Bering Sea
shelfleads to 15N enrichment of fixed N in shelf waters. Journal
of Geophysical Research: Oceans, 116(C11): C11006

Granger J, Sigman D M, Gagnon J, et al. 2018. On the properties of
the Arctic halocline and deep water masses of the Canada Basin
from nitrate isotope ratios. Journal of Geophysical Research:
Oceans, 123(8): 5443-5458, doi: 10.1029/2018]C014110

Grantz A, May S D, Taylor P T, et al. 1990. Canada Basin. In: Grantz
A, Johnson L, Sweeney ] F, eds. The Arctic Ocean Region.
Boulder, Colorado, U. S. A. : Geological Society of America

Grasshoff K, Kremling K, Ehrhardt M. 2009. Methods of Seawater
Analysis. Weinheim, Germany: John Wiley & Sons

Gruber N, Sarmiento J L. 1997. Global patterns of marine nitrogen
fixation and denitrification. Global Biogeochemical Cycles,
11(2): 235-266

Hansell D A, Whitledge T E, Goering J J. 1993. Patterns of nitrate util-
ization and new production over the Bering-Chukchi shelf.
Continental Shelf Research, 13(5-6): 601-627, doi: 10.1016/
0278-4343(93)90096-G

Honjo S, Krishfield R A, Eglinton T I, et al. 2010. Biological pump pro-
cesses in the cryopelagic and hemipelagic Arctic Ocean:
Canada Basin and Chukchi Rise. Progress in Oceanography,
85(3-4): 137-170, doi: 10.1016/j.pocean.2010.02.009

Itoh M, Nishino S, Kawaguchi Y, et al. 2013. Barrow Canyon volume,
heat, and freshwater fluxes revealed by long-term mooring ob-
servations between 2000 and 2008. Journal of Geophysical Re-
search: Oceans, 118(9): 4363-4379, doi: 10.1002/jgrc.20290

Jin Mingming, Wu Jinfeng, Chen Jianfang, et al. 2004. Nutrient max-
imum in the Canada Basin. Chinese Journal of Polar Research
(in Chinese), 16(3): 240-252

Jones E P, Anderson L G. 1986. On the origin of the chemical pro-
perties of the Arctic Ocean halocline. Journal of Geophysical
Research: Oceans, 91(C9): 10759-10767, doi: 10.1029/
JC091iC09p10759

Karl D M, Bjorkman KM, Dore J E, et al. 2001. Ecological nitrogen-to-
phosphorus stoichiometry at station ALOHA. Deep-Sea Re-
search Part II: Topical Studies in Oceanography, 48(8-9):
1529-1566, doi: 10.1016/S0967-0645(00)00152-1

Karstensen J, Quadfasel D. 2002. Water subducted into the Indian
Ocean subtropical gyre. Deep-Sea Research Part II: Topical
Studies in Oceanography, 49(7-8): 1441-1457

Ladd C, Mordy C W, Salo S A, et al. 2016. Winter water properties and
the Chukchi Polynya. Journal of Geophysical Research: Oceans,
121(8): 5516-5534, doi: 10.1002/2016JC011918

Lavin A M, Bryden H L, Parrilla G. 2003. Mechanisms of heat, fresh-
water, oxygen and nutrient transports and budgets at 24.5°N in
the subtropical North Atlantic. Deep-Sea Research Part I:
Oceanographic Research Papers, 50(9): 1099-1128, doi: 10.
1016/S0967-0637(03)00095-5

Lee S H, Whitledge T E. 2005. Primary and new production in the
deep Canada Basin during summer 2002. Polar Biology, 28(3):
190-197, doi: 10.1007/s00300-004-0676-3

Lehmann M F, Sigman D M, McCorkle D C, et al. 2005. Origin of the
deep Bering Sea nitrate deficit: Constraints from the nitrogen
and oxygen isotopic composition of water column nitrate and
benthic nitrate fluxes. Global Biogeochemical Cycles, 19(4):
GB4005

Lewis KM, Van Dijken G L, Arrigo K R. 2020. Changes in phytoplank-
ton concentration now drive increased Arctic Ocean primary
production. Science, 369(6500): 198-202, doi: 10.1126/science.
aay8380

Lowry K E, Pickart R S, Mills M M, et al. 2015. The influence of winter
water on phytoplankton blooms in the Chukchi Sea. Deep-Sea
Research Part II: Topical Studies in Oceanography, 118: 53-72,
doi: 10.1016/j.dsr2.2015.06.006

