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Temporal and spatial variability
of sympagic metazoans in a
high-Arctic fjord, Svalbard

Vanessa Pitusi 1,2*, Rolf Gradinger 2 and Janne E. Søreide 1

1Department of Arctic Biology, The University Centre in Svalbard (UNIS), Longyearbyen, Norway,
2Department of Arctic and Marine Biology, UiT – The Arctic University of Norway, Tromsø, Norway
Svalbard is one of the fastest warming regions in the Arctic including massive loss

in fjord sea ice both in terms of area coverage, ice thickness and duration. Sea ice

is a habitat for a wide variety of microscopic flora and fauna, and we know little

about the impact of accelerated loss of sea ice on this unique sea ice community.

Here, we present the first study on the seasonal progression and spatial

distribution of the sympagic meiofauna community, in a Svalbard fjord.

Further, the meiofauna community in sea ice versus the water column below

were compared to investigate the link between the two habitats. In total, we

found 12 taxa associated with the sea ice and 15 taxa in the water column below

with 11 taxa occurring in both habitats. However, a Canonical-analysis (CA)

showed that despite similarities in taxa the two mediums were distinctly different

(potentially) due to the low abundance of ice nematodes and polychaete

juveniles, in pelagic samples. Temporally, ice meiofauna abundances ranged

from 9.7 to 25.3 x 103 ind m-2 from beginning of March to end of April, following

the seasonal build-up of ice algal biomass from 0.02 to 15.99 mg Chl a m-2

during the same time span. For the transect stations, the lowest ice meiofauna

abundance was recorded at the outermost station (VMF2) with 1.6 x 103 ind m-2

and the highest abundance at the mid-station MS with 25.3 x 103 ind m-2. Our

results indicate that fjord ice harbors most ice algae and sympagic meiofauna in

its lower 10-cm with highest values in the lowermost 2-cm, at the sea ice water

interface. Sympagic meiofauna communities were mostly dominated by

nematodes or polychaete juveniles. We observed the phenology of ice

nematodes through the maturation of females and hatching of juveniles from

eggs. Polychaete larvae developed (quickly) into juveniles and grew

morphological features indicative of readiness for settlement. Thus, we

propose, that as with other parts of the Arctic, sea ice in Svalbard fjords plays

an important role in the life cycle of ice nematodes and for accelerating the

growth of polychaete larvae. Loss of coastal sea ice may therefore negatively

impact coastal biodiversity and affect recruitment for some benthic infauna

in Svalbard.
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Introduction

The Arctic is highly impacted by global change with warmer air

and sea temperatures, sea ice decline, and increasing coastal erosion.

Over the past four decades, sea ice has undergone one of the most

significant changes of any habitat on earth. Not only is sea ice

becoming less present in the Arctic specifically in summer, but the

thickness, age and pre-dominant type are changing on a pan-Arctic

scale (e.g. Kwok, 2018). The once abundant, thick, and often

deformed multi-year ice is progressively being replaced by

younger, thinner and less deformed first-year sea ice (Bi et al.,

2018; Stroeve and Notz, 2018; Sumata et al., 2023). Currently, Arctic

sea ice extent ranges from 4.72 (summer) to 12.83 (winter) million

km2 (National Snow and Ice Data Center, 2023) compared to 7 to

14 million km2 (Walsh and Johnson, 1979) about 40 years ago. Sea

ice loss has been more pronounced than predicted by models,

especially in Arctic fjords (Muckenhuber et al., 2016). The timing of

formation and break-up/melt of sea ice has shifted, which has led to

an overall shorter sea ice season in Svalbard and elsewhere in the

Arctic (Nicolaus et al., 2012; Pavlova et al., 2019; Urbański and

Litwicka, 2022). Snow-covered sea ice has a high albedo, reflecting

most of the incoming solar shortwave radiation. However, with a

decrease in sea ice extent a larger area of seawater is exposed, which

absorbs solar heat, called the ice-albedo feedback (Kashiwase et al.,

2017). This combined with warmer winter air temperatures is

delaying sea ice formation and the overall duration of ice cover

(Urbański and Litwicka, 2022). Subsequently, a positive feedback

loop has been created resulting in an increasingly larger fraction of

open water and less sea ice formation, due to an increasing heat

budget in Arctic waters. The physical impacts of this change are

being intensely studied using satellite information and models (e.g.

Bi et al., 2018; Peng et al., 2018; Screen et al., 2018). For

measurements on biological life inside of sea ice, however, we still

depend on in situ investigations, and thus we have very restricted

information both in time and space, and sea ice biodiversity and

functioning are, therefore, still poorly understood.

When sea ice forms salt is rejected and partially collects in the

form of brine in interstitial channels and pockets between the ice

crystals. This creates a small (< 1 mm diameter), but inhabitable

space for a sympagic (“ice-associated”) community consisting of

virus, bacteria, protozoans, over 1,000 species of microscopic algae,

and metazoans, such as predacious hydroids, nematodes and

benthic polychaete larvae and juveniles (Marquardt et al., 2011;

Bluhm et al., 2018) contributing a significant fraction to the Arctic

Ocean carbon cycling (Ehrlich et al., 2020). Metazoans occurring

within sea ice have both physiological and morphological

adaptations to survive within the challenging ice environment

(Patrohay et al., 2022). Sea ice over shallow coastal areas (< 50 m)

is pre-dominantly inhabited by larvae and juveniles of benthic

organisms, whereas sea ice over deeper areas and even pack ice

favors pelagic or, for the central Arctic, ice endemic taxa (Bluhm

et al., 2018). Larvae and juveniles utilize sea ice as a nursery ground

using the readily available food, in the form of algae and bacteria, to

grow and develop (e.g. McConnell et al., 2012). Additionally,
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through the presence of eggs and gravid fauna, sea ice is a

breeding and reproduction ground for meiofauna (Marquardt

et al., 2011). Sea ice is not solely utilized by in-ice fauna, but also

offers a feeding platform at the ice-water interface to larger pelagic

organisms that are excluded from the narrow brine channels.

Especially important after the dark season, copepods feed on the

underside of the ice prior to the phytoplankton bloom (Conover

and Huntley, 1991) when ice algae present an early and

concentrated food source of energy for zooplankton (e.g. Calanus

glacialis) to fuel secondary production (Søreide et al., 2010).

Svalbard, which is located between 74° and 81° N, is one of the

most rapidly changing Arctic regions. Fjordic systems either have or

are in the transition toward becoming dominated by warmer

Atlantic derived water (Tverberg et al., 2019; Skogseth et al.,

2020). Subsequently, the sea ice season has changed with less

reliable formation and an early under-ice melt caused by the

presence of warmer water and air temperatures (Muckenhuber

et al., 2016; Pavlova et al., 2019; Urbański and Litwicka, 2022). A

recent study in Svalbard showed that in 2005-2019 the extent of the

landfast sea ice with duration of 2 months or more was only half of

that found in 1973-2000, and in the near future there will barely be

any coastal sea ice lasting two months or more in Svalbard

(Urbański and Litwicka, 2022). The implications of such changes

in sea ice regimes have been investigated for marine mammals (e.g.

Kovacs et al., 2020), and discussed for zooplankton (Søreide et al.,

2010; Kohlbach et al., 2016) and benthos (e.g. Kohlbach et al., 2019).

For Arctic ice-associated flora and fauna in general, Hop et al.

(2021) reported a reduction in the abundance of ice-associated

macrofauna from the 1980s to the 2010s related to changed ice

properties. For sea ice algae, Hop et al. (2020) demonstrated the

relevance of presence of old multi-year ice for seeding newly formed

ice with diverse algal communities. For meiofauna, the recent study

by Ehrlich et al. (2020) indicated that the loss of older ice had

caused a marked decrease in sea ice meiofauna diversity compared

to older studies. While sea ice around Svalbard has been the focus of

physical and ice algal studies (e.g. Leu et al., 2010; Leu et al., 2020),

we lack baseline data on the sympagic meiofauna to detect ongoing

biological changes. Given the significant loss of ice in general, and

specifically in Svalbard fjords, identifying the inhabitants of sea ice

is an urgent task as this habitat might be lost within decades. Our

knowledge of this specialized fauna is far from sufficient to assess

how sea ice metazoans will be impacted by the changing sea ice

conditions in Arctic fjords.

Thus, this study provides critical baseline data from a

southwestern Spitsbergen fjord. Our study addressed the

following questions:
1. Do sympagic meiofauna fjord community composition and

abundance vary seasonally and along a depth gradient?

2. What role does sea ice play in the life history of sympagic

meiofauna?

