
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Paulo Sergio Salomon,
Federal University of Rio de Janeiro, Brazil

REVIEWED BY

Hyun Je Park,
Gangneung-Wonju National University,
Republic of Korea
Patrick Rafter,
University of California, Irvine, United States

*CORRESPONDENCE

Chisato Yoshikawa

yoshikawac@jamstec.go.jp

RECEIVED 15 September 2023
ACCEPTED 03 January 2024

PUBLISHED 22 January 2024

CITATION

Yoshikawa C, Shigemitsu M, Yamamoto A,
Oka A and Ohkouchi N (2024) A nitrogen
isoscape of phytoplankton in the western
North Pacific created with a marine
nitrogen isotope model.
Front. Mar. Sci. 11:1294608.
doi: 10.3389/fmars.2024.1294608

COPYRIGHT

© 2024 Yoshikawa, Shigemitsu, Yamamoto,
Oka and Ohkouchi. 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 22 January 2024

DOI 10.3389/fmars.2024.1294608
A nitrogen isoscape of
phytoplankton in the western
North Pacific created with a
marine nitrogen isotope model
Chisato Yoshikawa1*, Masahito Shigemitsu2,
Akitomo Yamamoto2, Akira Oka3 and Naohiko Ohkouchi1

1Biogeochemistry Research Center, Research Institute for Marine Resources Utilization, Japan Agency
of Marine-Earth Science and Technology (JAMSTEC), Yokosuka, Japan, 2Research Institute for Global
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The nitrogen isotopic composition (d15N) of phytoplankton varies substantially in

the ocean reflecting biogeochemical processes such as N2 fixation,

denitrification, and nitrate assimilation by phytoplankton. The d15N values of

zooplankton or fish inherit the values of the phytoplankton on which they feed.

Combining d15N values of marine organisms with a map of d15N values (i.e., a

nitrogen isoscape) of phytoplankton can reveal the habitat of marine organisms.

Remarkable progress has beenmade in reconstructing time-series of d15N values

of migratory fish from various tissues, such as otoliths, fish scales, vertebrae, and

eye lenses. However, there are no accurate nitrogen isoscapes of phytoplankton

due to observational heterogeneity, preventing improvement in the accuracy of

estimating migratory routes using the fish d15N values. Here we present a

nitrogen isoscape of phytoplankton in the western North Pacific created with a

nitrogen isotopemodel. The simulated phytoplankton is relatively depleted in 15N

at the subtropical site (annual average d15N value of phytoplankton of 0.6‰),

where N2 fixation occurs, and at the subarctic site (2.1‰), where nitrate

assimilation by phytoplankton is low due to iron limitation. The simulated

phytoplankton is enriched in 15N at the Kuroshio–Oyashio transition site

(3.9‰), where nitrate utilization is high, and in the region around the Bering

Strait site (6.7‰), where partial nitrification and benthic denitrification occur. The

simulated d15N distributions of nitrate, phytoplankton, and particulate organic

nitrogen are consistent with d15N observations in the western North Pacific. The

seamless nitrogen isoscapes created in this study can be used to improve our

understanding of the habitat of marine organisms or fish migration in the western

North Pacific.
KEYWORDS

isoscape, nitrogen isotopes, marine nitrogen cycle, nitrogen isotope model, western
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1 Introduction

Identifying the migration routes of marine animals is crucial for

sustainable fisheries management and biodiversity conservation.

Many methods, such as catch per unit effort with location (e.g.,

Thorson et al., 2016), dart tag/capture studies (e.g., Hanselman

et al., 2015), and bio-logging (e.g., Hays et al., 2016), are used to

study the migration routes. Although tracking technologies have

advanced greatly, the migration routes over the entire life cycle of

marine animals, including the spawning sites or the larval and

juvenile habitats, are often unknown due to body size limitations

(Lowerre-Barbieri et al., 2019). Chemical signatures in otoliths and

other body parts have become a promising tool for tracing these

migration routes (Tzadik et al., 2017).

The isotopic composition of animal tissues and local

environments can be used as a natural tag to track an animal’s

movements through isotopically distinct habitats, called iso-logging

(Matsubayashi et al., 2022). Nitrogen isotope (d15N) analysis of

incremental growth tissues, such as eye lenses and vertebral bones,

has proven promising for reconstructing migration routes and

feeding environments over the animal’s life (Matsubayashi et al.,

2017; Matsubayashi et al., 2020; Vecchio and Peebles, 2020; Harada

et al., 2022). It is essential to understand the spatial variations in

d15N values (nitrogen isoscapes) across the habitat for using the

d15N values for iso-logging of marine animals. However, seamless

nitrogen isoscapes are generally difficult to obtain through field

sampling (McMahon et al., 2013; Matsubayashi et al., 2020; Fripiat

et al., 2021) because there are wide spatial and temporal variations

in d15N values.

The variations in d15N values reflect biogeochemical processes.

When phytoplankton assimilates nitrate, nitrogen isotopes are

fractionated (Wada and Hattori, 1978; Montoya and McCarthy,

1995). The d15N value of nitrate (d15NNitrate) increases as nitrate

consumption increases due to an isotopic effect ranging from 5‰ to

8‰ during nitrate assimilation by phytoplankton (Granger et al.,

2010). When denitrification occurs in the water column, the

d15NNitrate value increases dramatically due to a strong isotopic

effect of ~15‰ (Granger et al., 2008). N2-fixation produces fixed

nitrogen with a d15N value of ~0‰, because nitrogen fixers take up

N2 with little isotopic effect (Minagawa andWada, 1986). This fixed

nitrogen with a low d15N value is eventually converted into nitrate

with a low d15N value through the degradation of nitrogenous

organic compounds via remineralization and subsequent

nitrification. The spatial patterns of d15NNitrate values in the

euphotic zone are conserved in phytoplankton and are

subsequently transferred to organisms with higher trophic

positions (zooplankton and fish) with 15N enrichment of ~3‰

per trophic position (Minagawa and Wada, 1984).

