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Abstract

The focus of the present study was on arcturid isopods occurring in the subarctic
region around Iceland. Data from two decades of sampling with an epibenthic sledge
(EBS) during numerous expeditions of the BIOICE (Benthic Invertebrates of Icelandic
Waters; 1992-2004) and lceAGE (Icelandic marine Animals: Genetics and Ecology;
2011—ongoing) projects were incorporated into an integrative taxonomy approach.
This approach linked distribution records, morphological and molecular examinations,
with video and image data observed during recent expeditions in 2018 (MSM75)
and 2020 (SO276) using the Remotely Operated Vehicles (ROVs) PHOCA and Kiel
6000 from GEOMAR. The resulting dataset from 120 sampling locations included
6852 specimens, a large percentage of which were fixed in formalin during BIOICE.
Ethanol-fixed specimens collected during IceAGE were used to link morphotypes with
haplotypes and occurrence locations, focusing on the coral association of the genus
Astacilla Cordiner, 1793. The IceAGE sampling was complemented by ROV image and
video data and noninvasive sampling, making it possible to obtain pictures of living
specimens of A. longicornis. The species A. longicornis Sowerby, 1806 showed a dis-
tribution linked to cold-water occurrence and was sampled from Paramuricea placo-
mus. Astacilla boreaphilis Stranky & Svavarsson, 2006, occurring only south of Iceland,
showed high morphological variation in the spine pattern of adult females, while the
molecular results indicated no clear pattern of potentially ongoing species radiation
or cryptic species. Astacilla granulata was exclusively found north of Iceland. Thus, the
species' distribution is potentially influenced by the Greenland-Faroe Ridge, which

separates the North Atlantic from the Arctic Ocean.
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1 | INTRODUCTION

The ocean around Iceland has diverse hydrographic and topographic
features, making it unique. The region is characterized by the exten-
sive Greenland-Iceland-Faroe Ridge (GIF Ridge), which extends from
Greenland to Scotland and separates the Nordic Seas and the Arctic
Ocean from the Atlantic Ocean. With its maximum saddle depths
of 820m (Hansen & @sterhus, 2000), the ridge separates the cold
(<=0.9°C) deep waters of the Nordic Seas from the warmer (2°C-
3°C) deep Atlantic. Furthermore, the Reykjanes Ridge (RR) sepa-
rates the northernmost North Atlantic into the western Irminger
Basin and the eastern Iceland Basin (Brix & Svavarsson, 2010;
Hansen & @sterhus, 2000; Malmberg & Valdimarsson, 2003). The
region is additionally shaped by a complex set of weak and strong
currents, potentially influencing the local and regional fauna (e.g.,
Dolan et al., 2008; Davies et al., 2009; Buhl-Mortensen et al., 2001;
Mohn et al., 2014). The GIF Ridge and its associated hydrographic
conditions form a natural barrier for the dispersal of species in the
North Atlantic Ocean and the Arctic Ocean (see Pampouli et al. (this
issue)). The ridges and the Icelandic shelf may represent favorable
conditions for epifauna that depend on highly hydrodynamic envi-
ronments, which provide them with a steady stream of water for
suspension feeding (Burgos et al., 2020; Davies et al., 2009; Mohn
et al., 2014; Sundahl et al., 2020).

The crustacean family Arcturidae (Isopoda: Valvifera) occurs
globally and consists of species, that are all supposed to be filter
feeders due to the presence of long filter setae on their anterior
pereopods 2-4 (King, 2003; Poore, 2001; Riisgard, 2015; Stransky &
Svavarsson, 2006; Wagele, 1987). Arcturids are benthic crustaceans
without free larval stages (King, 2003; Poore, 2001; Riisgard, 2015;
Stransky & Svavarsson, 2006; Wigele, 1987). They are commonly
found on various elevated hard substrata for better exposure to cur-
rents and thus to food supply (Moreira, 1973a, 1973b; Schultz, 1978;
Waigele, 1987). Some valviferan species, such as Astacilla gorgonophila
Monod, 1925, A. sawayae Moreira, 1973b, A. andresmeixidei Taboada
et al., 2019, and Antarcturus spinacoronatus Schultz, 1978 have been
observed on cold water corals (Monod, 1925; Moreira, 1973b;
Taboada et al., 2019; Wagele, 1987); in particular, Astacilla andres-
meixidei and A. gorgonophila were described as commensals on their
respective gorgonian hosts (Monod, 1925; Taboada et al., 2019).

