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Abstract 14 

The imaging device ZooScan is used for the net-collected zooplankton samples. The application of 15 

ZooScan is made mostly for the regional or seasonal changes in the zooplankton community, and a 16 

scarce attempt was made for vertical changes, especially down to the deep sea. In this study, we made 17 

ZooScan analysis on zooplankton samples collected by vertically stratified zooplankton samples 18 

collected by VMPS down to 3000 m at seven stations of the various neighboring waters of Japan 19 

covering: the Okhotsk Sea, Japan Sea, East China Sea, and subarctic, transitional, and subtropical 20 

North Pacific. Throughout the region, both abundance and biovolume decreased with increasing 21 

depths. ANCOVA analysis revealed that the affecting factors on the vertical changes varied with the 22 

unit. Thus, depth and region were the prime important factors for determining abundance and 23 

biovolume, respectively. Cluster analysis based on abundance separated the zooplankton community 24 

into 8 groups. The occurrence of each group varied regionally and 3-5 groups occurred vertically 25 

stratified for each station. Common for all the stations, Normalized Biomass Size Spectra (NBSS) 26 

and size diversity showed great vertical changes around 150-500 m depths. For the shallower depths, 27 

the NBSS slope was steep, the intercept was high, and size diversity was low. For the deeper depths, 28 

opposite changes were the cases of each parameter. The generalized additive models revealed that 29 

various environmental parameters (depth, temperature, and salinity) had a significant effect on NBSS 30 

and size diversity. This study indicates that the imaging method may be useful even for the analysis 31 

of the deep-sea zooplankton community.  32 
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1. Introduction 33 

In marine ecosystems, zooplankton feed on primary production by phytoplankton, change 34 

the organic material sizes into large, and have a role in mediating or transferring the organic materials 35 

to the higher trophic levels (cf. Lalli and Parsons, 1997; Miller and Wheeler, 2012).  On the other 36 

hand, zooplankton egests fecal pellets and performs diel vertical migration, which has a function to 37 

accelerate vertical material fluxes termed “Biological pump” (Ducklow et al., 2001; Steinberg et al., 38 

2008a).  Based on the zooplankton taxa, their feeding modes and foods are greatly varied with taxa 39 

(cf. Lalli and Parsons, 1997; Miller and Wheeler, 2012).  On the other hand, zooplankton sizes 40 

determine the sizes of the predation available sizes of the vertebrate predators (Nunn et al., 2012).  41 

Zooplankton sizes also affect the fecal pellet sizes, which are directly related to the sinking rates of 42 

the fecal pellets (Stamieszkin et al., 2015).  Thus, zooplankton size and taxa are the two most 43 

important factors in determining their quantitative functional roles in marine ecosystems.   44 

As the device to obtain size and taxonomic information on zooplankton simultaneously, the 45 

imaging device: ZooScan is available (Gorsky et al., 2010; Irisson et al., 2022).  From ZooScan data, 46 

as indices of zooplankton size spectra, analyses on Normalized Biomass Size Spectra (NBSS) are 47 

also possible (Schultes and Lopes, 2009; Kwong and Pakhomov, 2021).  Both the slope and intercept 48 

of NBSS are known to be varied with the affection of the bottom-up or top-down controls.  Thus, 49 

high primary production induced by the high nutrient providing, which induces a high abundance of 50 

the small-sized zooplankton (e.g. bottom-up conditions), intercept and slope of NBSS is high and 51 

steep, respectively, while the under the high predation pressure conditions on the smalls-zed 52 

zooplankton (top-down condition), the intercept and slope of NBSS change to low and flat, 53 

respectively (Moore and Suthers, 2006; Suthers et al., 2006; Zhou, 2006; Zhou et al., 2009).  As the 54 

studies on NBSS based on ZooScan data, most studies conducting on seasonal changes on one 55 

occasion (Vandromme et al., 2012) and spatial changes for the epipelagic depths (Naito et al., 2019; 56 

Kwong and Pakhomov, 2021).  Few attempts and applications were made on the vertical changes in 57 

the zooplankton size community by using ZooScan.   58 

The neighboring waters of Japan include subarctic, transitional, and subtropical regions of the 59 

western North Pacific and three marginal seas: Okhotsk Sea, Japan Sea, and East China Sea, all of 60 

them having different oceanographic characteristics.  As the studies treated zooplankton size 61 

composition in the neighboring waters of Japan, latitudinal changes along the north-south transect 62 

(Yokoi et al., 2008; Shiota et al., 2013; Mishima et al., 2019), inter-oceanic comparison including 63 

marginal seas (Sato et al., 2015), and seasonal changes at one location (Yamaguchi et al., 2014; 64 

Hikichi et al., 2018) are available.  While these studies are valuable, all data of these studies were 65 

collected by the Optical Plankton Counter (OPC; Herman, 1988).  Because of the device (OPC), there 66 

included no taxonomic data.  It also should be noted that they studied mainly the epipelagic depths.  67 
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No attempt was made on the vertical changes in zooplankton size composition, especially down to 68 

the greater depths.   69 

As the studies conducted vertical changes in zooplankton community down to the greater 70 

depths in the neighboring waters of Japan, studies on latitudinal changes in zooplankton biomass in 71 

the subarctic, transitional, and subtropical regions of western North Pacific (Yamaguchi et al., 2002b, 72 

2004, 2005), species-specific distributions of copepods (Yamaguchi et al., 2002a), and chaetognaths 73 

(Ozawa et al., 2007) are available.  While these studies are important, since they are not targeting 74 

whole zooplankton communities, vertical, inter-oceanic changes in zooplankton size and taxonomic 75 

compositions remain unclear around the neighboring waters of Japan.  76 

 In this study, we conducted ZooScan analyses on the vertically stratified zooplankton 77 

samples down to a maximum of 3000 m collected at seven stations covering subarctic, transitional, 78 

and subtropical regions of the western North Pacific, and three marginal seas: Okhotsk Sea, Japan 79 

Sea, and the East China Sea.  Zooplankton abundance, biovolume, community structure, size 80 

composition, and NBSS were evaluated and their geographical and vertical changing patterns were 81 

evaluated.  For abundance and biovolume, their vertical changing patterns were evaluated by 82 

analyzing the regressions with depth and comparing their regressions with those from the previous 83 

studies.  Based on the abundance of each taxon, zooplankton community structures were analyzed by 84 

cluster analyses, and their spatial and vertical distributions were conducted.  As indices of 85 

zooplankton size compositions, intercept and slope of NBSS, and size diversity were analyzed for 86 

each sample, and the effects of the environmental parameters (depth, temperature, and salinity) on 87 

them were analyzed by the Generalized Additive Models (GAM).  88 

 

2. Material and methods 89 

2.1. Field sampling 90 

Vertically stratified zooplankton samplings were conducted at seven stations in the western 91 

North Pacific and marginal seas around Japan through cruises of T/S Oshoro-Maru from 11 June to 92 

2 August 2011 and 10–15 June 2014.  For station codes and sampling depths are follow: St. OK in 93 

the southern Okhotsk Sea (45˚24'N, 145˚02'E) from 0–3000 m, St. JS1 (41˚45'N, 138˚30'E) and JS2 94 

(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 95 

China Sea from 0–1500 m, St. SA (43˚39'N, 154˚07'E) in the subarctic western North Pacific from 96 

0–3000 m, St. TR (36˚30'N, 155˚00'E) in the transitional domain of the western North Pacific from 97 

0–3000 m, and St. ST (20˚47'N, 135˚29'E) in the subtropical western North Pacific from 0–1000 m.  98 

Samplings were conducted by Vertical Multiple Plankton Sampler (VMPS) equipped with 63 µm 99 

mesh with 0.25m2 mouth opening (Tsurumi Seiki Co. Ltd., Terazaki and Tomatsu, 1997) with twelve 100 

maximum stratifications (Fig. 1, Table 1).  Zooplankton samples were preserved with 5% borax-101 
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buffered formalin seawater on board 102 

immediately after collection.  Hydrographic 103 

data (temperature, salinity, and dissolved 104 

oxygen [DO]) were obtained by CTD (SBE 105 

911 Plus, Sea–Bird Electronics Inc.) casts at 106 

each station.  107 

 

