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Abstract

Increasing numbers of Pacific copepods are being transported from the Bering Sea to the Arctic Ocean, so there is clear
potential to affect the structure and composition of the Arctic food web. We investigated the grazing impacts of Arctic and
Pacific copepods in the western Arctic Ocean using shipboard experiments during autumn. Ingestion rates for both Arctic and
Pacific species were low and linked to low food availability. The ingestion rates varied with species, but were not related to
chlorophyll a. The maximum ingestion rates calculated by the Michaelis-Menten equation were higher in the Arctic species
(3.6% body carbon day ') than in the Pacific species (0.10% body carbon day ). The community grazing impacts were
0-0.57% remove day ', and the Pacific copepods contributed 0.1-17% for this parameter. Even if Pacific copepods are trans-
ported into the Arctic Ocean and ingest the natural protist assemblage, their impact is spatially and seasonally limited, and, at
present, Pacific copepods are unlikely to cause a shift in the protist biomass of the western Arctic Ocean during autumn.
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Introduction

Zooplankton are secondary producers in the marine eco-
system of the western Arctic Ocean and are an important food
resource for fishes and marine mammals (Lowry et al., 2004 ;
Nakano et al., 2016). In the western Arctic Ocean, the
mesozooplankton biomass is dominated by Arctic copepods,
especially Calanus glacialis, Calanus hyperboreus, Metridia
longa and Pseudocalanus spp. Pacific copepods, including
Calanus marshallae, Neocalanus cristatus, Neocalanus flem-
ingeri, Neocalanus plumchrus, Eucalanus bungii and
Metridia pacifica, are also abundant in the Chukchi Sea
owing to the inflow of Pacific water through the Bering Strait.
The Pacific water is a mixture of Anadyr water, Bering Shelf
water and Alaskan Coastal water (Coachman et al., 1975).
Because the origin of Pacific copepods is different from these
waters, the spatial distribution of the zooplankton community
structure is indicative of water masses in the Chukchi Sea

(Hopcroft et al., 2010 ; Ershova et al., 2015a ; Pinchuk and
Eisner, 2017).

The shelf region of the western Arctic Ocean is shallow (ca.
50 m depth), and almost all of the primary production in the
water column sinks to the sea floor without removal by zoo-
plankton (Grebmeier et al., 1988). In recent years, the
inflow of Pacific water from the Bering Sea into the western
Arctic Ocean has increased, based on mooring observations
in the Bering Strait (Woodgate et al., 2010, 2012). This
water transports not only heat flux but also Pacific copepods,
facilitating the northward shift of zooplankton and increases
the abundance of Pacific copepods in Arctic waters (Matsuno
et al., 2011 ; Nelson et al., 2014 ; Ershova et al., 2015b).
The abundance of Pacific copepods increased slightly from
1946 to 2012 (Ershova et al., 2015b), and Pacific copepod
abundance in southern areas of the Chukchi Sea has increased
almost 10-fold in recent years (Matsuno et al., 2011). The
grazing impact and effect on protist diversity of this changing
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zooplankton community are poorly understood.

For herbivorous zooplankton, the proportion (%) of pri-
mary production that is grazed by zooplankton is known as
the daily ration and is a useful parameter for measuring the
impact of zooplankton grazing on the phytoplankton commu-
nity. In the Chukchi Sea, studies have shown that mesozoo-
plankton and microzooplankton each graze 22% of primary
production, while the remainder of the production is removed
from the upper layers of the ocean by passive settling (Camp-
bell et al., 2009 ; Sherr et al., 2009). The feeding prefer-
ences of zooplankton grazers may influence the diversity of
the prey communities (protists) as individuals might graze on
specific species (Porter, 1973) or on cells of certain sizes (Wil-
son, 1973). For example, sub-Antarctic and Arctic cope-
pods are known to prefer dinoflagellates and ciliates over
diatoms (Atkinson, 1996 ; Campbell et al., 2009, 2016), pos-
sible due to a shortage of suitable phytoplankton prey.

