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A B S T R A C T

Despite substantial variations in the physicochemical and biological environments around the subsurface chlo
rophyll maximum (SCM), how photosynthetic parameters vary around the SCM has been scarcely studied. To 
reveal the fine-scale profiles of photosynthetic parameters and their controlling mechanisms, seawater samples 
collected at approximately 3-m vertical intervals in the eastern Indian Ocean were analyzed using single turnover 
active fluorometry (STAF), together with other environmental parameters. The saturation irradiance of photo
synthesis was higher than the in situ average irradiance of photosynthetically active radiation during the daytime 
throughout the sampled layers, indicating that the subsurface phytoplankton communities were under subop
timal light conditions. Throughout the studied depths, the initial slope of the photosystem II photochemical flux 
− irradiance curve (α-value) and maximum quantum yield of photosystem II (Fv/Fm) increased with depth, while 
non-photochemical quenching (NPQNSV) decreased, suggesting relief from photoinhibition and nutrient stress 
with depth. In addition to these general trends, at the three stations between the equator and 21◦S, local minima 
of α and Fv/Fm values were observed around the SCM, along with increased NPQNSV, suggesting the enhanced 
physiological stress on photosynthesis by phytoplankton communities around the SCM in the eastern region of 
the South Indian Subtropical Gyre. These local variations were significantly correlated with the chlorophyll 
concentration and could not be explained by changes in solar irradiance or macronutrient availability. In 
addition to changes in phytoplankton community composition, one possible cause is iron deficiency under light 
limitation, which is sometimes observed in stratified subtropical waters. However, further examination in this 
area is required. These local variations in photosynthetic parameters can result in lower carbon fixation rates 
around the SCM in the eastern Indian Ocean compared to estimates based on relief from light and macronutrient 
limitations.

1. Introduction

Ocean primary production, which is primarily fueled by phyto
plankton, plays an important role in global carbon fixation and climate 
regulation. Model calculations based on satellite ocean color imaging 
have contributed to the estimation of global-scale phytoplankton 
biomass and productivity at various spatiotemporal scales (Behrenfeld 
et al., 2006a). Chlorophyll concentration, which is used as an index of 
phytoplankton biomass and as a unit of primary production, often shows 

a subsurface chlorophyll maximum (SCM), particularly in stratified 
open oceans (Anderson, 1969; Saijo et al., 1969). Various explanations 
have been proposed for the formation and maintenance of SCM (Cornec 
et al., 2021), including active growth (Masuda et al., 2010), photo
acclimation (Letelier et al., 2004; Masuda et al., 2021), passive accu
mulation (Varela et al., 1992; Murty et al., 2000), and light-dependent 
grazing (Moeller et al., 2019).

In addition to chlorophyll concentration, primary productivity shows 
a subsurface maximum in various waters, including the North Sea 
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(Weston et al., 2005), Arctic Sea (Palmer et al., 2013), Mediterranean 
Sea (Marañón et al., 2021), Bay of Bengal (Liu et al., 2011), and Ant
arctic Polar Front (Tripathy et al., 2015; Kerkar et al., 2020), although 
the peak depths are often shallower than those of the SCM. In contrast, in 
chronically stratified subtropical gyres, the subsurface peak in primary 
production is less pronounced and often absent (DiTullio et al., 2003; 
Chen, 2005; Pérez et al., 2006).

These differences in the vertical profiles of primary production likely 
reflect the differences in the photophysiological status of subsurface 
phytoplankton communities, which can be determined using photo
synthetic parameters (Zhu et al., 2017). Vertical profiles of photosyn
thetic parameters in the Indian Ocean demonstrate a reduced quantum 
yield of photosystem II (PSII) at the surface, likely due to nitrogen 
limitation, whereas light limitation has been suggested for subsurface 
waters (Wei et al., 2019; Yuan et al., 2019). Similar patterns have been 
observed at the Antarctic Polar Front, where severe iron limitation is 
likely to occur at the surface (Kerkar et al., 2020). In these areas, the 
strength of light limitation around the SCM is considered a determinant 
of potential primary productivity. Therefore, measuring photosynthetic 
parameters is effective for estimating phytoplankton primary produc
tivity in subsurface waters and its controlling factors.

Around the SCM, vertical variations in environmental conditions 
influence the physiological status of phytoplankton, which in turn alter 
chlorophyll concentrations and phytoplankton community structure 

with depth (van den Engh et al., 2017; Sato et al., 2022a). Although SCM 
has been the focus of ocean observations, sampling intervals around it 
are typically 10 m or wider, which may result in a failure to grasp 
possible vertical variations in environmental parameters (e.g., nutrient 
concentrations) around the SCM. Additionally, the SCM often moves 
vertically along an isotherm or isopycnal (Ryabov et al., 2010; Zampollo 
et al., 2023), which may result in a failure to collect samples from the 
exact SCM depth when the sampling density is insufficient. These 
problems can be addressed through semi-continuous observations using 
a mooring fluorometer, which enables high-resolution data collection 
from the water column (Bibby et al., 2008; Cheah et al., 2013; Kerker 
et al., 2020; Wang et al., 2024). High-frequency sampling is also effec
tive for collecting data from the SCM (van den Engh et al., 2017; Sato 
et al., 2022b).

In this study, we conducted high-frequency sampling around the 
SCM, along a latitudinal transect in the eastern Indian Ocean during the 
late boreal summer monsoon season. In the subtropical and tropical 
regions of this area, the SCM developed between 50 and 100 m, the 
magnitude and depth of which vary seasonally (Argo, 2000; Fig. S1), 
whereas in the transition area south of 30 ◦S, the SCM appeared only 
during the austral summer, from December to April. We measured 
phytoplankton photosynthetic parameters using a benchtop fluorom
eter, along with relevant environmental parameters, to reveal their high- 
resolution vertical structure. The results elucidate the fine-scale vertical 

Fig. 1. Station map (A) with vertical profiles of relative density (σt, g m− 3, dotted line) and chlorophyll concentration (μg L− 1) in the upper 200 m of the water 
column at each sampling station (B – G). Chlorophyll fluorescence was converted into chlorophyll a concentration by linear regression against the fluorometrically 
determined concentrations in extracted samples (see Materials and Methods). Depths at which seawater samples were collected by high-resolution sampling are 
shown as blank circles. Pycnoclines are shown by horizontal gray lines.
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variations in phytoplankton physiological status around the SCM, ob
tained via high-resolution sampling and fluorometric determination of 
photosynthetic parameters.

