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Introduction

Radiolaria and Phaeodaria are groups of heterotrophic 
unicellular zooplankton belonging to the supergroup 
Rhizaria, and both possess skeletons in a wide variety of 
shapes composed of hydrous amorphous silica (SiO

2
∙nH

2
O, 

opal; Anderson et al. 2002; Takahashi & Anderson 2002; 
Adl et al. 2019). The Radiolaria include the following five 
orders: Collodaria, Nassellaria, Spumellaria, Acantharia 
and Taxopodia (Suzuki & Not 2015). In this study, we 
have excluded the Acantharia (which have strontium 
sulfate skeletons) and Collodaria (which normally do not 

possess any form of a skeleton) and only consider the 
Spumellaria and Nassellaria (which typically have a solid 
skeleton of SiO

2
) and the Taxopodia (which only have 

loose siliceous spicules). Until the early 21st century, 
Phaeodaria was treated as a group within the Radiolaria, 
but based on the results of molecular phylogenetic analy-
sis, it is now recognized as a taxon belonging to the phy-
lum Cercozoa (Polet et al. 2004; Yuasa et al. 2006; 
Nakamura & Suzuki 2015). Radiolaria and Phaeodaria 
are widely distributed in the global pelagic ocean from the 
surface to the deep sea (Anderson et al. 2002; Takahashi 
& Anderson 2002; Lazarus et al. 2021). Radiolaria are 

Abstract

To determine the present-day community composition of siliceous Rhizaria 
(Radiolaria and Phaeodaria) in Norwegian fjords, plankton tows were con-
ducted in south-western and northern Norwegian fjords in September 2016. 
The mean total abundance of radiolarians was 306 m–3 in the Sognefjord com-
plex, which was the southern research site, and, in the north, 945 m–3 in 
Malangen and 89 m–3 in Balsfjord, both above the Arctic Circle. Sticholonche 
zanclea was the most abundant radiolarian in the Sognefjord complex and 
Malangen, accounting for 78–100% (mean 89%) of radiolarian abundance. 
The mean total abundance of phaeodarians was 1554 m–3 in the Sognefjord 
complex, 51 m–3 in Malangen and 11 m–3 in Balsfjord. Medusetta arcifera was the 
most abundant phaeodaria in the Sognefjord complex, accounting for >99% of 
phaeodarian abundance, but was absent in Malangen and Balsfjord, where 
Protocystis tridens accounted for >96% of phaeodarian abundance. The carbon 
biomass of S. zanclea and M. arcifera was 188 and 438 µg C m–3, respectively, 
which is similar to and 8.6 times higher than, respectively, that of phaeodarians 
>1 mm in the western North Pacific, suggesting that M. arcifera contributes to 
organic carbon transport in the Sognefjord complex. Amphimelissa setosa 
(Nassellaria, Radiolaria), which was a dominant species in the study area in 
1982–83, was absent in the present study in all sampled fjords. This could have 
been caused by the approximately 2 °C increase in water temperature that has 
occurred since 1990 and can be taken as evidence of a climate-change-associ-
ated local temperature rise linked to the warming of advected Atlantic Water.
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generally rare in coastal waters, which have lower salini-
ties than the open ocean, but can be found in areas with 
salinities above 30, such as in Norwegian fjords (Bjørklund 
& Swanberg 1987). No freshwater species have been 
reported to date, but one species is known to inhabit the 
brackish waters of the La Plata River estuary (Boltovskoy 
et al. 2003). The importance of radiolarians and phaeo-
darians in marine material cycling has been noticed in the 
past (e.g., Takahashi et al. 1983; Bernstein et al. 1990; 
Takahashi 1991), but this role has received little attention 
because the current biomass of these two taxa in the 
ocean is considered to be low. However, radiolarians and 
phaeodarians do occur with high biomass in some areas 
(Steinberg et al. 2008; Nakamura et al. 2013; Biard et al. 
2016), and their importance to marine ecosystems and 
material cycles has recently been quantitatively evaluated 
(Lampitt et al. 2009; Biard et al. 2018; Stukel et al. 2018; 
Ikenoue, Kimoto et al. 2019; Llopis Monferrer et al. 2020; 
Ikenoue et al. 2021; Llopis Monferrer et al. 2021).

The abundance distribution of Radiolaria and Phaeodaria 
in Norwegian fjords was intensively studied in the 1970s 
and 1980s (e.g., Bjørklund 1974, Bjørklund & Swanberg 
1987; Swanberg & Bjørklund 1986, 1987, 1992), and the 
molecular phylogeny and diversity of their symbiotic algae 
have been investigated since the 2000s (Yuasa et al. 2006; 
Dolven et al. 2007; Yuasa et al. 2009; Krabberød et al. 2011; 
Bråte et al. 2012; Table 1). However, there are no previous 
reports of the biomass of Radiolaria and Phaeodaria in 
Norwegian fjords. Therefore, in this study, we deployed 
plankton nets in Norwegian fjords in September 2016 to 
determine the abundance distribution of Radiolaria and 
Phaeodaria and to evaluate the biomass of the principal 
species, which are usually present throughout the year. 
Molecular and phylogenetic analysis of symbionts of 

Amphimelissa setosa collected in the Chukchi Sea was also 
conducted to investigate the ecology of A. setosa, which was 
dominant in Norwegian fjords in 1982–83.