3. Is there a link between sea ice and the underlying water

column, in Van Mijenfjorden?
frontiersin.org

https://doi.org/10.3389/fmars.2023.1201359
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Pitusi et al. 10.3389/fmars.2023.1201359
Materials and methods

Study site, sample collection
and processing

Van Mijenfjorden (77.7°N, 15.5°E) is located on the south-

western coast of Spitsbergen (Svalbard) and is a semi-enclosed

fjord with an island (Akseløya) at its mouth. The fjord is 70-km

long and consists of an inner and outer basin withmean depths of 30-

and 100-m (Høyland, 2009), respectively. The presence of Akseløya,

at the entrance of Van Mijenfjorden, shields it from the regular

intrusion of warm and saline Atlantic water, via theWest Spitsbergen

Current, making sea ice formation relatively reliable (Høyland, 2009).

The water masses in the fjord are influenced by glacial melt and the

formation of sea ice. Despite being partially enclosed, elevated winter

temperatures in Svalbard have influenced sea ice formation in Van

Mijenfjorden and the sea ice period has shortened in the past 10 years

(Osuch andWawrzyniak, 2017). Today, sea ice tends to start forming

around January/February and melts around late May/June rather

than previously forming in December/January and melting in June/

July. During our study, the age of the sea ice within VanMijenfjorden

at the time of sampling was determined based on sea ice charts

created by the Norwegian Meteorological Office (see https://

cryo.met.no/en/latest-ice-charts). The charts were checked for when

landfast-ice was first recorded at the sampling stations and the age

was determined by establishing the time elapsed (in weeks) between

the date of formation and sampling.

Sampling occurred fromMarch to May 2017 at the main station

(MS) in Van Mijenfjorden, Svalbard, and along a depth transect in

the end of April (Figure 1) to investigate both the temporal and
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spatial distribution of sympagic meiofauna. The depth transect

consisted of five stations including stations IS (water depths: 2-

m), IM (14-m), MS (54-m), VMF1 (78-m), and VMF2 (61-m).

These stations were chosen based on their difference in bottom

depth and to contrast the inner fjord stations (IS & IM) with more

outer stations (e.g. VMF2). An ice corer (KOVACS, ø = 9-cm) was

used to retrieve sea ice cores from level landfast-ice for sympagic

meiofauna, chlorophyll a, ice temperature and bulk salinity

(Table 1). For the biotic parameters, three cores were taken

approximately 0.5 m from each other. Snow depth, ice thickness

and freeboard were noted for each coring site. Sea ice cores were cut

immediately after coring into sections (distances given from ice-

water interface) of 0-1, 1-2, 2-3 and 3-10-cm. They were transported

back to the lab for further processing in the dark in a cooler. To

avoid osmotic shock of ice fauna and algae, the sections for

meiofauna determination and ice chlorophyll a were melted in

100-mL of 0.7 mm-filtered seawater per 1-cm of ice thickness

(Garrison and Buck, 1986; Spindler and Dieckmann, 1986), while

direct melt was used for bulk salinity. Sea ice cores were kept in

separate bags and melting occurred in the dark at + 4 °C at the field

station in Sveagruva, Spitsbergen.

In situ sea ice temperature was determined in the field with a

hand-held thermometer (VWR Traceable Digital Thermometer,

VWR, USA) by placing it in pre-drilled holes at 0, 1, 2, 5-cm and

then every 10-cm (measured from the ice – water interface).

Bulk salinity was measured by placing a conductivity meter

(VWR symphony SP90M5 Handheld Meter with Electrode salinity

probe, VWR, USA) into melted core sections. Based on these

measurements, brine salinity and volume fraction were calculated

using the equations from Cox and Weeks (1983). Salinity values are
FIGURE 1

Map of Svalbard with major oceanic currents and Van Mijenfjorden with sampling stations marked. Stations IS (2-m), IM (14-m), MS (54-m), VMF1
(78-m) and VMF2 (62-m).
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given according to the practical salinity scale and have therefore

no units.

Melted sea ice cores sections for chlorophyll a were filtered

through 0.7-mm GF/F glass fiber filters (Whatman, England) and

extracted for 24 hours in 10-mL of pure methanol at + 4°C.

Chlorophyll a concentrations were determined before and after

acidification with 5% HCl, with a 10AU-Flurometer (Turner

Designs, USA) (Parsons et al., 1984).

Alongside the sea ice samples, 20-mm net (Hydro BIOS,

Germany, ø = 40-cm) and water samples were taken through a

hole in the ice (Table 1). Water samples were collected from directly

underneath the ice with a 5-L Niskin bottle (Hydro-Bios, Germany)

and stored in black 5-L canisters until filtration. Water chlorophyll a

samples were filtered and processed as the melted sea ice a samples.

The 20-mm net was lowered to approximately 5-m above the sea

floor and slowly pulled to the surface. The net samples were then

transferred to 250-mL bottles and preserved in a final concentration of

4 % formaldehyde-sea water solution. Net samples were concentrated

in a 20- mm sieve and soaked in 0.7 mm-filtered seawater for 30 mins.

The samples were rinsed off the sieve and diluted to a known volume

from which 2 or 5-mL sub-samples were taken. From the sample, 300

individuals were counted and identified under a Leica

stereomicroscope (Leica M16, 0.71 – 11.5 x, Wetzler, Germany).
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Sympagic meiofauna abundance and
community composition

Individual melted ice sections for sympagic meiofauna were

concentrated over a 20-mm sieve and the total volume of each

melted section was measured. Samples were analyzed either alive or

after fixation in 96 % ethanol or 4 % formaldehyde (Table 1,

Supplementary material 1). Both ethanol and formalin were used

to have samples available for DNA extraction (see Pitusi et al.,

2021), as well as purely for community count and composition. A

Leica stereomicroscope (Leica M16, 0.71 – 11.5 x, Wetzler,

Germany) was used to identify and count sympagic meiofauna.

General taxonomic literature (e.g. Larnik and Westheide, 2011) was

used to identify fauna. Meiofauna was identified to the lowest

possible taxonomic level, whereas most pelagic organisms were

identified to species due to the extensive literature available from

Svalbard (e.g Klekowski and Węsesawski, 1991). No identification

keys for eggs were available and thus photographs were taken, and

their width and color was noted. A sub-sample of eggs was

identified molecularly (see Pitusi et al., 2021). Although eggs do

not represent distinct taxa, in this study, we considered them as a

unique part of the community and included them in the

abundance count.
TABLE 1 Number of samples for abiotic and biotic factors collected from sea ice, in Van Mijenfjorden, in 2017.

Date
[dd-
mm-
year]

Station Latitude
[Decimal
degrees]

Longitude
[Decimal
degrees]

No. of cores taken Mean ± StnDev
[cm]

20 mm net
sample

depth [m]

Water
depth
[m]

SM Chl
a

IceT BSal SD
[cm]

IT
[cm]

FB
[cm]

03-Mar-
2017

MS 77.86147 16.71733 3 3 1 1 2.2 ±
0.4

33.1 ±
0.6

2.5 ±
0.5

45 50

08-Mar-
2017

MS 77.85058 16.70619 3 3 3 2 12.0 ±
2.6

30.1 ±
0.5

0.6 ±
0.5

N/A N/A

06-Apr-
2017

MS 77.85058 16.70619 3 3 1 1 17.6 ±
5.0

44.3 ±
2.6

3.8 ±
3.0

N/A N/A

23-Apr-
2017

MS 77.86002 16.70693 4 3 1 1 12.7 ±
6.2

51.7 ±
1.6

1.8 ±
1.7

50 55

29-Apr-
2017

MS 77.85025 16.70708 3 3 1 1 12.9 ±
2.3

53.8 ±
1.3

1.6 ±
0.7

N/A 60

02-May-
2017

MS 77.86020 16.70985 3 3 1 1 19.2 ±
2.7

53.5 ±
0.7

-1.5 ±
1.4

N/A N/A

Transect stations

26-Apr-
2017

VMF2 77.82590 16.30293 3 4 1 1 6.3 ±
0.8

39.9 ±
0.6

1.6 ±
0.7

N/A 61

27-Apr-
2017

IM 77.86038 16.70560 3 4 1 1 18.7 ±
1.9

41.9 ±
1.1

-1.5 ±
0.3

N/A 14

27-Apr-
2017

IS 77.88453 16.73050 3 4 1 1 13.7 ±
2.5

59.0 ±
0.9

0.5 ±
0.8

N/A 2

29-Apr-
2017

MS 77.85025 16.70708 3 3 1 1 12.9 ±
2.3

53.8 ±
1.3

1.6 ±
0.7

N/A 54

30-Apr-
2017

VMF1 77.82733 16.61335 3 3 1 1 6.2 ±
1.7

49.4 ±
0.7

2.4 ±
0.7

N/A 78
fron
SM, sympagic meiofauna, Chl a, chlorophyll a; IceT, in situ ice temperature; BSal, Bulk salinity; SD, Snow depth; IT, Ice thickness; FB, Freeboard; N/A, Not available.
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Nematodes were targeted in this study given that they are

