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Abstract. We conducted repetitive observations in Funka
Bay, Hokkaido, Japan, on 15 February, 4 and 15 March,
and 14 April 2019. The diatom spring bloom peaked on
4 March and started declining on 15 March. Funka Bay
winter water remained below 30 m depth, which was below
the surface mixed-layer and dark-layer depth (0.1 % of the
surface photosynthetically active radiation, PAR, depth) on
4 and 15 March. In the subsurface layer at depths of 30–
50 m, concentrations of NO−3 , PO3−

4 , and Si(OH)4 decreased
by half between these dates, even in the dark. Incubation
experiments using the diatom Thalassiosira nordenskioeldii
showed that this diatom could consume added nutrients in the
dark at substantial rates after pre-culturing to deplete nutri-
ents. Incubation experiments using natural seawater collected
in the growing phase of the bloom on 8 March 2022 also
showed that nutrient-depleted phytoplankton could consume
added nutrients in the dark. We excluded three physical pro-
cess – water mixing, diffusive transport, and subduction – as
possible main reasons for the decrease in nutrients in the sub-
surface layer. We conclude that the nutrient reduction in the
subsurface layer (30–50 m) between 4 and 15 March 2019
could be explained by nutrient consumption by diatoms in
the dark in that layer.

1 Introduction

The supply of nutrients to the euphotic zone has a potent in-
fluence on regulating marine primary production. Numerous
studies have examined nutrient utilization by marine biota in
relation to the nutrient cycles among the euphotic zone and
conterminous zones (e.g., below the euphotic zone, atmo-
sphere, and rivers). In the subarctic northern Pacific Ocean,
the higher Si : N ratio in the surface of the western gyre (Oy-
ashio region) leads to a diatom-dominant population, and the
lower ratio in the eastern gyre leads to a reduced diatom pop-
ulation; both subarctic gyres are known to be high-nitrate–
low-chlorophyll (HNLC) regions, where the depletion of dis-
solved iron (D-Fe) limits primary production (Harrison et
al., 2004). D-Fe and nitrate (NO−3 ), supplied from below the
surface to the surface euphotic zone through winter verti-
cal water mixing, sustain the spring phytoplankton bloom
in the Oyashio region (Nishioka et al., 2011). Most previ-
ous studies on marine primary production have been con-
cerned with the nutrient consumption by phytoplankton in
the euphotic zone because most phytoplankton species, ex-
cept for dinoflagellates (e.g., Cullen and Horrigan, 1981),
are commonly assumed to be incapable of moving actively
between the surface mixed layer and below the surface (sub-
surface layer). However, a few studies have focused on the
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vertical migration of a diatom, Rhizosolenia, to uptake nu-
trients in the subsurface layer and grow in the euphotic
zone in the oligotrophic subtropical Pacific (Villareal et al.,
1996; Richardson et al., 1998; Villareal et al., 1999, 2014).
As for the subarctic area, a modeling study that simulated
chlorophyll-a (Chl-a) profiles, considering phytoplankton’s
migration behavior, demonstrated that vertically migrating
phytoplankton can pump up a considerable amount of nu-
trients to the surface layer from the dark subsurface layer
and, thus, contribute 7 % of net primary production at the
subarctic gyre of the western Pacific Oyashio region (Witz
and Lan Smith, 2020). These previous studies have not yet
shown observational evidence of nutrient reduction associ-
ated with consumption by phytoplankton in the dark subsur-
face layer; however, nutrient reduction in the dark subsur-
face layer has been found in the Funka Bay, Hokkaido, Japan
(Kudo and Matsunaga, 1999), which faces to the Oyashio–
Kuroshio transitional area in the western North Pacific.

Oyashio water reaches the area off the coast of Hokkaido,
Japan, where the subtropical water derived from Kuroshio
or the Tsugaru warm current water is also found (Rosa et al.,
2007). A small portion of Oyashio water enters Funka Bay in
early spring. The bay water exchanges twice a year: with cold
Oyashio water in early spring and with Tsugaru warm water
in early fall (Ohtani, 1971). The Oyashio water, a cold and
low-salinity water, flows into the bay along the northern coast
of the bay, forming an anticlockwise flow from late March
to the middle of April (Nakada et al., 2013). From repetitive
observations in the bay, it is possible to collect seawater sam-
ples originating from the same water mass at different times
(when the water remains in the bay during the observation
period) and then examine the temporal changes in the bio-
geochemical parameters within the same water mass. For ex-
ample, temporal changes in nutrients (Kudo and Matsunaga,
1999; Kudo et al., 2000), D-Fe (Hioki et al., 2015), volatile
organic iodine (Shimizu et al., 2017), and isoprene (Ooki et
al., 2019, 2022) have been examined in relation to primary
production in the bay.

In Funka Bay, the diatom bloom begins in late winter
(February) before Oyashio water flows into the bay (Kudo
and Matsunaga, 1999). A massive spring bloom dominated
by diatom species then occurs in March every year (Odate,
1987; Maita and Odate, 1988) when Oyashio water flows
into the bay. The bloom lasts until late March or early April
when Oyashio water occupies the surface of the bay (Kudo
and Matsunaga, 1999). The spring diatom bloom ends due
to nitrate depletion, but silicate is further consumed after the
nitrate is depleted (Kudo et al., 2000). After the bloom, phos-
phorus depletion in the bay occasionally limits primary pro-
duction (Yoshimura and Kudo, 2011). D-Fe is not depleted
(>3 nmol L−1) in the surface waters of the bay in April (post-
bloom) (Hioki et al., 2015); therefore, D-Fe would not limit
primary production. One-third of annual primary produc-
tion occurs during the spring bloom (Kudo and Matsunaga,
1999; Kudo et al., 2015); thus, the depletion of macronutri-

ents (e.g., N, P, and Si) is the dominant limiting factor for
production in the bay. After the bloom, there is extensive
settling and sedimentation of particulate organic matter on
the seafloor (Miyake et al., 1998), and nutrient regeneration
rapidly occurs in the bottom water just after sedimentation
(Kudo et al., 2007).

Although most previous studies in Funka Bay have fo-
cused on nutrient consumption in the euphotic zone and
nutrient regeneration in the bottom water, Kudo and Mat-
sunaga (1999) pointed out that NO−3 concentrations in the
dark subsurface layer decreased during the spring blooms in
1991 based on their observations from 1988 to 1992, and they
mentioned that the decrease was due to the dilution of water
by vertical mixing. In figures showing a time–depth section
of the NO−3 concentration in Kudo and Matsunaga (1999), it
seems that decreases in NO−3 below the surface occurred dur-
ing the bloom in all years. This raises the questions as to why
the nutrient reduction in the dark subsurface layer occurs so
frequently and if it can be attributed to vertical mixing every
year, as the surface layer in the bay usually rapidly becomes
stratified in spring.

In this paper, we examine the temporal variation in nutri-
ent concentrations in Funka Bay from the early phase of the
diatom bloom (February) to the post-bloom period (April)
via repetitive observations in 2019. Moreover, we focus on
the processes affecting nutrient reduction in the dark subsur-
face layer during the bloom to show evidence of nutrient con-
sumption by diatoms in the dark.

2 Materials and methods

2.1 Shipboard observations

Shipboard observations were conducted in Funka Bay,
Hokkaido, Japan, on 15 February, 4 and 15 March, and
14 April 2019. We used the training ship (T/S) Ushio-maru,
operated by the Faculty of Fisheries Sciences, Hokkaido Uni-
versity. Water samples were collected at station 30 (St. 30;
42◦16.2′ N, 140◦36.0′ E; bottom depth of 96 m) located
in the center of Funka Bay (Fig. 1b). Seawater samples
were collected in 2.5 L Niskin bottles attached to a rosette
multi-sampler along with a conductivity–temperature–depth
(CTD) probe (SBE 19plus, Sea-Bird Electronics, Inc.). Sur-
face water was collected with a plastic bucket, and bottom
water was collected approximately 1 m above the seafloor us-
ing a Van Dorn sampling bottle. The sampling depths were
0, 5, 10, 20, 30, 40, 50, 60, 65, 70, 75, 80, 85, and 95 m (and
1 m above the seafloor).

