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Abstract. We conducted time-series observations in Funka Bay, Hokkaido, Japan, from 15 February to 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 15 

depth, which was below the surface mixed-layer and dark-zone depths on both dates. At depths of 30–50 m, concentrations of 

NO3
–, PO4

3–, and Si(OH)4 decreased by half between these dates even in darkness. Incubation experiments using the diatom 

Thalassiosira nordenskioeldii showed that this diatom could consume nutrients in darkness at substantial rates. We conclude 

that the nutrient reduction in the subsurface layer (30–50 m) could be explained by dark consumption by diatoms that had been 

growing in the surface waters and then sank to the subsurface layer. We believe that this is the first study to present 20 

observational evidence for the consumption of the main nutrients by diatoms in the dark subsurface layer during the spring 

bloom. Nutrient consumption in this layer might have a substantial influence on the primary production during and after the 

spring bloom. 

1 Introduction 

The supply of nutrients to the surface euphotic zone has a potent influence on regulating marine primary production. Numerous 25 

studies have examined nutrient utilization by marine biota in relation to the nutrient cycles among the surface euphotic zone 

and conterminous zones (e.g., below the euphotic zone, atmosphere, rivers). In the subarctic North Pacific Ocean, the higher 

Si:NO3
– ratio in the surface of the western gyre (Oyashio region) leads to a diatom-dominant population, and the lower ratio 
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in the eastern gyre leads to a reduced diatom population; both subarctic gyres are known to be high-nitrate, low-chlorophyll 

(HNLC) regions, where depletion of dissolved iron (D-Fe) limits the primary production (Harrison et al. 2004). 30 

Oyashio water reaches the area off the coast of Hokkaido, Japan, where the subtropical water derived from Kuroshio or the 

Tsugaru warm current waters are also found. A small portion of Oyashio water enters Funka Bay, Hokkaido, Japan, in early 

spring. The bay water exchanges twice a year, with cold Oyashio water in early spring and Tsugaru warm water in early fall 

(Ohtani 1971). From time-series observations in the bay, it is possible to examine the temporal changes of biochemical 

parameters within the same identified water mass while the water is in the bay. Temporal changes in nutrients (Kudo and 35 

Matsunaga 1999; Kudo et al. 2000) and isoprene (Ooki et al. 2019) have been examined in relation to primary production in 

the bay. A massive spring bloom dominated by diatom species occurs in March every year before the Oyashio water flows 

into the surface of the bay, and it lasts until late March or early April, when Oyashio water occupies the surface of the bay 

(Odate 1987; Maita and Odate 1988). The spring diatom bloom ends because of nitrate depletion, but silicate is further 

consumed after the nitrate depletion (Kudo et al. 2000). After the bloom, phosphorus depletion in the bay occasionally limits 40 

the primary production (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), so D-Fe would not limit primary production. One-third of annual primary production 

occurs during the spring bloom (Kudo and Matsunaga 1999). Thus, depletion of macronutrients (N, P, 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 the 45 

sedimentation (Kudo et al. 2007). 

Although most previous studies in Funka Bay have focused on nutrient consumption in the surface euphotic zone and nutrient 

regeneration in the bottom water, Kudo and Matsunaga (1999) have pointed out that NO3
- concentrations in the dark subsurface 

layer decreased during the spring blooms in 1991 during their observations from 1988 to 1992, and they mentioned that the 

decrease was due to dilution of water by vertical mixing. In figures of time-depth section of NO3
- concentration in Kudo and 50 

Matsunaga, it seems that decreases in NO3
- below the surface have occurred during the bloom of all years. This raises the 

question 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 of nutrient concentrations in Funka Bay from the early phase of the diatom 

bloom (February) to post-bloom (April) through time-series observations in 2019, focusing on the processes affecting nutrient 55 

reduction in the dark subsurface layer during the bloom. We do not discuss which nutrients limit the primary production in the 

surface layer during the bloom and post-bloom, because nutrient limitation during the spring bloom in the bay has been reported 

elsewhere (e.g. Kudo and Matsunaga 1999; Kudo et al. 2000; Yoshimura and Kudo 2011). In our time-series observations in 

Funka Bay, we measured volatile organic iodine compounds (VOIs) in seawater and sediment as well as nutrients. An overview 

of chlorophyll-a (chl-a) concentrations in 2018–2019 in the bay in association with the VOI changes has already been reported 60 

(Ooki et al., submitted). 
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2 Materials and methods 

2.1 Shipboard observations 65 

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 University. Water 

samples were collected at station 30 (St. 30; 40°16.2′N, 140°36.0′E; bottom depth, 96 m) located in the center of Funka Bay 

(Figure 1, right panel). 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 19 plus, Sea-Bird Electronics, Inc.). Surface water was collected with a 70 

plastic bucket, and bottom water was collected approximately 1 m above the seafloor using 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 (1 m above the seafloor). Observations in Funka 

Bay have been reported elsewhere (Shimizu et al. 2017). 