2.2. ZooScan measurement 108 

In the land laboratory, zooplankton 109 

images were captured by ZooScan 110 

(Hydrooptic Inc.) based on the protocol of 111 

Gorsky et al. (2010).  Firstly the background 112 

scan was conducted by filling distilled water 113 

in the cell.  Then the zooplankton samples 114 

with whole to the subsamples at 1/15 115 

maximum dividing rates made by the wide-116 

bore pipet were placed on the ZooScan 117 

scanning cell and scanned.  The obtained 118 

images were separated with each individual 119 

by using ZooProcess with the aid of ImageJ 120 

software.  The images were digitalized with 121 

a resolution of 2400 dpi which corresponded 122 

to 10.6 µm for one pixel.  Each image was 123 

uploaded to the website EcoTaxa, and semi-124 

auto identification was made for each image 125 

(Picheral et al., 2017; Irisson et al., 2022).  126 

Identification of taxa was made with 127 

the following categories: protozoan; 128 

Phaeodaria, Foraminifera, Tintinnida, and 129 

metazoan; Cnidaria, Hydrozoa, Scyphozoa, 130 

Siphonophorae, Annelida, Gymnosomata, 131 

Ostracoda, Calanoida, Cyclopoida, 132 

Harpacticoida, Poecilostomatoida, 133 

Mysidacea, Amphipoda, Euphausiacea, 134 

Calyptopis, Cladcera, Chaetognatha, Doliolida, Appendicularia, Ophiuroidea, Mollusca, Decapoda, 135 
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136 

Crustacean nauplius, and others; fecal pellet, fragment, detritus.  For the numerical dominant 137 

Calanoida, more detailed identifications were possible for the following genera: Acartia spp., 138 

Eucalanus bungii, Gaetanus spp., Metridia spp., Neocalanus spp., Paraeuchaeta spp., 139 

Pseudocalanus spp.  Within the above categories, non-living fractions: fecal pellet, fragment, and 140 

detritus were excepted from the following analyses.  141 

Based on the ZooScan images, the volume (Volume, mm3) of each specimen was calculated 142 

East 
China 
Sea

Japan Sea

Okhotsk 

Sea

ST

OK

SA

TR

JS2

Western North Pacific Ocean

120 130 140 150 160˚E

10

20

30

40

50 ˚N

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.

JS1

ECS
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from the major axis length (Lmajor, mm) and the minor axis length (Lminor, mm) by using the following 143 

equation: 144 

Volume = 4/3 × π × (Lmajor/2) × (Lminor/2)2 145 

For the size of each specimen, the equivalent spherical diameter (ESD, mm) was calculated from the 146 

biovolume using the following equation: 147 

𝐸𝑆𝐷 = √
𝑉𝑜𝑙𝑢𝑚𝑒 × 3

4𝜋

3

 148 

Based on the numbers (n), the volume of the specimen (Volume, mm3), net filtering volume (F: m–3), 149 

abundance (Abu: ind. m–3), and biovolume (Bio: mm3 m–3) were quantified from the following 150 

equations:  151 

𝐴𝑏𝑢 =
𝑛

𝐹 × 𝑠
 152 

𝐵𝑖𝑜 =
𝑉𝑜𝑙𝑢𝑚𝑒

𝐹 × 𝑠
 153 

where s is the splitting factor of the samples during the ZooScan measurements.  154 

 

2.3. Data analysis 155 

 While we applied smaller mesh sizes (63 µm) for the collection of the zooplankton to avoid 156 

the effects of collection efficiency of the smaller specimens, which may be varied with the samples 157 

due to the abundance of the seston or detritus (cf. Makabe et al., 2012), we quantified zooplankton 158 

for larger than 0.20 mm ESD in this study.  Which is fairly larger than the diagonal length of the 159 

applied mesh (0.089 mm).   160 

 To evaluate vertical changes in abundance and biovolume, regression analysis applying 161 

dependent variables as abundance (Abu: ind. m-3) or biovolume (Bio: mm3 m-3) and independent 162 

variable as depth (D: m).  For the regressions, we applied log-log transformed values for each variable 163 

and analyzed by the solver function of the MS-Excel:  164 

log10 Abu = a × log10 D + b 165 

log10 Bio = a × log10 D + b 166 

where a is the slope and b is the intercept of the regression.  To evaluate the effects of depths and 167 

regions (area), we made an analysis of covariance (ANCOVA) by applying target variables such as 168 

abundance and biovolume and explanation variables such as depth and area.   169 

 To evaluate the zooplankton community of each sample, based on the values transferred to 170 

the fourth root of the abundance (Abu: ind. m-3), we classified and made cluster analyses for the 171 

zooplankton community of the total 69 samples by the Bray-Curtis similarities connecting the mean-172 

connecting methods.  Inter-group differences in zooplankton abundance were analyzed by one-way 173 
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ANOVA and post hoc test (Tukey-Kramer test).  For the effects of the environmental variables 174 

(latitude, depth, temperature, salinity, and dissolved oxygen), we made multiple linear regression 175 

analyses for the two-dimensional non-metric multidimensional scaling (NMDS) of the result of the 176 

Bray-Curtis analysis.   177 

 As data source of the normalized biomass size spectra (NBSS), we applied zooplankton 178 

biovolume data at 0.2–5.0 mm ESD quantified with 0.05 mm intervals NBSS.  For NBSS, as the X-179 

axis, we applied log10 zooplankton biovolume (mm3), the value of the biovolume of each size class 180 

(mm3) converted into a common logarithm.  For the Y-axis of the NBSS, we applied log10 zooplankton 181 

biovolume (mm3 m−3) / Δbiovolume (mm3).  The biovolume was divided by the biovolume interval 182 

(Δbiovolume [mm3]) and converted to a common logarithm.  Based on these data, the NBSS linear 183 

model was calculated as follows: 184 

Y = aX + b 185 

where a and b are the slope and intercept of the NBSS, respectively.  186 

 Zooplankton size diversity was calculated by the methods of species diversity (H’) 187 

(Morishita, 1996).  For evaluation of the effects of the environmental variables (depth, temperature, 188 

and salinity) on the slope, the intercept of the NBSS, and size diversity, analyzed by the generalized 189 

additive model (GAM), were made for each target variable.  We applied R for such statistical 190 

analyzes.   191 

 

3. Results 192 

3.1. Hydrography 193 

Vertical changes in temperature, salinity, and DO at each station are shown in Fig. 2.  Throughout the 194 

station, temperatures ranged from –1.2 to 29.4˚C.  Inter-oceanic differences in temperature were 195 

prominent for the upper 1500 m.  The warmest conditions were in the cases of the subtropical Pacific 196 

and the East China Sea, while the coldest condition was observed for the Okhotsk Sea.  Temperature 197 

below 0˚C was seen for 50–100 m depths of the Okhotsk Sea.  Such “intermediate cold water” 198 

(Takizawa, 1982) was also seen in the subarctic Pacific.  The other special water mass, “Japan Sea 199 

proper water,” which is characterized by the extremely cold temperature (0–1˚C) (Sudo, 1986), was 200 

seen below 300 m depths of the Japan Sea.   201 

 Salinity ranged between 32.6 and 34.9 throughout the stations.  The regional changes were 202 

prominent for the above 1500 m depths and classified into three patterns: subarctic, subtropical, and 203 

Japan Sea.  For the subarctic (St. OK, SA), salinity was low at the near-surface layer and then 204 

increased with increasing depth.  For the subtropical (St. ECS, TR, ST), the high salinity near the 205 

surface formed a subsurface minimum of around 200–700 m, then increased with increasing depths 206 

below that layer.  For the Japan Sea (St. JS1, JS2), salinity was at a narrow range (34.0–34.3) and 207 
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uniform throughout the layers.   208 

DO ranged between 0.85 and 7.90 ml L–1 throughout the stations.  Common for all stations, 209 

DO had a minimum of around 1000 m depths.  For the shallower depths, especially above 200 m, 210 

DO was the highest for the subarctic (St. OK, SA), the lowest for the subtropical (St. ECS, TR, ST), 211 

then settled between them for the Japan Sea (St. JS1, JS2).  212 

The T-S diagram at each station is shown in Fig. 3.  The plotted area in the T-S diagram was 213 

greatly varied with the stations.  Thus, for the subarctic (St. OK, SA), temperatures were cold and 214 

similar throughout the layer while salinities were increased with increasing depths which induced 215 

increasing density with increasing depths.  While for the subtropical (St. ECS, TR, ST) and the Japan 216 