2.2 Analytical procedures

Chl-a concentrations in discrete seawater samples (100 mL)
were measured using the fluorometric Welschmeyer method
(Welschmeyer, 1994) and a fluorometer (Turner Designs,
model 10-AU-005). Concentrations of nutrients (NO−3 , NO−2 ,
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Figure 1. Sampling sites in Funka Bay, Hokkaido, Japan.

NH+4 , Si(OH)4, and PO3−
4 ) in discrete seawater samples were

measured by colorimetric methods using a QuAAtro sys-
tem (SEAL Analytical). The analytical precision was 0.12 %
for NO−3 , 0.21 % for NO−2 , 0.19 % for PO3−

4 , 0.11 % for
Si(OH)4, and 0.34 % for NH+4 , as determined by repeti-
tive measurement (n= 7) of reference seawater for nutrient
standards (KANSO, standard Lot BZ, Osaka, Japan). Dis-
solved oxygen was determined by Winkler titration using a
798 MPT Titrino analyzer (Metrohm, Herisau, Switzerland).
Apparent oxygen utilization (AOU) was calculated by sub-
tracting the measured oxygen concentration from the dis-
solved oxygen concentration at saturation under in situ tem-
perature and salinity conditions (Hansen, 1999).

2.3 Incubation experiments to test for nutrient
consumption by diatoms in the dark

We conducted dark-incubation experiments four times using
the diatom Thalassiosira nordenskioeldii, which is predom-
inant in the early phase of the spring bloom in Funka Bay
(Ban et al., 2000), and twice using natural seawater collected
during the diatom bloom in 2022.

2.3.1 Thalassiosira nordenskioeldii incubation
experiment

Thalassiosira nordenskioeldii was isolated from natural sea-
water collected in the western subarctic Pacific Ocean in
May 2019. In the first and second Thalassiosira experi-
ments, an axenic culture of the diatom was grown in modi-
fied F/2 medium (NO−3 , 700 µmol L−1; PO3−

4 , 26 µmol L−1;
and Si(OH)4, 75 µmol L−1) at 6 ◦C (pre-culture). We used
a 250 mL cell-cultivation flask with a vent cap (VTC-F75V,
VIOLAMO). Incubation procedures were carried out under
axenic conditions; however, we did not check for contami-
nation after the incubation. When the Chl-a concentration in
the pre-culture medium reached 1426 µg L−1 on Day 17 of
pre-culturing for the first experiment, the concentrations of
NO−3 , PO3−

4 , and Si(OH)4 in the medium had dropped below
0.05, 0.05, and 1 µmol L−1, respectively. We regarded the di-

atoms in the medium on Day 17 as being nutrient depleted.
We added nutrients (stock F/2 medium) to the nutrient-
depleted diatom culture, after which the concentrations were
as follows: NO−3 , 29.2 µmol L−1; PO3−

4 , 1.13 µmol L−1; and
Si(OH)4, 4.24 µmol L−1. The incubation bottle (n= 1) was
put in a dark incubator at 6 ◦C for 6 d. On days 0, 2, 3, 4,
and 6 of dark incubation, 10 mL and 100 µL of incubation
medium were filtered to measure nutrient and Chl-a concen-
trations, respectively, using the same methods as for the mea-
surements in seawater samples. The setup conditions of the
experiments are summarized in Table 1.

In the second Thalassiosira experiment, another Tha-
lassiosira nordenskioeldii diatom culture that had grown
for 42 d was utilized. The Chl-a concentration in the
pre-cultured medium for the second experiment was only
72.5 µg L−1, which was 1/20 of that in the first dark incu-
bation, implying that it was in a declining phase. We set
the initial concentrations of nutrients (NO−3 , 744 µmol L−1;
PO3−

4 , 27.6 µmol L−1; and Si(OH)4, 113 µmol L−1) at 25
times those of the first experiment and put it in the dark in-
cubator. On days 0, 1, 2, and 10, total volumes of 10 and
1 mL of incubation medium (n= 1) were filtered to measure
nutrient and Chl-a concentrations, respectively.

In the third and fourth Thalassiosira experiments,
40 mL of diatom culture was divided into two pre-
culturing incubation bottles with 170 mL of modified
F/2 medium (NO−3 , 175 µmol L−1; PO3−

4 , 6.5 µmol L−1;
Si(OH)4, 18.8 µmol L−1). For the third Thalassiosira exper-
iment, the pre-culturing was done for 10 d; the concentra-
tion of Chl a in the pre-cultured medium became 145 µg L−1,
and the concentrations of NO−3 , PO3−

4 , and Si(OH)4 dropped
as follows: NO−3 , 9.27 µmol L−1; PO3−

4 , 0.42 µmol L−1; and
Si(OH)4, <1 µmol L−1. Relatively high concentrations of
NO−3 and PO3−

4 remained in the medium. For the fourth Tha-
lassiosira experiment, the pre-culturing was done for 11 d;
the concentration of Chl a in the pre-cultured medium be-
came 198 µg L−1, and the concentrations of NO−3 , PO3−

4 , and
Si(OH)4 dropped as follows: NO−3 , 0.66 µmol L−1; PO3−

4 ,
0.42 µmol L−1; and Si(OH)4, <1 µmol L−1. Nutrients were
rapidly being consumed at the end of the pre-culturing
on Day 10 of the third experiment. We added nutrients
(stock F/2 medium) to the pre-cultured mediums, after
which the concentrations (Day 0 of dark incubations) were
as follows for the third experiment: NO−3 , 187 µmol L−1;
PO3−

4 , 7.66 µmol L−1; and Si(OH)4, 16.1 µmol L−1. The cor-
responding concentrations for the fourth experiment were
as follows: NO−3 , 213 µmol L−1; PO3−

4 , 9.08 µmol L−1; and
Si(OH)4, 21.2 µmol L−1. The 30 mL of each pre-cultured
medium was used for Chl-a and nutrient measurements. The
remaining 160 mL of each pre-cultured medium was divided
into four cell-cultivation flasks, and they were put in the dark
at 6 ◦C. On days 1, 2, and 3, total volumes of 8 and 1 mL of
incubation medium (n= 4) were filtered to measure nutrient
and Chl-a concentrations, respectively.
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Table 1. The setup conditions of dark-incubation experiments. Dark incubations using Thalassiosira nordenskioeldii were carried out four
times. The diatom cultures were grown under lit conditions (pre-culture) before they were put in the dark with nutrient addition. Natural
seawater incubations were carried out using seawater collected at station 30 in Funka Bay on 8 March 2022.

