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Abstract

　　Size spectra data from marine phytoplankton and zooplankton can provide deep insights into material transfer in lower tro-
phic levels.　In this study, we quantified size spectra data of phytoplankton and zooplankton in the subarctic (SA) and transi-
tional (TR) domains in the western North Pacific during May 2023.　Phytoplankton and zooplankton data were obtained using 
FlowCam and ZooScan imaging instruments, respectively.　Significantly normalized biovolume size spectra (NBSS) were 
detected for all samples in both taxa.　There were no regional differences in abundance or biovolume.　A large regional pattern 
was detected for the size spectra of phytoplankton at the sea surface.　In samples from the TR, the mean biovolume per cell was 
larger, the slope of NBSS was flatter, and the size diversity was higher than in those in the SA.　The NBSS slope and size 
diversity both showed higher variation in phytoplankton than in zooplankton.　Based on the combination of phytoplankton and 
zooplankton at the same station, NBSS covering the whole planktonic size range are presented.　In both taxa, a large discrep-
ancy, e.g., missing NBSS area, was present from 10-5 to 10-1 mm3 ind.-1 in the biovolume.　Methods to fill this gap in future stud-
ies are discussed.
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Introduction

　Normalized biomass size spectra (NBSS) are an index of 
the marine lower trophic level energy or material transfer to 
the higher trophic level organisms (Zhou, 2006 ; Zhou et al., 
2009).　The intercept of NBSS provides information on the 
amount of biomass within the food web, and the slope of 
NBSS indicates the trophic transfer efficiency or turnover rate 
(Zhou, 2006).　The NBSS slope is known to vary with graz-
ing intensity (Gómez-Canchong et al., 2012 ; Chang et al., 
2013) and respond to both the production of phytoplankton 
and the predation by zooplankton (Moore and Suthers, 2006).　
Recently, spatial and temporal changes (Baird et al., 
2008 ; Espinasse et al., 2014 ; Marcolin et al., 2015 ; Gar-
cia-Oliva et al., 2022), as well as day/night changes (Suthers 
et al., 2006), and vertical changes (Liu et al., 2021) in size 
spectra have been evaluated using the NBSS from worldwide 
oceans.　Traditionally, mesozooplankton NBSS were usually 
assessed using optical plankton counter (OPC) measurements 
(Yurista et al., 2005 ; Huntley et al., 2006 ; Sourisseau and 
Carlotti, 2006).　The OPC and the laser OPC (LOPC) have 
been used to compare zooplankton NBSS (Herman and Har-

