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Abstract

To evaluate vertical changes in the abundance, biomass, and community structure of copepods and their effect on material
flux, stratified samples were collected at 15 discrete depths between 0 and 3,000 m with a fine mesh size (60 pm) Vertical Multi-
ple Plankton Sampler in the southern Bering Sea and northern North Pacific on 14 and 16 June 2006. Both copepod abundance
and biomass decreased with increasing depth, and both decreases were described well with a power model. A total of 72 cala-
noid copepod species belonging to 34 genera and 15 families were identified in the Bering Sea and 63 species belonging to 32
genera and 13 families were identified in the northern North Pacific. At both stations, the copepod communities comprised five
groups that had distinct vertical distribution patterns. The groups at 500-1,500 m were adapted to the oxygen minimum zone,
and copepod carcasses outnumbered living specimens at 500-750 m in the northern North Pacific and at 750-1,000 m in the Ber-
ing Sea. Oxygen levels were very low in the minimum zone in both regions, so the occurrence of a specialized community and
the abundance of carcasses are considered to be a special characteristics at these depth. Based on metabolic rates estimated from
an empirical equation, copepods were estimated to consume 20+13% (mean+sd) of the particle organic carbon flux throughout
the water column in the Bering Sea and 32+19% of the flux in the northern North Pacific. The feeding impact of copepods was
estimated to be greatest at 0-100 m. ~ As the fate of POC flux, heterotrophic bacteria was estimated to be important at 100-1,000

m, while most of them were considered to be directly sinking at 1,000-3,000 m.
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Introduction

The oceanic ecosystem can be vertically separated into epi-
pelagic (0-200 m), mesopelagic (200-1,000 m), bathypelagic
(1,000-3,000 m), abyssopelagic (3,000-7,000 m) and hadope-
lagic (below 7,000 m) zones (Lalli and Parsons, 1993). The
average depth of the oceans is 3,800 m, and 95% of the total
volume of all oceans occurs below 200 m depth (aphotic
zone). Assuming the average thickness of the terrestrial bio-
sphere (depth of live soil and the zone of plant and animal life
on and above the surface) is 38 m (30 m above ground and 8
m below the surface) and a ratio between land and ocean of
70.8 : 29.2, results in an ocean : terrestrial volume ratio of
242 : 1. Thus, most of Earth’s biosphere is in the deep
sea. The major food source for deep-sea ecosystems is the
surface layer through various biological processes, such as the
“biological pump”, and an important contributor to these pro-
cesses are copepods (Angel, 1989 ; Longhurst, 1991).

Particulate material fluxes in the southern Bering Sea (St.
AB) and northern North Pacific (St. SA) have been monitored
since 1990 using sediment traps, and seasonal and annual
variation in the flux of particulate organic carbon at 3,200 m
(St. AB) and 4,830 m (St. SA) have been reported (Takahashi
et al., 2000, 2002). Plankton community structure at these
stations has been studied mainly in the microplankton, includ-
ing diatoms (Onodera and Takahashi, 2009), radiolarians
(Katsuki and Takahashi, 2005 ; Tanaka and Takahashi, 2008)
and foraminiferans (Asahi and Takahashi, 2007). For meta-
zoans, major transporters in the biological pump, the commu-
nity structure has been reported at St. AB (Homma and
Yamaguchi, 2010), but no information is available from St.
SA.

Copepods are the major component of zooplankton bio-
mass in the southern Bering Sea and subarctic Pacific, and
their ingestion and egestion affect carbon transport to the deep
sea (Nagasawa et al., 1999). While there have been several
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studies on the copepod community structure in this region
(Vinogradov, 1968 ; Minoda, 1971, 1972), most concern dis-
tribution, and little information is available on their role in
vertical flux of organic material.

Most studies of copepod community structure down to
great depths have been conducted using ca. 300 um mesh size
plankton nets. However, recent studies have shown the
importance of using fine mesh nets (<100 pm) to collect
small-sized copepods (e.g. Cyclopoida and Poecilostoma-
toida), which dominate in abundance (Bottger-Schnack,
1996 ; Homma and Yamaguchi, 2010). All studies on
copepod communities in the Bering Sea and subarctic Pacific
mentioned above used large (ca. 300 pm) mesh size plankton
nets (Vinogradov, 1968 ; Minoda, 1971, 1972).

The role of copepod communities in the vertical flux of
organic material (i.e., ingestion and egestion) is commonly
estimated from metabolic rates (Sasaki et al., 1988 ; Yama-
guchi et al., 2002) based on empirical equations for epipelagic
zooplankton/copepods (Ikeda, 1985 ; Ikeda et al., 2001).
However, the metabolic rates of copepods are known to
decrease with increasing depth (Thuesen et al., 1998), so past
estimates of ingestion and egestion of copepods (e.g., in
Sasaki et al., 1988 and Yamaguchi et al., 2002) probably over-
estimated the true values, especially in the meso- and bathy-
pelagic zones. lkeda et al. (2007) presented an empirical
equation that describes the metabolism of copepods based on
four independent variables (body mass, habitat temperature,
oxygen saturation and depth) that can be used from the epipe-
lagic to bathypelagic zones. Ingestion and egestion of cope-
pods can be more accurately estimated using their new
equation, which considers the effect of depth, and data with
fine depth resolution (Ikeda et al., 2007).

In the present study, zooplankton samplings were con-
ducted with 60-pm fine mesh nets at 15 discrete depth inter-
vals between 0 and 3,000 m depth at St. AB and St. SA in
June 2006, and the copepod community structure in the two
adjacent regions were compared. The ingestion and eges-
tion by copepods were estimated throughout the water col-
umn using Ikeda et al.’s equation and a carbon budget model
(Ikeda and Motoda, 1978). The estimated passive flux of
carbon due to copepods was compared with the particle
organic carbon (POC) flux in deep water (Takahashi et al.,
2000, 2002) to evaluate the quantitative role of copepods in
the vertical carbon flux in the two regions.

Materials and Methods
Field sampling
Zooplankton were sampled in the southern Bering Sea at
St. AB (Aleutian Basin : 53°28'N, 177°00°W, depth 3,779 m)
and in the subarctic Pacific St. SA (Subarctic Pacific:

49°00'N, 174°00"W, depth 5,405 m) on 14 and 16 June 2006,
respectively (Fig. 1) aboard the T/S Oshoro-Maru. Samples

60°N'

50°N

Northern North Pacific

160°E 170°E 180° 170°W 160°W

Fig. 1. Location of St. AB in the Aleutian Basin of the southern
Bering Sea and St. SA in the subarctic Pacific. Depth
contours (1,000, 2,000 and 3,000 m) are superimposed.

were collected at fifteen discrete depth intervals between 0
and 3,000 m (0-25, 25-50, 50-75, 75-100, 100-150, 150-
250, 250-350, 350-500, 500-750, 750-1,000, 1,000-1,250,
1,250-1,500, 1,500-2,000, 2,000-2,500 and 2,500-3,000 m)
using a Vertical Multiple Plankton Sampler (VMPS, mouth
opening 0.25 m?, mesh size 60 um, cf. Terazaki and Tomatsu,
1997) (Table 1). Samples were collected during 06 :18-
09 :39 (St. AB) and 13 :59-17 :25 (St. SA) local time. The
volume of water filtered was estimated using a flowmeter
mounted in the mouth of the net, and ranged from 2.9 to
1359 m® (Table 1). Zooplankton samples were split with a
Motoda splitting device (Motoda, 1959) on board, and a 1/2
aliquot was preserved immediately in 5% borax-buffered for-
malin-seawater after collection.

Water temperature, salinity and dissolved oxygen were
measured with a Sea-Bird SBE911 Plus CTD system. At
St. AB, zooplankton were collected from the surface to 3,000
m, but hydrographic data were collected to only 2,000
m. Temperature, salinity and dissolved oxygen data are
needed to estimate metabolism in Ikeda et al.’s equation, so
hydrographic data collected at 2,000-3,000 m at St. AB on 14
July 2005 were used (Hokkaido University, 2006).

Identification and enumeration

In the land laboratory, copepods were identified and enu-
merated under a dissecting microscope. Calanoid copepods
were identified to species level and assigned to developmen-
tal-stage levels. For species identification, we referred
mainly to Brodskii (1967). For species described after this
paper, we cited Frost (1974) for Calanus marshallae, Frost
(1989) for Pseudocalanus mimus, P. minutus, P. moultoni and
P. newmani, and Miller (1988) for Neocalanus flem-
ingeri. For juvenile copepodid stages, the total length (TL)
was calculated by multiplying the TL of the adult stage by the
following ratios : (Cl1, 0.34; C2, 0.40; C3, 0.49; C4,
0.60; C5,0.75; cf. Yamaguchi 1999). Small copepods
(Cyclopoida, Harpacticoida and Poecilostomatoida) were
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Table 1. Sampling data collected using a Vertical Multiple Plankton Sampler (VMPS) (depth layer, local time and volume of water filtered)
and environmental parameters (integrated mean temperature, salinity and dissolved oxygen) at each depth layer used for flux estima-

tion (cf. Fig. 10) at Sts. AB and SA.

