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We studied seasonal variations of the mesozooplankton swimmer community collected
by a sediment trap moored at 873 m in the Kuroshio–Oyashio Transition region off the east
coast of Japan from 5 August 2011 to 23 June 2013, with sampling bottles rotating at 26-
day intervals. The total flux of mesozooplankton swimmers varied between 0 and 11.1
individuals m–2 d–1, with a mean of 3.1 individuals m–2 d–1 during the sampling period. In
total, 89 taxa were found in the trap material, of which copepods comprised 87.1% of all
swimmers on average. Among the Copepoda, Neocalanus cristatus was the most
dominant taxon (76.2% of copepods on average during the sampling period), and all of
them were stage C5 copepodite to adult. The species composition of the swimmers
closely reflected the mesopelagic mesozooplankton of the Oyashio region. Because all
N. cristatus observed in the trap were stage C5 to adult, its flux represents a time series of
variations in life history and response to environmental changes at the depth of the
sediment trap. The fluxes of Neocalanus species (N. cristatus, N. flemingeri, and N.
plumchrus) reflected ontogenetic vertical migration, but may have been overestimates of
active fluxes if they included dormant individuals that accidentally entered the sediment
trap. The apparent active carbon flux of Neocalanus species ranged from 0 to 22.3 mg C
m–2 d–1 during the sampling period, with a mean value of 4.9 mg C m–2 d–1.
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INTRODUCTION

In the western North Pacific Ocean, the sea around Japan is roughly
divided into north and south by the Kuroshio Front (around 35°N
in the sea around Japan), which is caused by the Kuroshio
Extension, a current that continues eastward from the Kuroshio
Current south of the Japanese Islands (Figure 1). In addition, there
is the subarctic front around 40°N at 50–200 m depth, which is
caused by subarctic circulation represented by the Oyashio Current
(Kawai, 1972). The subtropical region is south of the Kuroshio
Front, and the subarctic region is north of the subarctic front
(Kawai, 1972). The area between the Kuroshio Front and the
Subarctic Front is called the Kuroshio–Oyashio Transition region,
where subtropical and subarctic waters mix. The cold, dense
Oyashio Current moving southward reaches the Japanese coast in
spring and early summer, submerges into the transition region at
300–500 m depth, and forms North Pacific Intermediate Water
(Yasuda et al., 1996; Yasuda, 1997; Yasuda, 2003). The North Pacific
Intermediate Water circulates in the ocean interior along the
Subtropical Gyre and extends to depths of 300–800 m in the
mid-latitudes of the North Pacific (Reid, 1965; Talley, 1993).

The Kuroshio–Oyashio Transition region is an important
foraging area for many pelagic fishes and is important for fishery
production, because many species visit the area from early summer
to autumn (Noto and Yasuda, 1999; Tian et al., 2004). Fluctuations
in mesozooplankton abundance and catches of Pacific saury are
suggested to be synchronized in the transition region (Odate, 1994;
Sugisaki and Kurita, 2004). Thus, it is important to monitor the
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time-series variation of mesozooplankton, the food of small pelagic
fish, in the transition region. In addition, mesozooplankton can play
a crucial role in vertical material export within the pelagic food web
via ontogenetic vertical migration (active flux) and sinking carcasses
and fecal pellets (passive flux) (Steinberg et al., 2001; Kobari et al.,
2003). Among these roles, the contribution of ontogenetic vertical
migration of mesozooplankton to carbon sequestration in the deep
ocean is thought to be important (Boyd et al., 2019). However, it is
difficult to observe vertical distributions of mesozooplankton, even
at one-month intervals, by water sampling and/or net collection
from ships, and studies showing time-series variations in marine
ecosystem structure at a monthly scale are rare (Tsuda et al., 2004;
Shoden et al., 2005).

