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The meroplankton community of the oceanic Ross Sea during
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Abstract: Meroplankton community studies in the Antarctic have primarily focused on the coastal waters
of both the Antarctic Peninsula and the Ross Sea. The New Zealand International Polar Year - Census of
Antarctic Marine Life (IPY-CAML) voyage to the Ross Sea during the late summer (February—March)
2008 provided the first meroplankton samples from three regions in the deep, oceanic waters of the Ross
Sea (shelf, slope and adjacent offshore Antarctic waters of Admiralty Seamount and Scott Island). We used
a combined morphological and molecular approach to identify 36 larval operational taxonomic units based
on sequences from three loci (16S, 18S, COI), and exclude early developmental stages of holoplankton.
Overall, larval abundance was lower than previous Antarctic studies (5.19 specimens per 100 m®), with
larvae most abundant in the first 200m of the water column and most diverse in the shelf region.
Multivariate analysis revealed significant differences in the meroplankton community between regions and
depth ranges, but with low similarity within these groupings; differences between water masses were
undetectable due to the confounding effect with both region and depth. The influence of nearby benthic
populations (e.g. the acorn barnacle Bathylasma corolliforme) and/or locally abundant taxa (e.g. the

nudibranch Tergipes antarcticus) was evident in the meroplankton community.
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Introduction

The planktonic larvae of benthic marine invertebrates and
fish, collectively the meroplankton, are the only dispersing
life-history stage for the colonization of new habitats for
many species and are of critical importance in determining
the level of population connectivity and gene-flow (e.g.
Allcock & Strugnell 2012). In general, the Antarctic
meroplankton community has been poorly studied; in part
due to the remote location and its associated logistic
challenges, as well as the general acceptance of Thorson’s
Rule that pelagic larval stages were less common in polar
environments where low temperatures and scarcity of
food would favour species with different developmental
strategies (Mileikovsky 1971). Thorson’s Rule has been
increasingly questioned and its full validity has been
limited to some taxa, regions or geological times (Poulin
et al. 2002, Laptikhovsky 2006).

Despite the number of Antarctic species with a
planktonic life stage being smaller than in other
environments (Poulin et al. 2002), it is noticeable that the
most conspicuous and abundant taxa in many Antarctic
benthic assemblages, such as the sea urchin Sterechinus
neumayeri (Meissner), the starfish Odontaster validus
(Koehler), the ophiuroid Ophionotus victoriae Bell and the
scallop Adamussium colbecki (Smith), have a planktonic
dispersal stage (Poulin ef al. 2002 and references therein).
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Further, there is now considerable evidence that larvae are
abundant in Antarctic coastal environments, both on the
Antarctic Peninsula and in the Ross Sea (Stanwell-Smith
et al. 1999, Absher et al. 2003, Freire et al. 2006, Sewell
2006, Thornhill et al. 2008, Bowden et al. 2009, Sewell &
Jury 2009, 2011).

However, few studies have examined the meroplankton
community of Antarctic oceanic waters, with only three
studies in the Antarctic Peninsula region (Shreeve & Peck
1995, Vazquez et al. 2007, Ameneiro et al. 2012). Recent
genetic studies have shown a high degree of connectivity in
some marine invertebrates, with populations from the
Antarctic Peninsula and the coastal waters of the Ross
Sea shelf (more than 5000km apart) sharing the same
mitochondrial haplotypes (e.g. Wilson et al. 2009). This
pattern is shown in species with one or two dominant
haplotypes and a circum-Antarctic distribution, likely to
have found refugia during the Last Glacial Maximum (LGM)
within shelf habitats (e.g. the sea urchin S. neumayeri, the
decapod Chorismus antarcticus (Pfeffer) and the nemertean
Parborlasia corrugatus (Mclntosh)) or in deeper waters
(e.g. the decapod Nematocarcinus lanceopes Bate and the
echinoderms Astrotoma agassizii Lyman and Odontaster
validus) (see review in Allcock & Strugnell 2012). If this
broad-scale population connectivity is occurring as a result
of larval dispersal (Allcock & Strugnell 2012), we might
hypothesize that larvae are dispersed between the Antarctic
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Fig. 1. Position of the MOCNESS sampling stations covered in
the IPY-CAML voyage to the Ross Sea. Stations 42, 57 and
95 were located over the Ross Sea shelf, stations 122, 156,
158, 168 and 170 over the slope and stations 194, 232, 238,
261 and 283 on the offshore Antarctic. Continuous line
represents the Ross Sea shelf break at a depth of 750 m.