Around the western Arctic Ocean, a few studies have
investigated zooplankton grazing : for Arctic copepods
(Calanus glacialis, Calanus hyperboreus, and Metridia
longa) ; small copepods (Pseudocalanus spp.) in the Chuk-
chi Sea (Campbell et al., 2009) ; and for Arctic copepods
(Calanus spp.), small copepods (Pseudocalanus spp.), Pacific
copepods (Metridia pacifica, Eucalanus bungii, Neocalanus
cristatus and Neocalanus spp.) and krill (Thysanoessa raschii
and T inermis) in the Bering Sea (Campbell et al., 2016).
However, there is no information regarding the grazing activ-
ity (ingestion rates and food selectivity) of Pacific copepods
transported into the Arctic Ocean. This information is
important, particularly when evaluating the impact on the
zooplankton community of climate change. In this study,
we evaluate the ingestion rates and grazing impacts of Arctic
and Pacific copepods in the western Arctic Ocean during
autumn using ship-based grazing experiments.

Materials and Methods
Field sampling and grazing experiments

Zooplankton net sampling and copepod grazing experi-
ments were conducted at 11 stations in the western Arctic
Ocean (Fig. 1) from 4 September to 12 October, 2010,
onboard the R/V Mirai. Fresh zooplankton were collected
by vertical towing of a ring net (mouth diameter 80 cm, mesh
size 335 pm) from 150 m depth to the surface or from 5 m
above the seafloor at stations where the water depth was less
than 150 m. The towing speed of the net was 0.5m s to
reduce damage to live copepods. After collection, actively
swimming copepods were picked immediately and placed in
filtered seawater from the sampling site. The species and
stages used in the experiments were the Arctic copepods
Calanus glacialis C5, C. hyperboreus CO6F and Metridia
longa C6F ; and the Pacific copepods Neocalanus cristatus
C5, N. flemingeri C5, N. plumchrus C5 and Eucalanus bungii

160'W

Fig. 1.  Locations of stations (closed dots) in the western Arctic
Ocean sampled from 4 September to 12 October 2010.
At St. 151 (open dot), only chlorophyll ¢ data were col-
lected.

C6F. Additionally, we also sorted the copepods from the
remaining aliquot of the fresh samples to measure of individ-
ual dry weights. The sorted specimens were rinsed with
Milli-Q water, placed into preweighed aluminum pans, and
stored in a freezer at —20°C. At the same stations, we also
collected zooplankton samples by vertical hauls with a NOR-
PAC net (mouth diameter 45 cm, mesh size 335 pum). These
samples were immediately preserved with 5% buffered for-
malin for later analyses of abundance. The volume of water
filtered through the net was estimated using a flowmeter
mounted in the mouth of the net. At each site, temperature
and salinity were measured by CTD (Sea-Bird Electronics
Inc., SBE 911 Plus) casts. Seawater for the grazing experi-
ments was collected from the maximum fluorescence layer
(13.7-48 m, mean depth 30 m) using a rosette multisampler
mounted on the CTD. The water samples were filtered
through 200 pum mesh to remove copepods from the water
used in the grazing experiments. Measurements of size-
fractionated (>20, 2-20, and <2 pm) chlorophyll a (chl.a)
concentrations in the water used for grazing trials were per-
formed with a fluorometer (Turner Designs, Inc., 10-AU).
Finally, to determine the abundance of the protist community
initially present in waters used in the grazing trials, 1 L of
water was collected and preserved with 1% glutaraldehyde at
every station except station 151.

Copepods were acclimated for approximately one hour at
1-3°C, and then actively swimming animals were selected for
tests. The copepods were placed into 0.6 or 2.4 L polycar-
bonate bottles filled with the same water as the size-fraction-
ated chl.a sample from the chlorophyll maximum layer, and
the bottles were sealed with parafilm to prevent the formation
of air bubbles on the insides of the bottles. The numbers of
copepods used in each experimental bottle were adjusted
based on bottle size (Table 1). These handling procedures
were completed within two hours of net sampling.

During each experiment, control bottles filled with the

94 —
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Table 1. Summary of grazing experiments in the western Arctic Ocean from 4 September to 12 October 2010.
Chlorophyll a is showing initial value of the grazing experiment.