Macdonald R W, Harner T, Fyfe J. 2005. Recent climate change in the
Arctic and its impact on contaminant pathways and interpreta-
tion of temporal trend data. Science of the Total Environment,

342(1-3): 5-86, doi: 10.1016/j.scitotenv.2004.12.059

Mathis J T, Pickart R S, Hansell D A, et al. 2007. Eddy transport of or-
ganic carbon and nutrients from the Chukchi Shelf: Impact on
the upper halocline of the western Arctic Ocean. Journal of
Geophysical Research: Oceans, 112(C5): C05011

McLaughlin F A, Carmack E C. 2010. Deepening of the nutricline and
chlorophyll maximum in the Canada Basin interior, 2003-2009.
Geophysical Research Letters, 37(24): L24602

McLaughlin F A, Carmack E C, Macdonald R W, et al. 1996. Physical
and geochemical properties across the Atlantic/Pacific water
mass front in the southern Canadian Basin. Journal of Geo-
physical Research: Oceans, 101(C1): 1183-1197, doi: 10.1029/
95]C02634

McLaughlin F A, Carmack E C, Macdonald R W, et al. 2004. The joint
roles of Pacific and Atlantic-origin waters in the Canada Basin,
1997-1998. Deep-Sea Research Part I: Oceanographic Research
Papers, 51(1): 107-128, doi: 10.1016/j.dsr.2003.09.010

Moore R M, Lowings M G, Tan F C. 1983. Geochemical profiles in the
central Arctic Ocean: Their relation to freezing and shallow cir-
culation. Journal of Geophysical Research: Oceans, 88(C4):
2667-2674, doi: 10.1029/JC088iC04p02667

Mordy C W, Bell S, Cokelet E D, et al. 2020. Seasonal and interannual
variability of nitrate in the eastern Chukchi Sea: Transport and
winter replenishment. Deep-Sea Research Part II: Topical Stud-
ies in Oceanography, 177: 104807

Nishino S, Itoh M, Williams W], et al. 2013. Shoaling of the nutri-
cline with an increase in near-freezing temperature water in the
Makarov Basin. Journal of Geophysical Research: Oceans,
118(2): 635-649, doi: 10.1029/2012JC008234

Nishino S, Kikuchi T, Fujiwara A, et al. 2016. Water mass character-
istics and their temporal changes in a biological hotspot in the
southern Chukchi Sea. Biogeosciences, 13(8): 2563-2578, doi:
10.5194/bg-13-2563-2016

Nishino S, Shimada K, Itoh M, et al. 2008. East-west differences in
water mass, nutrient, and chlorophyll a distributions in the sea
ice reduction region of the western Arctic Ocean. Journal of
Geophysical Research: Oceans, 113(C1): CO0A01

Pickart R S, Moore G WK, Torres D J, et al. 2009. Upwelling on the
continental slope of the Alaskan Beaufort Sea: Storms, ice, and
oceanographic response. Journal of Geophysical Research:
Oceans, 114(C1): C00A13

PickartR S, Pratt L J, Torres D ], et al. 2010. Evolution and dynamics
of the flow through Herald Canyon in the western Chukchi Sea.
Deep-Sea Research Part II: Topical Studies in Oceanography,
57(1-2): 5-26, doi: 10.1016/j.dsr2.2009.08.002

Pickart R S, Schulze L M, Moore G WK, et al. 2013. Long-term trends
of upwelling and impacts on primary productivity in the
Alaskan Beaufort Sea. Deep-Sea Research Part I: Oceanograph-
ic Research Papers, 79: 106-121

PickartR S, Spall M A, Moore G W K, et al. 2011. Upwelling in the
Alaskan Beaufort Sea: Atmospheric forcing and local versus
non-local response. Progress in Oceanography, 88(1-4):
78-100, doi: 10.1016/j.pocean.2010.11.005

Pickart R S, Weingartner T J, Pratt L ], et al. 2005. Flow of winter-
transformed Pacific water into the Western Arctic. Deep-Sea
Research Part II: Topical Studies in Oceanography, 52(24-26):
3175-3198

Polyakov 1V, Pnyushkov AV, Alkire M B, et al. 2017. Greater role for
Atlantic inflows on sea-ice loss in the Eurasian Basin of the Arc-
tic Ocean. Science, 356(6335): 285-291, doi: 10.1126/science.
aai8204