Peninsula and the Ross Sea via the clockwise Antarctic
circumpolar current (ACC), and might be present in the
oceanic waters beyond the Ross Sea shelf.

As part of the New Zealand International Polar Year -
Census of Antarctic Marine Life (IPY-CAML) voyage to

the Ross Sea (Hanchet ef al. 2008, Pakhomov et al. 2011,
Safi et al. 2012), meroplankton samples were collected in
three different oceanic waters: above the Ross Sea shelf,
the Ross Sea slope and in the oceanic offshore waters to the
north of the Ross Sea near Scott Island and the Admiralty
Seamount. Using a combined morphological/molecular
approach (Heimeier et al. 2010), we describe the diversity
and abundance of these meroplankton communities during the
late summer, with three aims: i) to identify how meroplankton
diversity, abundance and species composition varies across
regions, depth ranges and water masses (with distinct physical
and chemical characteristics), ii) to obtain a better
understanding of the influence of environmental variables
on the meroplankton distribution in oceanic waters, and
iii) to examine relationships between meroplankton and the
benthic species composition (from the literature and online
databases), looking for putative benthic sources for the
larvae found in the water column.

Methods
Sample collection

Samples were collected during the IPY-CAML voyage to the
Ross Sea by the RV Tangaroa between 12 February and
11 March 2008. Meroplankton tows were performed at
13 stations (Fig. 1, Table I) with a Multi Opening/Closing
Net and Environment Sensing System (MOCNESS-1),
equipped with a 1 m? rectangular frame and 200 pm mesh,
as described in detail in Pakhomov et al. (2011). Three
regions of the Ross Sea were sampled: i) the Ross Sea
shelf, ii) the Ross Sea slope, and iii) the offshore Antarctic
waters to the north of the Ross Sea, adjacent to the

Table 1. Meroplankton samples collected in the Ross Sea and adjacent waters during the IPY-CAML voyage of February—March 2008.

Station Date sampled Latitude

Longitude Bottom depth MOCNESS sampled strata

Water mass

Ross Sea shelf

42 12 Feb -74.7623  167.0802 800
57 14 Feb -75.6292  169.8343 550
95 17 Feb -76.2025  176.2027 453
Ross Sea slope
122 21 Feb -72.3517  175.5265 930
156 24 Feb -72.0190  173.2105 852
158 24 Feb -72.0845  173.0488 519
168 25 Feb -71.8970  174.1040 1911
170 25 Feb -71.3427  174.6373 2188
Offshore Antarctic
194 2 Mar -68.0900 -179.2798 646
232 6 Mar -67.6122  -178.9153 3474
238 7 Mar -67.3765 -179.8685 450
261 9 Mar -66.9447  170.8488 451
283 11 Mar -66.6982  171.3285 3448

750-600-400-200 SW
500-400-300-200-100-0 0-100m ASW; >200m SW
420-315-210-105-0 0-100m ASW; >200m SW

890-600-400-200-0
780-600-400-200-0
480-300-200-100-0
1250-800-500-200-0
2150-1200-600-300-0

0-200m ASW; >200m CDW,; > 600 m BW
0-200m ASW; >200m CDW; >600m BW
0-100m ASW; >100m CDW; >300m BW
0-200m ASW; >200m CDW
0-300m ASW; >300m CDW

550-350-200-100-0
3400-1700-850-200-0
400-300-188-100-0
400-300-200-100-0
2370-1700-800-200-0

0-100m ASW; >100m CDW
0-200m ASW; >200m CDW
0-100 m mixed; > 100m CDW
0-100m ASW; >100m CDW
0-200m ASW; >200m CDW

No MOCNESS samples were collected at station 42 from 0-200m or at station 283 from 2370 m to the sea floor. MOCNESS sampled strata in which no
larvae were found are shown in bold. Samples from which a flow measurement was not obtained are shown in italics.

Water masses were defined as in Pakhomov ez al. (2011).

ASW = Antarctic Surface Water, BW = Antarctic Bottom Water, CDW = Circumpolar Deep Water, SW = shelf water.
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Table II. Summary of the molecular operational taxonomical units (mOTUs) found in the Ross Sea during the IPY-CAML voyage.

