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Abstract

The imaging device ZooScan is used for the net-collected zooplankton samples. The application of
ZooScan is made mostly for the regional or seasonal changes in the zooplankton community, and a
scarce attempt was made for vertical changes, especially down to the deep sea. In this study, we made
ZooScan analysis on zooplankton samples collected by vertically stratified zooplankton samples
collected by VMPS down to 3000 m at seven stations of the various neighboring waters of Japan
covering: the Okhotsk Sea, Japan Sea, East China Sea, and subarctic, transitional, and subtropical
North Pacific. Throughout the region, both abundance and biovolume decreased with increasing
depths. ANCOVA analysis revealed that the affecting factors on the vertical changes varied with the
unit. Thus, depth and region were the prime important factors for determining abundance and
biovolume, respectively. Cluster analysis based on abundance separated the zooplankton community
into 8 groups. The occurrence of each group varied regionally and 3-5 groups occurred vertically
stratified for each station. Common for all the stations, Normalized Biomass Size Spectra (NBSS)
and size diversity showed great vertical changes around 150-500 m depths. For the shallower depths,
the NBSS slope was steep, the intercept was high, and size diversity was low. For the deeper depths,
opposite changes were the cases of each parameter. The generalized additive models revealed that
various environmental parameters (depth, temperature, and salinity) had a significant effect on NBSS
and size diversity. This study indicates that the imaging method may be useful even for the analysis

of the deep-sea zooplankton community.
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1. Introduction

In marine ecosystems, zooplankton feed on primary production by phytoplankton, change
the organic material sizes into large, and have a role in mediating or transferring the organic materials
to the higher trophic levels (cf. Lalli and Parsons, 1997; Miller and Wheeler, 2012). On the other
hand, zooplankton egests fecal pellets and performs diel vertical migration, which has a function to
accelerate vertical material fluxes termed “Biological pump” (Ducklow et al., 2001; Steinberg et al.,
2008a). Based on the zooplankton taxa, their feeding modes and foods are greatly varied with taxa
(cf. Lalli and Parsons, 1997; Miller and Wheeler, 2012). On the other hand, zooplankton sizes
determine the sizes of the predation available sizes of the vertebrate predators (Nunn et al., 2012).
Zooplankton sizes also affect the fecal pellet sizes, which are directly related to the sinking rates of
the fecal pellets (Stamieszkin et al., 2015). Thus, zooplankton size and taxa are the two most
important factors in determining their quantitative functional roles in marine ecosystems.

As the device to obtain size and taxonomic information on zooplankton simultaneously, the
imaging device: ZooScan is available (Gorsky et al., 2010; Irisson et al., 2022). From ZooScan data,
as indices of zooplankton size spectra, analyses on Normalized Biomass Size Spectra (NBSS) are
also possible (Schultes and Lopes, 2009; Kwong and Pakhomov, 2021). Both the slope and intercept
of NBSS are known to be varied with the affection of the bottom-up or top-down controls. Thus,
high primary production induced by the high nutrient providing, which induces a high abundance of
the small-sized zooplankton (e.g. bottom-up conditions), intercept and slope of NBSS is high and
steep, respectively, while the under the high predation pressure conditions on the smalls-zed
zooplankton (top-down condition), the intercept and slope of NBSS change to low and flat,
respectively (Moore and Suthers, 2006; Suthers et al., 2006; Zhou, 2006; Zhou et al., 2009). As the
studies on NBSS based on ZooScan data, most studies conducting on seasonal changes on one
occasion (Vandromme et al., 2012) and spatial changes for the epipelagic depths (Naito et al., 2019;
Kwong and Pakhomov, 2021). Few attempts and applications were made on the vertical changes in
the zooplankton size community by using ZooScan.

The neighboring waters of Japan include subarctic, transitional, and subtropical regions of the
western North Pacific and three marginal seas: Okhotsk Sea, Japan Sea, and East China Sea, all of
them having different oceanographic characteristics. As the studies treated zooplankton size
composition in the neighboring waters of Japan, latitudinal changes along the north-south transect
(Yokoti et al., 2008; Shiota et al., 2013; Mishima et al., 2019), inter-oceanic comparison including
marginal seas (Sato et al., 2015), and seasonal changes at one location (Yamaguchi et al., 2014;
Hikichi et al., 2018) are available. While these studies are valuable, all data of these studies were
collected by the Optical Plankton Counter (OPC; Herman, 1988). Because of the device (OPC), there

included no taxonomic data. It also should be noted that they studied mainly the epipelagic depths.
3
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No attempt was made on the vertical changes in zooplankton size composition, especially down to
the greater depths.

As the studies conducted vertical changes in zooplankton community down to the greater
depths in the neighboring waters of Japan, studies on latitudinal changes in zooplankton biomass in
the subarctic, transitional, and subtropical regions of western North Pacific (Yamaguchi et al., 2002b,
2004, 2005), species-specific distributions of copepods (Yamaguchi et al., 2002a), and chaetognaths
(Ozawa et al., 2007) are available. While these studies are important, since they are not targeting
whole zooplankton communities, vertical, inter-oceanic changes in zooplankton size and taxonomic
compositions remain unclear around the neighboring waters of Japan.

In this study, we conducted ZooScan analyses on the vertically stratified zooplankton
samples down to a maximum of 3000 m collected at seven stations covering subarctic, transitional,
and subtropical regions of the western North Pacific, and three marginal seas: Okhotsk Sea, Japan
Sea, and the East China Sea. Zooplankton abundance, biovolume, community structure, size
composition, and NBSS were evaluated and their geographical and vertical changing patterns were
evaluated. For abundance and biovolume, their vertical changing patterns were evaluated by
analyzing the regressions with depth and comparing their regressions with those from the previous
studies. Based on the abundance of each taxon, zooplankton community structures were analyzed by
cluster analyses, and their spatial and vertical distributions were conducted. As indices of
zooplankton size compositions, intercept and slope of NBSS, and size diversity were analyzed for
each sample, and the effects of the environmental parameters (depth, temperature, and salinity) on

them were analyzed by the Generalized Additive Models (GAM).

2. Material and methods
2.1. Field sampling

Vertically stratified zooplankton samplings were conducted at seven stations in the western
North Pacific and marginal seas around Japan through cruises of T/S Oshoro-Maru from 11 June to
2 August 2011 and 10-15 June 2014. For station codes and sampling depths are follow: St. OK in
the southern Okhotsk Sea (45°24'N, 145°02'E) from 0—-3000 m, St. JS1 (41°45'N, 138°30'E) and JS2
(41°45'N, 139°47'E) in the Japan Sea both from 0—750 m, St. ECS (27°18'N, 126°48'E) in the East
China Sea from 0-1500 m, St. SA (43°39'N, 154°07'E) in the subarctic western North Pacific from
0-3000 m, St. TR (36°30'N, 155°00'E) in the transitional domain of the western North Pacific from
0-3000 m, and St. ST (20°47'N, 135°29'E) in the subtropical western North Pacific from 0-1000 m.
Samplings were conducted by Vertical Multiple Plankton Sampler (VMPS) equipped with 63 pm
mesh with 0.25m? mouth opening (Tsurumi Seiki Co. Ltd., Terazaki and Tomatsu, 1997) with twelve

maximum stratifications (Fig. 1, Table 1). Zooplankton samples were preserved with 5% borax-
4
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Crustacean nauplius, and others; fecal pellet, fragment, detritus.
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Fig. 1. Location of the seven sampling stations neighboring waters of Japan. OK: Okhotsk Sea,
JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific, TR:
transitional Pacific, ST: subtropical Pacific. Approximate flow directions of the major currents are

shown with the arrows in the panel.