Within the family, the genus Astacilla Cordiner, 1793 comprises 49
species (WoRMS—World Register of Marine Species, 2024), while six
species are reported to occur in the North-East Atlantic north of 55°N
(Astacilla arietina Sars, 1883, A. boreaphilis Stransky & Svavarsson,
2006, A. caeca Benedict, 1898, A. granulata Sars, 1877, A. intermedia
Goodsir, 1841, A. longicornis Sowerby, 1806, and A. pusilla Sars, 1873).

The distribution of isopod families around Iceland has been dis-
cussed in Brix et al. (2018). A closer look, adding new data to the
family Arcturidae, reveals new insights. Here, we evaluate the dis-
tribution of this filter-feeding isopod group in Icelandic waters. The
evaluation is based mainly on samples taken from many localities in
the region using epibenthic sleds. Additionally, we specifically an-
alyze the presence of these isopods clinging to cold-water corals,

which potentially may provide an elevated habitat suitable for this
feeding type. This association with corals has previously been shown
for another North Atlantic species (Taboada et al., 2019), but not for
arcturids that occur around Iceland.

The aim of the present study was to gather all available distribu-
tion data of arcturid isopods in the subarctic region and to implement
different data types, focusing on the observed coral association of
Astacilla species from the most recent samples. Additionally, an in-
tegrative taxonomy approach was used to clarify the presence of
highly diverse morphotypes within Astacilla boreaphilis Stransky &
Svavarsson, 2006.

2 | MATERIALS AND METHODS
2.1 | Sampling design

All samples were taken in Icelandic and international waters during the
BIOICE (Benthic Invertebrates of Iceland) and the IceAGE (Icelandic
Marine Animals: Genetics and Ecology) projects with various research
vessels. All arcturid isopods were available from epibenthic sledge
(EBS; Brenke, 2005 and Rothlisberg & Pearcy, 1977) samples and re-
mote operated vehicles (ROV) samples were included in this study. In
total, 5838 arcturids from BIOICE samples were available, and 1014
from IceAGE samples (937 from EBS, 62 from ROV). In addition, dur-
ing two lceAGE expeditions, the ROVs PHOCA (2018 during MSM75)
and KIEL 6000 (2020 during SO276) of GEOMAR were used to collect
corals and their associated fauna. EBS samples of the IceAGE project
were taken during the IceAGE 1, 2, 3, and RR expeditions, on board RV
Meteor (M85/3; Brix et al., 2011), RV Poseidon (POS456; Brix, 2013),
RV Maria S. Merian (MSM75; Devey et al., 2018), and RV Sonne
(S0O276; Brix et al., 2020). For EBS samples, the treatment of isopods is
described in Brix et al. (2018). The ROV samples were collected using
the arm of the ROV to take a branch of the coral, but never the whole
coral. This branch was moved into the drawer of the ROV holding a so-
called “biobox,” which closes completely with a lid, keeping the water
inside and thus everything clinging to the coral (see Video S1).

The taxon information about the corals hosting the analyzed
specimens is taken from Korfhage et al. (2022), who provided mo-
lecular fingerprinting of the collected taxa. To evaluate the presence
of arcturids on cold-water corals, associated fauna samples were
collected during the IceAGE 3 and RR expeditions using either ROV
Kiel 6000 (IceAGE3) or ROV PHOCA (lceAGE RR). The corals were
individually placed in separate bioboxes during diving and preserved
separately along with their epibionts. In total, samples of corals from
32 distinct locations were analyzed (Figure 1; Data S2).

All samples were treated in a cooling chain according to Riehl
et al. (2014) and examined at the laboratories of the DZMB (German
Center for Marine Biodiversity Research) in Hamburg. Samples were
preserved in 96% undenatured ethanol and stored at 4°C until fur-
ther processing. Examined specimens were identified to the lowest
possible taxonomic level (Data S3). Specimens of the isopod family
Arcturidae (Data S4) were identified to species level according to
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FIGURE 1 Sample sites of cold-water corals sampled during the IceAGE project. Pie chart location indicate area of sampling, colors

represent coral genera, numbers indicate sample size.

the available literature using a Leica MZ12.5 dissecting microscope.
Photos of arcturid specimens were taken with a Keyence VHX-7000
digital microscope (Leibniz Institute for the Analysis of Biodiversity
Change, Morphology Lab Hamburg) and edited with the software
GIMP (The GIMP Development Team, 2023).

BIOICE arcturids are stored in the Nattarufraedistofnun islands
| lcelandic Institute of Natural History (curator: Gudmundur
Gudmundsson, Reykjavik). The cold-water coral-associated taxa re-
main in the DZMB “working collection,” available upon request.