Shelf Region Slope Seamounts Water mass
mOTU N Ab <200 Ab <200 Ab <200 BW ASW CDW SW
Echinodermata
Cucumariidae sp. 8 0.52 £ 0.86 0 0.63 + 0.91
Ophiocten megaloplax 7 0.86 = 1.72 89 0.31 = 0.81 0.82 + 1.83
Ophiacantha antarctica 7 0.41 £ 0.84 78 0.13 £0.33 0 0.42 £ 0.59 0.05 £0.23 0.49 £ 0.90
Ophiolimna antarctica 3 0.09 £ 0.33 0 0.11 £ 0.36
Odontasteridae sp. 5 0.90 £+ 3.10 100 1.54 + 4.06
Arthropoda
Bathylasma corolliforme 183 0.81 £ 1.58 88 242 £525 95 0.71 £ 0.18 3.62 £6.16 0.78 £2.83 0.27 £ 0.85
Nematocarcinus lanceopes 4 035+ 1.11 97 0.53 £1.39 0.01 = 0.04
Annelida
Spiophanes sp. 14 0.14 + 0.34 0 0.04 +£0.16 0 1.68 £ 5.56 100 2.63 £6.97 0.03 £0.14 0.17 £ 0.37
Laonice sp. A 9 0.84 + 1.44 92 0.08 £ 0.26 100 0.54 +1.27 0.39 £ 1.04
Laonice sp. B 8 0.50 £ 1.05 47 0.60 £ 1.13
Scolelepis eltaninae 23 1.61 £ 4.24 96 0.72 £2.33 100 0.59 + 0.94 1.69 + 4.65
Chaetopteridae sp. 3 0.30 £ 0.73 0 0.36 £ 0.79
Polyeunoa-Antarctinoe spp. 23 2.50 +3.49 80 0.92 +£2.44 2.35+3.53
Polynoidae sp. 5 0.71 £ 1.41 80 0.69 + 1.82 0.37 £ 0.60
Phyllodocidae sp. 14 0.40 + 0.98 0 0.57 = 1.80 100 0.08 £ 0.25 100 0.96 +2.54 0.12 £0.36 0.48 £+ 1.06
Phyllodocinae sp. 10 0.31 +0.52 0 0.19 £ 0.43
Chordata
Electrona antarctica 12 1.11 £ 2.05 100 0.53 £1.39 047 +£1.49
Pleuragramma antarctica 3 0.14 £ 0.34 0 0.17 £ 0.37
Mollusca
Rissoa sp. 17 0.87 +3.23 100 1.73 £ 4.57
Tergipes antarcticus 162 0.10 = 0.36 100 17.21 £ 57.1 100 2724 £ 71.5
Littorinimorpha spp. 36 347 £6.57 26 0.10 + 0.36 100 0.81 = 1.62 373 +£7.17
Trichotropis sp. 7 1.41 £4.87 100 241 £+ 6.38
Other phyla
Hexacorallia (2 spp.) 29 00.30 + 0.57 0 0.18 + 0.34 0 0.35 + 0.54
Hydrozoa (4 spp.) 8 0.04 +£0.11 0 0.03 = 0.09
Palaconemertea spp. 211 6.18 £ 16.9 93 8.11 +£21.47 0.62 = 1.96

mOTUs that were only represented by one or two specimens have been excluded (see text for details).

N = number of specimens, Ab = abundance of each mOTU in each region expressed as mean = standard error per 100m>, < 200 = percentage of specimens from each mOTU in each region found above

the 200 m mark.

Average (mean + standard error) abundance per water mass for each mOTU was calculated for Antarctic Bottom Water (BW), Antarctic Surface Water (ASW), Circumpolar Deep Water (CDW) and shelf

water (SW).
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Admiralty Seamount and Scott Island, and under the
influence of the ACC (see Fig. 1). MOCNESS-1 allows
samples from different depth ranges to be collected on each
tow, and between four and five different depth strata (from
nearly bottom to surface) were sampled at each station (total
of 53 samples). Two whole water column samples (from
bottom to surface) were also collected at stations 156 and
158. After collection, each plankton sample was divided
using a Folsom splitter. A representative subsample was
fixed in 4% buffered formaldehyde and kept as a reference
sample, while an equivalent subsample (25-6.25% of the
original sample) was preserved in 70% ethanol and used in
our meroplankton studies. Depth profiles of temperature,
salinity and chlorophyll a were estimated using CTD casts
(described in Pakhomov et al. 2011) and/or the sensors
equipped in the MOCNESS gear at all stations (except for
station 168 where data from the nearest station (143) from
Hanchet et al. (2008, p. 166) has been used). Water samples
were collected at all stations at different depths using Niskin
bottles to assess levels of dissolved nutrients, particulate
carbon and nitrogen, dissolved reactive phosphorus and
pigments, including size fractioned chlorophyll ¢ and
phaeopigments (Safi et al. 2012, Chang et al. 2013).