Proshutinsky A, Krishfield R, Toole ] M, et al. 2019. Analysis of the
Beaufort Gyre freshwater content in 2003-2018. Journal of Geo-
physical Research: Oceans, 124(12): 9658-9689, doi: 10.1029/
2019JC015281

Qi Di, Chen Liqi, Chen Baoshan, et al. 2017. Increase in acidifying
water in the western Arctic Ocean. Nature Climate Change,
7(3): 195-199, doi: 10.1038/nclimate3228

Randelhoff A, Guthrie J D. 2016. Regional patterns in current and fu-
ture export production in the central Arctic Ocean quantified
from nitrate fluxes. Geophysical Research Letters, 43(16):


https://doi.org/10.1016/j.dsr2.2015.02.006
https://doi.org/10.1029/2018JC014110
https://doi.org/10.1016/0278-4343(93)90096-G
https://doi.org/10.1016/0278-4343(93)90096-G
https://doi.org/10.1016/0278-4343(93)90096-G
https://doi.org/10.1016/0278-4343(93)90096-G
https://doi.org/10.1016/0278-4343(93)90096-G
https://doi.org/10.1016/0278-4343(93)90096-G
https://doi.org/10.1016/j.pocean.2010.02.009
https://doi.org/10.1002/jgrc.20290
https://doi.org/10.1029/JC091iC09p10759
https://doi.org/10.1029/JC091iC09p10759
https://doi.org/10.1016/S0967-0645(00)00152-1
https://doi.org/10.1016/S0967-0645(00)00152-1
https://doi.org/10.1016/S0967-0645(00)00152-1
https://doi.org/10.1016/S0967-0645(00)00152-1
https://doi.org/10.1016/S0967-0645(00)00152-1
https://doi.org/10.1002/2016JC011918
https://doi.org/10.1016/S0967-0637(03)00095-5
https://doi.org/10.1016/S0967-0637(03)00095-5
https://doi.org/10.1016/S0967-0637(03)00095-5
https://doi.org/10.1016/S0967-0637(03)00095-5
https://doi.org/10.1016/S0967-0637(03)00095-5
https://doi.org/10.1016/S0967-0637(03)00095-5
https://doi.org/10.1007/s00300-004-0676-3
https://doi.org/10.1007/s00300-004-0676-3
https://doi.org/10.1007/s00300-004-0676-3
https://doi.org/10.1007/s00300-004-0676-3
https://doi.org/10.1007/s00300-004-0676-3
https://doi.org/10.1007/s00300-004-0676-3
https://doi.org/10.1007/s00300-004-0676-3
https://doi.org/10.1126/science.aay8380
https://doi.org/10.1126/science.aay8380
https://doi.org/10.1016/j.dsr2.2015.06.006
https://doi.org/10.1016/j.scitotenv.2004.12.059
https://doi.org/10.1029/95JC02634
https://doi.org/10.1029/95JC02634
https://doi.org/10.1016/j.dsr.2003.09.010
https://doi.org/10.1029/JC088iC04p02667
https://doi.org/10.1029/2012JC008234
https://doi.org/10.5194/bg-13-2563-2016
https://doi.org/10.5194/bg-13-2563-2016
https://doi.org/10.5194/bg-13-2563-2016
https://doi.org/10.5194/bg-13-2563-2016
https://doi.org/10.5194/bg-13-2563-2016
https://doi.org/10.5194/bg-13-2563-2016
https://doi.org/10.5194/bg-13-2563-2016
https://doi.org/10.1016/j.dsr2.2009.08.002
https://doi.org/10.1016/j.pocean.2010.11.005
https://doi.org/10.1126/science.aai8204
https://doi.org/10.1126/science.aai8204
https://doi.org/10.1029/2019JC015281
https://doi.org/10.1029/2019JC015281
https://doi.org/10.1038/nclimate3228

Zhang Tianzhen et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 10, P. 40-47 47

8600-8608

Randelhoff A, Holding J, Janout M, et al. 2020. Pan-Arctic Ocean
primary production constrained by turbulent nitrate fluxes.
Frontiers in Marine Science, 7: 150, doi: 10.3389/fmars.2020.
00150