2. Materials and methods

2.1. Sampling

Samples were collected from a latitudinal transect at 90 ◦E during the 
KH-24-3 research cruise of the R/V Hakuho-maru from August to 
September 2024 in the late summer monsoon season (Fig. 1). High- 
resolution sampling was conducted using Niskin-X samplers attached 
to a carousel multisampling system. Vertical profiles of temperature, 
salinity, chlorophyll fluorescence, and dissolved oxygen concentrations 
were obtained using a conductivity-temperature-depth (CTD) sensor. 
The depth of the SCM was obtained from the vertical profile of chloro
phyll fluorescence during the downward cast, and the sampling depth 
range was determined. During the upward cast, the sampling carousel 
was fired at approximately 3-m intervals within the predetermined 
sampling range, with the cable slowly winched up at a rate of < 0.3 m 
s− 1 (typically 0.1 m s− 1). The winding rate was chosen as a tradeoff to 
minimize effects of ship motion due to surface and internal waves, and to 
minimize water entrainment during the rosette motion. Sampling times 
varied at different stations (Table 1).

After retrieving the water samples, subsamples were collected for 
flow cytometry, nutrients (including nitrate, nitrite, ammonium, soluble 
reactive phosphorus, and silicic acid), and photosynthetic parameter 
analyses. Samples for flow cytometry and photosynthetic parameters 
were collected in acid-cleaned 125-mL black polyethylene bottles. For 
flow cytometry, 4-mL aliquots were dispensed into cryovial tubes, fixed 
with 1% glutaraldehyde, and frozen at − 80 ◦C (Vaulot et al., 1989; Sato 
et al., 2006) in a freezer. As liquid nitrogen was not used for freezing, 
some phytoplankton taxa may have been lost during freezing. The 
remaining aliquots were dispensed into 30-mL polyethylene tubes and 
kept in a dark water tank controlled at the temperature at the SCM depth 
obtained from a CTD data profile, until fluorometric analysis of the 
photosynthetic parameters was performed on board. Nutrient samples 
were collected in duplicate in 10-mL acrylic tubes without filtration. The 
samples were stored frozen at − 20 ◦C in a polyethylene ziplock bag until 
further laboratory analysis.

As a trace-metal-clean technique was not employed in this study, 
samples of trace metals, including iron, were not collected. To avoid 
changes in the physiological status of the phytoplankton due to potential 
trace metal contamination, the samples were processed or analyzed as 
soon as possible after collection.

2.2. Measurement of photosynthetic parameters

Photosynthetic parameters were measured at each depth using 

single-turnover active fluorometry with a benchtop fluorometer (Lab
STAF, Chelsea Technologies, UK). Samples were dark-acclimated prior 
to measurement to ensure complete relaxation of non-photochemical 
quenching (NPQ) and stabilization of the fluorescence signals. Fluor
ometry was initiated within approximately 1 h of collection, except at St. 
2, and was completed within 5 h (Table 1) to minimize the effects of 
possible trace metal contamination on the photosynthetic physiology of 
phytoplankton and standardize the photosynthetic state across samples 
collected at different times and depths. This extended dark-acclimation 
period allowed the assessment of the maximum photochemical effi
ciency of PSII under fully relaxed conditions. Although such a treatment 
may reduce short-term variability associated with in situ light history, it 
provides a consistent baseline for comparing the intrinsic photosynthetic 
capacity of phytoplankton assemblages across depths.

A single-turnover (ST) saturation phase was applied with a solid flash 
of 100 µs to measure the minimal and maximal fluorescence yields, as 
described by Boatman et al. (2019). Samples were subsequently exposed 
to eight sequential levels of photosynthetically active radiation (PAR) 
using the auto FLC mode at 120-s intervals to obtain a fluorescent light 
curve. The electron transport rate - irradiance (ETR-E) relationships 
were derived from the fluorescence light curves at eight irradiance levels 
using the auto-FLC mode of the LabSTAF instrument. The LabSTAF 
fluorometer was operated using a 452-nm blue LED for all measure
ments. The same excitation and measurement protocols were applied to 
all samples at all depths and stations. The maximum actinic photon 
irradiance varied from 243 to 1826 µmol photons− 1 m− 2 s− 1.

Measurements obtained during the dark step (Step 1) provided the 
minimal (F0) and maximal (Fm) fluorescence intensities. After correcting 
for the background fluorescence of filtered seawater prepared using a 
DISMIC syringe filter (Advantec, cellulose acetate, 0.2-μm pore size), the 
maximum quantum yield of PSII (Fv/Fm = (Fm − F0) / Fm) was deter
mined for each sample. The fluorescence signals from the filtered 
seawater were typically <10% of those from the unfiltered samples, with 
negligible variation between different depths.

Minimal (F′) and maximal (Fm′) fluorescence were recorded, and the 
effective fluorescence yield of PSII (Fq′/Fm′ = (Fm′ − F′) / Fm′) was 
calculated (Kolber et al., 1998; Oxborough et al., 2000) for each light 
step. Simultaneously, the effective absorption cross-section of PSII 
(σ′PSII) was obtained. The parameters obtained under each light step 
were used to calculate the PSII photochemical fluxes per unit volume per 
unit time (JVPII) (Schuback et al., 2024). Non-photochemical quenching 
(NPQNSV) was calculated as described by Schuback et al. (2015). The 
packaging effect correction was implemented internally by RunSTAF 
using the correction factor (cPEC), which was derived from dual- 
waveband fluorescence measurements. According to LabSTAF work
flow, cPEC was applied to the absorption coefficient for PSII light har
vesting (aLHII) and the corrected aLHII values were subsequently used for 
the calculation of JVPII (Oxborough, 2022). In the present study, the 
cPEC values ranged from 0.7169 to 8.116 (mean = 1.847 ± 1.830, n =

Table 1 
The local times of sample retrieval, and the start and end of the LabSTAF measurements. All times were calculated from Greenwich Standard Time and the longitude of 
the sampling station.

SCM depth 
(m)

Sampling range 
(m)

Sample retrieval (local 
time)

Measurement start (local 
time)

Measurement end (local 
time)

Surface temperature 
(◦C)

Mixed layer depth 
(m)

St. 
2

47 35-62 17:52 5:37 8:59 29.5 22

St. 
3

64 58-85 15:28 16:39 19:48 29.5 51

St. 
4

80 65-92 11:12 11:30 14:18 28.5 64

St. 
7

45 25-67 10:56 11:25 15:44 22.6 39

St. 
8

N/A 75-102 18:10 18:58 21:44 20.8 99

St. 
9

104 89-116 9:15 10:17 12:52 18.2 23
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66). The observed variability in cPEC values likely reflects the natural 
variations in cell size, pigment packing, and community composition. 
Higher values may occur in assemblages with larger cells or higher 
pigment concentrations, which enhance fluorescence reabsorption 
effects.

