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The Bering Sea is the second largest marginal sea in the North Pacific and is one

of the areas with highest biological productivity in high-latitude waters. The

continental shelf of the Bering Sea hosts large populations of marine mammals

and fishery resources. However, the smaller organisms in benthic ecosystems,

including meiofauna, have been largely overlooked in this area, despite their

potential importance in ecosystem functioning and the resultant

biogeochemical cycles. This study analyzed spatial differences in the total

abundance and community structure of the metazoan meiofauna at five

stations around the Bering Canyon, located at the southeastern margin of the

Bering Sea. Their association with environmental factors in sediments was also

studied. The results confirmed that the investigated stations had meiofaunal

standing stocks that were comparable to those of other Arctic seas. Among the

investigated sediment biological and geochemical parameters (total organic

carbon, median grain size, prokaryotic cell numbers, etc.), multivariate analyses

showed that the C/N of organic matter in sediments was the main factor

associated with meiofaunal community structure.

KEYWORDS
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1 Introduction

The Bering Sea is the second largest marginal sea in the North Pacific (2.27 × 106 km2,

Chen et al., 2004). It is a semi-enclosed, high-latitude sea that connects the North Pacific to

the Arctic Sea (Stabeno et al., 1999). The Bering Sea is one of the areas with the highest
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biological productivity in high-latitude waters, with diatom fluxes

that are one order of magnitude higher than the adjacent Gulf of

Alaska (Chen et al., 2004). The continental shelf of the Bering Sea is

known for its large populations of marine mammals and seabirds,

and it hosts large fishery resources of the United States (Granger

et al., 2011). However, the smaller organisms in benthic ecosystems,

including macro- and meiofauna have been largely overlooked in

this area, despite their potential importance in ecosystem

functioning and the resultant biogeochemical cycles (e.g., Kakui

et al., 2020; Langlet et al., 2020).

Meiobenthos, or meiofauna, is a term that describes the benthic

organisms that pass a sieve of 0.5–1 mm mesh size and are retained

on a sieve of 45 mm (with slightly varying mesh sizes of 31–63 mm),

which contains representatives of almost all phyla (Giere, 2009;

Schmidt-Rhaesa, 2020). They are ideal organisms for studying the

effects of various environmental factors on aquatic ecosystems

because of their intimate association with sedimentary

environments, high abundance, benthic larvae, and short

generation times (Giere, 2009; Schratzberger & Ingels, 2018).

Recently, they have also been considered a good bioindicator of

climate change in polar regions (Leasi et al., 2021).

The abundance of metazoan meiofauna along continental

margins has been reported in different climatic regions for

decades, and two major trends have been revealed on a global

scale: an exponential decrease in their abundance with water depth

reflecting the decrease in food input from the sea surface, and

higher abundance in the areas at higher latitudes with enhanced

input of organic matter to the seafloor (Tietjen, 1992; Soltwedel,

2000; Rex et al., 2006). Considering the very high surface

productivity in the Bering Sea, meiofaunal abundance in this area

is expected to be high, even among high-latitude oceans. Recent

studies have focused on the taxonomy and ecology of metazoan

meiofauna in the Bering Sea. Gemery et al. (2013) investigated the

temporal changes in benthic ostracod assemblages in the northern

part of the sea from the 1970s to 2010 and revealed that decadal

temperature changes affected the species composition. A new

species of Kinorhyncha was described from an active marine

volcano in the Bering Sea as the first representative of the taxon

from the sea (Adrianov and Maiorova, 2020). In sea ice in the

central and northern Bering Sea, the dominant meiofaunal taxon

was Rotifera, which contributed more than 50% of all individuals

(Bluhm et al., 2018). Although these studies provide novel insights

into meiofaunal communities in the Bering Sea, systematic

information conferring spatial changes in total metazoan

meiofaunal abundance and their whole community structure is

yet to be found in the Bering Sea (Soltwedel, 2000; Rosli et al., 2017;

Stratmann et al., 2020).