Incubation experiments NO−3 PO3−
4 Si(OH)4 Chl a

(µmol L−1) (µg L−1)

Thalassiosira incubations

First Pre-culture (17 d) initial 700 26 75
Final <0.05 <0.05 <1
Dark incubation (n= 1) Day 0 29.2 1.13 4.24 1426
(nutrient addition)

Second Pre-culture (42 d) initial 700 26 75
Final <0.05 <0.05 <1
Dark incubation (n= 1) Day 0 744 27.6 113 72.5
(nutrient addition)

Third Pre-culture (9 d) initial 175 6.5 18.8
Final 9.27 0.42 <0.1
Dark incubation (n= 4) Day 0 187 7.66 16.1 145
(nutrient addition)

Fourth Pre-culture (10 d) initial 175 6.5 18.8
Final 0.66 0.42 <1
Dark incubation (n= 4) Day 0 213 9.08 21.2 198
(nutrient addition)

Natural seawater incubations

Nutrient depleted (5 m) with nutrient depletion treatment

Pre-culture (5 d) initial 4.86 0.58 14.0 14.5
Final <0.05 <0.05 <1 25.1
Dark incubation (n= 4) Day 0 12.6 0.38 17.8
(nutrient addition)
Dark incubation (n= 4) Day 0 <0.05 <0.05 <1
(no nutrient addition)

Continuous dark (5 m/40 m) with no nutrient depletion treatment

Dark incubation (n= 3) initial 4.59/7.39 0.56/0.76 14.6/18.4 14.3/9.09
(no nutrient addition)

2.3.2 Natural seawater incubation experiment

For the natural seawater incubation experiment, we collected
seawater at 5 and 40 m depths at station 30 in Funka Bay on
8 March 2022. Fourteen 200 mL seawater samples were col-
lected in cell-cultivation flasks (11 flasks for 5 m depth wa-
ter and 3 flasks for 40 m depth water), and they were stored
in a refrigerator for a day until the culture experiment treat-
ment. The concentrations of Chl a at the 5 and 40 m depths
were 14.3 and 9.09 µg L−1, respectively. Three flasks of wa-
ter from both depths were put into a dark incubator at 5 ◦C for
12 d without nutrient addition (continuous dark (5 m/40 m)
in Table 1) as a control. Another eight flasks of 5 m depth
water were pre-cultured under lit conditions (100 µmol pho-
ton s−1, light : dark= 12 h : 12 h) for 5 d at 5 ◦C to deplete nu-

trients (nutrient depleted (5 m) in Table 1); the concentration
of Chl a in the pre-cultured medium became 25.1 µg L−1,
and the concentrations of NO−3 , PO3−

4 , and Si(OH)4 dropped
as follows: NO−3 , <0.05 µmol L−1; PO3−

4 , <0.05 µmol L−1;
Si(OH)4,<1 µmol L−1. Nutrients were then added to the four
flasks containing the nutrient-depleted pre-cultured 5 m wa-
ter, after which the concentrations (Day 0) were as follows:
NO−3 , 12.6 µmol L−1; PO3−

4 , 0.38 µmol L−1; and Si(OH)4,
17.8 µmol L−1. No nutrients were added to the other four
(of the eight) flasks containing nutrient-depleted pre-cultured
seawater. These eight pre-cultured incubation bottles (four
bottles with nutrient addition and four without) were put into
a dark incubator at 5 ◦C for 7 d. On days 0 and 7 of the
dark incubations, total volumes of 8 and 10 mL of incubation
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medium were filtered to measure nutrient and Chl-a concen-
trations, respectively.

2.4 Water-mass types and mixed-layer, euphotic-zone,
and dark-layer depths

There are two main water masses in Funka Bay through-
out the year: Tsugaru water, which originates from the sub-
tropical North Pacific, and Oyashio water, which originates
from the subarctic North Pacific. The subtropical Tsugaru
water has a higher salinity (33.6–34.2) and is modified into
winter water (W) by winter cooling. The subarctic Oyashio
water has a lower salinity (32.6–33.0) and is modified into
low-density summer water (S) by solar radiative heating and
freshwater input. These four water masses were first de-
scribed by Ohtani and Kido (1980). Ooki et al. (2019) added
the transitional waters to the water-mass classification: the
transition from winter water to Oyashio water (WO), from
Oyashio water to summer water (OS), from summer water to
Tsugaru water (ST), and from Tsugaru water to winter water
(TW). The temperature–salinity ranges of these water masses
are illustrated in the Supplement (Fig. S1).

The surface mixed layer was defined as the layer in
which density differences (1σ ) were within 0.125 kg m−3

relative to the density at 5 m depth. The threshold 1σ =
0.125 kg m−3 is often used for the monthly mean of the
mixed layer in oceanic climate studies (Spall, 1991), whereas
the threshold 1σ = 0.01 kg m−3 is used for snapshot obser-
vations (Thomson and Fine, 2003). We used the maximum
threshold 1σ = 0.125 kg m−3 to ensure that the subsurface
layer water did not mix with the surface layer during intervals
(11 d to a month) between our observations. The euphotic-
zone depth was defined as the depth at which photosynthet-
ically active radiation (PAR) was 1 % of the surface PAR,
i.e., where photosynthesis equals respiration (Marra, 2014).
We defined the dark-layer depth as the depth at which PAR
was 0.1 % of the surface PAR, i.e., where amount of photo-
synthesis is approximately 1/10 of that at the 1 % PAR level,
considering the light intensity only as a limiting factor of
photosynthesis.

2.5 Spatial distributions of temperature, salinity, and
density at the sea surface

Spatial distributions of temperature, salinity, and density at
the sea surface (1 m) were obtained from an ocean reanal-
ysis product provided by Meteorological Research Institute
in Japan. This product is produced using an operational sys-
tem for monitoring and forecasting the status of coastal and
open-ocean waters around Japan (the JPN system; Hirose et
al., 2020). The JPN system includes a double-nested ocean
model, the core of which is a Japanese coastal model with
a horizontal resolution of 2 km. Three sub-models are inter-
connected using a nesting technique: a global model (hor-
izontal resolution ∼ 100 km), a North Pacific model (hori-

zontal resolution∼ 10 km), and Japanese coastal model (hor-
izontal resolution ∼ 2 km). A four-dimensional variational
method is applied to the North Pacific model as the assim-
ilation scheme. The processes of tides and river runoff are
taken into consideration in this JPN system. The reader is
referred to Hirose et al. (2020) for more detail.

3 Results

3.1 Hydrographic features

Vertical distributions of temperature, salinity, density, and the
ratio of PAR relative to the surface PAR from 15 February to
15 March are shown in Fig. 2a–d. An overview of the tem-
poral variation in the water-mass structure is shown in Fig. 3.
Temperature, salinity, and density were all vertically uniform
on 15 February (Fig. 2a, b, c), during which time the water
mass was categorized as winter water (Fig. 3). On 15 Febru-
ary, the temperature was the highest (4 ◦C) during the obser-
vation period. We classified this period as high-temperature
winter water. On 4 March, the temperature dropped be-
low 3.7 ◦C throughout the water column. We found signifi-
cant decreases in salinity and density at the surface (0–20 m
depth). The influence of Oyashio water (WO or O) was ev-
ident at the surface (0–7 m) on 4 March, it then extended to
the deeper layer (0–24 m) by 15 March and to 0–52 m on
14 April. In the deep layer (below 70 m depth), the temper-
ature increased to 3.9 ◦C on 15 March. We classified this as
high-temperature winter water, and this water probably re-
mained in the back of the bay and moved to the deep layer of
the observation station on 15 March. Moreover, we consid-
ered that the middle layer (subsurface layer, 30–50 m) was
relatively stable between 4 and 15 March compared with the
surface and deep layers where the waters were obviously ex-
changed.

As for the light environment, the euphotic-zone depth
(or compensation depth), which was defined as the depth
at which PAR was 1 % of the surface PAR, was 40 m on
15 February, 11 m on 4 March, and 17 m on 15 March.
The dark-layer depth, which was defined as the depth
at which PAR was 0.1 % of surface PAR, was 60 m on
15 February, 17 m on 4 March, and 30 m on 15 March
(Fig. 2d). The daily average of surface PAR during the
period between 4 and 15 March including day and night
was 19.3 mol photon m−2 d−1 (224 µmol photon m−2 s−1),
which was estimated from the global solar radiation at the
Muroran meteorological observatory (Fig. S2). The daily
average PAR at the dark-layer depth was estimated to
be 0.0193 mol photon m−2 d−1, which was only 1.8 % of
global average of compensation irradiance (1.1 mol pho-
ton m−2 d−1) for metabolic balance: photosynthesis equals
respiration (Regaudie-De-Gioux and Duarte, 2010) Below
the dark-layer depths, we assumed that photosynthesis made
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Figure 2. Vertical profiles of (a) temperature, (a) salinity, (c) density, and (d) the ratio of PAR to surface PAR at station 30 in Funka Bay,
Japan, on 15 February, 4 March, and 15 March. Broken and solid vertical lines in Fig. 2d indicate the PAR ratio at the euphotic-zone depth
(1 % PAR vs. surface) and the dark-layer depth (0.1 % PAR vs. surface), respectively.