In this study, we developed a marine nitrogen isotope model

that includes biogeochemical processes, and we generated a

seamless nitrogen isoscape of phytoplankton as the base of the

food web (d15NBase) in the western North Pacific for iso-logging

studies. The western North Pacific, the focus of this article, is one of

the most biologically diverse and productive fishery regions (FAO,

2022). Identifying fish movements in the western North Pacific is
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commercially important for pelagic fish in countries in the Asia–

Pacific region.
2 Model description

2.1 Nitrogen isotope model

The marine nitrogen isotope model used in this study has seven

compartments: phytoplankton (PHY), diazotrophs (DIA),

zooplankton (ZOO), particulate organic nitrogen (PON),

dissolved organic nitrogen (DON), nitrate (NO3
−), ammonium

(NH4
+), and dinitrogen (N2) (Figure 1). The prognostic variables

are the N and 15N concentrations of these compartments, except N2.

The concentration of N2 is set to always be sufficient for DIA and

the d15N value is set as 0‰. The equations for the N and 15N cycles

are essentially the same as those used by previous modeling studies

in the western North Pacific (Yoshikawa et al., 2005; Yoshikawa

et al., 2016; Yoshikawa et al., 2022). The parameters and isotopic

fractionation factors used here are shown in Tables 1, 2,

respectively. The N2 fixation and denitrification schemes are

introduced in this study.
2.2 N2 fixation and denitrification

The N2 fixation scheme is a modified version of the model

developed by Hood et al. (2001) (see also Coles et al., 2004; Hood

et al., 2004; Coles and Hood, 2007; Yoshikawa et al., 2013). The

prognostic variable of DIA is calculated as a function of time, t, and

each grid using the following governing equations.

d DIA½ �=dt = GrowthDIAð Þ − MortalityDIAð Þ − GrazingDIAð Þ
− Extracellular ExcretionDIAð Þ (1)

Growth DIA in Equation 1 is modeled by:

GrowthDIAð Þ = mT 1 – e−I=IT
� �

min DIP½ �= DIP½ � + KPTð Þ, Fe½ �= Fe½ � + KFeTð Þð Þ DIA½ �ð
(2)

which describes light-, dissolved inorganic phosphorous (DIP)-,

and Fe-dependent variations in diazotroph growth. In Equation 2,

mT is the maximum growth rate. Variable I is the irradiance, and IT
is the light saturation parameter. In addition, KPT and KFeT are half-

saturation constants for diazotroph DIP and Fe uptake.

Diazotrophs fix N2 with 0‰ and no isotopic fractionation (ϵ9).
The diazotroph nitrate uptake is modeled by:

Nitrate assimilationDIAð Þ

= mT 1 – e−I=IT
� �

min NO−
3½ �= NO−

3½ � + KNTð Þ, DIP½ �= DIP½ � + KPTð Þ, Fe½ �= Fe½ � + KFeTð Þð Þ DIA½ �

(3)

where KNT is the half-saturation constant for nitrate. Although

diazotrophs take up nitrate, their growth rate is not limited by

nitrate availability. Thus, when nitrate concentrations are very low,

diazotroph growth is supported almost entirely by N2 fixation.
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TABLE 1 Biological parameters in the nitrogen isotope model.

Symbol Parameter Value Citation

V max Phytoplankton maximum photosynthetic rate at 0 °C 0.25 /day Yoshikawa et al. (2022)

K NO3 Phytoplankton half saturation constant for nitrate 2.0 μmolN/L Yoshikawa et al. (2022)

K NH4 Phytoplankton half saturation constant for ammonium 0.2 μmolN/L Yoshikawa et al. (2022)

y Phytoplankton ammonium inhibition coefficient 1.5 L/μmolN Yoshikawa et al. (2022)

k Phytoplankton temperature coefficient for photosynthesis 0.0693 /°C Yoshikawa et al. (2022)

I opt Phytoplankton optimum light intensity 100.0 W/m2 Yoshikawa et al. (2022)

M p0 Phytoplankton mortality rate at 0 °C 0.04375 L/μmolN/day Yoshikawa et al. (2022)

k Mp Phytoplankton temperature coefficient for mortality 0.0693 /°C Yoshikawa et al. (2022)

mT Diazotroph maximum growth rate 0.23 /day Yoshikawa et al. (2013)

K NT Diazotroph half saturation constant for nitrate 0.5 μmolN/L Yoshikawa et al. (2013)

K PT Diazotroph half saturation constant for phosphate 0.0077 μmolN/L Yoshikawa et al. (2013)

K FeT Diazotroph half saturation constant for iron 0.0001 μmolN/L Yoshikawa et al. (2013)

I T Diazotroph light saturation 70.0 W/m2 Yoshikawa et al. (2013)

S T Diazotroph mortality rate 0.005 /day Yoshikawa et al. (2013)

g Ratio of extracellular excretion to photosynthesis 0.135 (nodim.) Yoshikawa et al. (2022)

G Rmax Zooplankton maximum grazing rate of phytoplankton at 0 °C 0.3 /day Yoshikawa et al. (2022)