vey, 2006).　Such a comparison has also been done for 
mesozooplankton between an Underwater Vision Profiler 5 
(UVP5) and traditional net tows (200 µm mesh size) (Forest 
et al., 2012).　For phytoplankton, size distributions have 
been compared between a laser diffractometer (LISST‐
100X), an electrical impedance particle sizer (Coulter Coun-
ter), and a particle imaging system (FlowCam) (Reynolds et 
al., 2010).　To cover a wide size range, Flow Cytometry, 
FlowCam, and ZooScan have been used together in the last 
decade to estimate the NBSS of the whole plankton commu-
nity (from microbes to macrozooplankton predators) (Van-
dromme et al., 2012).
　Obtaining NBSS from the whole plankton community is 
the goal for such a size spectra study.　NBSS from heterotro-
phic bacteria to zooplankton have been evaluated by combin-
ing different techniques : flow cytometry, inverse 
microscopy, FlowCam, and ZooScan (Romagnan et al., 
2015 ; Kydd et al., 2018).　However, because of the limita-
tions of the instruments, the NBSS obtained from various 
methods have shown discrepancies (Nogueira et al., 
2004 ; Schultes and Lopes, 2009 ; Jakobsen and Carstensen, 
2011 ; Forest et al., 2012 ; Vandromme et al., 2014 ; Kwong 
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and Pakhomov, 2021).　Interestingly, the NBSS slopes com-
bining phytoplankton, mesozooplankton, and macrozooplank-
ton using FlowCam and ZooScan methods have been 
reported to be flatter than the single zooplankton NBSS slope 
(Zhang et al., 2019).　The NBSS for various trophic groups 
can be obtained only from the combination of each trophic 
group (Sprules and Stockwell, 1995).　A combination of size 
diversity and NBSS has also provided interesting insight into 
the plankton size spectra (Sun et al., 2021).　However, such 
studies are scarce despite their importance.
　In the western North Pacific, there have been several stud-
ies on the size spectra of the whole plankton community (bac-
t e r i a ,  phy top l ank ton ,  p ro tozoop lank ton ,  and 
metazooplankton) from subarctic to subtropical regions 
(Yamaguchi et al., 2002 ; 2004).　For several coastal areas, 
seasonal changes in mesozooplankton NBSS slope have also 
been reported (Hikichi et al., 2018 ; Teraoka et al., 2022).　
For the vertical changes, the compositions at 0-150 m and 
150-500 m depths have been reported in the Oyashio region 
based on year-round collected zooplankton samples (Yama-
guchi et al., 2014).　While such information is valuable, 
most of these studies have targetted only zooplankton, and 
most of the data were derived from OPC instruments (Yokoi 
et al., 2008 ; Matsuno and Yamaguchi, 2010 ; Fukuda et al., 
2012 ; Sato et al., 2015).　The combination of phytoplank-
ton with zooplankton NBSS and the elimination of detritus 
from the particle data have not been made in this region.
　The aim of our study was to obtain NBSS for both phyto-
plankton and mesozooplankton in the subarctic (SA) and 
transitional (TR) domains in the western North Pacific during 
May 2023.　For quantification of size spectra of the two 
plankton groups, we applied two imaging devices : FlowCam 
for phytoplankton and ZooScan for mesozooplankton.　We 
compared NBSS parameters (slope and intercept) and the size 
diversity of each taxon between the two domains.　For phy-
toplankton, vertical changes in size spectra were evaluated 
using samples collected from three depths (0, 30, and 50 m).　
Based on the results of this study, we propose methods to 
assess the size spectra covering the whole plankton commu-
nity in future studies.

Materials and methods

Field sampling

　Plankton samplings were conducted at six stations in the 
western North Pacific aboard the T/S Oshoro-Maru during 
14-19 May 2023 (Table 1, Fig. 1).　Samplings were made 
both day and night (3 stations during the day, 2 at night, and 1 
at dusk) (Table 1).　For phytoplankton, 1-L water samples 
were collected in dark bottles from three depths (0, 30, and 50 
m) using a bucket (0 m) or rosette of Niskin bottles mounted 
on a CTD.　Zooplankton samples were collected in vertical 
tows of a Quad-NORPAC net (mesh size of 335 µm, mouth 
diameter of 45 cm, Hama et al., 2019) from 150 m to the sea 
surface.　The NORPAC nets were equipped with a flowme-
ter (Rigosha & Co., Ltd.) at the net mouth ring to register the 
volume of filtered water.　Data of the filtered volume (m3) of 
each sample are shown in Table 1.　The zooplankton sam-
ples were preserved by adding 5% borax-buffered formalin 
(v/v) on board immediately after collection.　Temperature, 
salinity, and fluorescence were measured by a fluorometer 
mounted on the CTD (SBE 911 plus ; Sea-Bird Scientific).

FlowCam analysis

　Using the collected non-preserved water samples, the size 
of phytoplankton was measured using FlowCam (8100, Fluid 
Imaging Technologies Inc.) as soon as possible after collec-
tion on board.　For measurement, a 5-mL water sample was 
inserted into the FlowCam using a 10-mL tube.　The 
phytoplankton were measured with a ×10 objective lens in 
AutoImage mode, and the detection limit was 2 μm of equiv-
alent spherical diameter (ESD).　Each sample was pumped 
through a chamber with a cross-section of 100 μm × 700 
μm.　The total volume of the examined samples was 1.78-
3.35 mL (mean±1sd : 2.84±0.31 mL).　Particle images 
outside the 4-100 μm ESD range were not captured.　Invalid 
images (including bubbles, repeated images, detritus, and 
fragments of cells) were removed before data analysis.