The analysis of swimmers in samples collected by time-series
sediment traps deployed in the shallow layer (<250-m depth),
where mesozooplankton abundance is high and swimmers are
collected in large numbers, has received much attention, even in
recent years (Willis et al., 2008; Makabe et al., 2016; Tokuhiro
et al., 2019). Swimmers are living mesozooplankton that are
thought to actively enter sediment-trap collection bottles and
augment the trap contents, and they have been traditionally
separated from the sinking particles collected in most sediment-
trap studies (Steinberg et al., 1998; Ikenoue et al., 2019). Swimmers
in sediment-trap samples can be used to analyze seasonal
variability of mesozooplankton at continuous intervals over
time, albeit qualitatively, at fixed depths in inaccessible ocean (or
pelagic) areas (Makabe et al., 2010; Matsuno et al., 2014).
However, few studies have analyzed the time-series variability of
FIGURE 1 | Map of the study area. The solid circles represent the location of the sediment-trap mooring at station FS1. The solid arrows represent surface currents.
The dotted arrow represents submerged flow.
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swimmers in the open ocean of the western North Pacific (Ohashi
et al., 2011; Yokoi et al., 2018; Amei et al., 2020), and this is the first
to analyze those in the hemipelagic waters around Japan.

In this study, we used time-series sediment traps moored in
the Kuroshio–Oyashio Transition region to reveal the temporal
variation of mesozooplankton swimmers in the samples. We
focused on Neocalanus cristatus, a large copepod that is
outstanding in terms of both population and biomass among
mesozooplankton in the subarctic region. We also examined the
usefulness of swimmers collected in deep traps for ecological and
biogeochemical studies and estimated the amount of carbon
export by ontogenetic vertical migration of Neocalanus species
(N. cristatus, N. flemingeri, and N. plumchrus).
MATERIALS AND METHODS

Field Sampling
Abottom-tethered time-series sediment-trapmooringwas deployed
at station FS1 in the Kuroshio–Oyashio Transition region (37°20.1′
N, 142°10.0′E; seafloor depth, 992m) (Figure 1). The sediment trap
(SMD6000-13W, NiGK; aperture area, 0.5 m2) was installed at 873-
m depth (119 m above the bottom) and collected samples with
sampling bottles that rotated at consecutive intervals of 26 d from 5
August 2011 to 23 June 2013. Because of replacement of themooring
array, sampling was interrupted from 8–20 July 2012. The sampling
bottles of the sediment trap were filled with a 5% formalin neutral
buffer solution with salinity controlled at 38‰ to prevent biological
degradation of collectedmaterial. The sea surface temperature (SST)
around station FS1 from National Oceanic and Atmospheric
Administration (NOAA) local area coverage data (multi-channel
sea surface temperature, MCSST) was obtained from the
Agriculture, Forestry and Fisheries Research Information Center,
Tsukuba, Japan (http://rms1.agsearch.agropedia.affrc.go.jp/sidab/
index-ja.html. Accessed 10 April 2014). The sea surface
chlorophyll-a concentration data were obtained from MODIS-
Aqua from the National Aeronautics and Space Administration
(NASA) Ocean Color website (https://oceancolor.gsfc.nasa.gov.
Accessed 17 Feburuary 2021), and the daily averaged values of
chlorophyll-a concentration for an area 27 km square centered at
station FS1 were calculated. The winter monsoon index was
obtained from the Japan Meteorological Agency website (https://
www.data.jma.go.jp/kaiyou/data/db/obs/knowledge/stmw/moi.txt.
Accessed 22 January 2022).
Analysis of Mesozooplankton Swimmers
After recovery of the sediment trap, mesozooplankton swimmers
were collected with tweezers from each sediment-trap sample.
Identification and enumeration of mesozooplankton swimmers
were made under a dissecting microscope. In this study,
swimming mesozooplankton with no physical defects due to
decay or predation were defined as swimmers according to
Ikenoue et al. (2019). Identification of mesozooplankton
swimmers mainly followed Chihara and Murano (1997). Species
identification of copepods mainly followed Brodsky (1967) and
Miller (1988) forNeocalanus spp. The mesozooplankton swimmers
Frontiers in Marine Science | www.frontiersin.org 3
were divided into six groups by habitat according to Chihara and
Murano (1997): Oyashio species (cold water), Kuroshio–Oyashio
Transition species, Kuroshio species (warm water), mesopelagic
species, benthic species, and others. For species with high biomass,
such as Neocalanus and Eucalanus species, we counted them by
copepodite stage. For other species, such as Gaetanus species, it was
difficult to identify each copepodite stage, so stages C1 to C5 were
collectively categorized as C. Adult male, and female copepods were
represented as M and F, respectively. Adult females of Neocalanus
cristatus, the most dominant copepod species, were discriminated
into two stages according to the criteria of Miller et al. (1984): Fnm
(newly mature) and Fspw (spawning). The stage 5 copepodite of N.
cristatus contains a large oil sac in the prosome. To evaluate the
seasonal variation in lipid storage of the C5 stage, the oil sac length
relative to prosome length (PL) was scored into three groups: C5a
(oil sac length less than 4% of PL), C5b (4–40% of PL), and C5c
(>40% of PL).