Station/ Local time Water \ Integrated mean Integrat'eq mean Dissolved ;
Depth layer (m) filtered (m’) temperature (°C) salinity oxygen (ml L")
St. AB 14 June 2006

0-25 09 : 38-09 : 39 5.593 5.23 33.04 7.13
25-50 09 : 38-09 : 38 5.966 447 33.14 6.70
50-75 09 :37-09 : 38 5.779 4.08 3322 6.38
75-100 09 :26-09 : 27 5.593 3.70 33.25 6.88

100-150 09 :25-09 : 26 12.49 3.28 33.25 6.94

150-250 09 :23-09:25 24.61 3.48 33.36 5.87

250-350 09 : 05-09 : 07 20.88 3.88 33.58 3.81

350-500 09 : 03-09 : 05 35.98 3.89 33.86 1.65

500-750 08 : 58-09 : 03 57.61 3.58 34.10 0.77

750-1,000 07 :43-07 : 47 60.34 3.17 34.26 0.49

1,000-1,250 07:39-07:43 64.85 2.68 3438 0.51

1,250-1,500 07 :35-07 : 39 63.72 234 34.46 0.62

1,500-2,000 06 : 34-06 : 42 116.6 1.96 3455 0.93

2,000-2,500 06 : 26-06 : 34 1359 1.65 34.60 1.27

2,500-3,000 06 : 18-06 : 26 120.5 1.46 34.64 1.65
St. SA 16 June 2006

0-25 17:24-17:25 2.874 7.20 32.78 7.33
25-50 17:24-17:24 7.902 5.61 32.80 7.54
50-75 17:23-17:24 4.885 4.68 32.83 7.36
75-100 17:12-17: 12 3.161 4.12 32.85 7.29

100-150 17:11-17:12 13.51 372 33.19 5.62

150-250 17:09-17 : 11 20.98 3.88 33.77 1.95

250-350 16 :50-16 : 51 17.24 3.69 33.94 0.91

350-500 16:47-16 : 50 38.79 3.61 34.09 0.64

500-750 16:42-16 : 47 5345 3.36 34.23 045

750-1,000 15:27-15:31 56.13 2.92 3435 0.50

1,000-1,250 15:23-15:27 50.88 2.54 3443 0.63
1,250-1,500 15:19-15:23 52.19 2.26 34.49 0.81
1,500-2,000 14:14-14:22 113.8 1.93 34.56 1.21
2,000-2,500 14:07-14: 14 104.0 1.62 34.62 1.86
2,500-3,000 13:59-14:07 102.5 142 34.65 248

identified to order level, and the TLs of subsamples (1/2-
1/1,546 of total volume, collected with a wide-bore pipette)
were measured. Copepod carcasses (exoskeletons with
some body tissue inside, cf. Wheeler, 1967 ; Terazaki and
Wada, 1988) were also identified and counted separately.

Data analysis

Biomass

The dry mass of each copepod was estimated from its TL
using allometric equations. For the Calanoida, we used the
allometric equation

Log,o DM=2.546 log,, TL—6.697 ()

where DM is individual dry mass (mg DM ind.™"), and TL is
total length (mm) (Mizdalski, 1988). DM was converted to
carbon mass, assuming the carbon content of copepods is
44.77% of the DM (Bamstedt, 1986).

For the Harpacticoida, we used the allometric equation

CM=2.65%10%BL' @)

where CM is the individual carbon mass (mg C ind.™") and BL
is the body length (assumed to be half of the total length
[mm]) (Uye et al., 2002).

For the Cyclopoida, we used the allometric equation

Logio DM =2.163 log,o TL—6.207 3)
where DM is the individual dry mass (mg DM ind.") and TL
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is the total length (mm) (Kaneko, 2005). The carbon content
of Cyclopoida was assumed to be 42.5% of the DM (James
and Wilkinson, 1988).

For the Poecilostomatoida, we used the allometric equation

Log;g DM = 2.895 IOglo TL—7.993 (4)

where DM is individual dry mass (mg DM ind.”") and 7L is
the total length (mm) (Nishibe, 2005). Nishibe and Ikeda
(2008) reported the carbon content of the Poecilostomatoida
was 49-57% of the DM. In the present study we assumed
the carbon content of the Poecilostomatoida to be 53% of the
DM, which is the median of 49-57%.

Population depth

To make quantitative comparisons between the two sam-
pling stations, the depth at which the 50th percentile of the
population resided (Ds.,) was calculated for each species (cf.
Pennak, 1943). Additional calculations were made to deter-
mine the depths at which the 25th (D»sy,) and 75th (Ds.,) per-
centiles occurred.  Note that these calculations dealt with the
entire population of the species, including all developmental
stages.

Community structure

For calanoid copepod populations, a species diversity index
(H’) (Shannon and Weaver, 1949) was calculated as

H'=—Y n/NiIn n/Ni (5)

where # is the abundance (inds. m) of each species in the ith
layer, and MVi is the total abundance in the ith layer. H’ was
calculated based on both abundance (inds. m?) and biomass
(mg Cm?).

Q-mode analysis (layer similarity) (cf. Chiba et al.,
2001 ; Chiba and Saino, 2003) was conducted based on cala-
noid copepod abundance. In the Q-mode analysis, abun-
dances (X : inds. m™) were log transformed (Log;o[X+1])
prior to analysis. A dissimilarity matrix between each layer
was constructed based on differences in species composition
using the Bray-Curtis index (Bray and Curtis, 1957). The
matrix was analyzed by cluster analysis coupled with the
unweighted pair-group method using arithmetic means to
indentify groups with similar community composi-
tion. BIOSTAT II software was used for these analy-
ses. To clarify the indicator species for each group, one-way
ANOVA was used for copepod abundance data.

Carbon flux and copepod ingestion/egestion

Oxygen consumption rates of copepods were calculated
based on Ikeda et al.’s (2007) formula :
In R=—0.815+0.750 In B+0.0647+0.53905—0.091In Z
(©)
where R is the respiration rate (ul O, ind.” h™), B is the bio-
mass of a copepod (mg C ind.™), T'is temperature (°C) repre-

sented by the integrated mean temperature of each sampling
stratum (Table 1), OS is the oxygen saturation (ratio to satu-
rated oxygen) and Z is the mean depth of the sampling stra-
tum. In this equation, respiration decreases with increasing
depth and decreasing dissolved oxygen, and the equation is
applicable from the surface to the deep sea.

The carbon budgets of living copepods can be expressed
as : Ingestion (/) = Metabolism (M) + Growth (G) + Egestion
(E). Metabolism (M) is assumed to equal respiration
(R). The assimilation efficiency ([G + R]/) and gross
growth efficiency (G/I) were assumed to be 70% and 30%,
respectively (Ikeda and Motoda, 1978). The ingestion rate
was estimated from following equation :

12 1 1 @
[:RXmX097XWXWX24
where I is the ingestion rate (mg C ind. ' h™"), R is the respira-
tion rate (ul O, ind.”" h™), 12/22.4 is the carbon weight (12 g
C) of one-mole of carbon dioxide (22.4 L), 0.97 is a respira-
tory quotient ([CO,]/[O,]) (Gnaiger, 1983), 1/0.4 is I/R,
1/1,000 is the conversion from pg to mg, and 24 is the num-
ber of hours in one day (24 h). From the ingestion rates,

egestion rates (£ : mg C ind."' day ") were calculated as :
E=03X1. @®)

The feeding patterns of copepods were classified into four
types based on their gut contents and mouthpart morphology
(Arashkevich, 1972 ; Ohtsuka and Nishida, 1997) : suspen-
sion feeders, suspension feeders in diapause, detritivores and
carnivores. Suspension feeders in diapause include C5 and
C6 of three Neocalanus spp. (N. cristatus, N. plumchrus, N.

flemingeri), C3-C6 of E. bungii (Miller et al., 1984), and C5

and C6 of Calanus pacificus, C. glacialis, C. marshallae and
P minutus (Conover, 1988 ; Osgood and Frost, 1994 ;
Yamaguchi et al., 1998).

POC has been measured at St. AB and St. SA using sedi-
ment traps since 1990 (Takahashi et al., 2000, 2002). The
mean POC flux in summer was reported to be 9.45 mg C m™
day™ (3,200 m) at St. AB and 5.89 mg C m” day ' (4,830 m)
at St. SA (Takahashi et al., 2000). Applying the equation
from Suess (1980) :

Ciur = Cproal (0.0238Z240.212) ©)

where C,,,, is primary production (mg C m” day™), and C,
is the passive carbon flux (mg C m™ day™) at a given depth
(Z: m), primary production was estimated to be 722 mg C
m?day ' at St. AB and 678 mg C m* day ' at St. SA. These
values correspond well to the mean values of June in this
region (440-880 mg C m? day ' in the southern Bering Sea
and 380-1,480 mg C m? day ' in the northern North Pacific,
Sorokin, 1999). The POC flux to each sampling layer was
calculated from these primary production values and Suess’s
(1980) equation.  To quantify the role of ingestion and eges-
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tion of copepods in the vertical flux, the passive POC flux at
each sampling layer was compared with the ingestion rate of
suspension feeders and detritivores, and the egestion rates of
all feeding groups except the suspension feeders in diapause.