The initial slope (α-value) and saturation irradiance (Ek) were ob
tained from relationship between JVPII and actinic photon irradiance at 
eight different light levels. The fitting procedure was implemented 
within the software based on the general framework of photosynthesis- 
irradiance (P-E) relationships (Platt and Gallegos, 1980), although the 
specific functional form was not explicitly defined by the manufacturer. 
This approach is consistent with the standard implementation of STAF- 
based light response analyses. Ek represents the irradiance at which 
photosynthesis transitions from light-limited to light-saturated condi
tions. All curves are provided in the Supplementary Materials (Fig. S2).

2.3. Measurement of other parameters

Flow cytometry was performed on samples thawed at room tem
perature using a benchtop flow cytometer (CytoFLEX; Beckman Coulter) 
equipped with dual lasers (405 nm [violet] / 488 nm [blue]). In addition 
to the forward and side light scatter from the blue laser, the side scatter 
from the violet laser was collected to improve the resolution of small 
particles, including the pico-sized cyanobacteria Prochlorococcus 
(Brittain et al., 2019). Orange (590–630 nm) and red (640–740 nm) 
fluorescence intensities excited by a blue laser were employed in com
bination with light scattering to distinguish between three pico- and 
nanophytoplankton populations: Synechococcus, Prochlorococcus, and 
eukaryotes. Cryptophytes and nano-sized cyanobacteria exhibiting 
strong orange fluorescence (Sato et al., 2010) were not detected 
throughout the study area. All the signals were recorded over 107 ranges 
and saved as FCS files. Event counts were converted to volumetric cell 
concentrations (cells mL− 1) based on a pre-calibrated flow rate 
(approximately 50 μL min− 1).

Nutrient concentrations were measured using a conventional color
imetric method with an autoanalyzer (QuAAtro 39, BLTec, Japan). 
Frozen samples were thawed at room temperature prior to analysis. The 
concentrations of all five nutrients (nitrate, nitrite, ammonium, soluble 
reactive phosphorus (SRP), and silicic acid) were calibrated against 
KANSO-CRM RMNS, a certified reference material produced by KANSO 
Technos Co., Ltd. This study presents results only for nitrate, nitrite, and 
SRP.

For comparison with the Ek values, the vertical profiles of PAR in
tensity were estimated from satellite-derived surface PAR irradiance and 
light extinction measured with a photometer. We calculated the PAR 
intensity at each depth by multiplying the 8-day-averaged surface PAR 
intensity by the relative light intensity to the surface intensity. The 8- 
day-averaged surface PAR data were downloaded from the MODIS- 
Aqua website (https://oceancolor.gsfc.nasa.gov/) and processed in Py
thon 3.6 using the netCDF4 library. The vertical profile of light extinc
tion within the water column was obtained near midday using a free- 
falling underwater photometer, PRR800 (Biospherical Inc.), and PAR 
intensity was measured using a spectral radiometer, PRR810 (Bio
spherical Inc.), set on the deck as a surface reference. Both photometers 
were installed with a 2π planar sensor. The daily PAR was converted to 
the average per-second PAR (μmol photons m− 2 s− 1) by dividing it by 
the daytime length.

Fine-scale profiles of chlorophyll fluorescence (1-m intervals) were 
converted into those of extracted chlorophyll a concentration (μg L− 1) 
using linear regression of fluorescence values against chlorophyll a 
concentrations from all discrete samples collected during the cruise 
(Fig. S3, n = 65, R2 = 0.85). Because this was a linear conversion, it did 
not affect the qualitative outcomes of this study.

Statistical tests were performed using OriginPro 2015 (OriginLab) 
and BellCurve for Excel ver. 4.05 (BellCurve). The level of significance 
was set at 5% (0.05), unless otherwise specified.

3. Results

A distinct SCM was observed between 50 and 100 m at the three 
sampling stations in the northern hemisphere and the equator, which 
almost coincided with a seasonal pycnocline (Fig. 1B, C, and D). At Sts. 2 
and 3, the pycnocline comprised three or four steps spanning from 50 to 
100 m, and the SCM appeared just below the top of the shallowest 
pycnocline. In contrast, in the southern hemisphere, a seasonal pycno
cline was absent (Fig. 1E, F, and G), likely due to strong mixing during 
the austral winter, except at St. 7, where two chlorophyll peaks were 
found in the upper 200 m, and a shallower peak appeared at a depth of 
approximately 50 m, accompanied by a slight pycnocline (Fig. 1E). The 
results of the second (deeper) peak at St. 7 were excluded from subse
quent analyses. At Sts. 7 and 9, a relatively wide peak in chlorophyll 
fluorescence was observed, which was not accompanied by a pycnocline 
(Fig. 1E and F). Considering the extremely low irradiance at these 
depths, these peaks were likely composed of senescent assemblages that 
sank into the deep sea and were not sampled in this study.

The 8-day-averaged daily surface PAR irradiance, derived from sat
ellite data at the time of the study, was approximately 40 mol m− 2 d− 1, 
with no significant variation among the stations in the study area. The 
estimated average daytime PAR irradiance at the SCM peak was 58, 34, 
and 23 μmol photons m− 2 s− 1 at Sts. 2, 3, and 4, respectively, in the 
northern hemisphere (Fig. 2). At St. 7, the daytime PAR at the SCM was 
119 μmol photons m− 2 s− 1, which was much higher than that in the 
northern hemisphere. In contrast, at the deep chlorophyll peak observed 
at St. 9, the daytime PAR was as low as 12 μmol photons m− 2 s− 1. The 
instant PAR irradiance measured using the underwater photometer was 
similar to or lower than the estimated 8-day-averaged daily surface PAR 
irradiance, except at St. 3. These latitudinal differences in daytime PAR 
irradiance in the SCM may be related to variations in the light extinction 
coefficient of the water column (Table 3), which reflects the latitudinal 
gradient of the surface biomass. The extinction coefficient around the 
SCM was significantly higher at the three northern stations than at the 
other three stations (Student's t-test, P < 0.005).

Saturation irradiance (Ek), derived from measurements after dark 
adaptation, showed a pronounced decrease with depth around the SCM, 
except at the two southernmost stations, 8 and 9 (Fig. 2, Table 2), 
indicating a vertically homogeneous photophysiological status of 
phytoplankton at these two stations owing to strong mixing. In contrast, 
at St. 7, where water column stratification was still in the early stages 
(Fig. 1), the logarithm of Ek showed a significant negative correlation 
with depth, although the slope was smaller than that at the northern 
stations (Table 3).

