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DNA barcoding of Cirripedia larvae reveals new knowledge
on their biology in Arctic coastal ecosystems
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Abstract Pelagic larvae of benthic organisms com-
prise a substantial part of the coastal Arctic zooplank-
ton community in spring—summer. We studied the
timing, growth, and pelagic duration of Cirripedia
larvae in Adventfjorden, a high-Arctic fjord in Spits-
bergen, Svalbard. Two distinct abundance peaks were
found: one in early May (~ 25.000 ind. m—) and
another one in late May (~ 35,580 ind m_3). DNA
barcoding based on the COI gene was used to identify
the barnacle larvae to species. Whereas both Balanus
balanus and Semibalanus balanoides were present, the
first one dominated (50-100%) the barnacle abun-
dance. High resolution sampling and size
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measurements of Cirripedia larvae revealed that these
larvae most likely originated from a single spawning
event. Development of the larvae suggested a pelagic
residence time of roughly 2 months for B. balanus and
at least 1 month for S. balanoides in the Arctic. Long
pelagic residence time, large potential for biofouling
on ships and larger plastic debris, combined with the
disappearance of landfast sea ice and less ice scouring
opens up new opportunities for barnacles to colonize
the high-Arctic littoral zone. In a future warmer
Arctic, we therefore expect establishment of new,
more temperate Cirripedia species in Svalbard.
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Introduction

Marine sessile benthic invertebrates often have a
pelagic larvae phase in their life cycle to be able to
spread to new areas (Mileikovsky, 1971). Marine
invertebrates produce high number of eggs, reaching
from several thousands to several millions, however
only a small fraction of which will survive and go
through metamorphosis and finally settle at the bottom
(Thorson, 1950). Planktonic development is crucial
for survivorship of benthic sessile populations, as
larvae may colonize new territories and thus, reduce
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intra-specific food competition. These larvae may
temporarily comprise a significant part of the zoo-
plankton community. Meroplankton can surpass holo-
plankton not only in terms of abundance, but also in
terms of biomass (Clough et al., 1997; Stiibner et al.,
2016) and thus likely play an important ecological role
both as grazers and as prey for organisms such as
carnivorous zooplankton or numerous fish larvae
(Coyle & Paul, 1990).

Barnacles are sessile crustaceans, living on hard
substrata or on other organisms. They inhabit rocky
bottom and man-made constructions, where they often
dominate in percentage coverage and in terms of
benthic community biomass (Hop et al., 2002). In the
Svalbard Archipelago, only three species are reported
in shallow waters: the arctic-boreal Balanus balanus
(Linnaeus, 1758), the boreo-arctic Semibalanus bal-
anoides (Linnaeus, 1767), and in a few occasions the
boreal Balanus crenatus (Bruguiere, 1789) (Anisi-
mova et al., 2010). These barnacles are hermaphro-
dites. B. balanus produce one single brood per year
and the nauplii are liberated into the water after ca
40 days of embryonic development (Barnes & Barnes,
1954). How many nauplii B. balanus can produce is
dependent on the size of the adult and varies between
3,000 and 100,000 individuals (Barnes & Barnes,
1954). The release of Cirripedia larvae is timed to the
spring bloom and > 30,000 individuals per m® can be
found in Svalbard fjords when algal food is plentiful
(Kuklinski et al., 2013; Stiibner et al., 2016).

The first morphological descriptions of barnacle
larvae were created in the 1940s (Pyefinch, 1948), and
they have been developed since (e.g.: Crisp, 1962;
Walley, 1968). Cirripedia larvae undergo six naupliar
developmental stages and finally metamorphose into a
non-feeding cyprid larvae stage, which is ready for
settling (Bassindale, 1936). Even though Cirripedia
constitute a numerically important part of the zoo-
plankton community, their species-specific timing and
pelagic duration is poorly known.

Balanus balanus and S. balanoides are abundant in
shallow waters down to 60 m depth (Barnes & Barnes,
1954). Reproduction of these species is directly related
to temperature and food abundance. According to
existing knowledge, breeding of these barnacles will
not occur at temperature above 10°C (Barnes &
Barnes, 1954).