Results
Hydrography

Sea surface temperature ranged from 6.0 to 7.9°C and was
higher at St. SA than St. AB (Fig. 2). A subsurface tempera-
ture maximum was observed at 380 m (St. AB) and 170 m (St.
SA), and below these depths, the temperature decreased grad-
ually to 1.3-1.4°C at 3,000 m.  Salinity was 33.0-34.6 at St.
AB and 32.8-34.7 at St. SA, and increased with increasing
depth. Dissolved oxygen (DO) levels were greatest at the
surface (maximum : 7.2-7.6 ml L") and decreased rapidly
with increasing depth. DO (0.43-0.48 ml L) was lowest at
900 m at St. AB and 700 m at St. SA. The oxygen mini-
mum zone (OMZ) was defined as the depth range at which
DO<14mlL". This zone occurred at 450-2,400 m at St.
AB and at 240-1,900 m at St. SA. DO levels were below

(a) St. AB Temperature (°C)
0 2 4 6 8 10
L 1 f 0 ? |
32 33 Salinity 34 35

0
v

500+

1000+

1500+

Depth (m)

2000

2500

3000 T
(b) St. SA

]

500

1000

1500

Depth (m)

2000

2500

10

Fig. 2. Vertical distribution patterns of temperature (T : °C),
salinity (S) and dissolved oxygen (O, : ml L") at St. AB
(a) and St. SA (b) on 14 and 16 June 2006, respec-
tively. In (a), data below 2,000 m were collected on 14
July 2005.

<0.7 ml L at 640-1,500 m at St. AB and 340-1,230 m at St.
SA. Thus the OMZ was shallower at St. SA than at St. AB

(Fig. 2).

Copepod community

Abundance and biomass

Copepod abundance ranged from 12 to 23,400 inds. m” at
St. AB and from 7 to 39,000 inds. m~at St. SA. It was high-
est at 0-25 m, decreased with increasing depth, and was low-
est at 2,500-3,000 m (Fig. 3a, c). Copepod carcasses
occurred throughout the water column, and ranged in abun-
dance between 4 inds. m” (0-25 m) and 402 inds. m™ (25-50
m) at St. AB and between 0 inds. m~ (0-25 m) and 961 inds.
m~ (50-75 m) at St. SA. The ratio of carcasses to living
specimens was lowest at the surface and highest at 750-1,000
m (St. AB) and 500-750 m (St. SA), and the carcass/living
specimen ratios in abundance at these layers were 2.3 St. AB
and 1.9 at St. SA (Fig. 3a, ¢).

Copepod biomass ranged from 0.06 to 100 mg C m™ at St.
AB and from 0.07 to 79 mg C m~at St. SA, and was highest
at the surface and decreased with increasing depth at both sta-
tions (Fig. 3b,d). Copepod carcass biomass varied from 0
to 0.01 mg C m>at St. AB and from 0 to 1.5 mg C m™ at St.
SA. The biomass ratio of carcasses to living specimens was
less than 0.23.

The contribution of Calanoida, Cyclopoida, Harpacticoida
and Poecilostomatoida to total copepod abundance was
17-100%, 0-73%, 0-8% and 0-70%, respectively, and varied
greatly with depth (Fig. 4a, ¢). Calanoida and Cyclopoida
were the dominant taxa at most depths, and Cyclopoida was
abundant at 0-750 m at St. AB (Fig. 4a, ¢). In terms of bio-
mass, Calanoida dominated throughout the water column
(42-100% at St. AB and 52-93% at St. SA), and Poecilosto-
matoida accounted for the residual composition (Fig. 4b,
d). Cyclopoida composed 0.1-11% of the total biomass, and
Poecilostomatoida composed 2-38%. Calanoid copepods
composed most of the total copepod biomass (90% at St. AB
and 81% at St. SA) at 0-3,000 m.

A total of 72 calanoid copepod species belonging to 34
genera and 15 families were collected at St. AB, and 63 cala-
noid copepods belonging to 32 genera and 13 families were
collected at St. SA.  Cyclopoida, Harpacticoida and Poecilo-
stomatoida occurred at 0-3,000 m at both stations (Tables 2,
3). For the suspension feeders, the most numerous calanoid
copepods were Microcalanus pygmaeus, Metridia pacifica
and Pseudocalanus spp. In terms of biomass, the most
dominant species of suspension feeders was Eucalanus bun-
gii, followed by N. cristatus, N. flemingeri and N. plumchrus,
all of which have a diapause phase. Among the detritivo-
rous species, Scolecithricella minor and S. ovata dominated
in abundance, but the large calanoid copepods, Scaphocala-
nus magnus and Racovitzanus antarcticus dominated in bio-
mass. Among the carnivores, Paraeuchaeta spp., the family
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Fig. 3.

Vertical distribution of abundance and biomass of copepods at St. AB (a, b) in the southern Bering Sea and at St. SA (c, d) in

the subarctic Pacific on 14 and 16 June 2006, respectively. Copepods were classified as live or carcasses, and the ratio of

carcass to live copepods was also calculated. ~ Abundance and biomass scales are in log scales.

¢) indicate a carcass to live ratio of 1 : 1.

Heterorhabdidae and Haloptilus pseudooxycephalus domi-
nated both in abundance and biomass.

Interestingly, all of the suspension feeders that showed
large regional differences in vertical distribution are species
that have a diapause phase in deep water (Fig. 5). For
instance, species that occurred deep at St. AB were N. flem-
ingeri (Species no. 11), N. cristatus (no. 13) and Calanus
marshallae (no. 16), while the reverse depth distribution (St.
AB< St. SA) were observed for E. bungii (no. 5), P minutus
(no. 7) and C. pacificus (no. 24) (Fig. 5). For detritivores,
large regional distribution differences in vertical distribution
were seen for Scaphocalanus affinis (no. 68) and Amallothrix
valida (no. 65) (Fig. 6a). For carnivores, the depth distribu-
tion depth showed little difference between St. AB and St. SA
for all species except Pachyptilus pacificus (no. 79) (Fig. 6b).

Fig. 7 shows the contribution of each calanoid copepod
family to the total calanoid copepod abundance and bio-
mass. In terms of abundance, Clausocalanidae, which com-
prised mainly M. pygmaeus, dominated (33-98% at St. AB,
29-94% at St. SA) (Fig. 7a, ¢). In terms of biomass, Calani-
dae dominated, followed by Euchactidae and Metridiidae
(Fig. 7b, d). Families that occurred only below 1,000 m
were Heterorhabdidae, Lucicutiidae, Phaennidae and Spino-

Vertical dashed lines in (a,

calanidae.

Community structure

The number of calanoid copepod species was low at the
surface, higher at 500-1,500 m (25 species), peaked at 1,500~
2,000 m (33 species), then decreased rapidly below 2,000 m
(Fig. 8a) at St. AB. Similar vertical distribution patterns
were also observed at St. SA ; species number was low at the
surface, fluctuated between 15 and 25 species below 500 m,
and peaked at 500-750 m and 1,500-2,000 m (Fig. 8d). The
species diversity index (H") and number of species showed
similar vertical patterns, but /" based on biomass showed
larger variability than abundance at St. SA (Fig. 8b, ¢).

Based on the Q-mode analysis, the copepod community
was classified into five groups at a 43% (St. AB) and 51% (St.
SA) dissimilarity level (Fig. 8c, f). The vertical distributions
of each group were distinct : group A, 0-75 m; group B,
75-500 m; group C, 500-750 m; group D, 750-1,500
m; group E, 1,500-3,000 m at St. AB, and group A, 0-75
m; group B, 75-500 m ; group C, 500-1,000 m and 1,250~
1,500 m ; group D, 1,000-1,250 m ; group E, 1,500-3,000
mat St. SA.

The indicator species of each group were identified by one-
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Fig. 4. Vertical changes in the composition of four orders (Calanoida, Cyclopoida, Harpacticoida and Poecilostomatoida) to total
copepods in terms of abundance (a) and biomass (b) at St. AB in the southern Bering Sea on 14 June 2006 and at St. SA (c, d)

in the subarctic Pacific on 16 June 2006.

way ANOVA and Fisher’s PLSD. At St. AB, they were
Cyclopoida, E. bungii, M. pacifica and Pseudocalanus spp.
for group A, M. pygmaeus and Poecilostomatoida for group B,
Lucicutia ovaliformis for group C and S. ovata for group D
(Table 4). Because of the low abundances below 1,500 m,
no indicator species was detected for group E. At St. SA,
the indicator species were M. pacifica, N. cristatus, N. flem-
ingeri, N. plumchrus, P. mimus, P. minutus, Pseudocalanus
spp., S. minor, Cyclopoida, Harpacticoida, Poecilostomatoida
and nauplii for group A, Gaetanus simplex and Paraeuchaeta
elongata for group B, Heterostylites major, L. ovaliformis and
P. rubra for group C, Amallothrix profunda, M. curticauda
and S. ovata for group D and A. paravalida for group E (Table
35).

Effect on vertical flux of material

Suspension feeders and detritivores were the two dominant
feeding patterns, composing 99% of the total copepod abun-
dance throughout the water column at both stations (Fig. 9a,
c¢). Interms of biomass, the contribution of the four feeding

patterns differed from those expressed by abundance ;
carnivores and suspension feeders in diapause dominated
below 250 m depth (Fig. 9b, d).

The mass balance between ingestion (suspension feeder
and detritivores) and egestion (all feeding patterns except dia-
pause) of copepods and POC flux in the entire 0-3,000 m
water column is summarized in Fig. 10. Copepods con-
sumed 14-60% (St. AB) and 14-71% (St. SA) of the POC
flux in each depth layer (Fig. 10a, c). The effect of copepod
feeding on the POC flux was greatest in the upper 100 m of
both stations. Throughout the water column, copepods con-
sumed 20+13% (mean+sd) and 32+19% of the POC flux at
St. AB and SA, respectively (Fig. 10b, d).