The ontogenetic vertical migration observed in copepods is
expressed as active flux, whereas the total flux of swimmers is
expressed as flux, since it is the total amount of mesozooplankton
collected in the trap because of various mesozooplankton
behaviors near the mooring depth of the sediment-trap. The
flux of mesozooplankton swimmers (no. of individuals m–2 d–1)
was calculated from the counted number of swimmers, the
aperture area of the sediment trap (0.5 m2), and the sampling
interval (days). The flux of Neocalanus species is expressed as the
apparent active flux, taking into account the possible
overestimation due to factors detailed in the discussion section
below. The apparent active carbon flux of Neocalanus species
(mg C m–2 d–1) was calculated based on their dry weight
according to the growth stage (stage C5 to adult), the ratio of
carbon to dry weight (45.4%) (Kobari et al., 2003), and the
apparent active flux of Neocalanus species observed in this study.

Chemical Analysis of Sinking Particles
After the collection of “swimmers” described above, sediment-
trap samples were collected on a pre-weighed 0.6-mm pore size
membrane filter (Millipore Co.). Samples were rinsed with
deionized water (>18.2 MW) during the filtration procedures
and were dried under a vacuum at 60°C. After the dried samples
were weighed to calculate the total mass flux, the sinking
particles were crushed and powdered. Aliquots of powdered
samples were used for chemical analysis. The powdered
samples were used to analyze the bulk components (lithogenic
matter, biogenic carbonate, biogenic opal, organic matter).
Concentrations of lithogenic matter and biogenic carbonate
were calculated from Al and Ca concentrations measured by
ICP atomic emission spectrometry. Concentrations of biogenic
opal were analyzed using a modified alkaline extraction method.
The loss of ignition method was used to determine the organic-
matter content. Details of the chemical analysis methods and
bulk component data can be found in Otosaka et al. (2014). For
analysis of organic carbon content, a portion of a dried sample
was fumigated with concentrated hydrochloric acid for about 5 h
and then placed in a vacuum desiccator for 24 h, followed by
measurement of carbon content using an elemental analyzer
(vario PYRO cube, Elementar, Germany).
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RESULTS

Hydrography
The SST at station FS1 exceeded 20°C from June to November
in summer and autumn and decreased below 10°C in February
and March in winter (Figure 2A). The sea surface chlorophyll-
a concentration around station FS1 began to rise after the
decrease of SST in winter, and peaks above 10 mg m–3 were
Frontiers in Marine Science | www.frontiersin.org 4
observed at the end of April in 2012 and at the end of March in
2013 (Figure 2B). The winter monsoon index in 2012 (24.4)
was higher than that in 2013 (21.7). The total mass flux of
sinking particles was higher than 500 mg-dry m–2 d–1 during
January–May 2012 and January–April 2013, and there were two
maxima during each of these periods (Figure 2C). Similar
seasonal changes were observed for biogenic-opal flux and
organic-matter flux. Detailed results of the chemical
A

B

D

C

FIGURE 2 | Seasonal variations at station FS1 of (A) sea surface temperature, (B) average surface chlorophyll-a concentration for a 27-km-square area centered at
the station, (C) passive sinking particle total mass flux and flux of main components, and (D) flux of zooplankton swimmers. The line with open circles in (D) indicates
the total flux of zooplankton swimmers, and the fill patterns indicate the percentages of the flux by taxon.
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components of sinking particles have been described by
Otosaka et al. (2014).

