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Abstract The zooplankton community composition in the Pacific Arctic Ocean depends heavily

on the sea ice and hydrodynamic conditions. The calanoid copepod Calanus hyperboreus is a dominant
Arctic zooplankton, but its diet sources in the Pacific Arctic are unclear. C. hyperboreus individuals were
collected in the northern Chukchi Sea (NCS) and the northern-East Siberian Sea (NESS), which display
contrasting chlorophyll abundance and sea ice concentration in summer 2018. Nitrogen isotopes of
individual amino acid and fatty acid compositions were measured to determine its trophic level (TL)
and dominant diet. C. hyperboreus collected in the NCS had higher TL values (3.0 £ 0.2) and a relatively
low proportion of C20:5(n-3). In the NESS, C. hyperboreus had lower TL values (2.7 £+ 0.2) and a larger
percentage of C20:5(n-3), suggesting a greater proportion of diatoms in its diet. Spatial TL variations of
C. hyperboreus between the NCS and NESS may be caused by variations in phytoplankton composition
(micro-phytoplankton vs. nano- and picophytoplankton) as a result of surface seawater stratification
triggered by the inflow of sea ice meltwater as well as summer Bering Sea water through the Bering
Strait. These results suggest that the filter-feeding copepod C. hyperboreus could be a useful indicator to
understand trophic dynamics in zooplankton food web.

Plain Language Summary The Pacific region of the Arctic Ocean experiences different
annual volumes of freshwater inflow, resulting in changes to its water-mass structure. In 2018, we
harvested Calanus hyperboreus, a dominant Arctic zooplankton, from the northern Chukchi Sea (NCS)
and northern-East Siberian Sea (NESS). Sea ice concentrations and phytoplankton abundance varied
between the regions. We analyzed the fatty acid composition and amino acid nitrogen isotope ratios to
determine its diet sources and trophic dynamics, respectively. We found that C. hyperboreus collected

in the NCS occupied higher trophic levels and had a low proportion of diatom-marker fatty acids. In
contrast, in the NESS, C. hyperboreus occupied lower trophic levels and had a larger percentage of diatom-
marker fatty acids, suggesting diatom accounted for a large portion of its diet in the NESS compared with
the NCS. Analysis of amino acid nitrogen isotope and fatty acid composition of C. hyperboreus revealed a
shift in trophic levels and diets, respectively.

1. Introduction

The Pacific Arctic Ocean receives relatively warm and nutrient-rich Pacific summer water inflow via the
Bering Strait and the Chukchi Sea. The East Siberian Sea, which is productive and shallow, is situated in the
western part of the Pacific Arctic Ocean (Semiletov et al., 2005). In the eastern region, the northern Chuk-
chi Sea, which is poor surface nutrient and have deep basin, is partially located at the surrounding area of
the anticyclonic Beaufort Gyre (Coupel et al., 2015). The Pacific Arctic Ocean exhibits rapid responses to
environmental change. Strong stratification is caused by incoming sea ice meltwater in summer (McLaugh-
lin et al., 2011). The nutricline and surface chlorophyll maximum (SCM) depth can be deepened by strat-
ification, decreasing primary productivity due to limited nutrient supplies (Coupel et al., 2015; Zhuang
et al., 2018). The zooplankton community is tightly tied to the hydrodynamic condition and depends on the
composition of their diets. In low-nutrient conditions and a stable water column, smaller phytoplankton
such as pico- and nanoplankton are usually dominant (Coupel et al., 2012; He et al., 2012; Li et al., 2009).
Whereas, diatom was dominant under high sea ice concentration in nutrient-rich and vertically mixed wa-
ter column (Lee et al., 2019). The composition of primary producers, the cell sizes of which vary widely,
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influences the available diet for higher consumers, such as microzooplankton (Matsuno et al., 2014; Yang
et al., 2015).

The relationship between Arctic phytoplankton and zooplankton has been reported using feeding experi-
ments (Campbell et al., 2016, 2009), gut content analysis (Kruse et al., 2010), fatty acid composition (Mc-
Means et al., 2012), and stable isotope analysis (Grigor et al., 2015; Sereide et al., 2008). Stable isotope and
fatty acid analysis can provide helpful information on assimilated food sources over a period of two weeks
(Graeve et al., 2005). Major algal diets of zooplankton are characterized by the typical fatty acids markers
for diatoms (eicosapentaenoic acid [EPA; C20:5(n-3)]) and dinoflagellates (docosahexaenoic acid [DHA;
C22:6(n-3)]), both of which are essential for growth and reproduction (Falk-Petersen et al., 2009). The ni-
trogen isotope ratio (§"°N) can provide trophic information, which generally have elevation of 3%0—4%o per
trophic transfer (Minagawa & Wada, 1984; Sereide et al., 2006). More recently, compound-specific isotope
analysis of amino acids (CSIA-AA) has been used to obtain detailed information in ecological and biogeo-
chemical studies (Ohkouchi et al., 2017). Nitrogen isotopes of an individual amino acid (8"°N,,) offer useful
information on the trophic structure of the food web by estimating the trophic level (TLa,) of consumers
(McMahon & McCarthy, 2016). Trophic elevation can be characterized as trophic amino acids (AAs), which
have large 8"°N enrichment (3%0-8%o), and the isotopic baseline in food webs can be explained by source
AAs that show reduced 8"°N enrichment (0%0—1%o). The TLa4 of the organism can be calculated by the
nitrogen isotope ratio of glutamic acid (8" Ng) and phenylalanine (8" Npye) as trophic and source AAs,
respectively (Chikaraishi et al., 2009). The TLs4 value can be independent of the nitrogen isotope ratio at
the 8'°N baseline regardless of basal food source sampling (Bowes & Thorp, 2015). The TLx, value estimat-
ed by the CSIA-AA method can be accurate despite large variations in the 8'°N baseline in the food web
(Hannides et al., 2009).