The first report of S. balanoides in Svalbard waters
(under its former name Balanus balanoides) is from
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1953 (Feyling-Hanssen, 1953). Even though the
species was found in different fjords, its reproduction
was not successful in all years due to unfavorable cold
environmental conditions and the presence of sea ice
(Feyling-Hanssen, 1953). The population of S. bal-
anoides located near Longyearbyen (Isfjorden, Sval-
bard) at that time was suggested to be unstable,
probably due to unsuitable substratum (Feyling-
Hanssen, 1953).

The recent warming of Arctic seas enables pene-
tration of boreal species into Arctic waters (Berge
et al., 2005; Kraft et al., 2013). The opening up of new
habitat is particularly relevant to Cirripedia, as their
larvae may be transported northwards by the ballast
waters of ships (Ware et al., 2016).

Studies on meroplankton have been limited since
most benthic invertebrate larvae cannot easily be
identified to the species based on morphology.
Furthermore, the invertebrates go through metamor-
phosis and often possess several larval developmental
stages, thus determination of a particular stage may be
challenging (Pradillon et al., 2007). Molecular tools
based on DNA barcoding (Bucklin et al., 2011) may
provide a quicker and easier approach to species
determination of e.g., meroplankton. This technique
has been successfully applied for meroplankton iden-
tification in the Antarctic (Heimeier et al., 2010), and
in the Arctic for Bivalvia larvae (Brandner et al.,
2017).

In this study, we used DNA barcoding to investigate
species diversity among Cirripedia larvae in a high-
Arctic fjord. An earlier study of meroplankton abun-
dances in Adventfjorden, West Spitsbergen identified
two abundance peaks of Cirripedia during their
2012 year-round study: one in early May at the onset
of the phytoplankton bloom and another one in the end
of May (Stiibner et al., 2016). In this study, we used
material collected by Stiibner et al. (2016) and aimed
to test the hypothesis that the two peaks constituted
separate Cirripedia species. To test this hypothesis, we
optimized the DNA extraction method to obtain good
quality DNA from limited amount of material (i.e., a
singular Cirripedia larva). We used the mitochondrial
COI (cytochrome c oxidase I) gene to identify the
barnacle larvae to species. Furthermore, we measured
the Cirripedia larval sizes to be able to follow their
development and timing of release, as well as their
growth to estimate their pelagic residence time in a
high-Arctic fjord.
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Materials and methods
Study area

Samples were collected at the IsA (Isfjorden, Advent-
fjorden) time series station (78.261N 15.535E) situ-
ated at the entrance of Adventfjorden, a side branch of
Isfjorden (Fig. 1), the largest fjord on West Spitsber-
gen (Svalbard Archipelago). This fjord system has
since 2006 been strongly influenced by the West
Spitsbergen Current, which provides warm and salty
waters of Atlantic origin (Nilsen et al., 2008, 2016),
and as a result Adventfjorden has during the last
decade had a sub-Arctic character with no seasonal sea
ice cover (Wiedmann et al., 2016).

Sampling

Zooplankton samples were taken by a WP2 net with
63 um mesh size and opening area of 0.25 mZ.
Environmental data, like temperature and salinity,
were collected by a hand-held CTD (SAIV SD204)
and chlorophyll a was measured fluorometrically from
water samples as described by Stiibner et al. (2016).
Samples were collected monthly throughout the entire
year 2012 with up to weekly resolution during the peak
primary production season (Stiibner et al., 2016). For
the purpose of this study we analyzed Cirripedia larvae
from seven dates (Table 1) from the upper water layer
(25-0 m) over a 10 weeks period from late April
(27.04.2012) to July (06.07.2012), in which Cirripedia
larvae were present in the pelagic according to Stiibner
et al. (2016). Stiibner et al. (2016) analyzed the 4%
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Fig. 1 Map of the study area with point indicating the location of the time series station IsA (Isfjorden, Adventfjorden)
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Table 1 Summary of obtained sequences