Materials and methods

Study area

Sognefjord, with an average width of about 5 km, is the 
second-longest fjord in the world, extending 205 km 
inland from the west coast of Norway and reaching a 
depth of 1309 m. Along the way, there are many tribu-
tary fjords, generally running north–south, created by 
glacial erosion. This fjord system is connected to the 
Norwegian Sea via the shallow outer part of Sognefjord, 
where North Atlantic Water flows in. The inflow of North 
Atlantic Water takes place not on an annual basis, but on 
a 5–10-year basis (Hermansen 1974). The water-mass 
structure of Sognefjord and its tributary fjords (the 
Sognefjord complex) is characterized by a stratified, 
low-salinity brackish-water layer and an underlying layer 
of North Atlantic Water (Swanberg & Bjørklund 1987). 
This stratification develops because of the large freshwa-
ter inputs the fjord complex receives from overland run-
off (rivers and snowmelt) and precipitation. In 1982, at a 
depth of 0–25 m, water temperatures and salinities were 
in the range of about 7–16 °C and 23–33, respectively, in 
summer, and 4–11 °C and 23–32, respectively, in winter. 
At depths of 25–100 m, water temperatures and salinities 
were about 7 °C and 35, respectively, in summer, and 
7–11 °C and 33–34, respectively, in winter.

About 300 km above the Arctic Circle, Balsfjord is a 
single-basin fjord with a maximum depth of about 195 m. 
It is 2–7 km wide and runs 57 km south–south-east from 

Table 1 Summary of plankton-net tow samples collected in Norwegian fjords during studies of radiolarians and phaeodarians.

Site Sampling date Sampling depth (m) Method Reference

Korsfjord Nov. 1969 to May 1971 670–600, 600–500, 500–400, 

400–300, 300–200, 200–100, 

100–0

Juday net with a closing mechanism 

and 63-µm mesh

Bjørklund 1974

Hardangerfjord, 

Sognefjord, Mal- 

angen,Balsfjord

Jun./Jul./Dec. 1982, Sep. 

1983

1000–500, 500–300, 

300–100, 100–25

Juday net with a closing mechanism 

and 63-µm mesh

Swanberg & Bjørklund 

1987

Sogndalsfjord Oct. 2003 250–25

Nansen plankton net with opening 

diameter of 30 cm and mesh size 

of 45 µm

Yuasa et al. 2006; Yuasa 

et al. 2009

Sogndalsfjord May/Jun. 2003 and 2004 240–50
Juday net with a closing mechanism 

and 63-µm mesh

Dolven et al. 2007; Bråte 

et al. 2012

Sogndalsfjord Mar./Aug. 2009, Jan. 2010 Unknown
Juday net with a closing mechanism 

and 63-µm mesh
Krabberød et al. 2011

Sognefjord, Mal- 

angen, Balsfjord

Sep. 2016 100–25 Juday net with a closing mechanism 

and 63-µm mesh

This study
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the island of Tromsø. During most of the year, its water 
temperature ranges from 1 to 7 °C and its salinity ranges 
from 33 to 34 (Eilertsen et al. 1981), making it one of the 
coldest Norwegian fjords. Water exchange between this 
fjord and the surrounding coastal waters is greatly 
restricted by 10–30-m deep sandbar sills located north of 
the entrance to Balsfjord. 

Malangen, west of Balsfjord, is relatively open to the 
Norwegian Sea. The fjord is 5 km wide and 50 km long and 
features a much deeper (circa 200 m) sandbar (Falkenhaug 
et al. 1997). Low-salinity (<33.5) waters are observed from 
the surface to a depth of 50 m during the summer months, 
and high temperatures and salinities (mean 6.5 °C and 
34.5, respectively) are observed throughout the year in the 
Malangen basin (Falkenhaug et al. 1997).

Seasonal variations in particulate-matter fluxes are 
small in the northern Norwegian fjords on account of the 
smaller scale of river runoff and the greater influence of 
Atlantic and Norwegian coastal waters compared with the 
closed coastal systems of the south-western fjords. 
Particulate matter, phytoplankton and zooplankton fluxes 
in the coastal zone are mainly influenced by Norwegian 
coastal waters, where water-mass exchange is faster than 
in the south-western fjords (Wassmann et al. 1996).

Field sampling

Plankton-tow samples were collected in the fjords during 
late summer 2016 (Fig. 1). Vertical tows were carried out 
with a 30-cm Juday net with a mesh size of 63 µm. The 

Fig. 1 Maps of the study areas in south-western and northern Norway showing sampling stations (red dots) in the Sognefjord complex, Malangen 

and Balsfjord.
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cod end of the net was weighted and the net lowered 
slowly to prevent its fishing on descent. The net was 
closed with a choking mechanism on ascent. On 11 and 
13 September 2016, the net was towed at four stations in 
the Sognefjord complex from depths of 100–25 m from 
the deck of the RV Knut (Industriskjell AS). On 20 and 21 
September 2016, the net was towed at five stations in 
Malangen and Balsfjord from the deck of the RV Hyas (UiT 
The Arctic University of Tromsø). The volume of seawater 
filtered through the net was calculated by multiplying the 
distance the net was towed by the opening area of the net. 
The split samples were fixed with 99.5% ethanol.