Mesozooplankton Swimmer Community
Eighty-nine taxa of swimmers were collected in the sediment trap
during the sampling period. The total flux of mesozooplankton
swimmers variedbetween0and11.1 ind.m–2d–1,withameanvalue
of3.1 ind.m–2 d–1 during the samplingperiod (Figure2D).Theflux
was higher than the mean value during August–November 2011,
May 2012–January 2013, and May–June 2013, with minimum
values observed in December 2011–March 2012 and February–
March 2013 during winter. For December 2011–March 2012, there
is no evidence of problems collecting sinking particles, and the fact
that swimmers were not collected at all during this period is
probably neither a sampling error nor an artificial error.

Among the higher order taxa, Copepoda was the most
dominant taxon (87.1% of all swimmers on average during the
sampling period), followed by Gastropoda (2.7%) and
Euphausiacea (2.6%) (Figure 2D). In terms of zooplankton
habitat, on average, cold water species belonging to the
Oyashio Current accounted for 72% of total mesozooplankton
swimmers during the sampling period, mesopelagic species for
9.6%, warm water species belonging to the Kuroshio Current for
6.1%, transition region species for 0.5%, benthic species for 0.4%,
and others for 11.4% (Figure 3).

Copepod Community
Among the Copepoda, Neocalanus cristatus was the most
dominant taxon (76.2% in the abundance of Copepoda on
Frontiers in Marine Science | www.frontiersin.org 5
average during the sampling period), followed by Rhincalanus
nasutus (4.6%), Neocalanus plumchrus (2.4%), and Eucalanus
bungii (2.1%) (Supplementary Table S1). Most of the Copepoda
occurred as stage C5 copepodite to adult. The flux of N. cristatus
varied between 0 and 9.6 ind. m–2 d–1, with a mean value of 2.1
ind. m–2 d–1 during the sampling period (Figure 4). Their flux
was higher than 2.0 ind. m–2 d–1 during August–September 2011,
May–January 2012, and May–June 2013, with minimum values
observed in winter. Neocalanus cristatus occurred as stage C5
copepodite to adult; stage C5c appeared from April to August,
C5b throughout the year, and C5a from May to February. The
adult M stage appeared mainly from May to August, Fspw
mainly from August to December, and Fnm from March to
April. The flux of R. nasutus showed no clear seasonality; fluxes
of N. plumchrus and E. bungii showed generally similar seasonal
changes as N. cristatus, but fluxes of E. bungii showed little
increase during May–June 2013 (Supplementary Table S1).

Apparent Active Carbon Flux of
Neocalanus Species
The apparent active carbonfluxofNeocalanus species at stationFS1
ranged from 0 to 22.3 mg C m–2 d–1 during the sampling period,
with a mean value of 4.9 mg C m–2 d–1. Organic carbon fluxes by
passive sinking particles at station FS1 varied from 4.5 to 61.1mg C
m–2 d–1, with a mean value of 20.3 mg C m–2 d–1 (Supplementary
Table S2, Figure 5). The apparent active carbon flux ofNeocalanus
species was comparable to the passive organic carbon flux during
ontogenetic vertical migration in spring and early summer, and in
autumn when the proportion of adults increased, but the passive
FIGURE 3 | Seasonal variations in the percentage composition by habitat group of zooplankton swimmers collected in a moored sediment trap at station FS1. The
open circles indicate the total flux of zooplankton swimmers.
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carbonfluxwas highermost of the time.Thus, themean value of the
apparent active carbon flux of Neocalanus species at station FS1 is
24% that of organic carbon flux by sinking particles.
DISCUSSION