Calanus hyperboreus is a dominant calanoid copepod in the Arctic Ocean, and plays an important role
in linking primary production to higher consumers (Conover, 1988). C. hyperboreus and other Calanus
species filter-feed primarily on phytoplankton, sea ice algae, organic particles, and zooplankton larva
(Cleary et al., 2017; Falk-Petersen et al., 2009; Frost, 1972). Some calanoid copepods can consume small
phytoplankton (pico- or nanoplankton) (Boyd, 1976; Huntley & Tande, 1987) and protozooplankton (Cleary
et al., 2017), exhibiting their available diet is coupled to the composition of organic particles in the wa-
ter column. Several studies have focused on the seasonality of diet contents of calanoid copepods in the
Arctic (McMeans et al., 2012; Sereide et al., 2008, 2010). However, in spite of the wide distribution of C.
hyperboreus in the Arctic Ocean, little is known about their responses to variations in food sources among
different water masses.

To evaluate the trophic dynamics of C. hyperboreus and its diet sources in different hydrographic conditions,
we collected particulate organic matter (POM) and bulk tissue of C. hyperboreus individuals from the north-
ern Chukchi Sea (NCS) and northern-East Siberian Sea (NESS), each of which had distinct physico-chemi-
cal conditions in 2018. The stable isotopes of the POM and bulk tissue of C. hyperboreus were analyzed, and
amino acid nitrogen isotope values of C. hyperboreus were determined. Fatty acid compositions of C. hyper-
boreus were measured and compared between the NCS and NESS. We estimated TLa 4 values of C. hyper-
boreus using isotopic differences between 8N, and 8 Npye. TLa4 values of C. hyperboreus were compared
between the NCS and NESS to determine the relationship between trophic dynamics and hydrography.

2. Materials and Methods
2.1. Sample Collection and Processing

Sampling was carried out during an August 2018 cruise of the Korean Icebreaker IBRV ARAON (ARA09B;
August 4-August 26). Sampling stations and locations are displayed in Figure 1 and Table 1. The tempera-
ture, salinity, and density of seawater were measured with an SBE911plus conductivity-temperature-depth
profiler with an SBE32 carousel water sampler. The accuracies for the T and C sensors are +0.001°C and
+0.0003 S/m, respectively. Salinity data were corrected with bottle-sampled water using a Guildline 8400B
autosalinometer. The stratification index was estimated as the density difference between the surface and
a depth of 100 m (Coupel et al., 2012). The mixed layer depth was determined at the depth which showing
over 0.05 kg/m® of density difference from 5 m depth (Lee et al., 2019). The monthly mean (August 2018) of
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Figure 1. Study sites of this study (a) and their surface salinity (b), surface temperature (c), sea ice concentration (d), stratification index (e), and mixed layer
depth (). Red and green shaded area on (a) are transects described in Figure 3. Black dashed lines in each subfigure are for separating NESS and NCS. NCS,
northern Chukchi Sea; NESS, northern-East Siberian Sea.

sea ice concentration, with a 3.125 km resolution, was obtained from a sea ice data archive (https://seaice.
uni-bremen.de/data/amsr2) provided by the University of Bremen (Spreen et al., 2008). Total and micro
(>20 um) chlorophyll a were sampled and measured by protocols described previously (Lee et al., 2019). We
used both surface (1-2 m) and euphotic layer depth-integrated chl a concentration (depth of each station is
described in Table 1). Heterotrophic dinoflagellate (HDF) and ciliate abundance were determined following
a previously described protocol (Jiang et al., 2013; Yang et al., 2015).

For POM collections, 4 L of surface water was filtered through a Whatman GF/F glass-fiber filter pre-com-
busted at 450°C for 4 h. Zooplankton samples were collected at each station with a bongo net (500 um mesh
size, 60 cm diameter) at a vertical velocity of 60 m/min from the surface to a depth of 200 m. Female C.
hyperboreus adults were separated from the zooplankton assemblage. All POM and C. hyperboreus samples
were stored at —80°C in a deep freezer. All samples were freeze-dried for 24 h. The prosome length and
dry mass of C. hyperboreus individuals were carefully measured (Table S1), and all samples were stored at
—20°C in a freezer before further preparation.
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2.2. Fatty Acid Analysis