2.2 Analytical procedures 

Chl-a concentrations in discrete seawater samples (100 mL) were measured using the fluorometric Welschmeyer method 75 

(Welschmeyer 1994) and a Turner Designs fluorometer (model 10-AU-005). Concentrations of nutrients (NO3
–, NO2

–, NH4
+, 

SiO2, and PO4
3–) in discrete seawater samples were measured by colorimetric methods using a QuAAtro system (BL-tec). 

Analytical precision was 0.12% for NO3
–, 0.21% for NO2

–, 0.19% for PO4
3–, 0.11% for SiO2, and 0.34% for NH4

+. Dissolved 

oxygen was determined by Winkler titration using a 798 MPT Titrino analyzer (Metrohm, Herisau, Switzerland). Apparent 

oxygen utilization (AOU) was calculated by subtracting the measured oxygen concentration from the dissolved oxygen 80 

concentration at saturation under in situ temperature and salinity (Hansen 1999). 

2.3  Incubation experiments to test for nutrient consumption by diatoms in darkness 

A sterile culture of the diatom Thalassiosira nordenskioeldii, which predominates in the early phase of the spring bloom in 

Funka Bay (Ban et al 2000), was grown in Si-rich f/2 medium (NO3
–, 700 μmol L−1; PO4

3–, 26 μmol L–1; Si(OH)4, 75 μmol L–

1) at 6 °C. We used a 250-mL cell-cultivation flask with a vent cap (VTC-F75V, Violamo). Incubation procedures were carried 85 

out under sterile conditions; however, we did not check for contamination after the incubation. When the chl-a concentration 

in the medium reached 1426 μg L–1 on day 17 of culture, the concentrations of NO3
–, PO4

3–, and Si(OH)4 in the medium had 

dropped below 0.1, 0.05 and 0.1 μmol L–1, respectively. We regarded the diatoms in the medium on day 17 as being nutrient-

depleted. We added nutrients (stock f/2 medium) into the nutrient-depleted diatom culture, after which concentrations were as 

follows: NO3
–, 31.1 μmol L–1; PO4

3–, 1.15 μmol L–1; and Si(OH)4, 4.75 μmol L–1. The incubation bottle was put in a dark 90 

incubator at 6 °C for 6 days. On days 0, 2, 3, 4, and 6, 10 mL and 100 μL of incubation medium were filtered to measure 

nutrient and chl-a concentrations, respectively, using the same methods as for the measurements in seawater samples. 
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We also conducted a second dark incubation using another diatom culture Thalassiosira nordenskioeldii that had grown for 

42 days. The chl-a concentration in this culture was only 72.5 μg L–1, which was one twentieth of that in the first dark 

incubation, implying that it was in a decline phase. We set the initial concentrations of nutrients at 23 times those of the first 95 

dark incubation. On days 0, 1, 2, and 10, 10 mL and 1 mL of incubation medium were filtered to measure nutrient and chl-a 

concentrations, respectively. 

3 Results and Discussion 

3.1 Hydrographic features 

There are two main water masses in Funka Bay throughout the year. Tsugaru water that originates from the subtropical North 100 

Pacific and Oyashio water that originates from the subarctic North Pacific. The subtropical Tsugaru water has higher salinity 

(33.6–34.2), and is modified into winter water by winter cooling. The subarctic Oyashio water has 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 described by Ohtani and Kido (1980). Ooki et al. (2019) added the transitional waters to the water-mass 

classification: changing from winter water to Oyashio water (W-O), from Oyashio water to summer water (O-S), from summer 105 

water to Tsugaru water (S-T), and from Tsugaru water to winter water (T-W). The revised classification results in the temporal 

variation of water-mass structure shown in Figure 2. 