abundant (Pitusi, 2019) and since they are identified as endemic to

the Arctic ice system, and thus appear to be very susceptible to

changing ice conditions (Ehrlich et al., 2020). After the initial analysis

of sympagic meiofauna community samples, nematodes were studied

in more detail by measuring the total body length of a sub-sample of

fixed specimens. In total, 135 nematodes were measured from the

samples of the main station (MS). The number of nematodes varied

depending on their abundance, which meant that only up to 15 ice

nematodes were measured from samples taken between 03-Mar and

06-Apr. The number increased to 51 and 42 for 23-Apr and 02-May,

respectively, as their presence also increased. While this did not

provide species identification it allowed to separate juveniles and

adults based on the available literature values for known Arctic ice

nematode species (Table 2). Due to the nature of overlapping sizes

between ice nematode species, juveniles were classified as any

specimen <1200 µm and adults as >1200 µm.

While other Arctic meiofauna studies (e.g. Marquardt et al.,

2011) included ciliates, this study focused on sea ice metazoans.

However it should be noted that ciliates were present but not

enumerated. Integrated sympagic meiofauna abundance was

calculated based on Bluhm et al. (2018), but with a lower ice-

water density conversion factor (C) of 0.92 units for first-year sea ice

(Timco and Frederking, 1996). This factor is used to account for the

volume difference between ice and melted ice.
Statistical analysis

To investigate the strength of the link between sea ice and the

underlying water column, in Van Mijenfjorden, a Correspondence

analysis (CA) (e.g. Greenacre, 2010) based on chi-squared distance

was applied to the pelagic and sea ice metazoan community data.

This was done for the time points when both environments were

sampled; namely 03-Mar and 23-Apr-17. Prior to the CA,

abundance data from the sea ice and water were normalized by

taking the proportion and multiplying by the median of the data

used. No statistical test were run on these data due to the limited

sample pool (n = 4) that would not meet the requirements for testing.

A CA based on chi-squared distance was applied to spatial

dataset to visualize if the stations sampled differed in sympagic

meiofauna occurrence. Prior to the CA, abundance data from the

depth transect were normalized by taking the proportion and

multiplying by the median. The non-parametric Kruskal-Wallis

test was applied to the spatial data to test for significant differences

in abundance between the sea ice communities at the transect
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station (IS, IM, MS, VMF1, and VMF2), and to investigate if there

was a significant difference between sampled dates at the main

station (MS) in the period from March to May.

An RDA (redundancy analysis) was run using environmental

data as explanatory variables and meiofauna abundances (ind m-2)

as response variables from the depth transect stations - IS (2-m), IM

(14-m), MS (54-m), VMF1 (78-m) & VMF2 (61-m). The following

environmental variables were used: ice age (weeks), brine volume

(%), freeboard (cm), snow depth (cm), water depth (m), and sea ice

chlorophyll a (mg Chl a m-2). No auto-correlated variables were

included. Triplicate data (ind m-2, combined 0-10-cm section) for

each sampling station were used and meiofauna abundance was

fourth root transformed prior to constructing the RDA. The

significance and fit of the overall RDA model, containing the

above variables, was assessed using a permutation test with 999

unrestricted permutations.

Linear regression analysis was conducted to look at the

relationship between ice algal biomass and meiofaunal

abundance. These tests were run separately for the 0-1, 0-3, and

combined 0-10-cm section together with overall sympagic

meiofauna abundance, and ice nematode occurrence, for the

temporal data from station MS.

For all tests, the significance level was set at p < 0.1 to account

for our small sample pool.

Statistical analysis were conducted with RStudio v 4.1.1 (R Core

Team, 2021) and by using packages ggplot2 (Wickham, 2016),

vegan (Oksanen et al., 2022), tidyverse (Wickham et al., 2019),

readxl (Wickham and Bryan, 2023), openxlsx (Schauberger et al.,

2023), dplyr (Wickham and Ruiz, 2018), and tidyr (Wickham et al.,

2023). The Svalbard map was created with packages ggOceanMaps

(Vihtakari, 2022), tidyverse (Wickham et al., 2019), and cowplot

(Wilke et al., 2019).
Results

The result section is split into three parts – environmental

parameters, ice & water chlorophyll a concentration, and

meiofauna abundance in the ice & water.
Environmental variables

Temporal data – station MS
At the main station (MS), ice thickness increased over the

season by 20 cm from 33.1 (March) to 53.5 cm (end of April). Much
TABLE 2 Literature based lengths data of adult ice nematode specimens, used for identifying ice nematode species in our study.

Species name Theristus
melnikovi

(Tchesunov,
1986)

Cryonema crassum
(Tchesunov and Riemann,

1995)

Cryonema tenue
(Tchesunov and Riemann,

1995)

Hieminema obliquorum
(Tchesunov and
Portnova, 2005)Length range

(µm)

Juveniles ? 562-1200 500-1600 581-1315

Adults (male &
female)

2060 – 3565 1212 – 3320 1607 – 2727 1315 - 2100
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like ice thickness, snow cover increased from March (2.2 cm) to

May (19.2 cm). Measured freeboard fluctuated throughout the

season (-1.5 to 3.8 cm) with the negative value occurring in May

related to the highest snow depth (Table 3).

In situ ice temperature ranged between -9.1 and -1.2 °C with

lower temperatures at the ice-air interface and higher temperatures

toward the ice-water interface. The ice temperature at the ice-water

interface fluctuated between -2.0 and -1.4 °C with higher

temperatures recorded in early April. The calculated resulting

brine salinities were consequently highest at the top of the core

compared to the bottom and ranged from 21.7 to 144.0. At the ice-

water interface, brine salinity variability was small and ranged from

25.2 to 35.9 across the season with the lowest value recorded in early

April (06-Apr). Bulk salinity ranged from 3.4 to 30.0 with generally

higher values at the ice-air and water interface compared to the

middle of the core, leading to that all dates (except 06-Apr)

exhibited the characteristic C-shape of first-year ice (Nakawo and

Sinha, 1981). Brine volume fractions ranged between 6.1 and 89.8 %

with larger values calculated for the lower 10-cm of the sea-ice cores

where bulk salinity and temperatures were highest.

Depth transect
The sea ice cover in Van Mijenfjorden was generally poor in

2017. At maximum (mid-April), sea ice only covered 2/3 of the

fjord. Landfast-ice formed in the innermost part (Stations IS, IM,

MS, and VMF1) around 09-Feb-17, and the ice present at the time

of first sampling was therefore ca. 10 weeks old. Comparatively,

the sea ice at the outermost station VMF2 started to form at a

later date (03-Apr-17) and was therefore younger with an

estimate age of only 3 weeks at the time of sampling.
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Consequently, along the depth transect (stations IS to VMF2),

ice was not uniformly thick, related to the duration of sea ice

growth prior to sampling. The thinnest sea ice was recorded at the

outermost station VMF2 (61-m deep), where the ice growth

period had been the shortest, while considerably thicker ice

(max 59.0 cm, station MS, 54-m) was recorded at older ice

stations in the inner part of the fjord.

Snow depth was similarly variable with the lowest depth at the

second outermost station VMF1 (6.2 cm) and the highest snow

depth (18.7 cm) at second innermost station IM. Freeboard was

variable (-1.5 to 2.4 cm) between transect stations with positive

values at all stations except at the 14-m deep station IM with the

highest snow depth.

In situ ice temperature at the transect stations ranged between

-5.9 and -1.1°C with the lowest temperatures at the ice-air interface

(Table 3). Ice temperatures at the sea ice-water interface ranged

between -2.3 and -1.3°C, with the coldest value recorded at VMF2

and the warmest value at station IM. The resulting calculated brine

salinities ranged from 19.9 to 98.3 with high values at the ice-air

interface and lower values at the ice-water interface. At the ice-

water interface, station VMF2 had the highest brine salinity of all

stations with 40.8, whereas the other stations ranged between 23.4

(IM) and 32.2 (VMF1). Bulk salinity varied between 3.4 and 22.8

with generally higher values at the ice-air and water interface

compared to the middle of the core. Most profiles had a

characteristic C-shape except at station IS (2-m) and IM (14-m).