ZooScan analysis

　In the land laboratory, zooplankton images of the formalin-

Table 1.　 Sampling data on phytoplankton (0, 30, 50 m depth) and zooplankton (0-150 m depth) at six stations in the 
western North Pacific during 14-19 May 2023.　Sampling times at each station are shown as D (day) or N 
(night).　For zooplankton, data on the filtered volume of the plankton net are also shown.　- : dusk.

Station Position　 Local time　
D/N Net filtered 

volume (m3)no. Lat. (N) Lon. (E) Date Hour

1 41°33.01′ 151°02.41′ 14-May 20 : 00 N 28.18
2 42°04.97′ 151°37.07′ 15-May 14 : 17 D 22.46
3 42°18.84′ 152°02.73′ 15-May 20 : 21 N 23.71
4 40°00.00′ 145°00.00′ 18-May 12 : 07 D 23.19
5 40°29.79′ 145°00.03′ 19-May 11 : 40 D 23.11
6 40°59.72′ 144°59.83′ 19-May 18 : 25 － 24.02
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preserved samples were scanned with a ZooScan system 
(Hydrooptic Inc.) based on the method of Gorsky et al.　
(2010).　Before each measurement, background measure-
ments were made with deionized water.　Zooplankton sub-
samples of 1/2 to 1/64 (depending on the amount of the 
sample) were made using a Motoda sample splitter (Motoda, 
1959) and scanned.　The obtained images were separated 
into individual images using ZooProcess software.　The zoo-
plankton images were digitized at 2400 dpi resolution, at 
which one pixel corresponded to 10.6 µm.　The obtained 
images were uploaded to the website EcoTaxa (http://eco-
taxa.obs-vlfr.fr/prj/), which uses machine learning to identify 
plankton images, as described in Picheral et al.　(2017).　
The taxonomic groups and species identified in this study 
included Amphipoda, Appendicularia, Chaetognatha, Cladoc-
era, Cnidaria, Copepoda, Echinoidea, Euphausiacea, Fora-
minifera, Harpacticoida, Hydrozoa, Mollusca, Ostracoda, 
Phaeodaria, Polychaeta, copepod nauplii, and eggs.
　ZooScan provides the body length (major axis) and width 
(minor axis) of the object (Gorsky et al., 2010).　The volume 
of the ellipse (Volume : mm3) was calculated using the major 
axis length (Lmajor : mm) and the minor axis width 
(Lminor : mm) :

Volume L Lmajor minor� � � � �� � �4 3 2 2
2

/ / /�

From the volume of the ellipse, the ESD of the object was 
calculated.

ESD Volume� � ��
�
�

�
�
�2

3

4
3

�

The abundance (N : ind. m-3) was calculated from the num-
ber of particles (n) and the volume of filtered water (F : m3) :

N n F s� �� �/

where s is the split factor of the samples used for the ZooScan 
measurement.
　The biovolume (B : mm3 m-3) was also calculated from 
the Volume (mm3), F, and s using the following equation :

B Volume
F s

�
�

The mean biovolume per individual (M : mm3 ind.-1) was 
also calculated from biovolume (B) and abundance (N) using 
the following equation :

M B N= /

Normalized biovolume size spectra

　To obtain normalized biomass size spectra (NBSS), we 

Fig. 1. Locations of sampling stations (St. 1-6, red stars) in the western North Pacific during 14-19 May 2023 and sea surface tem-
perature during the study period (data derived from the Japan Meteorological Agency).
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used the biovolume data on phytoplankton (derived from 
FlowCam) and zooplankton (derived from ZooScan) at size 
ranges of 4-100 µm ESD binned in 1 µm intervals (= 96 size 
classes, phytoplankton) and 0.2-5.0 mm ESD binned in 0.1 
mm intervals (= 48 size classes, zooplankton), respectively.　
Biovolume was divided by the biovolume interval 
(Δbiovolume [mm3]) and log10-transformed.　Specifically, 
we used log10 plankton biovolume (mm3) in each size class 
for the X-axis and log10 plankton biovolume (mm3 m-3) / 
Δbiovolume (mm3) for the Y-axis.　Then, the NBSS linear 
model was calculated as follows :

Y = aX + b

where a and b are the slope and intercept of the NBSS, 
respectively.