Figure 3. Temporal change in the water-mass structure at station 30
in Funka Bay, Japan. The two main water masses are winter wa-
ter (W) and Oyashio water (O). Transitional water (WO) is wa-
ter changing from winter water to Oyashio water by mixing. The
euphotic-zone depth and the surface mixed-layer depth (MLD) are
also shown. The euphotic-zone depth was defined as the depth at
which photosynthetically active radiation (PAR) was 1 % of the sur-
face PAR. The MLD was defined as the layer in which density dif-
ferences (1σ ) were within 0.125 kg m−3 relative to the density at
5 m depth.

no difference to the biochemical parameters described in lat-
ter sections.

3.2 Biogeochemical parameters

We prepared time–depth sections of biogeochemical param-
eters, showing the surface mixed-layer, euphotic-zone, and
dark-layer depths (Fig. 4a–f). Vertical profiles of the param-
eters are also shown in Fig. 5a–f.

3.2.1 Chl a

The surface mixed layer reached at least 85 m depth on
15 February, but the Chl-a profile was not vertically uni-

form (see the Supplement data file). Chl-a concentrations be-
tween 0 and 70 m were relatively high, ranging from 0.65 to
1.4 µg L−1 (average of 0.81 µg L−1), compared with concen-
trations in the deeper layer (75–95 m), where they were be-
low the detection limit (<0.05 µg L−1). We suggest that, on
this date, diatom growth had just started as an early phase of
the spring bloom.

By 4 March, the Chl-a concentrations had substantially in-
creased at all depths (Figs. 4a, 5e). Notably high concentra-
tions (27–30 µg L−1) were found in the surface mixed layer
(0–5 m). The depth range of the mixed layer (0–9 m) was
almost the same as that of the euphotic zone (0–13 m). In
Funka Bay, a Chl-a maximum of 10–20 µg L−1 has been
found at the peak of the diatom bloom in March of every
year (Odate et al., 1993; Kudo and Matsunaga, 1999; Kudo
et al., 2007). We believe that we observed the peak of the di-
atom spring bloom on 4 March. Even below the dark-layer
depth (17 m), there were high Chl-a concentrations (6.0–
14.1 µg L−1). The high Chl-a levels in the dark layer sug-
gested that large amounts of diatom aggregates, which had
been produced in the surface layer, were sinking from the
surface to the deeper layer.

Chl-a concentrations had decreased at all depths by
15 March; however, high levels were still found within the
surface mixed layer (11.0–16.2 µg L−1 at 0–10 m) and in the
deeper dark layer (2.3–7.8 µg L−1 at 30–95 m). We consid-
ered the spring diatom bloom to be in a declining phase on
15 March.

On 14 April, the Chl-a concentrations were very low in the
euphotic zone (0.05–1.6 µg L−1 at 0–40 m) and in the deeper
layer (0.85–4.6 µg L−1 at 50–85 m) except for the bottom wa-
ter just above the seafloor (12.2 µg L−1 at 95 m). We believe
that the spring diatom bloom had terminated by 14 April. A
local Chl-a maximum concentration of 4.6 µg L−1 was found
at 50 m depth, which was between the euphotic-zone depth
(42 m) and the dark-layer depth (55 m).
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Figure 4. Time–depth sections of (a) the Chl-a concentration, (b) apparent oxygen utilization (AOU), and concentrations of (c) NO−3 ,

(d) PO3−
4 , (e) Si(OH)4, and (f) NH+4 in the water column in Funka Bay, Japan. Water was collected on 15 February, 4 and 15 March, and

14 April 2019. White circles indicate sampling depths. Solid white lines indicate the euphotic-zone depth (1 % PAR). Solid black lines
indicate the dark-layer depth (0.1 % PAR). Black-and-white dotted lines indicate the surface mixed-layer depth. Squares outlined with red-
and-white dotted lines indicate the subsurface layer (30–50 m) on 4 and 15 March, where nutrient reductions were observed. PAR denotes
photosynthetically active radiation.

3.2.2 Nitrate

On 15 February, nitrate (NO−3 ) concentrations (8.4–
9.2 µmol L−1) were vertically uniform (Figs. 4c, 5a).

By 4 March, the NO−3 concentrations had substantially de-
creased to 0.15–0.60 µmol L−1 in the depth range between 0
and 10 m within the euphotic zone. The decrease at the sur-
face was due to consumption by diatoms, which had rapidly
grown during the spring bloom. Below the surface (20–
95 m), the NO−3 concentrations had also decreased to 1.9–
6.0 µmol L−1, which was approximately half of the concen-
tration in February. Because the dark-layer depth was 60 m
on 15 February and 18 m on 4 March, the depth range of
60–95 m was dark on both dates. Thus, there could have
been no photosynthesis-related NO−3 consumption in the

dark layer (60–95 m). However, NO−3 concentrations in the
dark layer had decreased to 4.1–5.8 µmol L−1, which was
60 % of the concentration in February. Explanations for the
decrease in NO−3 concentrations in the dark layer are dis-
cussed in Sect. 4.1.

On 15 March, the NO−3 levels at 0–10 m depth (0.39–
0.79 µmol L−1) within the surface mixed layer (0–18 m)
had not changed since 4 March. The euphotic-zone depth
(1 % PAR) and dark-layer depth (0.1 % PAR) had deep-
ened to 22 and 30 m, respectively. The NO−3 concentrations
in the dark subsurface layer (30–50 m) had decreased sub-
stantially to 1.6–3.6 µmol L−1, approximately half those on
4 March within the same depth range. The range of the
reduction rate of NO−3 per unit Chl a in the subsurface
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Figure 5. Vertical profiles of (a) NO−3 , (b) PO3−
4 , (c) NH+4 , (d) Si(OH)4, (e) Chl a, and (f) apparent oxygen utilization (AOU) at station 30

in Funka Bay, Hokkaido, Japan, on 15 February, 4 and 15 March, and 14 April 2019.

layer between 4 March and 15 March was 0.016–0.029 µmol
(µg Chl a)−1 d−1. The reduction rate per unit Chl a will be
compared with the dark-incubation results in Sect. 3.3. We
hypothesized that the diatoms that had settled from the sur-
face to the subsurface layer consumed NO−3 in the dark. This
possibility will be discussed in Sect. 4.2. The NO−3 concen-
trations in the deeper layer (60–95 m) had not changed since
4 March.

By 14 April, the euphotic-zone depth had deepened to
47 m. The NO−3 concentrations had decreased to below the
detection limit (<0.05 µmol L−1) in the upper euphotic zone
(0–30 m) and had decreased to 1.4 µmol L−1 in the lower
euphotic zone (40 m). In the deep water (80–95 m), the
NO−3 concentrations slightly increased from 5.26 µmol L−1

on 15 March to 6.60 µmol L−1 on 14 April.