Brine volume fraction varied between 5.2 and 71.3 % with the

highest values found in the lower 10-cm of the ice. Thus, the lower

10-cm were considered the largest inhabitable and permeable space

for sea ice biota in general.
TABLE 3 Mean (± StnDev) and ranges of physical sea ice parameters measured from sea ice cores at the main station (MS) and the transect stations
(IS, IM, MS, VMF1, VMF2), in Van Mijenfjorden.

Date [dd-mmm-year] Parameter

Ice temperature [°C] Brine salinity Brine volume [%]

Mean ± StnDev Range Mean ± StnDev Range Mean ± StnDev Range

Main station (MS)

03-Mar-2017 -4.5 ± 2.8 -1.9 to -9.1 62.5 ± 39.8 33.9 to 144.0 18.6 ± 10.7 7.4 to 28.9

08-Mar-2017 -2.0 ± 0.7 -1.5 to -3.4 35.9 ± 11.4 28.7 to 58.3 26.8 ± 11.7 14.5 to 46.3

06-Apr-2017 -2.8 ± 1.5 -1.4 to -5.4 48.4 ± 24.0 25.22 to 90.7 14.8 ± 10.5 6.4 to 36.9

23-Apr-2017 -2.2 ± 0.9 -1.2 to -4.2 39.2 ± 15.7 21.7 to 72.0 25.7 ± 13.8 12.9 to 51.0

29-Apr-2017 -2.3 ± 0.6 -1.6 to -3.2 40.5 ± 10.0 28.7 to 55.8 27.9 ± 19.9 6.1 to 71.3

02-May-2017 -2.4 ± 0.6 -1.9 to -3.6 42.9 ± 9.6 33.9 to 62.4 19.3 ± 13.2 7.5 to 48.1

Transect stations

26-Apr-2017 (VMF2) -3.3 ± 1.5 -1.9 to -5.9 56.9 ± 24.1 33.9 to 98.3 20.8 ± 9.4 9.2 to 38.3

27-Apr-2017 (IM) -1.4 ± 0.3 -1.1 to -1.9 25.4 ± 5.0 19.9 to 33.9 30.5 ± 15.7 13.9 to 60.1

27-Apr-2017 (IS) -3.1 ± 1.2 -1.5 to -4.6 53.3 ± 19.8 27.0 to 78.4 23.8 ± 19.0 5.2 to 60.3

29-Apr-2017 (MS) -2.3 ± 0.6 -1.6 to -3.2 40.5 ± 10.0 28.7 to 55.8 27.9 ± 19.9 6.1 to 71.3

30-Apr-2017 (VMF1) -2.2 ± 0.4 -1.7 to 2.6 39.3 ± 6.9 30.5 to 45.9 22.6 ± 9.2 12.7 to 35.0
fr
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Chlorophyll a concentrations in
ice and water

Temporal data – station MS
Integrated ice algal biomass was extremely low in March (<0.1 mg

Chl am-2) but increased strongly toward the end of April (Figure 2A).

Chlorophyll a concentrations increased from 0.38 to 15.99mg Chl am-

2 from early to the maximum in late April in the lowermost 10-cm. By

the start of May, ice algal biomass dropped to 8.7 mg Chl a m-2.

In March, the low ice algal biomass present (0.003-0.012 mg Chl

a m-2) was distributed relatively evenly throughout the ice
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(Figure 2A). Later, the chlorophyll a concentrations increased in all

sections, but up to 95 % were located within the lowermost 3-cm of

the ice. The highest concentrations were measured at the end of April

in the lowermost 2-cm with up to 12.23 mg Chl a m-2 in the 0-1-cm

section compared to ≤ 0.39 mg Chl a m-2 in the 2-3-cm section.

Depth transect
Along the transect stations, ice algal biomass ranged from 0.65

(VMF2) to 16.00 (MS) mg Chl am-2 (Figure 2B). The chlorophyll a

concentrations were similar at the two shallow and innermost

stations IS (2-m) and IM (14-m) with 7.11 and 5.20 mg Chl a m-
B

A

FIGURE 2

Integrated chlorophyll a concentration (mg Chl a m-2) at (A) the main station, over the sampling season, and (B) at the transect stations, in the
lowermost 10-cm of the ice. Section equals distance from water (cm). Transect stations were sampled on the following days – IS 27-Apr-17; IM 27-
Apr-17; MS 29-Apr-17; VMF1 30-Apr-17; VMF2 26-Apr-17.
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2, respectively, in the lower 10-cm. Ice algal biomass increased along

the depth transect and was measured to be 15.99 and 13.36 mg Chl

am-2 at stations MS (54-m) and VMF1 (78-m), respectively. Station

VMF2, which was furthest out had the lowest chlorophyll a values.

At all stations, the majority of the ice algal biomass was located in

the lower 3-cm of the core and more specifically in the 0-1-cm

section (Figure 2B).
Integrated sympagic meiofauna abundance

In total, across the temporal and spatial data, 12 categories of

metazoan were identified from sea ice samples in Van Mijenfjorden.

These included nematodes, benthic polychaete juveniles,

trochophore larvae, rarer taxa such as copepods Pseudocalanus

spp. and Oithona similis, rotifers, cnidarians, and an unidentified

fraction (Table 4). Rarer taxa, only contributed between 1-8 %
Frontiers in Marine Science 08
toward the total sea ice metazoan count. The calanoid

Pseudocalanus spp. and cyclopoid Oithona similis are hereafter

referred to collectively as “copepods”, as they were rare

occurrences, in the temporal dataset from station MS.

Harpacticoids were only found along the transect stations IM &

VMF1 and, thus, are not seen in the temporal dataset from station

MS. Consequently, 11 taxa were recorded over a season at station

MS, and at the depth transect 9 taxa were observed. The difference

arising from the absence of cnidarians, Pseudocalanus spp. and

Oithona similis along the depth transect stations.

Temporal data – station MS
Total metazoan abundance ranged from 6.8 to 25.3 x 103 ind m-

2 with the lowest abundance recorded on 06-Apr and peak

abundance on 29-Apr (Figure 3A), shortly after the Chl a

maximum. The Kruskal-Wallis test deemed seasonal change in

abundance to be insignificant (p > 0.1). However, the abundance
TABLE 4 List of taxa found in sea-ice and water column samples in all samples and at all stations, in Van Mijenfjorden.

Taxon Sea-ice Range (1000/Ind m-2) Water column Range (1000/Ind m-2)

NEMATODA X 0.05-18.22 X 0.10-0.11

ANNELIDA Lamarck, 1802

Polychaeta Grube, 1850 X 0.04-8.11 X 0.0-0.15

ARTHROPODA von Siebold, 1848
Crustacea Brünnich, 1772
Copepoda Milne Edwards, 1840

Nauplii X 0.05-0.14 X 0.48-1.72

Calanoida G.O Sars, 1903

Pseudocalanus spp. Boeck, 1872
Small Calanus spp.
Acartia (Acartiura) longiremis (Lilljeborg, 1853)

X 0.04-0.08 X
X
X

0.48-1.69
0.0-0.05
0.0-0.02

Cyclopoida Burmeister, 1834

Oithona similis Claus, 1866
Triconia spp. Böttger-Schnack, 1999

X 0.0-0.05 X
X

0.25-0.54
0.12-0.41

Harpacticoida G.O Sars, 1903 X 0.04-0.09

Microsetella norvegica (Boeck, 1865) X 0.0-0.1

ARTHROPODA von Siebold, 1848

Crustacea Brünnich, 1772
Cirripedia Burmeister, 1834
Nauplii

X 0.05-1.13 X 0.0-9.79

ROTIFERA Cuvier, 1817 X 0.05-0.41

CNIDARIA Hatschek, 1888

Hydrozoa Owen, 1843 X 0.0-0.06 X 0.0-0.03

CHAETOGNATHA

Sagittoidea X 0.0-0.03

Trochophore larvae X 0.04-0.91 X 0.03-0.9

Eggs (various) X 0.04-1.85 X 0.23-0.26

Unidentified taxa X 0.04-0.45 X 0.06-0.08
The “X” marks presence in the sampled medium, whereas the lack of an “X” marks absence. The range in abundance is given in 1000/Ind m-2.
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doubled from 23-Apr to 29-Apr (Figure 4A), which points toward

significant biological activity that should not be disregarded on the

basis of statistical insignificance. Additionally, there was variability

between sections within and between stations (Figure 3), which

should not be disregarded on the basis of insignificant test results.