Discussion
Abundance and biomass

Table 6 compares the abundance of copepods from various
regions. The abundance of copepods at 0-250 m in the pres-
ent study was 16-28 times greater than that of Minoda (1972)
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Fig. 5. Vertical distribution of suspension feeding copepods at
St. AB in the southern Bering Sea and St. SA in the sub-
arctic Pacific. Of each species, symbols indicate 50%
distribution depth (Ds,;). Vertical bars indicate depth
ranges where 25% (D.s.,) and 75% (D;s.;) of the popula-
tion was distributed.  For species number, see Tables 2
and 3. Note that the vertical depth scales are not the
same among panels.

in the southern Bering Sea.  Since the mesh size of the pres-
ent study (60 um) was much smaller than that used by
Minoda (330 pm), smaller copepods were presumably caught
more efficiently in this study. Bottger-Schnack (1996) used
55 um mesh nets in the epi- to mesopelagic zone of the Ara-
bian Sea and noted that Poecilostomatoida contributed
60-80% of the total copepod abundance. In the present

(a) Detritivores

Species no.
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Fig. 6. Vertical distribution of detritivorous (a) and carnivorous
(b) copepods at St. AB in the southern Bering Sea and St.
SA in the subarctic Pacific. Symbols indicate 50% dis-
tribution depth (Djsy,,), and vertical bars indicate depth
ranges where 25% (D,s.;) and 75% (Ds.,) of the popula-
tion was distributed.  For species number, see Tables 2
and 3.

study, small Poecilostomatoida composed 0-70% of the total
copepod abundance. A high composition of Poecilostoma-
toida to total copepod abundance (47-93%) was also reported
by Yamaguchi et al. (2002) who used 90 um mesh net in the
western subarctic Pacific. These results suggest that for
accurate evaluation of small copepods (Cyclopoida and Poe-
cilostomatoida), fine-mesh size nets (<100 pm) are needed.
Table 6 compares the proportion of abundance of copepods
at epipelagic (0-250 m), mesopelagic (250-1,000 m) and
bathypelagic (1,000-3,000 m) zones collected with <100 um
mesh nets. In the southern Bering Sea, 74-86% occurred in
the epipelagic, 10-16% occurred in the mesopelagic, and
4-9% occurred in the bathypelagic.  This result may reflect
that the food of deep-sea copepods comes from the sur-
face. Similar proportions were reported by Vinogradov
(1968) for zooplankton biomass at 0-4,000 m depth in the
North Pacific ; 65% occurred at 0-500 m, and 35% occurred
at 500-4,000 m. In the present study, 74-86% occurred at
0-250 m, which is much higher than reported by Vinogradov
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Fig. 7. Vertical changes in the composition of families of calanoid copepods in terms of abundance (a) and biomass (b) at St. AB in
the southern Bering Sea and those at St. SA (c, d) in the subarctic Pacific during 14 and 16 June 2006, respectively.

(1968). This difference was probably due to the fact that the
present study measured abundance, while Vinogradov (1968)
measured biomass. Generally, small copepods dominated in
the surface layer. It has been clearly shown that abundance
decreases more rapidly with increasing depth than biomass
does within the same region (Yamaguchi et al., 2002 ;
Homma and Yamaguchi, 2010, Table 7). The effect of
small-sized copepods may have been magnified in this study,
which used small mesh size plankton nets.

Both abundance and biomass of copepods decreased with
increasing depth, but the rates of decrease varied (Fig. 3). To
express depth (X) decreasing pattern of abundance and bio-
mass of zooplankton (Y), two models have been pro-
posed. One is an exponential model (Log;oY=a+bX ; where
a and b are fitted constants) by Vinogradov (1968), and the
other is a power model (Log;Y=a +b " Log;,X ; where a”and
b’ are fitted constants) by Koppelmann and Weikert (1992)
(Table 7). Abundance and biomass data in the present study
showed a better fit to the power model (7= 0.91-0.97) than to
the exponential model (+’=0.67-0.81). The slope (b") in the
power model shows the depth-decreasing rate (Koppelmann
and Weikert, 1992), which was higher for abundance (b'=

—1.48~—1.40) than for biomass (b'=—1.30~—1.15),
probably due to copepod body size. As discussed above,
small-sized copepods were abundant near the surface layer.
Copepod carcasses are abundant in deep water in the North
Atlantic Ocean (Roe, 1988) and Sargasso Sea (Wheeler,
1967). In the present study, carcasses outnumbered living
copepods at 750-1,000 m at St. AB and 500-750 m at St. SA
(Fig. 3a, ¢). These layers corresponded closely to the OMZ
of both stations (Fig. 2). Micronektonic fishes are known to
avoid the OMZ (Sameoto, 1986 ; Herring et al., 1998), so the
pronounced increased abundance of carcasses in the OMZ
may have caused by low predation pressure by micronectonic
fishes. Another possibility is decomposition of copepod car-
casses by bacteria may be slow in the OMZ due to the low
DO. In the present study, the depth where carcasses out-
numbered living specimen at St. SA (500-750 m) was shal-
lower than that at St. AB (750-1,000 m). This may have
been related to the depth of the OMZ, which was shallower at
St. SA (340-1,230 m) than at St. AB (640-1,500 m) (Fig. 2).

Species diversity and community structure

A total of 72 and 63 calanoid copepod species occurred in
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Fig. 8. Vertical distribution of the number of genera and species
of calanoid copepods (a), species diversity indices (H")
based on abundance and biomass data (b) and results of
cluster analysis based on Bray-Curtis dissimilarity index
(%) (c) at St. AB in the southern Bering Sea and at St. SA
in the subarctic Pacific (d, e, f). Five groups (A-E) were
recognized at 43% (c) and 51% (f) dissimilarity indices
by cluster analysis.

the 0-3,000 m water column at St. AB and SA, respectively
(Tables 2, 3).  The number of calanoid copepod species from
the surface to great depths has been reported to be 52 in the
Arctic Ocean (0-3,500 m) (Kosovokova and Hirche, 2000),
37 in the Greenland Sea (0-3,000 m) (Richter, 1994), 101 in
the western subarctic Pacific (0-3,000 m) (Yamaguchi et al.,
2002), 48 in the eastern Mediterranean Sea (0-3,250 m)
(Koppelmann and Weikert, 2007) and 66 in the Weddell Sea
(0-1,000 m) (Schnack-Schiel et al., 2008). Thus the num-
bers of species in the present study (72 and 63 species) are
similar to those in other regions.

Calanoid copepods were the most abundant order collected
throughout the water column. Cyclopoida dominated in the
surface layer, while Poecilostomatoida dominated below 750
m at St. AB and below 350 m at St. SA (Fig. 4a,b). Cyclop-
oida and Poecilostomatoida copepods are both small (TL ca.
1 mm), but their feeding patterns vary. Cyclopoida feed on
small sinking particles, especially faccal pellets (Svensen and
Nejstgaard, 2003 ; Poulsen and Kierboe, 2006), while Poeci-
lostomatoida attach to and feed on large detritus such as
marine snow and giant larvacean houses (Steinberg et al.,
1994, 1998). Also, in the western subarctic Pacific, Yama-
guchi et al. (2002) reported that Cyclopoida occurs at the sur-
face and Poecilostomatoida occurs in deep water. This
vertical segregation between Cyclopoida and Poecilostoma-
toida was presumably the reason why the food habits differed.

In terms of copepod biomass, Calanidae dominated
throughout the water column followed by Eucalanidae and
Metridiidae, and the biomass of Euchaetidae, Heterorhabdi-
dae, Lucicutiidae, Phaennidae and Spinocalanidae increased
below 1,000 m (Fig. 7). Vinogradov (1968) listed Euchaeti-
dae, Heterorhabdidae and Lucicutiidae as deep sea fami-
lies. The genus Heterorhabdus (family Heterorhabdidae)
injects venom from a mandible tooth into prey, which is con-
sidered to be an adaptation for capturing prey in the food-lim-
ited deep sea (Nishida and Ohtsuka, 1996). Like
Heterorhabdus, various deep-sea copepods have specialized
feeding patterns that allow them to adapt to the food-limited
deep-sea (Nishida and Ohtsuka, 1997 ; Matsuura and
Nishida, 2000).

The species diversity (H") of calanoid copepods was 1.5-
2.6 at the surface, 2.8-4.7 at 250-2,000 m, and decreased with
increasing depth below 2,000 m (Fig. 8b, €). In the Green-
land Sea, Richter (1994) reported that the A~ of calanoid
copepods was low (0.8) at the surface, increased gradually
with depth to 1.8 at 1,500 m, and decreased below 1,500
m. In Sagami Bay, Shimode et al. (2006) reported that H”
was low (0.2) at the surface, and increased below 300 m, and
varied between 2.0 and 2.5 at 300-1,500 m. In the western
subarctic Pacific, H is around 1.6 at the surface, then
mcreases to 2.5 at 500-1,500 m, and decreases below 1,500 m
(Yamaguchi et al., 2002). The general pattern is the species
diversity of copepods tends to be low at the surface, high at
mesopelagic depths, and decrease below 1,000-2,000 m.