The vertical profiles of the initial slope of the P-E curve (α value) and 
the maximum quantum yield of PSII (Fv/Fm), both of which were esti
mated from the fluorometric measurements, were well correlated across 
all six surveyed stations (Fig. 3). At the four northernmost stations, 
where a distinct SCM was observed, both photosynthetic parameters 
exhibited a decrease near the SCM peak, which was especially pro
nounced at Sts. 4 and 7. At St. 8, a slight decline in both parameters was 
observed at 84 m; however, no apparent association with other envi
ronmental parameters was observed. At St. 9, the two parameters 
showed dynamic variation, which was likely attributable to the low 
phytoplankton biomass at this station. The Fv/Fm values were consis
tently lower than the theoretical maximum of 0.65 across all depths and 
sampling stations. The NPQNSV vertical profile was largely a mirror 
image of that of α and Fv/Fm, showing a local maximum around the SCM 
at the four northern stations, although its vertical trend was less clear 
than that of α and Fv/Fm, owing to its relatively large deviation.

Two photosynthetic parameters, α and Fv/Fm, were largely negatively 
correlated with the ambient PAR irradiance (Fig. 4). When analyzed by 
station, α was significantly negatively correlated with the logarithm of 
PAR irradiance at Sts. 2, 3, and 7, while the correlation between Fv/Fm 
and PAR irradiance was significant at Sts. 2 and 3. Analysis of covariance 
revealed that the slopes of the regression lines were not significantly 
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different between stations (P = 0.15 for α and 0.38 for Fv/Fm), suggesting 
that the photosynthetic parameters at these stations were determined by 
the same mechanism, which was likely driven by light intensity. Inter
estingly, at St. 7, a sharp negative deviation from the regression line was 
observed, with a depth corresponding to that of the SCM. At St. 4, the 
upper three data points were scattered around those at St. 2, 3, and 7, 
whereas the other data points, which were collected from the wide 
chlorophyll peak (Fig. 1D), deviated negatively from the regression line.

At Sts. 3, 4, and 7, two photosynthetic parameters, α and Fv/Fm, 
showed significant negative correlations (P < 0.05) with chlorophyll 
concentration (Fig. 5), suggesting deterioration of the photosynthetic 
apparatus with the accumulation of phytoplankton pigments at these 
stations. Although similar negative trends were observed at neighboring 

Sts. 2 and 8, these were not statistically significant (P > 0.05). The slopes 
of the two parameters at St. 7 were steeper than those at Sts. 3 and 4 
(Fig. 5, Table 4). The difference in the slope was significant only at the α 
value between Sts. 4 and 7 (P < 0.01), whereas the slope of Fv/Fm against 
chlorophyll concentration at St. 7 was significantly higher than that at 
Sts. 3 and 4 (P < 0.001). The steeper slope at St. 7 suggested greater 
physiological stress on the phytoplankton communities there.

The phytoplankton community around the SCM was numerically 
dominated by Prochlorococcus at all stations surveyed in this study, 
whereas the relative dominance of each of the three phytoplankton 
populations varied both vertically and horizontally (Fig. 6). Interest
ingly, the abundance peak of each phytoplankton population was not 
distinctly observed; even when observed, it was sometimes displaced 

Fig. 2. Vertical profiles of the estimated 8-day-averaged PAR irradiance during daytime (blank squares, μmol photons m− 2 s− 1), in situ PAR irradiance measured by 
an underwater photometer around midday (solid circles, μmol photons m− 2 s− 1), and potential saturation irradiance of photosynthesis (solid squares, μmol photons 
m− 2 s− 1), estimated by single-turnover active fluorometry (STAF), around subsurface chlorophyll maxima (SCM), along with those of chlorophyll concentration (solid 
line, μg L− 1).

M. Sato et al.                                                                                                                                                                                                                                    Progress in Oceanography 248 (2026) 103810 

5 



from the SCM. For example, at Sts. 2 and 4, the subsurface peaks of 
eukaryotes largely coincided with the SCM, whereas the peaks of the 
other two populations, Synechococcus and Prochlorococcus, appeared at 
shallower depths. At St. 3, all three populations exhibited similar ver
tical profiles. The cell concentrations were higher around the SCM than 
at other depths. However, it was unclear whether their peaks coincided 
with the SCM because of the sampling depth range at this station. At St. 
7, the vertical variation in cell concentrations around the SCM was 
minimal, except for eukaryotes, which showed an acute abundance peak 
in the SCM. In addition to these vertical variations in cell concentration, 
changes in cellular chlorophyll content, as inferred from the cellular red 
(chlorophyll) fluorescence (Fig. S4), could account for the formation of 
the SCM at these stations. Cellular chlorophyll fluorescence of Syn
echococcus and Prochlorococcus increased with depth around the SCM at 
Sts. 2, 4, and 7, suggesting their photoacclimation and photoadaptation 
in a stratified water column. In contrast, the cellular chlorophyll fluo
rescence of eukaryotes decreased with depth, which was likely attrib
utable to a concurrent decrease in their average cell size, as inferred 
from decreases in the forward scatter (Fig. S5).

At Sts. 8 and 9, where the water column was well mixed, the abun
dance of Synechococcus was vertically constant, which was typical for 
the well-mixed water column. However, the vertical profiles at St. 9 
revealed that Prochlorococcus and eukaryotes showed a small peak in 
abundance between 90 and 100 m, which corresponded to a slight peak 
in chlorophyll fluorescence. In contrast, there were no discernible peaks 
in the abundance of each phytoplankton population at St. 8. However, 
the cellular chlorophyll fluorescence of Prochlorococcus and Synecho
coccus was higher between 80 and 90 m, which may account for a slight 
increase in total chlorophyll fluorescence. These fine-scale profiles of 
phytoplankton abundance and optical properties demonstrate that even 
in a well-mixed water column, where physical conditions appear verti
cally homogeneous, meter-scale heterogeneity in phytoplankton com
munities can occur, likely owing to the heterogeneous distribution of 
resources, including nutrients, organic matter, and light.

The vertical patterns of nutrient concentrations were markedly 
different between the northern (Sts. 2, 3, and 4) and southern (Sts. 7, 8, 
and 9) stations (Fig. 7). At the three northern stations, the nitrate and 
SRP concentrations showed a sharp cline spanning the chlorophyll peak. 
At St. 3, the slope was less steep than that at the other two stations, and 
the nitrate concentrations were < 1 μM at the SCM. A primary nitrite 
maximum (PNM) was observed around the SCM at all three stations, 
which is typical of the eastern Indian Ocean, although its depth and 
magnitude varied from station to station. At St. 2, the PNM occurred 
approximately 10 m below the SCM, and its magnitude was the largest of 
the three stations, reaching 1.8 μM. The PNM at St. 3 appeared at >20 m 
below the SCM, whereas that at St. 4 nearly coincided with the SCM.

