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18A total of 100 mesozooplankton samples collected with NORPAC nets from a 0 to 150-m depth at latitu-
19dinal stations (35–44�N) along 155�E each May from 2002 through 2011 were analyzed. The mesozoo-
20plankton abundance at each station varied from 39 to 1106 ind. m�3. The mesozooplankton biomass
21was consistently higher (80–100 mg DM m�3) in the transition domain (40–42�N) than the biomass in
22the other domains. An empirical metabolic rate-based carbon budget model indicated that production
23of mesozooplankton suspension feeders was highest (120–175 mg C m�2 d�1) in the transition domain.
24A comparison between the production of the mesozooplankton suspension feeders and the food require-
25ment of mesozooplankton carnivores indicated that the latter was well fulfilled by the former in the sub-
26arctic and transition domains. However, the food requirement of the mesozooplankton carnivores was
27near equal to or exceeded the production of mesozooplankton suspension feeders in the subtropical
28domain. As an annual event, the feeding migration of epipelagic fish to the transition and subarctic
29domains in summer may be interpreted by their utilization of the excess secondary production (produc-
30tion of mesozooplankton suspension feeders).
31� 2015 Elsevier Ltd. All rights reserved.
32

33

34 1. Introduction

35 The western North Pacific is known to be one of the largest
36 nursery, feeding and growth grounds of pelagic fishes (i.e.,
37 Japanese sardine [Sardinops melanostictus], Pacific saury [Cololabis
38 saira] and Pacific chub mackerel [Scomber japonicus]) (Odate,
39 1994; Kurita et al., 2004). Epipelagic mesozooplankton are an
40 important food source for pelagic fishes (Taka et al., 1982;
41 Sugisaki and Kurita, 2004). Because of their importance, various
42 studies have been conducted concerning the mesozooplankton
43 communities in this region. Within these particular communities,
44 three topics have been extensively studied in detail: (1) the life
45 cycles of the large boreal Copepoda (Neocalanus spp. and
46 Eucalanus bungii) in the Oyashio region (Kobari and Ikeda, 1999,
47 2001a,b; Shoden et al., 2005), (2) the long-term changes in the zoo-
48 plankton community in relation with climate change (Tadokoro
49 et al., 2005; Chiba et al., 2006, 2008, 2009) and (3) the whole
50 plankton community, from the surface down to greater depths
51 (Yamaguchi et al., 2002a,b, 2004, 2005). However, despite their
52 importance, the north/south differences in the epipelagic zoo-
53 plankton community and their production have been little studied

54(cf. Ikeda and Motoda, 1978). Furthermore, the lack of information
55on zooplankton production in this region may prevent a better
56understanding of the marine ecosystem structure and availability
57of prey for pelagic fishes.
58In the present study, based on 100 mesozooplankton samples
59collected with NORPAC nets from 0 to 150 m depth at latitudinal
60stations (35–44�N) along 155�E from May 2002 to May 2011, we
61evaluated the latitudinal changes in epipelagic mesozooplankton
62abundance, biomass, taxonomic composition, estimated produc-
63tion and food requirement. The energetic ratio between the pro-
64duction of suspension feeders and the food requirement of
65carnivores is an index of the amount of surplus food for pelagic
66fishes (Taniguchi, 1973). The latitudinal changes in these parame-
67ters were also analyzed and discussed from the viewpoint of meso-
68zooplankton food resources for pelagic fishes.