The most important factor in the speciation of calanoid
copepods is considered to be the differences in feeding pat-
terns (Ohtsuka and Nishida, 1997). High variability in food
habits in the deep-sea (e.g., phytoplankton aggregates, faecal
pellets, marine snow, giant larvacean houses, dead and living
copepods) has lead to specialized feeding modes in deep-sea
copepods.  For example, Heterorabdus spp. use venom or
anesthetic injection (Nishida and Ohtsuka, 1996), Cephalo-
phanes spp. have an optic system to detect bacterial lumines-
cence (Nishida et al., 2002), Augaptilus spp. have button setae

40 —



Homma et al. : Vertical changes in copepod community

Table4. Mean abundance of dominant calanoid copepod species in each group (A-E), derived from cluster analysis at St. AB in the southern
Bering Sea (cf. Fig. 8¢). Differences between communities were tested by one-way ANOVA.  For each species, the group with
the greatest abundance is underlined.  * : p<0.05, ** : p<0.01, *** : p<0.001, ns : not significant

Group and abundance (log;o[inds. m~+17]) Results of
one-way

Species A B C D E F ANOVA
Calanus marshallae 0.00 0.12 0.18 0.13 0.01 0.74 ns
Cyclopoida 3.63 2.07 0.83 0.47 0.31 19.57 ok
Eucalanus bungii 1.39 0.32 0.00 0.00 0.01 3.68 *
Gaetanus simplex 0.00 0.36 045 0.00 0.002 2.64 ns
Harpacticoida 0.78 0.83 0.00 0.05 0.12 244 ns
Lucicutia ovaliformis 0.00 0.00 0.38 023 0.01 10.23 **
Metridia asymmetrica 0.00 0.00 0.07 0.15 0.09 3.20 ns
Metridia pacifica 257 143 0.76 0.06 0.16 3335 ok
Microcalanus pygmaeus 2.07 2.14 1.17 1.17 0.98 11.75 oxx
Nauplii 346 2.20 1.01 1.09 0.32 10.57 ok
Neocalanus flemingeri 1.06 0.33 0.02 0.03 0.02 4.03 *
Pleuromamma scutullata 0.00 0.21 0.03 0.02 0.00 1.13 ns
Poecilostomatoida 1.79 2.20 043 0.78 0.74 3.12 *
Pseudocalanus mimus 1.65 041 0.00 0.00 0.00 15.00 Hokk
Pseudocalanus minutus 193 0.62 0.07 0.05 0.03 24.5 ook
Pseudocalanus newmani 1.67 0.23 0.00 0.00 0.02 8.37 wk
Pseudocalanus spp. 193 0.20 0.00 0.00 0.00 10.97 Hx
Scolecithricella ovata 0.00 0.08 0.16 0.27 0.02 6.23 *k

Table 5. Mean abundance of dominant calanoid copepod species in each group (A-E), derived from cluster analysis at St. SA in the subarctic
Pacific (cf. Fig. 8f). Differences between communities were tested by one-way ANOVA.  For each species, the group with the
greatest abundance is underlined. * : p<0.05, ** : p<0.01, *** : p<0.001,ns : not significant

Group and abundance (log;o[inds. m~+1]) Results of
one-way

Species A B C D E F ANOVA
Amallothrix paravalida 0.00 0.00 0.02 0.00 0.23 2.74 ns
Amallothrix profunda 0.00 0.00 0.02 048 0.00 9.44 ook
Cyclopoida 340 1.81 0.95 1.28 0.28 8.97 ok
Gaetanus simplex 0.00 027 0.03 0.00 0.00 11.96 Hokr
Harpacticoida 1.94 1.8 0.24 0.00 0.00 4.88 *
Heterostylites major 0.00 0.11 0.14 0.09 0.02 1.96 ns
Lucicutia ovaliformis 0.09 0.12 0.28 0.17 0.00 1.49 ns
Metridia curticauda 0 0.07 0.03 0.70 0.09 14.9 ok
Metridia pacifica 123 1.13 0.26 0.02 0.02 2.8 ns
Nauplii 3.64 2.02 0.76 1.01 0.82 153 woxH
Neocalanus cristatus 145 0.27 0.05 0.05 0.03 40.6 i
Neocalanus flemingeri 114 0.38 0.02 0.00 0.03 3.34 ns
Neocalanus plumchrus 13 0.02 0.01 0.00 0.00 7.58 *%
Paraeuchaeta elongata 0.15 041 0.06 0.02 0.00 4.87 *
Paraeuchaeta rubra 0.00 0.00 0.07 0.03 0.01 3.66 *
Poecilostomatoida 3.11 2.8 1.81 145 1.23 34.66 Aok
Pseudocalanus mimus 042 0.37 0.00 0.00 0.01 1.23 ns
Pseudocalanus minutus 1.08 0.48 0.01 0.00 0.01 6.78 *%
Pseudocalanus spp. 125 0.49 0.01 0.00 0.01 3.6 *
Scolecithricella minor 0.66 0.2 0.02 0.03 0.01 3.26 ns
Scolecithricella ovata 0.00 0.12 0.14 0.22 0.05 1.38 ns
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Percentage composition of four feeding types of copepods in terms of abundance (a) and biomass (b) at St. AB in the south-

ern Bering Sea and at St. SA in the subarctic Pacific (c, d) on 14 and 16 June 2006, respectively.

on their mouthparts (Matsuura and Nishida, 2000), and Scole-
cithricella spp. have specialized setae to detect chemicals
(Nishida and Ohtsuka, 1997).  The decrease in species diver-
sity below 1,000-2,000 m was probably caused by limited
food in the deep sea. Under such conditions it could be dif-
ficult to maintain or sustain specialized feeding modes, which
could cause reduced species diversity.

Yamaguchi et al. (2002) classified the copepod community
into three groups (0-200 m, 200-1,000 m and 1,000-4,000 m)
in the western subarctic Pacific. In the Greenland Sea, Rich-
ter (1994) classified the copepod community into three groups
(0-300 m, 300-1,000 m and 1,000-3,000 m). In the Arctic
Ocean, Auel and Hagen (2002) also identified three groups
(0-300 m, 300-1,000 m and 1,000-3,000 m). Generally,
zooplankton are classified vertically into epipelagic (0-200
m), mesopelagic (200-1,000 m), bathypelagic (1000-3,000 m)
and abyssopelagic (>3,000 m) communities (Vinogradov,
1968). The classifications of the copepod community in the
present study showed additional boundaries at the thermo-

cline (75 m) and at the top of the OMZ (500 m) (Fig. 8c,
f). The vertical separation of the copepod community at the
OMLZ is considered to be a special feature of the Bering Sea
and subarctic Pacific. These two areas are located near the
area where deep water mixes upward due to thermohaline cir-
culation, which intensify the OMZ (Broecker, 1991).

Comparison between Bering Sea and subarctic Pacific

The vertical distribution of suspension feeders in diapause
greatly varied between St. AB in the Bering Sea and St. SA in
the subarctic Pacific. At St. AB, N. flemingeri, N. cristatus
and C. marshallae occurred deep, while at St. SA, the deep
species were E. bungii, P. minutus and C. pacificus (Fig.
5). In the subarctic Pacific, descent occur during May to
July for N. flemingeri (Miller, 1988 ; Tsuda et al., 1999),
between July and August for N. cristatus (Miller et al.,
1984 ; Kobari and Tkeda, 1999), in June for C. marshallae
(Osgood and Frost, 1994), between July and September for E.
bungii (Miller et al., 1984 ; Shoden et al., 2005), and after
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Table 6.  Comparison in copepod abundance (inds. m %) in the Bering Sea (A, D), subarctic Pacific (B, C), and Arabian Sea (E).  Values in the

parentheses indicate composition (%) within the water column.

For regional comparison, ratios between region were calculated.

Region (A) Southern (B) Northern (C) Western (D) Southern (E) Arabian Sea
Bering Sea subarctic Pacific Subarctic Bering Sea
(St. AB) (St. SA) Pacific

Mesh size (um) 60 60 90 330 55

. . Yamaguchi et al. . Bottger-Schnack
References This study This study (2002) Minoda (1972) (1996)

Ratio

Depth (m) A:B:C:D:E
0-250 1,165,990 (84) 1,970,242 (86) 710,725 (74) 99,825 (87) 474,000 (86) 1.6:28:1.0:0.1:0.7
250-1,000 154,106 (11) 230,705 (10) 155,163 (16) 14,953 (13) 75,790 (14) 1.0:14:1.0:0.1:0.5
1,000-3,000 65,920 ( 5) 93,160 ( 4) 89,672 ( 9) 07:10:1.0: -: -

summer for P minutus (Yamaguchi et al., 1998). The pres-
ent study was conducted in June at the onset of dia-
pause. The observed species-specific regional differences in
vertical distribution may have been due to differences in the
timing of the life cycle events of copepods, to differences in
the magnitude and timing of primary production at the surface
layer between St. AB and St. SA, or to both.

The inter-regional differences in vertical distribution of
copepods varied with feeding modes. Regional differences
in vertical distribution were greater in detritivores than in car-
nivores (Fig. 6). Detritivores tend to attach to large detritus,
marine snow and larvacean houses (Steinberg et al., 1994,
1998), which are characterized by uneven heterogeneous dis-
tributions, while carnivores have no such habitat-associated

distribution.  Thus, the uneven and heterogeneous distribu-
tion of large detritus may have induced the large regional dif-
ferences in vertical distribution of detritivores.