For molecular and phylogenetic analysis of symbionts 
of A. setosa, a plankton-tow sample was also collected 
at  station 54 (73.694°N, 162.652°W) in the northern 
Chukchi Sea using vertical tows from a depth of 150 m to 
the surface with a North Pacific standard plankton 
net (62-μm mesh size, open mouth area 0.16 m2) during 
the RV Mirai Cruise MR13-06 (Ikenoue, Bjørklund et al. 
2016; Ikenoue, Bjørklund et al. 2019; Supplementary 
Fig. S1). The sample was preserved with 99.5% ethanol. 

Enumeration of radiolarian and phaeodarian 
taxa

Plankton samples were split with a Motoda box splitter 
(Motoda 1959). The split samples were sieved through a 
stainless-steel screen with mesh size 45 μm. Remains on 
the screen were filtered through Gelman® membrane  
filters with a nominal pore size of 0.45 μm. The filtered 
samples were desalted with distilled water. Slides for light 
microscope observations were prepared from the filtered 
samples by using the methods described by Ikenoue  
et al. (2015). We counted all radiolarian (Spumellaria, 
Nassellaria and Taxopodia) and phaeodarian specimens 
observed with an Olympus BX43 transmitted-light micro-
scope on each slide at 200× or 400× magnification. The 
numbers of counted specimens were converted to stand-
ing stocks (i.e., number of specimens m−3).

Estimation of biovolume and elemental content 
of Rhizaria

To estimate the biovolume of S. zanclea and M. arcifera, for 
which particularly high abundances were observed in 
this study, the ESDs of both were calculated by using the 
following formula:

 π=ESD 2 Area / , (1)

where ESD (μm) is the ESD and area is the pixel area of 
the imaged organism. The pixel areas of S. zanclea and 
M.  arcifera were calculated by using ImageJ, an image 

processing and analysis programme developed at the US 
National Institutes of Health (https://imagej.nih.gov/ij/
index.html) and images n and q in Fig. 2, respectively. 
From the ESD, the biovolume (μm3) was calculated by 
using the following formula:

 π=Biovolume 4
3
(0.5ESD)3  (2)

Organic C, N, and biogenic Si contents of both species 
were calculated from their respective biovolumes by 
using the following equations established by Llopis 
Monferrer et al. (2020) and Laget et al. (2023):

 = ± ±Q V10c
[0.958 0.025] [0.455 0.016]

 (3)

 = ± ±Q V10N
[0.157 0.026] [0.477 0.017]

 (4)

 = − ± ±Q V10bSi
[ 4.05 0.18] [0.52 0.02]

, (5)

where Q
C
, Q

N
, and Q

bSi
 are the organic C (μg-C cell–1), N 

(μg-N cell–1), and biogenic Si contents (μg-Si cell–1) of 
each specimen, respectively, and V is the biovolume  
(mm3 for Q

C
 and Q

N
, µm3 for Q

bSi
).

Molecular and phylogenetic analysis of 
symbionts of Amphimelissa setosa

The protocol for analysing the symbionts of A. setosa was 
similar to those described in previous studies (Krabberød 
et al. 2011; Bråte et al. 2012; Ikenoue, Bjørklund et al. 
2016). Plankton samples were preserved in 99.5% etha-
nol and individual A. setosa cells were isolated in the lab-
oratory by using capillary isolation. Each cell was cleaned 
by removing debris with microneedles and then rinsed 
in three droplets of filtered Milli-Q water. The cleaned 
cells were transferred to 200-μL PCR tubes for single-cell 
whole-genome amplification, and 18S PCR with general 
eukaryotic primers was performed as described by Bråte 
et al. (2012). The PCR product was Sanger-sequenced on 
a 3730 Capillary Sequencer. In total, six near-full-length 
18S sequences were obtained from five different hosts. 

To identify the symbionts, the sequences were blasted 
against the non-redundant US National Library of Medicine 
nucleotide database (https://www.ncbi.nlm.nih.gov/
nucleotide/) and the PR2 database (version 14.4; Guillou 
et al. 2013). The top five hits from each search were kept 
with duplicate hits removed. All sequences were then 
added to the reference alignment from Ikenoue, Bjørklund 
et al. (2016). Sequences were aligned with MAFFT version 
7.490 (Katoh & Standley 2013) and trimmed with trimAl 
(Capella-Gutiérrez et al. 2009) by using the settings rec-
ommend by EukRef (i.e., -gt 0.3 -st 0.001; Del Campo et al. 
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2018). The final alignment consisted of 231 taxa with 1581 
unambiguously aligned characters. Maximum-likelihood 
analysis with ultrafast bootstrap approximation (UFBoot) 
and Shimodaira–Hasegawa-like approximate likelihood 
ratio test (SH-alrt) was performed with IQ-tree2  
(Guindon et al. 2010; Hoang et al. 2018; Minh et al. 2020). 
The tree was visualized with FigTree version 1.4.4  
(https://github.com/rambaut/figtree/). Sequences used  
in this study have been deposited in NCBI GenBank  
(https://www.ncbi.nlm.nih.gov/) with accession numbers 
OR469964–OR469969.

Results

Horizontal distribution of radiolarians and 
phaeodarians

Ten radiolarian species and three phaeodarian species were 
identified in the plankton-tow samples (Table 2; Fig. 2). 
The numbers of individuals of each radiolarian and phaeo-
darian species identified are listed in Table 3. Horizontal 
distributions of radiolarian and phaeodarian abundance 
during September 2016 are shown in Fig. 3. 