At the three southern stations, nutrient concentrations were verti
cally uniform across the sampling range, likely reflecting strong mixing 
in the upper water column (Fig. 1). Nitrate concentrations were at or 
near detection limits throughout the sampling range (typically <0.2 
μM). The SRP concentration was higher than that of the two nitrogen 
species, suggesting potential nitrogen limitation across the sampling 
range.

4. Discussion

4.1. Characterizing the SCM observed in the eastern Indian Ocean

We successfully obtained seawater samples at approximately 3-m 
intervals with minimal changes in the water column status by slowly 
winding up water samplers without halting the winch. Because we 
needed to determine a sampling range based on the chlorophyll profile 
obtained during the downcast, the SCM could have been missed if the 
vertical movement of the water mass was highly dynamic. As an 
example of such a mismatch, the SCM appeared near the top of the 
sampling range at St. 3. To minimize the risk of such a mismatch, the 
sampling range should be as wide as possible, while simultaneously 
using as many water samplers as possible. Although observations using 
in situ sensors can reveal distributions of phytoplankton biomass and 
photosynthetic parameters at various spatial resolutions spanning from 
centimeter- (Doubell et al., 2009; Priyadarshi et al., 2019) to meter-level 
(Kerkar et al., 2020; Wang et al., 2024), the number of available pa
rameters is limited, and their precision can be affected by water motion. 
In contrast, high-frequency sampling with water samplers enables 
multiparameter analysis at each depth, though the spatial resolution is 
limited by the length of the samplers, which is typically >1 m. The 
sampling interval used in this study (3 m) was close to the theoretical 
minimum and smaller than those reported in previous studies (van den 
Engh et al., 2017; Sato et al., 2022b).

In this study, conducted in the eastern Indian Ocean during the late 
boreal summer, a distinct SCM was observed at all stations except St. 8 
(Fig. 1; Table 1). These SCM largely coincided with the top of the sea
sonal pycnocline, except at St. 9, where no seasonal pycnocline was 
observed within the upper 200 m, suggesting the importance of physical 
accumulation for the SCM formation and maintenance. Phytoplankton 
distribution has been intensively surveyed in the eastern Indian Ocean, 
particularly in the Bay of Bengal (Murty et al., 2000; Liu et al., 2011; Li 
et al., 2012a, b; Yuan et al., 2021), indicating that SCM occurrence 
around the pycnocline is ubiquitous in this area. Time-series observa
tions during the summer monsoon season (Prasanth et al., 2023) 
revealed that the SCM in the Bay of Bengal occurs within the barrier 
layer and euphotic zone. Although the formation and maintenance of the 
chlorophyll a peak unaccompanied by a pycnocline at St. 9 is unclear 
from the present observations, faint solar irradiance (<10 μmol photons 
m− 2 s− 1), approximately one tenth of Ek (Fig. 2) in this layer, suggests 
that it was difficult for phytoplankton to maintain growth. This may be a 
remnant of the phytoplankton assemblage that grew in the upper layers. 
The larger chlorophyll a peak at approximately 150 m at St. 7 (Fig. 1) 
can be explained similarly.

Table 2 
Summary of photosynthetic parameters obtained by LabSTAF measurements. All 
parameters are depicted as averages (ranges).

Saturation 
irradiance (Ek, 
μmol photons 
m− 2 s− 1)

Initial slope of 
P-E curve (α, 
m− 1)

Maximum 
quantum yield 
of PSII (Fv/Fm)

Non- 
photochemical 
quenching 
(NPQNSV)

St. 
2

133 (68–342) 0.265 
(0.237–0.329)

0.38 
(0.32–0.43)

1.20 (0.75–1.68)

St. 
3

75 (34–106) 0.335 
(0.283–0.413)

0.40 
(0.36–0.44)

1.31 (0.62–1.73)

St. 
4

168 (81–251) 0.251 
(0.217–0.320)

0.35 
(0.31–0.41)

1.89 (0.71–2.58)

St. 
7

324 (165–613) 0.270 
(0.181–0.317)

0.35 
(0.26–0.41)

1.70 (0.49–3.56)

St. 
8

85 (71–109) 0.248 
(0.212–0.284)

0.35 
(0.30–0.40)

1.58 (0.92–1.85)

St. 
9

51 (35–60) 0.208 
(0.179–0.273)

0.31 
(0.26–0.41)

1.83 (0.09–2.41)

Table 3 
Attenuation coefficients (logarithmic slopes) of photosynthetic saturation irra
diance and photosynthetically active irradiance against depth at each station. 
The values are shown only when the regression was statistically significant (P <
0.05). All the values are shown with 95% confidence intervals.

Slope of Ek (m− 1) Slope of PAR (m− 1)

St. 2 − 0.051 ± 0.013 − 0.066 ± 0.002
St. 3 − 0.042 ± 0.005 − 0.080 ± 0.000
St. 4 − 0.040 ± 0.005 − 0.068 ± 0.002
St. 7 − 0.025 ± 0.004 − 0.036 ± 0.000
St. 8 Insignificant (P > 0.05) − 0.036 ± 0.001
St. 9 Insignificant (P > 0.05) − 0.042 ± 0.000
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4.2. General vertical trends in photosynthetic parameters in the eastern 
Indian Ocean

At all the stations except at St. 2, the fluorometry was initiated within 
1 h of sample retrieval and completed within 5 h (Table 1). Because they 
were kept in the dark from the moment the seawater samples were 
collected into Niskin samplers, the dark acclimation period was at least 
approximately 20 min. We acknowledge that measurements obtained 
after extended dark acclimation do not reflect instantaneous in situ 
physiological states. Instead, our approach aimed to assess photosyn
thetic properties under fully relaxed conditions, allowing for standard
ized comparisons across depths. Although similar acclimation periods 

have been used in previous studies, laboratory studies have shown that 
they are insufficient to negate the effects of light history (Bruyant et al., 
2005; Mella-Flores et al., 2012; From et al., 2014). However, the Fv/Fm 
ratio of Prochlorococcus cultured under lower light (~1.5 times Ek) 
showed no significant diel variation after 15 minutes of dark acclimation 
(Zinser et al., 2009). Although there have been scarce data on how long 
it takes for phytoplankton acclimated to dim light, like those in the 
current study, to fully recover from the effect of light history, Fv/Fm 
ratios of algal cultures incubated under low irradiance (<100 μmol 
photons m− 2 s− 1) showed almost no effect of light history after 30 min of 
dark acclimation (From et al., 2014). Considering that the ambient 
irradiance level is similar to or lower than Ek (Fig. 2), 20 min of dark 