G RmaxT Zooplankton maximum grazing rate of diazotrophs at 0 °C 0.1 /day *

k G Zooplankton temperature coefficient for grazing 0.0693 /°C Yoshikawa et al. (2022)

l Zooplankton ivlev constant 1.4 L/μmolN Yoshikawa et al. (2022)

P* Z Zooplankton threshold value for grazing 0.04 μmolN/L Yoshikawa et al. (2022)

(Continued)
F
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FIGURE 1

Schematic of the marine ecosystem isotope model. NO3
−, nitrate concentration; NH4

+, ammonium; N2, dinitrogen; PHY, phytoplankton; DIA,
diazotrophs; ZOO, zooplankton; PON, particulate organic nitrogen; DON, dissolved organic nitrogen. Dashed and solid arrows indicate nitrogen
flows with and without isotopic fractionation, respectively.
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Mortality DIA in Equation 1 is modeled using:

MortalityDIAð Þ = ST DIA½ � (4)

where ST is the mortality rate of DIA.

Grazing DIA in Equation 1 is modeled using:

GrazingDIAð Þ

= GRmaxT max 0, 1 – exp l P*z – DIA½ �ð Þð Þð Þexp KGTð Þ ZOO½ �ð (5)

where GRmaxT, l, and P*z are the zooplankton maximum

grazing rate for DIA, zooplankton Ivlev constant, and

zooplankton threshold value for grazing, respectively. Variable T

is the temperature, and KG is the zooplankton temperature

coefficient for mortality.

Extracellular Excretion DIA in Equation 1 is modeled by:

Extracellular ExcretionDIAð Þ = g GrowthDIAð Þ (6)

where g is the ratio of extracellular excretion of DIA to growth.
Frontiers in Marine Science 04
The water-column denitrification scheme is essentially the same

as that reported by Schmittner et al. (2008). Oxygen consumption in

suboxic waters (<3 μM) is inhibited and replaced by the oxygen-

equivalent oxidation of nitrate:

rNO3 = 0:5 1 – tanh O2½ � – 3:0ð Þð Þ (7)

Denitrification consumes nitrate at a rate of 80% of the oxygen

equivalent rate, according to:

Denitrificationð Þ =

Decompositionð Þ + Excretionð Þ + Remineralizationð Þ – GrowthPHYð Þ – GrowthDIAð Þð Þ

– 0:8DflagRO :NrNO3
� �

(8)

where RO:N is the ratio of O to N. Dflag limits the rate of water

column N-loss at a given nitrate threshold of Dmin:

Dflag = 0:5 + sign 0:5, NO−
3½ � –Dminð Þ (9)
TABLE 1 Continued

Symbol Parameter Value Citation

a Zooplankton assimilation efficiency 0.7 (nodim.) Yoshikawa et al. (2022)

b Zooplankton growth efficiency 0.3 (nodim.) Yoshikawa et al. (2022)

M z0 Zooplankton mortality rate at 0 °C 0.0585 L/μmolN/day Yoshikawa et al. (2022)

k Mz Zooplankton temperature coefficient for mortality 0.0693 /°C Yoshikawa et al. (2022)

a1 Light dissipation coefficient of sea water 0.04 /m Yoshikawa et al. (2022)

a2 Self shading coefficient 0.054 L/μmolN/m Yoshikawa et al. (2022)

a3 Self shading coefficient 0.6667 (nodim.) Yoshikawa et al. (2022)

a4 Self shading coefficient 0.0088 L/μmolN/m Yoshikawa et al. (2022)

R chla Chlorophyll to nitrogen ratio 1.59 (nodim.) Yoshikawa et al. (2022)

S PON PON sinking velocity at the surface layer 7.00 m/day Schmittner et al. (2008)

m w Increase of sinking speed with depth 0.04 /day Schmittner et al. (2008)

N Nit0 Nitrification rate at 0 °C 0.6 /day Yoshikawa et al. (2022)

k Nit Temperature coefficient for nitrification 0.0693 /°C Yoshikawa et al. (2022)

I 1 Light inhibition coefficient for nitrification 0.0364 W/m2 Yoshikawa et al. (2022)

I 2 Light inhibition coefficient for nitrification 0.074 W/m2 Yoshikawa et al. (2022)

V PA0 Remineralization rate of PON to ammonium at 0 °C 0.1 /day Yoshikawa et al. (2022)

k PA Temperature coefficient for PON remineralization to ammonium 0.0693 /°C Yoshikawa et al. (2022)

V PD0 Decomposition rate of PON to DON at 0 °C 0.1 /day Yoshikawa et al. (2022)

k PD Temperature coefficient for POM decomposition to DON 0.0693 /°C Yoshikawa et al. (2022)

V DA0 Remineralization rate of DON to ammonium at 0 °C 0.01 /day **

k DA Temperature coefficient for DON remineralization to ammonium 0.0693 /°C Yoshikawa et al. (2022)

R O:N Atomic ratio of O to N 8.652 (nodim.) Hajima et al. (2020)

D min Nitrate threshold for water column denitrification 50.0 μmolN/L ***

a BD Benthic denitrification coefficient 0.3 (nodim.) ***
* The G Rmax of diazotrophs is reduced from 0.3 to 0.1 /day to reproduce the observed abundance of diazotrophs compiled by Yoshikawa et al. (2013).
** The V DA0 is reduced from 0.1 /day (Yoshikawa et al., 2022) to 0.01 /day to reproduce the surface DON concentrations observed by Letscher et al. (2013).
*** The D min and a BD are tuned to set the global fluxes of water column denitrification and benthic denitrification in the model to the previous estimates (see the main text).
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The isotopic fractionation factor for water-column

denitrification (ϵ10) is set to 25‰.