In August 2017, surface sediment sampling was conducted at

five stations at depths ranging from 1,536 m to 103 m along the

Bering Canyon. Based on these samples, spatial changes in the

abundance of benthic foraminifera (a dominant group among

meiofaunal size protozoans) along a wide gradient of

environmental conditions in these sediments have been reported

(Langlet et al., 2020). This study suggests that the abundance of

foraminifera is controlled by food availability in the area.
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In the present study, we focused on whole assemblages of

metazoan meiofauna and investigated the following questions:
(1) Is a general bathymetric decreasing trend in meiofaunal

abundance observed in the study area?

(2) Is the meiofaunal abundance in the southeastern Bering Sea

higher than the “global average” and comparable to that in

adjacent arctic regions with high productivity, where a

higher abundance of the metazoan meiofauna has been

reported?

(3) Which environmental factor(s) regulate(s) spatial

differences in meiofaunal community structure at higher

taxonomic levels?
2 Materials and methods

2.1 Sampling

Sediment samples were collected during the MR17-04 cruise

Leg2 on the Japan Agency for Marine-Earth Science and

Technology (JAMSTEC) R/V Mirai from August 5 to 21, 2017, in

the southeastern Bering Sea (Figure 1). Five stations were chosen to

cover a range of bottom conditions in the area. Stations C (water

depth 230 m), B (536 m), and G (1,536 m) are located along the axis

of the Bering Canyon, from the continental shelf to the middle
FIGURE 1

Bathymetric map of the southeastern Bering Sea showing the
stations sampled for this study during R/V Mirai MR17-04 cruise
Leg2 (JAMSTEC) from August 5 to 21, 2017.
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bathyal depth (Table 1). Station M (103 m) was located on the

landward side of the canyon and just below the area where high

densities of krill, fish, seabirds, and whales were observed during the

expedition. Station E2 (197 m) was located in a depression whose

bottom topography was expected to accumulate organic matter

derived from the ocean surface. Sampling was conducted using a

multiple corer, which can collect eight sediment cores (7.4 cm inner

diameter) simultaneously. On board, three core samples used for

meiofaunal analysis were sliced down to 3 cm depth at 0.5-cm

intervals to study vertical distribution patterns following the study

on benthic foraminifera performed based on two out of these three

sediment cores (Langlet et al., 2020). The sediment slices were

immediately fixed and preserved in 4% borax buffered

formaldehyde. At each station, two additional sediment cores

were sliced at every 1 cm depth down to 5 cm; one was used for

sedimentology and the other for organic matter analyses, including

analysis of total organic carbon (TOC), total nitrogen (TN), C/N

ratio [molar basis], stable isotope ratios (d15N and d13C),
chlorophyll a, and pheopigments. The median grain size (Md)

and mud percentage (%mud) were analyzed using a laser

granulometer (SALD-2100, Shimadzu Corporation, Japan)

according to the method described by Seike et al. (2018). The

sediment samples used for TOC and TN concentrations and their

isotopic compositions were freeze-dried, pulverized, decalcified,

and weighed into pre-cleaned silver capsules (Nomaki et al., 2016;

Nomaki et al., 2021). The TOC and TN contents were analyzed

using an elemental analyzer (Flash EA 1112, Thermo Fisher

Scientific, USA)), and the C/N ratio (molar) was determined

using the measured TOC and TN values. Chlorophyll a and

pheopigment concentrations were analyzed as reported by Langlet

et al. (2020).

Another sediment core was processed for microbiological

analyses at each station. Sediment cores were sectioned every

0.5 cm above 3 cm depth and every 1 cm from 3 to 10 cm depth

in sediments, sampled in plastic bags, and immediately frozen and

stored at –80°C.
2.2 Meiofaunal analyses

Metazoan meiofauna were extracted from the sediment by

centrifugation with a 63 mm mesh and colloidal silica (Ludox

HS40 [1.3 g/mL], Sigma-Aldrich, St. Louis, MO, USA) following
Frontiers in Marine Science 03
the procedures detailed in Danovaro (2010). Extracted meiofauna

in each supernatant were sorted and counted under a binocular

stereo microscope. Because of the large volume of meiofauna

present in the total sediment collected from each sliced sample,

the sediment was usually split using a plankton splitter, and half or

quarter of the sediments were analyzed. On average, ~250

individuals were sorted and identified in each sample (totally

~1500 individuals for each core). The counts of meiofaunal taxa

were summarized as the abundance of each meiofaunal taxon (ind./

10 cm2) in each of the three sediment layers (0–1, 1–2, and 2–3 cm)

of each core sample (Table S1) for comparisons with the vertical

profiles of sediment geochemical parameters, since most of these

were measured at 1-cm intervals for one sediment core sample at

each station, as mentioned above (see Table S2).
2.3 Direct counting of prokaryotic cells and
virus-like particles

In the onshore laboratory, subsamples for direct prokaryotic cell

and virus-like particle (VLP) counting were obtained by cracking

frozen samples.