Table 1
L G i DO g R S The fatty acid composition of C. hyperboreus was measured following a
Latitude Longitude ~ Water  Euphoticlayer  protocol described by (Folch et al., 1957) with minor modifications (Lee
Location Station  (°N) W) depth (m)  depth (m) et al., 2020). Total lipids were extracted from C. hyperboreus individuals
NESS 8 76.00 —175.50 2018 100 (n =1 for each station) with dichloromethane/methanol 2:1 (v/v). Nona-
9 76.00 ~180.00 1127 100 decanoic acid (C19:0) was added as a surrogate. Samples were sonicated,
0 e s oo 100 and organic phases were separated in triplicate. The lipid fraction was
extracted from the water-methanol phase. Samples were saponified using
1 77.00 173.60 759 100 KOH (0.5 M in methanol) for 1 h at 60°C and methylated using BF-3
12 75.00 173.60 268 100 methanol for 10 min at 60°C for derivatization to fatty acid methyl esters
13 74.64 174.92 106 100 (FAMES). Concentrations of FAMEs were measured by gas chromatogra-
15 75.80 177.06 69 60 phy (HP 7890A, Agilent Technologies, US) with a flame ionization detec-
16 7515 —180.00 558 100 tor using a DB-5MS column (60 m in length, with an inner diameter of
0.25 mm and film thickness of 0.25 um). The initial oven temperature was
17 75.15 —176.00 593 100 ) ] ) o
60°C, which was increased at a rate of 5°C/min to 320°C, at which it was
18 7524 —171.97 372 100 maintained for 10 min. FAs were identified from the retention times of
NCS 2 73.58  —168.28 126 100 FAME standards (Supelco, US) and mass spectra from a gas chromatogra-
(melted) 4 74.52 —161.93 1709 100 phy equipped with mass spectrometer (HP-7820A, Agilent Technologies,
5 75.50 —161.13 2093 100 US) in the analytical conditions described above. Methyl heneicosanoic
2 74.80 —167.90 229 100 acid (C21:0) was used as an internal standard. More detailed positions
% 26.50 160,00 1970 100 and numbers of double bonds within unsaturated FAs were checked by
4,4-dimethyloxazoline (DMOX) derivatization with 2-amino-2-meth-
2 = LB 705 1y ylpropanol at 180°C for 24 h (Garrido & Medina, 1994; Spitzer, 1996).
NCS 6 75.69 —166.64 331 100 DMOX derivatives were analyzed and identified using mass spectra from
(frozen) 7 76.00 —170.50 1325 100 GC/MS analysis.
19 75.24 —-171.97 540 100
21 76.60 —166.30 694 100 2.3. Stable Isotope Analysis of Bulk Tissue
2 7747 —l64.12 301 100 Stable isotope analysis was carried out using an elemental analyzer (Var-
23 78.95 —164.63 1789 100

NCS, northern Chukchi Sea; NESS, northern-East Siberian Sea.

io Select, Elementar, Germany) equipped with an isotope ratio mass spec-
trometer (Vision, Elementar, Germany). The whole bodies of single cope-
pod individuals (n = 1 for each station) were homogenized. Approximate
weights (0.6-1.0 mg) in samples were used for nitrogen isotope (§"°N)

analysis. Prior to carbon isotope (§"°C) analysis, POM samples were exposed to 12 N HCI fumes for 20 h
to remove inorganic carbon. For carbon isotope (§°C) analysis of C. hyperboreus, inorganic carbon was re-
moved by 1 M HC], and lipid contents were removed using 2:1 chloroform/methanol (v/v), with 0.2-0.7 mg
samples subjected to §°C analysis. Due to the limited amounts of samples, all samples were analyzed with-
out replication. Stable isotope ratios were displayed in conventional § notation:

R
8X = [ﬂ] —1{x1000,
RStandard
where X indicates §"°C or "°N and R is the corresponding ratio of *C/**C or *N/*N. To determine the preci-
sion of isotope analysis, international standards (IAEA CH-3 and N-1) were used for §"°C and §"°N analysis,

respectively. Stable isotope ratios of standards were measured every 10 samples. At whole analysis sets, their
standard deviations were less than +0.1%o and +0.2%o for 8"°C and 5"N, respectively.

2.4. Amino Acid Nitrogen Isotope Analysis

For analysis of amino acid nitrogen isotopes, a C. hyperboreus individual from each station (n = 1) was
hydrolyzed for 20 h with 6 M HCI at 110°C. Hydrophobic contents were removed by 3:2 n-hexane/di-
chloromethane (v/v), and residual HCl was dried with N, gas at 70°C. After derivatization into N-piv-
aloyl-AA-isopropyl ester with 1:4 thionyl chloride/2-propanol (v/v) and 1:4 pivaloyl chloride/dichlorometh-
ane (v/v) in sequence, AA derivatives were extracted with 3:2 n-hexane/dichloromethane (v/v). All AA
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derivatives were stored in dichloromethane at —20°C before analysis. Amino acid nitrogen isotopes were
analyzed with a gas chromatograph (HP 6890N, Agilent Technologies, US) connected to a combustor (GC5
Interface, Elementar, Germany) and an isotope ratio mass spectrometer (Isoprime, Elementar, Germany).
The 8"°N-certified amino acid standards were purchased from SHOKO-Science and Indiana University.
We used a derivative of a standard mixture of 9 amino acids (alanine, glycine, valine, leucine, norleucine,
aspartic acid, methionine, glutamic acid, and phenylalanine). In the calibration procedure, 8N values of
all amino acid standards exhibited a standard deviation of less than +1%o.