2.2 | Molecular methods

In total, 67 specimens sampled during the lceAGE expeditions were
used for molecular analysis. The workflow and sample treatment
are described in Riehl et al. (2014). DNA extractions from whole
individuals of Astacilla boreaphilis and A. longicornis were car-
ried out using the Mollusc DNA Kit (Omega Biotek) following the
manufacturer's extraction protocol. Specimens were transferred
into 96% denatured ethanol afterward and stored at the facilities
of the DZMB Hamburg. DNA extracts were deposited at the DZMB
biobank (-20°C) after the molecular work was completed. For spe-
cies delimitation, the mitochondrial large ribosomal subunit (16S
fragment) was used, as PCRs using Cytochrome c¢ oxidase subunit |
(COl) primers did not yield usable results. Amplification of the 16S
fragment was performed using AccuStart || Tag DNA Polymerase
(Quantabio) in a 20 pL volume tube containing 7L H20, 10uL PCR
Master Mix, 0.5pL of each primer (10pmolpL™?), and 2L of DNA

template. The primer pair 16SAR-L/16SBR-H (Palumbi et al., 1991)
was used. PCR products were assessed for their length and purity by
gel electrophoresis using 1.5% agarose gels. Successful PCR prod-
ucts were purified using ExoSAP-IT PCR Product Cleanup Reagent
(ExoSAPIT) and sent to Macrogen Europe, Inc. (Amsterdam-Zuidoost,
Netherlands) for bidirectional DNA Sanger sequencing. The Quality
of the sequences was assessed with the program GENEIOUS Prime
ver. 2019.2.3 (Geneious Bioinformatics Software for Sequence
Data Analysis, 2022). Forward and reverse strands were assem-
bled and checked for the correct amino acid translation frame using
GENEIOUS. All sequences were searched in GenBank using BLASTN
(Altschul et al., 1990) to discard contamination. The 16S Sequences
produced during this study are publicly available on the Platform
BoLD (Barcode of Life Database, Ratnasingham & Hebert, 2007). All
voucher specimens are stored in the DZMB working collection. The
BoLD dataset XXXNAMEXXX is available under the following DOI
including all information about storage and GenBank numbers.

The dataset consists of 43 sequences of A. boreaphilis and 24 se-
quences of A. longicornis. In addition, two sequences of Antarcturus
hodgsoni Richardson, 1913 were used as an outgroup (Baltzer
et al., 2000). A total of 69 sequences were aligned using MUSCLE
ver. 3.8.425 (Edgar, 2004). Trees were constructed with Bayesian
Inference (BI) in MrBayes ver. 3.2 (Ronquist et al., 2012), using GTR
as an evolutionary model for two independent runs, each con-
sisting of four chains for 5x10° generations, sampling every 1000
generations. The first 25% of the trees were discarded as burn-in,
and run convergence was assessed using Tracer ver. 1.6 (Rambaut
et al., 2018). Uncorrected p-distances were calculated using MEGA
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ver. 7.0 software (Kumar et al., 2016). Additionally, two species de-
limitation models were used to identify the number of putative spe-
cies of Astacilla: one distance-based (ABGD—Automated Barcode
Gap Discovery; Puillandre et al., 2021) and one tree-based (GMYC—
Generalized Mixed Yule Coalescent; Pons et al., 2006). For ABGD,
we ran the online version (https://bioinfo.mnhn.fr/abi/public/abgd/
abgdweb.html) using an alignment excluding the outgroup. Settings
were as follows: P, =0.01, P =0.1, Steps=100, X (relative gap
width)=1.5, Nb bins (for distance distribution)=20. Simple distance
was used as the distance method.

For the GMYC method, an ultrametric tree was created in BEAST
(Bayesian Evolutionary Analysis Sampling Trees ver. 1.8.3) with param-
eters set to the GTR nucleotide substitution model, “Strict” clock (SC),
and Yule speciation tree prior (Stadler, 2008; Yule, 1925). Posterior
probabilities were estimated using 10,000,000 Markov Chain Monte
Carlo (MCMC) generations with a sampling frequency of 1000 trees
(Drummond et al., 2012). Convergence of the runs was assessed with
Tracer ver. 1.6 (Rambaut et al., 2018). A tree with median branch
lengths was selected, discarding 25% of the trees using TreeAnnotator
ver.1.8.3 (Drummond et al., 2012). The GMYC method was imple-
mented in the SPLITS package for R and applied to the ultrametric
tree. Additionally, we used the fixed local clock (FLC) in conjunction
with the Yule speciation prior and the strict clock with the Coalescent:
Constant size tree prior (Kingman, 1982), named “CC” in the following.