For direct prokaryotic cell counting, approximately 1 ml of the

frozen sediment was suspended and fixed in phosphate buffered

saline (PBS) with 3% neutralized formaldehyde in a 15-ml tube. The

samples were then diluted 5-fold with 1 × PBS and sonicated for 20

s with an ultrasonic homogenizer (model UH-50; SMT, Tokyo,

Japan). Prokaryotic cells in the aliquot were filtered through a 0.2-

mm pore-size membrane filter (GTBP, Merck, Darmstadt,

Germany) and then stained with SYBR Green I (Lonza, Basel,

Switzerland) at room temperature for 10 min in darkness. Excess

dye was flushed from the membrane by rinsing it with another

aliquot of 1 × PBS.

To enumerate VLP abundance, a previously described method

was applied with minor modifications (Danovaro & Middelboe,

2010; Middelboe et al., 2011; Yanagawa et al., 2014; Yoshida et al.,

2018). Briefly, approximately 1-2 ml of frozen sediment was

promptly suspended in 10 ml of modified SM buffer (50 mM

Tris-HCl, pH 7.5, 10 mM MgSO4, and 100 mM NaCl) containing

5 mM tetrasodium pyrophosphate in a 50-ml centrifuge tube. The

slurry was shaken with a ShakeMaster Auto (BioMedical Science,

Tokyo, Japan) for 1 min at maximum speed and then sonicated for

1 min with an ultrasonic homogenizer (UH-50; SMT Company,
TABLE 1 Station list and sampling during R/V Mirai MR17-04 cruise Leg2 (JAMSTEC) from August 5 to 21, 2017 to the southeastern Bering Sea.

Station Date (m/
d/y) Latitude Longitude Water depth

[m]
Sample No. for Meiofaunal

variables
Sample No. for each environment

parameter

G 8/15/2017 54°11.76’N 166°58.34’W 1536 3 1

B 8/6/2017 54°28.42’N 166°01.44’W 536 3 1

M 8/10/2017 54°25.87’N 165°35.21’W 103 3 1

C 8/8/2017 54°42.71’N 165°27.01’W 230 3 1

E2 8/12/2017 54°20.62’N 165°16.52’W 197 3 1
Table legend: A multicorer was deployed to obtain sediment samples for meiofauna (3 cores per station), microbiological (1 core per station) and sediment analyses (1 core per station). Details of
sampling dates, locations, depth, and number of sediment cores collected for this study are given.
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Tokyo, Japan) to detach viral particles from the sediment matrices

(Middelboe et al., 2011). After centrifugation for 5 min at 700 × g,

microbial cells in the supernatant were removed using a 0.22-mm
pore size filter cartridge (Millipore). The cell-free filtrate

(approximately 6 ml) was subjected to DNase I treatment (final

concentration of 0.01 U/ml; Roche, Mannheim, Germany) for

15 min in darkness to reduce the background fluorescence of

extracellular DNA (Danovaro and Middelboe, 2010). The samples

were then fixed with 150 ml of 25% glutaraldehyde. VLPs in the

sample were filtered with a 0.02-µm pore size Anodisc filter (GE

Healthcare, Piscataway, NJ, USA) and then stained with 10× SYBR

Gold (Invitrogen, Eugene, OR, USA; Chen et al., 2001) for 15 min

in darkness.

For both direct cell and VLP counting, filters were mounted on

glass slides with a drop of a solution of 50% PBS and 50% glycerol.