A remarkable feature of the copepod communities in the
Bering Sea and subarctic Pacific is that they include special-
ized communities in the OMZ. The indicator species in the
OMZ (500-1,500 m, group C and D) were L. ovaliformis and
S. ovata at St. AB, and H. major; L. ovaliformis, P. rubra, A.
profunda, M. curticauda and S. ovata at St. SA (Tables 4,
S).  Lucicutia ovaliformis and S. ovata were common indica-
tor species of the OMZ at both stations.  Lucicutia species in
the Arabian Sea are known to inhabit the OMZ (Gowing and
Wishner, 1998 ; Wishner et al., 2000 ; Koppelmann and
Weikert, 2005), and Lucicutia species can adapt to the OMZ
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Table 7. Regression statistics for abundance/biomass of copepods on depth at St. AB in the southern Bering Sea and St. SA in the subarctic
Pacific on 14 and 16 June 2006, respectively. Regression models are exponential (Log,, Y=a+bX) and power (Log,, Y=a "+b Log,
X) ones, where Y'is abundance (inds. 1,000 m”) or biomass (ug C m™), X'is depth in m, and @, b, @"and b" are fitted constants.

Exponential model

Unit Station a b r p
Abundance AB 6.30 —9.42x10* 0.67 <0.001
SA 6.60 —1.07x10° 0.78 <0.0001
Biomass AB 3.82 —831x10* 0.75 <0.0001
SA 423 —9.90x10* 0.81 <0.0001
Power model
Unit Station a’ b’ r p
Abundance AB 9.09 —1.40 0.97 <0.0001
SA 9.48 —1.48 0.97 <0.0001
Biomass AB 6.07 —1.15 0.94 <0.0001
SA 6.73 —1.30 091 <0.0001

due to high lactate dehydrogenase activities in the tricarbox-
ylic acid cycle (Thuesen et al., 1998). Thus, the indicator
species in the OMZ may have specialized mechanisms to
adapt to the low DO condition.

Effect on vertical flux of material

The suspension feeders and detritivores were the two dom-
inant feeding modes in terms of abundance throughout the
water column at both stations (99% of the total copepod
abundance) (Fig. 9a, ¢). In terms of biomass, the contribu-
tion of the four feeding modes differed from that expressed by
abundance ; carnivores and suspension feeders in diapause
dominated below 250 m depth (Fig. 9b, d). This difference
in the contribution of each feeding mode between abundance
and biomass was caused by the differences in body size of the
numerically dominant copepods. Most suspension feeders
and detritivores are small (e.g., Cyclopoida, Poecilostoma-
toida and M. pygmaeus [Tables 2, 3]). On the other hand,
carnivores (Paraeuchaeta spp. and Heterorhabdidae) and sus-
pension feeders in diapause (Neocalanus spp. and E. bungii)
are large, so their contribution in terms of biomass increased.

Copepods were estimated to consume 20+13% or 32+19%
(mean+1sd) of the POC flux at St. AB and SA, respectively.
The effect of copepod feeding on the POC flux was greatest
in the upper 100 m (Fig. 10a, ¢). Based on similar methods,
copepods have been reported to consume 38% (Sasaki et al.
1988) or 32% (Yamaguchi et al., 2002) of POC flux in the
western North Pacific. However both of these studies esti-
mated the metabolic rate of copepods by applying an empiri-
cal equation from the epipelagic zone (Ikeda, 1985 ; Ikeda et
al., 2001). Since the metabolic rate of copepods decreases
with increasing depth (Thuesen et al., 1998 ; Ikeda et al.,
2007), ingestion rate estimated by Sasaki et al. (1988) and
Yamaguchi et al. (2002) presumably overestimated the true
values.

In the present study, a new equation was used to estimate

metabolic rates of copepods based on four independent vari-
ables (body mass, habitat temperature, oxygen saturation and
depth, see Ikeda et al., 2007) from epi- to bathypelagic
depths. We also re-calculated respiration rates using the for-
mula for epipelagic copepods reported by Ikeda et al. (2001),
and showed that copepods consume an average of 38+12%
(St. AB) and 58.3+17% (St. SA) of the POC flux, which are
substantially greater than the values (20-32%) calculated
using the newer formula in this study.

The present study examined the effect of ingestion by
copepods on passive POC flux, but did not examine their
active carbon flux (diel and seasonal vertical migra-
tion). Kobari et al. (2008) reported that the active carbon
flux caused by diel vertical migration of M. pacifica (i.e., res-
piration and mortality at depth) was 4-17 mg C m™ day ', and
the active carbon flux by N. cristatus and N. flemingeri onto-
genetic vertical migration was 1,719 mg C m? year'. Ifwe
consider these to be the active carbon fluxes caused by diel
and seasonal vertical migration, the estimated total vertical
carbon flux due to the copepod community is larger than the
values obtained in this study.

As consumers of the POC flux, copepods and heterotrophic
bacteria are important taxa throughout the water column
(Nagata et al., 2000, 2001 ; Koppelmann et al., 2004). In
the present study, the mean fraction of the POC flux con-
sumed by heterotrophic bacteria was 33+12% (mean+sd) at
St. AB and 22+11% at St. SA (Fig. 10b, d). In the subarctic-
subtropical North Pacific, heterotrophic bacteria consume
23-51% of the POC flux throughout the water column
(Nagata et al., 2000, 2001). In the Mediterranean Sea,
19-39% of the POC flux is consumed by heterotrophic bacte-
ria (Tanaka and Rassoulzadegan, 2004). In the present
study, the fraction of bacterial consumption (22-33%) is close
to the values reported in other studies (Fig. 10). Consump-
tion of POC flux by heterotrophic bacteria is supposed by
consumption on labile DOC of solute plume by sinking POC
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(Kierboe and Jackson, 2001).

In the present study, the POC flux in each layer was
assumed to have one of three fates : consumption by cope-
pods, consumption by other organisms (mainly heterotrophic
bacteria), and direct sinking. In the 0-100 m layer at both
stations, copepods were estimated to be the main consumer of
POC, while bacteria were the main consumer of POC at 100-
1,000 m, and the fraction of direct sinking POC increased at
1,000-3,000 m (Fig. 10b, d). These vertical changes in the
main consumers and the fate of POC (copepods at 0-100 m,
heterotrophic bacteria at 100-1,000 m and directly sinking at
1,000-3,000 m) are reasonable from the viewpoint of particle
“repacking”. The increased proportion of direct sinking of
the POC at 1,000-3,000 m suggests that the repeated repack-
ing on POC in shallower water may reduce the nutritional
value of the POC. The rapid decrease of nitrogen (contained
in amino acids) from passive sinking materials is a common
phenomenon in the open ocean (Smith et al., 1992 ; Karl et
al., 1996).

Miller et al. (1984) reported that copepods in diapause were
observed below 250 m in the North Pacific. Conover (1988)
have also reported that the abundance of diapausing N. crista-
tus adult females showed a peak at the depth of 500-1,000
m. In the Bering Sea and the subarctic Pacific, the OMZ
was well developed in deep waters (640-1,500 m at St. AB
and 340-1,230 m at St. SA), and a major part of copepod
populations diapaused in the OMZ. Thus, diapausing cope-
pod populations in OMZ could avoid predation by micronec-
tonic fishes (lanternfish, etc) and maintain their
abundance. However, diapausing copepods above the OMZ
may suffer predation pressure by micronektonic fish, and con-
sequently those micronectonic fishes will play an important
role as food of commercial fish species such as salmon
(Pearcy et al., 1988). Therefore, copepods above the OMZ
presumably support marine ecosystems especially during
autumn and winter when there are no phytoplankton blooms.

Acknowledgments

We thank the captain and crew of T/S Oshoro-Maru for
their kind effort in sampling. This study was supported by
Grant-in-Aid for Scientific Research for Young Scientists (B)
21780173 from the Japan Society for the Promotion of Sci-
ence (JSPS).

References

Angel, M.V. (1989) Does mesopelagic biology affect the vertical
flux ? pp. 155-173, Berger, W.H., Smetacek, V.S. and Wefer, G.
(eds), Productivity of the Ocean : Present and Past, John Wiley
and Sons, New York.

Arashkevich, E.G. (1972) Vertical distribution of different tro-
phic groups of copepods in the boreal and tropical regions of the
Pacific Ocean. Oceanology, 12, 315-325.

45 —

Asahi, H. and Takahashi, K. (2007) Nine-years time-series of
planktonic foraminifer fluxes and environmental change in the
Bering sea and the central subarctic Pacific Ocean, 1990-1999.
Prog. Oceanogr., 72, 343-363.

Auel, H. and Hagen, W. (2002) Mesozooplankton community
structure, abundance and biomass in the central Arctic Ocean.
Mar: Biol., 140, 1013-1021.

Bamstedt, U. (1986) Chemical composition and energy content.
pp. 1-58, Corner, E.D.S. and O’Hara, S.C.M. (eds), The Biolog-
ical Chemistry of Marine Copepods, Clarendon Press, Oxford.

Bottger-Schnack, R. (1996)  Vertical structure of small metazoan
plankton, especially non-calanoid copepods. 1. Deep Arabian
Sea. J. Plankton Res., 18, 1073-1101.

Bray, J.R. and Curtis, J.T. (1957) An ordination of the upland
forest communities of southern Wisconsin.  Ecol. Monogr:, 27,
325-349.