Redfield A C. 1934. On the proportions of organic derivatives in sea
water and their relation to the composition of plankton. Liver-
pool, United Kingdom: University Press of Liverpool

Reeve J L, Hamme R C, Williams W J. 2019. Tracing denitrification in
the Canada Basin: N, loss to the atmosphere on the Chukchi
Shelf and benthic inputs in deep waters. Deep-Sea Research
Part I: Oceanographic Research Papers, 143: 127-138, doi: 10.
1016/j.dsr.2018.11.003

Rinke A, Maturilli M, Graham R M, et al. 2017. Extreme cyclone
events in the Arctic: Wintertime variability and trends. Environ-
mental Research Letters, 12(9): 094006, doi: 10.1088/1748-
9326/aa7def

Sarmiento J L, Gruber N. 2006. Ocean Biogeochemical Dynamics.
Princeton: Princeton University Press, 178-179

Serreze M C, Barrett A P, Slater A G, et al. 2006. The large-scale fresh-
water cycle of the Arctic. Journal of Geophysical Research:
Oceans, 111(C11): C11010

Serreze M C, Meier W N. 2019. The Arctic’s sea ice cover: trends, vari-
ability, predictability, and comparisons to the Antarctic. Annals
of the New York Academy of Sciences, 1436(1): 36-53, doi: 10.
1111/nyas.13856

Simpson K G, Tremblay J E, Brugel S, et al. 2013. Nutrient dynamics
in the western Canadian Arctic. II. Estimates of new and regen-
erated production over the Mackenzie Shelf and Cape Bathurst
Polynya. Marine Ecology Progress Series, 484: 47-62, doi: 10.
3354/meps10298

Simpson K G, Tremblay J E, Gratton Y, et al. 2008. An annual study of
inorganic and organic nitrogen and phosphorus and silicic acid
in the southeastern Beaufort Sea. Journal of Geophysical Re-
search: Oceans, 113(C7): C07016

Spall M A, Pickart R S, Fratantoni P S, et al. 2008. Western Arctic
shelfbreak eddies: Formation and transport. Journal of Physic-
al Oceanography, 38(8): 1644-1668

Stroeve J C, Serreze M C, Holland M M, et al. 2012. The Arctic’s rap-
idly shrinking sea ice cover: a research synthesis. Climatic
Change, 110(3-4): 1005-1027, doi: 10.1007/s10584-011-0101-1

Timmermans M L, Toole ] M. 2023. The Arctic Ocean’s Beaufort
Gyre. Annual Review of Marine Science, 15: 223-248, doi: 10.
1146/annurev-marine-032122-012034

Torres-Valdés S, Tsubouchi T, Bacon S, et al. 2013. Export of nutri-
ents from the Arctic Ocean. Journal of Geophysical Research:
Oceans, 118(4): 1625-1644

Tremblay J E, Anderson L G, Matrai P, et al. 2015. Global and region-
al drivers of nutrient supply, primary production and CO,
drawdown in the changing Arctic Ocean. Progress in Oceano-

graphy, 139: 171-196, doi: 10.1016/j.pocean.2015.08.009

Tremblay J E, Bélanger S, Barber D G, et al. 2011. Climate forcing
multiplies biological productivity in the coastal Arctic Ocean.
Geophysical Research Letters, 38(18): L18604

Tremblay ] E, Simpson K, Martin J, et al. 2008. Vertical stability and
the annual dynamics of nutrients and chlorophyll fluorescence
in the coastal, southeast Beaufort Sea. Journal of Geophysical
Research: Oceans, 113(C7): C07S90

Wang Muyin, Overland J E. 2009. A sea ice free summer Arctic within
30 years?. Geophysical Research Letters, 36(7): L07502

Watanabe E, Onodera J, Harada N, et al. 2014. Enhanced role of ed-
dies in the Arctic marine biological pump. Nature Communica-
tions, 5(1): 3950, doi: 10.1038/ncomms4950

Weingartner T, Aagaard K, Woodgate R, et al. 2005. Circulation on
the north central Chukchi Sea shelf. Deep-Sea Research Part II:
Topical Studies in Oceanography, 52(24-26): 3150-3174, doi:
10.1016/j.dsr2.2005.10.015

Woodgate R A. 2018. Increases in the Pacific inflow to the Arctic from
1990 to 2015, and insights into seasonal trends and driving
mechanisms from year-round Bering Strait mooring data. Pro-
gress in Oceanography, 160: 124-154, doi: 10.1016/j.pocean.
2017.12.007