In addition, for VLP count samples, 0.5% (final concentration) p-

phenylenediamine (Sigma-Aldrich, St. Louis, MO, USA) was also

added to minimize fading (Noble and Fuhrman, 1998). Microscopic

observations were performed using an Olympus BX53 fluorescence

microscope (Tokyo, Japan). Microbial cells and VLP were counted

in 10-30 fields for each filter.
2.4 Data for comparisons

Soltwedel (2000) summarized quantitative information on the

abundance of metazoan meiofauna along continental margins,

reported until the 1990s. Based on these data, the author showed

a significant overall relationship between log-transformed

meiofaunal density and water depth along continental margins.

log10 meiofaunal individuals =10cm2

= � 0:0001� depth(m) + 2:74 :

Soltwedel (2000) found another significant regression based

exclusively on data from eutrophic polar regions.

log10 meiofaunal individuals=10cm2

= � 0:0002� depth(m) + 3:25 :

Although there were variations in the sampling devices used,

sampling depth, and size limits for meiofauna among those studies,

these equations were adopted in this study to estimate the expected

meiofaunal abundance at the same depths as our sampling sites for

overall comparisons.

As mentioned previously, no comparative systematic data on

meiofaunal abundance has been reported for the Bering Sea.

Instead, those reported from sites within a depth range

comparable to that of the present study in the adjacent Arctic Sea

were used for comparison with our data.
2.5 Univariate and multivariate analyses

A Nonparametric Kruskal-Wallis test, was conducted to test the

null hypothesis that the total metazoan meiofaunal abundance in
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the top 3 cm of sediment did not differ between stations based on

three replicates at each station, since the normality and

homogeneity of variance between samples are usually unexpected

for meiofaunal variables (Zar, 2010). The analysis was performed

using R version 4.1.2 (https://www.r-project.org/). Because the

sediment layers in each core sample were not independent of

each other (cf. Zar, 2010), they were not considered in this analysis.

PRIMER7 software with the add-on package PERMANOVA +

(PRIMER-E Ltd., Plymouth, UK) was used for multivariate analyses

of the meiofaunal community structure. The Bray–Curtis index was

used as the similarity index based on log (x+1) transformed values

of abundance of each meiofauna taxon to focus on rare and

abundant taxa (cf. Clarke et al., 2014).

Nonmetric MDS (nMDS) was used to assess similarities in

meiofaunal community structures among the samples. One-way

PERMANOVA was conducted to test the null hypothesis that

meiofaunal communities did not differ among the stations

(Anderson et al., 2008). SIMPER analysis was used to examine

individual taxon contributions to the similarities between samples

at each station (Clarke et al., 2014).

In these three analyses, differences between sediment layers

were not considered because of the non-independence between

sediment layers in the same core sample at each station. Instead, the

summed abundance of each taxon in the 0–3 cm sediment was used.

DISTLM was used to determine the best-fit models and

partition variance in the response variables (meiofaunal taxa) to

assign proportional effects to the measured environmental factors

(Anderson et al., 2008).

Sediment geochemical parameters (Md, mud%, TOC

concentration, C/N ratio [mol], chlorophyll a, total pigments

(chlorophyll a + pigments), and d15N and d13C values of total

nitrogen and total organic carbon in sediment, respectively), VLP,

and prokaryote cell number in sediment, their ratio (V/P), bottom

water oxygen concentration (BWO), and water depth were

considered in the analysis (Tables S1, S2). The relative values of

total pigments per TOC mass [nmol./mg TOC] were also

considered as indicators of the availability of fresh organic

matter (Table S2), since their associations with the benthic

foraminiferal communities at the same stations have already

been studied (Langlet et al., 2020).

Because of the limited available data for the environmental

factors (N=1) and non-independence between sediment layers in

the same core sample, the mean density of each taxon and mean

values of geochemical factors in the top 3 cm sediment (except

chlorophyll a, total pigments, BMO, and depth, for which one value

was available at each station) were used in the analysis (N=5). The

values of the environmental factors were not transformed, as

PERMANOVA+ automatically normalizes each environmental

factor when running the DISTLM (Anderson et al., 2008).