692. Materials and methods

702.1. Field sampling

71Zooplankton samples were collected by the vertical tow of a
72NORPAC net (mesh size of 335 lm, mouth diameter of 45 cm,
73Motoda, 1957) from 150 m to the sea surface each May from
742002 to 2011. There were 7–13 stations every 45 nautical miles
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75 between 35�N and 44�N along 155�E in each year, and there was a
76 total of 100 stations (Table 1, Fig. 1). Sampling was conducted dur-
77 ing day and night. Sampling was conducted during day (48%) and
78 night (52%). There were no significant differences in the total zoo-
79 plankton wet mass between day and night (p = 0.25, U-test). The
80 NORPAC nets were equipped with a flow meter (Rigosha Co. Ltd.)
81 in the net mouth to register the volume of water filtered. The filtra-
82 tion efficiency of the net was in the range of 84–100%
83 (mean = 93%). The samples were preserved in 5% borax-buffered
84 formalin seawater on board. Temperature and salinity data were

85obtained at each station using a CTD system (Sea-Bird SBE-911
86Plus).

872.2. Abundance and biomass

88After each cruise, the various types of zooplankton in the sam-
89ples were sorted into following taxa: small Copepoda (<5 mm total
90length), large Copepoda (P5 mm total length), Amphipoda,
91Euphausiacea, Mysidacea, Cnidaria, Appendicularia, Salpida,
92Doliolida, Chaetognatha and others. The sorted samples were fil-
93tered onto a 100-lm mesh under low vacuum, and the wet mass
94(WM) was measured using an electronic microbalance with preci-
95sion of 0.01 g. The water content of each taxon was assumed to be
9680% for Copepoda, Amphipoda, Euphausiacea and Mysidacea; 90%
97for Chaetognatha; 96% for Cnidaria, Appendicularia, Salpida and
98Doliolida; and 80% for the others (Postel et al., 2000). The WM data
99were converted to dry mass (DM) units using these constants.

1002.3. Production and food requirements

101The zooplankton production (G) and food requirements (I) were
102estimated from the empirical respiration rate and the carbon bud-
103get model (cf. Ikeda and Motoda, 1978). The respiration rate was
104calculated using the following equation:
105

ln R ¼ �0:2512þ 0:7886 ln Bþ 0:0490T ð1Þ 107107

Table 1
Zooplankton sampling along 155�E in the western North Pacific during May of
2002–2011.

Year Period Latitude (N) Number of station

2002 22–27 May 35�000–44�000 13
2003 14–18 May 38�000–44�000 8
2004 11–16 May 36�300–44�000 12
2005 13–20 May 35�450–44�000 12
2006 12–17 May 38�000–44�000 9
2007 11–16 May 38�000–44�000 9
2008 10–17 May 38�450–44�000 8
2009 11–16 May 34�150–44�000 11
2010 12–17 May 36�300–44�000 11
2011 15–20 May 38�000–44�000 7
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Fig. 1. Location of the sampling stations (35–44�N) along 155�E in the western North Pacific each May from 2002 to 2011. The approximate mean position of the current
system and the regions are also shown.
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108 where R is the oxygen consumption rate (ll O2 ind.�1 h�1), B is the
109 biomass (mg DM ind.�1) and T is temperature (�C) (r2 = 0.94, Ikeda,
110 1985), where T is the integrated mean temperature of the net towed
111 depth (0–150 m).
112 Assuming the assimilation efficiency ([G + R]/I) and the gross
113 growth efficiency (G/I) to be 70% and 30%, respectively (Ikeda
114 and Motoda, 1978), growth (=production) in mg C ind.�1 d�1 was
115 calculated using the following equation:
116

G ¼ R� 12
22:4

� 0:97� 0:3
0:4
� 10�3 � 24 ð2Þ118118

119 where 12/22.4 is the weight of carbon (12 g) in 1 mol (22.4 L) car-
120 bon dioxide, 0.97 is the respiratory quotient (CO2/O2, Gnaiger,
121 1983), 0.3/0.4 is the G/R, 10�3 is a unit conversion from lg to mg,
122 and 24 is the time unit conversion from hourly to daily (�24).
123 The food requirement was computed with the following equation:
124