Sea (JS1, JS2), salinities were high and similar throughout the layer, but temperatures decreased with 217 
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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.
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increasing depths which provided increasing densities with increasing depths there.   218 

 219 

3.2. Abundance and biovolume 220 

Zooplankton abundance (ind. m–3) and their taxonomic composition at each sampling layer 221 

based on the ZooScan measurement are shown in Fig. 4.  For most of the stations, abundance was 222 

the highest near the surface layer and then decreased with increasing depths.  For taxonomic 223 

composition, Calanoida was dominated and composed ca. 30% throughout the station and layers.  224 

For the 0–250 m of the subarctic stations (St. OK, JS1, JS2, SA), Cyclopoida was also dominated.  225 

For the deeper layers below 250 m of St. OK and SA and the whole layers of the subtropical 226 

stations (St. ECS and ST), Poecilostomatoida was also dominated and composed more than 30%.  227 
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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.
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 228 

Zooplankton biovolume (mm3 m–3) and their taxonomic composition at each layer are shown 229 

in Fig. 5.  For biovolume, the sporadic high composition of Euphausiacea was seen at 50–150 m of 230 

St. JS1 and 150–250 m of St. JS2.  The most dominant taxon was Calanoida.  The second dominant 231 
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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.
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taxa were varied with the station: Chaetognatha (St. OK, SA, and ST), Doliolida at the deep layer of 232 

St. TR.   Phaeodaria dominated the deep layer of St. JS1 which was common for the abundance at 233 

those layers. 234 

   235 

Vertical changes in zooplankton abundance and biovolume, along with the increasing depths, 236 

are shown in Fig. 6.  These vertical changes were fitted to the power regressions, and their slopes and 237 
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East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.

250-500

0-25
25-50

75-100

50-75

500-750

750-1000

100-150

150-250

1000-1500

1500-2000

2000-3000

0-50

50-150

150-250

250-550

550-600

600-750

250-375

25-50

75-100

50-75

375-500

500-750

100-150

150-250

750-1000
1000-1250

1250-1500

250-500

0-25

25-50

75-100

50-75

500-750

750-1000

100-150

150-250

0-50

50-150

150-250

250-400

400-600

600-750

250-500

0-25
25-50

75-100

50-75

500-750

750-1000

100-150

150-250

1000-1500

1500-2000

2000-3000

250-500

0-25
25-50

75-100

50-75

500-750

750-1000

100-150

150-250

1000-1500

1500-2000

2000-3000

0-25

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



13 

intercepts are shown in Table 2.  For abundance, significant regressions were observed for all seven 238 

stations, and their slopes were between -0.531 and -1.379 (Table 2).  For the regressions on 239 

biovolume, their fittings were lower than those of the abundance considering r2 and p-values (Table 240 

2).  For two stations of the Japan Sea (JS1 and JS2), insignificant regressions were the cases.  It was 241 

due to the sampling depths being limited between 0 and 750 m and the low number of stratification 242 

(six layers) within the stations.  For prominent characteristics of biovolume, the sharp decreases with 243 

the magnitude at ca. 1/10 were seen at 75–100 m depths of St. OK and SA (Fig. 6b).  It also should 244 

be noted that the depths corresponded with the depths observed in the intermediate cold water at these 245 

stations (Fig. 2).   246 

247 
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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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 248 

As environmental factors affect the abundance and biovolume, two factors: the region and 249 

depth, were available.  Results of ANCOVA applying abundance and biovolume as target variables 250 

and region and depth as dependent variables are shown in Table 3.  The effects of two factors varied 251 

between the abundance and biovolume.  Thus, for abundance, depth was the only environmental 252 

factor to affect, and the other factors (region and interactions of region×depth) had no effect on 253 

abundance.  Since there was no effect of interactions of region×depth on abundance, the regressions 254 

of the abundance of the seven stations were not varied and treated as the regressions having the same 255 

slopes.  On the other hand, the biovolume was affected by region, and other factors (depth and 256 

interactions of region×depth) had no effect on the biovolume (Table 3).  This, the biovolume varied 257 

with region, and their biovolume values varied with depths smaller than those with the region.   258 

 259 

Unit Station a b r
2

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**

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:

log10Abu = a log10D + b or log10Bio = a log10D + 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.
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 260 

3.3. Zooplankton community 261 

Based on abundance data, zooplankton species/taxa were classified into five groups (I–Ⅴ) at a 28% 262 

similarity level, and their communities were clustered into eight groups (A–H) at a 68% similarity 263 

level (Fig. 7).  Based on cluster results on species/taxa, the group I composed by main copepods such 264 

as Calanoida, Cyclopoida, and Poecilostomatoida.  For the other groups, Mollusca and Doliolida 265 

(group II), Euphausiacea (group III), Phaeodaria (group IV), and Cnidaria (group V) were the major 266 

component taxa of each group.   267 

Parameter df SS F -value p -value

Abundance

Depth 1 1939593 4.841 0.032

Region 6 2839226 1.181 0.3299

Depth×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×Region 6 899340 0.721 0.6346

Error 55 11438501

Unit

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.

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 268 

A
b

u
n

d
a

n
ce

 (
(i

n
d

. 
sa

m
p

le
-1

)1
/4

)

O

O
O
O
T

T
T

T

O

O
O
O

O

T
T
T
T
T

T

O

O

T
T
O

SA_1500-2000
K_250-500

SA_250-500
SA_1000-1500
SA_500-750
SA_750-1000
K_1000-1500
K_750-1000
K_1500-2000
R_500-750

ECS_500-750
ST_750-1000
SA_2000-3000
ST_500-750
R_750-1000
R_1000-1500

ECS_150-250
ST_150-250
ECS_250-375
ECS_375-500
ST_250-500
R_250-500

JS1_250-550
JS2_375-500
SA_50-75
SA_75-100
JS2_250-375
JS1_50-150
JS2_50-150
K_50-75

JS1_150-250
K_150-250
K_75-100
K_100-150

SA_150-250
JS2_150-250
SA_100-150
K_500-750

JS2_500-750
JS1_550-600
JS1_600-750
ECS_75-100
ECS_100-150
ST_50-75
ST_25-50
ST_0-25
ST_100-150
R_75-100
R_100-150
R_150-250
R_25-50
R_50-75

ECS_25-50
ECS_0-25
ECS_50-75
R_0-25

JS2_0-50
K_0-25

JS1_0-50
K_25-50

SA_0-25
SA_25-50
ST_75-100
ECS_750-1000
ECS_1000-1250
ECS_1250-1500
R_1500-2000
R_2000-3000
K_2000-3000

0 0 0 0

S
a
m

p
le

s
A B C D E F G H o

u
t 

g
ro

u
p

T
a
x

a

Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ o
u

t 
g

ro
u

p

S
a

m
p

le
s

Taxa

0
4

8

G
y

m
n

o
so

m
a
ta

T
h

a
li

a
ce

a
C

o
p

ep
o
d

a
D

ec
a
p

o
d

a
S

cy
p

h
o
zo

a
O

p
h

iu
ro

id
ea

M
y

si
d

a
ce

a
T

in
ti

n
n

in
a

C
n

id
a
ri

a
H

y
d

ro
zo

a
G

a
et

a
n

u
s

sp
p

.
P

h
a
eo

d
a
ri

a
P

a
ra

eu
ch

a
et

a
sp

p
.

C
la

d
o
ce

ra
C

a
ly

p
to

p
is

P
le

u
ro

m
a
m

m
a

sp
p

.
E

u
p

h
a
u

si
a
ce

a
A

m
p

h
ip

o
d

a
S

ip
h

o
n

o
p

h
o
ra

e
A

ca
rt

ia
sp

p
.

M
o
ll

u
sc

a
D

o
li

o
li

d
a

F
o
ra

m
in

if
er

a
N

eo
ca

la
n

u
s

sp
p

.
E

u
ca

la
n

u
s

b
u

n
g
ii

P
o
ly

ch
a
et

a
C

h
a
et

o
g

n
a
th

a
P

se
u

d
o
ca

la
n

u
s

sp
p

.
A

p
p

en
d

ic
u

la
ri

a
C

ru
st

a
ce

a
n

a
u

p
li

u
s

O
st

ra
co

d
a

H
a
rp

a
ct

ic
o
id

a
M

et
ri

d
ia

sp
p
.