In DISTLM, the marginal test was performed for each of the all

environmental factors separately as the first step. In the sequential

test, for the next step, the forward selection procedure was used to

determine the best combination of predictor variables to explain

variation in meiofaunal structure data and to partition the variation

explained by the selected predictor variables based on the selection

criterion (Akaike information criterion [AIC] in this study).
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Before DISTLMwas carried out, Draftsman Plots were created for

all pairs of environmental factors. They showed that TOC, TN,

chlorophyll a, mud%, and water depth were highly correlated with

each other (r ≥ 0.95). Because these factors seem to be associated with

the amount of organic matter deposited in the sediment, TOC was

chosen as the representative factor in the sequential test (cf. Anderson

et al., 2008).

Similarly, among C/N, d13C, and d15N with high correlations,

C/N was chosen as an indicator of organic matter quality for the

sequential test. The total pigment was chosen instead of BWO,

which was highly correlated with the former. Finally, TOC, C/N,

VLP, V/P, Md, total pigments, and pigments/TOC were considered

in the sequential test.

dbRDA was used to ordinate fitted values from the models

selected by sequential tests and to show the gradient in the

meiofaunal communities among samples that could be modeled

by the selected environmental factors (Anderson et al., 2008).

3 Results

3.1 Bathymetric patterns in total
abundance of metazoan meiofauna

The relationships between bathymetric depth and mean

abundance of total metazoan meiofauna in the top 3 cm of the

sediment layer are shown in Figure 2. Lower abundances were

observed at stations M and C (486 ± 85 and 590 ± 184 ind./10 cm2,

respectively, on average [ ± SD]) andhigher abundances at Stations E2,

B and G (1084± 257, 1022 ± 430, and 806 ± 130 ind./10 cm2). A

common trend of declining meiofaunal abundance with increasing

water depth was not observed in the study area; no significant

difference was detected in total meiofaunal abundances between

stations (Kruskal-Wallis Test: P > 0.05). These observed abundances

were generally larger than the expected values at comparable depths

calculated using the equation by Soltwedel (2000) based on the
Frontiers in Marine Science 05
worldwide-compiled data (gray line in Figure 2), except at Station

M, the shallowest site in this study.All theseobserved abundanceswere

smaller than those calculated based on the regression line (dotted line

in Figure 2) based on previous data from the polar regions (Soltwedel,

2000). However, the observed meiofaunal densities in the Bering Sea

were within the range of those recently observed at other Arctic Ocean

sites with comparable water depths, which are connected to the Bering

Sea (Figure 2).

3.2 Vertical profiles and spatial
difference of meiofaunal communities
in sediments and their associations
with environment factors

Totalmetazoanmeiofaunawere concentrated in the uppermost 1-

cm layer of the sediment and decreased with sediment depth at all

investigated stations, but relatively higher densities were also observed

in the deeper layers at Stations G and E2 (Figure 3). On average,

nematodes were the most abundant taxon in all sediment layers at all

stations, particularly in the deeper layers, where their frequencies often

exceeded 90%, with a maximum of 98% at the deepest station, G. The

other taxa tended to concentrate more strongly in the top 1-cm layer.

Among them, benthic copepods and nauplii comprised, on average,

19%and13%of total individuals in the surface layer, respectively. Taxa

other than nematodes were rare in the deeper sediment layers, but

relatively higher frequencies of copepods were observed in the deeper

layers at some stations, particularly Station C (around 20%).

One-way PERMANOVA detected a significant difference

between stations when the pooled abundances of meiofauna taxa

in the top 3 cm sediment layer in each core sample were considered

(P< 0.01, Figure 4A). No pair-wise test between each pair of stations

could detect any significant difference because of the limited sample

number (N=3 for each station).

SIMPER analysis detected that the nematodes contributed most

strongly to the average similarities in meiofaunal communities at all
FIGURE 2

Relationships between water depth and total meiofaunal abundance (mean ± SD, if replicate data available) in the southeastern Bering Sea and in the
other sites with similar depths in the adjacent Arctic Seas. Data from the other seas in the Arctic Ocean were obtained from the following sources:
Beaufort Sea, Bessière et al. (2007); Chukchi Sea, Lin et al. (2014) and Huang et al. (2021); Kara Sea, Portnova and Polukhin (2018); Central Arctic
Ocean, Schewe (2001); Marginal ice zone of Arctic Ocean, Hoste et al. (2007) and Soltwedel et al. (2020). The gray line presents estimated
meiofaunal abundances using an equation based on a worldwide data set. The abundances presented by the dotted line are inferred from an
equation based on data from eutrophic polar regions, only. Both applied equations were introduced by Soltwedel (2000).
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FIGURE 3