I ¼ R� 12
22:4

� 0:97� 1
0:4
� 10�3 � 24 ð3Þ126126

127 This equation was used to obtain the individual growth and
128 food requirement (mg C ind.�1 d�1) with abundance data
129 (ind. m�2); we estimated the zooplankton production and food
130 requirement (mg C m�2 d�1). For the feeding modes, we separated
131 zooplankton taxa into two primary categories: suspension feeders
132 and carnivores. For the suspension feeders, we included Copepoda,
133 Euphausiacea, Appendicularia, Salpida and Doliolida. For the
134 carnivores, we included Amphipoda, Mysidacea, Cnidaria and
135 Chaetognatha. Note that there are exceptions for several taxa
136 (carnivorous copepods Paraeuchaeta, Heterorhabdus and carnivo-
137 rous euphausiids Stylocheiron); however, because the contribution
138 of such exceptions was minor, we applied the above primary feed-
139 ing categories in this study. Using these feeding categories, we
140 compared the production of suspension feeders and the food
141 requirement of carnivores because it is an index of the surplus food
142 for pelagic fish resources (Taniguchi, 1973; Ikeda and Motoda,
143 1978).
144 Because the sampling stations were fixed and visited annually
145 during this study (Fig. 1), the 10-year mean of each parameter
146 (temperature, salinity, abundance and biomass) was calculated

147for each station. Then, the anomaly from the 10-year mean was
148calculated for each station. In the following, the results on meso-
149zooplankton (abundance, biomass and production/food require-
150ment) are presented, as in the 10-year mean values. For details
151of the raw data at each station/year, see Electronic supplements
1521–3.

1533. Results

1543.1. Hydrography

155The hydrography along the 155�E line was characterized by
156high temperature and high salinity at low latitudes, and both
157decreased as the latitude increased (Fig. 2). The magnitudes of
158the anomalies at each latitude were ±3.5 �C for temperature and
159±0.4 PSU for salinity. Temperature and salinity anomalies were
160positively correlated (r2 = 0.82, p < 0.0001, Fig. 2). This correlation
161between the temperature and salinity anomalies indicates that
162the variability was caused by north–south shifts of subarctic and
163subtropical water masses and the variable position of the fronts
164in each year.

1653.2. Abundance

166The zooplankton abundance ranged between 38.6–1106
167ind. m�3 (Fig. 3). Small Copepoda were numerous at most of the
168stations, while the other taxa were abundant only in several
169regions/years. The anomalies from the mean abundance at each
170station varied between �300 and 800 ind. m�3 and had no correla-
171tion with the anomalies of temperature or salinity mentioned pre-
172viously (p = 0.31–0.57). The 10-year means at each latitude
173indicated that the zooplankton abundance was lowest at low lati-
174tudes and was higher at approximately 38–44�N. The zooplankton
175taxonomic composition, based on 10-year mean abundance, exhib-
176ited a predominance (>80%) of small Copepoda especially north
177from 41�N (Fig. 3). Cnidaria represented a greater portion of the
178taxonomic composition (ca. 10–15%) at 37–40�N, and Doliolida
179represented a similar fraction (ca. 10–15%) at 36�300–39�300N.
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Fig. 2. Latitudinal changes in the integrated mean temperature (a) and mean salinity (b) at 0–150 m depths along 155�E in the western North Pacific each May from 2002 to
2011. Anomalies from the 10-year mean were also calculated for temperature (c) and salinity (d). The relationship between the salinity anomaly and the temperature
anomaly (e).