3.2.3 Phosphate and silicate

Overall, temporal variations in PO3−
4 and Si(OH)4 concen-

trations were very similar to those of NO−3 (Figs. 4d, e;
5b, d). We found decreases in these nutrients in the dark
subsurface layer at 60–95 m on 4 March and at 30–50 m
on 15 March. On 4 March, the concentrations of PO3−

4

and Si(OH)4 in the dark subsurface layer (30–50 m) were
0.66 and 12.4 µmol L−1, respectively, decreasing to 0.53 and
8.7 µmol L−1, respectively, on 15 March. We concluded that
the reasons for these decreases were the same as for NO−3 ,
as discussed in Sect. 4.1 and 4.2. The ranges of the reduc-
tion rate per unit Chl a in the subsurface layer between
4 and 15 March were 0.001–0.002 µmol (µg Chl a)−1 d−1

for PO3−
4 and 0.029–0.053 µmol (µg Chl a)−1 d−1 for

Si(OH)4. The reduction rate per unit Chl a will be com-
pared with the dark-incubation results in Sect. 3.3. In con-
trast to the subsurface layer, the average concentrations
of PO3−

4 and Si(OH)4 in the deep layer (80–95 m depth)
increased with time: 0.78 µmol L−1 and 15.3 µmol L−1 on
4 March, 0.89 µmol L−1 and 22.3 µmol L−1 on 15 March,
and 1.57 µmol L−1 and 25.1 µmol L−1 on 14 April, respec-
tively. A clear increase in the AOU in deep water (80–95 m
depth) was found from 15 March (average of 20.9 µmol L−1)
to 14 April (average of 56.0 µmol L−1) (see Figs. 4b and 5f).
Because the increase in PO3−

4 coincided with the rise in the
AOU, it likely resulted from remineralization following the
decomposition of organic matter suspended in the bottom
water or settled on the seafloor. The increase in Si(OH)4 in
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the bottom water likely resulted from the dissolution of bio-
genic silica that settled on the seafloor.

3.2.4 Ammonium

Temporal variations in NH+4 concentrations were similar to
those of the other nutrients, except for substantial increases
in NH+4 in the subsurface and bottom layers on 15 March
(Figs. 4f, 5c). We considered these increases to be due to
the remineralization of organic matter suspended in the wa-
ter column or settled on the seafloor. Because the NH+4 con-
centrations were at their lowest during winter with a total
column average of 0.25 µmol L−1 on 15 February, the signal
from remineralization could be clearly detected on 15 March
with an average of 0.54 µmol L−1 in the subsurface water
(30–50 m). The deepwater NH+4 concentrations obviously in-
creased with time from 4 March: 0.31 µmol L−1 on 4 March,
0.95 µmol L−1 on 15 March, and 3.05 µmol L−1 on 14 April.

3.3 Limiting factor of primary production during the
bloom

On 15 February, before the occurrence of a massive di-
atom bloom, the average concentrations of NO−3 , PO3−

4 ,
and Si(OH)4 at the surface (0–10 m) were 9.1, 0.86, and
19.8 µmol L−1, respectively. On 4 March, at the peak of
the bloom, the average concentrations of NO−3 , PO3−

4 ,
and Si(OH)4 at the surface (0–10 m) were 0.34, 0.43,
and 5.6 µmol L−1, respectively. Uptake ratios of N : P and
Si : N at the surface between 15 February and 4 March
were 20.5 (= (9.1–0.34) / (0.86–0.43)) and 1.62 (= (19.9–
5.6) / (9.1–0.34)), respectively. Similar uptake ratios during
the diatom bloom in Funka Bay have been reported to be
15.6–23.6 for N : P and 1.9–2.7 for Si : N (Kudo and Mat-
sunaga, 1999). From the N : P uptake ratio, NO−3 in the sur-
face water could have been depleted from 4 March onward.
On 15 March, during the declining phase of the bloom, the
average concentrations of NO−3 , PO3−

4 , and Si(OH)4 at the
surface (0–10 m) were 0.54, 0.37, and 4.5 µmol L−1, respec-
tively. As a sufficient amount of Si(OH)4 remained in the
surface water on 15 March, we considered that the N deple-
tion in the surface water limited primary production after the
peak of the bloom.

3.4 Dark-incubation experiments

We show temporal changes in nutrients and Chl a in the dark-
incubation experiments using the diatom Thalassiosira nor-
denskioeldii (Fig. 6 for the first and second experiments and
Fig. 7 for the third and fourth experiments) and natural sea-
water (Fig. 8).

3.4.1 Thalassiosira nordenskioeldii incubation
experiment

In the first Thalassiosira experiment, we added nutrients into
the nutrient-depleted culture medium. The added amount of
NO−3 per unit Chl a (0.022= 31.1 µmol L−1 / 1426 µg L−1)
was 6 % of the concentration ratio of NO−3 :Chl a

(0.40= 4.8 µmol L−1 / 12 µg L−1) in seawater at 40 m on
4 March. The first incubation experiment results demon-
strated that the diatom culture, which had been depleted of
nutrients before the start of the dark incubation, rapidly ex-
hausted nutrients in the dark within 6 d of nutrient addition
(Fig. 6a–c). As we did not check for bacterial contamination
after the experiment, bacterial consumption and/or recycling
of nutrients in the culture might have influenced the results.
We assumed that bacterial activity had less effect on nutrient
changes in the high-density diatom culture. The daily con-
sumption rates per unit Chl a calculated from the concen-
tration difference in nutrients between Day 0 and Day 2 and
the initial concentration of Chl a (1426 µg L−1) of the dark
incubation were 0.0084 µmol (µg Chl a)−1 d−1 for NO−3 ,
0.00036 µmol (µg Chl a)−1 d−1 for PO3−

4 , and 0.0015 µmol
(µg Chl a)−1 d−1 for Si(OH)4. From these consumption
rates, we estimated the concentration decreases (1 nutrients)
in the subsurface layer for the 11 d between 4 and 15 March
using an observed Chl-a concentration of 11.54 µg L−1 (av-
erage on 4 March). The estimated 1NO−3 (−1.1 µmol L−1),
1PO3−

4 (−0.05 µmol L−1), and1Si(OH)4 (−0.18 µmol L−1)
values were 1/2 to 1/20 of the actual decreases in the subsur-
face layer between 4 and 15 March:1NO−3 , −2.0 µmol L−1;
1PO3−

4 , −0.12 µmol L−1; and 1Si(OH)4, −3.7 µmol L−1.
Silicic acid was almost depleted on Day 2 of the dark incu-
bation. If the diatoms had exhausted Si(OH)4 earlier than we
collected the culture sample on Day 2, the daily consumption
rates would be underestimated.

In the second Thalassiosira experiment, we added ex-
cess amount of nutrients into the nutrient-depleted medium,
in which cultured diatoms were in a declining phase
of growth. The added amount of NO−3 per unit Chl a
(10.3= 743.5 µmol L−1 / 72.5 µg L−1) was 26 times that of
the seawater concentration ratio at 40 m on 4 March 2019.
The results of the second incubation experiment (Fig. 6d–
f) demonstrated that the diatom culture consumed nutrients
in the dark. The daily consumption rates were 0.11 µmol
(µg Chl a)−1 d−1 for NO−3 , 0.053 µmol (µg Chl a)−1 d−1

for PO3−
4 , and 0.41 µmol (µg Chl a)−1 d−1 for Si(OH)4, 12–

173 times those of the first experiment. We deduced that the
high consumption rates per unit Chl a in the second exper-
iment were due to high consumption rates per unit cell, as
Chl a was low, although we did not count the cell number
density. The estimated 1NO−3 (−13.9 µmol L−1), 1PO3−

4
(−6.74 µmol L−1), and 1Si(OH)4 (−51.5 µmol L−1) values
were 7–56 times those of the actual decreases in the subsur-
face layer.
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Figure 6. Temporal change in the nutrient concentrations in the dark-incubation experiment using the diatom Thalassiosira nordenskioeldii
for (a) NO−3 , (b) PO3−

4 , and (c) Si(OH)4 in the first experiment and for (d) NO−3 , (e) PO3−
4 , and (f) Si(OH)4 in the second experiment. The

diatom was pre-cultured for 17 or 42 d under lit conditions before nutrients were added. Each incubation bottle (n= 1) with nutrient addition
was put in the dark on Day 0.