Station Species/stage Chla Specimen Bottle Numbers per ~ Abundance at ~ Abundance of
(ug L™ numbers volume liter each stage all stages
(mL) (ind. m™) (ind. m™)
1 C. glacialis C5 0.74 1-3 600 1.7-5.0 484 158.8
1 C. glacialis C5 0.74 10-30 2,380 4.2-12.6 48.4 158.8
1 N. flemingeri C5 0.74 1-3 600 1.7-5.0 5.4 5.4
1 N. flemingeri C5 0.74 3-9 2,380 1.3-3.8 5.4 5.4
12 C. glacialis C5 1.13 10-30 2,380 4.2-12.6 86.2 105.3
12 N. cristatus C5 1.13 4-6 2,380 1.7-2.5 1.4 1.4
12 E. bungii C6F 1.13 10-30 2,380 4.2-12.6 9.0 180.6
18 C. glacialis C5 0.21 10-30 2,380 4.2-12.6 4.7 174.3
18 M. longa C6F 0.21 1-3 600 1.7-5.0 1.9 7.5
28 C. glacialis C5 0.52 3-9 600 5.0-15.0 78.8 156.6
28 C. hyperboreus C6F 0.52 1-3 600 1.7-5.0 0.5 0.5
28 N. cristatus C5 0.52 1-3 600 1.7-5.0 0.9 0.9
28 N. plumchrus C5 0.52 2-6 600 3.3-10.0 0.5 0.5
48 C. glacialis C5 0.25 1-3 600 1.7-5.0 5.0 20.4
48 M. longa C6F 0.25 1-3 600 1.7-5.0 6.4 11.4
87 C. glacialis C5 4.12 1-3 600 1.7-5.0 75.1 258.1
87 N. flemingeri C5 4.12 1-3 600 1.7-5.0 0.8 0.8
105 C. glacialis C5 0.81 1-3 600 1.7-5.0 1.7 14.9
121 C. glacialis C5 0.66 1-3 600 1.7-5.0 8.7 28.1
121 C. hyperboreus CO6F 0.66 1-3 600 1.7-5.0 0.2 0.2
121 M. longa C6F 0.66 1-3 600 1.7-5.0 1.4 14.2
125 C. glacialis C5 0.32 2-6 2,380 0.8-2.5 15.3 443
125 C. hyperboreus C6F 0.32 1-3 2,380 0.4-1.3 0.5 1.0
125 M. longa C6F 0.32 2-6 2,380 0.8-2.5 0.5 153
151 C. glacialis C5 0.43 1-3 600 1.7-5.0 10.3 14.5
151 N. flemingeri C5 0.43 1-3 600 1.7-5.0 0.5 0.5
170 C. glacialis C5 1.13 1-3 600 1.7-5.0 19.5 19.5
170 N. plumchrus C5 1.13 1-3 600 1.7-5.0 1.4 1.4

same water source as the experimental bottles were used to
estimate natural changes in protist assemblages and abun-
dances during the incubation period. Three replicates of
both the experimental and control bottles were prepared and
incubated for 24 hours in an on-deck incubation system with
continuously flowing seawater to maintain ambient water
temperatures. The bottles were not fixed in the on-deck
incubation system, which provided natural mixing of the pro-
tists in the experimental bottles via ship movement. The
incubation system was artificially shaded to adjust the light
intensity to match that where the incubation water was col-
lected. After the incubation, dead copepods were removed
and counted. Size-fractionated chl.a was measured for the
controls and experimental bottles using the method described
above. For experiments using the larger (2.4 L) experimen-
tal bottles, with the exception of St. 125 (Table 1), 1 L of the
postgrazing water was preserved with 1% glutaraldehyde for
three stations (e.g., St. 1, 12 and 18) to assess grazing selectiv-

ity on microzooplankton species.

Sample analyses

The NORPAC net samples were used to identify and count
of the copepods under a stereomicroscope (Nikon SMZ1000-
BD, x 0.8-8.0 magnification). Calanoid copepods were
identified to species and copepod stage.  For species identifi-
cation of the calanoid copepods, we referred to Frost (1974)
for Calanus spp. and to Miller (1988) for Neocalanus spp.
From the data counts, we calculated abundances (ind. m™ or
ind. m?) of the dominant species using the filtered water vol-
ume and net towing depth.

To determine the dry weights of the dominant copepods,
the frozen individual samples were freeze-dried (Tokyo Rika
Inc., FDU 540). Dry weights (mg ind.”") were measured
(£1 pg) with a microbalance (Mettler Toledo MTY).