The benthic denitrification scheme is essentially the same as

that reported by Shigemitsu et al. (2016). The benthic denitrification

flux is parameterized based on the organic carbon flux to the

seafloor (FPOC_bot) and bottom water O2 and NO3
– concentrations

([O2]bottom and [NO3
–]bottom) as:

FBD = aBD · FPOC _ bot 0:06 + 0:19� 0:99½O2�bottom−½NO−
3 �bottom

� �
(10)

where aBD is tuned to set the globally integrated rates of benthic

denitrification in the model to the rates within the range of previous

estimates (80–140 Tg N yr–1; Bianchi et al., 2012; Bohlen et al., 2012;

DeVries et al., 2013; Somes et al., 2013; Shigemitsu et al., 2016;

Somes et al., 2017). The isotopic fractionation factor for benthic

denitrification (ϵ11) is set to 1‰.
2.3 Offline biogeochemical model

The nitrogen isotope model was incorporated into the ocean

general circulation model (COCO) with an offline method (Oka

et al., 2008; Shigemitsu et al., 2016). The model has 256 × 198 grid
Frontiers in Marine Science 05
points in the horizontal direction and 44 vertical layers. The

horizontal resolution is about 1°, and the vertical spacing varies

from 5 m at the top to 250 m at the bottom. The concentration of

biogeochemical tracers is calculated by the following tracer

equation:

∂C
∂ t

= −∇ · vCð Þ + KH ∇2
H C +

∂

∂ z
KV

∂C
∂ z

� �
+ SC (11)

where C is the tracer concentration, v is the velocity, KH and KV

are the horizontal and vertical diffusivity, and SC is the source/sink

term for the tracer due to biogeochemical processes. The model was

driven by climatological monthly mean physical fields (horizontal

ocean velocities, vertical diffusivity, temperature, salinity, sea

surface height, sea surface wind speed, sea ice fraction, and sea

surface solar radiation) obtained from the outputs of a pre-

industrial control simulation performed with an Earth system

model (MIROC-ESM) (Watanabe et al., 2011) as in Shigemitsu

et al. (2017). The climatological monthly mean concentration of

dissolved iron was obtained from the output of a pre-industrial

control simulation performed with an ocean biogeochemical model

including an iron cycle (Yamamoto et al., 2019). In order to rapidly

reach steady state, the initial conditions were set to values that have

already reached steady state and were within the range of

observations. The initial conditions of the nitrogen, phosphate,

and oxygen concentrations were obtained from the outputs of a pre-

industrial control simulation with MIROC-ESM (Watanabe et al.,

2011). The initial conditions of d15N of PHY, DIA, ZOO, PON,

DON, NO3
−, and NH4

+ were set to constant values of 3‰, 0‰, 6‰,

6‰, 6‰, 5‰, and 6‰, respectively. The results of the simulations

presented here are shown after 3000 years of time integration.
3 Results

3.1 Horizontal distributions of nitrate and
chlorophyll a concentrations

The simulated distributions of annual mean nitrate and

chlorophyll a concentrations in the surface layer are generally

consistent with the climatological annual mean concentrations of

the World Ocean Atlas 2018 (Garcia et al., 2019) and the SeaWiFS

satellite data (O’Reilly et al., 1998), respectively (Figure 2). The

model represents the high nitrate concentrations exceeding 5 μM

observed in the subarctic region and the low concentrations below 2

μM observed in the subtropical region (Figures 2A, C). Because of

the nitrate availability, the simulated chlorophyll a concentrations

are also high in the subarctic region and low in the subtropical

region (Figures 2B, D). The root-mean-square error (RMSE), which

is an estimate of the absolute magnitude of the difference between

the observed and modeled values, is relatively high in the

northwestern North Pacific for both nitrate and chlorophyll a

concentrations (Figures 2E, F). This is because of the lack of

terrestrial inputs of nitrogenous nutrients in the model and its

coarse resolution. The extremely high RMSE in the coastal region

for the chlorophyll a concentration may also be attributed to the
TABLE 2 Isotope fractionation factors in the nitrogen isotope model.

Process ϵ (‰) Citation

NO3
− assimilation by phytoplankton

or diazotroph
ϵ1 = 5 Yoshikawa

et al. (2005)

NH4
+ assimilation by phytoplankton ϵ2 = 0 *

Excretion by zooplankton ϵ3 = 5 Yoshikawa
et al. (2022)

Egestion by zooplankton ϵ4 = 2 Yoshikawa
et al. (2022)

Nitrification ϵ5 = 14 Yoshikawa
et al. (2022)

Remineralization from PON to DON ϵ6 = 1 Yoshikawa
et al. (2022)

Remineralization from DON to NH4
+ ϵ7 = 1 Yoshikawa

et al. (2022)

Remineralization from PON to NH4
+ ϵ8 = 1 Yoshikawa

et al. (2022)

N2 fixation by diazotroph ϵ9 = 0 **

Water column denitrification ϵ10 = 25 **

Benthic denitrification ϵ11 = 1 **
* There are no previous estimates at ammonium concentrations < 4 μM. However, Liu et al.
(2013) implied that the isotope effect in the surface water of the open ocean (<1 μM) may be
much smaller than previous estimates of 5‰–18‰. Therefore, the isotope fractionation factor
(ϵ2) is reduced from 10 ‰ (Yoshikawa et al., 2022) to 0‰ in this study.
** The isotope fractionation factors (ϵ9, ϵ10, and ϵ11) are introduced in this study and are set
within field estimates (0‰–2‰, 22‰–30‰, and 0‰–4‰, respectively) compiled by
Somes et al. (2010).
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difficulty of satellite-based chlorophyll a estimation caused by

terrestrial inputs of colored dissolved organic matter or

suspended particles.
3.2 Horizontal distributions of d15NNitrate,
d15NPhytoplankton, and d15NPON values

The simulated annual mean d15N values of nitrate in the surface

layer and phytoplankton and PON in the euphotic layers have

similar high–low distributions, except in the Bering Strait

(Figure 3). The model represents the 15N depletion observed in

the subtropical and subarctic regions and the 15N enrichment

observed in the Oyashio–Kuroshio transition region. The model

also represents the overall observed 15N enrichment of nitrate and
15N depletion of phytoplankton.