Brodskii, K.A. (1967) Calanoida of the Far Eastern Seas and
Polar Basin of the USSR (in Russian, translated by Israel Pro-
gram for Scientific Translations). Keter Press, Jerusalem.

Broecker, W.S. (1991) The great ocean conveyor. Oceanogra-
Dphy, 4,79-89.

Chiba, S. and Saino, T. (2003) Variation in mesozooplankton
community structure in the Japan/East Sea (1991-1999) with
possible influence of the ENSO scale climatic variability.
Prog. Oceanogr., 57,317-339.

Chiba, S., Ishimaru, T., Hosie, G.W. and Fukuchi, M. (2001)
Spatio-temporal variability of zooplankton community structure
off east Antarctica (90 to 160°E). Mar: Ecol. Prog. Ser., 216,
95-108.

Conover, R.J. (1988) Comparative life histories in the genera
Calanus and Neocalanus in high latitudes of the northern
hemisphere. Hydrobiologia, 167/168, 127-142.

Frost, B.W. (1974)  Calanus marshallae, a new species of cala-
noid copepod closely allied to the sibling species C. finmarchi-
cus and C. glacialis. Mar: Biol., 26, 77-99.

Frost, B.W. (1989) A taxonomy of the marine calanoid copepod
genus Pseudocalanus.  Can. J. Zool., 67,525-551.

Gnaiger, E. (1983) Calculation of energetic and biochemical
equivalents of respiratory oxygen consumption. pp. 337-345,
Gnaiger, E. and Forstner, H. (eds), Polarographic Oxygen Sen-
sors, Springer, Berlin.

Gowing, M.M. and Wishner, K.F. (1998) Feeding ecology of the
copepod Lucicutia aff. L. grandis near the lower interface of the
Arabian Sea oxygen minimum zone. Deep-Sea Res 11, 45,
2433-2459.

Herring, P.J., Fasham, M.J.R., Weeks, A.R., Hemmings, J.C.P.,
Roe, H.S.J., Pugh, PR., Holley, S., Crisp, N.A. and Angel, M. V.
(1998)  Across-slope relations between the biological popula-
tions, the euphotic zone and the oxygen minimum layer off the
coast of Oman during the southwest monsoon (August, 1994).
Prog. Oceanogr., 41, 69-109.

Hokkaido University (2006) Data Record Oceanographic
Observations and Exploratory Fishing no. 49. Faculty of
Fisheries Hokkaido University, Hakodate.

Homma, T. and Yamaguchi, A. (2010) Vertical changes in abun-
dance, biomass and community structure of copepods down to
3,000 m in the southern Bering Sea. Deep-Sea Res I, 57, 965-
977.

Ikeda, T. (1985) Metabolic rates of epipelagic marine zooplank-
ton as a function of body mass and habitat temperature. Mar:
Biol., 85, 1-11.

Ikeda, T. and Motoda, S. (1978) Estimated zooplankton produc-
tion and their ammonia excretion in the Kuroshio and adjacent



Bull. Fish. Sci. Hokkaido Univ. 61(2/3),2011

Seas.  Fish. Bull,, 76,357-367.

Ikeda, T., Kanno, Y., Ozaki, K. and Shinada, A. (2001) Metabolic
rates of epipelagic marine copepods as a function of body mass
and temperature.  Mar: Biol., 139, 587-596.

Ikeda, T., Sano, F. and Yamaguchi, A. (2007) Respiration in
marine pelagic copepods : a global-bathymetric model. Mar:
Ecol. Prog. Ser., 339,215-219.

James, M.R. and Wilkinson, V.H. (1988) Biomass, carbon inges-
tion, and ammonia excretion by zooplankton associated with an
upwelling plume in western Cook Strait, New Zealand. NZJ.
Mar: Freshw. Res., 22, 249-257.

Kaneko, M. (2005) Ecological studies of oncaeid copepods in
the western subarctic Pacific. Master Thesis, Hokkaido Uni-
versity, Hakodate (in Japanese).

Karl, D.M., Christian, J.R., Dore, J.E., Hebel, D.V., Letelier, R.M.,
Tupas, L.M. and Winn, C.D. (1996) Seasonal and interannual
in primary production and particle flux at Station ALOHA.
Deep-Sea Res 11, 43, 539-568.

Katsuki, K. and Takahashi, K. (2005) Diatoms as paleoenviron-
mental proxies for seasonal productivity, sea-ice and surface
circulation in the Bering Sea during the late Quaternary.
Deep-Sea Res 11, 52,2110-2130.

Kierboe, T. and Jackson, G.A. (2001) Marine snow, organic sol-
ute plumes, and optimal chemosensory behavior of bacteria.
Limnol. Oceanogr., 46, 1309-1318.

Kobari, T. and Ikeda, T. (1999) Vertical distribution, population
structure and life cycle of Neocalanus cristatus (Crustacea :
Copepoda) in the Oyashio region, with notes on its regional
variations. Mar: Biol., 134, 683-696.

Kobari, T., Steinberg, D.K., Ueda, A., Tsuda, A., Silver, M.W. and
Kitamura, M. (2008) Impacts of ontogenetically migrating
copepods on downward carbon flux in the western subarctic
Pacific Ocean. Deep-Sea Res 11, 55, 1648-1660.

Koppelmann, R. and Weikert, H. (1992)  Full-depth zooplankton
profiles over the deep bathyal of the NE Atlantic. Mar: Ecol.
Prog. Ser., 86,263-272.

Koppelmann, R. and Weikert, H. (2005) Temporal and vertical
distribution of two ecologically different calanoid copepods
(Calanoides carinatus Kroyer 1849 and Lucicutia grandis Gies-
brecht 1895) in the deep waters of the central Arabian Sea.
Mar: Biol., 147, 1173-1178.

Koppelmann, R. and Weikert, H. (2007) Spatial and temporal
distribution patterns of deep-sea mesozooplankton in the eastern
Mediterranean- indications of a climatically induced shift ?
Mar: Ecol., 28, 259-275.

Koppelmann, R., Horst, W. and Halsband-Lenk, C. (2004)
Mesozooplankton community respiration and its relation to par-
ticle flux in the oligotrophic eastern Mediterranean. Global
Biogeochem. Cycles 18 : DOI10. 1029/2003-GB002121.

Kosobokova, K. and Hirche, H.-J. (2000) Zooplankton distribu-
tion across the Lomonosov Ridge, Arctic Ocean : species
inventory, biomass and vertical structure. Deep-Sea Res. 1, 47,
2029-2060.

Lalli, C.M. and Parsons, T.R. (1993)  Biological Oceanography :
An Introduction.  Pergamon, Oxford.

Longhurst, A.R. (1991) Role of the marine biosphere in the
global carbon cycle.  Limnol. Oceanogr., 36, 1507-1526.

Matsuura, H. and Nishida, S. (2000)  Fine structure of the “button
setae” in the deep-sea pelagic copepods of the genus Euaugap-
tilus (Calanoida : Augaptilidae). Mar: Biol.,, 137,339-345.

Miller, C.B. (1988) Neocalanus flemingeri, a new species of
Calanidae (Copepoda : Calanoida) from the subarctic Pacific
Ocean, with a comparative redescription of Neocalanus plum-

46 —

chrus (Marukawa) 1921.  Prog. Oceanogr., 20,223-273.

Miller, C.B., Frost, B.W., Batchelder, H.P., Clemons, M.J. and
Conway, R.E. (1984) Life histories of large, grazing copepods
in a subarctic ocean gyre : Neocalanus plumchrus, Neocalanus
cristatus, and Eucalanus bungii in the northeast Pacific.  Prog.
Oceanogr, 13,201-243.

Minoda, T. (1971) Pelagic Copepoda in the Bering Sea and the
northern North Pacific with special reference to their vertical
distribution. Mem. Fac. Fish. Hokkaido Univ, 18, 1-74.

Minoda, T. (1972) Characteristics of the vertical distribution of
copepods in the Bering Sea and south of Aleutian Chain, May-
June, 1962. pp. 323-331, Takenouchi, A.Y., Anraku, M., Banse,
K., Kawamura, T., Ishizawa, S., Parsons, T.R. and Tsujita, T.
(eds), Biological Oceanography of the Northern North Pacific
Ocean, Idemitsu Shoten, Tokyo.

Mizdalski, E. (1988) Weight and length data of zooplankton in
the Weddell Sea in austral spring (1986) (ANT V/3). Ber:
Polarforsch., 55, 1-72.

Motoda, S. (1959) Devices of simple plankton apparatus.
Mem. Fac. Fish. Hokkaido Univ.,7, 73-94.

Nagasawa, K., Shiomoto, A., Tadokoro, K. and Ishida, Y. (1999)
Latitudinal variations in abundance of phytoplankton, macro-
zooplankton, salmonids, and other epipelagic fishes in the
Northern Pacific Ocean and Bering Sea in summer.  Bull. Natl.
Res. Inst. Far Seas Fish., 36, 61-68.

Nagata, T., Fukuda, H., Fukuda, R. and Koike, I. (2000) Bacte-
rioplankton distribution and production in deep Pacific
waters : large-scale geographic variations and possible cou-
pling with sinking particle fluxes. Limnol. Oceanogr., 45, 426~
435.

Nagata, T., Fukuda, R., Fukuda, H. and Koike, 1. (2001) Basin-
scale geographic patterns of bacterioplankton biomass and pro-
duction in the subarctic Pacific, July-September 1997. J.
Oceanogr, 57,301-313.