Size diversity

　The size diversity of the plankton community was calcu-
lated by the Shannon-Weaver index formula (Shannon and 
Weaver, 1963) :

Size diversity P Pi
c

i iln� � �� 1

where c is the total number of size categories, and Pi is the 
proportion of the size class i in the total biovolume.

Statistical analysis

　Since hydrographic conditions at six stations were classi-
fied into two regions, the Mann-Whitney U-test was used to 
compare abundance, biovolume, biovolume per cell (phyto-
plankton) or individual (zooplankton), NBSS slopes, inter-
cept, and size diversities between the two regions.　For both 
phytoplankton and zooplankton, linear fittings were examined 
to explore the relationship between NBSS slope and size 
diversity.

Results

Hydrography 

　The vertical changes in temperature and fluorescence, and 
the T-S diagram at the six stations are shown in Fig. 2.　
Temperature at the sea surface was 3.0-18.1◦C and decreased 
with increasing depth (Fig. 2a).　Vertical temperature 
changes were more prominent at St. 4-6 than at St. 1-3, and a 
thermocline was observed around 20-25 m at St. 4-6 (Fig. 
2a).　At all stations, fluorescence peaked at 14-33 m depths 
with no apparent differences between stations (Fig. 2b).　
Based on the T-S diagram, the stations were classified into 
cold and low salinity stations in the subarctic (SA) domain (St. 
1-3) and warm and saline stations in the transition (TR) 
domain (St. 4-6) (Fig. 2c).　These classifications corre-
sponded well with the sea surface temperature derived from 
satellite images (cf. Fig. 1).

Abundance and biovolume

　The mean phytoplankton cell density at each sampling depth 
in the two regions ranged between 77 and 287 cells mL-1 (Table 
2).　In both regions, phytoplankton cell density was the high-
est at the sea surface (0 m) and decreased with increasing 
depth.　Regional differences were not detected for phyto-
plankton abundance at each depth.　Phytoplankton biovol-
ume ranged between 12 and 45 mm3 m-3 (Table 2).　
Regional differences were not seen for phytoplankton biovol-

Fig. 2.　 Vertical changes in water temperature (a) and fluores-
cence (b) at 0-150 m depths at six stations ; T-S dia-
gram at each station (c) in the western North Pacific 
during 14-19 May 2023.　Dashed lines and solid tri-
angles in (b) represent the water sampling depths (0, 
30, 50 m) for phytoplankton analyses.
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ume at each depth.　Vertical changes in phytoplankton bio-
volume were unclear.　As a consequence, the mean 
biovolume per cell was the lower at the surface (0 m) than at 
deeper layers (30 m and 50 m) (Table 2).　The mean phyto-
plankton biovolume was smaller in the SA (63-134 mm3 cell-1) 
than in the TR (197-316 mm3 cell-1), especially at shallower 
depths (0 and 30 m).
　Mean zooplankton abundance at the two regions was 948 
ind. m-3 (TR) and 1415 ind.m-3 (SA) and showed no 
significant regional differences.　The mean zooplankton bio-
volume was 78 mm3 m-3 (TR) and 144 mm3 m-3 (SA) and did 
not vary between the regions.　The mean biovolume per 
individual was 91×10-3 mm3 ind.-1 in the TR and 132×10-3 
mm3 ind.-1 in the SA, and showed no significant regional dif-
ferences.

NBSS and size diversity

　NBSS of phytoplankton and zooplankton at three stations 
in the SA and three stations in the TR are shown in Fig. 3.　
Since the sizes measured by the two instruments (FlowCam 
and ZooScan) varied greatly, large discrepancies were 
observed between NBSS on phytoplankton and zooplankton 
for all stations (Fig. 3).　While such shortcomings were pres-
ent, clear regional differences were observed in NBSS of phy-
toplankton at shallower depths especially at the sea surface (0 
m).　Thus, for phytoplankton at 0 m, the NBSS slope was 
steep in the SA and moderate in the TR (Table 2).　The 
NBSS intercept of the sea surface phytoplankton was low in 
the SA and high in the TR.　The size diversity of phyto-
plankton also varied with region.　Thus, the size diversity of 
phytoplankton was low in the SA, especially at 0 m and 30 m, 

while the size diversity was high in the TR at these depths.　
Except for phytoplankton at shallower depths (0 m), both 
NBSS and size diversity showed no regional differences for 
phytoplankton at deeper depths (50 m) and zooplankton at 
0-150 m (Table 2).