Fig. 2 Light micrographs of radiolarians and phaeodarians identified in south-western and northern Norwegian fjords. (a) Actinomma leptodermum 

leptodermum, (b) Arachnosphaera dichotoma, (c) Cladococcus viminalis, (d) Hexaconthium pachydermum, (e–g) Phorticium pylonium, (h) Arachnocorys 

umbellifera, (i) Ceratospyris hyperborean, (j–l) Lithomelissa setosa, (m) Plagiacantha arachnoides, (n) Sticholonche zancela, (o) Challengeron diodon, (p, 

q) Medusetta arcifera, (r, s) Protocystis tridens. The 100 µm scale bar applies to all images.
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Total radiolarian abundance was 35–742 specimens m–3 
(mean 306) in the Sognefjord complex, 184–1724 speci-
mens m–3 (mean 954) in Malangen, and 10–160 speci-
mens m–3 (mean 89) in Balsfjord. Total radiolarian 
abundance was highest at station 6 in Malangen (1724 spec-
imens m–3), followed by station 3 in the Sognefjord complex 
(742 specimens m–3). In the Sognefjord complex and 
Malangen, S. zanclea was the most abundant radiolarian spe-
cies, accounting for 78–100% (mean 89%) of the radiolarian 
abundance. In the Sognefjord complex, Photicium pylonium 
accounted for 22% at station 1, Actinomma leptodermum lepto-
dermum, Arachnosphaera dichotoma, Hexaconthium pachyder-
mum and Arachnocorys umbellifera together accounted for 
20% of radiolarian abundance at station 2. At stations 3–6, 
species other than S. zanclea were scarce. This shows the 
patchiness of radiolarian distributions in Norwegian fjords, 
with large differences in species assemblages between adja-
cent stations. In Balsfjord, S. zanclea abundance was low, 
ranging from 3 to 15% (mean 10%), and Lithomelissa setosa 
and Plagiacantha arachnoides accounted for the majority of 
radiolarian abundance, ranging from 30 to 85% (mean 54%) 
and 0 to 67% (mean 36%), respectively.

Total phaeodarian abundance was 177–4002 specimens m–3 
(mean 1554) in the Sognefjord complex, 19–83 specimens 
m–3 (mean 51) in Malangen, and 8–17 specimens m–3 (mean 
11) in Balsfjord. Total phaeodarian abundance was highest 
at station 1 in the Sognefjord complex (4002 specimens 
m–3). Medusetta arcifera was the most abundant phaeodarian 
in the Sognefjord complex, accounting for more than 99% of 
total phaeodarian abundance, but was not observed in 
Malangen and Balsfjord, where P. tridens accounted for more 
than 96% of total phaeodarian abundance.

Elemental contents of Sticholonche zanclea and 
Medusetta arcifera

Elemental contents (organic carbon, organic nitrogen and 
biogenic silica) of S. zanclea and M. arcifera, which were observed 
at particularly high abundances in this study, are shown in 
Table 4. The biomasses of S. zanclea and M. arcifera in the sur-
face water at each station, calculated from the abundances 
and elemental contents in Table 4, are shown in Table 5. 
The highest organic carbon, organic nitrogen, and biogenic 
silica contents for S. zanclea were observed at station 6 and 

Table 2 List of 10 radiolarian taxa and three phaeodarian taxa encountered in plankton samples from south-western and northern Norwegian fjords.

Taxa Taxonomic references

Phylum Rhizaria, Cavalier-Smith (2002)

Class Radiolaria, Müller (1858)

Sub-class Polycystina, Ehrenberg (1838); emend. Riedel (1967)

Order Spumellaria, Ehrenberg (1876)

Family Actinommidae, Haeckel (1862); emend. Riedel (1967)

Actinomma leptodermum leptodermum, Jørgensen (1900) Cortese & Bjørklund 1998a, plate 2, figs. 1–14

Arachnosphaera dichotoma, Jørgensen (1900) Dolven et al. 2014, plate 1, figs. 1–4

Cladococcus viminalis, Haeckel (1862) Swanberg & Bjørklund 1987, fig. 4J

Hexaconthium pachydermum, Jørgensen (1900) Cortese & Bjørklund 1998b

Family Pyloniidae, Haeckel (1881)

Phorticium pylonium, Haeckel (1887) Bjørklund & Kruglikova 2003, plate 3, figs. 10–12, 14–15 

Order Nassellaria, Ehrenberg (1876)

Family Plagiacanthidae, Hertwig (1879)

Arachnocorys umbellifera, Haeckel (1862) Welling 1996, plate 14, figs. 24–27

Lithomelissa setosa, Jørgensen (1905) Dolven et al. 2014, plate 6, figs. 10–13

Plagiacantha arachnoides, Claparède and Lachmann (1858) Bjørklund et al. 2014, plate 10, fig. 8

Family Trissocyclidae, Haeckel (1881), emend. Goll (1968)

Ceratospyris hyperborea, Jørgensen (1905) Dolven et al. 2014, plate 4, figs. 11–12

Order Taxopodida, Fol (1883)

Family Sticholonchidae, Hertwig (1877)

Sticholonche zanclea, Hertwig (1877) Krabberød et al. 2011, fig. 1Y

Class Cercozoa, Cavalier-Smith (1998); emend. Adl et al. (2005)

Order Phaeodaria, Haeckel (1879)

Family Challengeridae, Murray (1885)

Challengeron diodon, Haeckel (1887) Bjørklund et al. 2014, plate 11, figs. 1–3

Protocystis tridens, Bjørklund (1976) Bjørklund et al. 2014, plate 11, fig. 11

Family Medusettidae, Haeckel (1887)

Medusetta arcifera, Jørgensen (1900) Swanberg & Bjørklund 1987, fig. 4K
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were 188 ± 31, 24 ± 4 and 47 ± 22 µg m–3, respectively. The 
highest organic carbon, organic nitrogen and biogenic silica 
contents for M. arcifera were observed at station 1 and were 
1641 ± 202, 223 ± 29, and 495 ± 247 µg m–3, respectively.