For initial and postgrazing water, the 1 L preserved (1%
glutaraldehyde) samples were stored on a stone table for more
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than 1 day to allow the protist cells to settle to the bottoms of
the bottles. Then, the samples were concentrated to 20 mL
using a siphon.  Subsamples (0.1-0.5 mL, depending on the
cell density in the subsample) were mounted on glass micro-
scope slides, and diatoms and ciliates were counted and iden-
tified to the species level under an inverted microscope with
40-600x magnification. Because the maximum magnifica-
tion was 600x, protists larger than 10 um were included in
this study. Species were identified to the lowest possible
level (species or genus). For species identification, we
referred to Hasle and Syvertsen (1997) and Hoppenrath et al.
(2009) for diatoms ; and to Maeda (1997) and Taniguchi
(1997) for ciliates. For observation of dinoflagellates, part
of each subsample was stained with Calcofluor (1 mg mL™)
and examined under an epifluorescence microscope (Nikon
TE-200EF) with UV light excitation. ~Species identification
of dinoflagellates followed Fukuyo et al. (1997) and Hoppen-
rath et al. (2009). For other taxa (silicoflagellates and
chrysophytes), species identification followed Throndsen
(1997) and Toriumi (1997).

Data analysis

Based on the size-fractionated chl.a of initial, control and
grazing experiment waters, growth rates (k), clearance rates (F,
mL ind.”" day™') and ingestion rates (I, ng chl.a ind.”" day™")
were calculated using the following equations (Frost, 1972) :

kt=n(C./C)) 1)
ke =In(CJ/Cp) 2
F=V*(k-k)Z 3)
1= F*Cy((e"-1)/k) “

where C, is the average chl.a in the experimental samples, C,
is the average chl.a in the control samples, C, is the initial
chl.a, V is the volume of the experimental bottle, and Z is the
number of individuals incubated.

Conversion from dry weight of copepods (mg ind.) to
carbon biomass (ug C ind.™") was based on published equa-
tions. The equations were applied for C. glacialis from For-
est et al. (2011) and for the other copepods (E. bungii, N.
cristatus and N. flemingeri) from Ueda et al. (2008). To cal-
culate the weight-specific clearances (mL pugC™"' day ') and
ingestion rates (% body carbon day ), the individual carbon
weights (ugC ind. ") and C : chl-a ratios (30 were empiri-
cally determined for this region) were used from reference
(Sherr et al., 2003). The relationships described by the
Michaelis-Menten equation were fitted to the data with curve
fitting routines :

E(Vmax*C)(Km+C) )

where [ is the ingestion rate (% body carbon day ), Vmax is
the maximum ingestion rate, Km is the food concentration at
which the ingestion rate is half of Vmax, and C is the food
concentration in terms of chlorophyll a.

To clarify the factors governing the weight-specific clear-
ances and ingestion rates, we performed an analysis of covari-
ance (ANCOVA) using StatView v5 with the experimental
copepod species and initial chl.a concentrations as indepen-
dent variables.

For samples from St. 1, 12 and 18, protist abundances (cells
L") were determined on pre- and postgrazing experiments
following the methods outlined above. To convert the abun-
dance to carbon biomass, we referred to the database for dia-
toms for each species (Leblanc et al., 2012).  For calculating
biomasses of dinoflagellates and ciliates, the size of each spe-
cies was measured, and cell volumes were calculated using
the equations of Sun and Liu (2003), and the carbon biomass
was then expressed using allometric equations for each taxon
group (Menden-Deuer and Lassard, 2000). Based on the
biomass, the proportions of the microzooplankton in the diet
and prey fields were calculated.

Total biomass (mgDM m ) for each copepod species was
calculated using the abundance (ind. m ™) for each copepodite
stage from the NORPAC net samples multiplied by the indi-
vidual dry weight (mg ind.™), as provided by references
(Conover and Huntley, 1991 ; Ashjian et al., 2003 ; Kobari
et al., 2003, 2008 ; Lane et al., 2008) and from unpublished
data from the western Arctic Ocean. Eventually, the grazing
impacts (ng chl.a m day ') and removal percentages (%
remove day ') of chlorophyll were estimated by multiplying
the biomass (mgDM m) and ingestion rates (ng chl.a
mgDM ' day ) for each species.

Results
Food conditions in grazing experiment

Total chlorophyll a concentrations ranged between 0.21
and 4.12 ug L™ (0.94+1.10), and were low in the basin region,
and high in the shelf region of the Chukchi Sea, especially
around Barrow Canyon (St. 87) (Table 1).  For size-fraction-
ated chl.a, the small-size class (<2 pum) dominated at nearly
all stations, although the proportion of the large-size class
(>20 um) increased for the off-Barrow stations (Fig. 2a).
Protist community compositions varied latitudinally : dino-
flagellates were abundant around the Bering Strait, diatoms
dominated in the shelf region, and ciliates and dinoflagellates
were dominant in the basin region (Fig. 2b). A larger por-
tion of the biomass than of the abundance of ciliates and dino-
flagellates composed (Fig. 2¢).