A. Yamaguchi et al. / Progress in Oceanography xxx (2015) xxx–xxx 3

PROOCE 1565 No. of Pages 7, Model 5G

7 May 2015

Please cite this article in press as: Yamaguchi, A., et al. Latitudinal variations in the abundance, biomass, taxonomic composition and estimated production
of epipelagic mesozooplankton along the 155�E longitude in the western North Pacific during spring. Prog. Oceanogr. (2015), http://dx.doi.org/10.1016/
j.pocean.2015.04.011

http://dx.doi.org/10.1016/j.pocean.2015.04.011
http://dx.doi.org/10.1016/j.pocean.2015.04.011


180 3.3. Biomass

181 The zooplankton biomass ranged between 10.4–256 mg DM m�3

182 (Fig. 4). The 10-year mean indicated that zooplankton biomass was
183 the lowest at low latitudes, peaked (95 mg DM m�3) at approxi-
184 mately 41�N, and then remained high for higher latitudes. The
185 10-year mean zooplankton taxonomic composition in biomass indi-
186 cated that small Copepoda represented the largest (30–55%) per-
187 centage of the composition, followed by large Copepoda (ca. 20%)
188 north of 40�N (Fig. 4). South of 40�N, Chaetognatha represented ca.
189 20% of the total zooplankton biomass. Anomalies from the 10-year
190 mean zooplankton biomass ranged from �70 to 160 mg DM m�3

191 and were marked by an outbreak of Salpida (mainly the aggregate
192 form [blastozooids] of Salpa fusiformis) at 39�300N in 2003 (Fig. 4).

193 3.4. Production and food requirement

194 The production (=growth) of suspension feeders (GSF) and the
195 food requirement (=ingestion) of carnivores (IC) ranged between

19626–250 mg C m�2 d�1 and 10–249 mg C m�2 d�1, respectively
197(Fig. 5). Their ratio (GSF/IC) was the index of surplus food for pelagic
198fishes (cf. Taniguchi, 1973) and ranged from 0.2 to 10. The ratio
199from the 10-year mean exhibited a clear latitudinal pattern, i.e.,
200the ratio was nearly 1 (GSF was well balanced with IC; little surplus
201food would be available for migratory pelagic fishes) south of 40�N,
202but was high (2.2–4.4) north of 40�N (GSF was higher than the IC;
203surplus food would be available for migratory pelagic fishes)
204(Fig. 5). This latitudinal change (south of 40�N vs. north of 40�N)
205in the ratio was highly significant (p < 0.0001, U-test).

2064. Discussion

2074.1. Abundance

208Although our sampling, which occurred in May each year, pro-
209vides us with a consistent dataset, note that these data represent
210just one snapshot of the seasonal cycle. Zooplankton are highly
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Fig. 3. Annual changes in zooplankton abundance along 155�E in the western North Pacific each May from 2002 to 2011 (a), anomaly from the 10-year mean (b) and the
10-year mean abundance and taxonomic composition (c).
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Fig. 4. Annual changes in zooplankton biomass along 155�E in the western North Pacific each May from 2002 to 2011 (a), anomaly from the 10-year mean (b) and the 10-year
mean abundance and taxonomic composition (c).
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211 variable with season, particularly in the more northerly regions.
212 Depending on the interannual variability in climate, May of one
213 year may resemble April or June of another year. Thus, we may
214 be sampling the zooplankton community at slightly different parts
215 of their seasonal evolution in different years. Mackas et al. (1998,
216 2007), for example, found a 6-week difference among years in
217 the seasonal timing of the large Neocalanus copepods at Station P
218 in the eastern North Pacific. Similar variability of the developmen-
219 tal timing of large Neocalanus copepods was also reported in the
220 western North Pacific (Chiba et al., 2004; Tadokoro et al., 2005).
221 When considering our sampling in May, this type of potential tim-
222 ing variability should be considered. However, our sampling peri-
223 ods concentrated within a 3-week (Table 1) and close correlation
224 between temperature and salinity during sampling period
225 (Fig. 2e) suggests that the north–south changes in water masses
226 are more important factors to control zooplankton community in
227 this region. Since the common north–south patterns were recog-
228 nized for all of the year (see electronic supplement 1–3), we con-
229 sidered that the effect of yearly changes in phenology was
230 smaller than the north–south pattern during the study period,
231 and treated whole zooplankton data to create 10-year means for
232 evaluation general north–south trend along 155�E (Figs. 3 and 4).
233 Other north/south transects in the North Pacific indicated that
234 zooplankton abundance is lower at low latitudes and is higher at
235 high latitudes (Yokoi et al., 2008; Matsuno and Yamaguchi, 2010;
236 Saito et al., 2011; Fukuda et al., 2012). Where the zooplankton
237 abundance is the lowest, the number of species and species diver-
238 sity are reported to be higher in the subtropical and tropical oceans
239 for various zooplankton taxa, i.e., Copepoda (Heinrich, 1969),
240 Euphausiacea, Pteropoda and Chaetognatha (Fager and McGowan,
241 1963).
242 The increase in species diversity at lower latitude could be
243 explained by evolution of these taxa. According to Briggs (1974),
244 there are three explanations for the high species diversity at low
245 latitudes: (1) competition theory, (2) theory of climatic stability
246 and (3) availability of comparatively large geographic areas.
247 These three theories may not have only one cause, but the combi-
248 nation of the theories may affect the zooplankton evolutionary
249 processes. Because the climatic and oceanographic condition of
250 tropical and subtropical oceans is stable for long periods, the nat-
251 ural selection of species may have the tendency to increase
252 inter-species competition for food. Under such conditions, each