C
y

cl
o
p

o
id

a
P

o
ec

il
o
st

o
m

a
to

id
a

C
a
la

n
o
id

a

F
ig

.
7

.
R

es
u

lt
o

f
cl

u
st

er
an

al
y
si

s
b

as
ed

o
n

th
e

m
es

o
zo

o
p

la
n

k
to

n
ab

u
n

d
an

ce
o

f
ea

ch
sa

m
p

le
co

ll
ec

te
d

fr
o

m
0

-3
0

0
0

m
st

ra
ta

o
f

th
e

se
v

en
st

at
io

n
s

n
ei

g
h

b
o

ri
n

g
w

at
er

s
o

f
Ja

p
an

.
O

K
:

O
k

h
o

ts
k

S
ea

,
JS

1
:

Ja
p

an
S

ea
st

at
io

n
1

,
JS

2
:

Ja
p

an
S

ea
st

at
io

n
2

,
E

C
S

:
E

as
t

C
h

in
a

S
ea

,
S

A
:

su
b

ar
ct

ic
P

ac
if

ic
,

T
R

:
tr

an
si

ti
o

n
al

P
ac

if
ic

,
S

T
:

su
b

tr
o

p
ic

al
P

ac
if

ic
.

F
o

r
sa

m
p

le
s,

n
u

m
b

er
s

af
te

r
u

n
d

er
b

ar
re

p
re

se
n

t
d

ep
th

la
y
er

s
(m

).

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



17 

 Zooplankton communities were plotted at different locations even for the NMDS plot, and 269 

various environmental parameters (temperature, salinity, DO, depth, and latitude) had significant 270 

interaction with the plotted area of each sample in the NMDS plot (Fig. 8).  From directions of each 271 

environmental variable and plotted area of each zooplankton community in the NMDS plot, following 272 

interactions were evidenced: thus, group D was seen at the high latitude, group F was seen at high-273 

temperature regions, group G was at the high DO region/depths, and group H was seen at the deep 274 

and high salinity region and depths.   275 

276 

 Results of abundance differences between zooplankton groups evaluated by one-way 277 

ANOVA and post hoc Tukey-Kramer test are shown in Table 4.  Within the zooplankton species/taxa, 278 

copepods (Calanoida, Cyclopoida, and Poecilostomatoida) were dominant throughout the 279 

community.  For the other zooplankton species/taxa, a specific abundant zooplankton community was 280 

present for certain zooplankton species/taxa.  Thus, calanoid copepod  Metridia spp. was abundant in 281 

the zooplankton communities of groups A, B, G, and H (Table 4).  For zooplankton community group 282 

D, Phaeodaria and Ostracoda were abundant.  For group F, Appendicularia was abundant, and 283 

A

B

C

D

E

F

G

H

out group

2D Stress: 0.1

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.
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dominance of calanoid copepod Pseudocalanus spp. was observed for zooplankton group G.  284 

285 

 Occurrences (geographical and vertical distribution) of each zooplankton community are 286 

shown in Fig. 9.  Each group occurred at consecutive regions and depths.  Occurrences of each 287 

zooplankton group were classified into two regions: thus, the subarctic stations (St. OK, JS1, JS2, 288 

SA) and transitional and subtropical stations (ECS, TR, ST).  For the subarctic stations, group G was 289 

seen at the shallower 0–50 m depths, then group C was seen at 50–500 m, and group A was dominated 290 

below that layer (>500 m) (Fig. 9).  As regional special characteristics, the group D was only seen for 291 

the deep layer (>500 m) of the Japan Sea, and it should be noted that the depths were corresponded 292 

with the occurrence of the Japan Sea Proper Water (Fig. 2).  For the transitional and subtropical 293 

stations, group E and F were seen at the shallower 0–300 m depths, and group B was seen for 200–294 

500 m depths, then groups A and H was occurred for the deepest layer (>500 m) (Fig. 9).   295 

Taxa/Species A (16) B (5) C (16) D (3) E (9) F (5) G (6) H (6)

Phaeodaria 0.040 - 0.090 20.630 - - - - *** A C D

Foraminifera 0.110 0.130 0.480 0.210 2.310 4.310 3.470 0.120 *

Tintinnina - 0.310 - - 0.250 1.950 - 0.010 *** H E B F

Cnidaria 0.030 0.020 - - 0.730 - - - NS

Hydrozoa 0.010 - 0.060 2.090 - 0.500 - - *** A C F D

Scyphozoa - - - - - 0.500 - - NS

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 *** H D C A B E F

Gymnosomata - - 0.030 - - - - - NS

Ostracoda 1.350 4.870 7.090 15.900 5.450 2.140 2.760 0.100 *** 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 *** H A B D C G E F

Acartia spp. - - 0.050 - 0.450 - 3.260 - NS

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 - - - - *** A C D

Metridia  spp. 3.640 5.550 14.820 4.160 26.180 77.040 200.350 0.460 *** H A D B C E F G

Neocalanus  spp. 1.310 0.040 3.440 2.450 - 0.920 74.020 0.190 *** B H F A D C G

Paraeuchaeta  spp. 0.120 - 0.240 0.260 - - - - NS

Pseudocalanus  spp. 0.360 0.400 8.240 12.100 6.210 9.840 157.350 - *** A B E C F D G

Cyclopoida 2.950 3.750 91.840 4.110 67.140 168.840 844.580 0.090 *** H A B D E C F G

Harpacticoida 0.840 3.200 6.480 1.370 19.780 44.820 9.650 0.080 *** 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 *** D H A B C G E F

Mysidacea - - - - - 2.050 - - ***

Amphipoda 0.010 1.360 0.310 0.100 1.480 1.930 0.690 - *

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 *** D H A B C E G F

Doliolida 0.000 0.020 0.010 - 0.230 5.500 - 0.090 ** A C B H E F

Appendicularia 0.120 1.280 0.640 0.310 21.280 304.220 35.650 0.050 *** H A D C B E G F

Ophiuroidea - - - - 0.080 0.500 - - NS

Mollusca 0.010 0.030 0.130 - 0.310 3.130 7.060 - *** 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 *** 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 *** H A B D C E F G

Abundance (ind.m
-3

 ) one-way

ANOVA Tukey-Kramer test

Not detected

Not detected

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.
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 296 

3.4. Zooplankton NBSS and size diversity 297 

Results of NBSS based on zooplankton biovolume at each sampling layer of the seven 298 

sampling stations are shown in Fig. 10.  Common for the whole region and depths, biovolume changes 299 

along with the sizes were generally smooth, and significant NBSS was obtained for all the samples.  300 

The vertical changes in slopes and intercepts of NBSS and size diversity of each sample are shown 301 

in Fig. 11.  Slopes of NBSS were zero or positive for the surface layer (0–50 m) of the subarctic 302 

stations (St. OK and SA).  It also should be noted that the prominent decrease of the slope, the 303 

intercept of NBSS, and size diversity were observed for subsequent 100–150 m depths.  As the 304 

common patterns observed for the whole region, the three parameters: slope and intercept of NBSS, 305 

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.
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306 

and size diversity showed great changes around 150–500 m depths.  Thus, above 150–500 m depths, 307 

the slopes of NBSS were steep, intercepts of NBSS were high, and size diversity was low, while the 308 

moderate slope of NBSS and low intercept of NBSS, and high size diversity were the cases of below 309 

150–500 m  depths (Fig. 11).  Such vertical changes in slope and intercept of NBSS, and size diversity 310 

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 (r2=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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were prominent, especially at St. TR, ST, and ECS.  On the other hand, the slope of NBSS was 311 

moderate, even in the surface layer of St. SA.   312 

 313 

250-500

0-25

25-50

75-100

50-75

500-750

750-1000

100-150

150-250

1000-1500

1500-2000

2000-3000

0-50

50-150

150-250

250-550

550-600

600-750

250-375

0-25

25-50

75-100

50-75

375-500

500-750

100-150

150-250

750-1000

1000-1250

1250-1500

250-500

0-25

25-50

75-100

50-75

500-750

750-1000

100-150

150-250

0-50

50-150

150-250

250-400

400-600

600-750

250-500

0-25

25-50

75-100

50-75

500-750

750-1000

100-150

150-250

1000-1500

1500-2000

2000-3000

250-500

0-25

25-50

75-100

50-75

500-750

750-1000

100-150

150-250

1000-1500

1500-2000

2000-3000

1.0 1.5 2.0 2.5 3.0

1.0 1.5 2.0 2.5 3.0

Slope

Intercept

Size diversity

Slope

Intercept

Size diversity

D
ep

th
(m

)