The simulated values are not precisely consistent with the

observed values shown in Figure 3 for the following reasons. The

simulated d15NNitrate values (Figure 3A) are annual mean surface
Frontiers in Marine Science 06
values, whereas the observed values (Figure 3D) are the shallowest

data that were measured in a single expedition compiled by Rafter

et al. (2019) and Fripiat et al. (2021). The simulated d15NPhytplankton

values (Figure 3B) are the weighted averages of the euphotic layer

throughout the year, whereas the observed values (Figure 3E) are

the d15NBase values estimated from the d15N measurements of bulk

nitrogen and amino acids of zooplankton obtained from various

depths and seasons (Matsubayashi et al., 2022). The simulated

d15NPON values (Figure 3C) are the weighted averages of the

euphotic layer throughout the year, whereas the observed values

(Figure 3F) are the d15NBulk values of surface sediments obtained

from various depths and redox conditions compiled by NICOPP

(Tesdal et al., 2013), which could be affected by digenesis.

For the discussion, we selected four representative sites in the

western subtropical North Pacific (ST: 145°E, 22°N), the Kuroshio–

Oyashio transition zone (TR: 155°E, 44°N), the western subarctic

North Pacific (SA: 170°E, 55°N), and the Bering Strait region (BS:

190°E, 60°N) (Figure 3). The simulated d15NNitrate values in the

surface layer are 1.1‰ at ST, 7.3‰ at TR, 6.8‰ at SA, and 6.6‰ at
B

C D

E F

A

FIGURE 2

Concentrations of annual mean nitrate and chlorophyll a at the surface from the model simulations (A, B) and observations (C, D). Panels (C, D)
show the climatological annual mean nitrate concentrations in the surface waters of the World Ocean Atlas 2018 (Garcia et al., 2019) and the
climatological annual mean chlorophyll a concentrations based on the SeaWiFS satellite data from 1997 to 2006 (O’Reilly et al., 1998), respectively.
Panels (E, F) show the root-mean-square error of the model simulations of nitrate and chlorophyll a concentrations, respectively.
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BS (Figure 3A). In the uppermost 200 m layers, the simulated

weighted averages of d15NPhytoplankton are 0.6‰ at ST, 3.9‰ at TR,

2.1‰ at SA, and 6.7‰ at BS (Figure 3B), whereas those of d15NPON

are 1.8‰ at ST, 5.9‰ at TR, 3.7‰ at SA, and 7.3‰ at

BS (Figure 3C).
3.3 Seasonal cycles of nitrate, ammonium
and phytoplankton concentrations

At ST, the simulated nitrate in the surface layer is depleted

to<0.2 μM throughout the year and shows a slight increase from

February to March (Figure 4A). The simulated ammonium

accumulates slightly up to 0.02 μM in the layers at depths of 40–

80 m from April to November (Figure 4B). The simulated

phytoplankton concentration is low (<0.1 μM), equivalent to 0.2

mg Chl L–1, throughout the year and has a small bloom in

April (Figure 4C).

At TR, the simulated nitrate in the surface layer reaches a

maximum concentration of 8.5 μM in March and is depleted to 0.3

μM in August (Figure 4D). Then, until March, the nitrate

concentration increases as the surface mixed layer deepens. The

simulated ammonium accumulates to >0.3 μM in the layers at 30–

60 m from May to November, and the maximum concentration is

0.9 μM at a depth of 40 m in August (Figure 4E). The simulated

phytoplankton has high concentrations of >0.1 μM throughout the

year and has a bloom in June (Figure 4F).

At SA, the simulated nitrate in the surface layer reaches a

maximum concentration of 17.0 μM in April and decreases to 10.4
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μM in August (Figure 4G). The simulated ammonium accumulates

to >0.3 μM in the layers at 30–60 m from July to October, and the

maximum concentration is 0.6 μM at a depth of 40 m in August

(Figure 4H). The simulated phytoplankton has high concentrations

of >0.1 μM from April to October and has a bloom in

June (Figure 4I).

At BS, the simulated nitrate in the surface layer reaches a

maximum concentration of 3.8 μM in March and decreases to 1.9

μM in September (Figure 4J). The nitrate concentration in the

bottom layer is<1.0 μM in July and August. The simulated

ammonium accumulates to >2.0 μM in the bottom layer in July

and August (Figure 4K), and then spreads to the upper layers as the

surface mixed layer deepens from September to December. Then,

until April, the ammonium concentration drops to 0.3 μM. The

simulated phytoplankton has a high concentration of >0.1 μM from

February to October and has b looms in June and

August (Figure 4L).
3.4 Seasonal cycles of d15N values of
nitrate, ammonium and phytoplankton

At ST, the simulated d15NNitrate value in the surface layer is

0.6‰ in February, and increases to 10.7‰ in May (Figure 5A).

Subsequently, the d15NNitrate value decreases to −2.1‰ in August.