Symbionts of Amphimelissa setosa

The six symbionts sequenced from Amphimelissa setosa in 
the Chukchi Sea and used for phylogenetic analysis in 

this study are shown in Table 6. Figure 4 shows a col-
lapsed 18S rDNA phylogeny of MALVs that includes the 
symbionts from this study, and Supplementary Fig. S2 
presents the full phylogenetic tree. All symbionts of 
A. setosa were found to be related to parasitic MALVs, with 
no photosynthetic representatives.

Of the five sequences from four hosts that grouped 
within MALV I, three were placed in clades already 
known to contain symbionts from Radiolaria or 

Table 4 Summary of organic C, organic N, and biogenic Si contents of Sticholonche zanclea and Medusetta arcifera. Elemental content and density are 

expressed as mean ± standard error.

Species ESD (µm) Biovolume (mm3)
Organic C 

(µg C cell–1)

Organic N 

(µg C cell–1)

Biogenic Si 

(µg Si cell–1)

Sticholonche zanclea 49 6.1E-05 0.11 ± 0.02 0.014 ± 0.002 0.027 ± 0.013 

Medusetta arcifera 128 1.1E-03 0.41 ± 0.05 0.056 ± 0.007 0.12 ± 0.06 

Table 5 Summary of the biomass of Sticholonche zanclea and Medusetta arcifera in surface waters of south-western and northern Norwegian fjords.

Station

Sticholonche zanclea biomass (µg m–3) Medusetta arcifera biomass (µg m–3)

Organic C Organic N Biogenic Si Organic C Organic N Biogenic Si

1 3.0 ± 0.5 0.38 ± 0.1 0.74 ± 0.35 1641 ± 202 223 ± 29 495 ± 247

2 4.0 ± 0.7 0.51 ± 0.1 0.99 ± 0.47 376 ± 46 51 ± 7 113 ± 57

3 81 ± 13 10 ± 2 20 ± 10 457 ± 56 62 ± 8 138 ± 69

4 44 ± 7 5.6 ± 1.0 11 ± 5 72 ± 9 10 ± 1 22 ± 11

5 19 ± 3 2.4 ± 0.4 4.7 ± 2.2 0 ± 0 0 ± 0 0 ± 0

6 188 ± 31 24 ± 4 47 ± 22 0 ± 0 0 ± 0 0 ± 0

7 0.17 ± 0.03 0.021 ± 0.004 0.041 ± 0.019 0 ± 0 0 ± 0 0 ± 0

8 1.2 ± 0.2 0.16 ± 0.03 0.31 ± 0.15 0 ± 0 0 ± 0 0 ± 0

9 0.50 ± 0.08 0.063 ± 0.011 0.12 ± 0.06 0 ± 0 0 ± 0 0 ± 0

Fig. 3 Abundance (open circles) and species composition (columns) of (a) radiolarians and (b) phaeodarians in surface waters (25–100-m depth) in 

south-western and northern Norwegian fjords.

http://dx.doi.org/10.33265/polar.v42.9584


Citation: Polar Research 2023, 42, 9584, http://dx.doi.org/10.33265/polar.v42.9584 9
(page number not for citation purpose)

T. Ikenoue et al. Radiolaria and Phaeodaria in Norwegian fjords

Phaeodaria, specifically RAS 1, RAS 6, and RHIZ 1 (termi-
nology from Bråte et al. [2012] and Ikenoue, Bjørklund 
et al. [2016]). Several symbionts from these clades have 
been observed in samples collected from earlier studies of 
the Sogndalsfjord (a tributary fjord to the Sognefjord) 
and the Chukchi Sea (Dolven et al. 2007; Bråte et al. 
2012; Ikenoue, Bjørklund et al. 2016). Meanwhile, two 
sequences from the same host were placed in a clade 
without previously known radiolarian symbionts, defin-
ing the new group RAS 7. This clade is distantly related to 
RAS 6 from Ikenoue, Bjørklund et al. (2016). The last 
sequenced symbiont was placed in a small clade between 
MALV I and MALV II, making up a group (RAS 8) that 
has not been previously identified. This group was found 
to be more closely related to symbionts of copepods than 
to other radiolarian-associated groups.

Discussion

Abundance and biomass of Sticholonche zanclea 
and Medusetta arcifera

Abundances of S. zanclea have been reported in the 
Atlantic Ocean (Emery & Honjo 1979), East China Sea 
(Tan et al. 1978) and Equatorial Pacific (Takahashi & Ling 
1980). In the Equatorial Pacific, S. zanclea abundances are 
highest at depths of 55–110 m near the thermocline and 
range from 9100 to 25 500 specimens m–3 (Takahashi & 
Ling 1980). In the East China Sea, the maximum abun-
dance reported is 30 000 specimens m–3 (Tan et al. 1978). 
The maximum S. zanclea abundance observed in fjords in 
this study was 1718 specimens m–3, which is an order of 
magnitude less than those reported in the open ocean. 
Therefore, S. zanclea was considered to prefer open ocean 
waters to fjord waters. On the other hand, S. zanclea was 
dominant in the inner parts of the Sognefjord complex 
and Malangen, suggesting that this species is more 
adapted to the fjord waters than other radiolarians. Since 
no hydrographic data were obtained in this study, it is not 
possible to compare water temperatures and salinities at 

the time the samples were collected. However, because 
the lowest S. zanclea abundances were observed in 
Balsfjord, one of the coldest Norwegian fjords, it is likely 
that this species prefers warmer water masses.