All TLaas were estimated using the following equation (Chikaraishi et al., 2009):

TL s = [(615NGIU — 8" Ny, — 3.4) / 7.6}+ 1

where 8"°Ng, and 8" Npy, are the nitrogen isotope ratios of glutamic acid (Glu) and phenylalanine (Phe), re-
spectively. The 3.4 (8 value) is an empirical value of the isotopic difference between Glu and Phe in primary
producers. A 7.6%o trophic enrichment factor is applied to the 8°N enrichment of Glu relative to phenyla-
lanine with each trophic transfer.

2.5. Statistical Analysis

Independent t-tests were conducted to determine differences in the analytical data of C. hyperboreus col-
lected from the NCS and NESS in a 95% confidence interval. The spatial difference of prosome length, body
weight, FA composition, bulk carbon, bulk nitrogen, and amino acid nitrogen isotopes of C. hyperboreus in
the NCS and NESS were compared using t-tests. Additionally, hydrographic parameters (temperature, sa-
linity, density, mixed layer depth, stratification index, and sea ice concentration) between two regions were
compared by t-tests. All statistical analysis was conducted by IBM SPSS software v23.0.

3. Results
3.1. Hydrography and Biology in Study Sites

The NCS and NESS group were divided by east-west salinity difference of surface water along longitude,
with relatively lower salinity in NCS (<28.5 psu) surface water compared with the NESS (Figures 2a and 2b).
Relatively lower salinity and sea ice concentrations were detected in the eastern part of the NCS, indicat-
ing more sea ice had melted. We then separated relatively ice-melted (<20% of sea ice concentration) and
frozen areas (>20% of sea ice concentration) within NCS stations based on sea ice concentration. Between
the NESS and NCS, there were significant differences in temperature, salinity, density, and sea ice concen-
tration (Table S1). The NCS showed relatively warmer surface water temperature (—0.755 + 0.492°C) com-
pared to those (—1.207 £ 0.239°C) in the NESS (Figures 3a and 3b). A strong halocline was discovered with
low salinity (<28.5 psu) in the NCS (Figures 3c and 3d). The stratification index and mixed layer depth was
slightly lower and deeper in the NESS compared to the NCS (Figures 1le and 1f). Additionally, chlorophyll
a concentration was associated with a different spatial variation. In the northern transect, strong sub-SCM
layers were observed at depths of 15-40 m in the NESS (Figure 3e). In the southern transect, a high concen-
tration of chl a was found at depths of 0-20 m in the NESS (Figure 3f), while weak SCM layers appeared at
depths of 30-50 m in the NCS. The NESS stations showed high sea ice concentration ranging from 32% to
71%, while the NCS stations reported mostly sea ice concentration below 50%. Sea ice concentration were
not clearly separated from NCS and NESS. Rather, sea ice concentration was positively correlated with
latitude (Figure 2c).

Average concentrations of total and micro-chl a were higher in the NESS than in the NCS (Table 2). Such a
difference in biomass between two areas could be also observed in a protozooplankton group, with a greater
number of individuals of heterotrophic dinoflagellates and ciliates in the NESS than in the NCS (Table 2).
Between ice-melted and frozen areas within the NCS, there were no significant differences in heterotrophic
dinoflagellates, ciliate abundances, and surface chl a concentrations. However, depth-integrated chl a con-
centrations differed significantly between the two areas within the NCS. The melted area in the NCS had
higher depth-integrated chl a concentrations compared with the frozen area of the NCS.
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Figure 2. Distribution of surface temperature, surface salinity, and sea ice concentration at sampling stations.

(a) Temperature [ C] (b) Temperature [ C]
0 0 ,
- “ 0.5
E 100 E 100 .
< <
;)..: ;.. -0.5
3 200 g 200 1
1.5
300 300 — ‘ -2
175°E 180°E 175°W 170°wW 165°W 175°E 180°E 175°W 170°W 165°W
(c) Salinity [PSU] (d) Salinity [PSU]
0
34 34
~
100 32 32
g
.‘E 30 30
$ 200
28 28
300 — ' + 26 - T - 26
175°E 180°E 175°W 170°W 165°W 175°E 180°E 175°W 170°W 165°W
(e Chlorophyll-a [#€/L] (f) Chlorophyll-a [4/L]
10 10
8 8
~ ~
& 4 6 | & 6
s s
Q 4 Q 4
% ]
2 2
0 0
175°E 180°E 175°W 170°W 165°W 175°E 180°E 175°'W 170°W 165°W

Figure 3. Vertical profile of temperature (a), (b), salinity (c), (d), and total chlorophyll a (e), (f) in two different transects (a, ¢, and e for red-shaded area and b,
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Z:el;rl:gzd Abundance of Total chl a (Surface), Micro-chl a, Heterotrophic Dinoflagellates, and Ciliates in the NCS and NESS in August 2018
NESS NCS (melted) NCS (frozen)
Total chl a Surface (ug/L) 3.17 £ 3.90 0.03 £ 0.01 0.04 £+ 0.01
Depth-integrated (mg/m?) 93.52 + 26.52 44.75 + 58.14 22.17 + 7.93
Micro-chl a Surface (ug/L) 2.88 + 3.62 0.01 + 0.01 0.02 + 0.02
Depth-integrated (mg/m?) 82.76 £ 27.14 26.78 £ 61.80 9.93 £ 9.44
Heterotrophic dinoflagellates (cells/L) 1741.55 £+ 1160.01 327.00 = 345.59 265.33 = 170.46
Ciliate (cells/L) 476.64 + 447.48 64.00 + 71.59 54.83 + 38.26

Note. Data was provided by Korea Arctic Ocean data-system (KAOS, https://kaos.kopri.re.kr).
NCS, northern Chukchi Sea; NESS, northern-East Siberian Sea.