JS2

ECS

ST

TRJS1

OK SA

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2

-1.0 -0.5 0 0.5 1.0 1.5 2.0

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2

-1.0 -0.5 0 0.5 1.0 1.5 2.0

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 314 

shown in Fig. 12.  Throughout the station, it was marked that the slopes of NBSS at  200–1000 m and 315 

1000–3000 m depths were moderate and plotted at the limited areas in the scatter plot.  While the 316 

plotted area of the NBSS slope at 0–200 m depth was broad and varied with the station.  The steep 317 

slopes of NBSS were seen for the subtropical stations, while moderate slopes of NBSS were the cases 318 

of the subarctic stations.   319 

 320 

 321 

Results of GAM analysis applying target variables as slope and intercept of NBSS, and size 322 

diversity and explanation variables as environmental parameters: depth, temperature, and salinity are 323 

shown in Fig. 13.  The slope of NBSS had a significant effect by temperature, and warm conditions 324 

induced steep slope, while cold conditions implied moderate slope.  The intercept of NBSS had 325 
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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
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significant interactions with depth and salinity.  For shallower depths, the intercept of NBSS was 326 

high, while the low intercept of NBSS was the case for the deep layers.  As an effect of salinity, the 327 

intercept of NBSS was high at the low salinity conditions, while the low NBSS intercept was in the 328 

cases of the high salinity conditions.  Size diversity had significant interaction with the depth.  Thus, 329 

the size diversity was low at the shallower depths, while was increased with increasing depths.  This 330 

depth-related interaction of size diversity was highly significant (p<0.001).   331 

 332 

 333 

Results of inter-group differences in slope and intercept of NBSS and size diversity tested 334 

by one-way ANOVA and post hoc test (Tukey-Kramer) are shown in Table 5.  For the slope of NBSS, 335 

the groups E and F observed at the epipelagic zones of the subtropical stations (Fig. 9) were evaluated 336 

to have steep slopes.  As groups having a high intercept of NBSS, groups F and G were prominent.  337 

These two groups were seen at surface 0–75 m of the subtropical (group F) or subarctic (group G) 338 
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regions.  As groups having high size diversity, groups A and D were present.  These two groups were 339 

the deep-sea communities observed below 500 m depths.  Thus, the three indices on the zooplankton 340 

size: slope and intercept of NBSS, and size diversity varied greatly with the zooplankton community.   341 

 

4. Discussion 342 

4.1. Abundance and biovolume 343 

 For abundance, three orders of Copepoda (Calanoida, 344 

Cyclopoida, and Poecilostomatoida) contributed high 345 

compositions.  Within them, Calanoida contains various feeding 346 

modes: particulate feeders, detritivores, and carnivores, and they 347 

have important roles as the mediator of energy transfer to the 348 

higher trophic level and vertical material flux (Mauchline, 1998).  349 

For the small-sized copepod, Cyclopoida was dominated at 0–250 350 

m of the subarctic stations (Fig. 4).  Cyclopoida feeds mainly on 351 

microzooplankton such as ciliates and are considered to have an 352 

important role in the transfer of the microbial production to the 353 

higher trophic levels (Nishibe et al., 2010).  On the other hand, the 354 

other small-sized copepod Poecilostomatoida is considered to be a 355 

detritivore that feeds on detritus and is attached to the marine snow 356 

(Turner, 2004).  Poecilostomatoida was abundant below 250 m of 357 

the subarctic stations and the whole water column of the 358 

subtropical stations.  The dominance of Poecilostomatoida at the 359 

deep layer of the subarctic Pacific is well documented (Yamaguchi 360 

et al., 2002a; Nishibe and Ikeda, 2004).  For the subtropical 361 

Pacific, attachment of Poecilostomatoida on the discarded 362 

appendicularian house is reported (Nishibe et al., 2015).   363 

For biovolume, add to Calanoida, sporadic high 364 

composition was seen for Euphausiacea (Fig. 5).  The dominant 365 

species of Euphausiacea in the western North Pacific, and their 366 

marginal seas are reported to be Euphausia pacifica and 367 

Thysanoessa spp. both is reported to perform diel vertical 368 

migration (DVM) (Iguchi et al., 1993; Taki, 2006, 2011).  Stations 369 

observed the occurrence of Euphausiacea above 250 m depths 370 

corresponded with the samplings conducted at night (Table 1).  For 371 

the other prominent taxa in biovolume: Phaeodaria, their 372 
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dominance at the deeper layer of the Japan Sea is reported to be due to the dominance of Aulographis 373 

japonica in the cold Japan Sea Proper Water (Nakamura et al., 2013).   374 

 To express the depth decrease of zooplankton abundance and biomass, various regressions 375 

such as an exponential model (logY = a Depth + b), power model (logY = a log Depth + b), and 376 

regression with an intercept at 100 m (Y = Y100 (Depth/100)b) are present where Y is abundance or 377 

biomass, and Y100 is the intercept value at 100 m depth (Yamaguchi et al., 2002a, 2002b, 2004, 2005).  378 

In the present study, we applied power regression to both abundance and biovolume.  For the 379 

comparable study, Yamaguchi et al. (2002a) applied power regressions to express depth-decreasing 380 

rates of Copepoda in the western subarctic Pacific and reported that the slope (a) of the regression is 381 

steep for abundance ranged at -1.41– -1.52, while is moderate for biomass ranged at -1.10 – -1.32.  382 

The steep slope of the regression (=rapid decrease with increasing depth) of abundance than that of 383 

biomass (biovolume) was also observed in this study (Table 2). 384 

 As prominent characteristics in biovolume, rapid decrease at the cold intermediate water at 385 

St. OK and SA was marked.  The cold intermediate water is brine water that originated during ice-386 

forming last winter and is characterized by extremely cold (<0˚C) and the development of strong 387 

pycnocline (Takizawa, 1982).  At the intermediate cold water, the DVM of zooplankton is prevented, 388 

and the decrease of zooplankton biovolume at that layer has been well documented (Yamaguchi, 389 

2015).  These factors may induce an abrupt decrease of biovolume at intermediate cold water 390 

observed for St. OK and SA (Figs. 5, 6b). 391 

 For the decreasing rates with depth increasing, taxonomic differences are present in the 392 

plankton biomass, and the decreasing rates are more rapid for the higher trophic level organisms than 393 

those of the lower trophic level (Yamaguchi et al., 2002b, 2004).  On the other hand, little attempt 394 

has been made to the differences in the unit (abundance or biomass [biovolume]) depth-related 395 

decreasing rate.  In this study, the depth-related decreasing rate and intercept of abundance were 396 

similar throughout the stations.  This result in abundance is greatly varied with the general patterns 397 

of zooplankton biomass: depth-decreasing rates are similar but intercepts vary (Vinogradov, 1968; 398 

Table 3 of this study).  These differences would be due to the differences in the applied unit 399 

(abundance or biomass [biovolume]).  As a comparable study, Yamaguchi et al. (2015) conducted 400 

depth-decreasing rates of Copepoda of 0–2615 m depths based on the vertically stratified samples 401 

collected at 16 stations covering tropical to subarctic regions (0˚ to 56˚N in latitude) of the North 402 

Pacific.  Through such a comprehensive study, the abundance of Copepoda decreases with increasing 403 

depth throughout the stations, but differences in regressions have not been observed (Yamaguchi et 404 

al., 2015).  Thus, while the scarcity of information compared to the biomass, the depth-related 405 

decreasing rate and intercept of zooplankton abundance seem to be similar throughout the whole 406 