In order to assess the geographic distribution of Astacilla
boreaphilis genetic diversity, a haplotype network was created with
popART (Leigh & Bryant, 2015) using the minimum spanning net-
work algorithm (Bandelt et al., 1999). Distribution maps were cre-
ated in QGIS 3.28.12 “Firenze” (QGIS Development Team, 2023) and
R Studio Version 4.0.3 (RStudio, 2019) was used for the creation of
plots, using the package ggplot2 (Wickham, 2016).

3 | RESULTS

3.1 | Faunal assemblages of coral-associated
crustaceans with a focus on isopods

Cold-water corals were sampled at 32 locations in the North Atlantic
below 207 m depth (Figure 1; Data S2). Crustaceans represented the
most numerous taxon in the samples, with 9177 specimens and ac-
counting for over 50% of specimens at most stations. Among the
crustaceans, 644 specimens were identified as isopods, the second
most abundant peracarid crustacean group behind the amphipods,
which occurred in much higher numbers (Data S3). Amphipoda from
lceAGE samples associated with corals are presented by Schwentner
and L6rz (2021) and are not the focus of the present study.

Within the order Isopoda, nine isopod taxa were identified:
Arcturidae, Bopyridae, Desmosomatidae, Flabellifera, Gnathiidae,
Janirellidae, Janiridae, Munnidae, and Munnopsidae. Among these,
the most numerous were the families Janiridae Sars, 1897, with
455 specimens, and Munnidae Sars, 1897 (h=140), followed by
Arcturidae (n=31). Janiridae and Munnidae were the most frequently

collected families on all corals, except for the coral genera Primnoa
Lamouroux, 1812 (only Janiridae), Gersemia von Marenzeller, 1878
(only Munnidae), and Paramuricea on which Arcturidae were most
abundant (Figure 2). The lifestyles of the different isopod families
occurring around Iceland have been summarized in Brix et al. (2018).

3.2 | Arcturid samples

Arcturidae collected in association with cold-water corals belonged
to the genus Astacilla: 26 individuals were identified as Astacilla
longicornis, whereas the remaining five specimens were identified
as Astacilla sp. due to being in an early manca stage with species-
specific characters not yet visible. The paramuricean coral on which
these specimens were collected was identified as Paramuricea placo-
mus, according to Korfhage et al. (2022) (Figure 3; Data S5). The five
remaining Astacilla specimens could not be identified to species level
because they were in an early manca stage.

From all BIOICE and lceAGE samples, a total of 6852 specimens
were sorted, belonging to the species: Astacilla boreaphilis (6287), A.
granulata Sars, 1877 (402), and A. longicornis (163) (Data S4). Most
specimens could be assigned to species level, but in some cases,
an assignment was not possible due to poor specimen condition or
an early life stage. These specimens received the abbreviation ‘cf..
Together these samples extend the known distribution of the spe-
cies in the North Atlantic (Figure 4; Data Sé).

A. boreaphilis was sampled between 218 m and 1809 m strictly
south of the GIF Ridge, while A. granulata was sampled between
391 m and 996 m strictly north of the ridge. A. longicornis was sam-
pled mostly south of the ridge on the Icelandic shelf between 119 m
and 1289 m (Figure 5).

3.3 | Astacilla boreaphilis Stransky &
Svavarsson, 2006

Among all arcturids examined, 6287 specimens were identified as
Astacilla boreaphilis based on BIOICE (Stransky & Svavarsson, 2006)
and lceAGE collections (Data S4). We observed considerable varia-
tions in the spine pattern of female specimens, as most females had
varying degrees of development of the dorsal and lateral spines in
comparison with the spine pattern of the holotype.

Thus, we defined two morphotypes of A. boreaphilis in this study:
Of 221 female specimens, only eight show a similar dorsal spine pat-
tern to the holotype (herein morphotype I; Figure 6).

Yet, the pattern and size of the spines were inconsistent. Most
specimens of morphotype | did not have the fifth dorsal spine pair
of pereonite 4, which is present in the holotype. However, a photo
taken immediately after sampling on board RV Merian during the
IceAGE RR expedition shows a specimen with the complete spine
pattern as in the holotype (Figure 7).

In contrast, the morphology of most females (213) varies from
morphotype | and is thus named morphotype Il (Figure 8). This
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FIGURE 2 Isopod families sampled at locations where cold-water coral were present. Values indicate number of individuals per taxon.
Parasitic isopod families include Bopyridae and Gnathiidae. These were merged because of taxonomic inconsistencies.