Comparison between NBSS and size diversity 

　In this study, we used two indices (NBSS and size diver-
sity) to express the size spectra of phytoplankton and 
zooplankton.　The scatter plots between NBSS slope and 
size diversity and their regressions at the three depths for phy-
toplankton and zooplankton are shown in Fig. 4.　Through 
the taxa and depths, the NBSS slope was moderate under the 
high size diversity conditions.　Significant regressions 
between the NBSS slope and size diversity were present for 
phytoplankton at the three depths (p < 0.05).　From the scat-
ter plots, regional changes in the NBSS slope and size diver-
sity were also marked.　For phytoplankton at the sea surface, 
the steeper NBSS slope and lower size diversity in the SA 
than in the TR were prominent (Fig. 4a).　For phytoplankton 
at 30 m, the size diversity was lower in the SA than in the TR 
(Fig. 4b).

Discussion

Abundance and biovolume 

　Phytoplankton abundance and biovolume data in the oce-
anic region of the western North Pacific are scarce.　As a 
notable exception, Mochizuki et al. (2002) reported seasonal 
changes in phytoplankton cell abundance at Station KNOT 
(44°N, 155°E) based on year-round observations.　Accord-

Table 2.  Comparison of abundance, biovolume, mean biovolume per cell/individual, NBSS slope, intercept, and size diversity between the 
subarctic stations (SA, St. 1-3) and transitional domain stations (TR, St. 4-6) in the western North Pacific during 14-19 May 2023. 
Values are mean ± 1sd. Differences between the regions were tested by the Mann-Whitney U-test. * : p < 0.05, ** : p < 0.01, 
*** : p < 0.001, ns : not significant.　The superscript alphabets (a-d) represent the differences in units.　Thus, a : cells ml-1, 
b : ind. m-3, c : µm3 cell-1 , and d : ×10-3 mm3 ind.-1.

Taxa/depth Region Abundance Biovolume
(mm3 m-3)

Mean biovolume 
per cell/individual

 NBSS 
slope

 NBSS 
intercept

Size 
diversity

Phytoplankton
0 m SA 287.08±197.76a  18.96±19.80  63.87±31.01c －0.93±0.05 0.50±0.54 2.03±0.13

TR 165.30±26.60a  32.72±5.46 197.92±6.28c －0.65±0.01 2.65±0.03 2.73±0.01
U-test ns ns ** *** ** ***

30 m SA 124.58±35.93a  16.10±5.72 134.33±57.12c －0.73±0.18 1.83±1.10 2.33±0.19
TR 141.86±33.05a  45.29±17.29 316.75±69.44c －0.51±0.06 3.41±0.35 2.82±0.08

U-test ns ns * ns ns *
50 m SA 77.14±16.55a  12.36±3.42 166.31±65.10c －0.56±0.20 2.79±1.31 2.49±0.27

TR 79.66±19.05a  24.62±17.25 287.26±140.54c －0.47±0.08 3.40±0.58 2.68±0.18
U-test ns ns ns ns ns ns

Zooplankton
0-150 m SA 1,415±1,466b 144.39±106.14 132.18±59.91d －0.42±0.10 0.88±0.37 2.54±0.11

TR   948±470b  78.75±18.80  91.73±26.26d －0.52±0.07 0.90±0.16 2.64±0.19
U-test ns ns ns    ns ns ns
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ing to Mochizuki et al. (2002), the highest cell density was ca.　
60 cells mL-1 observed at the end of May (Fig. 3 of Mochizuki 
et al. 2002).　This value is lower than the mean phytoplank-
ton cell densities in the SA and TR regions in the present 
study (165-2817 cells mL-1, Table 2).　This discrepancy may 
have been due to the pre-treatment of the samples.　
Mochizuki et al. (2002) preserved their samples by adding 
1% borax buffered formalin, concentrated the samples, and 
examined them under an inverted microscope.　On the other 
hand, we measured non-preserved samples immediately after 
the collection on board.　Since preservation by the buffered 
formalin can cause shrinkage of the cells, especially for the 
naked taxa, quantification was made only for the shelled taxa 
in Mochizuki et al. (2002).　Concerning chlorophyll a, 