253species may adapt to a smaller niche, which would then induce
254an increase in the species number and diversity.
255In the arctic and subarctic regions, there are greater seasonal
256changes in the climate and physical oceanography, and zooplank-
257ton have to adapt to the high variability in the environmental con-
258ditions. Under such conditions, natural selection of species may
259function to increase zooplankton egg production (reproductive
260success). This selection is considered to be a possible cause of the
261high mesozooplankton abundance in the subarctic region of this
262study. From these viewpoints, species differentiation, diversity
263and marine ecosystem structure are established for the tropical
264and subtropical regions.

2654.2. Biomass

266Based on the 17,242 zooplankton samples collected from the
267Tohoku Sea Area (33–46�N latitude, Japan coastline-160�E longi-
268tude) during 1951–1990, Odate (1994) reported that the zooplank-
269ton biomass peaked in May throughout the regions (subarctic,
270transition and subtropical regions). Within the three regions, sea-
271sonal variability in zooplankton biomass was the greatest for the
272subarctic region, moderate for the transition region and lowest
273for the subtropical region (Odate, 1994). Greater seasonality in
274the subarctic region is mainly caused by the boreal large
275Copepoda (e.g., Neocalanus spp. and E. bungii), which is only found
276in the subarctic and transition regions (Odate, 1994). These large
277Copepoda grow near the surface layer during spring and then des-
278cend to the meso- and bathypelagic layers to undergo diapause
279from summer to winter (Kobari and Ikeda, 1999, 2001a,b;
280Shoden et al., 2005). Because all of the samples of this study were
281collected in May, the zooplankton biomass in this study might
282indicate the maximum biomass in this region.
283The outbreak of Salpida at 40�N in 2003 was a remarkable fea-
284ture of the zooplankton biomass in that year. The transition region
285including 40�N generally has dominance of Doliolida and Cnidaria
286(Fig. 3). These taxa are described as ‘‘gelatinous zooplankton’’ (cf.
287Postel et al., 2000). The atmospheric and physical oceanographic
288characteristics of the transition region are unstable where storms,
289streams, streamers and fronts are frequently changing the spa-
290tial/vertical distribution of water masses (Anma et al., 1990;
291Roden, 1991). These characteristics in the transition region may
292affect the abundance of the various gelatinous zooplankton taxa
293that occur there.
294Previous laboratory experiments have shown that Salpida are
295filter feeders that are capable of ingesting particles larger than
2963–4 lm (Harbison and McAlister, 1979; Caron et al., 1989;
297Kremer and Madin, 1992). Because Salpida has a large body size,
298it can collect various wide-sized particles of food. These feeding
299characteristics of Salpida may provide a unique niche for this taxon
300in oligotrophic oceanic environments. Salp blooms have been
301observed at various locations such as upwelling regions or fronts
302(Deibel, 1985; Paffenhöfer et al., 1987) and in a warm core ring
303(Tsuda and Nemoto, 1992). Because their distribution may be gov-
304erned by the meso-scale (ca. 50–60 km) oceanographic conditions
305(Haury et al., 1978), the Salpida spatial distribution may also be
306affected by these oceanographic conditions (cf. Berner, 1967).