Numerically, nematodes were the most abundant taxon

throughout the sampling season, especially in the lowermost 0-1-

cm section in late April and early May (Table 1; Supplementary
Frontiers in Marine Science 09
material 2). They comprised between 45 to 75 % of the total

sympagic metazoan abundance (Figure 4B).

Vertically, little sympagic meiofauna was found in the 3-10-cm

section from 23-Apr onward. Most organisms were located within

the lower 3-cm and specifically within the 0-1-cm section (Table 1;

Supplementary material 2), where up to 90 % of all meiofauna were

found. Only on 08-Mar, the split was more even with 52 % of all

individuals located in the 3-10-cm section.
B

A

FIGURE 3

Integrated mean metazoan abundance (1000/ind m-2) at (A) the main station, over the sampling season, and (B) at the transect stations with
standard deviation, in the lowermost 10-cm of the ice. Section equals distance from water (cm). Transect stations were sampled on the following
days – IS 27-Apr-17; IM 27-Apr-17; MS 29-Apr-17; VMF1 30-Apr-17; VMF2 26-Apr-17.
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Eggs contributed greatly (up to 85 %) toward the total

meiofaunal count, and their abundance ranged from 0.04 to

3.11 x 103 eggs m-2 with the highest count recorded on 06-Apr

(Figure 4A). Five egg morphotypes were identified ranging from

individual eggs to clusters, transparent to colored (Figure 1;

Supplementary material 3). Measured egg sizes ranged from 40 to

1,646 µm; the largest eggs were the fish eggs. Three morphotypes

were identified based on observations of hatching and larval

development within the egg as nematode, arrow worm and fish

eggs. For nematode eggs, these were also identified molecularly (see

Pitusi et al., 2021).

Throughout the season, the contribution of each egg type

changed (Figure 5). Four kind of eggs (e.g. fish and arrow worm

eggs) only occurred in the first half of the season (March-April),

whereas others started to appear later (April/May) such as the

nematode eggs. Arrow worm eggs were only present in March and

contributed 25 % toward the total egg count. Nematode eggs were

first observed from 06-Apr until the end of May contributing

between 5-25 %. Alongside this morphotype, other cluster of eggs

were observed as well as eggs not classified.

The regression analysis showed a significant positive

relationship between ice nematode abundance and ice algal

biomass in the lower 1-cm of the ice (R2=0.806, p = 0.0095), as

well as for total meiofaunal abundance (R2 = 0.854, p =0.0053). This

relationship was not found for either the lower 3 or integrated 10-

cm section, where the regression produced a p-value > 0.1.
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Depth transect
Based on the count data, the five transect stations sampled, from

the shallow 2-m deep station IS to the deeper station VMF1 (78-m)
B

C

D

A

FIGURE 4

Integrated mean metazoan abundance (1000/ind m-2) (A) and relative abundance (B) the main station, over the sampling season, and integrated
mean metazoan abundance (1000/ind m-2) (C) and relative abundance (D) at the transect stations, in the lowermost 10-cm of the ice. Section
equals distance from water (cm). Transect stations were sampled on the following days – IS 27-Apr-17; IM 27-Apr-17; MS 29-Apr-17; VMF1 30-Apr-
17; VMF2 26-Apr-17.
FIGURE 5

Integrated egg abundance (1000/ind m-2), in the lowermost 10-cm
of the ice at station MS. Identified eggs were split into 5
morphotypes and one undescribed fraction – NTS = nematode egg
sack; AWE = arrow worm egg; CLUSTER = clustering eggs; FE = fish
egg; SPHERE = spherical/round eggs, various sizes & colors; ND =
not described.
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showed not only differences in abundance, but also in community

composition (Table 1; Supplementary material 4). Unfortunately,

the Kruskal-Wallis test did not support this (p > 0.1), but the CA

created for the transect data showed distinct difference between the

stations (Figure 1; Supplementary Material 5). The total meiofauna

abundance along the transect ranged between 1.6 (VMF2) to 25.3

(MS) x 103 ind m-2 (Figure 4C). Similarly, to the temporal data, the

majority of the meiofauna was found within the lower 3-cm of the

ice cores at the transect stations (Figure 3B). To be more precise, at

all stations, but VMF1, 80-90% of the meiofauna was located within

the lower 1-cm of the sample.

At the two shallowest stations (IS with 2-m and IM with 14-m),

the numerically most abundant taxon was polychaete juveniles

contributing 85 and 61 % toward the total meiofauna count,

respectively (Figure 4D).

At the three deeper stations (MS, VMF1 and VMF2), either

nematodes or the “other” fraction, which consisted of polychaete

juveniles, trochophore larvae, eggs, rotifers, copepod and cirripede

nauplii, harpacticoids, and the unidentified fraction, dominated

with up to 75 % (Figure 4D). Within the “other” fraction, eggs

contributed over 50 % toward the total taxa count at all stations

apart from station IS, where no eggs were found.

For the transect stations (IS, IM, MS, VMF1, & VMF2),

environmental variables explained 51.6% of the variance in the

fourth-root transformed abundance of sympagic meiofauna

(Figure 6). The two canonical axes could explain 31.7 % and 16.0

%, respectively.

Figure 6 shows the significant environmental variables that had

an influence on the abundance of sympagic meiofauna. Sea ice

chlorophyll a was positively correlated to the RDA axes and seemed
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to be the main driver for the abundance of cirripede nauplii,

trochophore larvae, and nematodes among others (p < 0.05;

Table 5). The occurrence of polychaete larvae/juveniles was

negatively correlated to water depth and freeboard (p < 0.05), but

positively correlated to ice age (p < 0.1), brine volume, and snow

depth (p < 0.05). Nematodes and eggs appeared to be positively

correlated to water depth as well as freeboard.

The permutation test showed the RDA model to be significant

(F6 = 6.75, p < 0.05) and, thus, for the included variables to be a

good fit to test what environmental parameters influenced the

sympagic meiofauna occurrence along the depth transect.

Nematode phenology at the main station (MS)
At the station MS, the phenology of sea ice nematodes was

observed (Figure 1; Supplementary Material 6). Between March and

May, abundance steeply increased from 0.2 to 18.2 x 103 ind m-2

due to the hatching of juveniles from eggs in April/May.

Based on observations and length measurements, large-sized

(> 1,200 mm) adult nematodes made up 97 % of the nematode

population in the ice samples in March and early April (Figure 2;

Supplementary material 6). From mid-April to early May, smaller-

sized (< 1,200 mm) juveniles started to appear and contribute

toward the overall nematode count. Starting in April, sexually

mature female nematodes were observed with oocytes inside of

them. Nematode eggs were first observed on 06-Apr and were

counted until the end of the season; abundances of this morphotype

ranged from 0.15 to 0.59 x 103 eggs m-2. Sacks filled with clusters of

up to nine eggs reaching sizes up to 238 µm were identified as

nematode eggs (this study; Pitusi et al., 2021). Different

development stages of the eggs were observed with visible larvae
FIGURE 6

Redundancy analysis (RDA) ordination shows how sympagic meiofauna occurrence (n = 9) was correlated with abiotic variables (n = 6) along the
transect stations - IS (2-m), IM (14- m), MS (54-m), VMF1 (78-m) & VMF2 (61-m). Vector direction and length reflects the strength of the correlation,
and only statistically significant variables are shown. Ice age, brine volume and water depth with p < 0.1, and snow depth, freeboard, and sea ice
chlorophyll a with p < 0.05.
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inside and hatching occurred toward mid- and end of April.

Subsequently, the observed ice nematode community in May

consisted mainly of juveniles. Most juveniles appeared to have gut

coloration due to the ingestion of ice algae. Adults found in March

lacked gut coloration, which changed as ice algal biomass started to

establish itself.
Pelagic chlorophyll a and
microzooplankton community

The pelagic chlorophyll a concentrations were several orders of

magnitude lower than in the ice (Table 6). For example, in April and

May, the Chl a values in the water varied between 0.12 to 9.40 µg L-

1, while the non-integrated ice chlorophyll a concentrations ranged

from 2.21 to 979.02 µg L-1.

The net samples, from station MS, yielded a slightly higher

species richness than the sea ice samples with 15 taxa identified,

including eggs and an unidentified fraction (Table 4). Taxa present

in the ice (e.g. nematodes and polychaete juveniles) were also

present in the net samples, but they weremuch less abundant

(Supplementary material 7; Table 1).