Swimmers Collected in Deep Trap
On average, over 80% of the swimmers collected by the sediment
trap at station FS1 were Oyashio species and mesopelagic species
(Figure 3), indicating that the Oyashio water mass is more
Frontiers in Marine Science | www.frontiersin.org 6
dominant than the Kuroshio at station FS1. The absence of
any coastal species indicates that the zooplankton of this area are
pelagic in nature (Figure 3). Although the Oyashio is a surface
current, most of the Oyashio species observed in this study were
Neocalanus species and Eucalanus bungii (Supplementary Table
S1), which are known to be species that undergo ontogenetic
vertical migration, descent from the surface to the mesopelagic
layer (>200 m depth) for overwintering (Miller et al., 1984; Tsuda
et al., 1999; Tsuda et al., 2001a; Tsuda et al., 2004). The
Neocalanus species collected were all stage C5 to adult and are
life history stages that inhabit the mesopelagic layer and never
FIGURE 4 | Seasonal variations in the flux and copepodite-stage composition of Neocalanus cristatus collected in a moored sediment trap at station FS1. The open
circles indicate the total flux of N. cristatus. Fnm, female (newly mature); Fspw, female (spawning); M, male (adult); CVa, copepodite stage C5a (oil sac length less
than 4% of prosome length [PL]); CVb, (4–40% of PL); CVc (>40% of PL).
FIGURE 5 | Seasonal variations of apparent active carbon flux of Neocalanus species and passive organic carbon flux by sinking particles at station FS1.
May 2022 | Volume 9 | Article 884320

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Ikenoue et al. Copepod Swimmers in Deep Sediment-Trap
return to the surface after descent to the mesopelagic layer.
Although E. bungii is also one of the major species in the Oyashio
region (Tsuda et al., 2004), it was rarely collected in the sediment
trap at station FS1, probably because of its life cycle, in which it
returns to the surface to spawn and its preferred overwintering
depth, which is shallower than the trap mooring depth. N.
flemingeri and E. bungii prefer to overwinter at depths of 300–
500 m due to ontogenetic vertical migration, whereas N. cristatus
and N. plumchrus prefer to overwinter at depths greater than
500 m (Shimizu et al., 2009). Therefore, the smaller percentage of
N. flemingeri and E. bungii in the flux in this study compared to
N. cristatus and N. plumchrus is probably because their
ontogenetic vertical migrations rarely reached the depth of the
sediment trap. Rhincalanus nasutus, also rarely collected in the
sediment trap, is a relatively common species in the Kuroshio
Current and is known to be a species showing ontogenetic
vertical migration, with adults inhabiting the mesopelagic
depths (Shimode et al., 2012a). Other than R. nasutus, four
Kuroshio species, Eucalanus californicus, Eucalanus hyalinus,
Pleuromamma xiphias, and Paraeuchaeta elongate, were
observed very rarely in the sediment trap (Supplementary
Table S1). Of these, E. californicus and P. elongate have been
reported to undergo ontogenetic vertical migration in their life
cycles (Shimode et al., 2012b; Yamaguchi et al., 2019), but for E.
hyalinus and P. xiphias, it is unknown so far whether they
undergo ontogenetic vertical migration. Considering the
mooring depth of the trap, it is possible that these four species
also invaded the sediment trap by ontogenetic vertical migration.

It is noteworthy that the number of swimmers and the sinking
particle flux showed opposite seasonal variation, which means
that the change in the number of swimmers collected in the trap
is not primarily a result of seasonal changes in shallow
zooplankton abundance (which, like changes in sinking
particle flux, depends in general on primary and secondary
production in the surface layer), but rather a result of
ontogenetic vertical migration. These facts suggest that the
species composition of the mesozooplankton swimmers
collected in the trap reflects variations in the species
composition of mesozooplankton at the mooring depth of the
trap. The fact that no swimmers were observed from December
2011 to March 2012, while fewer were observed during the same
period in 2013, could be due to changes in hydrography, such as
currents in the upper layer of the trap mooring depth, but the
factors could not be clearly identified.

Seasonal Variation in Flux of
Neocalanus cristatus
In the Oyashio (subarctic) region, water temperature, nutrients,
phytoplankton density, and zooplankton density show large
seasonal variations with the spring bloom (Saito et al., 2002).
Increases in fluxes of organic matter and biogenic opal were
observed at station FS1 from January to March and from April to
June, suggesting production by siliceous-shelled plankton (e.g.,
diatoms, silicoflagellates, radiolaria and phaeodaria) and an
associated increase in biogenic sinking particles during this
period. The winter peak in biogenic sinking particles would be
Frontiers in Marine Science | www.frontiersin.org 7
due to contributions from siliceous Rhizaria (radiolaria and
phaeodaria) rather than silicious phytoplankton (e.g., diatoms
or silicoflagellates) because it does not coincide with the increase
in chlorophyll-a concentration (Figures 2B, C). On the other
hand, the spring peak would be mainly derived from silicious
phytoplankton because it coincides with the increase in
chlorophyll-a concentration. The spring increase in
chlorophyll-a concentration and sinking particles at station
FS1 coincides with the general peak of chlorophyll-a
concentrations in the Oyashio region (April–May; Saito
et al., 2002).