Medusetta arcifera has only been reported from western 
and northern Norwegian fjords and Vestfjord, the water 
body south of the Lofoten Islands, and has not been 
observed in the open waters of the Norwegian Sea 
(Jørgensen 1900, 1905; Swanberg & Bjørklund 1986, 
1987). Vestfjord is exposed to the Norwegian Sea and is 
routinely filled with warm Atlantic Water. This suggests 
that M. arcifera prefers fjord environments. Jørgensen 
(1905) described M. arcifera as probably a temperate type. 
In a plankton-net survey of western and northern 
Norwegian fjords conducted in 1982–83, M. arcifera was 
observed only in the Sognefjord complex and not at all in 
Malangen and Balsfjord (Swanberg & Bjørklund 1987), 
matching the results obtained in this study and being 
consistent with the fact that this species was considered a 
temperate type. In addition, the reported distribution of 
the species in the Sognefjord complex was similar to that 
observed in this study, with high abundances observed 
only at seaward stations, in fjord branches and in polls 
(Swanberg & Bjørklund 1987). The highest abundances 
(up to 1142 specimens m–3 at depths of 25–100 m) and 
largest area of distribution were observed in December 
(winter) 1983, and the species is reported to have been 
less common in June–July (summer) 1982 and September 
(late summer) 1983 (Swanberg & Bjørklund 1987). 
However, 1742 specimens m–3 were observed in 
September (late summer) 2016, exceeding the maximum 
in winter 1983 (Fig. 3). Since no hydrographic data were 
obtained in this study, it is not possible to compare water 
temperatures at the time the samples were collected in 
December 1983 with those in September 2016. However, 
since the Sognefjord complex has been experiencing a 
warming trend in recent years (Reβ 2015), the reason for 
the increase in abundance of this species during these 
periods would not be related to seasonal changes in water 
temperature.

Few articles have reported the carbon contents in sea-
water of radiolarians and phaeodarians, but carbon con-
tents of 0.0026 µg C m–3 and 133 µg C m–3 have been 
reported for Acantharea and Collodaria, respectively, in 
surface waters around Bermuda (Michaels et al. 1995). In 
the western North Pacific, a maximum carbon content of 
190 µg C m–3 has been reported for phaeodarians >1 mm 
in size at depths of 200–500 m (Ikenoue, Kimoto et al. 
2019). These phaeodarians contribute considerably to the 
transport of organic carbon to the deep sea in the form of 
sinking particles (Ikenoue, Kimoto et al. 2019). The car-
bon contents of S. zanclea and M. arcifera in the present 
study were 188 µg C m–3 and 1641 µg C m–3, respectively, 

Table 6 Symbiont sequences from Amphimelissa setosa used for the 

phylogenetic analysis in this study.

Host sample name Host species Symbiont
Associated 

group

AO02a A. setosa Marine alveolate RAS 7

AO02b A. setosa Marine alveolate RAS 7

AO06 A. setosa Marine alveolate RAS 1

AO13 A. setosa Marine alveolate RHIZ 1

AO46 A. setosa Marine alveolate RAS 8

AO50 A. setosa Marine alveolate RAS 6
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Fig. 4 18S rDNA phylogeny of marine alveolate groups I and II inferred by maximum likelihood analysis in IQ-tree version 2. Thick branches denote strong 

support (SH-alrt > 80% and UFBoot > 95%). Shaded boxes indicate clades containing MALVs associated with radiolarians and other rhizarian species. Naming 

schemes follow Bråte et al. (2012) and Ikenoue, Bjørklund et al. (2016): RAS 1–8, RAS clades 1–8; RHIZ 1, RHIZ clade 1. Note that RAS 6 is paraphyletic in this 

study but was reported to be monophyletic by Ikenoue, Bjørklund et al. (2016). Sequences generated in this study are shown in red, bold type. Other RASs are 

shown in blue. Because of space limitations, some clades have been collapsed and some branches have been shortened to half their length (marked with “1/2”).
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which are equivalent to and 8.6 times higher than that of 
>1 mm phaeodarians in the western North Pacific. In the 
Atlantic, intermittently high concentrations of phaeodar-
ians in the surface layer have been reported to contribute 
up to 60% of the total organic flux to a depth of 3000 m 
(Lampitt et al. 2009). Therefore, although the organic 
carbon transport of S. zanclea and M. arcifera in the 
Norwegian fjords is unknown, it is likely that M. arcifera—
which has a silica skeleton, is a phaeodarian and also 
occurs in high-abundance patches—contributes strongly 
to local organic carbon transport in the Sognefjord 
complex.