The simulated ammonium in the surface layer is depleted in 15N

from May to September, and the minimum value is −1.1‰ in July

(Figure 5B). The ammonium is enriched in 15N from October to

February, and reaches a maximum value of 6.0‰ in February. The
FIGURE 3

Horizontal d15N distributions of annual mean nitrate, phytoplankton, and PON from the model simulations (A−C) and observations (D−F). Panels (A-
C) show the d15NNitrate values at the surface layer, the weighted average of d15NPhytoplankton values in the layers at 0−200 m, and the weighted
average of d15NPON values in the layers at 0−200 m, respectively. Panels (D-F) show the shallowest d15NNitrate values compiled by Rafter et al. (2019)
and Fripiat et al. (2021), the d15NBase values estimated from the d15N measurements of bulk nitrogen and amino acids of zooplankton (Matsubayashi
et al., 2022), and the d15N values of surface sediments compiled by NICOPP (Tesdal et al., 2013), respectively. Locations of the western subtropical
North Pacific site (ST: 145°E, 22°N), the Kuroshio–Oyashio transition zone site (TR: 155°E, 44°N), the western subarctic North Pacific site (SA: 170°E,
55°N), and the Bering Strait region site (BS: 190°E, 60°N) selected for this study are shown.
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simulated d15NPhytoplankton value is 0.5‰ in the surface layer during

a small bloom period in April, and is<0.0‰ from June to November

(Figure 5C). The phytoplankton is enriched in 15N and >2.0‰ in

the layers at depths of 60−100 m from June to October.

At TR, the simulated d15NNitrate value in the surface layer is

6.2‰ in February (Figure 5D). The value increases to 17.0‰ in

August, and then decreases gradually as the surface mixed layer

deepens. The nitrate is slightly depleted in 15N in the layers at

depths of 40−140 m. The simulated ammonium in the surface layer

is more depleted in 15N than the nitrate from March to November,

and the minimum value is 0.8‰ in May (Figure 5E). The

ammonium is enriched in 15N from September to February, and

the maximum value is 7.8‰ in February. The simulated

d15NPhytoplankton value is 3.6‰ in the surface layer during the

bloom period in June (Figure 5F). The phytoplankton in the

surface layer has a minimum d15N value of 1.9‰ in May, and is

subsequently enriched in 15N to July and is depleted in 15N to

February as with the seasonal nitrate cycle. The phytoplankton is
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enriched in 15N and >5.0‰ in the layers at depths of 30−90 m from

July to January.

At SA, the simulated d15NNitrate value in the surface layer is

6.3‰ in February (Figure 5G), increases to 8.5‰ in August, and

then decreases gradually as the surface mixed layer deepens. The

seasonal variation in SA is similar to that in TR, although the

amplitude is smaller. The simulated ammonium in the surface layer

is more depleted in 15N than nitrate from May to October, and the

minimum value is −0.4‰ in July (Figure 5H). Subsequently, the

ammonium is enriched in 15N with a maximum value of 16.8‰ in

December. The simulated d15NPhytoplankton value is 1.4‰ in the

surface layer during the bloom period in June and increases

gradually to 4.2‰ in November (Figure 5I).

At BS, the simulated d15NNitrate value in the surface layer is

3.7‰ in January (Figure 5J). The value increases to 10.8‰ in

August, and then decreases gradually as the surface mixed layer

deepens. The simulated ammonium in the surface layer is more

depleted in 15N than nitrate from May to October, and the
FIGURE 4

Seasonal cycles of simulated concentrations of nitrate, ammonium, and phytoplankton in the layers at 0−200 m at the western subtropical North
Pacific site ST (A−C), the Kuroshio–Oyashio transition zone site TR (D−F), the western subarctic North Pacific site SA (G−I), and the Bering Strait
region site BS (J−L).
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minimum value is 2.4‰ in July (Figure 5K). Subsequently, the

ammonium is enriched in 15N with a maximum value of 17.9‰ in

February. The simulated d15NPhytoplankton values are 3.2‰ and

4.2‰ in the surface layer during bloom periods in June and

August, respectively, and the value increases gradually to 13.6‰

in February (Figure 5L).
4 Discussion

4.1 Western subtropical North Pacific

The western subtropical North Pacific is characterized as an

oligotrophic, low-productivity ocean (Figure 2). Active N2 fixation

occurs in the model due to nitrate depletion in the surface water

throughout the year (Figure 6). The simulated annual mean

d15NPhytoplankton value in the euphotic layer at ST is 0.6‰, which

is the lowest value among the selected sites. The diazotrophs take up

N2 gas, the d15N value of which is 0.0‰, and are remineralized to
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ammonium and nitrate. The phytoplankton takes up the 15N-

depleted ammonium and nitrate, and consequently is depleted

in 15N.

In winter, a small amount of nitrate is present in the surface

water (Figure 4A). In early spring, the phytoplankton consumes the

nitrate with an isotopic fractionation of 5‰ (Table 2). Therefore,

the nitrate in the surface water is enriched in 15N at the end of the

small bloom (Figure 5A). In summer, the nitrate is completely

consumed in the surface water, and the diazotrophs begin to take up

N2 actively (Figure 6B). N2 fixation depletes 15N in ammonium,

nitrate, and phytoplankton in the surface water (Figures 5A−C).