Nishibe, Y. (2005)  The biology of oncaeid copepods (Poecilosto-
matoida) in the Oyashio region, western subarctic Pacific . its
community structure, vertical distribution, life cycle and
metabolism. Ph.D. Thesis, Hokkaido University, Hakodate.

Nishibe, Y. and Ikeda, T. (2008) Metabolism and elemental com-
position of four oncaeid copepods in the western subarctic
Pacific. Mar: Biol., 153,397-404.

Nishida, S. and Ohtsuka, S. (1996) Specialized feeding mecha-
nism in the pelagic copepod genus Heterorhabdus (Calanoida :
Heterorhabdidae), with special reference to the mandibular tooth
and labral glands. Mar: Biol., 126, 619-632.

Nishida, S. and Ohtsuka, S. (1997) Ultrastructure of the mouth-
part sensory setae in mesopelagic copepods of the family
Scolecitrichidae.  Plankton Biol. Ecol., 44, 81-90.

Nishida, S., Ohtsuka, S. and Parker, A.R. (2002) Functional mor-
phology and food habits of deep-sea copepods of the genus
Cephalophanes (Calanoida : Phaennidae) : perception of bio-
luminescence as a strategy for food detection. Mar. Ecol.
Prog. Ser, 227, 157-171.

Ohtsuka, S. and Nishida, S. (1997) Reconsideration on feeding
habits of marine pelagic copepods (Crustacea). Oceanogr.
Japan, 6,299-320 (in Japanese with English abstract).

Onodera, J. and Takahashi, K. (2009) Long-term diatom fluxes
in response to oceanographic conditions at Stations AB and SA
in the central subarctic Pacific and the Bering Sea, 1990-1998.
Deep-Sea Res 1, 56, 189-211.

Osgood, K.E. and Frost, B.W. (1994) Comparative life histories
of three species of planktonic calanoid copepods in Dabob Bay,
Washington. Mar: Biol., 118, 627-636.



Homma et al. : Vertical changes in copepod community

Pearcy, W.G., Brodeur, R.D., Shenker, J.M., Smoker, W.W. and
Endo, Y. (1988) Food habitats of Pacific salmon and steelhead
trout, midwater trawl caches and oceanographic conditions in
the Gulf of Alaska, 1980-1985. Bull. Ocean Res. Inst. Univ.
Tokyo, 26,29-78.

Pennak, R.W. (1943)  An effective method of diagramming diur-
nal movements of zooplankton organisms. Ecology, 24, 405-
407.

Poulsen, L.K. and Kierboe, T. (2006) Vertical flux and degrada-
tion rates of copepod fecal pellets in a zooplankton community
dominated by small copepods. Mar: Ecol. Prog. Ser., 323,
195-204.

Richter, C. (1994) Regional and seasonal variability in the verti-
cal distribution of mesozooplankton in the Greenland Sea.
Ber: Polarforsch., 154, 1-87.

Roe, H.S.J. (1988) Midwater biomass profiles over the Madeira
Abyssal Plain and the contribution of copepods. Hydrobiolo-
gia, 167/168, 169-181.

Sameoto, D.D. (1986) Influence of the biological and physical
environment on the vertical distribution of mesozooplankton
and micronekton in the eastern tropical Pacific. Mar: Biol., 93,
263-279.

Sasaki, H., Hattori, H. and Nishizawa, S. (1988) Downward flux
of particulate organic matter and vertical distribution of calanoid
copepods in the Oyashio Water in summer. Deep-Sea Res 35,
505-515.

Schnack-Schiel, S.B., Michels, J., Mizdalski, E., Schodlok, M.P.
and Schroder, M. (2008) Composition and community struc-
ture of zooplankton in the sea ice-covered western Weddell Sea
in spring 2004-with emphasis on calanoid copepods. Deep-
Sea Res II, 55, 1040-1055.

Shannon, C.E. and Weaver, W. (1949)  The Mathematical Theory
of Communication. The University of Illinois Press, Urbana.
Shimode, S., Toda, T. and Kikuchi, T. (2006) Spatio-temporal
changes in diversity and community structure of planktonic

copepods in Sagami Bay, Japan. Mar: Biol., 148, 581-597.

Shoden, S., Ikeda, T. and Yamaguchi, A. (2005)  Vertical distribu-
tion, population structure and life cycle of Eucalanus bungii
(Copepoda : Calanoida) in the Oyashio region, with notes on
its regional variations. Mar: Biol., 146, 497-511.

Smith, D.C., Simon, M., Alldredge, A.L. and Azam, F. (1992)
Intense hydrolytic enzyme activity on marine aggregates and
implications for rapid particle dissolution. Nature, 359, 139-
141.

Sorokin, Y.I. (1999) Data on primary production in the Bering
Sea and adjacent Northern Pacific. J. Plankton Res., 21, 615-
636.

Steinberg, D.K., Silver, M.W., Pilskaln, C.H., Coale, S.L. and Pad-
uan, J.B. (1994) Midwater zooplankton communities on
pelagic detritus (giant larvacean houses) in Monterey Bay,
California.  Limnol. Oceanogr., 39, 1606-1620.

Steinberg, D.K., Pilskaln, C.H. and Silver, M.W. (1998) Contri-
bution of zooplankton associated with detritus to sediment trap
‘swimmer’carbon in Monterey Bay, California, USA. Mar:
Ecol. Prog. Ser., 164, 157-166.

Suess, E. (1980) Particulate organic carbon flux in the oceans
surface productivity and oxygen utilization.  Nature, 288, 260-263.

47 —

Svensen, C. and Nejstgaard, J.C. (2003) Is sedimentation of
copepod faecal pellets determined by cyclopoids? Evidence
from enclosed ecosystems. J. Plankton Res., 25, 917-926.

Takahashi, K., Fujitani, N., Yanada, M. and Maita, Y. (2000)
Long-term biogenic particle fluxes in the Bering Sea and the
central subarctic Pacifc Ocean 1990-1995.  Deep-Sea Res 1,
47, 1723-1759.

Takahashi, K., Fujitani, N. and Yanada, M. (2002) Long term
monitoring of particle fluxes in the Bering Sea and the central
subarctic Pacific Ocean, 1990-2000. Prog. Oceanogr., 55,
95-112.

Tanaka, S. and Takahashi, K. (2008) Detailed vertical distribu-
tion of radiolarian assemblage (0-3,000 m, fifteen layers) in the
central subarctic Pacific, June 2006. Mem. Fac. Sci. Kyushu
Univ. Ser: D Earth Planet. Sci., 32, 49-72.

Tanaka, T. and Rassoulzadegan, F. (2004) Microbial community
structure and function in the Levantine Basin of the eastern
Mediterranean.  Deep-Sea Res I, 51, 531-544.

Terazaki, M. and Tomatsu, C. (1997) A vertical multiple opening
and closing plankton sampler. J. Adv. Mar. Sci. Tech. Soc., 3,
127-132.

Terazaki, M. and Wada, M. (1988)  Occurrence of large numbers
of carcasses of the large, grazing copepod Calanus cristatus
from the Sea of Japan. Mar: Biol., 97, 177-183.

Thuesen, E.V,, Miller, C.B. and Childress, J.J. (1998) Ecophysi-
ological interpretation of oxygen consumption rates and enzy-
matic activities of deep-sea copepods. Mar: Ecol. Prog. Ser.,
168, 95-107.

Tsuda, A., Saito, H. and Kasai, H. (1999) Life history of Neo-
calanus flemingeri and Neocalanus plumchrus (Calanoida :
Copepoda) in the western subarctic Pacific. Mar: Biol., 135,
533-544.

Uye, S., Aoto, 1. and Onbé¢, T. (2002) Seasonal population
dynamics and production of Microsetella norvegica, a widely
distributed but little studied marine planktonic harpacticoid
copepod. J. Plankton Res., 24, 143-153.

Vinogradov, M.E. (1968) Vertical Distribution of the Oceanic
Zooplankton.  Academy of Science of the USSR, Institute of
Oceanography (in Russian, translated by Israel Program for
Scientific Translations), Keter Press, Jerusalem.

Wheeler, E.H. Jr (1967) Copepod detritus in the deep sea.
nol. Oceanogr., 12, 697-701.

Wishner, K.F., Gowing, M.M. and Gelfman, C. (2000) Living in
suboxia : Ecology of an Arabian Sea oxygen minimum zone
copepod.  Limnol. Oceanogr., 45, 1576-1593.

Yamaguchi, A. (1999) Life cycle of several small boreal cope-
pods neighboring waters in Japan (in Japanese). Ph.D. The-
sis, Hokkaido University, Hakodate.

Yamaguchi, A., Ikeda, T. and Shiga, N. (1998) Population struc-
ture and life cycle of Pseudocalanus minutus and Pseudocala-
nus newmani (Copepoda : Calanoida) in Toyama Bay, Japan
Sea. Plankton Biol. Ecol., 45, 183-193.

Yamaguchi, A., Watanabe, Y., Ishida, H., Harimoto, T., Furusawa,
K., Suzuki, S., Ishizaka, J., Ikeda, T. and Takahashi, M.M.
(2002) Community and trophic structures of pelagic copepods
down to greater depths in the western subarctic Pacific (WEST-
COSMIC). Deep-Sea. Res. I, 49, 1007-1025.

Lim-