Absence of Amphimelissa setosa in Norwegian 
fjords during late summer 2016

Amphimelissa setosa first appeared in the North Pacific 
1.5 million years ago and became extinct in the Pacific 
Ocean about 64 000–85 000 years ago (Matul & 
Abelmann 2005; Ikenoue, Okazaki et al. 2016; 
Hernández-Almeida et al. 2020). Migration of A. setosa 
from the Pacific to the Arctic Ocean and Atlantic Ocean 
occurred during MIS 11 (424–374 thousands of years 
ago [Bjørklund et al. 2015]), and the modern distribu-
tion of A. setosa is limited to the Arctic Ocean, high-lat-
itude North Atlantic Ocean, Nordic seas and Norwegian 
fjords (Bjørklund & Kruglikova 2003). In the northern 
Chukchi Sea during the summer of 2013 and 2015, A. 
setosa was found at depths of 50–300 m at water tem-
peratures of –1.6 to 1 °C and was not found in the sea-
sonal mixed layer (0–25 m depth), which is characterized 
by low salinity (<28; Ikenoue et al. 2015; Ikenoue, 
Bjørklund et al. 2019). The northern Chukchi Sea is 
almost entirely covered with sea ice from early 
December to mid-May; the seasonal mixed layer in 
summer consists of sea-ice melt and river water 
(Carmack & Wassmann 2006; Nishino et al. 2011). The 
high abundance of A. setosa, especially in waters close 
to the sea ice margin, was likely caused by predation on 
microbial communities growing in the seasonal mixed 
layer and abundant silica supply from melting ice water 
(Ikenoue, Bjørklund et al. 2019; Hernández-Almeida 
et al. 2020). None of the symbionts of A. setosa reported 
in the Chukchi Sea are photosynthetic; instead, they 
are parasitic MALVs (Table 6). The presence of only 
non-phototrophic symbionts in A. setosa suggests that 
A. setosa habitat is not restricted to the photic layer and 
is consistent with the reported vertical distribution of 
this species. Since the symbionts are closely related to 
MALVs previously found associated with radiolarians in 
both the Sogndalsfjord and the Chukchi Sea, it is likely 
that the ecology of A. setosa in Norwegian fjords is sim-
ilar to A. setosa in the Chukchi Sea.

In the Greenland Sea, A. setosa is abundant at depths of 
0–300 m in summer near the sea-ice edge at water tem-
peratures below 0 °C (Swanberg & Eide 1992) and does 
not inhabit low-salinity layers such as the seasonal mixed 
layer (Ikenoue, Bjørklund et al. 2019). In March 1984, A. 
setosa accounted for 90% of faunal abundance at a loca-
tion away from the ice edge on the Iceland Plateau at a 
depth of 3 m and water temperature of 2 °C (Jansen & 
Bjørklund 1985), which clearly demonstrates the species’ 
preference for shallow and cold waters. Amphimelissa 
setosa also occurs in the Norwegian Sea, where summer 
water temperatures are relatively high (4–5 °C), but it 
makes up a much smaller proportion of total radiolarian 
abundance in this region as compared to the Greenland 
Sea (Schröder-Ritzrau et al. 2001). The vertical distribu-
tion of A. setosa in the Norwegian Sea is unknown, but its 
presence in sediment traps at 500-m depth (Schröder-
Ritzrau et al. 2001) indicates that it inhabits waters shal-
lower than 500 m. Based on the current horizontal 
distribution of A. setosa, there is strong evidence that the 
species prefers cold water masses, especially in the Arctic.

Amphimelissa setosa was observed in the Sognefjord 
complex as well as in Malangen, Balsfjord and 
Hardangerfjord during the 1982–83 plankton survey. 
Especially in the Sognefjord complex, A. setosa was the 
dominant species frequently observed at abundances of 
thousands of specimens m–3 at depths of 25–100 m during 
summer, late summer and winter (Swanberg & Bjørklund 
1987). However, A. setosa was entirely absent from the 
Sognefjord complex, Malangen and Balsfjord during the 
September 2016 plankton survey in this study (Tables 2, 
3). Our study is the only report of radiolarian and phaeo-
darian community composition in the Sognefjord com-
plex since 1982–83. Plankton-tow samples were also 
collected in Sogndalsfjord (a tributary fjord to the 
Sognefjord) from 2003 to 2010 for DNA analysis of radi-
olarians and phaeodarians (Table 1), and A. setosa was also 
absent from these samples (Yuasa et al. 2006; Dolven et 
al. 2007; Yuasa et al. 2009; Krabberød et al. 2011; Bråte 
et al. 2012). All the above-mentioned studies used the 
same sampling methods except for the plankton tows 
conducted in October 2003, which used a different mesh 
size (Table 1). 