Ammonium is produced by remineralization of PON, and is

consumed by phytoplankton assimilation in the euphotic layer and

by nitrification below the euphotic layer. As such, ammonium is

accumulated at the bottom of the euphotic layer from spring to

autumn (Figure 4B). The isotopic fractionation effect of ammonium

assimilation by phytoplankton is as small as 0‰, and that of

nitrification is as large as 14‰ (Table 2). As such, the 15N

enrichment of ammonium increases with depth (Figure 5B). The
FIGURE 5

Seasonal cycles of simulated d15N values of nitrate, ammonium, and phytoplankton in the layers at 0−200 m at the western subtropical North Pacific site
ST (A−C), the Kuroshio–Oyashio transition zone site TR (D−F), the western subarctic North Pacific site SA (G−I), and the Bering Strait region site BS (J−L).
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15N-enriched ammonium in the subsurface water is supplied to the

surface layer by the deepening of the mixed layer from autumn

to winter.
4.2 Oyashio−Kuroshio transition zone

The Oyashio−Kuroshio transition zone in the western North

Pacific is characterized as high-productivity ocean (Figure 2). The

annual nitrate supply to the surface water is much higher than that

at ST (Figures 4A, D), and the phytoplankton growth is limited only

by nitrogen in the surface water (Figure 7A). Therefore, primary

productivity is relatively high and phytoplankton exhausts nitrate in

the surface water in summer. The simulated annual mean

d15NPhytoplankton value in the euphotic layer at TR is 3.9‰, which

is a high value among the selected sites.

In winter, the nitrate in the surface water reaches its maximum

concentration during the year due to winter convective mixing

(Figure 4D). In spring, phytoplankton starts to consume the nitrate

with an associated isotopic fractionation. Therefore,15N enrichment

of nitrate in the surface water proceeds toward summer (Figure 5D).

In summer, nitrate is exhausted in the surface water and the

maximum d15NNitrate value during the year is reached. Because

phytoplankton actively assimilates nitrate, the seasonal variation in

d15NPhytoplankton is synchronized with that in d15NNitrate in the

surface water (Figures 5D, F).
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Ammonium accumulation is high in the subsurface water from

spring to autumn due to active remineralization of PON

(Figure 4E). The large isotopic fractionation of nitrification causes
15N enrichment in ammonium and 15N depletion in nitrate in the

subsurface water (Figures 5D, E). The 15N enrichment in

phytoplankton in the subsurface water from summer to autumn

is attributed to the phytoplankton assimilating 15N-enriched

ammonium (Figure 5F).
4.3 Western subarctic North Pacific

The western subarctic North Pacific is characterized as a high-

nutrient low-chlorophyll ocean (Figure 2; e.g., Nishioka et al., 2020).

Phytoplankton is affected by iron limitation and cannot assimilate

all nitrate in the surface water in summer (Figure 7). The simulated

annual mean d15NPhytoplankton value in the euphotic layer at SA is

2.2‰, which is a low value among the selected sites. The low

utilization of the surface nitrate pool by phytoplankton causes 15N

depletion in phytoplankton at SA, as suggested by Yoshikawa

et al. (2018).

In winter, nitrate in the surface water reaches its maximum

concentration during the year due to winter convective mixing

(Figure 4G). In spring, phytoplankton starts to consume the nitrate

with an associated isotopic fractionation, and thus the nitrate in the

surface water is gradually enriched in 15N toward summer
FIGURE 6

Horizontal distribution of annual mean N2 fixation rates that were depth-integrated throughout the water column (A) and seasonal cycle of N2

fixation rates in the layers at 0−200 m at the western subtropical North Pacific site ST (B).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1294608
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Yoshikawa et al. 10.3389/fmars.2024.1294608
(Figure 5G). Because the nitrate assimilation by phytoplankton is

limited by iron from May to December (Figure 7B), the minimum

nitrate concentration and the maximum d15NNitrate value at SA are

much higher and much lower than those at TR, respectively.

The ammonium is accumulated in the subsurface water from

spring to autumn due to remineralization of PON (Figure 4H). As

found at ST and TR, the ammonium is enriched in 15N with depth

at SA (Figure 5H). The 15N-enriched ammonium in the subsurface

water is supplied to the surface layer by the deepening of the mixed

layer. From autumn to winter, the ammonium at SA is much more

enriched in 15N than that at TR. Because the phytoplankton

assimilates the extremely 15N-enriched ammonium (Figure 5I),

the phytoplankton in the surface water from autumn to winter is

the most enriched in 15N during the year.
4.4 Bering Strait region

The Bering Strait region is characterized by a highly productive

coastal ocean (Figure 2). The high sinking PON flux reaching the

seafloor causes active benthic denitrification (Figure 8A). The depth

of the ocean floor is only 41 m, and thus nitrification is inhibited by

light in most of the water column (Figure 8B), and ammonium is

not completely oxidized to nitrate throughout the year. The

simulated annual mean d15NPhytoplankton value in the euphotic

layer at BS is 6.7‰, which is the highest value among the selected
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sites. The 15N enrichment in phytoplankton is attributed to the

uptake of highly-concentrated 15N-enriched ammonium caused by

partial nitrification and the removal of 15N-depleted nitrate by

benthic denitrification, as suggested by Granger et al. (2011).

In winter, nitrate in the surface water reaches its maximum

concentration during the year (Figure 4J). In spring, phytoplankton

starts to consume nitrate with an associated isotopic fractionation,

and consequently the nitrate in the surface water is enriched in 15N

toward summer (Figure 5J). The d15NNitrate value in winter at BS is

much lower than that at TR and SA due to incomplete nitrification

with a large isotopic fractionation. The 15N-depleted nitrate is

removed from the benthic water by benthic denitrification after

the bloom in June. The d15NNitrate value in the benthic water

increases slightly with the decrease in nitrate concentration

(Figures 4J and 5J) because the isotope fractionation during the

benthic denitrification is small as 1‰ (Table 2).