3.2. Fatty Acid Profiles of C. hyperboreus

Fatty acid concentrations and their relative proportions are displayed in Table S3 and S4, respectively.
The mean total fatty acid (TFA) concentration of C. hyperboreus was significantly different, displaying
434.5 + 71.1 mg/g and 240.6 + 187.9 mg/g in the NESS and NCS, respectively (independent t-test performed
at 95% confidence intervals, p = 0.009). The FA concentrations in the NCS stations ranged more widely than
in the NESS stations (Figure 4). Monounsaturated fatty acid (MUFA) was the most abundant, accounting
for more than 50% of the TFA in both the NESS and NCS (Table S4). Mean abundances of polyunsaturated
fatty acid (PUFA) contents were higher in the NESS than in the NCS. In entire FAs, C16:1(n-9) was the most
abundant compound in both the NESS and NCS, with an average proportion of 35.0 + 5.3% and 33.3 + 9.1%,
respectively (Figure 4). C20:5(n-3) was the next most abundant, with a proportion of 17.6 + 2.6% in the
NESS. C20:1(n-9) was the second most abundant FA, with a percentage of 10.8 + 3.5%, in the NCS. These
two FAs exhibited a significant difference in relative proportions between the NESS and NCS. In contrast,
the C22:6(n-3) proportion showed an unclear statistical difference between both areas. Among specific FAs
markers between the NESS and NCS, C15:0, C18:1(n-9), and C20:5(n-3) displayed significant spatial varia-
tion (Figure 5). Within the NCS stations, stations 06, 07, and 19 had the highest FAs concentrations. But in
both concentration and relative proportion, most differences between melted and frozen NCS areas were
insignificant.

3.3. Bulk Carbon and Nitrogen Isotope Ratios

The 8°C and 8"°N values for POM and C. hyperboreus were largely dif-
ferent between the NESS and NCS (Tables 3 and 4, Figures 6a and 6b).
Average 8°C and 8N values of POM were substantially lower in the
@ 800 NCS than in the NESS (p = 0.000 for both 8"°C and §"°N). Average 5"*C
600 values of C. hyperboreus were significantly higher in the NESS than in
the NCS (p = 0.001, Figure 6). In contrast, lower 8"°N values for C. hyper-
boreus were evident in the NESS compared with the NCS (p = 0.000). In
addition, no significant differences in §"*C and 8"°N values were seen in

400
200

TFAs concentration
(mg/g dry weight)

0 SOV OO PIFEOOHLE O ND either POM and C. hyperboreus between melted and frozen areas in NCS
= PSS SGGSSGGGS GG GGG GGG stations (p > 0.05).
50
o === NESS
< 0 [ —— NCS_melted
%0 m= NCS_frozen 3.4. Amino Acid Nitrogen Isotopes of C. hyperboreus
S 20
210 i ﬂ I A ﬂli ili % = iIi The 8"°Ngy, values of C. hyperboreus in NESS and NCS differed signif-
lzaz Ay i aell s : . _ .
LR RIEII LR P F I I IR I icantly, at 20.7 + 1.4%o arf 22.5 + 1.0%o, respectively (p = (.).002,.F1.g—
O e i806" CaRRST RS G ST aS S bl ure 6¢). In contrast, the 8 °Npy, values of C. hyperboreus varied within

S :
FFFFY F eV

a similar range between the NESS (2.0-6.0%0) and the NCS (1.9-5.7%o)
Figure 4. Total fatty acid concentration of C. hyperboreus at each with insignificant variation (p = 0.776, Figure 6d). The estimated trophic
sampling station (a) and relative abundances of fatty acids (b). level of C. hyperboreus was higher in the NCS (3.0 £+ 0.2) than in the
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Figure 5. Relative abundances of specific FAs markers of C. hyperboreus at each sampling station. Each compound is a
common biomarker for specific organisms (Kelly & Scheibling, 2012).

NESS (2.7 + 0.2) (p = 0.007, Figure 6¢e). In addition, a correlation was found between TLx, values and body
weights (Figure 7c). Neither latitude nor longitude had a clear correlation with TL,, values (R* = 0.066 and
R* = 0.290 for latitude and longitude, respectively). Between melted and frozen areas in the NCS stations,
there were no significant difference in 8Ny, 8 Nppe, and TL4 values.