It is likely that the absence of A. setosa in Norwegian 
fjords since the 2000s is linked to environmental changes 
within the fjords. Environmental conditions within fjords 
are affected by the inflow of seawater from the open 
ocean and freshwater from land as well as by climate 
change and anthropogenic pollution. North Atlantic 
Water flows into the Sognefjord, and because Atlantic 
Water is salty and dense, the Atlantic Water fills the main 
Sognefjord from bottom to top; this complete water 
exchange does not occur annually but on a 5–10-year 
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basis (Hermansen 1974). It is therefore clear that the 
radiolarian and phaeodarian fauna of the Sognefjord 
complex represent a local neritic species association 
(Dolven et al. 2007). In June and December 1982, when 
A. setosa was abundant, water temperatures at depths of 
25–100 m in the Sognefjord complex were 7–10 °C, much 
higher than those in the Chukchi, Greenland and 
Norwegian seas (Swanberg & Bjørklund 1987). Since the 
life cycle of A. setosa is about three months (Ikenoue et al. 
2015), the species, which was dominant from June 1982 
to September 1983, clearly adapted to the high tempera-
tures in the Sognefjord complex during this period. The 
proportion of A. setosa relative to other radiolarians 
decreases as one moves southward from the Arctic Ocean 
to the Norwegian Sea (Bjørklund & Kruglikova 2003), 
indicating a preference for cold temperatures, but A. setosa 
is abundant in the warm Sognefjord complex. Swanberg 
& Bjørklund (1987) described distinct morphotypes of A. 
setosa collected from fjords and the Iceland Plateau. The 
morphotype found in cold Arctic waters (the present-day 
habitat of A. setosa) is characterized by large, robust skele-
tons with rounded pores. By contrast, the fjord morpho-
type is smaller and less silicified and has a more open 
skeleton with reticulate pores.

Although the biostratigraphy of radiolarians in sedi-
ment cores has not been conducted in the Sognefjord 
complex, radiolarians are known to have first occurred in 
other Norwegian neritic fjord environments during the 
late Weichselian glaciation, and A. setosa came to domi-
nate the radiolarian fauna during Bølling–Allerød warm 
periods, with occurrence peaking during the cold Younger 
Dryas in Korsfjord (Aarseth et al. 1975), Skageraak 
(Bjørklund 1985) and Andfjord (Bjørklund et al. 2019). 
During this first phase when the west Norwegian fjords 
became ice free, the fjords were initially filled with cold 
Arctic Water, which was gradually replaced by inflowing 
warm Atlantic Water. The presence of A. setosa in 
Norwegian fjords, both near the end of the last glaciation 
and during plankton sampling in 1982–83, indicates that 
A. setosa populations in this region were an ice-age relict. 
As A. setosa was also found in very low numbers in plank-
ton collected in 1969–71 from Korsfjord (Bjørklund 
1974), relict populations could have survived in at least 
some Norwegian fjords, such as in the Sognefjord 
complex. 

The sills of fjords are important for water circulation 
and may have facilitated the development of special eco-
logical niches where A. setosa settled, thrived, developed a 
distinct skeletal morphotype and adapted to much higher 
temperatures than those that were prevalent when it was 
first introduced to the fjords at the end of the last glacia-
tion. Korsfjord is more exposed to the open ocean than 
the Sognefjord complex, but in the remote Sognefjord, 

A. setosa might have survived longer, adapted and become 
an ice-age relict. Ice formation in the inner part of 
Sognefjord in winter and the influx of glacial meltwater 
from land in summer would have created a water mass 
similar to the low-salinity surface layer of the Chukchi 
Sea (0–25 m). Therefore, the food and silica supply from 
the low-salinity surface water-mass in the inner part of 
Sognefjord might have created a viable environment for 
A. setosa. However, at Sognesjøen, a strait at the entrance 
of Sognefjord (Fig. 1), surface water temperature has 
increased markedly since the 1990s (Fig. 5). Water tem-
peratures at Sognesjøen have been monitored at depths 
of 10 and 200 m from 1940 to 2022, and a marked sum-
mer water temperature increase since 1990 has been 
observed at 10 m (Fig. 5a). During 2000–09, the mean 
temperature at 10 m was 14.1 °C, an increase of about  
1.6 °C compared with the period 1940–89. During 2010–19, 
mean water temperatures increased an additional 0.4 °C, 
meaning the temperatures were about 2.0 °C above the 
mean for the period 1940–89 (Fig. 5a). Prior to 1990, the 
10-year mean water temperature at 200-m depth varied 
only slightly from 7.6 to 7.9 °C (Fig. 5b). However, after 
1990, the average temperature for the period 2000–09 
increased to 8.4 °C. The increase in temperature com-
pared with the period 1940–89 was about 0.7 °C (Fig.5b). 

Amphimelissa setosa has not been observed in any 
Norwegian fjord since the early 2000s. We are now of 
the  opinion that A. setosa probably reached its upper 
limit of ecological tolerance, and we point to the surface 
water temperature increase (an increase of 1.6 °C since 
the 1990s) as the most probable factor explaining its dis-
appearance. The fate of new A. setosa individuals entering 
the Sognefjord complex from Atlantic waters is uncer-
tain, but it may take time on a geological scale for this 
species, which is adapted to cold waters, to adapt to the 
high present-day temperatures of the Sognefjord com-
plex. We therefore assume that A. setosa is now extinct in 
Norwegian neritic environments, and we suggest that 
this is evidence of the impact of global warming.

Conclusion

Our results suggest that M. arcifera and S. zanclea contrib-
ute to biogeochemical cycling in the Sognefjord complex 
and Malangen, respectively. Radiolarian faunal composi-
tion in 2016 differed considerably from that in 1982–83, 
and A. setosa, a key species in 1982–83, was not observed 
at all in 2016. It is not certain whether A. setosa has 
become extinct in the Norwegian fjords, but it may have 
become threatened with extinction due to a remarkable 
increase in water temperatures in Norwegian fjords since 
1990. Future studies on the genetic differences between 
A. setosa in the Sognefjord complex and in the Arctic 
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Ocean, as well as high-resolution biostratigraphy of A. 
setosa in sediment cores from the previous 2000 years, 
could provide more detailed information on the impacts 
of environmental changes in the fjords due to global 
warming.
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