Clearance and ingestion rates by size fractions

Clearance rates by the experimental copepods varied
between size fractions, with almost all of the values being
positive for the >20 and <2 um fractions, while 71% (=20/28)
of values were negative for the 2-20 um fraction (Figs. 3a, b,
¢). The ANCOVA revealed significant relationships between
the total clearance rates and species (p<0.01) and the interac-
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Fig. 2.  Spatial distributions of size-fractionated chlorophyll « (a),
microplankton abundance (b) and microplankton bio-
mass (c) in the western Arctic Ocean from 4 September
to 12 October 2010.  Circle sizes indicate the magnitude
of each value.

tions (p<0.01) of species and chl.a (Table 2).

Ingestion rates were similar to clearance rates : positive
values were shown for the >20 and <2 pum fractions, while
75% (=21/28) of values were negative for the 2-20 pm frac-
tion (Fig. 4a, b, ¢). From the fit of the Michaelis-Menten
equation, the ingestion rates of M. longa were higher than

Table 2. Results of ANCOVA on clearance and ingestion
rates with species and chl.a in the western Arctic
Ocean from 4 September to 12 October 2010.

Paremeter d.f. SS F-value p-value

Clearance rate

Species 6 0.473 6.1 o
Chl.a 1 0.031 2.4 NS
Speciesxchl.a 6 0.36 4.6 o
Error 14 0.182 - -
Ingestion rate

Species 6 0.088 5.6 o
Chl.a 1 0.014 53 NS
Speciesxchl.a 6 0.1 6.4 o
Error 14 0.037 - -

those of C. glacialis. Additionally, the ingestion rates of the
Arctic species (including C. glacialis, C. hyperboreus and M.
longa) were higher than those of the Pacific species (including
Eucalanus bungii, Neocalanus cristatus, N. flemingeri, and N.
plumchrus). In particular, the Vmax values for Arctic and
Pacific copepods were 3.6% body carbon day ' and 0.10%
body carbon day ', respectively. The ANCOVA also
detected similar results to those for clearance rates (Table 2).

Prey preferences in microzooplankton

The proportions of microzooplankton in the field varied
with the location of each station (Fig. 2). For C. glacialis, N.
cristatus and E. bungii, the proportions of microzooplankton
in the diets were slightly higher than in the field, but a signifi-
cant difference was not detected due to large standard devia-
tions (Fig. 5). However, N. flemingeri showed a significant
preference for microzooplankton as prey (U-test, p<0.05).

Comparison of grazing impacts among the species

The grazing impacts and removal percentages based on
total chl.a for each species are shown in Table 3.  These val-
ues varied greatly depending on stations and species (Table 3).
For the mean removal percentages for each species, the Arctic
copepod C. glacialis showed the highest (0.080+0.17%
remove day ), followed by the Pacific copepod N. flemingeri
(0.01440.024% remove day '), and the Arctic copepod M.
longa (0.013£0.013% remove day ). However, there were
no significant differences among the species for removal per-
centages and grazing impacts (one-way ANOVA, p=0.82-
0.83). Additionally, the comparisons between Arctic and
Pacific copepods on the removal percentages and grazing
impacts were not significantly different (p=0.29-0.30)

Discussion
Food selectivity by copepods

Several methods are used to measure the ingestion rates of
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zooplankton (Bamstedt et al., 1991). While the methods
employing bottle incubations require considerable effort for
sample analysis, they have the advantage of enabling the
evaluation of food selectivity by zooplankton (Atkinson,
1996). Considering their prey preferences, copepods gener-
ally prefer microzooplankton (Atkinson, 1996 ; Campbell et
al., 2009). In this study, almost all copepods exhibited no
food selectivity except N. flemingeri because of large varia-
tions in the food conditions. This means that the Pacific
copepods can graze microzooplankton assemblages more
efficiently than the Arctic species, which means that the
Pacific species have the potential to change the microzoo-
plankton community in the western Arctic Ocean during
autumn. However, N. flemingeri feeds nonselectively on all
prey items during spring in the eastern Bering Sea (Campbell
et al., 2016). To obtain more accurate evaluations for food
selectivity of the species, more experiments are needed in the
Arctic during different seasons.