3074.3. Production/food requirement

308In this study, we estimated the production and food require-
309ments from an empirical metabolism equation, with temperature
310and body mass as independent variables (r2 = 0.939, Ikeda, 1985).
311The estimation assumed values for assimilation and gross growth
312efficiencies (Ikeda and Motoda, 1978). As an alternative, several
313equations to directly estimate the growth rate from the tempera-
314ture, body mass or chlorophyll a are reported (Hirst and Lampitt,
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315 1998; Hirst and Bunker, 2003), however, the coefficients of deter-
316 mination of these equations are extremely low (r2 = 0.435 or 0.289)
317 and limited for use only with Copepoda. Because our data included
318 12 taxa, application of other equations may be difficult (note that
319 all taxa in this study are included for the metabolism equation in
320 Ikeda, 1985).
321 To test the estimation accuracy, we also calculated the produc-
322 tion of Copepoda by using other equations (Hirst and Lampitt,
323 1998; Hirst and Bunker, 2003). These calculations resulted in sim-
324 ilar production values (the values from these equations were at
325 factors of 0.431–1.382 of the values of this study [grand mean
326 was 0.901]). While our samples were collected using a net tow
327 from 0 to 150 m, mesozooplankton may not be expected to be dis-
328 tributed evenly through the 0–150 m water column. Thus, the
329 problem with the choice of applying temperature in the equation
330 is inevitable for these calculations (all the equations require tem-
331 perature data). To overcome these problems, in the future, these
332 types of calculation should be performed based on the abun-
333 dance/biomass data with fine depth scale (1 m interval), which is
334 available from in-situ vehicles, such as the Video Plankton
335 Recorder (VPR) (Gallager et al., 1996).
336 Comparison of the suspension feeder production and the car-
337 nivorous food requirement revealed that south of 40�N, there
338 remained little surplus food for migratory pelagic fishes, while
339 there was a significant surplus of food for the migratory pelagic
340 fishes available north of 40�N (Fig. 5). The dominance of the boreal
341 large-sized Copepoda in the subarctic and transition region has
342 been reported for various studies based on north/south transects
343 in the North Pacific (Kobari et al., 2003; Yokoi et al., 2008;
344 Matsuno and Yamaguchi, 2010; Saito et al., 2011; Fukuda et al.,
345 2012). In contrast to the north, the high proportion of
346 Chaetognatha in the zooplankton biomass south of 40�N (Fig. 4)
347 may induce low surplus production of suspension feeders. The high
348 composition of the carnivorous zooplankton compared with the
349 total zooplankton biomass in the tropical and subtropical regions
350 has been reported for several oceans, including the North Pacific
351 (Taniguchi, 1973) and the Indian Ocean (Timonin, 1971).
352 Reduced seasonality in the zooplankton community at low lat-
353 itudes (Odate, 1994) may provide a stable food web structure
354 within the mesozooplankton community. In a stable marine
355 ecosystem, the proportion of carnivores is expected to be balanced
356 and maximized (Vinogradov, 1970). This seasonal stability in the
357 zooplankton community could be a possible cause of the domi-
358 nance of carnivorous Chaetognatha at low latitude regions
359 (Timonin, 1971; Taniguchi, 1973). Regarding the seasonality in
360 the high latitude region, the biomass of boreal large Copepoda
361 has a large peak in May and exhibits a sudden decrease with their
362 descent into a deep layer during summer (Odate, 1994; Kobari and
363 Ikeda, 1999, 2001a,b; Shoden et al., 2005). Because of this large
364 seasonality in zooplankton biomass, most of the production of
365 large Copepoda would not be consumed by carnivorous zooplank-
366 ton and thus remains as surplus food for pelagic fishes. This sea-
367 sonal change may explain why the amount of the surplus food
368 for pelagic fishes is greater north of 40�N in May (Fig. 5).
369 Most of the important pelagic fishes in this region (Japanese sar-
370 dine, Pacific saury and Pacific chub mackerel) reproduce in the sub-
371 tropical region and then migrate northward, which is termed
372 ‘‘feeding migration’’ (Fukushima, 1979; Kurita et al., 2004). While
373 a slight preference of feeding habits is present between species, that
374 is, Japanese sardine prefer diatoms and small Copepoda (Yoshida,
375 1987), Pacific saury prefer large Copepoda, and Pacific chub mack-
376 erel prefer large mesozooplankton (Iizuka, 1987), boreal large
377 Copepoda (Neocalanus spp. and E. bungii) in the subarctic region
378 are known to be a sufficient food for all of these migratory pelagic
379 fishes (Taka et al., 1982; Odate, 1994; Sugisaki and Kurita, 2004).