FIGURE 3 Astacilla longicornis female (DZMB-HH 61731) sitting
on Paramuricea placomus, collected at 866 m. Photo taken on
board of RV M.S. Merian during MSM75 (2018) by Anne-Helene
Tandberg.

morphotype had no dorsal spines on pereonite 3 and only one pair
of dorsal spines in the anterior part of pereonite 4 (contrary to the
five dorsal spines in the holotype). In addition, these females also
lacked most of the dorsolateral spines along the body, except for
the distal part of the head, pereonites 5 and 6, and the pleotelson.
Lateral spines were also completely missing. Additionally, all spines
present were considerably smaller than those from the holotype.
Furthermore, tubercle-like structures were visible at the same
dorsal spots where spines are present in the holotype. However,
considering that only (brooding) females showed inconsistencies
in the spine pattern, and the variations in the spine pattern were

also reported in the original description, all these specimens are

identified as A. boreaphilis.

3.4 | Molecular analysis

The analyzed 16S alignment consisted of 69 sequences of A. bo-
reaphilis (43 sequences), A. longicornis (24 sequences), and Antarcturus
hodgsoni (2 sequences) as outgroup. The resulting Bayesian tree re-
flected the morphological identification of all specimens, resulting
in three distinct lineages: one for A. boreaphilis, a second for A. lon-
gicornis, and a third for the antarcturid Antarcturus hodgsoni, each
supported with a posterior probability of 1.0 (Figure 9). The species
delimitation models differed in the number of lineages calculated
within our Astacilla dataset (Figure 9). All approaches used (ABGD,
GMYC, and morphology) recovered A. longicornis as a single lineage.
ABGD and morphological identifications recovered A. boreaphilis as
a single lineage, whereas the GMYC calculated between two and
three lineages, depending on the evolutionary rate clock used for
the analysis (see Figure 9). Uncorrected p-distance within species
was below 0.5% for both species and between both species was
27.7% (Data S7).

3.5 | Haplotype networks
Our dataset revealed 10 haplotypes within Astacilla boreaphilis,

where three haplotypes are the most common (1, Il, and Ill) with
more than nine individuals each. Additionally, seven haplotypes
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FIGURE 4 Occurrence map with database records of A. boreaphilis Stransky & Svavarsson, 2006, A. granulata Sars, 1877, A. longicornis
Sowerby, 1806, including holotype locations (Data S6) and new records from this study.

were found, each of them represented by a single individual
(Data S8). The less common haplotypes differed by only one or two
mutations from the most common ones (Figure 10). There are three
sites (B, C, and D) where more than two haplotypes occur. On sites
A and E, only one haplotype occurs (A: Haplotype V; E: Haplotype
11), these are also the shallowest sites (A: 218 m; E: 289 m). At least
one of the three common haplotypes (I, Il, and Ill) was found at
almost all sites except site “A.” Haplotype Ill has the widest depth
range, occurring at depths between 289m and 1594 m, and the
widest geographical range.

4 | DISCUSSION
4.1 | Cold-water coral occurrences

Cold-water corals (CWCs) are found globally in the world's oceans at
depths as great as 6000m, being most common in the upper 1000m
(Broch, 1922; Heifetz, 2002; Rogers, 1999; Stone, 2006; Tendal, 2011;
Watling et al., 2011). Because of their role as hotspots of biodiver-
sity and being habitat-forming species, deep-sea corals represent
an important ecological habitat and can be considered ecosystem
engineers (Cathalot et al., 2015; Danovaro et al., 2010; Erwin, 2008;

Jones et al., 1994; Kennedy et al., 2013). Taxa commonly found in the
North Atlantic belong to the orders Scleractinia and Octocorallia, viz.:
Desmophyllum pertusum Linnaeus, 1758, Madrepora oculata Linnaeus,
1758, Paragorgia arborea Linnaeus, 1758, Paramuricea placomus
Linnaeus, 1758, Primnoa resedaeformis Gunnerus, 1763, Acanella ar-
buscula Johnson, 1862, Isidella lofotensis Sars, 1868, Radicipes gracilis
Verrill, 1884, and Acanthogorgia armata Verrill, 1884 (Buhl-Mortensen
et al., 2014). Apart from . lofotensis, which has only been found off
the coast of Norway, all mentioned species are present south on
the Icelandic shelf, the Reykjanes Ridge, and the Greenland-Iceland-
Scotland Ridge (Buhl-Mortensen et al., 2014; Buhl-Mortensen &
Buhl-Mortensen, 2004b; Roberts et al., 2006).