Calanoida, more detailed identifications were possible for the following genera: Acartia spp.,
Eucalanus bungii, Gaetanus spp., Metridia spp., Neocalanus spp., Paraeuchaeta
Pseudocalanus spp. Within the above categories, non-living fractions: fecal pellet, fragment, and
detritus were excepted from the following analyses.

Based on the ZooScan images, the volume (Volume, mm?) of each specimen was calculated

6
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from the major axis length (Lmgjor, mm) and the minor axis length (Lyinor, mm) by using the following
equation:

Volume = 4/3 X T X (Lmajor/2) X (Lminor/2)*
For the size of each specimen, the equivalent spherical diameter (ESD, mm) was calculated from the

biovolume using the following equation:

3Volume X 3
ESD = |————
41t

Based on the numbers (1), the volume of the specimen (Volume, mm?®), net filtering volume (F: m™),

abundance (4bu: ind. m™), and biovolume (Bio: mm?® m™>) were quantified from the following

equations:
Abu = —
u= FXs
] Volume
Bio =
FXs

where s is the splitting factor of the samples during the ZooScan measurements.

2.3. Data analysis

While we applied smaller mesh sizes (63 um) for the collection of the zooplankton to avoid
the effects of collection efficiency of the smaller specimens, which may be varied with the samples
due to the abundance of the seston or detritus (cf. Makabe et al., 2012), we quantified zooplankton
for larger than 0.20 mm ESD in this study. Which is fairly larger than the diagonal length of the
applied mesh (0.089 mm).

To evaluate vertical changes in abundance and biovolume, regression analysis applying
dependent variables as abundance (4bu: ind. m™) or biovolume (Bio: mm® m~) and independent
variable as depth (D: m). For the regressions, we applied log-log transformed values for each variable
and analyzed by the solver function of the MS-Excel:

logio Abu =a x logio D+ b

logio Bio =a x logio D+ b
where a is the slope and b is the intercept of the regression. To evaluate the effects of depths and
regions (area), we made an analysis of covariance (ANCOVA) by applying target variables such as
abundance and biovolume and explanation variables such as depth and area.

To evaluate the zooplankton community of each sample, based on the values transferred to
the fourth root of the abundance (4bu: ind. m>), we classified and made cluster analyses for the
zooplankton community of the total 69 samples by the Bray-Curtis similarities connecting the mean-

connecting methods. Inter-group differences in zooplankton abundance were analyzed by one-way

7
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ANOVA and post hoc test (Tukey-Kramer test). For the effects of the environmental variables
(latitude, depth, temperature, salinity, and dissolved oxygen), we made multiple linear regression
analyses for the two-dimensional non-metric multidimensional scaling (NMDS) of the result of the
Bray-Curtis analysis.

As data source of the normalized biomass size spectra (NBSS), we applied zooplankton
biovolume data at 0.2—5.0 mm ESD quantified with 0.05 mm intervals NBSS. For NBSS, as the X-
axis, we applied logio zooplankton biovolume (mm?), the value of the biovolume of each size class
(mm?) converted into a common logarithm. For the Y-axis of the NBSS, we applied logio zooplankton
biovolume (mm® m™) / Abiovolume (mm?®). The biovolume was divided by the biovolume interval
(Abiovolume [mm?]) and converted to a common logarithm. Based on these data, the NBSS linear
model was calculated as follows:

Y=aX+b
where a and b are the slope and intercept of the NBSS, respectively.

Zooplankton size diversity was calculated by the methods of species diversity (H’)
(Morishita, 1996). For evaluation of the effects of the environmental variables (depth, temperature,
and salinity) on the slope, the intercept of the NBSS, and size diversity, analyzed by the generalized
additive model (GAM), were made for each target variable. We applied R for such statistical

analyzes.

3. Results

3.1. Hydrography

Vertical changes in temperature, salinity, and DO at each station are shown in Fig. 2. Throughout the
station, temperatures ranged from —1.2 to 29.4°C. Inter-oceanic differences in temperature were
prominent for the upper 1500 m. The warmest conditions were in the cases of the subtropical Pacific
and the East China Sea, while the coldest condition was observed for the Okhotsk Sea. Temperature
below 0°C was seen for 50-100 m depths of the Okhotsk Sea. Such “intermediate cold water”
(Takizawa, 1982) was also seen in the subarctic Pacific. The other special water mass, “Japan Sea
proper water,” which is characterized by the extremely cold temperature (0—1°C) (Sudo, 1986), was
seen below 300 m depths of the Japan Sea.

Salinity ranged between 32.6 and 34.9 throughout the stations. The regional changes were
prominent for the above 1500 m depths and classified into three patterns: subarctic, subtropical, and
Japan Sea. For the subarctic (St. OK, SA), salinity was low at the near-surface layer and then
increased with increasing depth. For the subtropical (St. ECS, TR, ST), the high salinity near the
surface formed a subsurface minimum of around 200—700 m, then increased with increasing depths

below that layer. For the Japan Sea (St. JS1, JS2), salinity was at a narrow range (34.0-34.3) and
8
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Fig. 2. Vertical changes in temperature, salinity and dissolved oxygen at the seven stations
neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2,
ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific. Symbols
denote mean values for the sampling depths of VMPS at each station.

uniform throughout

DO ranged between 0.85 and 7.90 ml L™! throughout the stations. Common for all stations,
DO had a minimum of around 1000 m depths. For the shallower depths, especially above 200 m,
DO was the highest for the subarctic (St. OK, SA), the lowest for the subtropical (St. ECS, TR, ST),

the layers.

then settled between them for the Japan Sea (St. JS1, JS2).

The T-S diagram at each station is shown in Fig. 3. The plotted area in the T-S diagram was
greatly varied with the stations. Thus, for the subarctic (St. OK, SA), temperatures were cold and
similar throughout the layer while salinities were increased with increasing depths which induced
increasing density with increasing depths. While for the subtropical (St. ECS, TR, ST) and the Japan

Sea (JS1, JS2), salinities were high and similar throughout the layer, but temperatures decreased with

9
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increasing depths which provided increasing densities with increasing depths there.
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Fig. 3. T-S diagram at the seven stations neighboring waters of Japan. OK: Okhotsk Sea, JS1:
Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific, TR:
transitional Pacific, ST: subtropical Pacific. Symbols denote mean values for the sampling
depths of VMPS at each station.

3.2. Abundance and biovolume
Zooplankton abundance (ind. m~) and their taxonomic composition at each sampling layer
based on the ZooScan measurement are shown in Fig. 4. For most of the stations, abundance was
the highest near the surface layer and then decreased with increasing depths. For taxonomic
composition, Calanoida was dominated and composed ca. 30% throughout the station and layers.
For the 0-250 m of the subarctic stations (St. OK, JS1, JS2, SA), Cyclopoida was also dominated.
For the deeper layers below 250 m of St. OK and SA and the whole layers of the subtropical

stations (St. ECS and ST), Poecilostomatoida was also dominated and composed more than 30%.

10
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Fig. 4. Vertical changes in zooplankton abundance and their taxonomic composition
at the seven stations neighboring waters of Japan. Note that abundance scales are in
log-scales. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS:
East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.