On 15 February 2019, Funka Bay was occupied by winter water at all depths. The influence of Oyashio water (W-O or Oyashio) 

was evident at the surface (0–7 m) on 4 March and had extended to the deeper layer (0–24 m) by 15 March, and to 0–52 m on 

14 April. Winter water remained in the deeper layer below the W-O or Oyashio waters. Here we focus on the temporal changes 110 

in biochemical parameters at the depth range of 30–50 m where winter water remained in Funka Bay between 4 and 15 March. 

Water mixing at that depth range will be discussed in section 3.3.1. 

3.2 Biochemical parameters 

We prepared time-depth sections of biochemical parameters, showing the surface mixed-layer, euphotic-zone, and dark-zone 

depths (Figure 3a–e). The surface mixed layer was defined as the layer in which density differences were within 0.125 kg m–115 
3 relative to the density at 5-m depth. The euphotic-zone depth was defined as the depth at which photosynthetically active 

radiation (PAR) was 1% of the surface PAR, where amount of photosynthesis is equal to respiration. We defined the dark-

zone depth at which PAR was 0.1% of the surface PAR, where amount of photosynthesis is much less than respiration. 

3.2.1 Chl-a 

15 February The surface mixed layer reached at least 85-m depth on 15 February, but the chl-a profile was not vertically 120 

uniform. Chl-a concentrations between 0 and 70 m were relatively high, ranging from 0.65 to 1.4 μg L–1 (average, 0.81 μg L–

1), compared with concentrations in the deeper layer (75–95 m), where they were below the detection limit (<0.05 μg L–1); see 
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the original data in supplementary information of Ooki et al., (submitted). We suggest that on this date, diatom growth had 

just started as an early phase of the spring bloom. The data for chl-a are taken from a related article. 

4 March By 4 March the chl-a concentrations had substantially increased at all depths. Notably high concentrations (27–30 125 

μg L–1) were found in the surface mixed layer (0–9 m). The depth range of the mixed layer 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 diatom spring bloom on 4 March. Below the surface mixed layer, there were high chl-a concentrations (6.0–14.1 μg L–

1) even in darkness. The high chl-a levels in the dark subsurface layer suggested that large amounts of diatom aggregates, 130 

which had been produced in the surface layer, were sinking from the surface to the deeper layer and becoming suspended there. 

15 March Chl-a concentrations had decreased at all depths by 15 March, however, there were still high levels in the euphotic 

surface mixed layer (0–10 m, 11.0–16.2 μg L–1) and in the deeper dark layer (20–95 m, 2.3–7.8 μg L–1). We considered the 

spring diatom bloom to be in a declining phase on 15 March. 

14 April On 14 April the chl-a concentrations were very low in the surface euphotic zone (0–40 m, 0.05–1.6 μg L–1) and in 135 

the deeper dark layer (50–85 m, 0.85–4.6 μg L–1) except for the bottom water just above the sea floor (95 m, 12.2 μg L–1). 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, just below the euphotic zone. 

3.2.2 Nitrate 

15 February On 15 February, nitrate (NO3
–) concentrations were vertically uniform (8.4―9.2 µmol L–1) and were at the 140 

annual maximum. 

4 March By 4 March, the NO3
– concentrations had substantially decreased to 0.15–0.60 µmol L−1 in the depth range of 0–10 

m within the surface euphotic zone (0–13 m). The decrease in the surface was due to consumption by diatoms, which had 

rapidly grown during the spring bloom. Below the surface (20–95 m), the NO3
– concentrations had also decreased, to 1.9–6.0 

µmol L–1, which was approximately half of the concentrations in February. Because the dark-zone depth was 60 m on 15 145 

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 NO3
– consumption in the dark layer (60–95 m). In the dark layer, NO3

– concentrations had decreased, 

to 4.1 – 5.8 µmol L–1, which was 60% of the concentrations in February. We propose two explanations for the decrease in 

NO3
– concentrations in the dark layer between 15 February and 4 March. 