For the net sampling dates, nematode abundance in the water

column only ranged from 0.10 to 0.11 x 103 ind m-2, compared to

0.2 to 18.2 x 103 ind m-2, in sea ice. Similarly, polychaete juvenile

abundance in the water column ranged between 0 to 0.15 x 103 ind

m-2 compared to 0.06 to 0.7 x 103 ind m-2, in sea ice. The CA shows

how the sea ice and pelagic samples do not cluster together, but are

clearly apart from each other (Figure 7). The sea ice samples from

03-Mar and 23-Apr are close to each other with the same taxa

grouping closely to both dates. Comparatively, the pelagic samples

not only do no cluster with the sea ice samples, but also appear to be
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different from each other with the pelagic sample from 03-Mar close

to three different species of copepods, whereas the pelagic sample

from 23-Apr is closer to cirripede nauplii.
Discussion

Sea ice metazoan community

This is the first study on metazoan in and under sea ice with a

note on the phenology of ice nematodes in landfast-ice, in Svalbard.

In this study, the sympagic organisms identified are well-known

components of in-ice communities from other parts of the Arctic –

nematodes, benthic polychaete juveniles, and eggs (Kern and Carey,

1983; Marquardt et al., 2011; Bluhm et al., 2018).

Sympagic meiofauna abundances found in Svalbard can be

compared to other regions of the Arctic (Bluhm et al., 2018 and

references herein). Subsequently, mean peak meiofaunal abundance

(25.3 x 103 ind m-2) was greater in Svalbard than the results of Carey

(1992) from inshore Narwhal Island (Beaufort Sea), where

abundances ranged between 4.5 to 8.0 x 103 ind m-2. Abundances

were, however, lower than those recorded by Cross and Martin

(1987) (Baffin Island) and Marquardt et al. (2011) (Canadian

Beaufort Sea), who found up to 54.0 x 103 ind m-2 and 4.1 to

473.8 x 103 ind m-2, respectively. The total number of ice meiofauna

discovered in Van Mijenfjorden is most similar to Nozais et al.

(2001), who recorded an abundance of 1.73 to 33.25 x 103 ind m-2 at

their landfast-ice station in Baffin Bay from April to May 1998.

Additionally, Nozais et al. (2001) found that nematodes contributed

between 80.5 to 98.5 % toward the total community count; a similar

pattern to what was observed in the present study in Van

Mijenfjorden. Similar abundance patterns were also observed by

Gradinger et al. (2009) in sediment laden sea ice, where meiofaunal

abundances never exceeded 17 x 103 ind m-2 compared to the

sediment free site where abundance increased from 18 to 276 x 103

ind m-2.

The differences in abundance between Svalbard and other

Arctic locations could arise from discrepancies in ice algal

biomass, local hydrography, or other parameters such as sea ice

duration. For example, ice algal biomass in our study was relatively

low compared to data from the Canadian Arctic and Pacific sector

(see Leu et al., 2015). This could be linked to differences in the

nutrient and/or light availability. Alternatively, the extent of the sea

ice period might play an important role, too. The duration of the sea

ice period in Svalbard has been changing (Urbański and Litwicka,

2022) and a shorter ice cover period means that communities do

not have as much time to establish themselves. In Svalbard, sea ice

melt can also be initiated pre-maturely by the intrusion of Atlantic

water, which is present on the west coast of Spitsbergen as the West

Spitsbergen Current. Although Van Mijenfjorden is partially

protected by Akseløya, Atlantic water can still enter the fjord due

to tidal currents and initiate the melt from below causing release of

the ice biota from the lower centimeters. Widell (2005) showed that

advected warm (> 0°C) water can lead to melt of several centimeters

a day. We suggest that this Atlantic-influenced setting with no

direct connection to the Arctic Ocean might contribute toward the
TABLE 5 Output of RDA analysis of environmental variables and
sympagic meiofauna data at the transect stations.

Environmental variable F-statistic p-value

Snow depth (cm) 11.42 0.001

Freeboard (cm) 5.14 0.001

Ice age (weeks) 2.33 0.066

Brine volume (%) 4.09 0.009

Water depth (m) 4.02 0.006

Ice algal chlorophyll a (Chl a mg m-2) 13.51 0.001
TABLE 6 Chlorophyll a concentrations (µg L-1) measured on selected
dates in the water and in the ice.

Date Chlorophyll a [µg L-1] Medium

06-Apr 0.12 Water

2.21 Ice

23-Apr 1.64 Water

979.02 Ice

02-May 9.40 Water

616.28 Ice
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observed lower sympagic meiofaunal abundance compared other

Arctic regions.

Sympagic meiofauna diversity did not vary greatly acrossmonths.

Most of the 12 taxa/categories were present from the start of the

sampling season until the end. The community mostly consisted of

nematodes, polychaete larvae/juveniles, eggs and lesser abundant

organisms such as copepods and their nauplii. Although there were

a couple of new taxa at the end of the season, their appearance can be

attributed mainly to seasonal immigration of occasionally pelagic

taxa. For example, cirripede nauplii appeared only at the end of April

and start of May when they are highly abundant in the water column

in Spitsbergen, comprising up to 46 % of the mesozooplankton

abundance in late spring (own data; Stübner et al., 2016). The sea

ice algae at the undersurface of sea ice offers highly concentrated and

nutritious food for cirripedia. A pattern that can be seen in the RDA,

where cirripede nauplii were positively correlated to ice chlorophyll a.

Thus, their appearance in the sea ice can be seen as a by-product of

the highly abundant food, but not due to their direct development in

the ice. This is also supported by the CA that showed that the

cirripede nauplii lay closest to the water sample from 23-Apr, and not

the sea ice samples.

Other taxa, such as nematodes, had a continuous presence in

the ice throughout the season. They displayed a relatively constant

abundance until the end of April when meiofaunal density was

highest, due to the reproduction of ice nematodes rather than the

movement of new taxa into the sea ice. This points toward the

hypothesis that, in Svalbard fjords, the meiofauna that is

incorporated at the start of the season forms a standing stock,
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which reproduce and develops rather than a seasonal turnover in

taxa groups.
The role of sea ice

Based on our observations, sea ice appears to be a reproduction

and nursery ground. Like nematodes, eggs were consistently found

within samples, and they have also been observed to be a significant

contributor toward the sympagic community in other studies (e.g.

Kramer, 2011; Kiko et al., 2017). Five morphotypes of eggs were

identified, which are few in comparison to the 21 morphologically

different eggs Marquardt et al. (2011) found in the Canadian high-

Arctic. Nonetheless, the presence of different eggs and the

development of larvae inside eggs support the hypothesis that

seasonal sea ice is an important reproductive ground for pelagic

and benthic organism (Marquardt et al., 2011; Bluhm et al., 2018).

This held especially true for three kinds of eggs from arrow worms,

fish, and nematodes. We know that nematode eggs were directly

produced within the sea ice and underwent full development.

Contrarily, arrow worm and fish eggs were most likely produced

outside the sea ice and incorporated during freezing. This

assumption stems from the body size of the adults, which are too

large to live within sea ice themselves. Marquardt et al. (2011) also

recorded arrow worm eggs in their samples but did not see larvae

developing inside like we did. In Van Mijenfjorden, the chaetognath

Parasagitta elegans dominates and the more oceanic Eukrhonia

hamata is hardly observed (Svendheim, 2017). Chaetognaths are
FIGURE 7

Canonical-analysis (CA) of the simultaneously collected sea ice and pelagic 20-µm net samples from 03-Mar and 23-Apr. The sampled mediums
were plotted together with the observed sympagic meiofauna and microzooplankton to illustrate the dissimilarity between the samples.
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thought to produce eggs already in March (Svendheim, 2017),

which would agree with what we found. We did not find any

arrow worm eggs after March, which might just be due to the

patchiness of sympagic communities, but neither did we find

Chaetognath juveniles. This might imply that after hatching they

either exploit the water column rather than the sea ice, or they die

off within sea ice and provide food for heterotrophs.

Sea ice did serve as a nursery ground and refuge for

meroplanktonic polychaete larvae/juveniles. In March, both

trochophore larvae and nectochaetes (referred to as polychaete

larvae) were present. A similar pattern was observed by Grainger

and Hsiao (1990) that noted a much higher presence of polychaete

offspring in March compared to the rest of the spring. Polychaete

larvae present had bushy chaete and displayed four black eyespots.

As the season progressed, they grew setiger and not only increased

in body size, but by late April/early May also in body width. As their

body size increased, bushy chaete were lost and other

morphological features developed, such as feeding palps.

Development of such morphological features points toward a

stage where juveniles are ready to settle on the seafloor and

metamorphose into adults. Bluhm et al. (2018) stated that with

an increase in body size comes a decrease in their abundance, which

we also observed (e.g. IS & MS). At this point, juveniles are over 1

mm in size and, thus, might not easily move through the brine

channels anymore.