Zooplankton biovolume (mm? m™>) and their taxonomic composition at each layer are shown
in Fig. 5. For biovolume, the sporadic high composition of Euphausiacea was seen at 50-150 m of

St. JS1 and 150-250 m of St. JS2. The most dominant taxon was Calanoida. The second dominant

60 80 100

Composition (%)
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Be Vertical changes in zooplankton abundance and biovolume, along with the increasing depths
59 2 2

22187 are shown in Fig. 6. These vertical changes were fitted to the power regressions, and their slopes and
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intercepts are shown in Table 2. For abundance, significant regressions were observed for all seven
stations, and their slopes were between -0.531 and -1.379 (Table 2). For the regressions on
biovolume, their fittings were lower than those of the abundance considering 7 and p-values (Table
2). For two stations of the Japan Sea (JS1 and JS2), insignificant regressions were the cases. It was
due to the sampling depths being limited between 0 and 750 m and the low number of stratification
(six layers) within the stations. For prominent characteristics of biovolume, the sharp decreases with
the magnitude at ca. 1/10 were seen at 75—100 m depths of St. OK and SA (Fig. 6b). It also should
be noted that the depths corresponded with the depths observed in the intermediate cold water at these
stations (Fig. 2).

(2)  Abundance (ind. m?) (b)  Biovolume (mm? m=3)
1 10¢ 1 10 102 102 10/
10 sl el M | 0l PR |
1074
E
e
o]
o
[«5]
O ]
103_-
104 3 3

® OK ©0JS1 VJS2 O ECS ©¢SA * TR A ST

Fig. 6. Vertical changes in zooplankton abundance (a) and biovolume (b) at the seven stations
neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2,
ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.
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Table 2. Regression statistics of abundance (Abu: ind.
m-3) and biovolume (Bio: mm3 m-3) along with depth
(D: m) for the seven stations neighboring waters of
Japan. As regressions, power models were used:
log,,Abu = a log,,D + b or log,,Bio = a log,,D + b,
where a and b were fitted constants. For details of
data, see Fig. 6. *: p<0.05, **: p<0.01, ***: p<0.001,
ns: not significant.

Unit  Station a b r2

Abundance
OK -0.774 8.996 0.925***
JS1 -0.755 9.204 0.909**
JS2 -0.531 8.157 0.7839*
ECS -1.277 11.119 0.863***
SA -1.107 10.898 0.961***
TR -1.379 12.334 0.923***
ST -1.108 9.827 0.868***

Biovolume
OK -0.586 7.940 0.466*
JS1 -0.306 6.238 0.479ns
JS2 -0.249 5.927 0.099ns
ECS -1.088 8.589 0.764***
SA -0.602 8.624 0.501**
TR -0.465 6.196 0.533**
ST -0.621 6.056 0.648**

As environmental factors affect the abundance and biovolume, two factors: the region and
depth, were available. Results of ANCOVA applying abundance and biovolume as target variables
and region and depth as dependent variables are shown in Table 3. The effects of two factors varied
between the abundance and biovolume. Thus, for abundance, depth was the only environmental
factor to affect, and the other factors (region and interactions of regionxdepth) had no effect on
abundance. Since there was no effect of interactions of regionxdepth on abundance, the regressions
of the abundance of the seven stations were not varied and treated as the regressions having the same
slopes. On the other hand, the biovolume was affected by region, and other factors (depth and
interactions of regionxdepth) had no effect on the biovolume (Table 3). This, the biovolume varied

with region, and their biovolume values varied with depths smaller than those with the region.

14
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Table 3. Results of ANCOVA on zooplankton abundance and biovolume,
with the sampling depth (m) and region (station) (cf. Table 1) applied as

independent variables. df: degree of freedom, SS: sum of squares.

Unit
Parameter df SS F-value p-value
Abundance
Depth 1 1939593 4.841 0.032
Region 6 2839226 1.181 0.3299
Depth X Region 6 667003  0.277 0.9452
Error 55 22035058
Biovolume
Depth 1 174728  0.84 0.3634
Region 6 3773762 3.024 0.0126
Depth X Region 6 899340 0.721 0.6346

Error 55 11438501

3.3. Zooplankton community

Based on abundance data, zooplankton species/taxa were classified into five groups (I-[]) at a 28%
similarity level, and their communities were clustered into eight groups (A—H) at a 68% similarity
level (Fig. 7). Based on cluster results on species/taxa, the group I composed by main copepods such
as Calanoida, Cyclopoida, and Poecilostomatoida. For the other groups, Mollusca and Doliolida

(group II), Euphausiacea (group III), Phaeodaria (group IV), and Cnidaria (group V) were the major

component taxa of each group.

15
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Zooplankton communities were plotted at different locations even for the NMDS plot, and
various environmental parameters (temperature, salinity, DO, depth, and latitude) had significant
interaction with the plotted area of each sample in the NMDS plot (Fig. 8). From directions of each
environmental variable and plotted area of each zooplankton community in the NMDS plot, following
interactions were evidenced: thus, group D was seen at the high latitude, group F was seen at high-
temperature regions, group G was at the high DO region/depths, and group H was seen at the deep
and high salinity region and depths.

2D Stress: 0.1
A
B
X vC
¢D
OE
X
X z F
v
g© D X out group
(a] @ vV
@) v v
@)
A v&)v v
A ‘ :V Temp. Sal.
Vi v
A N ® e Dep.
2
DO Lat.

Fig. 8. Two-dimensional map by non-metric multidimensional scaling method (NMDS) of zooplankton
communities specified by the depth-station complex data. Eight groups (group A-H) that clustered
according to the Bray-Curtis similarity index (Fig. 7) are shown by the different symbols. Arrows indicate
directions of significant environmental parameters. Lat.: latitude, Dep.: depth, Temp.: temperature, Sal.:
salinity, DO: dissolved oxygen.

Results of abundance differences between zooplankton groups evaluated by one-way
ANOVA and post hoc Tukey-Kramer test are shown in Table 4. Within the zooplankton species/taxa,
copepods (Calanoida, Cyclopoida, and Poecilostomatoida) were dominant throughout the
community. For the other zooplankton species/taxa, a specific abundant zooplankton community was
present for certain zooplankton species/taxa. Thus, calanoid copepod Metridia spp. was abundant in
the zooplankton communities of groups A, B, G, and H (Table 4). For zooplankton community group

D, Phaeodaria and Ostracoda were abundant. For group F, Appendicularia was abundant, and
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dominance of calanoid copepod Pseudocalanus spp. was observed for zooplankton group G.

Table 4. Mean abundance (ind. m-3) of each zooplankton taxon at eight clustered groups (A-H) identified by
Bray-Curtis similarity analysis (cf. Fig. 7). The numbers in the parentheses indicate the number of samples
included in each group. Differences between groups were tested by one-way ANOVA and post hoc Tukey—
Kramer test. For the results of the Tukey—Kramer test, any groups not connected by the underlines are
significantly different (p<0.05). -: no occurrence, *: p<0.05, **: p<0.01, ***: p<0.001, NS: not significant.
For abundance, the upper three most dominant taxa/species are shown by the bold and underlines.