The peak of the lithogenic-matter flux in February 2012 was
about 2.3 times that in 2013 and is possibly weather-related. The
winter monsoon index is expressed as the pressure difference
between Irkutsk (east-central Russia) and Nemuro (Hokkaido,
Japan); the stronger the index, the stronger the monsoon and the
deeper the mixed layer (Hanawa et al., 1988). The winter
monsoon index in 2012 was higher than that in 2013, so the
enhanced 2012 monsoon and deeper mixed layer would have
caused an increase in lithogenic-matter flux.

Neocalanus species have a lifespan of one or two years,
growing in the surface layer during winter to early summer
and migrating from the surface layer to the mesopelagic layer as
they grow (Miller et al., 1984). Among Neocalanus species, N.
cristatus ascends to the surface as stage C1 for feeding in January
and migrates to the deeper layers as stage C5 in July–August in
the Oyashio region (Tsuda et al., 2004). The period when the N.
cristatus flux reaches a minimum coincides with the peak fluxes
of organic matter and biogenic opal (Figures 2, 4). This means
that N. cristatus was not collected in the deep sediment-trap at
station FS1 during this period because it inhabits the surface
layer as a copepodite in winter as in the Oyashio region (Tsuda
et al., 2004). In addition, the following two observations point to
the beginning of ontogenetic vertical migration in April–May:
1) the peak N. cristatus flux was observed in May 2013, and 2) a
high percentage of this flux consisted first of stage C5c
containing much oil, followed by an increase in stage C5a
without oil, and spawning Fspw. It is unclear how spawning
Fspws reached the sediment trap, but they might be precocious
individuals. On the other hand, the appearance of stage C5c in
the autumn of 2012 and the slight appearance of Fnm during the
winter flux minimum may be related to the delayed ontogenetic
vertical migration of individuals carried by the submerged
Oyashio Current (August–December), which will be discussed
in the next section.

The flux of stage C5 to adult N. cristatus began to increase in
May–June, about two months earlier than its vertical migration
in the Oyashio region (Figure 4). In the eastern North Pacific, N.
plumchrus is known to grow faster in coastal waters where sea
surface temperatures are higher than in the open ocean, and the
timing of ontogenetic vertical migration near the coast is
accelerated (Goldblatt et al., 1999; Mackas et al., 2007). In the
Oyashio region, SST is below 5°C during winter (Saito et al.,
2002), but at station FS1 in the transition region, SST rarely
drops below 10°C, even in winter, and is warmer than in the
Oyashio region (Figure 2A). Therefore, the earlier onset of
May 2022 | Volume 9 | Article 884320
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ontogenetic vertical migration ofN. cristatus in this study than in
the Oyashio region may be related to the difference of SST
between the two areas.

The earlier vertical migration ofN. cristatusmay also be related
to the increase in winter food availability. Siliceous Rhizaria are
reportedly a major component of the vertical flux in the eastern
North Pacific along the North American coast (Gutierrez-
Rodriguez et al., 2019). Although we did not perform
microscopic examination of sinking particles in this study,
siliceous Rhizaria may contribute to the increase in opal flux in
sinking particles during winter when chlorophyll-a concentrations
are low. Therefore, N. cristatus at station FS1, located in the
transition region, might have fed not only on phytoplankton,
which increases in spring, but also on siliceous Rhizaria and other
zooplankton that increase during the same period in winter,
resulting in faster growth at the surface than in Oyashio waters.

Previous studies of swimmers collected in mid-depth to deep-
sea sediment traps have sometimes described new species by
taking advantage of the frequency of collection at depths that are
difficult to survey (Ivanenko et al., 2011). However, there are few
examples of ecological studies using deep-trap swimmers (e.g.,
Gislason and Astthorsson, 1992; Kraft et al., 2011) because of the
small number of organisms that can be collected compared to
plankton net tows. In this study we used swimmer samples
collected in the trap to clarify the relationship between flux
variations and the life cycle of N. cristatus at the mooring depth
of the trap. Therefore, the analysis of surface and mid- to deep-
water swimmer samples from sediment traps at multiple depths
could be used to study the ecology of species whose life cycles are
still unknown.