Date Species No of Amplification Abundance 0-25 m (ind m ™)
samples success (%) 3
Balanus Semibalanus B. balanus S. balaoides Cyprids*
balanus balanoides
27.04 21 0 32 65.63 741.3 0 0
03.05 38 3 46 89.13 32,743.0 2,846.4 0
10.05 20 0 34 58.82 11,477.9 0 0
24.05 27 1 32 87.50 4,565.4 169.1 0
30.05 17 8 45 55.56 25,0378.9 11,782.5 85.3
14.06 24 0 32 75.00 192.0 0 149.3
06.07 9 0 22 40.91 42.7 0 917.3

*Cyprids of B. balanus, except 30.05 when no cyprids were molecularly identified

formalin preserved samples in their study, while we
used the parallel sample set preserved in 96% ethanol
for molecular analyses. These ethanol samples were
stored at 4°C until DNA extraction in 2017.

Molecular analyses

In total 243 larvae were removed from the 7 ethanol
samples collected in the period from April to July. A
subsample of 2 ml was taken and larvae were
measured and photographed by a Leica M125C stereo
microscope before they were rehydrated for 2 h in
distilled water prior to molecular analyses.

DNA extraction

Commercial kits for DNA extraction like the DNeasy
Blood & Tissue Kit (Qiagen) or the Tissue DNA Kit
(Omega) were tested, but limited or no DNA remained
from the larvae based on kit extractions. We also
tested the method of Heimeier et al. (2010), who used
10 mg ml~" of proteinase K and 5% chelex diluted in
water, but the DNA yield was not satisfactory based on
that protocol either. Subsequently, different combina-
tions of proteinase K and chelex concentrations,
volumes of the solution, as well as different incubation
temperatures were tested. It turned out that the DNA
extraction based only on chelex gave the best results
thus proteinase K was excluded from further experi-
ments. Finally, DNA extraction of individual larva
was done using the following protocol: single larva
was transferred to Eppendorf tubes and incubated in
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30 pl of 10% chelex in TE buffer for 20 min in 97°C.
The samples were then centrifuged at 14,000 rpm for
5 min and the supernatant, containing the extracted
DNA, was transferred to a new Eppendorf tube. The
extracted DNA was used directly as a template in PCR
(Polymerase Chain Reaction).

DNA amplification

Larval DNA was amplified with Metazoa mitochon-
drial primers (Folmer et al., 1994) targeting a 600 bp
fragment of COI (cytochrome oxidase subunit I). PCR
amplifications of the COI fragment were performed in
20 pl volumes with 1 pl template DNA, 0.25 U of
DreamTaq polymerase, 1 X Taq buffer, 0.2 pM of
each primer, 0.25 pM of each dNTP, and 0.5 mg/ml of
BSA using the following conditions: initial denatura-
tion at 94°C for 3 min, followed by 35 cycles of 94°C
for 30 s, 48°C for 1 min, 72°C for 1 min, and a final
extension at 72°C for 3 min. Quality control of PCR
products was undertaken by a gel electrophoresis in a
1% agarose gel at 210 V for 10 min. DNA was
purified using solid-phase reversible immobilization
(SPRI). Positive PCR products (totally 168; Table 1)
were Sanger sequenced in one direction at GATC
Biotech (European Genome and Diagnostics Centre),
Germany.

Cirripedia size measurements

From the formalin preserved samples from 27th April
to 6th July 2012, minimum 30 Cirripedia larvae
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(nauplii and cyprids) were counted and measured from
a known volume (subsamples of 1 ml were taken by a
wide mouthed pipette) per sampling date. The surface
0-25 m samples were studied, and in July also the
bottom layer from 25 to 65 m depth since no
Cirripedia nauplii and very few cyprids were found
in the 0-25 m sample layer. The individual carapace
lengths of nauplii and cyprids were measured accord-
ing to West & Costlow (1987) to nearest 1.0 um under
a Leica MZI12 stereomicroscope with 32x or
40x magnification.