Abundance (ind.m*) one-way
Taxa/Species A (16) B (5) C (16) D (3) E(9) F (5) G (6) H (6) ANOVA  Tukey-Kramer test
Phaeodaria 0.040 - 0.090 20.630 - - - - faieiad A C D
Foraminifera 0.110 0.130 0.480 0.210 2.310 4.310 3.470 0.120 * Not detected T
Tintinnina - 0.310 - - 0.250 1.950 - 0.010 il H E B F
Cnidaria 0.030 0.020 - - 0.730 - NS o
Hydrozoa 0.010 - 0.060 2.090 0.500 - - el A C F D
Scyphozoa - - - - 0.500 - - NS o
Siphonophorae 0.030 - 0.440 0.490 1.150 - 0.370 - NS
Annelida 0.320 0.460 0.240 0.150 2.930 16.820 - 0.000 faialal H D C A B E F
Gymnosomata ; ; 0.030 ; ; ; ; ; NS o
Ostracoda 1.350 4.870 7.090 15.900 5.450 2.140 2.760 0.100 il H A F G B E C D
Calanoida 4.330 7.750 33.430 22.840 122.740  519.060 76.340 2.080 bl H A B D C G E F
Acartia spp. - - 0.050 - 0.450 - 3.260 - NS o
Eucalanus bungii 0.940 0.020 2.970 0.100 0.060 4.420 3.020 0.230 NS
Gaetanus spp. 0.010 - 0.060 1.340 - - - - faielel A C D
Metridia spp. 3.640 5.550 14.820 4.160 26.180 77.040 200.350  0.460 ok H A D C E F G_
Neocalanus spp. 1.310 0.040 3.440 2.450 - 0.920 74.020 0.190 faialal B H F D C E
Paraeuchaeta spp. 0.120 - 0.240 0.260 - - - - NS T
Pseudocalanus spp. 0.360 0.400 8.240 12.100 6.210 9.840 157.350 - el A B E C F D G
Cyclopoida 2.950 3.750 91.840  4.110 67.140 168.840  844.580 0.090 wxk H A B D E C F E
Harpacticoida 0.840 3.200 6.480 1.370 19.780 44.820 9.650 0.080 el H A D B C G E F
Poecilostomatoida 13.180 14.230 27.060 1.980 93.320 253.090 65.140 3.770 faieiel H A B C G E F—
Mysidacea - - - - - 2.050 - - ookl o
Amphipoda 0.010 1.360 0.310 0.100 1.480 1.930 0.690 - * Not detected
Euphausiacea 0.030 0.290 0.250 - 0.450 3.570 2.320 0.010 * H A C B E G F
Calyptopis 0.040 - - - - - 0.230 - NS
Chaetognatha 1.200 1.300 2.880 - 4.510 18.890 10.500 0.070 faiaial D H A G F
Doliolida 0.000 0.020 0.010 - 0.230 5.500 - 0.090 ** A E F
Appendicularia 0.120 1.280 0.640 0.310 21.280 304.220 35.650 0.050 woxk H A D C B E G F
Ophiuroidea - - - 0.080 0.500 - - NS o
Mollusca 0.010 0.030 0.130 - 0.310 3.130 7.060 - wxk A B E E F G
Decapoda - - - - 0.790 - - - NS -
Crustacean nauplius 0.480 1.120 2.200 2.990 4.160 5.510 21.870 0.330 Hkk H A B C D E F G
Total 31.46 46.13 203.47 93.59 382.01 1449.56  1518.63 7.68 Hkk H A B D C E F E

Occurrences (geographical and vertical distribution) of each zooplankton community are
shown in Fig. 9. Each group occurred at consecutive regions and depths. Occurrences of each
zooplankton group were classified into two regions: thus, the subarctic stations (St. OK, JS1, JS2,
SA) and transitional and subtropical stations (ECS, TR, ST). For the subarctic stations, group G was
seen at the shallower 0—50 m depths, then group C was seen at 50-500 m, and group A was dominated
below that layer (>500 m) (Fig. 9). As regional special characteristics, the group D was only seen for
the deep layer (>500 m) of the Japan Sea, and it should be noted that the depths were corresponded
with the occurrence of the Japan Sea Proper Water (Fig. 2). For the transitional and subtropical
stations, group E and F were seen at the shallower 0—300 m depths, and group B was seen for 200—
500 m depths, then groups A and H was occurred for the deepest layer (>500 m) (Fig. 9).
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Fig. 9. Spatial and vertical distribution of zooplankton community groups identified by Bray-Curtis
similarity index (cf. Fig. 7). Sampling depth at each station is shown by the symbols. Note that depth
scale is in log-scale. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East
China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.

3.4. Zooplankton NBSS and size diversity

Results of NBSS based on zooplankton biovolume at each sampling layer of the seven
sampling stations are shown in Fig. 10. Common for the whole region and depths, biovolume changes
along with the sizes were generally smooth, and significant NBSS was obtained for all the samples.
The vertical changes in slopes and intercepts of NBSS and size diversity of each sample are shown
in Fig. 11. Slopes of NBSS were zero or positive for the surface layer (0-50 m) of the subarctic
stations (St. OK and SA). It also should be noted that the prominent decrease of the slope, the
intercept of NBSS, and size diversity were observed for subsequent 100—-150 m depths. As the
common patterns observed for the whole region, the three parameters: slope and intercept of NBSS,
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Y: Log,,normalized biovolume
(zooplankton biovolume (mm? m-2) / Abiovolume (mm?))

Fig. 10. Vertical changes in normalized biovolume size spectra (NBSS) at various depth strata of the seven
sampling stations neighboring waters of Japan. Note that NBSS regressions are highly significant (r=0.15-
0.9, p<0.05) for all sampling depths. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2,
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and size diversity showed great changes around 150-500 m depths. Thus, above 150-500 m depths,
the slopes of NBSS were steep, intercepts of NBSS were high, and size diversity was low, while the
moderate slope of NBSS and low intercept of NBSS, and high size diversity were the cases of below

150-500 m depths (Fig. 11). Such vertical changes in slope and intercept of NBSS, and size diversity
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were prominent, especially at St. TR, ST, and ECS. On the other hand, the slope of NBSS was

moderate, even in the surface layer of St. SA.
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Fig. 11. Vertical changes in slope and intercept of the normalized biovolume
size spectra (NBSS) and size diversity at various depth strata of the seven
sampling stations neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan

Sea station 1, JS2: Japan Sea station 2,

ECS: East China Sea, SA: subarctic

Pacific, TR: transitional Pacific, ST: subtropical Pacific.
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Scatter plots of the three parameters: slope and intercept of NBSS, and size diversity are
shown in Fig. 12. Throughout the station, it was marked that the slopes of NBSS at 200—-1000 m and
1000-3000 m depths were moderate and plotted at the limited areas in the scatter plot. While the
plotted area of the NBSS slope at 0-200 m depth was broad and varied with the station. The steep

slopes of NBSS were seen for the subtropical stations, while moderate slopes of NBSS were the cases

of the subarctic stations.
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Fig. 12. Scatter plots between slope and intercept of NBSS (a), size diversity and slope of
NBSS (b), and size diversity and intercept of NBSS (c) at seven stations neighboring waters of
Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China
Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific. Differences in
colors represent sampling depths (0-200, 200-1000, and 1000-3000 m).
Results of GAM analysis applying target variables as slope and intercept of NBSS, and size
diversity and explanation variables as environmental parameters: depth, temperature, and salinity are

shown in Fig. 13. The slope of NBSS had a significant effect by temperature, and warm conditions

induced steep slope, while cold conditions implied moderate slope. The intercept of NBSS had
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significant interactions with depth and salinity. For shallower depths, the intercept of NBSS was
high, while the low intercept of NBSS was the case for the deep layers. As an effect of salinity, the
intercept of NBSS was high at the low salinity conditions, while the low NBSS intercept was in the
cases of the high salinity conditions. Size diversity had significant interaction with the depth. Thus,
the size diversity was low at the shallower depths, while was increased with increasing depths. This

depth-related interaction of size diversity was highly significant (»<0.001).
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Fig. 13. Result of GAMs based on anomalies of the slope and intercept of NBSS and size
diversity with environmental paraments (depth, temperature and salinity). **: p<0.01, ***:
p<0.001