Carbon Export Through Neocalanus
Active Flux
There are several cases whereby swimmers are collected in
sediment traps: passively sinking, actively moving downward,
following a sinking prey, or falling in a straight line after
contacting an obstacle (e.g., Alldredge, 1972; Gilmer, 1974).
Therefore, depending on the behavioral pattern of a species,
the flux may be underestimated or overestimated, and it is
difficult to quantitatively assess the active flux by swimmers. It
may however be possible to perform quantitative studies for
specific species where the growth stage and life history of the
specimens can be confirmed.

The Neocalanus species collected in this study were stage C5
to adult, and they were clearly collected either during the process
of ontogenetic vertical migration or as dormant individuals
drifting after migration. There are two sources for the
Neocalanus populations appearing in the sediment-trap
samples: one is the population that migrates southward with
the Oyashio Current during surface development and then
undergoes ontogenetic vertical migration; the other is the
population undergoing ontogenetic vertical migration and
dormancy that is transported to the transition region by the
submerged Oyashio flow (Kobari et al., 2008). The submerged
Oyashio flow in the transition region reaches 400-m depth in
November–December (Kobari et al., 2008). Therefore, of these
Frontiers in Marine Science | www.frontiersin.org 8
Neocalanus populations, only individuals that were collected
through ontogenetic vertical migration and those that were
dormant near the sediment-trap depth after migration and
were collected incidentally during their residence reached the
sediment trap at station FS1.

It is difficult to determine whether individuals were
transported by the submerged Oyashio flow or not, but,
considering the time of arrival of the flow, those transported
by the flow were probably collected in the sediment trap later
than those during ontogenetic vertical migration in spring.
Because of the residence time of dormant individuals after
migration, the flux of dormant individuals per sampling period
cannot be regarded as an accurate active flux. Therefore, in this
study, assuming that Neocalanus species do not avoid the
sediment-trap structure during their migration, the flux of
Neocalanus species is expressed as the apparent active flux,
taking into account the possible overestimation due to the
entry of dormant individuals into the sediment trap.

The mean value of the apparent active carbon flux of
Neocalanus species at station FS1 is 42–175% of the range of
2.8–11.7 mg C m–2 d–1 for organic carbon in the sinking particle
flux of the North Pacific open ocean at water depths of around
1000 m, as reported by Honda et al. (2002). Note that for
convenience, many studies, including that by Honda et al.
(2002), have treated the fractions of sediment-trap samples
larger than 1 mm as swimmers and fractions smaller than
1 mm as passive sinking particles. Therefore, the values for
passive organic carbon fluxes reported by Honda et al. (2002)
may be overestimates if the <1-mm fraction included active fluxes.
On the other hand, if they do not include passive sinking particles
in the >1-mm fraction as reported by Ikenoue et al. (2019), the
passive organic carbon fluxes would have been underestimated.
The possible active flux in the <1-mm fraction is due to oncaeid
copepods. They are widely distributed in the world ocean with an
adult body length of 0.2–1.6 mm, and they have a tendency to
attach to large sinking particles while swimming in the water
column (Alldredge, 1972). At a depth of 1000 m in the western
North Pacific, passive sinking particles >1 mm account for an
average of 12% of the passive organic carbon fluxes and cannot be
ignored (Ikenoue et al., 2019). In this study, we did not use a 1-mm
sieve, but rather picked out swimmers from the bulk sediment-
trap samples using tweezers, so the passive-sinking-particle
fraction at station FS1 includes passive sinking particles >1 mm.