Vertical profiles of cumulative mean abundances of main meiofaunal taxa in the sediment at five stations in the southeastern Bering Sea. “Others”
contain taxa with frequencies< 1% such as Kinorhyncha and Ostracoda. Details of densities of all meiofaunal taxa in each sediment layer of all core
samples are shown in Table S1.
B

A

FIGURE 4

Two-dimensional non-metric multidimensional scaling (nMDS) ordination of meiofaunal communities (0–3 cm sediment depth) at higher taxonomic
level in samples from the southeastern Bering Sea. (A) Ordination of single core samples (a–c) from stations G, B, M, C, and E2. (B) Superimposed
segmented bubble plot for taxa that mainly contributed to the mean similarity in meiofaunal community structure within each station (detected by
SIMPER analysis: I. Nematodes, II. Copepods).
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stations (26.2−35.6%, Figure 4B). The contribution of copepods was

detected as the second or third highest (18.6−24.0%, Figure 4B).

Vertical changes in the environmental factors along the sediment

depth are shown in Figure 5. TOC and TN concentrations of organic

matter, chlorophyll a, and pheopigments were higher at stations with

finer sediment particles, most of which were composed of muds

(Stations G and B). On the other hand, C/N, d13C and d15N of

organic matter did not show clear differences in their vertical profiles

between stations. However, the relation of total pigments per µg TOC
Frontiers in Marine Science 07
(Pig./TOC), an indicator for fresh organic matter of photosynthetic

origin which was calculated for the first sediment centimeter, was

highest at station E2.

When each of the investigated environmental factors was

considered separately, most of the indicators of the quantities or

qualities of organic matter, such as TOC, TN, prokaryote number,

C/N, d13C, and d15N values of organic matter in the sediment, were

found to be significantly associated with meiofaunal community

structure (Ps<0.05, the marginal tests in Table 2).
FIGURE 5

Vertical profiles of geochemical parameters in sediments at five stations in the southeastern Bering Sea. VLP: Virus-like particles, V/P: ratio of
numbers of VLP/Prokaryotes, Total pigments: Chlorophyll a + pheopigments, Pig./TOC: Total pigments per mg of TOC in sediment. The data of
these parameters are shown in Table S2.
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Among the environmental factors chosen for the sequential test

(TOC, C/N, VLP, V/P, Md, Total pigments, and Pigments/TOC, see

Section 2.5), DISTLM selected only C/N values of organic matter in

sediment as the significant parameter that explained 57.4% of

meiofaunal community structure (Table 2). Md and VLP abundances

were selected as the second and third factors in the selection procedure,

although their significance was not revealed (Table 2).

dbRDA showed that 98% of the differences in the overall mean

abundances ofmeiofaunal taxa among the five stations were explained

along the gradients of the three factors. In general, a higher abundance

of nematodes was observed at stations with higher C/N ratios, and

copepod frequencies seemed to be higher in the coarser sediment

bottom, partly with a higher number of VLP (Figure 6).
4 Discussion

The total meiofaunal densities observed in the study area tended

to be similar (Stations M and C) or higher than the estimated values

at the corresponding water depths, based on a previous global
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dataset (Soltwedel, 2000, Figure 2). At the deep station G,

meiofaunal density was within the range of reported values from

various eutrophic higher-latitude regions in the Arctic Sea.

However, shallower stations M, E2, and C exhibited lower

densities than those predicted by the model. It is difficult to

compare data from different studies using various methods to

process the samples, as mentioned above. In the present study, a

sieve of 63 mm was used as the lower limit, and the top 3 cm of the

sediment was examined. These processes may have underestimated

meiofaunal abundance, although >80% of metazoan meiofauna

seem to be concentrated in the top 3-cm layer on continental

slopes in general (cf. Itoh et al., 2011). Both factors led to an

underestimation of the meiofaunal abundance in our study. We can

suggest conservatively that the metazoan meiofaunal abundance in

the southeastern Bering Sea is higher than the global average,

although further studies are needed to show more clearly that

primary production at the sea surface is a major factor

determining their standing stocks in the area.