Results of inter-group differences in slope and intercept of NBSS and size diversity tested

by one-way ANOVA and post hoc test (Tukey-Kramer) are shown in Table 5. For the slope of NBSS,
the groups E and F observed at the epipelagic zones of the subtropical stations (Fig. 9) were evaluated
to have steep slopes. As groups having a high intercept of NBSS, groups F and G were prominent.

These two groups were seen at surface 0—75 m of the subtropical (group F) or subarctic (group G)
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regions. As groups having high size diversity, groups A and D were present. These two groups were
the deep-sea communities observed below 500 m depths. Thus, the three indices on the zooplankton

size: slope and intercept of NBSS, and size diversity varied greatly with the zooplankton community.

4. Discussion
4.1. Abundance and biovolume

For abundance, three orders of Copepoda (Calanoida,
Cyclopoida, and Poecilostomatoida) contributed  high
compositions. Within them, Calanoida contains various feeding
modes: particulate feeders, detritivores, and carnivores, and they
have important roles as the mediator of energy transfer to the
higher trophic level and vertical material flux (Mauchline, 1998).
For the small-sized copepod, Cyclopoida was dominated at 0-250
m of the subarctic stations (Fig. 4). Cyclopoida feeds mainly on
microzooplankton such as ciliates and are considered to have an
important role in the transfer of the microbial production to the
higher trophic levels (Nishibe et al., 2010). On the other hand, the
other small-sized copepod Poecilostomatoida is considered to be a
detritivore that feeds on detritus and is attached to the marine snow
(Turner, 2004). Poecilostomatoida was abundant below 250 m of
the subarctic stations and the whole water column of the
subtropical stations. The dominance of Poecilostomatoida at the
deep layer of the subarctic Pacific is well documented (Yamaguchi
et al., 2002a; Nishibe and Ikeda, 2004). For the subtropical
Pacific, attachment of Poecilostomatoida on the discarded
appendicularian house is reported (Nishibe et al., 2015).

For biovolume, add to Calanoida, sporadic high
composition was seen for Euphausiacea (Fig. 5). The dominant
species of Euphausiacea in the western North Pacific, and their
marginal seas are reported to be FEuphausia pacifica and
Thysanoessa spp. both is reported to perform diel vertical
migration (DVM) (Iguchi et al., 1993; Taki, 2006, 2011). Stations
observed the occurrence of Euphausiacea above 250 m depths
corresponded with the samplings conducted at night (Table 1). For

the other prominent taxa in biovolume: Phaeodaria, their
24

Inter-group differences in zooplankton size relataed variables (slopes and intercepts of NBSS and size diversities) evaluated for zooplankton

Table 5.

3000 m depths of the seven sampling stations at neighboring waters of Japan. For details of the location of the stations and

distribution of each zooplankton community clustered by the zooplankton abundance data, see Figs. 1 and 9, respectively. For detailed data of NBSS

and size diversity see Figs. 10 and 11, respectively.

samples collected from 0

one-way

ANOVA

Zooplankton community group

Tukey-Kramer test

H (6)
-0.175
-0.356
2.180

G (6)
-0.229
1.544
1.823

F®)
-0.518
1.465

E(9)
-0.458
0.984

D @)
-0.198

0.901

C (16)
-0.153
0.789
1.698
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-0.358
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A (16)
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Parameters
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dominance at the deeper layer of the Japan Sea is reported to be due to the dominance of Aulographis
Japonica in the cold Japan Sea Proper Water (Nakamura et al., 2013).

To express the depth decrease of zooplankton abundance and biomass, various regressions
such as an exponential model (logY = a Depth + b), power model (logY = a log Depth + b), and
regression with an intercept at 100 m (¥ = Y00 (Depth/100)”) are present where Y is abundance or
biomass, and Yo is the intercept value at 100 m depth (Yamaguchi et al., 2002a, 2002b, 2004, 2005).
In the present study, we applied power regression to both abundance and biovolume. For the
comparable study, Yamaguchi et al. (2002a) applied power regressions to express depth-decreasing
rates of Copepoda in the western subarctic Pacific and reported that the slope (a) of the regression is
steep for abundance ranged at -1.41— -1.52, while is moderate for biomass ranged at -1.10 — -1.32.
The steep slope of the regression (=rapid decrease with increasing depth) of abundance than that of
biomass (biovolume) was also observed in this study (Table 2).

As prominent characteristics in biovolume, rapid decrease at the cold intermediate water at
St. OK and SA was marked. The cold intermediate water is brine water that originated during ice-
forming last winter and is characterized by extremely cold (<0°C) and the development of strong
pycnocline (Takizawa, 1982). At the intermediate cold water, the DVM of zooplankton is prevented,
and the decrease of zooplankton biovolume at that layer has been well documented (Yamaguchi,
2015). These factors may induce an abrupt decrease of biovolume at intermediate cold water
observed for St. OK and SA (Figs. 5, 6b).

For the decreasing rates with depth increasing, taxonomic differences are present in the
plankton biomass, and the decreasing rates are more rapid for the higher trophic level organisms than
those of the lower trophic level (Yamaguchi et al., 2002b, 2004). On the other hand, little attempt
has been made to the differences in the unit (abundance or biomass [biovolume]) depth-related
decreasing rate. In this study, the depth-related decreasing rate and intercept of abundance were
similar throughout the stations. This result in abundance is greatly varied with the general patterns
of zooplankton biomass: depth-decreasing rates are similar but intercepts vary (Vinogradov, 1968;
Table 3 of this study). These differences would be due to the differences in the applied unit
(abundance or biomass [biovolume]). As a comparable study, Yamaguchi et al. (2015) conducted
depth-decreasing rates of Copepoda of 0—2615 m depths based on the vertically stratified samples
collected at 16 stations covering tropical to subarctic regions (0° to 56°N in latitude) of the North
Pacific. Through such a comprehensive study, the abundance of Copepoda decreases with increasing
depth throughout the stations, but differences in regressions have not been observed (Yamaguchi et
al., 2015). Thus, while the scarcity of information compared to the biomass, the depth-related
decreasing rate and intercept of zooplankton abundance seem to be similar throughout the whole

North Pacific and also the marginal seas.
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For biovolume, regional (station-to-station) differences were prominent, while decreasing
with increasing depths were minor (Table 3). These facts correspond that the biomass decreasing rates
with depth are similar throughout the regions, while their regional differences in intercept at the
surface layer continue throughout the depths (Vinogradov, 1968; Yamaguchi et al., 2005). These
phenomena have been interpreted that the origin of the energy for zooplankton starting from primary
productivity occurring at the sea surface. Thus, the regions with high productivity and high biomass
at the surface layer contain high values of both even in the deep layer, while the regions with low
productivity and biomass at the surface layer have low values of both in the deep layer. Through the
biogeochemical amounts and fluxes quantification studies in the subarctic and subtropical Pacific,
most of the parameters are varied at two-fold regional differences; however, the mesozooplankton
biomass is reported to be 10 times higher for the subarctic than that in the subtropical region
(Steinberg et al., 2008b; Kitamura et al., 2016; Honda et al., 2017). Thus, the results on zooplankton
biovolume in this study (regional differences were prominent and high in the subarctic region) are
well corresponded with the results of the regional comparison study between the subarctic and

subtropical Pacific.