Ammonium is not completely consumed by nitrification due to

photo-inhibition throughout the water column, and thus

ammonium accumulation is high in the benthic layer (Figures 4K

and 8B). The ammonium is enriched in 15N due to partial

nitrification with a large isotopic fractionation. 15N-enriched

ammonium in the benthic water is supplied to the surface layer

by the deepening of the mixed layer from autumn to winter and is

gradually consumed by nitrification. As such, the d15NAmmonium

value in the surface water is high and varies drastically. As the

phytoplankton takes up the ammonium throughout the year, the
FIGURE 7

Horizontal distribution of the annual mean nutrient limitation (iron versus nitrogen) for phytoplankton in the surface layer (A) and the seasonal cycle
in the layers at 0−200 m at the western subarctic North Pacific site SA (B). The values were calculated from a nutrient-dependent term in the
phytoplankton growth rate equation. Red shows the area where phytoplankton growth is limited by iron concentrations. Blue shows the area where
phytoplankton growth is limited by nitrate and ammonium concentrations.
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d15NPhytoplankton value at BS is high and is synchronized with the

cycle of the d15NAmmonium value (Figures 5K, L).
5 Summary

A seamless nitrogen isoscape of phytoplankton in the western

North Pacific was created by using a marine nitrogen isotope model.

The simulated annual average of d15NPhytoplankton values in the

euphotic layer ranged between −2.9‰ and 17.2‰ in the western

North Pacific. Four distinctive sites were selected for discussion. At

ST in the western subtropical North Pacific, the d15NPhytoplankton

value was as low as 0.6‰. The depletion in 15N of phytoplankton

was attributed to N2 fixation. At TR in the Oyashio−Kuroshio

transition zone, the d15NPhytoplankton value was as high as 3.9‰. The
15N enrichment of phytoplankton was attributed to the high

utilization of the surface nitrate pool by phytoplankton. At SA in

the western subarctic North Pacific, the d15NPhytoplankton value was

as low as 2.1‰. The depletion of 15N in phytoplankton was

attributed to the low utilization of the surface nitrate pool by

phytoplankton due to iron limitation. At BS, the d15NPhytoplankton

value was as high as 6.7‰. The enrichment of 15N in phytoplankton

was attributed to partial nitrification with benthic denitrification.

The d15NPhytoplankton value showed a characteristic seasonal

variation at each site. At ST, the d15NPhytoplankton value varied from

−1.1‰ to 1.3‰. The nitrate and ammonium were exhausted and N2
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fixation occurred throughout the year. Because the N2 and recycled

ammonium supported most of the production, the seasonal variation in

d15NPhytoplankton at ST was as small as 2.4‰. At TR, the d15NPhytoplankton

values varied from 1.9‰ to 7.1‰. Convective mixing supplied nitrate

from the subsurface to the surface in winter. Because phytoplankton

consumes nitrate almost completely with an associated isotopic

fractionation, nitrate was enriched greatly in 15N from 6.2‰ to

17.0‰, and subsequently phytoplankton was also enriched greatly in
15N. The high utilization of nitrate by phytoplankton caused the large

seasonal variation in d15NPhytoplankton values of 5.2‰. At SA, the

d15NPhytoplankton values varied from 1.3‰ and 4.2‰. The

phytoplankton was affected by iron limitation and could not consume

nitrate completely. The low utilization of nitrate by phytoplankton

causes the relatively small seasonal variation in d15NPhytoplankton values of

2.9‰. At BS, the d15NPhytoplankton values varied from 3.2‰ and 13.6‰.

The ammonium concentration was extremely high throughout the year

due to partial nitrification. As nitrification proceeded gradually from

autumn to winter with a large isotopic fractionation, ammonium was

greatly enriched in 15N from 2.5‰ to 17.9‰. Because phytoplankton

assimilates the ammonium, the seasonal variation in d15NPhytoplankton

values at BS was as large as 10.4‰.

The annual mean d15NPhytoplankton value had sufficient spatial

variations (e.g., 0.6‰ at ST, 3.9‰ at TR, 2.1‰ at SA, and 6.7‰ at BS)

for iso-logging studies in the western North Pacific compared with the

analytical errors of the d15NBase values of fish (1s< ± 0.8‰)

(Matsubayashi et al., 2017; Matsubayashi et al., 2020; Harada et al.,
B

A

FIGURE 8

Horizontal distribution of benthic denitrification rates (A) and the seasonal cycle of nitrification rates in the layers at 0−41 m at the Bering Strait
region site BS (B).
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2022). The seasonal variability of d15NPhytoplankton reached 5.2‰ at TR

and 10.4‰ at BS, which were greater than the spatial variability in the

western North Pacific. To trace the movement of fish whose habitat is

expected to include those areas, the seasonal variations of the nitrogen

isoscape should be considered carefully.

Both d15NBase values of fish and a nitrogen isoscape of

phytoplankton are needed for iso-logging studies. The estimation

of d15NBase values requires the d15N measurement of amino acids to

correct for 15N-enrichment of ~3‰ per trophic position of the d15N
values of bulk nitrogen of fish (Matsubayashi et al., 2017;

Matsubayashi et al., 2020; Harada et al., 2022). However, because

the d15N measurement of amino acids still takes much time and

effort, there have been a few previous studies of the d15N values of

amino acids. Nitrogen isoscapes of diet (zooplankton or small fish)

using a nitrogen isotope model, including higher-trophic-level

organisms, will advance iso-logging studies.
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