Mochizuki et al. (2002) reported low values throughout the 
year, with the highest value at 1.6 μg L-1.　Similar low values 
in this region were also confirmed by Matsumoto et al. 
(2016).　Our fluorescence value in the present study was 
similar to values in these previous reports (Fig. 2b).
　For zooplankton, abundance and biovolume data are avail-
able from various studies (Yamaguchi et al., 2004, 
2017 ; Yokoi et al., 2008).　Yokoi et al. (2008) reported that 
the mean abundance at 0-150 m depths was 352-580 ind. m-3.　
The zooplankton abundance in the present study (948-1415 
ind. m-3, cf. Table 2) was higher than the values reported by 
Yokoi et al. (2008).　Considering the high standard devia-
tions in our results (Table 2), there seem to be no significant 
differences with the previously reported values.　For zoo-

Fig. 3. Normalized biovolume size spectra (NBSS) of phytoplankton at three depths (0, 30, and 50 m) derived from FlowCam and 
of zooplankton at 0-150 m derived from ZooScan collected by NORPAC net at three stations (SA, St. 1-3) in the subarctic 
and three stations (TR, St. 4-6) in the transitional domain of the western North Pacific during 14-19 May 2023.
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plankton biomass, previous studies reported the biomass 
using other units such as carbon (Yokoi et al., 2008) or dry 
weight (Yamaguchi et al., 2017).　If we convert our biovol-
ume data to wet weight assuming that the zooplankton gravity 
was the same as water (=1 mg mm-3), the estimated zooplank-
ton wet weight is 78-144 mg WW m-3.　These values corre-
spond well with the reported values in this region (Yamaguchi 
et al., 2004, 2017 ; Yokoi et al., 2008).

NBSS and size diversity

　For all quantitative parameters of plankton (e.g., phyto-
plankton at three depths and net zooplankton at 0-150 m), 
significant regressions were present for NBSS (Fig. 3).　For 
most parameters, significant correlations were also present 
between the NBSS slope and size diversity, i.e., moderate 
NBSS slope provided high size diversity (Fig. 4).　These 
patterns correspond well with previously reported interactions 
between the NBSS slope and size diversity (Sun et al., 2021).
　Within the four planktonic parameters, regional changes in 
NBSS and size diversity were present only for the phyto-
plankton at the sea surface (Table 2).　As size characteristics 
of phytoplankton at the sea surface, the mean biovolume was 
larger in the TR than in the SA.　Consequently, there was a 
more moderate NBSS slope and higher size diversity in the 
TR (Table 2).　While these regional differences in phyto-

plankton size are interesting and highly significant (p < 0.01), 
it also should be noted that their abundance and biovolume 
showed no regional differences (Table 2).　These diminished 
regional changes in phytoplankton stocks between the two 
regions were confirmed by the vertical distribution of fluores-
cence showing little regional difference (Fig. 2b).
　As a notable regional difference in hydrography, a 
prominent thermocline developed in the TR (Fig. 2a).　In 
contrast, temperature profiles in the SA were relatively 
homogenous.　The development of a thermocline is an 
important factor to initiate the spring phytoplankton bloom in 
this region (Mochizuki et al., 2002).　From this point of 
view, the development of the thermocline in the TR may 
allow the growth of large phytoplankton, causing their 
dominance, the flat slope of the NBSS, and the high size 
diversity.　On the other hand, cold surface water in the SA 
may mix the water column to prevent the growth of the large 
phytoplankton, causing the dominance of small phytoplank-
ton and a steep NBSS slope (Table 2).　Because phytoplank-
ton size is an important factor in determining the feeding 
capability of zooplankton, yearly changes in thermal stratifi-
cation, dominant phytoplankton size, and dominant zooplank-
ton taxa have also been pointed out in this region (Yokoi et 
al., 2008).
　Through the taxonomic comparison, it was notable that the 