4.2. Zooplankton community

This study treats zooplankton from the sea surface down to 3000 m at seven stations covering
the subarctic and subtropical Pacific and their three marginal seas. Because of the study targeting
broader region and depth, zooplankton community was classified into eight groups (Fig. 7). For
separation of the zooplankton group, various environmental parameters have affected (Fig. 8). For
instance, the oppose directions of DO and depth in the NMDS panel are interpreted that the DO was
higher at the shallower depths (Fig. 2). For the zooplankton groups observed for the high DO regions,
group F was seen for the warm sea surface of the subtropical region, and group G was seen for the
cold surface layer of the subarctic region (Fig. 9). The same directions of depth and salinity in NMDS
panel are interpreted that the salinity was high for deeper depths of most of the stations (Fig. 2). The
zooplankton groups A and H which observed for high depth values in NMDS panel were restricted to
deep layers (Fig. 9). Thus, plotted areas of each zooplankton group and directions of environmental
parameters in NMDS are well corresponded with the regional and vertical distributions of each
zooplankton group.

For the numerous dominant species, except for the predominant orders of Copepoda
(Calanoida, Cyclopoida, and Poecilostomatoida), Metridia spp., the large-sized calanoid copepod
genus, were abundant for the zooplankton groups A, B, G, and H (Table 4). Within these groups,
group G was seen for the surface layers of the subarctic Pacific, Japan Sea, and Okhotsk Sea (Fig. 9).

Metridia is known to perform DVM (Padmavati et al., 2004) and is dominated by M. okhotensis in
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the Okhotsk Sea (Yamaguchi, 2015; Arima et al., 2016), M. pacifica in the Japan Sea (Hirakawa and
Imamura, 1993), and M. okhotensis and M. pacifica in the subarctic Pacific (Padmavati et al., 2004;
Takahashi et al., 2009). The boreal large-body-sized copepod species are known to transport to the
deeper layers of the transitional and subtropical regions through the submergible cold-water Oyashio
(Omori and Tanaka, 1967; Kobari et al., 2008). It also noted the dominance of the deep-sea Metridia
species (M. venusta) for the deep layer of the lower latitude (<30°N) (Yamaguchi et al., 2015). Thus,
in the transitional and subtropical regions, the groups dominated by Metridia spp. (groups A, B, H)
were seen only for the deeper layers.

For the other zooplankton groups, which were dominated by the specific zooplankton
taxa/species, group D was dominated by Phaeodaria and Ostracoda (Table 4). The group D was seen
for the deeper layers of the Japan Sea, which is composed of the cold Japan Sea Proper Water (Fig.
9). For the Japan Sea Proper Water, the dominance of the large-sized Phaeodaria: A. japonica has
been well documented and their biomass is reported to the next to the copepods at these layers
(Nakamura et al., 2013). For the Japan Sea Proper Water, the dominance of the ostracod Conchoecia
pseudodiscophora has also been reported (Ikeda, 1990; Ikeda and Imamura, 1992). Thus, such a
specialized zooplankton community in the cold Japan Sea Proper Water is well confirmed in this
study.

For the other zooplankton groups dominated by the specific zooplankton taxa, group F,
dominated by Appendicularia, was seen for the surface layers of the ECS and TR (Table 4, Fig. 9).
Appendicularia performs filter feeding on small-sized particles in pico- and nano-sizes, then asexual
reproduction, and is known to show outbreak at the surface layer of the transitional region (Yokoi et
al., 2008). To make filter feeding, Appendicularia creates “house” frequently, and Poecilostomatoida
1s known to attach to the discarded houses of Appendicularia and utilized as feeding and living places
termed “microcosm” (Nishibe et al., 2015). For zooplankton group F, dominances of Appendicularia
and Poecilostomatoida were seen (Table 4). These facts suggest that Appendicularia dominated the
zooplankton communities at surface layers of ECS and TR to feed on the small-sized particles, then
Poecilostomatoida would attach on the discarded appendicularian houses, thus dominating such
microbial loops at those layers.

Through this study, geographical and vertical distribution of zooplankton communities from
the sea surface to the deep sea, including subarctic to subtropics of the western North Pacific (Fig.
9). For this region, such a vertical sectional distribution of the communities has been reported for the
pelagic copepods (Yamaguchi et al., 2015) and chaetognaths (Ozawa et al., 2007). Within them,
copepod communities were separated by surface and deep sea vertically and by subarctic and
subtropics horizontally (Yamaguchi et al., 2015), which corresponds with this study well. For

chaetognaths, their deep-sea communities have been reported to be the same through the Bering Sea
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to the subtropics, while those in the Japan Sea have been reported to be greatly varied from the other
regions (Ozawa et al., 2007). The great differences in the zooplankton community of the deep sea of
the Japan Sea characterized by the Japan Sea Proper Water were observed in this study (Fig. 9). It is
interpreted that the basin area of the Japan Sea is deep (maximum at 3700 m and mean 1350 m),
while depths of the connection strait with the other outer oceans are shallow (<130 m), which induces
disconnection of the waters in the deep layer with the neighboring North Pacific, East China Sea, and
Okhotsk Sea, and forming the Japan Sea Proper Water, and presence of the specialized deep-sea fauna

has been reported (Zenkevitch, 1963; Vinogradov, 1968).

4.3. NBSS and size diversity of zooplankton

We measured slopes and intercepts of NBSS and size diversity of all the treated samples in
this study. Theoretically, the slopes of NBSS have a negative value (e.g. low biomass at the large-
sized higher trophic organisms), and the value: -1 has been considered for the NBSS slope under the
stable marine ecosystems (Moore and Suthers, 2006; Suthers et al., 2006; Zhou, 2006; Zhou et al.,
2009). On the other hand, in this study, NBSS slopes had positive values for the limited
stations/depths: 25—75 m of OK and 0—75 m of SA (Fig. 10). These facts derived from higher biomass
of the large-sized zooplankton at these stations/depths. These stations/depths were belonging groups
C and G in the zooplankton community mentioned before (Fig. 9). The groups C and G were
characterized by the dominance of the large-body-sized copepod Neocalanus spp. (Table 4). These
facts suggest that the positive slopes of NBSS of these stations/depths may be due to the smaller size
ranges of the treated zooplankton, as pointed out for the zooplankton community in the eastern North
Pacific by Kwong and Pakhomov (2021). Since we have abundance and biovolume data of each
taxon, added to slopes and intercepts of NBSS, we can discuss the causes of the specialized or
anomalous NBSS values in detail.