4. Discussion and Summary
4.1. Hydrography in Study Area

Phytoplankton production in the Pacific Arctic Ocean usually depends on the water mass composition or
sea ice concentration (Arrigo & van Dijken, 2015; Coupel et al., 2015). There are distinctly segregated water
masses between NCS and NESS in this study. The warmer surface temperature can be attributed to the
Pacific summer water inflow or solar irradiation (Figures 3c and 3d). Low salinity (<28.5 psu) in surface
water in the NCS stations was observed, while the NESS stations showed relatively higher salinity. Lower
salinity in NCS surface waters indicated relatively more input from riverine water and sea ice meltwater.
Such differences of temperature and salinity result distinct spatial distribution of stratification index and
mixed layer depth (Figures le and 1f). The stratification index larger than 3.0 kg/m® has been observed in
the Pacific Arctic, which sea ice has been mostly melted (Coupel et al., 2015; Tremblay et al., 2009). Chl
a concentrations and protozooplankton (heterotrophic dinoflagellate and ciliate) biomass were higher in
the NESS than in the NCS (Table 2). The spatial variations between the two areas, which are described
in previous studies (Jiang et al., 2013; Lee et al., 2019; Yang et al., 2015), may be caused by differences in
the depth of the halocline layer. Surface water in the NCS is stratified in summer by large volumes of sea
ice meltwater triggered by the Beaufort Gyre, with a deepening nutricline and an inhibited vertical nutri-
ent supply (McLaughlin & Carmack, 2010). The surface mixing layer of the NCS is usually nutrient-poor,
resulting in small contributions of larger-sized phytoplankton, such as diatoms (Coupel et al., 2012; Joo
et al., 2012). In contrast, picoplankton and small flagellates are dominant in the NCS (Yang et al., 2015).
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;Z?kledgc and 8" N (%) Values of POM and C. hyperboreus in August
2018
POM C. hyperboreus
Location Station N  8“C 8"°N N 8"C 8“N
NESS 8 1 —26.3 2.6 1 =232 7.1
9 1 —25.5 3.5 1 —22.5 10.0
10 1 —23.8 4.7 1 —21.8 7.5
11 1 —25.0 4.9 1 —22.0 7.7
12 1 —24.2 6.6 1 —20.4 7.4
13 1 =251 4.7 1 —20.4 8.3
14 1 —-25.0 8.0
15 1 —21.3 8.1 1 -19.9 9.1
16 1 —23.7 4.2
17 1 =270 7.5 1 —23.6 8.2
18 1 —23.6 10.2 1 —22.5 7.7
Mean —24.2 5.9 —21.8 8.1
SD 1.4 2.3 1.3 0.9
NCS 2 1 —26.1 4.8
(melted) 4 1 —282 32 1 241 12.0
5 1 —28.9 1.8 1 —25.8 1.2
20 1 =291l 0.6 1 =23 12.0
26 1 —29.4 1.0 1 —25.6 10.6
27 1 —30.0 —0.1 1 —24.0 10.5
NCS 6 1 =274 2ol 1 —25.1 10.6
(frozen) 7 1 —27.4 2.7 1 —24.1 11.6
19 1 —26.4 1.3 1 —22.1 8.4
21 1 —28.5 1.2 1 —26.0 11.4
2 1 1 =222 12.5
23 1 =272 2.0 1 —24.4 14.2
Mean —28.1 1.9 —24.2 11.4
SD 1.2 1.3 1.4 1.4
df 20 20 18 18
to.0s 6.878 4.961 4.030 —5.828
p value 0.000* 0.000* 0.001* 0.000*

Note. Independent t-test results of each parameter between NCS and
NESS are displayed on the bottom.

NCS, northern Chukchi Sea; NESS, northern-East Siberian Sea; POM,

particulate organic matter.

Asterisk (*) indicates statistical significance between two locations

(p < 0.05%).

The NESS is influenced by saline (<33 psu) and nutrient-rich water mass
from East Siberian shelf (Anderson et al., 2017). Although the influence
of such water mass to the NESS is varied yearly (Kim et al., 2021; Nishi-
no et al., 2013), the diatom showed dominant contribution to the phyto-
plankton community in summer (Lalande et al., 2019; Lee et al., 2019).
Such different hydrodynamic conditions could affect the composition of
available diet sources for zooplankton in the NCS and NESS.

4.2. Fatty Acid Composition of C. hyperboreus and Its Potential
Diets in the NESS and NCS

Zooplankton have evolved a species-specific ecological strategy to sur-
vive when available algal diets are depleted. Filter-feeding copepods can
utilize a wide range of available dietary options. Cleary et al. (2017) re-
ported Calanus can consume not only an algal diet but also protozoo-
plankton and eggs of their predators. In the present study, C. hyperboreus
showed a spatial difference in body weight between the NESS and NCS,
even though their prosome lengths and stage development were similar
(Table S1). Such differences in body weight between the NESS and NCS
may be a product of the substantial differences in TFA concentrations
(Figure 4). Our results showed TFA concentrations were closely corre-
lated with body weight in C. hyperboreus (Figure 7a). In this study area,
high chlorophyll a concentration and large phytoplankton (diatom) dom-
inance was occurred in the NESS. But relatively low chlorophyll a con-
centration and small phytoplankton was abundant in the NCS. Larger
copepods can have a chance to directly feed on the large phytoplankton
in the NESS. Smaller copepods in the NCS may feed on not only small
phytoplankton but also more protozooplankton which have ecologically
higher trophic level. TFA concentrations in C. hyperboreus were higher
in all NESS stations but not in NCS stations. Some of the frozen NCS
stations (St. 06, St. 07, and St. 19) reported high TFAs concentrations in
C. hyperboreus. But these stations in the NCS were adjacent to the NESS,
and so the TFA concentrations in C. hyperboreus would be comparatively
closer to the stations in the NESS compared with those in melted areas
in the NCS.