Woodgate R A, Aagaard K, Weingartner T J. 2005. A year in the phys-
ical oceanography of the Chukchi Sea: Moored measurements
from autumn 1990-1991. Deep-Sea Research Part II: Topical
Studies in Oceanography, 52(24-26): 3116-3149

Woodgate R A, Peralta-Ferriz C. 2021. Warming and Freshening of
the Pacific Inflow to the Arctic from 1990-2019 implying dra-
matic shoaling in Pacific Winter Water ventilation of the Arctic
water column. Geophysical Research Letters, 48(9): e2021
GL092528, doi: 10.1029/2021GL092528

Yamamoto-Kawai M, Carmack E, McLaughlin F. 2006. Nitrogen bal-
ance and Arctic throughflow. Nature, 443(7107): 43, doi: 10.
1038/443043a

Yamamoto-Kawai M, McLaughlin F A, Carmack E C, et al. 2008.
Freshwater budget of the Canada Basin, Arctic Ocean, from sa-
linity, 8180, and nutrients. Journal of Geophysical Research:
Oceans, 113(C1): C01007

Zhong Wenli, Steele M, Zhang Jinlun, et al. 2018. Greater role of geo-
strophic currents in Ekman dynamics in the western Arctic
Ocean as a mechanism for Beaufort Gyre stabilization. Journal
of Geophysical Research: Oceans, 123(1): 149-165, doi: 10.
1002/2017]C013282

Zhong Wenli, Steele M, Zhang Jinlun, et al. 2019. Circulation of Pa-
cific winter water in the Western Arctic Ocean. Journal of Geo-
physical Research: Oceans, 124(2): 863-881, doi: 10.1029/
2018JC014604

Zhuang Yanpei, Li Hongliang, Jin Haiyan, et al. 2019. Observation of
nitrate deficit along transects across the Canada Basin after ma-
jor sea-ice loss. Polar Science, 21: 224-227


https://doi.org/10.3389/fmars.2020.00150
https://doi.org/10.3389/fmars.2020.00150
https://doi.org/10.1016/j.dsr.2018.11.003
https://doi.org/10.1016/j.dsr.2018.11.003
https://doi.org/10.1088/1748-9326/aa7def
https://doi.org/10.1088/1748-9326/aa7def
https://doi.org/10.1088/1748-9326/aa7def
https://doi.org/10.1111/nyas.13856
https://doi.org/10.1111/nyas.13856
https://doi.org/10.3354/meps10298
https://doi.org/10.3354/meps10298
https://doi.org/10.1007/s10584-011-0101-1
https://doi.org/10.1007/s10584-011-0101-1
https://doi.org/10.1007/s10584-011-0101-1
https://doi.org/10.1007/s10584-011-0101-1
https://doi.org/10.1007/s10584-011-0101-1
https://doi.org/10.1007/s10584-011-0101-1
https://doi.org/10.1007/s10584-011-0101-1
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1146/annurev-marine-032122-012034
https://doi.org/10.1016/j.pocean.2015.08.009
https://doi.org/10.1038/ncomms4950
https://doi.org/10.1016/j.dsr2.2005.10.015
https://doi.org/10.1016/j.pocean.2017.12.007
https://doi.org/10.1016/j.pocean.2017.12.007
https://doi.org/10.1029/2021GL092528
https://doi.org/10.1038/443043a
https://doi.org/10.1038/443043a
https://doi.org/10.1002/2017JC013282
https://doi.org/10.1002/2017JC013282
https://doi.org/10.1029/2018JC014604
https://doi.org/10.1029/2018JC014604

	1 Introduction
	2 Materials and methods
	2.1 Nutrient dataset acquisition
	2.2 Definition of the SNM boundary
	2.3 Nutrient reservoirs in the SNM
	2.4 Nutrient contribution of inflow and outflow water to the SNM
	2.5 Nutrient contribution of remineralization
	2.6 Nutrient contribution of denitrification

	3 Results and discussion
	3.1 Nutrient concentrations and reservoirs in the SNM
	3.2 Physical processes controlling the nutrient reservoirs in the SNM
	3.3 Biogeochemical processes controlling the nutrient reservoirs in the SNM
	3.4 Potential impacts of climate change on SNM stability

	4 Conclusions
	References