The slopes of NBSS observed in this study were at -0.143—-0.51 for the mean values of each
zooplankton community (Table 5). Based on the same cruise of this study, NBSS analyses by OPC
have been made on zooplankton samples collected from 0—150 m using 335 um mesh NORPAC net
(Sato et al., 2015). Through this study, the NBSS slopes have been reported as —0.90 for the areas
dominated by large-sized copepod Neocalanus spp. and as -1.11— -1.24 for other regions such as
subtropical Pacific (Sato et al., 2015). On the other hand, the samples of this study were collected by
the vertically stratified samplings of VMPS down to 3000 m equipped with a smaller mesh of 63 pm,
then measured by ZooScan. Thus, greater differences were available between the two studies (Sato
et al., 2015 and this study) in terms of the target depth (0—150 m vs. 0-3000 m), applied mesh size
(335 um vs. 63 um), and used instruments (OPC vs ZooScan).

The differences in mesh sizes of the plankton net would provide differences in net clogging
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or filtering efficiencies. However, the filtering efficiencies measured by the flowmeter reading were
high (>85%) for both mesh sizes (Electronic Supplement 1). Thus, the differences in net filtering
efficiency are not considered to provide differences in NBSS slopes between the two studies (Sato et
al., 2015 and this study). Since this study applied smaller mesh sizes (63 um), it may allow us to
collect smaller-sized zooplankters and broader target size ranges for NBSS analysis and then induce
steeper slopes of NBSS than those quantified by the large mesh size (335 pm) samples. But the results
were the opposite: NBSS slopes of this study were more moderate than those by Sato et al. (2015).
Thus, the differences in net mesh size are not considered to be a cause of the differences in NBSS
slopes. These facts suggest that the differences in used instruments (OPC vs. ZooScan) would provide
differences in NBSS.

As the differences between OPC and ZooScan, the former quantifies all the particles
containing the samples, while the latter can identify zooplankton based on the obtained images. Thus,
since ZooScan can distinguish zooplankton from non-living particles such as fecal pellet, fragment,
and detritus, and not include those non-living particles for the analyses as was in this study
(Vandromme et al., 2012). On the other hand, since OPC can not obtain imaging data, the separation
between zooplankton and non-living particles is not possible, then NBSS derived from OPC includes
all the particles, including the samples. Because the non-living particles (fecal pellet, fragment,
detritus) are suffered from fragmentation, coprophagy, and coprorhexy by zooplankton and bacterial
decomposition, their sizes are generally smaller than the zooplankton (Turner, 2002, 2015). Thus,
when measuring the same zooplankton samples, data from OPC contains small-sized non-living
particles, and their intercept and slope of NBSS would be higher and steeper, respectively, than those
from ZooScan which calculated only on zooplankton data.

In a comparison of ZooScan with other instruments, there are several studies, including
ZooScan with LOPC (Schultes and Lopes, 2009) and ZooScan with OPC (Naito et al., 2019) are
available. Since LOPC and OPC included small-sized non-living particles, their NBSS slope tended
to steep, while for ZooScan, the biovolumes of the large-sized gelatinous zooplankton (e.g.
jellyfishes, doliolids, and salps) have been reported to quantify overestimation, thus their NBSS slope
tends to moderate (Schultes and Lopes, 2009; Gorsky et al., 2010; Vandromme et al., 2012; Naito et
al., 2019; Kwong and Pakhomov, 2021). While such characteristics or tendencies of instruments are
available, when measuring the whole samples by using the same methods, since their characteristics
or tendencies are common throughout the samples, the evaluation of their geographical, horizontal,
or spatial changes is reported to be possible (Schultes and Lopes, 2009, 2012; Naito et al., 2019).
Thus, in this study, we will make a comparison of the values of the NBSS slope or intercept obtained
from this study only. For the other studies, we will make comparisons on the geographical patterns

and not include NBSS values for the inter-study comparison.
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For the latitudinal changes of NBSS slope of zooplankton in the subarctic-subtropical North
Pacific, there are several studies based on OPC analyses, and the NBSS slope has been reported to
moderate for the subarctic region where dominated by the large-sized Neocalanus copepods (Fukuda
et al., 2012; Shiota et al., 2013; Sato et al., 2015; Mishima et al., 2019). Within the region, seasonal
changes in NBSS slope have also been reported, and moderate NBSS slopes in summer when
development for the late copepodite stages have been observed for the large-sized Neocalanus
copepods (Yamaguchi et al., 2014; Hikichi et al., 2018). Zooplankton biomass in the subarctic Pacific
is predominated by the large-sized Neocalanus copepods (Ikeda et al., 2008). These facts suggest that
moderate NBSS slopes are available for the region or season where and when dominated by the large-
sized Neocalanus copepods.

For NBSS slope, significant relationships were observed with temperature, thus moderate
slopes under low temperature, while steep slopes under high temperature (Fig. 13). For moderate
NBSS slope of cold condition, it is due to the dominance of the large-sized copepods Neocalanus spp.
especially in the epipelagic zones of the subarctic Pacific (Ikeda et al., 2008). Even for the subtropical
region, the temperature of the deep-sea is low, and the deep-sea copepods inhabiting under such
condition contains lipids in their body, having long longevity, and large-body sizes (Mauchline,
1998). Thus, under low-temperature conditions, NBSS may tend to have moderate slopes. On the
other hand, under warm conditions, acceleration and high metabolism of zooplankton would be
occurred, and no occurrence of large-sized copepods which having diapause phases (Mauchline,
1998). The steepest slopes of NBSS of this study were seen from the groups E and F which were
observed for the epipelagic zones of the subtropical region (Table 5). These facts suggest that high
temperatures under these conditions may prevent the occurrence of large-sized zooplankton there.

For the NBSS intercept, depth and salinity had significant relationships, and both showed a
negative trend with the NBSS intercept (Fig. 13). Intercept of NBSS is reported to be a reflection of
primary productivity at the given region and depth (Moore and Suthers, 2006; Zhou, 2006; Zhou et
al., 2009; Gomez-Canchong et al., 2013). Since the primary productivity has been made at the sea
surface where characterized by sufficient sunlight, the NBSS intercept would be high at the shallower
depth. Since zooplankton biovolume decreased with increasing depth (Fig. 6), the NBSS intercept
would be decreased with increasing depth. These depth trends of primary productivity and
zooplankton biovolume induce negative relationships of NBSS intercept and depth mentioned above.
For the interaction of NBSS intercept and salinity, the NBSS intercept was high (=high biovolume)
under low salinity conditions, while the NBSS intercept was low (=low biovolume) under high
salinity conditions (Fig. 13). In this study, the low salinity conditions were seen for the two stations
in the subarctic Pacific and Okhotsk Sea (Fig. 3). The zooplankton biovolume of the epipelagic zones

of these stations was high, especially at the near surface (Fig. 6b). These high zooplankton
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biovolumes there would induced high NBSS intercept under low salinity conditions. As depth trend
for salinity, it increased with increasing depths throughout the stations (Fig. 3). The decreasing NBSS
intercept with increasing salinity would be comparable that the NBSS intercept decreased with
increasing depths, as mentioned before.

For size diversity, only depth had a strong significant effect, and the size diversity was low
at the shallower depths and increased with increasing depths (Fig. 13). In terms of the zooplankton
community, size diversity was high for groups A and D (Table 5) which observed for the deep layer
of the subarctic region (Fig. 9). These facts suggest that size diversity would be high where the depths
occurred zooplankton covering the broader size ranges from small to large.