In contrast, a common pattern of meiofaunal abundance,

bathymetric decline with water depth, was not clear among the five
TABLE 2 Distance-based linear model (DISTLM) analyses of meiofaunal community structure and their explanation by environmental parameters at
five stations in the southeastern Bering Sea.

Marginal tests

Variables 1) Pseudo-F P Prop. (%) 2)

TOC 3.7 0.03 55.2

TN 3.7 0.03 55.2

C/N 4.0 0.02 57.4

d15N 4.3 0.03 58.7

d13C 4.5 0.02 59.9

VLP 0.5 0.74 15.1

Prokaryotes 4.3 0.02 58.8

V/P 1.0 0.45 24.5

Md 2.1 0.12 40.9

Mud% 3.7 0.04 55.1

Depth 2.5 0.11 45.4

Chlorophyll a 3.2 0.04 51.7

Total pigments 2.8 0.10 48.4

Pig./TOC 0.8 0.53 20.5

BWO 3.6 0.04 54.3

Sequential test

Variables AIC Pseudo-F P Prop. (%)

+d13C 23.4 4.0 0.02 57.4

+Md 22.3 1.7 0.28 19.3

+VLP 12.9 8.9 0.13 20.9
1) Variables tested as predictors in the analyses. VLP: Virus-like particle, V/P: ratio of numbers of VLP/Prokaryotes, Total pigments: Chlorophyll a + pheopigments, Pig./TOC: Total pigments per
mg of TOC, BWO: bottom water oxygen concentration. Significant P-values are shown in bold with under lines.
2) Percentage of total variation explained by the factor.
Significant P-values are shown in bold with underline.
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study sites; the lowest mean abundance was observed at Station M,

the shallowest site (depth 103 m; Figure 1). During the expedition, the

“Aleutian magic” phenomenon (a gathering of whales and thousands

of sea birds feeding on krill, planktonic gastropods, and juvenile cods)

was observed near Station M (Langlet et al., 2020), suggesting that

surface productivity was enhanced above the station during the

sampling period. This high productivity, however, did not likely

contribute to fresh organic matter deposition at Station M, possibly

because of a strong bottom current leading to coarse bottom

sediments, as shown by bottom-water observations during the

expedition, but the organic matter seemed to accumulate at Station

E2 located in a depression (197 m, Figure 1). This was concordant

with the observed pheopigment/TOC ratios in the first sediment

centimeter, which is an indicator of fresh food in the sediment: the

ratio was highest at Station E2 and lowest at Station M (Figure 5).

Even at shallow water depths, the bottom topographies at stations M

and C hampered the sedimentation of fluffy phytodetritus, resulting

in a low availability of organic matter to meiofauna. Langlet et al.

(2020) also reported that among the four stations investigated in their

study (except Station C), the number of benthic foraminiferal species

and their total abundance were the highest at Station E2. In this study,

the highest total metazoan density was observed at Station E2. These

results suggest that the total abundance of both meiofaunal-sized

protozoans and metazoans is controlled by fresh organic matter

deposited in the benthic ecosystem in this area. To confirm this,

further samples from deeper sites along the Bering Canyon (> 2000 m

depth) are needed.

Mean values for each of the five stations were used for the

DISTLM. The analysis revealed that the metazoan meiofaunal

community structure was not significantly correlated with the

relative amount of pheopigments in the top sediment. Instead, the

sequential test of DISTLM selected the C/N values of organic matter
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as the only significant factor associated with meiofaunal community

structure among the investigated parameters, which explained 57%

of the variability of the data. The d15N and d13C of organic matter

were also highly associated with the meiofauna community

structure when considered separately (>58%) and showed higher

correlations with C/N. These results suggest that meiofaunal

communities are associated with differences in the quality of the

organic matter, as represented by C/N, rather than its amount.