In the third and fourth Thalassiosira experiments, the
added amount of NO−3 per unit Chl a (0.77–0.96) was
1.9–2.4 times that of the seawater concentration ratio at
40 m on 4 March. The results of the third and fourth ex-
periments (Fig. 7a–h) demonstrated that the diatom cul-
ture consumed nutrients in the dark. The consumption
rates, which were calculated from the concentration dif-
ference in nutrients between Day 0 and Day 3 of the
dark incubation and the initial Chl-a concentrations on
Day 0, were 0.034–0.043 µmol (µg Chl a)−1 d−1 for NO−3 ,
0.0059–0.0086 µmol (µg Chl a)−1 d−1 for PO3−

4 , and 0.034–
0.035 µmol (µg Chl a)−1 d−1 for Si(OH)4. The estimated
1NO−3 from −4.3 to −5.4 µmol L−1,1PO3−

4 from −0.75 to
−1.1 µmol L−1, and 1Si(OH)4 from −4.3 to −4.4 µmol L−1

were close to the actual decreases between the two
dates: 1NO−3 , −2.0 µmol L−1; 1PO3−

4 , −0.12 µmol L−1;
and1Si(OH)4,−3.7 µmol L−1. The Chl-a concentrations in-
creased in the dark: from 145 µg L−1 (Day 0) to 250 µg L−1

(Day 3) for the third experiment and from 198 µg L−1 (Day 0)
to 294 µg L−1 (Day 3) for the fourth experiment.

3.4.2 Natural seawater incubation experiment

In the natural seawater incubation experiment using seawater
samples collected on 8 March 2022, the added amount of
NO−3 per unit Chl a (0.50= 12.6 µmol L−1 / 25.1 µg L−1)
into nutrient-depleted seawater was between the concentra-
tion ratio of NO−3 :Chl a (0.33= 4.9 µmol L−1 / 14.5 µg L−1)
in seawater at 5 m and the ratio of 0.81 (=
7.4 µmol L−1 / 9.1 µg L−1) at 40 m on 8 March 2022.
The results of the natural seawater experiment, in which
nutrients were added into the nutrient-depleted seawa-
ter after pre-culturing under lit conditions, are shown
in Fig. 8a–d. We found decreases in nutrient concen-
trations in the dark period after nutrient addition. The
consumption rates, which were calculated from the concen-
tration difference in nutrients between Day 0 and Day 7
of dark incubation and the initial Chl-a concentration
on Day 0, were 0.053 µmol (µg Chl a)−1 d−1 for NO−3 ,
0.0018 µmol (µg Chl a)−1 d−1 for PO3−

4 , and 0.010 µmol
(µg Chl a)−1 d−1 for Si(OH)4. The consumption rates
were close to the rates found in the dark subsurface layer
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Figure 7. Temporal change in the nutrient and Chl-a concentrations (mean± 1 SD, n= 4) in the dark-incubation experiment using the
diatom Thalassiosira nordenskioeldii for (a) NO−3 , (b) PO3−

4 , (c) Si(OH)4, and (d) Chl a in the third experiment and for (e) NO−3 ,

(f) PO3−
4 , (g) Si(OH)4, and (h) Chl a in the fourth experiment. The diatom was cultured for 10 or 11 d under lit conditions before nu-

trients were added. Each incubation bottle (n= 4) with nutrient addition was put in the dark on Day 0.

(30–50 m) between 4 and 15 March 2019. The estimated
1NO−3 (−6.7 µmol L−1), 1PO3−

4 (−0.23 µmol L−1), and
1Si(OH)4 (−12.9 µmol L−1) values were greater than the
nutrient decreases in the dark subsurface layer between 4
and 15 March 2019. However, the results of the natural
seawater experiment under continuous dark conditions
without nutrient addition (Fig. 8e–h) demonstrated that
all nutrients were not consumed by phytoplankton in the
dark. We considered that the phytoplankton collected from
natural seawater on 8 March 2022 did not require nutrients
under continuous dark conditions, as there was enough NO−3
(4.6 µmol L−1) when the water at 5 m depth was collected in
the growing phase of the bloom.

4 Discussion

4.1 Nitrate consumption in the dark layer between
15 February and 4 March

We propose two explanations for the decrease in the NO−3
concentration in the dark layer (60–95 m) between 15 Febru-
ary and 4 March. The first possible explanation is that NO−3
was consumed by diatoms during their growth in the up-
per euphotic zone after 15 February and that this water, in
which NO−3 had been consumed during photosynthesis, then
mixed vertically with deeper water (60–95 m) due to win-
ter cooling before the water became stratified by 4 March.
The possibility of vertical mixing between these two dates
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Figure 8. Temporal change in Chl-a and nutrient concentrations (mean± 1 SD: n= 8 in the lit period and n= 4 in the dark period) in the
incubation experiment using natural seawater (5 and 40 m depths) collected from station 30 in Funka Bay on 8 March 2022. Phytoplankton
in the seawater at 5 m depth were pre-cultured for 5 d under lit conditions to deplete nutrients before nutrients were added to the seawater
on Day 0 of the dark period (nutrient addition) or not added (no nutrient addition); (a) Chl a, (b) NO−3 , (c) PO3−

4 , and (d) Si(OH)4 were
examined for the light and dark experiment. Phytoplankton in seawater at 5 and 40 m depths were cultured under continuous dark conditions
without nutrient addition after the seawater collection; (e) Chl a, (f) NO−3 , (g) PO3−

4 , and (h) Si(OH)4 were examined for the continuous
dark experiment.

is supported by the temporal variation in the AOU, which is
defined as the difference between the equilibrium saturation
concentration and the measured concentration of oxygen in
the water – i.e., positive and negative AOU values suggest net
consumption (respiration) or net production (photosynthesis)
of oxygen in water, respectively. On 15 February, the abso-
lute value of the AOU over most of the water column was
the lowest noted during the observation period (average of
6.2 µmol L−1, range of −3 to 23 µmol L−1), suggesting that
there was no significant net O2 production throughout the to-
tal water column. By 4 March, the AOU values had dropped
to a range of between −14 and −94 µmol L−1 at 0–50 m and
of between −7 and −42 µmol L−1 at 60–95 m, even in the
dark. Note that the decrease in the water temperature between
the two dates (1temp=−0.45 ◦C) could have caused an in-

crease in the AOU (1AOU= +3.6 µmol L−1) due to the in-
crease in the solubility of oxygen. The large negative AOU
in the euphotic zone on 4 March was apparently due to pho-
tosynthetic O2 production. The negative AOU in the deeper
dark layer (60–95 m) on 4 March was thought to be due to
mixing with surface water, in which the AOU had been low-
ered by photosynthesis, before the water became stratified by
4 March.

The second possible explanation is that the diatoms, which
had grown at the surface and then settled to the deeper layer,
consumed NO−3 in the dark without photosynthetic growth.
The possibility of nutrient consumption in the dark is dis-
cussed in Sect. 4.2.1. We believe that both explanations apply
to the decrease in NO−3 concentrations in the deeper layer be-
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tween these two dates; however, we could not separate their
effects.

4.2 Nutrient consumption in the dark subsurface layer
between 4 and 15 March

We found decreases in the nutrient concentrations in the dark
subsurface layer between 15 February and 4 March and also
between 4 and 15 March. The latter reduction could not have
been affected by photosynthetic consumption by diatoms be-
cause there was almost no light available for photosynthesis.
Here, we discuss the possible reasons for the nutrient reduc-
tions between 4 and 15 March.