This fast growth due to favorable conditions within sea ice was

verified by McConnell et al. (2012). They conducted an experiment

that looked at the growth of ice-associated polychaete larvae at

different food concentrations. The authors determined that at full

saturation, polychaete larvae were able to develop into fully

developed juveniles within 46 days opposed to the 1 % food

saturation where the development was slow. Consequently, not

only does growth progress much more rapidly within sea ice, but

they are also not subjected to high predation pressure within sea ice.

The ice hydroid Sympagohydra tuuli might pose a potential threat

(Kramer et al., 2011), but this species does not tend to occur in high

abundances within sea ice. Thus, utilization of sea ice by polychaete

larvae might lead to high recruitment, as opposed to larvae staying

in the water column where growth might be slower, predation

pressure higher, and recruitment potentially lower.
Nematode phenology

Nematodes are one of the most abundant and characteristic

meiofaunal groups being highly abundant in sediment and sea ice

(Bluhm et al., 2018). Within Arctic sea ice, four species of

nematodes have been identified morphologically - Theristus

melnikovi (Tchesunov, 1986), Cryonema crassum and C. tenue

(Tchesunov and Riemann, 1995), and Hieminema obliquorum

(Tchesunov and Portnova, 2005). In Svalbard, the presence of

Theristus sp. was confirmed through molecular work, as well as

the presence of Halomonhystera sp. (Pitusi et al., 2021). In this

study, we unfortunately did not identify the ice nematodes counted.

Although we were not able to distinguish which genus/species
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dominated, we can state that this taxa group was abundant not

only at the main station (MS) but present at all stations sampled

during this study. This widespread occurrence could be linked to

the adaptation nematodes display that would facilitate the

colonization of sea ice. Nematodes have needle-like and elongated

bodies that enable them to move not only easily through sediment

grains, but also the narrow brine channels within sea ice.

Additionally, they are known to be anhydrobiotic (Rebecchi et al.,

2020) and able to survive extremely high salinities and low

temperatures (Heip et al., 1985). Friedrich (1997) showed in an

experiment that ice nematodes can survive brine salinities as high as

100 and temperatures as low as -6.8°C.

Tchesunov (1986) who described Theristus melnikovi from

multi-year ice, previously assumed that ice nematodes are

autochthonous. However, with the discovery of ice nematodes in

seasonal ice, this view was challenged by Riemann & Sime-Ngando

(1997). They suggested that ice nematodes are allochthonous, and

reproduction takes place outside the ice. With the reproduction of

ice nematodes recorded in Alaska’s landfast-ice (Gradinger and

Bluhm, 2020) and now in Svalbard, where the whole reproduction

cycle was captured, we disagree with Riemann & Sime-

Ngando (1997).

In March, we observed adults with seemingly no trace of food in

their guts, which changed as the season progressed. This is not to

say that individuals did not feed. Based on gut content and live

observations, it is known that ice nematodes feed on each other,

protist and ice algae (e.g. Tchesunov and Riemann, 1995; Patrohay

et al., 2022; this study). However, little ice algal biomass was

available in early March. Thus, if they were not solely feeding on

each other, bacteria or dissolved organic matter (DOM) might have

been another food source. Nematodes are known to switch food

source based on what the highest available quality food source is

(Jensen, 1987).

As ice algal biomass started to accumulate, nematodes started to

show distinct green/brown gut coloration, and they were seen to be

located within the lumps of ice algae. Whether they ingested ice

algae purposely or as a by-product of consuming other food we

cannot say for certain. With the presence of food in their guts came

the presence of mature females with developed oocytes. Although

males have been described for two of the four ice nematode species,

namely Theristus melnikovi andHieminema obliquorum, we did not

observe any males or copulation taking place. Thus, we assume that

reproduction occurred through parthenogenesis, which is the

second most common form of reproduction in nematodes (Lee,

2002). It has also been proposed for ice nematodes Cryonema

crassum and C.tenue (Riemann & Sime-Ngando, 1997), which we

assume to be the matured females observed in our samples. After

females with oocytes were noted in early April, clusters of eggs in a

sack started to appear (Figure 8). Eggs were seen in different stages

of cleavage until juveniles gradually developed. These juveniles

started hatching in late April, which caused a stark peak in

nematode abundance, which has also been observed in Alaska

coastal fast ice (Gradinger and Bluhm, 2020). After hatching, the

nematode community consisted mainly of juveniles. These juveniles

were observed to feed, had green/brownish guts, and were often
frontiersin.org

https://doi.org/10.3389/fmars.2023.1201359
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Pitusi et al. 10.3389/fmars.2023.1201359
found within lumps of algae. From 29-Apr to 02-May, nematode

abundance decreased by 80 % due to the onset of ice melt and

flushing out of organisms.

What happens to ice nematodes after has only been speculated

so far, which impedes the assessment of the importance of sea ice in

their life cycle. However, Portnova et al. (2019) found the first

specimens of Cryonema spp. in sediment samples from the Laptev

Sea. The authors discussed the fate of Cryonema spp. after ice melt

and proposed a potential life cycle based on the sediment dynamics

and hydrography of the southern inner shelf of the Laptev Sea. The

suggested one-year life cycle is split between time in the sea ice and

sediment. In July, the sea ice would melt in the Laptev Sea and

suspended matter would start to settle. Due to the additional input

of riverine material, the water would become turbid and after some

time a bottom nepheloid layer would start to form. This layer is a

highly nutritious food source and, thus, this is where juvenile and

adult ice nematodes would settle. The summer is ice-free and the

freeze-up would occur in October. Wind and waves stir up the

water and sediment leading to a resuspension of ice nematodes into

the water column. As sea ice crystals form, they scavenge the

suspended specimens, which are consequently incorporated into

newly formed ice. The environmental change would induce

transition to sexually mature individuals.

The latter is debatable for our samples, based on the maturation

taking place after food availability started to increase rather than

based on the physical environment.

As Portnova et al. (2019) did not find sexually active nematodes

in the sediment samples, it could be argued that they require sea ice

to complete their one-year life cycle. This means that nematodes

could be among those taxa most impacted by the loss of sea ice,

resulting in substantial reductions in occurrences in various parts of

the Arctic ice cover (Melnikov et al., 2002; Ehrlich et al., 2020).
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Spatial variability

Along the depth transect, abundances and diversity differed

between the stations, which is also evident in the CA (Figure 1;

Supplementary material 5). Statistical testing did not deem this to be a

statistically significant difference, but this might be due to the small

sample size. Differences in abundance and diversity were expected as

water depth has been shown to be a controlling factor in structuring

sea ice communities (Gulliksen and Lønne, 1989; Bluhm et al., 2018).

We observed such structuring in a few of our samples, especially at

the shallow stations (IS & IM). Here, we observed the highest

abundance of polychaete juveniles, especially at IS, which might be

due to strong benthic-sympagic coupling and the easy accessibility of

sea ice to polychaete larvae/juveniles. An indication for this

explanation was observed in the RDA for the transect stations,

which showed that the occurrence of polychaete larvae/juveniles

was inversely correlated to water depth. Sea ice offers a

concentrated food supply of eukaryotic protists compared to the

food-poor water column in the winter-spring. This was reflected in

the low abundance of polychaete juveniles and low chlorophyll a

concentrations in our pelagic samples compared to the ice. At the

deeper stations (> 50 m), polychaete juveniles were less abundant or

absent (VMF1 and VMF2), which could either be linked to the deeper

water depth or other structuring factors (such as sea floor sediment

type). The sediment type at the deeper stations was observed to

consist of compact clay, opposed to the sandy sediment found at the

innermost station (IS) (personal observation). Polychaetes of the

Family Spionidae, which are represented in the ice, prefer sandy

sediment to build tubes in (Hartmann-Schröder, 1996).