On the other hand, many species were not consumed by
copepods. Concerning the ingestion rates based on size-
fractionated chl.a, almost all values in the 2-20 pm fraction
were negative, which could be an illustration of a trophic cas-

cade-effect (cf. Carpenter et al., 1985). In this case, meso-
zooplankton grazed selectively on microzooplankton, which
decreased the abundance of microzooplankton and led to an
increase in the 2-20 pm fraction, as it was released from graz-
ing pressure by the microzooplankton. As an explanation,
extremely low food concentrations during the grazing experi-
ments might have caused the high 2-20 um fraction, but
unfortunately, we could not determine the case.

Grazing impacts and effects on the protist community

Taxa-specific maximum ingestion rates generally followed
allometric theory, with Arctic copepods having higher feeding
rates than Pacific copepods. This was not surprising as all
Pacific species were thought to be just before or in the dia-
pause phase (e.g., Miller et al., 1984), while the Arctic cope-
pod M. longa does not have a clear diapause phase (Bamstedt
and Ervik, 1984 ; Grenvik and Hopkins, 1984).

Considering the grazing impacts by the copepods on chlo-
rophyll a, we found that the removal percentages varied
greatly with sampling stations and species. According to
Campbell et al. (2016), grazing impacts (i.e., % remove per
day on chl.a) in the eastern Bering Sea during spring are
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in the western Arctic Ocean from 4 September to 12
October 2010.  *: p<0.05.

related to zooplankton biomass but not to chl.a or to primary
production. Such a relationship was not detected in the
Chukchi Sea during spring and summer by Campbell et al.
(2009), but in our study in the western Arctic Ocean during
autumn, the relationships between copepod biomass and their

grazing impacts were significantly positive (+’=0.373,
p<0.0001). Important factors that could affect grazing by
copepods include feeding behavior, food quality and feeding
history of the copepods (Bamstedt et al., 1991). Thus, the
combination of the grazing impacts from different seasons
may cause the relationship between biomass and grazing
impact to be unclear because of the differences in physiologi-
cal status of copepods and their foods among the seasons.

We calculated the community grazing impacts by integrat-
ing all population grazing impacts at each station but could
not assess the entire community grazing impact on the protist
community because the six species of copepods examined in
this study did not include all species in the study area (cf.
Matsuno et al., 2012). However, the community grazing
impacts of our results (0-0.57% remove day ') at each station
were similar to the reported value in spring (0.6), and lower
than that in summer (5.1) (Campbell et al., 2009). Removal
rate have been reported to be 2.7% day ' in the eastern Bering
Sea during spring (Campbell et al., 2016) and less than 2.5%
day ' in the Atlantic sector in the Southern Ocean during sum-
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Table 3. Clearance rate, ingestion rate, and grazing impact for each species on chl.a in the western Arctic Ocean from 4 September
to 12 October 2010.

Station Species Clearance Clearance rate Ingestion Ingestionrate Chla Total Total Grazing Grazing
rate (ml (ml pgC™" rate (ngchl.a (ngchla (mgm”) abundance biomass impact (ng impact (%
mgDM™! day ™) mgDM™! ugC™! (ind. m®) (mgDM  chlam™®  remove

day™) day™) day™) m’ day™) day™)
Arctic copepods

St.1 C. glacialis 169.20 0.33 66.31 0.13 0.74 158.77 58.69 3,891.86 0.52

St.12  C. glacialis 1.49 0.0026 0.79 0.0014 1.13 105.34 66.70 52.46 0.0047

St.18  C. glacialis 41.16 0.074 8.20 0.015 0.21 174.31 17.45 143.05 0.067

St28  C. glacialis 30.97 0.056 15.04 0.027 0.52 156.60 68.85 1,035.84 0.20

St48  C. glacialis 47.76 0.088 10.37 0.019 0.25 20.43 6.53 67.72 0.027

St.87  C. glacialis 18.20 0.032 73.03 0.13 4.12 258.12 88.03 6,428.18 0.16

St.105  C. glacialis —6.97 —0.012 —5.56 —0.010 0.81 14.86 3.76 -20.90 —0.0026

St.121  C. glacialis 18.34 0.033 11.12 0.020 0.66 28.13 9.34 103.86 0.016

St.125  C. glacialis —50.86 —-0.092 —-16.05 —-0.029 0.32 44.32 17.61 —282.79  —0.088