The associated fauna of cold-water corals is highly diverse (Buhl-
Mortensen & Buhl-Mortensen, 2004a, 2004b; Roberts et al., 2006).
Buhl-Mortensen and Buhl-Mortensen (2004b) found a total of 983
invertebrate species on 74 CWC species in the North Atlantic.
However, for the most part, the relationship between the taxa re-
mains unclear. This makes it difficult to determine the nature of
the association, whether it is commensalistic, mutualistic, or par-
asitic, or if there is an association at all (Buhl-Mortensen & Buhl-
Mortensen, 2004b; Roberts et al., 2009). Additionally, many species
sampled together with CWCs occur in other habitats without a coral
host. For example, Eichsteller et al. (2022) observed ophiuroids in
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FIGURE 5 Sample locations of Astacilla specimens, colors indicate the sampling gear used.

FIGURE 6 Astacilla boreaphilis.
Morphotype |, both sexes with the
usual spine pattern of this species: Male
(DZMB-HH 70272) (a) dorsal, (b) lateral;
Female (DZMB-HH 70273) (c) dorsal,
(d) lateral. Scale bar: 1 mm.

high numbers on CWCs, but most of the identified species were
also highly abundant on the seafloor. Crustacea are reported as the
most numerous invertebrate taxa living as symbionts with CWCs
(Cairns, 2008; Coleman & Barnard, 1991; Reed & Mikkelsen, 1987;
Watling et al., 2011).

Although peracarid crustaceans were the focus of recent studies
(Schwentner & Lérz, 2021), little is known about isopods associated
with CWCs. Our data present a closer look into CWC-associated
isopods, with all specimens identified to family level. A direct asso-
ciation of Astacilla specimens with corals had not been observed in

‘ ‘
|

[

Dorsolateral and lateral spines present

previous EBS sampling in our study area (BIOICE project). The first
direct observation was during the IceAGE RR expedition in 2018
with ROV PHOCA on the Reykjanes Ridge and consecutive live
observations in the ship's laboratory (Data S5, doi.org/10.5281/ze-
nodo.11916170). With these observations, we are able to show how
video-based sampling increases our knowledge about this habitat
and species interactions.

Even though studies reported single isopod species on CWCs,
among them Munna boecki Krgyer, 1839, and Janira maculosa Leach,
1814 (Frutos et al., 2016; Henry & Roberts, 2007), these species
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are widely distributed in the area, independently of the presence
of CWCs (Brix et al., 2018). In general, Janiridae are found in dif-
ferent depths north and south of the GIF Ridge, with most stations
at depths around 400-500m (Brix et al., 2018). Munnopsidae are
very good swimmers and do not depend as much on water masses
as other isopod families (Schnurr et al., 2018). A species of the
genus llyarachna has been reported from tropical corals (Cartes
et al., 2022), but no record is known for CWCs.

Arcturidae is one of the dominant isopod families in northern
polar regions, showing a wide depth distribution from the shelf
down to the deep sea (Brix et al., 2018; Poore & Bruce, 2012).
They are passive filter-feeding, benthic isopods (Poore, 2001;
Wagele, 1987) with a dorsally flexed body, enabling the filtering
legs (pereopods) 2-4 to be held above the substrate for feeding
while the posterior legs are used for clinging to the substrate
(Poore, 2001). Their region of occurrence is known to have very
productive surface waters, and high total organic carbon content
in the sediments has been observed (Brix et al., 2018). During the
expeditions from which we report here, the family was collected
at several sites on the GIF Ridge. The ridge sites, influenced by

FIGURE 7 Astacilla boreaphilis.
Morphotype I, female with complete
spination pattern (DZMB-HH 61626).
Photo by Katrin Linse and Anne-Helene
Tandberg.

FIGURE 8 Astacilla boreaphilis.
Morphotype Il, both sexes: Male (DZMB-
HH 70230) (a) dorsal, (b) lateral; Female
(DZMB-HH 70231) (c) dorsal, (d) lateral.
Scale bar: 1mm.

currents and thus rich in food supply, likely provide their prefer-
ential habitat—these may be the same preferences for cold-water
corals. Arcturid isopods have been found frequently in BIOICE EBS
samples, but the coral association first became visible during the
ROV dives during MSM75 in 2018. Due to their lifestyle as filter

feeders, this study only concentrates on the Arcturidae.