In the FA pool, some FAs can be used as indicators for specific algal diet
sources (i.e., C20:5(n-3) for diatoms). Even among the same species, the
FA composition can differ according to the type of assimilated diet source.
For example, C. hyperboreus collected in Cumberland Sound have dom-
inant C16:1(n-7) and C20:5(n-3) (McMeans et al., 2012). On the other
hand, C22:6(n-3) was the most abundant FA for C. hyperboreus and oth-
er Calanus species in Kongsfjorden (Scott et al., 2002). Dahl et al. (2000)
reported that C20:5(n-3) and C22:6(n-3) in C. hyperboreus from Mijen-
fjorden have few (both less than 5%) TFAs. These differences were closely
related to diet composition in the habitat environments because specif-
ic marker FA abundances provide the assimilated diet information. In
particular, C15:0, which indicates microbial markers, and C18:1(n-9),
which indicates a zooplankton diet, appeared at slightly higher propor-
tions in some C. hyperboreus individuals from NCS stations (Figures 5a

and 5e). In contrast, C20:5(n-3) concentrations were higher in C. hyperboreus from the NESS, suggesting
more diet assimilation of diatom. A significant correlation between micro-chl a concentrations and the
C20:5(n-3) contents of C. hyperboreus suggest that the micro-chl a pool should be dominated by diatoms
with high C20:5(n-3) contents in C. hyperboreus (Figure 7b). However, small proportions of C22:6(n-3) and
C18:4(n-3), which are dinoflagellate markers (Sargent et al., 1995), were found in both the NESS and NCS,
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Table 4
8" Niuus (%0) and TL 4 Values of C. hyperboreus in August 2018
Location Station N 8" N1 8" Nphe TLaas
NESS 8 1 20.1 5.5 2.5
9 1 18.6 2.0 2.7
10 1 19.3 2.4 2.6
11 1 22.2 4.0 2.9
12 1 20.2 3.6 2.7
13 1 19.1 3.9 2.6
15 1 22.8 3.3 3.0
16 1 214 5.9 2.6
17 1 22.1 6.0 2.7
18 1 21.4 5.1 2.7
Mean 20.7 4.2 2.7
SD 1.4 1.4 0.2
NCS 2 1 20.1 2.8 2.8
(melted) 4 1 22.9 3.8 3.1
5 1 23.4 4.0 SNl
20 1 21.8 5.6 2.7
26 1 22.6 1.9 3.3
27 1 22.0 5.4 N/
NCS 6 1 23.1 3.9 3.1
(frozen) 7 1 22.7 5.7 2.8
19 1 21.7 5.5 2.7
21 1 23.0 3.9 3.1
22 1 22.9 4.8 2.9
23 1 23.9 4.5 3.1
Mean 22.5 4.3 3.0
SD 1.0 12 0.2
df 20 20 20
t0.05 —3.459 —0.289 —-3.014
p value 0.002* 0.776 0.007*

Note. Independent t-test results of each parameter between NCS and
NESS are displayed on the bottom.

NCS, northern Chukchi Sea; NESS, northern-East Siberian Sea.
Asterisk (*) indicates statistical significance between two locations

(p < 0.05%).

demonstrating that dinoflagellate-derived diets can make small contribu-
tions to C. hyperboreus diets in both the NESS and the NCS. Therefore, C.
hyperboreus in the NESS would feed on more algae compared with those
in NCS.

4.3. Trophic Level of C. hyperboreus as the Filter Feeder

We found a longitudinal gradient of bulk 8"*C values for both POM and C.
hyperboreus. Carbon stable isotopic (§°C) differences between POM and
C. hyperboreus at each station averaged 3.8 & 1.3%0 and 2.4 + 1.6%o in the
NCS and NESS, respectively, showing a range similar to those in previous
reports (Sereide et al., 2008, 2006). In contrast, 8N values between POM
and C. hyperboreus in the NCS showed a substantially large difference
(9.7 £ 1.5%0) compared with the NESS (2.3 + 2.6%0). This suggests that
C. hyperboreus in the NCS involve higher steps of trophic transfers in the
food web. In our data set, bulk 8'°N values in POM samples showed large
spatial variations, ranging from 0%o to 10%o. Such 8"°N baseline variation
is a product of the magnitude of assimilation of various nitrogen sourc-
es (i.e., N;, NO;~, and NH,*) during primary production (Chikaraishi
et al., 2009). The trophic level estimated by §"°Ng;, and 8"°Npy offer the
advantage that such spatial variation of §'°N baseline is normalized. Pre-
vious studies have elucidated trophic levels of single species of zooplank-
ton using compound-specific §'°N analysis of AAs. Hannides et al. (2009)
suggested that the trophic level of a copepod depends on its body size
and feeding behavior. The cyclopoid copepod, Oithona spp., positioned
around a TLa, of 2.0, likely consumes small and sinking particles and
flagellates. However, the calanoid copepod Euchaeta rimana, which typ-
ically hunts larger and more mobile prey, displayed a TLaa of close to
3.0. Our data set showed a wider range of TLa, values of C. hyperboreus,
from 2.5 to 3.3. A wide TLa range for Calanus was previously reported in
Kongsfjorden, Svalbard (2.5-3.0 of TLa, Choi et al. (2020)). High clear-
ance on a wide range of diet size (20-200 um) in cultivation experiments
(Huntley & Tande, 1987; Levinsen et al., 2000) may contribute to varying
TLaa values for C. hyperboreus. The averaged TLaa for C. hyperboreus in
the NCS was higher than (0.3 units) that in the NESS. Body sizes and
growth stages of C. hyperboreus were nearly identical between the NESS
and NCS, but the body weight and TLa of C. hyperboreus displayed neg-
ative correlations between the NESS and NCS (Figure 7c). The TLx, dif-
ference may be derived from the spatial variability of diet composition.