North Pacific and also the marginal seas.   407 
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 For biovolume, regional (station-to-station) differences were prominent, while decreasing 408 

with increasing depths were minor (Table 3). These facts correspond that the biomass decreasing rates 409 

with depth are similar throughout the regions, while their regional differences in intercept at the 410 

surface layer continue throughout the depths (Vinogradov, 1968; Yamaguchi et al., 2005). These 411 

phenomena have been interpreted that the origin of the energy for zooplankton starting from primary 412 

productivity occurring at the sea surface. Thus, the regions with high productivity and high biomass 413 

at the surface layer contain high values of both even in the deep layer, while the regions with low 414 

productivity and biomass at the surface layer have low values of both in the deep layer. Through the 415 

biogeochemical amounts and fluxes quantification studies in the subarctic and subtropical Pacific, 416 

most of the parameters are varied at two-fold regional differences; however, the mesozooplankton 417 

biomass is reported to be 10 times higher for the subarctic than that in the subtropical region 418 

(Steinberg et al., 2008b; Kitamura et al., 2016; Honda et al., 2017). Thus, the results on zooplankton 419 

biovolume in this study (regional differences were prominent and high in the subarctic region) are 420 

well corresponded with the results of the regional comparison study between the subarctic and 421 

subtropical Pacific. 422 

 

4.2. Zooplankton community 423 

 This study treats zooplankton from the sea surface down to 3000 m at seven stations covering 424 

the subarctic and subtropical Pacific and their three marginal seas. Because of the study targeting 425 

broader region and depth, zooplankton community was classified into eight groups (Fig. 7). For 426 

separation of the zooplankton group, various environmental parameters have affected (Fig. 8). For 427 

instance, the oppose directions of DO and depth in the NMDS panel are interpreted that the DO was 428 

higher at the shallower depths (Fig. 2). For the zooplankton groups observed for the high DO regions, 429 

group F was seen for the warm sea surface of the subtropical region, and group G was seen for the 430 

cold surface layer of the subarctic region (Fig. 9). The same directions of depth and salinity in NMDS 431 

panel are interpreted that the salinity was high for deeper depths of most of the stations (Fig. 2). The 432 

zooplankton groups A and H which observed for high depth values in NMDS panel were restricted to 433 

deep layers (Fig. 9). Thus, plotted areas of each zooplankton group and directions of environmental 434 

parameters in NMDS are well corresponded with the regional and vertical distributions of each 435 

zooplankton group.  436 

 For the numerous dominant species, except for the predominant orders of Copepoda 437 

(Calanoida, Cyclopoida, and Poecilostomatoida), Metridia spp., the large-sized calanoid copepod 438 

genus, were abundant for the zooplankton groups A, B, G, and H (Table 4). Within these groups, 439 

group G was seen for the surface layers of the subarctic Pacific, Japan Sea, and Okhotsk Sea (Fig. 9). 440 

Metridia is known to perform DVM (Padmavati et al., 2004) and is dominated by M. okhotensis in 441 
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the Okhotsk Sea (Yamaguchi, 2015; Arima et al., 2016), M. pacifica in the Japan Sea (Hirakawa and 442 

Imamura, 1993), and M. okhotensis and M. pacifica in the subarctic Pacific (Padmavati et al., 2004; 443 

Takahashi et al., 2009). The boreal large-body-sized copepod species are known to transport to the 444 

deeper layers of the transitional and subtropical regions through the submergible cold-water Oyashio 445 

(Omori and Tanaka, 1967; Kobari et al., 2008). It also noted the dominance of the deep-sea Metridia 446 

species (M. venusta) for the deep layer of the lower latitude (<30˚N) (Yamaguchi et al., 2015). Thus, 447 

in the transitional and subtropical regions, the groups dominated by Metridia spp. (groups A, B, H) 448 

were seen only for the deeper layers.  449 

For the other zooplankton groups, which were dominated by the specific zooplankton 450 

taxa/species, group D was dominated by Phaeodaria and Ostracoda (Table 4). The group D was seen 451 

for the deeper layers of the Japan Sea, which is composed of the cold Japan Sea Proper Water (Fig. 452 

9). For the Japan Sea Proper Water, the dominance of the large-sized Phaeodaria: A. japonica has 453 

been well documented and their biomass is reported to the next to the copepods at these layers 454 

(Nakamura et al., 2013). For the Japan Sea Proper Water, the dominance of the ostracod Conchoecia 455 

pseudodiscophora has also been reported (Ikeda, 1990; Ikeda and Imamura, 1992). Thus, such a 456 

specialized zooplankton community in the cold Japan Sea Proper Water is well confirmed in this 457 

study.  458 

For the other zooplankton groups dominated by the specific zooplankton taxa, group F, 459 

dominated by Appendicularia, was seen for the surface layers of the ECS and TR (Table 4, Fig. 9). 460 

Appendicularia performs filter feeding on small-sized particles in pico- and nano-sizes, then asexual 461 

reproduction, and is known to show outbreak at the surface layer of the transitional region (Yokoi et 462 

al., 2008). To make filter feeding, Appendicularia creates “house” frequently, and Poecilostomatoida 463 

is known to attach to the discarded houses of Appendicularia and utilized as feeding and living places 464 

termed “microcosm” (Nishibe et al., 2015). For zooplankton group F, dominances of Appendicularia 465 

and Poecilostomatoida were seen (Table 4). These facts suggest that Appendicularia dominated the 466 

zooplankton communities at surface layers of ECS and TR to feed on the small-sized particles, then 467 

Poecilostomatoida would attach on the discarded appendicularian houses, thus dominating such 468 

microbial loops at those layers.   469 

Through this study, geographical and vertical distribution of zooplankton communities from 470 

the sea surface to the deep sea, including subarctic to subtropics of the western North Pacific (Fig. 471 

9). For this region, such a vertical sectional distribution of the communities has been reported for the 472 

pelagic copepods (Yamaguchi et al., 2015) and chaetognaths (Ozawa et al., 2007). Within them, 473 

copepod communities were separated by surface and deep sea vertically and by subarctic and 474 

subtropics horizontally (Yamaguchi et al., 2015), which corresponds with this study well. For 475 

chaetognaths, their deep-sea communities have been reported to be the same through the Bering Sea 476 
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to the subtropics, while those in the Japan Sea have been reported to be greatly varied from the other 477 

regions (Ozawa et al., 2007). The great differences in the zooplankton community of the deep sea of 478 

the Japan Sea characterized by the Japan Sea Proper Water were observed in this study (Fig. 9). It is 479 

interpreted that the basin area of the Japan Sea is deep (maximum at 3700 m and mean 1350 m), 480 

while depths of the connection strait with the other outer oceans are shallow (<130 m), which induces 481 

disconnection of the waters in the deep layer with the neighboring North Pacific, East China Sea, and 482 

Okhotsk Sea, and forming the Japan Sea Proper Water, and presence of the specialized deep-sea fauna 483 

has been reported (Zenkevitch, 1963; Vinogradov, 1968).   484 

 

4.3. NBSS and size diversity of zooplankton 485 

 We measured slopes and intercepts of NBSS and size diversity of all the treated samples in 486 

this study. Theoretically, the slopes of NBSS have a negative value (e.g. low biomass at the large-487 

sized higher trophic organisms), and the value: -1 has been considered for the NBSS slope under the 488 

stable marine ecosystems (Moore and Suthers, 2006; Suthers et al., 2006; Zhou, 2006; Zhou et al., 489 

2009). On the other hand, in this study, NBSS slopes had positive values for the limited 490 

stations/depths: 25–75 m of OK and 0–75 m of SA (Fig. 10). These facts derived from higher biomass 491 

of the large-sized zooplankton at these stations/depths. These stations/depths were belonging groups 492 

C and G in the zooplankton community mentioned before (Fig. 9). The groups C and G were 493 

characterized by the dominance of the large-body-sized copepod Neocalanus spp. (Table 4). These 494 

facts suggest that the positive slopes of NBSS of these stations/depths may be due to the smaller size 495 

ranges of the treated zooplankton, as pointed out for the zooplankton community in the eastern North 496 

Pacific by Kwong and Pakhomov (2021). Since we have abundance and biovolume data of each 497 

taxon, added to slopes and intercepts of NBSS, we can discuss the causes of the specialized or 498 

anomalous NBSS values in detail.  499 

 The slopes of NBSS observed in this study were at -0.143– -0.51 for the mean values of each 500 

zooplankton community (Table 5). Based on the same cruise of this study, NBSS analyses by OPC 501 

have been made on zooplankton samples collected from 0–150 m using 335 µm mesh NORPAC net 502 