Fig. 3. Vertical profiles of the initial slope of the P-E curve (α-value, blank triangles, m− 1), the maximum quantum yield of photosystem II (PSII) (Fv/Fm, solid 
triangles), and non-photochemical quenching (NPQNSV, grey circles) around the SCM, estimated using STAF, along with those of chlorophyll concentration (solid 
line, μg L− 1).
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acclimation can negate at least some of the effects of light history on 
fluorometry. Prolonged darkness can affect the physiological status of 
phytoplankton, likely due to trace metal contamination or bottle 
containment. A dark acclimation period of 20 min to 5 h is considered an 
effective tradeoff between recovery from light stress and bottle effects. 
Longer dark periods at St. 2 (Table 1) may have negatively affected 
phytoplankton physiological status.

In this study, fluorometry was conducted at different local times from 
station to station, and the samples were measured over a total of 
approximately 3 h (Table 1), starting with the shallowest depths and 
progressing to the deepest, or vice versa. These differences in measure
ment timing may have caused artifactual variations in photosynthetic 
parameters within and among stations, given the distinct diel variations 
in phytoplankton photosynthetic parameters (Long et al., 1994). How
ever, Fv/Fm ratios against ambient daytime PAR irradiance were scat
tered around nearly the same curve, except for those near the SCM and 
at St. 9 (Fig. 4B), despite differences in local time of measurement 
among the stations (Table 1). Whereas the suppressed Fv/Fm ratio at St. 9 
may have reflected a decrease in Fv/Fm from sunrise to midday, which is 
usually observed (Behrenfeld and Kolber, 1999), this suppression was 

not observed at the other stations where fluorometry was conducted 
around noon (Sts. 4 and 7). A lack of a midday decrease in Fv/Fm was 
observed for both subsurface natural assemblages in the South China Sea 
(below 40 m) (Xie et al., 2018) and a high-light-adapted Prochlorococcus 
culture incubated at an irradiance of approximately 1.5 times Ek (Zinser 
et al., 2009). Thus, it is likely that diel variations in photosynthetic 
parameters are diminished under the light level, similar with or lower 
than Ek, experienced in the subsurface waters (Fig. 2). Therefore, in the 
present study, difference in the sampling time is unlikely to have 
accounted for the vertical variations in Fv/Fm.

The decrease in Ek values with depth at the four northern stations 
(Fig. 2) supports photoacclimation and photoadaptation in subsurface 
waters, as previously reported (Moore et al. 2006; Yuan et al. 2019). The 
slope of the natural logarithm of Ek values against depth was smaller (in 
absolute value) than that of the ambient PAR irradiance at all four sta
tions, where a significant decrease in Ek with depth was observed 
(Table 3). However, the difference between the two slopes was signifi
cant only for Sts. 2 and 7 (P < 0.05 and P < 0.001, respectively; F-test). 
The less steep slope of Ek than that of ambient PAR suggests that the 
potential photophysiological capability of the phytoplankton assem
blages to adjust to low-light conditions was not sufficient to fully 
compensate for natural light attenuation at these two stations.

Fig. 4. Scatter plots of the initial slope of the P-E curve (α-value, A, m− 1), 
quantum yield of PSII (Fv/Fm, B) against the estimated 8-day-averaged PAR 
irradiance during daytime around the SCM for each station (solid square, St. 2; 
blank square, St. 3; solid circle, St. 4; blank circle, St. 7; solid triangle, St. 8; 
blank triangle, St. 9). The regression lines for each photosynthetic parameter 
plotted against the log of the PAR irradiance are shown as dashed lines, along 
with the formula.

Fig. 5. Scatter plots of the initial slope of the P-E curve (α-value, A, m− 1), 
quantum yield of PSII (Fv/Fm, B) against chlorophyll concentration around the 
SCM for each station (solid square, St. 2; blank square, St. 3; solid circle, St. 4; 
blank circle, St. 7; solid triangle, St. 8; blank triangle, St. 9). Regression lines are 
shown only when their slopes were significantly different from zero (P < 0.05).
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The relatively constant Ek values at Sts. 8 and 9 were consistent with 
a relatively constant density (Fig. 1), suggesting that the upper water 
column was well-mixed on a timescale shorter than that of photo
acclimation. In contrast, the distinct gradient in the Ek values at St. 7, 
despite the relatively small density gradient in and slight seasonal 

pycnocline, suggests relatively weak mixing, which may have contrib
uted to phytoplankton accumulation in the subsurface layer. The po
tential light limitation suggested by the relatively high Ek values agrees 
with our previous report from the same area, in which light was the 
primary limiting factor for phytoplankton growth in the SCM (Sato et al., 

Table 4 
Slopes of regression lines of initial slope of photosynthesis, maximum quantum of photosystem II, and non-photochemical quenching on chlorophyll a concentration at 
Stations 3, 4, and 7. All the values are shown with 95% confidence intervals.

α value vs. chlorophyll Fv/Fm vs. chlorophyll NPQ vs. chlorophyll

St. 3 − 0.323 ± 0.048 − 0.187 ± 0.033 2.398 ± 0.666
St. 4 − 0.261 ± 0.032 − 0.169 ± 0.051 2.534 ± 0.839
St. 7 − 0.788 ± 0.247 − 1.139 ± 0.230 17.69 ± 5.97

Fig. 6. Vertical profiles of the cell concentrations (cells mL− 1) of Synechococcus (solid circles), Prochlorococcus (blank triangles), and eukaryotic phytoplankton (grey 
squares) around the SCM, as determined by flow cytometry, together with chlorophyll concentration (solid line, μg L− 1).
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2022b).
The cellular chlorophyll content of Prochlorococcus and Synecho

coccus, indexed by cellular red fluorescence, increased with depth 
(Fig. S4), which likely accounts for acclimation and adaptation to dim 
environments. Notably, the cellular chlorophyll fluorescence of the eu
karyotes decreased with increasing depth at all four stations (Fig. S4). 
However, the cellular forward light scatter of eukaryotes decreased with 
depth, except at St. 3 (Fig. S5), suggesting that the miniaturization of 
their mean cell size may compensate for the decrease in cellular chlo
rophyll content. In addition to the dark acclimation and adaptation of 
each phytoplankton population, vertical variations in the composition of 
phytoplankton communities (Fig. 6) may have contributed to the 
changes in Ek values, which can show intra- and interspecific variations 

in both prokaryotic and eukaryotic algae (Moore et al., 1995; MacIntyre 
et al., 2002; Six et al., 2021). At this point, however, it would be more 
reasonable to select species and ecotypes adapted to the ambient light 
environment and the resultant variations in phytoplankton community 
composition would form the vertical profiles of Ek.