Fig. 4. The linear fittings between NBSS slope and size diversity for phytoplankton at three depths (a-c) and zooplankton (d) in the 
western North Pacific during 14-19 May 2023.　The red and blue symbols represent stations in the subarctic (SA) and 
transitional domains (TR), respectively.　The shaded areas indicate a 95% confidential interval.　
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zooplankton NBSS slope and size diversity were settled at a 
smaller range than those in phytoplankton (Fig. 4).　Note 
that the scales of Fig. 4 are the same throughout the taxa/
panel.　Thus, zooplankton had a higher size diversity and 
more moderate NBSS slope than phytoplankton.　These 
facts suggest that the regional changes in size spectra in zoo-
plankton were smaller than those in phytoplankton.　This 
may be due to the differences in the generation length of the 
two taxa.　Zooplankton in this region (both SA and TR) 
comprise mostly large-sized Neocalanus copepods, which 
have one-year generation lengths (Yamaguchi et al., 2004, 
2017 ; Matsuno and Yamaguchi, 2010 ; Fukuda et al., 
2012 ; Sato et al., 2015).　Their longer generation length 
and dominance throughout this region may have induced the 
similar-size spectra of the zooplankton community.　On the 
other hand, phytoplankton generation length is short, seasonal 
community change is large, and regional community change 
in the same period has also been reported to be large 
(Mochizuki et al., 2002 ; Matsumoto et al., 2016).　Thus, 
phytoplankton may exhibit a broader range of NBSS slope 
and size diversity than zooplankton due to differences in gen-
eration length (Fig. 4).

Future prospect

　At all stations, significant NBSS regressions were obtained 
for both phytoplankton and zooplankton.　However, there 
were substantial gaps in the NBSS between phytoplankton 
and zooplankton.　The NBSS of phytoplankton ranged 
mainly from 10-7 to 10-5 mm3 ind.-1 in biovolume (Fig. 3).　
On the other hand, the NBSS of zooplankton ranged from 0.1 
to 10 mm3 ind.-1 in biovolume.　These discrepancies in 
NBSS between the two taxa were common at all stations (Fig. 
3).　So there was a substantial gap in biovolume between 
10-5 and 0.1 mm3 ind.-1.　The methods used to collect phyto-
plankton and zooplankton in this study may have caused this 
gap in the NBSS.　We collected phytoplankton from 1-L 
water samples, made FlowCam measurements on 1.8-3.4 
mL, and then targeted the 4-100 µm ESD size range.　For 
zooplankton, we used a 335 µm mesh plankton net with a fil-
tering volume of 22.5-28.2 m3 (Table 1), measured ZooScan 
with 1/2 to 1/64 subsamples, then targeted the 0.2-5.0 mm 
ESD size range.　Based on the above data, a large discrep-
ancy was found between the two measurements, especially in 
volume ranging from 0.1×106 (=0.35×106 / 3.4 in mL) to 
7.8 ×106 (=14.1×106 / 1.8 in mL) (Table 3).　Through this 

comparison, to fill the gap between the two quantitative meth-
ods of this study, collecting approximately 5-L water samples 
and then gently filtering and concentrating the sample with a 
fine mesh (30 µm) hand net would be ideal.　Or plankton 
collection by a gentle vertical tow of a small mouth fine mesh 
net (30 µm) would also cover the range.
　Historically, plankton size spectra analyses targeting whole 
size and taxonomic ranges have been made by combining 
various quantitative methods (cf. Zhou, 2006 ; Irisson et al., 
2022).　Previous studies have combined methods from phy-
toplankton, zooplankton, and fishes using manual microscopy 
(Sprules and Stockwell, 1995) ; flow cytometry, inverted 
microscopy, and ZooScan (Romagnan et al., 2015) ; flow 
cytometry, FlowCam, and ZooScan (Zhang et al., 
2019) ; flow cytometry, coulter counter, and FlowCam 
(Menden-Deuer et al., 2020) ; and ZooScan measurements 
on samples collected by two different mesh size nets (64 µm 
and 236 µm) (Kwong and Pakhomov, 2021).　Compared 
with these studies, the methods of the present study, which 
included two categories with FlowCam measurements on 
small amounts of water samples and ZooScan on the net sam-
ples collected by large mesh size, contained large flaws.　For 
this reason, our results should be treated as preliminary.
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