St.151 C. glacialis 7.14 0.013 2.59 0.0047 0.43 14.46 8.43 21.87 0.0051

St.170 C. glacialis —-16.22 —0.029 —-18.76 —0.034 1.13 19.48 14.67 —275.17  —0.024

St28  C. hyperboreus 4.12 0.0063 2.07 0.0032 0.52 0.47 1.70 3.52 0.00068

St.121  C. hyperboreus 4.51 0.0068 2.76 0.0042 0.66 0.24 0.88 2.42 0.00037

St.125  C. hyperboreus —28.68 —0.042 -9.29 -0.014 0.32 0.95 1.79 -16.59  —0.0052

St.18 M. longa 79.81 0.16 16.30 0.032 0.21 7.54 1.61 26.23 0.012

St.48 M. longa 96.37 0.19 23.01 0.046 0.25 11.35 3.43 78.85 0.031

St.121 M. longa 68.25 0.13 41.61 0.082 0.66 14.18 1.50 62.44 0.0095

St.125 M. longa 0.57 0.0011 0.37 0.00074 0.32 15.25 2.00 0.74 0.00023

Pacific copepods

St.12  E. bungii 422 0.027 4.23 0.027 1.13 180.58 27.04 114.33 0.010

St.151 E. bungii —98.01 —0.62 —40.37 -0.25 0.43 0.47 0.02 -0.92  —0.00022

St.170  E. bungii 25.94 0.16 25.54 0.16 1.13 5.57 4.13 105.62 0.0093

St.12  N. cristatus —5.49 —0.013 -5.30 —0.013 1.13 1.37 6.96 —36.88  —0.0033

St28  N. cristatus 11.01 0.026 5.27 0.013 0.52 0.93 4.75 25.03 0.0048

St.1 N. flemingeri 186.70 0.30 71.53 0.12 0.74 5.38 4.39 314.16 0.042

St.87  N.flemingeri =7.57 —0.012 -31.70 —0.051 4.12 0.78 0.22 —6.89  —0.00017

St.151 N. flemingeri 26.51 0.043 10.03 0.016 0.43 0.47 0.38 3.82 0.00089

St28  N. plumchrus 15.02 0.040 7.34 0.020 0.52 0.09 0.06 0.46 0.000089

St.170  N. plumchrus 35.46 0.095 33.30 0.090 1.13 0.28 0.19 6.27 0.00055

mer (Atkinson, 1996). Therefore, our results suggest that
the grazing impacts of copepods on phytoplankton biomass
(chlorophyll @) are small or nearly zero in the western Arctic
Ocean during autumn.

The large variability in the grazing impacts of Arctic cope-
pods arose from regional differences in abundances of C. gla-
cialis, which are high over the shelf and low in the basin
(Matsuno et al., 2012). In the western Arctic region, a
decrease in sea ice cause increased in Pacific water inflow and
results in increased inflow of Pacific copepods (Matsuno et
al., 2011 ; Ershova et al., 2015b). Copepods transported
from the Pacific could affect the protist in the Arctic and com-
pete with endemic copepod species. However, based on our
results, the grazing impacts by Pacific copepods were very
small, and accounted for only 0.1-17% in comparison with

the co-occurring Arctic copepods.  Pacific copepods in the
Arctic have been observed mostly in the Chukchi Sea (espe-
cially the shelf region) but rarely in the basin area (Nelson,
2014 ; Ershova et al., 2015b). On a seasonal basis, the
Pacific species are present mainly during the open-water sea-
son from July to October and have not been observed during
other seasons in the western Arctic, based on mooring obser-
vations (Matsuno et al., 2014).  This suggest that the grazing
impact of Pacific copepods in the western Arctic Ocean is
restricted to a small area (Chukchi Sea) during a short period
(July-October).

Conclusions

A comparison of the grazing activity between co-occurring
Arctic and Pacific copepods in the western Arctic Ocean dur-
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ing autumn found that the grazing activity for both species
was low. The ingestion rates were higher in Arctic species
than in Pacific species, and the community grazing impacts
showed a similar trend. Thus, even if Pacific copepods are
transported into the Arctic Ocean and ingest the endemic pro-
tist assemblage there, their impacts are presumably limited
both spatially and seasonally. Our results indicate that
Pacific copepods are unlikely to cause a shift in the protist
community of the western Arctic Ocean during autumn.
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