4.2 | Filter feeders on suspension feeders

On the plexaurid coral Paramuricea placomus, Arcturidae was the most
prominent isopod family with Astacilla longicornis as the only species
identified. Examined specimens of this species were often collected ei-
ther still clinging to the coral or in the same sample. Otherwise, Astacilla
longicornis was not sampled from any other coral, hinting at an associa-
tion between this arcturid isopod species and the coral. Interestingly,
an adult female of A. longicornis was sampled still clinging to its coral
host with a manca individual on its second antenna (Figure 11). This
observation could hint at extended parental care, which has al-

ready been commonly observed in the sister taxon Arcturus baffini
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FIGURE 9 Bayesian tree of 16S sequences. Values on top of branches represent posterior probabilities. ABGD, GMYC (CC: Coalescent:
Constant size with Strict Clock; FLC, Fixed Local Clock with Yule prior; ST, Strict Clock with Yule prior) and morphological identifications
(M-ID) results are shown on the right. Sequence names highlighted in yellow are female specimens showing the typical spination patterns

(Morphotype I) of the holotype A. boreaphilis.

(Svavarsson & Davidsdéttir, 1995) as well as several other arcturids
(Kussakin, 1982; Sars 1895). Apart from the initial description of A. lon-
gicornis by Goodsir (1841), who observed live individuals climbing up
on artificially placed unidentified coral rubble, no other observations
about the species' association with corals have been reported. The
same applies to the other two arcturid species in this study.

Many species of other valviferan families, such as the
Antarcturidae  Poore, 2001, Austrarcturellidae Poore &

Bardsley, 1992, and Pseudidotheidae Ohlin, 1901 have been

observed to cling to corals, sea pens, hydroids, algae, and sea urchins
(Doti et al., 2008; Goodsir, 1841; Sars, 1895; Taboada et al., 2019;
Wagele, 1987). Yet, no species, except the arcturid Astacilla an-
dresmeixidei, is known to show a specific relationship to its hosts
so far, as most observed species would climb on any elevated sub-
strate present in their proximity (Moreira, 1973b; Wigele, 1987).
It is assumed that they use elevated substrate for better exposure
to currents and, thus, to their food supply (see Figure 5; Data S4;
Moreira, 1973a, Moreira, 1973b; Schultz, 1978; Wagele, 1987).
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mutations. (b) Map of the collecting sites of A. boreaphilis, colors correspond to the site legend shown in the haplotype network.

As filter-feeders, arcturid isopods (Moreira, 1973b; Poore, 2001; As evidence increases that suspension or filter-feeding is the
Wagele, 1987) have location preferences that resemble those of primary feeding mode of Antarcturidae, Austrarcturellidae, and
their hosts, as both prefer regions with strong and steady currents Arcturidae, and several species of these three families have been
and a rich food supply provided by highly productive upper water observed to climb on elevated substrate, this raises the question of
masses (Brix et al., 2018; Hebbeln et al., 2019; Poore, 2001; Roberts whether this behavior is common to all species of these sister taxa.
et al., 2006; Wagele, 1987). Furthermore, it is uncertain whether the relationship between these
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FIGURE 11 Brooding female of Astacilla longicornis Sowerby,
1806, clinging to Paramuricea placomus Linnaeus, 1758, with manca
on the second antenna (DZMB-HH 1596). Photographed by Solvin
Zankl on board of RV Sonne during the expedition SO276.

taxa and their coral hosts is only facultative as some species have al-
ready been reported on various elevated substrata, or if the associa-
tion of some species with their coral hosts is obligate as of now seems
to be the case for Astacilla andresmeixidei (Taboada et al., 2019).

4.3 | Astacilla Cordiner, 1793 specimens in the
samples

4.3.1 | Morphology

Specimens of the genus Astacilla identified in this study, belong to
three species: A. boreaphilis, A. granulata, and A. longicornis. Unlike A.
granulata and A. longicornis, A. boreaphilis is the only species of the
genus found in the North-East Atlantic that has no eyes (Stransky &
Svavarsson, 2006), a character shared only with A. caeca Benedict,
1898, which occurs in the North-West Atlantic (see Data S6 for
distribution data). Moreover, A. boreaphilis has a unique spine pat-
tern not found in any other species of the genus. Stransky and
Svavarsson (2006) remarked that the spine pattern can vary in adult
females as well. In the female preparatory stage, pereonite 4 shows
dorsally only two small anterior spines and posterior tubercles,
whereas the spines of brooding females are developed, although
their size might vary and maybe even more pronounced (Stransky
& Svavarsson, 2006). In this study, most examined brooding females
had less developed spines, and only a few had similarly pronounced
spines as the holotype. This raises the question of whether this can
be explained by morphological intraspecific variation, different pop-
ulations, or a potential species complex.