The first possible explanation is that NO3
– was consumed by diatoms during their growth in the upper euphotic layer after 15 150 

February, and then this water, in which NO3
– had been consumed during photosynthesis, mixed vertically with the deeper 

water (60–95 m) through winter cooling before the water became stratified by 4 March. The possibility of vertical mixing 

between these two dates is supported by the temporal variation of 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 AOUs 

suggest net consumption (respiration) or net production (photosynthesis) of oxygen in water, respectively. On 15 February, 155 
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the absolute value of AOU over most of the water column was the lowest during the observation period (average, 6.2 μmol L–

1; range, –3 to 23 μmol L–1), suggesting that there was no significant net O2 production throughout the total water column. By 

4 March, AOU values had dropped to –14 to –94 µmol L–1 at 0–50 m, and to –7 to –42 µmol L–1 at 60–95 m, even in darkness. 

Note that the decrease of water temperature between the two dates (Δtemp = –0.45 °C) could have caused an increase in AOU 

(ΔAOU = +3.6 μmol L–1) due to the increase in the solubility of oxygen. The large negative AOU in the euphotic layer on 4 160 

March was apparently due to photosynthetic 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 AOU had been lowered 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 NO3
– in darkness without photosynthetic growth. The possibility of nutrient consumption in darkness is discussed 165 

in section 3.3. We believe that both explanations apply to the decrease in NO3
– concentrations in the deeper layer between 

these two dates; however, we could not separate their effects. 

15 March On 15 March, the NO3
– 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 zone depth (0.1% PAR) had deepened to 22 m and 

30 m, respectively. The NO3
– concentrations in the dark subsurface layer (30–50 m) below the mixed layer had decreased 170 

substantially, to 1.6–3.6 µmol L–1, approximately half those on 4 March at the same depth range. In this subsurface layer, AOU 

values increased slightly between 4 and 15 March, suggesting that there was not any influence from photosynthetic O2 

production and therefore no photosynthetic NO3
– consumption. We hypothesized that the diatoms that had settled from the 

surface to the subsurface layer consumed NO3
– in darkness. This possibility will be discussed in section 3.3. The NO3

– 

concentrations in the deeper layer (60–95 m) had not changed since 4 March. 175 

14 April By 14 April, the euphotic zone depth had deepened to 47 m. The NO3
– concentrations had decreased to below the 

detection limit (<0.05 μmol L–1) in the upper euphotic layer (0–30 m) and decreased to 1.4 μmol L–1 in the lower euphotic 

layer (40 m). Because the influence of Oyashio water extended from the surface to the subsurface layer, these decreases 

occurred simultaneously with the water exchange. It is possible that the NO3
– concentration in the original Oyashio water had 

already been diminished by diatom consumption before the water entered the bay. In the deeper water (60–95 m), the NO3
–180 

concentrations slightly increased within winter water. There is a time lag for regeneration of NO3
– in bottom water after organic 

matter decomposition because the regeneration of NO3
– follows the remineralization of NH4

+ from organic matter and its 

oxidation (nitrification). A time lag of 1–2 months for NO3
– regeneration after NH4

+ regeneration has been observed every 

year in Funka Bay (Kudo et al. 2007). Thus, the signal from NO3
– regeneration could not be seen during the spring bloom, and 

a slight signal was detected on 14 April. In contrast, signals from the regeneration of PO4
3–, Si(OH)4, and NH4

+ in bottom water 185 

were obvious on 15 March, in the decline phase of the bloom, as discussed in the next two sections. 
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3.2.3 Phosphate and silicate 

Overall, temporal variations in PO4
3– and Si(OH)4 concentrations were very similar to those of NO3

–. We found 

decreases in these nutrients in the dark subsurface layer of 60–95 m on 4 March, and 30–50 m on 15 March. On 4 

March, the concentrations of PO4
3– and Si(OH)– in the dark subsurface layer (30–50 m) were 0.66 μmol L–1 and 190 

12.4 μmol L–1, respectively, decreasing to 0.53 μmol L–1 and 8.7 μmol L–1 on 15 March. We concluded that the 

reasons for these decreases were the same as for NO3
–. In contrast, PO4

3– and Si(OH)4 concentrations in the deeper 

layer (70–95 m) increased after 15 March after the peak of the bloom. Because these increases coincided with the 

rise in AOU, they likely resulted from remineralization following the decomposition of organic matter suspended 

in the bottom water or settled on the seafloor. 195 

3.2.4 Ammonium 

Temporal variations in NH4
+ concentrations were similar to those of the other nutrients, except for substantial increases of 

NH4
+ in the subsurface and bottom layers on 15 March. We considered these increases to be due to remineralization of organic 

matter suspended in the water column or settled on the seafloor. Because the NH4
+ concentrations were at their lowest during 

winter, the signal from remineralization could be clearly detected on 15 March. 200 