In the present study, all parameters on zooplankton size spectra: intercept and slope of NBSS,
and size diversity showed large geographical and vertical changes. Especially, the vertical
discrepancy was detected at 150-500 m depths for all parameters, and these discrepancies were
prominent in the transitional region and subtropical North Pacific, and East China Sea (Fig. 11). For
these regions, depths of 150-500 m were serve as the boundaries to separate epipelagic zooplankton
community and deep-sea zooplankton community, and below that layer, since zooplankton
community was characterized with the that in the cold condition, intercept of NBSS would be lower,
high size diversity due to dominance of the large-sized zooplankton (Fig. 13), then the moderate slope
of NBSS may present (Fig. 11). While the narrower treated size ranges should be noted (Kwong and
Pakhomov, 2021), NBSS and size diversity of this study clearly showed reflect of geographical and
vertical changes in zooplankton community in the subarctic, transitional, and subtropical regions of

the western North Pacific, and its three marginal seas: Okhotsk Sea, Japan Sea, and East China Sea.

5. Conclusions

Based on the vertically stratified net samples collected down to the deep layer (3000 m),
regional and vertical changes in zooplankton abundance, biovolume, community structure, NBSS,
and size diversity were evaluated at seven stations covering subarctic, transitional, and subtropical
regions of western North Pacific and its marginal seas: Okhotsk Sea, Japan Sea, and East China Sea.
Both abundance and biovolume decreased with increasing depths. Their depth-decreasing rates were
more rapid for abundance than those in biovolume. The most governing environmental parameter on
zooplankton abundance was depth, while the region was the most prominent for their biovolume.
Based on the abundance data, zooplankton communities were clustered into eight groups. Each group
was distributed for adjacent regions and depths, and the occurrence of the specialized community
dominated by Phaeodaria and Ostracoda was seen for the deep layer of the Japan Sea. NBSS and size
diversity showed clear vertical changes around 150—-500 m depths. Above that layer, the intercept and

slope of NBSS were high and steep, respectively, and it induced low size diversity there. On the other
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hand, opposites: low NBSS intercept, moderate NBSS slope, and high size diversity were seen below
that layer. This study showed regional and vertical changes in zooplankton abundance, biovolume,

community structure, NBSS, size diversity, and its governing environmental parameters clearly.
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Table and Figure legends

Table 1.

Sampling data on vertical stratified samplings by VMPS equipped 63 pm mesh at the seven
stations located various regions of the neighboring waters of Japan. Note that the depth

strata was varied with the region.

Table 2. Regression statistics of abundance (4bu: ind. m~) and biovolume (Bio: mm? m™) along with

Table 3.

Table 4.

Table 5.

depth (D: m) for the seven stations neighboring waters of Japan. As regressions, power
models were used: logiodbu = a logioD + b or logioBio = a logioD + b, where a and b were
fitted constants. For details of data, see Fig. 6. *: p<0.05, **: p<0.01, ***: p<0.001, ns: not
significant.

Results of ANCOVA on zooplankton abundance and biovolume, with the sampling depth
(m) and region (station) (cf. Table 1) applied as independent variables. df: degree of
freedom, SS: sum of squares.

Mean abundance (ind. m~) of each zooplankton taxon at eight clustered groups (A-H)
identified by Bray-Curtis similarity analysis (cf. Fig. 7). The numbers in the parentheses
indicate the number of samples included in each group. Differences between groups were
tested by one-way ANOVA and post hoc Tukey-Kramer test. For the results of the Tukey-
Kramer test, any groups not connected by the underlines are significantly different (p<0.05).
-2 no occurrence, *: p<0.05, **: p<0.01, ***: p<0.001, NS: not significant. For abundance,
the upper three most dominant taxa/species are shown by the bold and underlines.
Inter-group differences in zooplankton size relataed variables (slopes and intercepts of NBSS
and size diversities) evaluated for zooplankton samples collected from 0—-3000 m depths of
the seven sampling stations at neighboring waters of Japan. For details of the location of the
stations and distribution of each zooplankton community clustered by the zooplankton
abundance data, see Figs. 1 and 9, respectively. For detailed data of NBSS and size diversity
see Figs. 10 and 11, respectively.

Fig. 1. Location of the seven sampling stations neighboring waters of Japan. OK: Okhotsk Sea, JS1:

Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific,
TR: transitional Pacific, ST: subtropical Pacific. Approximate flow directions of the major

currents are shown with the arrows in the panel.

Fig. 2. Vertical changes in temperature, salinity and dissolved oxygen at the seven stations

neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea
station 2, ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST:
subtropical Pacific. Symbols denote mean values for the sampling depths of VMPS at each

station.

Fig. 3. T-S diagram at the seven stations neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan
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Fig

Fig

Fig.

Fig.

Fig

Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific, TR:
transitional Pacific, ST: subtropical Pacific. Symbols denote mean values for the sampling

depths of VMPS at each station.

. 4. Vertical changes in zooplankton abundance and their taxonomic composition at the seven

stations neighboring waters of Japan. Note that abundance scales are in log-scales. OK:
Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA:

subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.

. 5. Vertical changes in zooplankton biovolume and their taxonomic composition at the seven

stations neighboring waters of Japan. Note that biovolume scales are in log-scales. OK:
Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA:

subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.

. 6. Vertical changes in zooplankton abundance (a) and biovolume (b) at the seven stations

neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea
station 2, ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST:

subtropical Pacific.

7. Result of cluster analysis based on the mesozooplankton abundance of each sample collected

from 0-3000 m strata of the seven stations neighboring waters of Japan. OK: Okhotsk Sea,
JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic
Pacific, TR: transitional Pacific, ST: subtropical Pacific. For samples, numbers after

underbar represent depth layers (m).

. Two-dimensional map by non-metric multidimensional scaling method (NMDS) of

zooplankton communities specified by the depth-station complex data. Eight groups (group
A-H) that clustered according to the Bray-Curtis similarity index (Fig. 7) are shown by the
different symbols. Arrows indicate directions of significant environmental parameters. Lat.:

latitude, Dep.: depth, Temp.: temperature, Sal.: salinity, DO: dissolved oxygen.

. 9. Spatial and vertical distribution of zooplankton community groups identified by Bray-Curtis

similarity index (cf. Fig. 7). Sampling depth at each station is shown by the symbols. Note
that depth scale is in log-scale. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea
station 2, ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST:

subtropical Pacific.

. 10. Vertical changes in normalized biovolume size spectra (NBSS) at various depth strata of the

seven sampling stations neighboring waters of Japan. Note that NBSS regressions are highly
significant (7°=0.15-0.9, p<0.05) for all sampling depths. OK: Okhotsk Sea, JS1: Japan Sea
station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific, TR:

transitional Pacific, ST: subtropical Pacific.
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Fig. 11. Vertical changes in slope and intercept of the normalized biovolume size spectra (NBSS) and
size diversity at various depth strata of the seven sampling stations neighboring waters of
Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China
Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.

Fig. 12. Scatter plots between slope and intercept of NBSS (a), size diversity and slope of NBSS (b),
and size diversity and intercept of NBSS (c) at seven stations neighboring waters of Japan.
OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea,
SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific. Differences in colors
represent sampling depths (0-200, 200—1000, and 1000-3000 m).

Fig. 13. Result of GAMs based on anomalies of the slope and intercept of NBSS and size diversity

with environmental paraments (depth, temperature and salinity). **: p<0.01, ***: p<0.001.
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