4.2.1 Nutrient consumption by diatoms in the dark

First, we considered nutrient consumption by diatoms that
were sinking from the surface and suspended in the dark sub-
surface layer during the bloom as a possible explanation for
nutrient reduction in the subsurface layer. To examine this
possibility, we conducted dark-incubation experiments us-
ing the diatom Thalassiosira nordenskioeldii, which dom-
inates during the spring bloom in Funka Bay (Ban et al.,
2000). From microscopic image analysis, Thalassiosira nor-
denskioeldii occupied 14.2 % of the number of phytoplank-
ton cells (n= 1209) collected by a plankton net (mesh size
of 100 µm) on 15 March 2019. Other dominant species were
Chaetoceros spp. and other Thalassiosira sp. We confirmed
that Thalassiosira nordenskioeldii was one of the dominant
species in the spring bloom 2019. From the results of dark-
incubation experiments using Thalassiosira nordenskioeldii
and natural seawater collected on 8 March 2022, we demon-
strated that nutrient consumption by diatoms in the dark had
the potential to cause a nutrient reduction in the dark subsur-
face layer.

Cochlan et al. (1991) carried out onboard incubations with
a diatom-dominated natural seawater, setting dark periods of
2–4 h after light periods. They reported nutrient consump-
tion rates in the dark of 0.09–0.14 µmol (µg Chl a)−1 d−1 for
NO−3 , which are close to the results from our second Tha-
lassiosira incubation. Many previous studies have focused
on nutrient consumption in the dark within the day–night
cycle in the euphotic zone. Onboard simulated in situ in-
cubations yielded NO−3 consumption rate dark : light ratios
of 0–0.67 (Nelson and Conway, 1979), 0–1.0 (Conway and
Whitledge, 1979), and 0–0.51 (Cochlan et al., 1991). These
previous works have reported wide ranges of nutrient con-
sumption rates in the dark and ratios. Cochlan et al. (1991)
reported that the dark : light uptake ratio was greater in N-
impoverished waters than in N-replete waters, suggesting
that nutrient uptake in the dark is enhanced by nutrient
stress. They also mentioned the importance of N uptake by
heterotrophic bacteria, citing studies where uptake by het-
erotrophic bacteria ranged from half the uptake by phyto-
plankton to half of the total N uptake.

In the dark subsurface layer of Funka Bay between 4 and
15 March 2019, N-depleted diatoms that sunk from the sur-
face after the peak of the bloom could have enhanced NO−3
consumption in the dark. However, N-depleted diatoms in the
growing phase of the bloom on 8 March 2022 would not have
had the potential to consume nutrients under continuous dark
conditions (see Fig. 8e–h). Although the nutrient consump-
tion rates in the dark had wide ranges, we concluded that
nutrient consumption by diatoms in the dark after the peak
of the bloom had the potential to reduce nutrients by half in
the dark subsurface layer of Funka Bay.

4.2.2 Water mixing as a possible explanation for
nutrient reduction

Second, we discuss the possibility that vertical mixing be-
tween the surface mixed layer, which already had reduced
nutrient levels, and the subsurface layer (30–50 m) resulted
in the observed decrease in nutrient concentrations in the
subsurface layer. Because the density (σ ) gradient between
depths of 20 and 30 m, (σ30 m–σ20 m) / (30–20 m), of 0.0033
(kg m−3 m−1) on 4 March substantially increased to 0.021
(kg m−3 m−1) on 15 March, the stratification between these
layers had strengthened (Fig. 2c). Additionally, there was no
bad weather during this period; the wind speeds were rel-
atively low, with daily averages of 3.0–5.9 m s−1, although
low air temperature lasted, with daily averages of 1.0–5.3 ◦C
(data from Muroran meteorological observatory, Meteoro-
logical Agency of Japan; https://www.data.jma.go.jp/risk/
obsdl/index.php, last access: 15 January 2023).). The effect
of low-salinity water inflow on the density decrease in the
surface layer overcame the effect of cooling on the density
increase (Fig. 2). From these observations, we excluded the
possibility of vertical mixing between the two layers as an
explanation for the decrease in nutrients in the subsurface
layer.

We also considered the possibility of horizontal mixing of
subsurface water with Oyashio water entering from the sur-
face of the bay. Oyashio water is characterized by its low
salinity. Because the salinity at 30 m declined from 33.58 on
4 March to 33.47 on 15 March, it is possible that the influ-
ence of low-salinity Oyashio water extended to 30 m. As the
salinity of Oyashio water at 10 m depth on 15 March, where
the minimum temperature (2.6 ◦C) was found suggesting the
appearance of the main body of Oyashio water, was 33.0,
we assumed that the salinity of original Oyashio water was
33.0. A mixing between 20 % Oyashio water and 80 % Funka
Bay water at 30 m would change the salinity at 30 m depth
from 33.58 (on 4 March) to 33.47 (on 15 March). Even if
the concentrations of nutrients in the original Oyashio water
were 0 µmol L−1, the mixing ratio of 8 : 2 (Funka Bay wa-
ter : Oyashio water) would reduce the nutrient concentrations
at 30 m depth by only 20 %. In reality, the NO−3 concentra-
tion at 30 m was decreased by half between these two dates
(Fig. 5a), and the salinity values at 40 and 50 m depths did
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not change (Fig. 2b). Thus, we excluded the possibility of
mixing with Oyashio water as a reason for nutrient reduction
in the subsurface layer.

4.2.3 Diffusive transport between the surface and the
subsurface layers

Third, we discuss the effect of the diffusive transport
of NO−3 on the concentration decrease in the subsurface
layer (30–50 m) on 15 March. Diffusive coefficients (Kρ)
have not been measured in Funka Bay. We referred to a
range of Kρ (10−6–10−5 m2 s−1) measured just below the
mixed layer (∼ 30 m) in the western subarctic Pacific in
summer (Dobashi et al., 2021). Concentration gradients of
NO−3 were −0.000221 µmol m−4 (1NO−3,20−30 m / 10 m),
−0.000141 µmol m−4 (1NO−3,30−40 m / 10 m),
−0.000115 µmol m−4 (1NO−3,40−50 m / 10 m), and
−0.0000135 µmol m−4 (1NO−3,50−60 m / 10 m). The range of
the diffusive transport of NO−3 was calculated to be 0.00022–
0.0022 µmol m−2 s−1 between 20 and 30 m, which could
result in a concentration change of 0.021–0.21 µmol L−1

at 30 m for 11 d. Concentration changes between 30 and
40 m and between 40 and 50 m were calculated to be
0.013–0.13 µmol L−1 and 0.011–0.11 µmol L−1, respec-
tively. The sum of the concentration changes at 30 m,
including transport from the 20 m layer and from the 40 m
layer, ranges from −0.20 µmol L−1 (−0.21+ 0.013) to
+0.11 µmol L−1 (−0.021+ 0.13). The ranges of the sum
of concentration changes at 40 and 50 m were from −0.12
to +0.096 µmol L−1 and from −0.11 to −0.024 µmol L−1,
respectively. The observed decreases were 1.6 µmol L−1

at 30 m, 2.0 µmol L−1 at 40 m, and 2.4 µmol L−1 at 50 m
between these dates. Thus, we concluded that diffusive
transport of NO−3 had a minor effect on the concentration
decreases in the subsurface layer.