 

3.3 Nutrient consumption in the dark subsurface layer 

We found decreases in the nutrient concentrations in the dark subsurface layer between 15 February and 4 March, and between 

4 March and 15 March. The latter reduction could not have been affected by photosynthetic consumption by diatoms because 

there was no light available for photosynthesis. Here we discuss the possible reasons for the nutrient reductions between 4 and 205 

15 March. 

3.3.1 Water mixing as a possible explanation for nutrient reduction 

First, we discuss the possibility that vertical mixing between 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 difference (Δσ) between the surface mixed layer at 5 m and the subsurface layer at 30 m had increased between 4 210 

March (Δσ = 0.29 kg m–3) and 15 March (Δσ = 0.34 kg m–3), the stratification between these layers had strengthened (Figure 

4c). Additionally, there was no bad weather during this period; the wind speeds were relatively 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 Observatory, 

Meteorological Agency of Japan; https://www.jma.go.jp/jma/index.html). The effect of low salinity water inflow on the 

density decrease at the surface layer overcame the effect of cooling on density increase (Fig. 4). From these observations, we 215 
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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 surface 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 influence of low-salinity Oyashio water extended to 30 m. Since the salinity of 220 

Oyashio water at 10-m depth on 15 March, where the minimum temperature (2.6 °C) was found suggesting an 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 ratio of 

8:2 between Funka-Bay water at 30 m on 4 March and Oyashio water 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 water:Oyashio water) would reduce the nutrient concentrations at 30-m depth by only 20%. In 225 

reality, the NO3
– concentration at 30 m was decreased by half between these two dates (Figure 4d), and the salinities at 40- 

and 50-m depths did not change (Figure 4b). Thus, we excluded the possibility of mixing with Oyashio water as a reason for 

nutrient reduction in the subsurface layer. 

 

3.3.2 Nutrient consumption by diatoms in darkness 230 

We concluded that the only possible explanation for nutrient reduction in the subsurface layer was consumption by diatoms 

that were sinking from the surface and suspended in the dark subsurface layer during the bloom. To examine this possibility, 

we conducted dark incubation experiments using the diatom Thalassiosira nordenskioeldii, which predominates during the 

spring bloom in Funka Bay (Ban et al. 2000). The first incubation experiment results demonstrated that the diatom culture, 

which had been depleted in nutrients before the start of the experiment, rapidly consumed nutrients in darkness within seven 235 

days after the nutrient addition (Figure 5a). The daily consumption rates calculated from the concentration difference between 

day 0 and day 2 of the dark incubation were 0.0090 μmol (μg chl-a)–1 d–1 for NO3
–, 0.00037 μmol (μg chl-a)–1 d–1 for PO4

3–, 

and 0.0015 μmol (μg chl-a)–1 d–1 for Si(OH)4. From these consumption rates, we estimated the concentration decreases 

(ΔNutrients) in the subsurface layer for the 11 days between observation dates using an observed chl-a concentration of 11.54 

μg L–1 (average on 4 March). The estimated ΔNO3
– (–1.1 μmol L–1), ΔPO4

3– (–0.05 μmol L–1), and ΔSi(OH)4 (–0.18 μmol L–240 
1) were 1/2–1/20 of the actual decreases in the subsurface layer between the two dates: ΔNO3

–, –2.0 μmol L–1; ΔPO4
3–, –0.12 

μmol L–1; ΔSi(OH)4, 3.7 μmol L–1. 

The results of the second incubation experiment (Figure 5b), in which cultured diatoms were in a decline phase of growth, 

demonstrated that the consumption rates were 0.11 μmol (μg chl-a)–1 d–1 for NO3
–, 0.053 μmol (μg chl-a)–1 d–1 for PO4

3–, and 

0.41 μmol (μg chl-a)–1 d–1 for Si(OH)4, 12–173 times those of the first dark incubation. We assumed that the high consumption 245 

rates per unit chl-a by second experiment were due to high consumption rates per unit cell, of which chl-a content was 

considerably small, although we did not count the cell number density. We considered that the rates are largely dependent on 
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the chl-a content in the diatom cells and the initial concentrations of nutrients. It will be necessary to set better experimental 

conditions in future research to more accurately estimate the nutrient consumption in the dark subsurface layer. 