Other photosynthetic parameters derived from STAF, α and NPQNSV, 
showed similar vertical variations across the SCM among the different 
stations, particularly at Sts. 3, 4, and 7 (Figs. 3, 4, and 5). Although these 
parameters are not strictly independent of each other (see Materials and 
Methods, Schuback et al., 2015; Wei et al., 2019), their similarities 
suggest that photosynthesis is controlled by similar mechanisms at these 
stations. Generally, the α values and Fv/Fm increased with depth, while 
NPQNSV decreased. Similar vertical trends have been confirmed for α 

Fig. 7. Vertical profiles of nitrate (solid squares), nitrite (blank squares), and soluble reactive phosphorus (grey circles) concentrations around the SCM, together 
with chlorophyll concentration (solid line, μg L− 1).
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values (Cullen et al., 1992; Sathyendranath et al., 1996; Yoshikawa and 
Furuya, 2008), Fv/Fm (Boyd and Abraham, 2001; Yuan et al., 2019; 
Kerkar et al., 2020), and NPQNSV (Raateoja et al., 2009; Wang et al., 
2024). These overall trends are likely driven primarily by the alleviation 
of photoinhibition and increased nutrient availability with depth 
(Kerkar et al., 2020). This suggests that the effects of photoinhibition 
were not completely eliminated from the subsurface phytoplankton as
semblages even after > 20 min of dark acclimation.

Photosynthetic parameters are affected not only by phytoplankton 
physiological status but also by species composition. For example, Fv/Fm 
and σPSII of Synechococcus are generally lower than those of Pro
chlorococcus or eukaryotic phytoplankton under similar conditions 
(Sugget et al., 2009; Mella-Flores et al., 2012), owing to the involvement 
of phycobilins, which cannot be effectively excited by blue light used in 
this study. These interspecific variations may partly account for the in
crease in Fv/Fm with depth, taking into account that the relative 
contribution of Synechococcus decreased with depth at Sts. 2, 3, and 4 
(Fig. 6). In eukaryotes, the Fv/Fm ratios of diatoms are generally higher 
than those of picoeukaryotes (Suggett et al., 2009). Although the com
munity composition of eukaryotic phytoplankton was not analyzed in 
the current study, eukaryotic phytoplankton in the subsurface waters of 
the eastern Indian Ocean are generally dominated by pico-sized eu
karyotes (Guo et al., 2023), suggesting that the effect of eukaryotic 
community composition on photosynthetic parameters was not signifi
cant. In addition to the shift in community composition, the presence of 
phaeophytin, a chlorophyll degradant, is known to lower Fv/Fm without 
affecting σPSII (Fuchs et al., 2002). However, the observation that Fv/Fm 
increased with depth below the SCM suggests that the effect of phaeo
phytin on Fv/Fm was minor, given that the ratio of phaeophytin to 
chlorophyll generally increases with depth below the SCM.

Because the α values were obtained by fluorometry, it is difficult to 
directly compare their absolute values with those of previous studies, 
most of which were derived from isotope incorporation experiments. 
Here, we compared the Fv/Fm values obtained in this study with those 
obtained from subsurface waters in other studies. The Fv/Fm values of 
~0.4 found off the SCM peak in the current study were similar to those 
observed between 15 ◦N and 10 ◦S in the eastern Indian Ocean in boreal 
late spring (Wang et al., 2024). Thus, these are typical values for Fv/Fm in 
the subsurface layers of stratified areas of the eastern Indian Ocean. 
Similar values were observed in the subsurface waters of the subtropical 
front of the Southern Ocean (Kerkar et al., 2020) and Drake Passage 
(Hopkinson et al., 2007), but were lower than those in the North Pacific 
Subtropical Gyre (Vaillacourt et al., 2003) and Southern California Bight 
(Hopkinson and Barbeau, 2008). The Fv/Fm values found around the 
SCM peak (0.26–0.36, Fig. 3) are within ranges similar to those found in 
the subsurface waters of the Bay of Bengal (Wei et al., 2019), Antarctic 
Circumpolar Current (Hopkinson et al., 2007), and Antarctic Polar Front 
(Kerkar et al., 2020).

4.3. Local variations in photosynthetic parameters around the SCM

This study is the first to discuss a reduced Fv/Fm ratio around the SCM 
peak (Fig. 3). Generally, the Fv/Fm value increases with depth in natural 
phytoplankton assemblages in open oceans (Yuan et al., 2019; Kerkar 
et al., 2020), which is likely due to the alleviation of photoinhibition 
and/or nutrient limitation. Because a depressed Fv/Fm was observed at 
10–20 m around the SCM (Fig. 3), this depression could have been 
overlooked if the conventional sampling method was employed at 
typical intervals of 10–25 m. Lower Fv/Fm values around the SCM were 
observed within cyclonic eddies in the subtropical North Pacific (Fig. 4b 
in Vaillancourt et al., 2003) and the subtropical front of the Southern 
Ocean (Fig. 6a in Kerkar et al., 2020), although the authors did not 
mention this phenomenon. In a semi-continuous survey covering the 
eastern Indian Ocean, the decrease in Fv/Fm values around the SCM was 
unclear, except at the equator (Fig. 6 in Wang et al., 2024), and was not 
specifically noted.

Based on the discussion in the previous section, it is unlikely that 
local variations in photosynthetic parameters around the SCM at Sts. 3, 
4, and 7 can be attributed to photoinhibition, limitation by macronu
trients, and chlorophyll degradants, although these factors, particularly 
the former two, can largely explain their variation on a larger vertical 
scale. Although the positive correlation of the α and Fv/Fm values with 
nitrogen nutrients (Fig. 8) at St. 3 suggests that the depression of these 
values was caused by macronutrient deficiency, it should be considered 
that the sampling range only covered depths lower than the SCM peak at 
this station (Fig. 1). In other words, negative correlation of the α and Fv/ 
Fm values with chlorophyll at St. 3 (Fig. 5) are likely explained by 
alleviation from macronutrient limitation below the SCM.