The outer stations (MS, VMF1 and VMF2) had highly variable

meiofaunal abundances but similar diversity. At all stations,

nematodes, eggs, cirripede nauplii, and an unidentified fraction
FIGURE 8

Illustration of the observed nematode life cycle within sea ice created with BioRender.com (2023). © Vanessa Pitusi.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1201359
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Pitusi et al. 10.3389/fmars.2023.1201359
were present. Differences in the community arose from the presence

of polychaete juveniles, which were only found at the main station

(MS) and Harpacticoids at station VMF1. Considering that these

stations did not vary too greatly in depth, the stark difference in

meiofaunal count could not have been influenced solely by bottom

depth. Station MS had the highest abundance due to nematode

larval hatchment, but VMF1 and VMF2 had lowmeiofaunal counts,

in comparison. According to Leu et al. (2020), VMF1 and VMF2

had low nutrient concentrations, which points toward a passed

bloom. Moreover, the snow cover at these stations was low (6.2-6.3

cm), which has been shown to negatively affect ice algae and, hence,

lead to poor food quality (Leu et al., 2010). Additionally, sea ice at

station VMF2 had formed relatively late compared to the other

stations making it “young” essentially (Figure 1; Supplementary

material 8). Young ice implies little time for colonization by either

ice algae or sympagic meiofauna, which is supported by the RDA

that deemed ice age a significant variable. Consequently, the

combination of young ice with low snow cover resulted in

unfavorable conditions for the establishment of a well-developed

sympagic meiofauna community. Another factor that could have

affected the communities at the outer stations is the proximity to

open water. Although Van Mijenfjorden is largely protected from

the intrusion of warm Atlantic water through the presence of

Akseløya (Høyland, 2009), it can occur. The presence of warm

water under the ice would lead to slugging-off of any biological life

in the lower few centimeters of the ice, and result in low

abundance counts.
Vertical distribution of sympagic meiofauna

Previous studies revealed that within landfast-ice, the biological

activity is largely constrained to the lowermost 10-cm of the sea ice

(Bluhm et al., 2018). Especially, the lower 3-cm houses most of the ice

flora and fauna due to its proximity to the underlying water column

offering stable living conditions and a constant re-supply of nutrients

(Gradinger and Bluhm, 2005).We found the same, as little to no fauna

was found past the lower 10-cm of the ice. In the lower 3-cm, where

most of the biological activity was located, none of the measured sea

ice physical variables were limiting. Sea ice in the bottom layer was

fully permeable with brine volume fractions above 5 % (Golden et al.,

1998) and therefore habitable space for meiofauna. Also neither brine

salinity nor ice temperature were within uninhabitable ranges (e.g.

Grainger andMohammed, 1990; Patrohay et al., 2022). Potentially the

negative freeboard at some locations could provide suitable habitat at

the flooded ice-snow interface as recently observed for Arctic algae

(Fernandez-Mendez et al., 2018), which we however did not study. In

the few cases when we studied whole ice cores no fauna was found

higher up the core due to low temperatures, high brine salinities and

low brine volume fractions, thus leading to the accumulation of

biological activity in the lower 10-cm of the ice

In our main station samples, we observed that in the early part

of the winter-spring (March and early April), meiofauna was

distributed relatively evenly within the lower 10-cm of the ice.

Only on 08-Mar, we observed a slightly higher proportion (52 %) of

meiofauna in the 3-10-cm section, which could be related to the fast
Frontiers in Marine Science 16
increase in ice thicknesses during this period, leaving biota a few cm

above the vertically progressing ice front. At that point, ice algal

biomass had not built yet due to environmental limitations such as

low light. As the season progressed, most ice meiofauna

concentrated in the lower 2-cm, which was mirrored in the ice

algae, and a pattern supported by the significant results of the linear

regression that showed that sympagic meiofauna abundance in the

lower 1-cm was positively correlated to ice algal biomass. This

supports the known positive correlation between ice algal and

meiofaunal abundance (Nozais et al., 2001; Bluhm et al., 2018).

Simply put, ice meiofauna follow their food, which is needed to fuel

reproduction and growth.
Sea ice algal concentrations

Sea ice chlorophyll a concentrations can be used as a proxy for

ice algal biomass and, thus, food availability to omni- and

herbivorous fauna.

The ice algal biomass at the main station (MS) followed the

three-phase bloom scenario as described in Leu et al. (2015). Low

concentrations were observed in March, which increased toward

the end of April before declining in May. On average, the range of

chlorophyll a concentrations was low compared to the range found

in the Canadian Arctic Archipelago, where values as high as 300 mg

Chl a m-2 have been measured (e.g. Cota et al., 1991). Though this

could be considered an extraordinarily high value, other studies

have recorded ice algal biomass up to 160 mg Chl a m-2 (Resolute

Passage, Canadian Arctic) (see Leu et al., 2015), which is already

three times the maximum value recorded for Rijpfjorden (Leu et al.,

2010) and ten times for Van Mijenfjorden (this study). Chlorophyll

a concentrations are more comparable to the Young Sound, NE

Greenland with 3 mg Chl a m-2 (Glud et al., 2007). Spatially, the

chlorophyll a concentrations measured at the transect stations did

not follow the same pattern as observed for the ice meiofauna. The

chlorophyll a values steadily increased toward the outer stations up

until VMF1. Station VMF2 had very low concentrations, which

might be linked to the low nutrient concentrations (Leu et al., 2020)

or the young age of the ice resulting in a short establishment time

for ice algae. Additionally, snow might have played a role. Snow

cover greatly influences the amount of light that is able to penetrate

sea ice and reach the under-ice surface.
Sympagic-pelagic coupling

Considering the low abundance of pelagic fauna in our sea ice

samples and the minimal sea ice fauna in the pelagic net samples, we

propose for the connection between sea ice and the underlying

water column to be weak and benthic-sympagic coupling to be

higher in Van Mijenfjorden. When taking a closer look at the CA, it

becomes apparent that most metazoans clustering closely to the sea

ice samples are of benthic origin, as opposed to the pelagic ones that

lay closest to the water samples.

Broadly speaking, the majority of taxa groups overlapped

between sea ice and the water column, but they vary greatly in
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abundance. Albeit the statistical testing did not deem the sea ice and

pelagic samples to be significantly different, this might be linked due

to our very small sample size. Samples from the water column

revealed a slightly higher biodiversity compared to sea ice, with 15

taxa represented instead of 12. However, target organisms, such as

nematodes, were more abundant in the sympagic realm throughout

the spring. Additional support arises from the CA that showed that

nematodes clustered with the sea ice samples rather than the pelagic

samples. The lack of nematodes in the water could be linked to their

rather poor swimming abilities (Cross and Martin, 1987; Kiko

et al., 2017).

Conversely, an overlap in taxa between the sea ice and underlying

water column might occur due to animals living mostly in the lower 1-

cm of the ice and being flushed into the water column below during sea

ice sampling. This could especially apply for the fauna with poor

swimming abilities (e.g., nematodes, see Palmer, 1984; Kiko et al.,

2017). Additionally, low concentrations in the water column could be

due to low food availability compared to the ice, which makes it a less

desirable habitat, in the winter-spring. We found a significant positive

relationship between the abundance of ice nematodes and chlorophyll a

in the lower 1-cm of the ice, where the bulk of the biomass was located.

Even though we found no statistical significance to support this,

but higher food availability, might also explain why polychaete

juveniles were more abundant in sea ice than the water column. It is

common for polychaetes to have planktonic larvae with good

swimming abilities. We did find a small number of polychaete

larvae/juveniles in the water column, but nothing in the range of

what we observed in the sea ice. Due to their swimming abilities

they are can be more proactive about their choice of habitat.

Evidently, they chose to inhabit the fjord ice due to the highly

concentrated food, which has been shown to lead to faster growth

and development (McConnell et al., 2012).

Additionally, the taxa resolution in this paper is relatively coarse

meaning that even though groups overlap we do not know if they

are necessarily the same species or not. For example, we find

cnidarians both in the water column and in the ice. We did,

however, note that these were not the same kind.
Conclusion

This is the first study to document the spatial and temporal

abundance of meiofauna in and under fjord ice in Svalbard. Most of

the meiofauna was located in the lowermost 2-cm of the ice

especially during peak abundance at the end of April. However,

there seemed to be weak sympagic-pelagic coupling despite the

organisms being located so closely to the ice-water interface. From

our data, we conclude that there is a seasonal development of an ice

meiofauna standing stock that is comprised of numerous well-

known sympagic organisms, especially nematodes. Nematodes

completed part of their previously proposed one-year life cycle in

the ice meaning that less reliable sea ice formation and loss of sea ice

could severely impact ice nematode populations, in the near future.

Parallelly, polychaete larvae utilized the highly abundant and

concentrated ice algae to develop and grow into juveniles

ensuring recruitment to the seafloor as early as May.
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Thus, we propose that for these two meiofauna taxa sea ice plays

an important role in their life cycle when present. We propose that

the next step would be to determine the species of nematode and

polychaete inhabiting the sea ice to compile all information on

them, and to see if they are commonly found in ice-free habitats.

This information is necessary to evaluate how crucial a role sea ice

plays in their life cycle, and how changing sea ice conditions might

(negatively) affect recruitment of these taxa.
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