(Sato et al., 2015). Through this study, the NBSS slopes have been reported as –0.90 for the areas 503 

dominated by large-sized copepod Neocalanus spp. and as -1.11– -1.24 for other regions such as 504 

subtropical Pacific (Sato et al., 2015). On the other hand, the samples of this study were collected by 505 

the vertically stratified samplings of VMPS down to 3000 m equipped with a smaller mesh of 63 µm, 506 

then measured by ZooScan. Thus, greater differences were available between the two studies (Sato 507 

et al., 2015 and this study) in terms of the target depth (0–150 m vs. 0–3000 m), applied mesh size 508 

(335 µm vs. 63 µm), and used instruments (OPC vs ZooScan). 509 

The differences in mesh sizes of the plankton net would provide differences in net clogging 510 
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or filtering efficiencies. However, the filtering efficiencies measured by the flowmeter reading were 511 

high (>85%) for both mesh sizes (Electronic Supplement 1). Thus, the differences in net filtering 512 

efficiency are not considered to provide differences in NBSS slopes between the two studies (Sato et 513 

al., 2015 and this study). Since this study applied smaller mesh sizes (63 µm), it may allow us to 514 

collect smaller-sized zooplankters and broader target size ranges for NBSS analysis and then induce 515 

steeper slopes of NBSS than those quantified by the large mesh size (335 µm) samples. But the results 516 

were the opposite: NBSS slopes of this study were more moderate than those by Sato et al. (2015). 517 

Thus, the differences in net mesh size are not considered to be a cause of the differences in NBSS 518 

slopes. These facts suggest that the differences in used instruments  (OPC vs. ZooScan) would provide 519 

differences in NBSS.  520 

 As the differences between OPC and ZooScan, the former quantifies all the particles 521 

containing the samples, while the latter can identify zooplankton based on the obtained images. Thus, 522 

since ZooScan can distinguish zooplankton from non-living particles such as fecal pellet, fragment, 523 

and detritus, and not include those non-living particles for the analyses as was in this study 524 

(Vandromme et al., 2012). On the other hand, since OPC can not obtain imaging data, the separation 525 

between zooplankton and non-living particles is not possible, then NBSS derived from OPC includes 526 

all the particles, including the samples. Because the non-living particles (fecal pellet, fragment, 527 

detritus) are suffered from fragmentation, coprophagy, and coprorhexy by zooplankton and bacterial 528 

decomposition, their sizes are generally smaller than the zooplankton (Turner, 2002, 2015). Thus, 529 

when measuring the same zooplankton samples, data from OPC contains small-sized non-living 530 

particles, and their intercept and slope of NBSS would be higher and steeper, respectively, than those 531 

from ZooScan which calculated only on zooplankton data.  532 

In a comparison of ZooScan with other instruments, there are several studies, including 533 

ZooScan with LOPC (Schultes and Lopes, 2009) and ZooScan with OPC (Naito et al., 2019) are 534 

available. Since LOPC and OPC included small-sized non-living particles, their NBSS slope tended 535 

to steep, while for ZooScan, the biovolumes of the large-sized gelatinous zooplankton (e.g. 536 

jellyfishes, doliolids, and salps) have been reported to quantify overestimation, thus their NBSS slope 537 

tends to moderate (Schultes and Lopes, 2009; Gorsky et al., 2010; Vandromme et al., 2012; Naito et 538 

al., 2019; Kwong and Pakhomov, 2021). While such characteristics or tendencies of instruments are 539 

available, when measuring the whole samples by using the same methods, since their characteristics 540 

or tendencies are common throughout the samples, the evaluation of their geographical, horizontal, 541 

or spatial changes is reported to be possible (Schultes and Lopes, 2009, 2012; Naito et al., 2019). 542 

Thus, in this study, we will make a comparison of the values of the NBSS slope or intercept obtained 543 

from this study only.  For the other studies, we will make comparisons on the geographical patterns 544 

and not include NBSS values for the inter-study comparison.  545 
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For the latitudinal changes of NBSS slope of zooplankton in the subarctic-subtropical North 546 

Pacific, there are several studies based on OPC analyses, and the NBSS slope has been reported to 547 

moderate for the subarctic region where dominated by the large-sized Neocalanus copepods (Fukuda 548 

et al., 2012; Shiota et al., 2013; Sato et al., 2015; Mishima et al., 2019). Within the region, seasonal 549 

changes in NBSS slope have also been reported, and moderate NBSS slopes in summer when 550 

development for the late copepodite stages have been observed for the large-sized Neocalanus 551 

copepods (Yamaguchi et al., 2014; Hikichi et al., 2018). Zooplankton biomass in the subarctic Pacific 552 

is predominated by the large-sized Neocalanus copepods (Ikeda et al., 2008). These facts suggest that 553 

moderate NBSS slopes are available for the region or season where and when dominated by the large-554 

sized Neocalanus copepods.  555 

For NBSS slope, significant relationships were observed with temperature, thus moderate 556 

slopes under low temperature, while steep slopes under high temperature (Fig. 13). For moderate 557 

NBSS slope of cold condition, it is due to the dominance of the large-sized copepods Neocalanus spp. 558 

especially in the epipelagic zones of the subarctic Pacific (Ikeda et al., 2008). Even for the subtropical 559 

region, the temperature of the deep-sea is low, and the deep-sea copepods inhabiting under such 560 

condition contains lipids in their body, having long longevity, and large-body sizes (Mauchline, 561 

1998). Thus, under low-temperature conditions, NBSS may tend to have moderate slopes. On the 562 

other hand, under warm conditions, acceleration and high metabolism of zooplankton would be 563 

occurred, and no occurrence of large-sized copepods which having diapause phases (Mauchline, 564 

1998). The steepest slopes of NBSS of this study were seen from the groups E and F which were 565 

observed for the epipelagic zones of the subtropical region (Table 5). These facts suggest that high 566 

temperatures under these conditions may prevent the occurrence of large-sized zooplankton there.  567 

 For the NBSS intercept, depth and salinity had significant relationships, and both showed a 568 

negative trend with the NBSS intercept (Fig. 13). Intercept of NBSS is reported to be a reflection of 569 

primary productivity at the given region and depth (Moore and Suthers, 2006; Zhou, 2006; Zhou et 570 

al., 2009; Gomez-Canchong et al., 2013). Since the primary productivity has been made at the sea 571 

surface where characterized by sufficient sunlight, the NBSS intercept would be high at the shallower 572 

depth. Since zooplankton biovolume decreased with increasing depth (Fig. 6), the NBSS intercept 573 

would be decreased with increasing depth. These depth trends of primary productivity and 574 

zooplankton biovolume induce negative relationships of NBSS intercept and depth mentioned above. 575 

For the interaction of NBSS intercept and salinity, the NBSS intercept was high (=high biovolume) 576 

under low salinity conditions, while the NBSS intercept was low (=low biovolume) under high 577 

salinity conditions (Fig. 13). In this study, the low salinity conditions were seen for the two stations 578 

in the subarctic Pacific and Okhotsk Sea (Fig. 3). The zooplankton biovolume of the epipelagic zones 579 

of these stations was high, especially at the near surface (Fig. 6b). These high zooplankton 580 
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biovolumes there would induced high NBSS intercept under low salinity conditions. As depth trend 581 

for salinity, it increased with increasing depths throughout the stations (Fig. 3). The decreasing NBSS 582 

intercept with increasing salinity would be comparable that the NBSS intercept decreased with 583 

increasing depths, as mentioned before.  584 

For size diversity, only depth had a strong significant effect, and the size diversity was low 585 

at the shallower depths and increased with increasing depths (Fig. 13). In terms of the zooplankton 586 

community, size diversity was high for groups A and D (Table 5) which observed for the deep layer 587 

of the subarctic region (Fig. 9). These facts suggest that size diversity would be high where the depths 588 

occurred zooplankton covering the broader size ranges from small to large.  589 

In the present study, all parameters on zooplankton size spectra: intercept and slope of NBSS, 590 

and size diversity showed large geographical and vertical changes. Especially, the vertical 591 

discrepancy was detected at 150–500 m depths for all parameters, and these discrepancies were 592 

prominent in the transitional region and subtropical North Pacific, and East China Sea (Fig. 11). For 593 

these regions, depths of 150–500 m were serve as the boundaries to separate epipelagic zooplankton 594 

community and deep-sea zooplankton community, and below that layer, since zooplankton 595 

community was characterized with the that in the cold condition, intercept of NBSS would be lower, 596 

high size diversity due to dominance of the large-sized zooplankton (Fig. 13), then the moderate slope 597 

of NBSS may present (Fig. 11). While the narrower treated size ranges should be noted (Kwong and 598 