Cochlan et al. (1991) have reported dark consumption rates for NO3
– of 0.09–0.14 μmol (μg chl-a)–1 d–1, which are close to 250 

the results from our second incubation. They used onboard incubations with a diatom dominating natural seawater for dark 

periods of 2–4 hours after being under light conditions. Many previous studies have focused on the dark consumption within 

the day–night cycle in the euphotic layer. Onboard simulated in-situ incubations yielded dark:light ratios of NO3
– consumption 

rates 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 dark consumption rates and ratios. Cochlan et al. (1991) reported that the 255 

dark:light uptake ratio was greater in N-impoverished waters than in N-replete waters, suggesting that dark uptake is enhanced 

by nutrient stress. They also mention the importance of N uptake by heterotrophic bacteria, citing studies where uptake by 

heterotrophic bacteria ranges from half the uptake by phytoplankton to half of the total N uptake. 

 

3.4 The influence of nutrient consumption by diatoms in the dark subsurface layer 260 

If the diatom population that had consumed half of the nutrients in the dark subsurface water sank to the deeper layers during 

the bloom, then the primary production in the subsurface layer after the bloom, at which time it would be part of the euphotic 

zone, would be reduced by half compared to the production in the case where there was no nutrient consumption during the 

dark period. Alternatively, if the diatoms that had consumed nutrients in the dark subsurface layer remained suspended in that 

layer after the bloom, they could rapidly grow under the returning light conditions when the euphotic zone deepened after the 265 

bloom. Note that the consumption of nutrients in the dark subsurface layer would have an impact outside the bay, because the 

subsurface water is exchanged with Oyashio water. 

An interesting survival strategy for diatoms has been hypothesized where the diatoms that consume NO3
– in the dark subsurface 

layer migrate to the surface euphotic layer where they have a growth advantage in subtropical open ocean areas (Villareal et 

al. 1996; Richardson et al. 1998; Villareal et al., 1999; Villareal et al., 2014) and subtropical and subarctic open ocean areas 270 

(Witz and LanSmith, 2020). These previous studies have not yet found any evidence of decrease in NO3
– in the subsurface 

layer from time-series observation, however, we firstly provided the evidence of decrease in NO3
– in the dark subsurface layer 

during the diatom bloom. 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 consume Si(OH)4 in the dark subsurface layer to form spores (Rey 

and Skjoldal 1987). We can make some assumptions about the influences and strategies of diatoms in relation to nutrient 275 

consumption in dark subsurface layers, however, there is not yet sufficient observational data for a complete explanation. 

Further research is needed to examine these possible strategies and their impacts on biogeochemical cycles.  
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4 Conclusions 

We conducted time-series observations in Funka Bay, Japan, from 15 February to 14 April 2019 during and after the spring 

bloom. We found reductions in nutrient concentrations in the dark subsurface layer both before and after the peak of the bloom 280 

and concluded that the latter reduction was caused by dark consumption by diatoms that had grown in the surface euphotic 

layer and then sank to the dark subsurface layer. We reached this conclusion using the following rationale. 

 

(1) We excluded water mixing as a possible reason for nutrient reduction in the subsurface layer between 4 March and 15 

March. First, the stratification between the surface and subsurface layers was strengthened after 4 March, and therefore we 285 

considered vertical mixing of water between the layers to be limited. Second, the small decline in salinity at 30 m and no 

change in salinity at 40–50 m means that mixing with low-salinity Oyashio water could not explain the nutrient reduction, 

even if the Oyashio water had no nutrients. 

(2) From the dark incubation experiments, we confirmed that the diatom Thalassiosira nordenskioeldii, which dominates the 

bloom in Funka Bay, could consume nutrients in darkness at substantial rates. Although the consumption rates varied over a 290 

wide range, we concluded that the nutrient reduction in the dark subsurface layer (30–50 m) could be explained by dark 

consumption by diatoms that had been growing at the surface and then sank into the subsurface layer. 

 

The consumption of nutrients in darkness has been studied in many simulated in-situ incubation experiments, with the goal of 

understanding dark consumption during a daily cycle within the surface euphotic zone. We believe that this is the first study 295 

to demonstrate observational evidence of consumption of the three main nutrients (NO3
–, PO4

3–, and Si(OH)4) by diatoms in 

the dark subsurface 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 examining the survival strategies of diatoms consuming nutrients in the dark subsurface layer. 
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