380From the bioenergetics estimation of migratory pelagic fishes,
381Odate (1994) noted that the annual mean consumption of zoo-
382plankton by Pacific saury was 1.55 � 106 tons during 1979–1985,
383and Tadokoro et al. (2005) noted that Japanese sardine consumed
38432–138% of daily Neocalanus production during summer of 1984.
385Recently, advances in modeling (NEMURO and NEMURO.FISH)
386enabled the development of the bioenergetics models of Japanese
387sardine (Okunishi et al., 2009) and of Pacific saury (Ito et al.,
3882004, 2007; Mukaia et al., 2007) in this region. The large surplus
389production of suspension feeders north of 40�N strongly supports
390the sufficient food condition for pelagic fishes at high latitude
391regions in the western North Pacific. The above modeling studies
392well corresponded with the findings of this study. To evaluate
393detailed biological phenology, further studies on the variability of
394timing of copepod diapauses and the timing of predatory fish arrival
395are needed in this region.

3965. Conclusion

397The latitudinal characteristics of epipelagic mesozooplankton
398abundance, biomass, taxonomic composition and estimated pro-
399duction were evaluated in the western North Pacific each May
400from 2002 to 2011. Zooplankton abundance was lowest in the
401south and increased northward. Small-sized Copepoda (<5 mm
402total length) was the most abundant taxon (>80%) of the taxonomic
403composition. Zooplankton biomass was also lower in the south,
404peaked at approximately 41�N, and remained high further north.
405For zooplankton biomass, small Copepoda was also dominant,
406but to a lesser extent (30–55%), followed by the large Copepoda
407in the subarctic region and the Chaetognatha in the subtropical
408region. The highest biomass of gelatinous zooplankton (Salpida,
409Doliolida and Cnidaria) was observed in the transition region.
410The latitudinal differences in the second abundant taxa induced
411latitudinal differences in the marine ecosystem structure. Thus,
412in the subtropical region, abundant carnivores (Chaetognatha)
413may consume most of the production of suspension feeders, and
414the food requirement of carnivores was well balanced with the
415production of suspension feeders. These data suggest that there
416was less surplus food for pelagic fishes in the subtropical region.
417However, in the subarctic region, the dominance of large
418Copepoda (Neocalanus spp. and E. bungii) provided a higher amount
419of suspension feeder production than the food requirement of car-
420nivores. As an annual event, the feeding migration of epipelagic
421fish to the transitional and subarctic domains in summer may be
422interpreted as a utilization of the excess production of mesozoo-
423plankton suspension feeders.
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