Among the Copepoda collected in this study, the three
Neocalanus species, Eucalanus bungii and Rhincalanus nasutus,
which undergo ontogenetic vertical migration during their life
histories, are all larger than 1 mm in body size from stage C5 to
adult (Bradford-Grieve,1994; Tsuda et al., 2001b; Shimode et al.,
2012a). There were no copepod species smaller than 1 mm in our
swimmer samples. Therefore, we assumed that the active flux in
particles <1 mm was negligible at station FS1. However, the
method used in this study to pick out only the swimmers with
tweezers makes it difficult to divide the passive sinking particles
evenly with a rotary splitter (e.g., wet sample divider WSD-10;
McLane, East Falmouth, Massachusetts, USA) when the sediment
sample includes many passively sinking particles >1 mm.
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Furthermore, if the <1-mm fraction includes a large number of
swimmers, it is difficult to remove them from the bulk sediment-
trap sample. Therefore, it would be more efficient to follow the
conventional method using a 1-mm stainless-steel sieve together
with tweezers to pick out the swimmers. In other words, after
sieving, for the <1mm fraction, the residue after removing small
swimmers with tweezers should be treated as <1mm passive
sinking particles, and for the >1mm fraction, the residue after
removing large swimmers with tweezers (e.g., large detrital
particles or aggregates) should be treated as >1mm passive
sinking particles. Accurate separation of swimmers and
passive sinking particles is very important to correctly evaluate
passive sinking particle fluxes, and separation methods should
continue to be devised according to sample composition and inter-
compared with previous studies (Buesseler et al., 2007).The
apparent annual active carbon flux of Neocalanus species in the
transition region at station FS1 was 1.8 g C m–2 yr–1, which is 36%
of the value of 5.0 g C m–2 yr–1 reported by Kobari et al. (2003) for
1000-m depth in the Oyashio region. Because the abundance of
Copepoda decreases with increasing distance south of the Oyashio
region (Omori, 1967; Omori and Tanaka, 1967), it is reasonable
that the apparent active carbon flux of Neocalanus species in this
study is lower than that of Kobari et al. (2003) for the Oyashio
region. On the other hand, the value of Kobari et al. (2003) may be
overestimated because it was calculated assuming that the entire
Neocalanus population descended from the surface to 1000-m
depth. Therefore, the difference between the two areas may be
smaller than that estimated in this study.

Estimating the irreversible carbon sequestration of active
fluxes into the deep ocean is important for understanding the
biologically mediated ocean carbon cycle (Boyd et al., 2019). In
the Oyashio region, 14% of the Neocalanus active flux returns to
the surface as eggs in winter and spring (Kobari et al., 2003).
Thus, 86% of the Neocalanus active flux is sequestered in the
deep ocean. Applying this ratio from the Oyashio region to the
present study, we estimate that 1.6 g C m–2 yr–1 of organic carbon
would be irreversibly sequestered by the active flux ofNeocalanus
species around station FS1. If Neocalanus species avoid
sediment-trap structures during ontogenetic vertical migration,
then this may be an underestimate of the active flux of
Neocalanus. It would therefore be necessary to observe
Neocalanus species’ behavior using a deep-sea camera and
acoustic Doppler current profiler (ADCP) at the mooring
depth of the trap to properly evaluate the active flux of
Neocalanus using a deep sediment-trap (De Leo et al., 2018).
CONCLUDING REMARKS

We investigated the flux variations of N. cristatus at different
copepodite stages collected in a deep sediment trap in the
Kuroshio–Oyashio Transition region. The flux variations
represent a time series of stages during the life history of N.
cristatus at the sediment-trap depth and its response to
environmental changes. The study of swimmer fluxes collected
in sediment traps at multiple depths could provide a qualitative
Frontiers in Marine Science | www.frontiersin.org 9
but higher-resolution view of the time series variation of
zooplankton with unknown life histories. On the other hand, it
is currently difficult to guarantee the accuracy of the estimated
swimmer flux. Although we attempted to quantify the active flux
of Neocalanus species, we could not distinguish between
individuals collected in the sediment trap during ontogenetic
vertical migration and those collected by chance during
dormancy. Therefore, we may have overestimated the true
active flux. To ensure the accurate quantification of the flux of
Neocalanus species collected by sediment traps, it is necessary to
conduct supplementary surveys on their vertical distribution in
the study area using plankton nets, as well as develop methods to
observe their behavior near sediment traps using video imagery
combined with ADCP backscatter time-series data and to
identify dormant individuals.
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