Data analysis

Sequences were quality checked, aligned, and ana-
lyzed in Geneious 10.1.3 (http://www.geneious.com;
Kearse et al., 2012). Sequence distances were calcu-
lated in MEGA7 based on K2P with 1,000 bootstrap
replications in order to obtain the highest possible
credibility and lower bias in obtained results (Kumar
et al., 2016), then percentage of differences in
nucleotide positions within and between species was
calculated manually.

Cirripedia abundances and sizes were plotted in R
Studio (RStudio Team, 2015) with ggplot2 (Wickham,
2016).

Results
Cirripedia abundances

At the IsA station in Adventfjorden zooplankton
samples were collected throughout the entire year in
2012 (Stiibner et al., 2016), but Cirripedia nauplii were
only found during the period from 27th April to 6th
July with the exception of 1-2 occurrences outside this
10-week time period (Fig. 2). The abundance of
nauplii was overall much higher in the upper 25 m,
whilst cyprids were more numerous in the lower layer
(Fig. 2). Two distinct peaks in abundance were
observed during the peak chlorophyll a time period;
one in early May (35,580.5 ind m—>) and another one
(36,820.4 ind m~>) 3 weeks later at the end of May
(Fig. 2). In July, nauplii had vanished, but cyprids
were still around and mainly in the lower layer of the
water column (bottom depth 80 m).

Cirripedia species

In total 168 Cirripedia COI sequences of 600 bp were
obtained from the period 27th April to 6th July, and the
amplification success was on average 68% (range 40
to 90%, Table 1). Based on BLAST analysis (simi-
larity > 99%) Cirripedia larvae were assigned into
two species: B. balanus (n = 156) and S. balanoides
(n = 12). We detected genetic distance values of: B.
balanus 0.009, with standard error 0.001 and S.
balanoides 0.01 with error 0.003. The genetic distance
between species was 0.162 with standard deviation
0.015. The nucleotide divergence between sequences
of B. balanus and S. balanoides was 15%, while
variation within species was 2.4% for B. balanus and
0.9% for S. balanoides, respectively. Hence, the
barcoding gap between these two species was distinct.

Species-environment relationships

In April and May, when sea temperatures were low
(= 0.3 to 0.6°C), and chlorophyll a concentrations
high (max 4.4 ug Chl a17"), only nauplii of Cirripedia
were present (Fig. 3). These nauplii comprised of two
species, but mainly of B. balanus (Table 1, Fig. 3). S.
balanoides was rare (< 10%), except at the end of May
when it comprised around 30% of all Cirripedia
nauplii. In June—July, Cirripedia were mainly present
as cyprids and only the species B. balanus were
confirmed present by molecularly analyses of both
nauplii and cyprids (Table 1, Fig. 3). In July, when the
chlorophyll a biomass was very low (< 1 pg Chl
a 17") only cyprids of B. balanus were found.

Cirripedia larvae sizes

The length of the Cirripedia nauplii varied from
380 um to 870 pm, while cyprids varied from 740 to
1,070 pm in size (Fig. 4). In late April only nauplii of
smaller sizes were present (Fig. 4). Nauplii consis-
tently increased in size with time and at 14 June
cyprids were for the first time found in relatively high
numbers (Fig. 4).

Discussion

Our working hypothesis was rejected, as the two
abundance peaks of Cirripedia (3rd and 30th of May)
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Fig. 2 Abundance of Cirripedia larval stages: nauplii and cyprids throughout the year 2012 with environmental variables plotted
(average value of Chlorophyll a, Salinity and Temperature) in the water layers: 65-25 m (lower layer) and 25-0 m (upper layer)