4.2.4 Subduction of surface water into the subsurface
layer

Fourth, we discuss the possibility that the subduction of sur-
face water caused a decrease in the nutrient concentrations
in the subsurface layer (30–50 m) at observation station 30.
At the medium depth (40 m) of the subsurface layer, the tem-
perature, salinity, and density were 3.5–3.6 ◦C, 33.64, and
26.7σ , respectively, on 4 and 15 March (Fig. 2). If the surface
water in certain area of the bay had subducted and reached
40 m depth at the observation station on 15 March, the sub-
ducted water would have had the same temperature, salin-
ity, and density as at the surface. The average current speed
at 40 m depth between these dates was 3.3 cm s−1 (unpub-
lished data), which was obtained from an acoustic Doppler
current profiler (ADCP) set on the seafloor at the station.
Water anywhere in the bay could have reached the middle
layer at the station within 11 d, where the water moved at the
current speed of 3.3 cm s−1. We obtained the spatial distri-

Figure 9. Horizontal distributions of (a) temperature, (b) salinity,
and (c) density at the surface (1 m) of Funka Bay on 4 March 2019.
Boundary lines at the 3.5–3.6 ◦C temperature range, at 33.6 salinity,
and at 26.7σ density are shown in the respective figures. All bound-
ary lines are shown in the enlarged figure of density. The location
of the observation station is marked with a cross. The ocean reanal-
ysis product, produced using an operational system for monitoring
and forecasting the status of coastal and open-ocean waters around
Japan (the JPN system), was provided by Meteorological Research
Institute in Japan.

butions of temperature, salinity, and density at the sea sur-
face (1 m) on 4 March using the ocean reanalysis product
provided by the Meteorological Research Institute in Japan
(Fig. 9a–c). From these spatial distributions, there were no
areas that satisfied the abovementioned required temperature
(3.5–3.6 ◦C), salinity (33.64), and density (26.7σ ) criteria
with respect to forming subduction water at 40 m depth at
the observation station (see the enlarged map in Fig. 9c). We
considered that the subsurface layer water at the station was
not associated with subduction. Note that the modeled verti-
cal profiles of temperature, salinity, and density were not in
good agreement with the observed profiles (Fig. S3): based
on the model results, the influence of low-salinity Oyashio
water, which flowed on the surface of Funka Bay, was esti-
mated to be stronger than the observational results. If the in-
fluence of Oyashio water had been as strong as the model in-
dicated, the subsurface water (30–50 m) might have changed
between 4 and 15 March 2019. We considered that the sub-
surface water remained stable between the aforementioned
dates due to weak Oyashio water inflow.
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From the above discussions, we concluded that nutri-
ent reductions in the dark subsurface layer between 4 and
15 March were mainly caused by nutrient consumption by
diatoms in the dark.

4.3 The influence of nutrient consumption by diatoms
in the dark subsurface layer

Nutrient uptake by diatoms in the dark subsurface layer af-
ter the peak of the bloom would have impacts on primary
production and the distribution of phytoplankton during the
bloom and post-bloom periods. We propose the following
two alternative hypotheses to deduce the influence of nutrient
uptake in the dark subsurface layer:

1. If the diatom population that had consumed half of the
nutrients in the dark subsurface layer sank to the deeper
layer during the bloom, primary production in the sub-
surface layer after the bloom (at which time this layer
would be part of the euphotic zone) would be reduced
by half at maximum compared with production if there
was no nutrient consumption during the dark period.

2. If the diatoms that had consumed nutrients in the dark
subsurface layer remained in that layer after the bloom
or migrated to the upper layer, they could potentially
undergo rapid growth under returning light conditions
when the euphotic zone deepened after the bloom.

In the case of Funka Bay, we note that the consumption of
nutrients in the dark subsurface layer would have an impact
outside of the bay, as the subsurface water is exchanged with
Oyashio water.

In relation to the second hypothesis, an interesting survival
strategy for the diatom Rhizosolenia, which forms large ag-
gregations (mats), has been proposed (Villareal et al., 1996;
Richardson et al., 1998; Villareal et al., 1999, 2014): Rhi-
zosolenia diatoms consume NO−3 in the dark subsurface layer
and then migrate to the euphotic zone where they have a
growth advantage in oligotrophic subtropical open-ocean ar-
eas. The coastal marine diatom Thalassiosira weissflogii has
also been studied to examine changes in buoyancy in relation
to carbohydrate : protein ratios which determine the cell den-
sity (Richardson and Cullen, 1995). That study revealed that
the accumulation of carbohydrate as a result of nitrate deple-
tion leads to rises in cellular density and sinking speed and
that the accumulation of protein as a result of nitrate addition
after nitrate depletion leads to a positive buoyancy. A model-
ing study estimated that vertically migrating phytoplankton
contribute 7 % of the net primary production at the subarctic
gyre in the western Pacific (Witz and Lan Smith, 2020).

These previous studies (Villareal et al., 1996; Richardson
et al., 1998; Villareal et al., 1999) have not yet found any
evidence of a decrease in NO−3 in the dark subsurface layer
based on observations. If the diatom migration strategy hy-
pothesis proposed by previous studies is true, the results of

our study will provide evidence of a decrease in NO−3 in
the dark subsurface layer associated with the diatom migra-
tion strategy. As for the reduction in Si(OH)4 concentrations
found in the dark subsurface layer of the Barents Sea, it has
been suggested that diatoms settling from the surface con-
sume Si(OH)4 in the dark subsurface layer to form spores
(Rey and Skjoldal, 1987).

However, there is not yet sufficient observational data for
a complete explanation. Thus, further research is needed to
examine these possible strategies and their impacts on bio-
geochemical cycles.

5 Conclusions

We conducted repetitive observations in Funka Bay,
Hokkaido, Japan, from 15 February to 14 April 2019 during
and after the spring bloom. We found decreases in the nutri-
ent concentrations in the dark subsurface layer both before
and after the peak of the bloom and concluded that the latter
reduction was caused by nutrient consumption in the dark by
diatoms that had grown in the euphotic zone and then sank to
the dark subsurface layer. We reached this conclusion using
the following rationale:

1. From the dark-incubation experiments, we confirmed
that the diatom Thalassiosira nordenskioeldii, which is
one of the dominant diatom species in the Funka Bay
bloom, could consume added nutrients in the dark at
substantial rates after pre-culturing to deplete nutrients
and that phytoplankton in nutrient-depleted natural sea-
water collected in the bay before the peak of diatom
bloom on 8 March 2022 could also consume added nu-
trients in the dark. Although the consumption rates var-
ied over a wide range, we concluded that the consump-
tion of nutrients by diatoms in the dark subsurface layer
had the potential to reduce nutrient concentrations by
half in this layer (30–50 m).

2. We excluded water mixing, diffusive transport, and sub-
duction as possible reasons for nutrient reduction in the
subsurface layer between 4 and 15 March. First, the
stratification between the surface and subsurface layers
was strengthened after 4 March; therefore, we consid-
ered vertical mixing of water between the layers to be
limited. The small decline in salinity at 30 m and no
change in salinity at 40–50 m meant that mixing with
low-salinity Oyashio water could not explain the nu-
trient reduction, even if the Oyashio water had no nu-
trients. Second, we estimated the diffusive transport of
NO−3 to have a minor effect on the concentration de-
crease in the subsurface layer. Third, we showed that
there were no areas that satisfied the required surface
temperature, salinity, and density criteria with respect
to forming subduction water in the subsurface layer
(medium depth of 40 m) at the observation station on
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15 March 2019. Thus, we excluded subduction as the
main reason for nutrient reduction.

The consumption of nutrients in the dark has been stud-
ied in many simulated in situ incubation experiments, with
the goal of understanding the consumption of nutrients in
the dark during a daily cycle within the euphotic zone. We
believe that this is the first study to demonstrate observa-
tional evidence of consumption of the three main nutrients
(NO−3 , PO3−

4 , and Si(OH)4) by diatoms in the dark subsur-
face layer during a bloom. This consumption could result
in reduced new production in the subsurface layer after the
bloom, when this layer would once again become part of the
euphotic zone, if the diatoms sank to deeper layers. Further
research is needed to examine the survival strategies of di-
atoms consuming nutrients in the dark subsurface layer.
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