4.3.2 | Genetics

The genetic results supported the morphological identification of
the arcturid specimens in this study. In the Bayesian tree obtained

e ccoop | s SVITRCGR

(Figure 9), Astacilla longicornis was represented as one well-supported
clade. Both A. boreaphilis and A. longicornis showed low intraspecific
diversity (uncorrected p-distance <0.5%) (Data S7).

ABGD and GMYC species delimitation models were congruent
with the morphological identifications, recognizing only one lin-
eage of A. longicornis. However, in the case of A. boreaphilis, only
the ABGD species delimitation model and the morphological iden-
tifications agreed in recovering the species as a single lineage. In
contrast, the GMYC species delimitation model recovered two to
three independent lineages. The constant coalescent model rec-
ognized two lineages, each corresponding to the subclades of A.
boreaphilis observed in the topology of the Bayesian tree. The FLC
recovered two lineages, the first composed of A. boreaphilis speci-
mens except for one single sequence (IValv71), which has been re-
covered as one independent lineage. The SC model recognized three
independent lineages within A. boreaphilis. These different lineages
recovered by the GMYC model are not supported by our morpho-
logical observations. In summary, the observed phenotypic variation
within the analyzed A. boreaphilis samples was neither supported
by the tree topology nor recovered by the species delimitation ap-
proaches, indicating no significant genetic divergence between the
observed morphotypes. The most common haplotype (Haplotype
IIl) was composed only of individuals with less developed spines
(Morphotype Il). The second most common haplotype (Haplotype
1) was composed of 12 individuals, three of them corresponding to
morphotype | (well-developed spination) and nine specimens with
less developed spines (Morphotype Il). Haplotype | was present at
five out of seven sampled sites on both sides of the Reykjanes Ridge
(Figure 10), indicating well-connected populations between the sites
and contradicting the expected diverging populations due to geo-
graphic isolation through the Reykjanes Ridge. The haplotype net-
work suggests gene flow between the sampling sites, as the most
common haplotypes occur at most stations. Interestingly, the most
common haplotype (Haplotype Ill) has the widest geographical and
bathymetric range.

The observed differences in spination could be related to the
varying ages of specimens analyzed and the developmental differ-
encesamong them. The spine pattern of the holotype was observed
only in later developmental stages. A less developed spine pattern
has been observed in different developmental stages, including
fully developed females with brood pouches. Thus, no correlation
between the spine pattern and the maturity of the specimens was
observed. Furthermore, the occurrence of the same haplotypes at
different locations indicates connectivity along the Icelandic shelf
and the Reykjanes ridge. Like all peracarid crustaceans, these iso-
pods are brooders, and their swimming abilities are limited com-
pared to other isopod families like Munnopsidae Lilljeborg, 1864.
As filter feeders, they lead a sedentary life (Wagele, 1987). In sum-
mary, their dispersal range depends on the locomotion of the adult
stage (Brix et al., 2020), and we can only hypothesize that they use
the complex hydrographic system and currents around Iceland for
their dispersal. If they use the same drift as, for example, coral lar-
vae, this could explain the wide distribution of the Astacilla species
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found during this study. If all arcturid isopods prefer cold-water
corals as elevated habitats, these could potentially serve as “step-

ping stones.”

5 | CONCLUSIONS

Our study revealed differences in cold-water coral-associated iso-
pod assemblages across various cold-water coral genera around
Iceland. Certain associated isopod families were more abundant
on most corals, while the family Arcturidae almost exclusively
occurred on the coral Paramuricea placomus. Based on the large
number of formalin-fixed specimens sampled during BIOICE,
the distribution maps show strong south and north distribu-
tion boundaries in Iceland. The samples from IceAGE confirmed
the distribution and were supplemented with molecular data.
Furthermore, we added new observations of coral association
of arcturid species through ROV footage, which were unknown
from the previous EBS samples in BIOICE and IceAGE. In reverse,
this specific association of A. longicornis with Paramuricea placo-
mus means that we may match the occurrence of this species with
potential coral occurrence. This biogeographic aspect of species
association should not be neglected because it allows for a new
interpretation of the BIOICE data, highlighting the importance of
noninvasive sampling and image data from the deep sea for un-
derstanding species distribution patterns. Among all investigated
arcturid samples, the species A. boreaphilis was the most common.
The morphology of most A. boreaphilis specimens differed from
the original species description in their dorsal spination. Contrary
to our hypothesis, genetic analysis of the 16S marker gene did not

confirm that the taxon represents a species complex.
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