were not related to different species. Both peaks
comprised the two species B. balanus and S. bal-
anoides, but with B. balanus dominating in terms of
abundance in both the first (> 92%) and second (68%)
peak. B. balanus and S. balanoides have similar
naupliar sizes and can thus not be determined to
species based on size alone (Crisp, 1962). Nauplii
sizes consistently increased with time and the nauplii
sizes on the 30th May were distinctly larger than those
of 3rd May. This strongly suggests that the second
peak was not due to a second massive nauplii release
of S. balanoides. From late April to July, local water
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masses dominated in Adventfjorden and the entire
water column was well mixed until a warmer, surface
freshwater layer appeared in June (Stiibner et al.,
2016). Advection was thus minor and the second
Cirripedia peak was likely rather a coincidence of
patchiness potentially caused locally by tidal currents
combined with movement of the upper surface layer
due to for instance wind (e.g., Michelsen et al., 2017).

Barnacles time their nauplii release to optimal
feeding conditions (Arendt et al., 2013). They keep the
ready nauplii in their body cavity and release them at
the onset of the spring bloom (Barnes, 1962).
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cyprids of Cirripedia during the time period (April-July) they
were present in Adventfjorden in 2012

Cirripedia nauplii are therefore regarded as valid
spring-bloom indicators (Arendt et al., 2013; Stiibner
et al., 2016; Michelsen et al., 2017). In this study, B.
balanus released their nauplii in April when the
chlorophyll a biomass increased, while for S.

balanoides the nauplii release is difficult to estimate
since their overall abundance was very low compared
to B. balanus and thus may simply have been
overlooked in April. S. balanoides was only confirmed
present in May and no cyprids were confirmed to be S.
balanoides. At the end of May only a few cyprids were
found and these were not identified to species by
molecular tools. The first sampling in June was on the
14th so cyprids of S. balanoides may have been
present and already settled during this 14-days period.

Cirripedia in the northern hemisphere may be rather
long-lived and might not reproduce every year. Lack
of reproduction occurs rather rarely, for instance when
there is a long-lasting sea ice cover combined with a
severe delay in the spring bloom (Feyling-Hanssen,
1953). However, temperature-dependent variation in
recruitment has been shown to cause strong year to
year fluctuations in recruitment of S. balanoides
(Rognstad & Hilbish, 2014).