Pakhomov, 2021), NBSS and size diversity of this study clearly showed reflect of geographical and 599 

vertical changes in zooplankton community in the subarctic, transitional, and subtropical regions of 600 

the western North Pacific, and its three marginal seas: Okhotsk Sea, Japan Sea, and East China Sea.  601 

 

5. Conclusions 602 

Based on the vertically stratified net samples collected down to the deep layer (3000 m), 603 

regional and vertical changes in zooplankton abundance, biovolume, community structure, NBSS, 604 

and size diversity were evaluated at seven stations covering subarctic, transitional, and subtropical 605 

regions of western North Pacific and its marginal seas: Okhotsk Sea, Japan Sea, and East China Sea. 606 

Both abundance and biovolume decreased with increasing depths.  Their depth-decreasing rates were 607 

more rapid for abundance than those in biovolume. The most governing environmental parameter on 608 

zooplankton abundance was depth, while the region was the most prominent for their biovolume. 609 

Based on the abundance data, zooplankton communities were clustered into eight groups. Each group 610 

was distributed for adjacent regions and depths, and the occurrence of the specialized community 611 

dominated by Phaeodaria and Ostracoda was seen for the deep layer of the Japan Sea. NBSS and size 612 

diversity showed clear vertical changes around 150–500 m depths. Above that layer, the intercept and 613 

slope of NBSS were high and steep, respectively, and it induced low size diversity there. On the other 614 
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hand, opposites: low NBSS intercept, moderate NBSS slope, and high size diversity were seen below 615 

that layer. This study showed regional and vertical changes in zooplankton abundance, biovolume, 616 

community structure, NBSS, size diversity, and its governing environmental parameters clearly.  617 
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Table and Figure legends 828 

Table 1.  Sampling data on vertical stratified samplings by VMPS equipped 63 µm mesh at the seven 829 

stations located various regions of the neighboring waters of Japan.  Note that the depth 830 

strata was varied with the region.  831 

Table 2. Regression statistics of abundance (Abu: ind. m–3) and biovolume (Bio: mm3 m–3) along with 832 

depth (D: m) for the seven stations neighboring waters of Japan. As regressions, power 833 

models were used: log10Abu = a log10D + b or log10Bio = a log10D + b, where a and b were 834 

fitted constants. For details of data, see Fig. 6. *: p<0.05, **: p<0.01, ***: p<0.001, ns: not 835 

significant.  836 

Table 3.  Results of ANCOVA on zooplankton abundance and biovolume, with the sampling depth 837 

(m) and region (station) (cf. Table 1) applied as independent variables.  df: degree of 838 

freedom, SS: sum of squares. 839 

Table 4. Mean abundance (ind. m–3) of each zooplankton taxon at eight clustered groups (A-H) 840 

identified by Bray-Curtis similarity analysis (cf. Fig. 7). The numbers in the parentheses 841 

indicate the number of samples included in each group. Differences between groups were 842 

tested by one-way ANOVA and post hoc Tukey-Kramer test. For the results of the Tukey-843 

Kramer test, any groups not connected by the underlines are significantly different (p<0.05). 844 

-: no occurrence, *: p<0.05, **: p<0.01, ***: p<0.001, NS: not significant.  For abundance, 845 

the upper three most dominant taxa/species are shown by the bold and underlines.   846 

Table 5.  Inter-group differences in zooplankton size relataed variables (slopes and intercepts of NBSS 847 

and size diversities) evaluated for zooplankton samples collected from 0–3000 m depths of 848 

the seven sampling stations at neighboring waters of Japan.  For details of the location of the 849 

stations and distribution of each zooplankton community clustered by the zooplankton 850 

abundance data, see Figs. 1 and 9, respectively.  For detailed data of NBSS and size diversity 851 

see Figs. 10 and 11, respectively.  852 

Fig. 1. Location of the seven sampling stations neighboring waters of Japan. OK: Okhotsk Sea, JS1: 853 

Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific, 854 

TR: transitional Pacific, ST: subtropical Pacific.  Approximate flow directions of the major 855 

currents are shown with the arrows in the panel.  856 

Fig. 2. Vertical changes in temperature, salinity and dissolved oxygen at the seven stations 857 

neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea 858 

station 2, ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: 859 

subtropical Pacific. Symbols denote mean values for the sampling depths of VMPS at each 860 

station. 861 

Fig. 3. T-S diagram at the seven stations neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan 862 
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Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific, TR: 863 

transitional Pacific, ST: subtropical Pacific. Symbols denote mean values for the sampling 864 

depths of VMPS at each station. 865 

Fig. 4.  Vertical changes in zooplankton abundance and their taxonomic composition at the seven 866 

stations neighboring waters of Japan.  Note that abundance scales are in log-scales.  OK: 867 

Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: 868 

subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.  869 

Fig. 5.  Vertical changes in zooplankton biovolume and their taxonomic composition at the seven 870 

stations neighboring waters of Japan.  Note that biovolume scales are in log-scales.  OK: 871 

Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: 872 

subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.  873 

Fig. 6. Vertical changes in zooplankton abundance (a) and biovolume (b) at the seven stations 874 

neighboring waters of Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea 875 

station 2, ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: 876 

subtropical Pacific. 877 

Fig. 7. Result of cluster analysis based on the mesozooplankton abundance of each sample collected 878 

from 0–3000 m strata of the seven stations neighboring waters of Japan. OK: Okhotsk Sea, 879 

JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic 880 

Pacific, TR: transitional Pacific, ST: subtropical Pacific.  For samples, numbers after 881 

underbar represent depth layers (m). 882 

Fig. 8. Two-dimensional map by non-metric multidimensional scaling method (NMDS) of 883 

zooplankton communities specified by the depth-station complex data. Eight groups (group 884 

A-H) that clustered according to the Bray-Curtis similarity index (Fig. 7) are shown by the 885 

different symbols. Arrows indicate directions of significant environmental parameters. Lat.: 886 

latitude, Dep.: depth, Temp.: temperature, Sal.: salinity, DO: dissolved oxygen. 887 

Fig. 9. Spatial and vertical distribution of zooplankton community groups identified by Bray-Curtis 888 

similarity index (cf. Fig. 7). Sampling depth at each station is shown by the symbols. Note 889 

that depth scale is in log-scale. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea 890 

station 2, ECS: East China Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: 891 

subtropical Pacific. 892 

Fig. 10. Vertical changes in normalized biovolume size spectra (NBSS) at various depth strata of the 893 

seven sampling stations neighboring waters of Japan. Note that NBSS regressions are highly 894 

significant (r2=0.15-0.9, p<0.05) for all sampling depths. OK: Okhotsk Sea, JS1: Japan Sea 895 

station 1, JS2: Japan Sea station 2, ECS: East China Sea, SA: subarctic Pacific, TR: 896 

transitional Pacific, ST: subtropical Pacific. 897 
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Fig. 11. Vertical changes in slope and intercept of the normalized biovolume size spectra (NBSS) and 898 

size diversity at various depth strata of the seven sampling stations neighboring waters of 899 

Japan. OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China 900 

Sea, SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific. 901 

Fig. 12. Scatter plots between slope and intercept of NBSS (a), size diversity and slope of NBSS (b), 902 

and size diversity and intercept of NBSS (c) at seven stations neighboring waters of Japan. 903 

OK: Okhotsk Sea, JS1: Japan Sea station 1, JS2: Japan Sea station 2, ECS: East China Sea, 904 

SA: subarctic Pacific, TR: transitional Pacific, ST: subtropical Pacific.  Differences in colors 905 

represent sampling depths (0–200, 200–1000, and 1000–3000 m).   906 

Fig. 13. Result of GAMs based on anomalies of the slope and intercept of NBSS and size diversity 907 

with environmental paraments (depth, temperature and salinity).  **: p<0.01, ***: p<0.001. 908 
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