However, the negative correlation between the α and Fv/Fm values 
and chlorophyll at Sts. 4 and 7 (Fig. 5) cannot be similarly explained. 
One possible cause for the depression in the α and Fv/Fm around the SCM 
concomitant with the increase in NPQNSV is a vertical variation in the 
phytoplankton community composition (Sugget et al., 2009), as 
mentioned in section 4.2. However, the relatively constant contributions 
of Prochlorococcus and eukaryotes with a minor contribution of Syn
echococcus within the SCM at St. 4 (Fig. 6) suggested that local variations 
in photosynthetic parameters were unlikely to be caused by interspecific 
variations. In contrast, the relatively high contributions of eukaryotic 

Fig. 8. Scatter plots of the photosynthesis-irradiance curve (α-value, A), 
quantum yield of photosystem II (Fv/Fm, B) against the sum of nitrate and nitrite 
concentrations around the SCM for each station. Regression lines are shown 
only when their slopes were significantly different from zero (P < 0.05). 
Symbols for each station are the same as in Fig. 4.
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phytoplankton at the SCM of St. 7 (Fig. 6) may partly account for the 
variations in photosynthetic parameters at this station. Because inter
specific variations in photosynthetic parameters are observed even 
among eukaryotes (Kruskopf and Flynn, 2006; Sugget et al., 2009), more 
detailed analysis of phytoplankton community structure is required, 
which was not achieved by flow cytometry.

Another possible explanation for the local variations in photosyn
thetic parameters around the SCM is physiological stress caused by iron 
deficiency. It is widely known that physiological stress on phyto
plankton due to iron deficiency results in changes in their photosyn
thetic parameters, particularly a decrease in Fv/Fm for both laboratory 
cultures (Greene et al., 1991) and natural assemblages (Kolber et al., 
1994; Suzuki et al., 2002). A concomitant increase in the NPQNSV around 
the SCM at Sts. 4 and 7 (Fig. 3) is also indicative of photophysiological 
stress induced by iron deficiency (Ryan-Keogh et al., 2023). Considering 
the nutrient-like vertical profile of dissolved iron in the open ocean, it 
may be unreasonable that photosynthetic systems around the SCM are 
more severely iron limited than those in the adjacent waters. However, 
many observations have reported subsurface dissolved iron minima that 
largely coincide with the SCM in subtropical open waters (Bruland et al., 
1994; Sedwick et al., 2005; Hawco et al., 2021). These subsurface 
minima of dissolved iron are caused by the increased demand for iron by 
chlorophyll synthesis under low-light conditions (Raven, 1988; Sunda 
and Huntsman, 1997), as evidenced by the accumulation of chlorophyll 
at the SCM. Light-iron colimitation on phytoplankton growth around the 
SCM has been experimentally verified in subtropical waters (Hogle 
et al., 2018; Hawco et al., 2021), including the Indian Ocean (Sato et al., 
2022b; Sun et al., 2024). Stoichiometric analyses also suggest a potential 
relative deficiency of iron compared with other biogenic elements in the 
eastern Indian Ocean (Thi Dieu Vu and Sohrin, 2013; Twining et al., 
2019). This is consistent with the hypothesis that subsurface variations 
in photosynthetic parameters in the subtropical Indian Ocean are asso
ciated with iron deficiency.

However, the responses of photosynthetic parameters, particularly 
Fv/Fm, to iron deficiency are not straightforward in marine phyto
plankton (Behrenfeld et al., 2006b; Behrenfeld and Milligan, 2013), 
which are influenced by community composition, availability of mac
ronutrients, and diel variations. Whether the Fv/Fm signature charac
teristic of iron-limited phytoplankton assemblages at the surface is 
observed for subsurface iron-limited assemblages remains unclear. In 
the Southern California Bight region, where subsurface phytoplankton 
assemblages are co-limited by iron and light, the Fv/Fm values of un
amended subsurface phytoplankton assemblages are relatively high 
(~0.5); however, Fv/Fm is enhanced by either iron enrichment or 
elevated light irradiation (Hopkinson and Barbeau, 2008). In the current 
study, stringent trace-metal-clean techniques were not applied, and iron 
concentrations were not measured in the samples obtained during fine- 
scale SCM sampling. Thus, it is impossible to directly evaluate the 
physiological stress on phytoplankton assemblages and the proposed 
light-iron co-limitation remains a working hypothesis. Moreover, 
intraspecific variation in photosynthetic parameters (Kruskopf and 
Flynn, 2006; Sugget et al., 2009), which may account for the variations 
around the SCM, was not evaluated in this study due to methodological 
limitations. Thus, manipulation experiments using stringent trace- 
metal-clean techniques, fluorometric approaches and analyses of 
phytoplankton community composition will help reveal the mechanisms 
controlling the photosynthetic parameters of subsurface phytoplankton 
assemblages in the eastern Indian Ocean.

5. Conclusions

From high-resolution vertical profiles of photosynthetic parameters 
measured in the eastern Indian Ocean, we found reductions in α and Fv/ 
Fm values, and an increase in NPQNSV, around the SCM of the subtropical 
stratified waters. These fine-scale variations in photosynthetic parame
ters likely result in a significant reduction in potential carbon fixation 

around the SCM, which is likely ignored if the conventional sampling 
method at ~10-m intervals is employed. Typically, biogeochemical 
models have assumed that carbon-specific photosynthetic rates in the 
open ocean decrease with depth, in response to light attenuation. 
However, the present results suggest the possibility of an additional 
depression in photosynthesis around the SCM. This challenges the val
idity of current evaluations of ocean productivity in subsurface waters. It 
is essential to understand how far this depression extends horizontally 
and vertically, and what causes it, for refined estimates of global ocean 
productivity. Photoinhibition or macronutrient (nitrogen) deficiency, 
which is a likely cause of the surface depression of Fv/Fm in the surface of 
subtropical waters, cannot account for the restrained potential photo
synthesis around the SCM. In addition to variations in the phytoplankton 
community composition, iron deficiency is a possible cause of local 
variations in photosynthetic parameters around the SCM. However, a 
direct examination of the effects of iron bioavailability on photosyn
thetic parameters in subsurface waters is required. The horizontal and 
vertical dimensions of potential iron limitations in subsurface waters 
worldwide, and their impacts on global primary productivity, should be 
assessed using a wide range of techniques, including high-resolution 
sampling, fluorometric assessment of potential photosynthesis, direct 
measurement of carbon fixation, and enrichment experiments. The po
tential targeted areas will include subtropical North and South Pacific 
and Indian Ocean, where potential iron deficiency in subsurface 
phytoplankton assemblages has been suggested. It will contribute to 
prediction of interactive effects of subsurface ecosystems and global 
climate changes.
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