According to Silberberger et al. (2016), there is a
temporal succession of barnacle larvae due to food
availability. Experiments have shown that particular
barnacle species have different preferences, for
instance, S. balanoides feed on diatoms (Stone,
1989). As a result, S. balanoides may appear in the
water column at slightly different times than B.
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balanus. We have to treat our data with caution since
we only sampled one site (e.g., Michelsen et al., 2017),
but in our study, S. balanoides seemed to narrow their
pelagic presence to the peak spring bloom in May
when diatoms were abundant (Kubiszyn et al., 2017).
High resolution sampling allowed us to follow the
barnacles’ development or more precise growth in size.
At the end of April, only smaller naupliar sizes were
present with a continuous size increase in the following
sampling dates until mid-June when the Cirripedia
larvae started to go through metamorphosis from
naupliar to cypris stage. Crisp (1962) described the
development of B. balanus and S. balanoides (former B.
balanoides) from the British waters. He found a
continuous increase in naupliar size with latitude for
S. balanoides but not for B. balanus. The naupliar size
ranges observed in our study fit well with those reported
by Crisp (1962) for B. balanus in the Arctic, and less for
S. balanoides which may be up to 1.6 mm long in the
Arctic. Despite his very detailed naupliar studies, Crisp
(1962) did not estimate the pelagic residence time for
Cirripedia larvae. Based on the obtained data, and
analysis of size spectra we estimated the pelagic
residence time to be around 8 weeks in total (6 weeks
of naupliar stage and 1 to 2 weeks of cypris) for B.
balanus. These findings are in the agreement with data
obtained for B. balanus from the Rhode Island, east
coast of United States waters, for which the plankton
stage lasted 45 days (Lang & Ackenhusen-Johns,
1981). From all studies for which data on Cirripedia
larval duration are available, the most similar research
area to ours is the Avacha Inlet in Kamchatka, where
larvae of B. balanus were present for around 2 months
(Korn & Kulikova, 1995). For S. balanoides the pelagic
residence time depends more on food availability than
the temperature and is estimated to be between 30 and
40 days (Barnes & Barnes, 1976), so 2—-3 weeks shorter
than for B. balanus which fits nicely with our data.
An increase in sea temperature and decrease in the
winter sea ice cover has been observed in Isfjorden the
last decade (Muckenhuber et al., 2016), explaining
why species of boreal-Arctic and boreal origin com-
monly appear in Isfjorden (Gluchowska et al., 2016).
This finding is not so surprising, taking into an
account, its sub-Arctic sea temperatures, despite being
as far North as 78°N. In fact, the mild conditions of the
ice-free sea allow the colonization of temperate
species such as the blue mussel Mytilus edulis (Berge
et al., 2005). Changes in environmental conditions,
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like increasing temperature may modify the timing of
barnacle reproduction, as it has been seen for other
invertebrate species in the same area (Weydmann
et al., 2018). As a result, populations of the boreo-
Arctic S. balanoides are well established in Svalbard
waters and this species is expected to increase its range
even further North and East in the future. Other, even
more boreal Cirripedia species like B. crenatus and
Amphibalanus improvisus may also likely commonly
occur in Svalbard in the years to come. A. improvisus
has already been found on ships in Arctic harbors
(Chan et al., 2016). Barnacles, as organisms possess-
ing planktonic larvae and wide tolerance for environ-
mental conditions, have a high ability for spreading
into new territories. In 2016, Ware et al. (2016)
reported the observation of A. improvisus larvae in
ballast water of ships in Svalbard and according to his
analyses, the current environment in the Arctic is
suitable for colonization of non-native barnacle
species. Furthermore, our research has shown that
larval development in barnacles is long, hence larvae
can travel long distances in ballast waters. In our
study, non-native species were not found; neverthe-
less, such possibility should be addressed in future
studies. Fast detection of invasive species is not an
easy task, and that is why we recommend permanent
monitoring, using molecular methods as presented in
our study to be able to detect early sign of new
colonizers.

DNA extraction from individual larvae required
some optimization (see Materials and Methods and
references therein), but our PCR success rate of almost
70% 1is fairly good compared to similar studies from
Antarctic waters, e.g., Webb et al. (2006) with 22%
success rate and Heimeier et al. (2010) with 35%
success rate. Thus, our optimized extraction method
for Cirripedia larvae may work well also in other
studies and potentially for other larval groups. Another
approach that could be used is metabarcoding or
eDNA. eDNA allows for extraction of DNA from an
environmental sample: if Cirripedia were present in
the water, their DNA should be present in the sample
material retained on the filter after water filtration. In
metabarcoding, various samples can be pooled
together, thus laboratory analysis may be more
efficient, as extraction of DNA from individual larvae
is not necessary (Walczyniska et al., 2018). Both
approaches involve Next Generation Sequencing
methods and have many advantages including
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detection of rare and less abundant species, however,
they provide only qualitative species data. Currently,
there is no way to obtain quantitative abundance data,
as number of sequences is related to copy number of a
particular gene, not number of organisms (Bucklin
et al., 2016).

In conclusion, the appearance of Cirripedia larvae
in the water column was strongly related to the algal
food availability. In Isfjorden two species of Cirri-
pedia were found, which co-occurred for parts (i.e., in
May) of the period from April to July when Cirripedia
were present in the water column. Two peaks of
Cirripedia abundance (early and late May) were found
and both of them were dominated by the same species:
B. balanus, with rather small contribution of S.
balanoides. Our study has shown that Cirripedia have
long pelagic residence time (up to 2 months). This
long pelagic presence combined with warmer sea
temperatures, disappearance of landfast sea ice and
thus less ice scouring opens up new opportunities for
barnacles to colonize the high-Arctic littoral zone. In
the coming years, we expect to find an increase in
barnacles in the ice scouring zone as well as
establishment of new, more temperate Cirripedia
species in Svalbard.
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