The observed C/N (6.3−10.3) was comparable to that observed in

continental slopes with similar depths off Hokkaido Island, in a boreal

region of the Japanese Islands (approximately 8−9 at 500−1500 m,

Usui et al., 2006), and off the coast of Antarctica (5−16, at 200−1950

m, Veit-Köhler et al., 2013; Veit-Köhler et al., 2018). In sediments

exhibiting high C/N values (> 9 on average, at Station G and

specifically Station B), the abundance of nematodes was distinctively

high, whereas copepod abundance was lower. In contrast, in the

sediment with total organic compounds showing a lower C/N (e.g. 7.6

on average, at Station C), the abundance of copepods was higher.

C/N ratios have been reported to be approximately 5−9 among

phytoplankton (Garcia et al., 2018), and the ratios become higher

when the organic matter is more degraded (cf. Veit-Köhler et al.,

2018). With reference to these previous studies, our results suggest

that transport and accumulation of a fraction of more degraded

organic matter with higher C/N through the Bering Canyon might

cause slightly higher values observed at deeper Stations G and B.

Marine harpacticoids, which comprise most benthic copepods,

have been revealed to depend mainly on photosynthetic products as

carbon sources in shallow water (Vafeiadou et al., 2014; Cnudde

et al., 2015), whereas nematodes have been reported to consume

various types of organic matter, such as bacteria and detritus

(Moens & Vincx, 1997).

In the bathyal and abyssal depths (1930−4000 m) in the Southern

Ocean and the Weddell Sea, on the other hand, both nematodes and

copepods seem to feed mainly on degraded organic matter, because

the food source is continuously available throughout the year (Veit-

Köhler et al., 2013). Since four out of five of our study stations are

located at depths of< 550m, namely in the transmission area from the

deeper sublittoral zone to the bathyal zone, food separation between

meiofaunal taxa may still remain ambiguous. We need to investigate

the feeding ecology of nematodes and copepods, for example, by

analyzing stable isotopes of their bodies, to confirm the difference in

food resources among taxa that actually cause differences in

meiofaunal communities observed in this study.

In the study area, the bottomwater oxygen concentration (BWO)

at Stations M, C, and E2 was high (> 218 mmol/l), but tended to

decrease with increasing water depth, resulting in hypoxic conditions

in the middle bathyal zone, and< 28 mmol/L at deep stations B and G

(Langlet et al., 2020), where higher nematode abundances were

observed. However, this parameter did not show any significant

association withmeiofaunal communities at a higher taxonomic level.

In general, most benthic copepods are sensitive to low dissolved

oxygen levels in bottom water (Kawano et al., 2021), and some

species of copepods and nematodes show tolerance to hypoxic and

anoxic bottom water conditions (Steyaert et al., 2007; Sergeeva and

Zaika, 2013; Nguyen et al., 2018). Further studies based on species

or genus levels are required.
FIGURE 6

dbRDA of meiofaunal community structure according to DISTLM
with selected environmental factors. The percentages of variation in
the fitted model and of the total variation in mean abundances of
meiofaunal taxa among stations as explained by each of the dbRDA
axes are indicated. Mean densities (0–3 cm sediment depth) per
station of the two most structuring taxa (I. Nematodes, II.
Copepods) superimposed as segmented bubble plot. The directions
and lengths of vector overlays denote the directions and strengths
of the relationships between the dbRDA axes and environmental
factors, respectively. C/N: molar basis C/N ratio, Md: median grain
size, VLP: Virus-like particles.
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This study provides a “snapshot” of meiofaunal assemblages in

the investigated area in August 2017 when the phenomenon

“Aleutian Magic” occurred on the sea surface above Station M

(Langlet et al., 2020). In the eastern Bering Sea, spring and fall

blooms can be linked to the production of zooplankton such as large

calanoids (Sigler et al., 2014). Our sampling was conducted at the

beginning of one such process. In the polar region, a recent

metabarcoding approach revealed that season is a significant

predictor of the diversity of sea ice and sediment-associated

meiofauna at approximately 3 km from the ice edge near

Utqiaġvik (Barrow), Alaska (Leasi et al., 2021). The interannual

change in seasonal sea ice reduction events in the northern Bering

Sea could also result in the production of planktonic copepods

(Kimura et al., 2022). Thus, we need further studies on unfolding

annual changes in meiofaunal communities in the area, based on

time series data covering both non-bloom and bloom seasons.
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