4.4. Trophic Dynamics of C. hyperboreus in the NESS and NCS

The TLa, values of C. hyperboreus and its possible diets are provided in
Figure 8. C. hyperboreus with a higher TLs4 showed small C20:5(n-3) con-

tents, while C. hyperboreus with a lower TLs showed large C20:5(n-3) contents, with a significant correla-
tion evident between specific FA contents and TLa, values (Figure 7d). Our study showed small C20:5(n-3)
contents for C. hyperboreus in the NCS, with lower total chl a concentrations, and lower concentrations of
micro-chl a in particular. The main primary producers in the NCS would be smaller (nano or pico-sized)
phytoplankton, accounting for 62.9% of the total chl a concentration. C. hyperboreus cannot feed directly on
these smaller phytoplankton because even copepodites of C. hyperboreus showed poor clearance on a diet
of algae smaller than 25 um in diameter (Huntley & Tande, 1987). However, some protozooplankton that
likely feed on small cells of primary producers were abundant in the NCS (Matsuno et al., 2014).
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Figure 6. Spatial distribution of 8Chu (a), 8" N (b), 8Ny, (), 8 Npp (d), and TLas () values of C. hyperboreus.
Black dashed lines in each subfigure are for separating NESS and NCS. NCS, northern Chukchi Sea; NESS, northern-
East Siberian Sea.
Copepods generally take advantage of the most common prey (phytoplankton) available to them (Campbell
et al., 2016). However, when phytoplankton biomass is low and dominated by small cells, protozooplankton
contribute more significantly to copepod diets (Calbet & Saiz, 2005; Dutz & Peters, 2008). C. hyperboreus
likely ingest protozooplankton or other large organic particles in the NCS, which in our study was dominat-
ed by small phytoplankton. Therefore, higher TLx, values for C. hyperboreus and low abundance levels of
protozooplankton in the NCS can be expected due to the grazing effect. In addition, the TLa values of C.
hyperboreus were nearly the same for both melted and frozen stations, indicating few differences in stable
isotope signatures, even though C. hyperboreus exhibited slightly lower C20:5(n-3) proportions in melted
stations compared with frozen stations (Figure 5b).
During our field observations, a high contribution of micro-chl a was found, suggesting higher contribu-
tions of diatoms for the entire primary production in the NESS stations. C. hyperboreus in the NESS can
feed more on diatoms, resulting in higher C20:5(n-3) contents compared with the NCS (Figure 8). As a
result, the TL, variation in C. hyperboreus can be correlated with C20:5(n-3) proportions, reflecting greater
CHOI ET AL. 11 of 15
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Figure 7. Regressions using body weight versus TFA concentration (a), depth-integrated chl a versus C20:5(n-3)
contents (b), body weight versus trophic level (c), and C20:5(n-3) contents versus trophic level (d). TFA, total fatty acid.

diatom abundance as an available diet (Figure 7d). These trophic dynamics of C. hyperboreus can be caused
by the spatial variation of phytoplankton composition, suggesting different planktonic food webs between
the NESS and NCS in summer.

Northern-East Siberian Sea (NESS) Northern Chukchi Sea (NCS)
C. hyperboreus
(TL =3.0, Lower C20:5(n-3) contents) :

: C. hyperboreus :
(TL =2.7, Higher C20:5(n-3) contents)

Protozooplankton

Protozooplankton

Trophic Level (TL)

Micro Pico/Nano
(37.1%) (62.9%)

Mixed layer depth: 6.5 £2.8 m Mixed layer depth: 10.8 £3.8 m
Stratification index: 2.9 +0.7 kg/m? i Stratification index: 3.8 £0.3 kg/m®

Figure 8. A conceptual illustration of TL distribution between the northeastern Siberian Sea and northern Chukchi
Sea. Proportions of micro-chl a concentrations (depth-integrated) in the NESS and NCS are shown in the area of
each box. The thickness of each arrow is the relative amount of diets consumed by C. hyperboreus, leading to spatial
variation in their TL values. NCS, northern Chukchi Sea; NESS, northern-East Siberian Sea; TL, trophic level.
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The TLaa of C. hyperboreus was determined to explore the trophic dynamics and diet composition between
the NCS and NESS in the Pacific region of the Arctic Ocean in the summer of 2018. We found that higher
TLaa values for C. hyperboreus in the NCS resulted from larger diet contribution of protozooplankton, com-
pared to the NESS. The C20:5(n-3) contents of C. hyperboreus showed lower abundance in the NCS than
in NESS, suggesting different contribution rates of diatoms to phytoplankton communities. Both FA and
8"N-AAs analysis of C. hyperboreus provided useful information to understand shifts in trophic levels of
C. hyperboreus and its diet sources. The feeding difference of C. hyperboreus was triggered by differences in
surface water stratification between the NESS and NCS. In this study, C. hyperboreus, which is a filter-feed-
ing copepod that occurs across the entire Arctic Ocean, may be a useful indicator organism for tracing
trophic dynamics in planktonic food webs.
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