In the laboratory, meroplankton samples were sorted in a
standard Bogorov tray under a dissecting microscope and
the samples were assigned to morphological operational
taxonomic units (OTUs) following the methods previously
used in coastal Ross Sea research (Sewell 2006, Sewell &
Jury 2011). Each larva was then rinsed and stored in 70%
ethanol in a single well of 96-well PCR plates for further
DNA-based analysis, as described in Heimeier et al. (2010).

Genetic analysis

DNA identification was attempted on representative
specimens from each morphological OTU from each
sample. DNA extraction was performed on these larvae
using a Proteinase K-Chelex protocol as described in
Heimeier et al (2010), and between 0.5-2pl of the
resulting solution was used as template in Polymerase
Chain Reaction (PCR) amplification of up to three loci
(partial fragments of the 16S rRNA and cytochrome c
oxidase subunit I (COI) genes from the mitochondrial
genome and the 18S rRNA gene from the nuclear genome).
PCR master mixes were magnesium chloride (MgCl,)
2.5mM, PCR Buffer 1X, 025pM of each primer,
0.2mM of each ANTP and included 0.25 Units of Taq
Polymerase (Invitrogen) in a 20 wl reaction volume. The
complete set of primers and slight variations in the PCR
annealing temperatures are described in Supplementary
Table 1 (which will be found at http://dx.doi.org/10.1017/
S0954102013000795). Primers were tailed at the 5° end
with M13 sequences (M13F 5’-TGTAAAACGACGGC
CAGT-3" and M13R 5’-CAGGAAACAGCTATGAC-3")
for ease of sequencing. PCR profiles consisted of an initial
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denaturation at 94°C for 3 minutes, followed by 3540 cycles
of 30 seconds of denaturation, 60 seconds of annealing and
60 seconds of 72°C extension, and a final extension of
3 minutes at 72°C. PCR amplifications of fragments of the
desired length were checked on 1.6% agarose gels. Purified
PCR products were sequenced using either M13F or M13R
primers with the BigDye® Terminator kit and analysed on
an ABI 3130 automated capillary sequencer (ABI 3130;
Applied Biosystems).

Sequences were trimmed by removing PCR primers and
bases with an error probability higher than 0.05, analysed
and compared using Geneious (downloadable from
www.geneious.com), and a molecular identification of the
sequences was obtained following the methods described in
Heimeier er al. (2010). Sequences from each locus were
analysed separately, and one alignment per phylum or class
was constructed for each locus. Each alignment consisted
of query sequences, homologous sequences downloaded
from the National Center for Biotechnology Information
(NCBI) database and reference sequences obtained in this
study from specimens identified by taxonomists from New
Zealand’s National Institute for Water and Atmospheric
Research (NIWA) invertebrate collection. Alignments were
constructed using MAFFT (multiple alignment using fast
Fourier transform; Katoh et al. 2002) within Geneious and
edited by eye, and the best model of nucleotide substitution
was chosen with modelgenerator (Keane et al. 2006) using
the Akaike information criteria. Maximum likelihood trees
were then generated using PHYML (Guindon & Gascuel
2003) as implemented in Geneious with the specifications
suggested by modelgenerator. The resulting trees were
edited using FigTree v1.3.1 (http://tree.bio.ed.ac.uk/
software/figtree/) and resolved independently. For each
tree, an identification label was given to a cluster of query
sequences based on the bootstrap support of this cluster and
on the presence of reference sequences within it. COI
sequences were also identified using the Barcode of Life
identification tool (http://v3.boldsystems.org/) which can
provide a match using sequences that are not yet publicly
available. A final identification was given to a sample by
combining the information from the three trees (when
available) using the criteria specified in Heimeier et al.
(2010). Sequences obtained from larval specimens
identifying OTUs and from the NIWA invertebrate
collection have been uploaded to Genbank with accession
numbers KF713373-KF713484. Reference sequences
used in the identification process can be found in the
supplementary material.

A new occurrence table for each sample was generated
using the molecular OTUs (mOTUs) obtained (summarized
in Table II). Alpha diversity was estimated for each sample
using the Shannon-Wiener diversity index. No correlation
was found between larval abundance or Shannon-Wiener
diversity index and the volume of water filtered in each
sample (-0.059 and -0.375, respectively), suggesting that
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water volume was not a confounding factor in our
univariate analyses (for detailed information on water
volumes filtered per sample see Supplementary Table 2,
http://dx.doi.org/10.1017/S0954102013000795).

Statistical analysis

Three factors that might influence the distribution and
abundance of the meroplankton in the oceanic Ross Sea
were examined in our univariate and multivariate analyses:

i) Region = shelf, slope, offshore Antarctic waters.

ii) Depth = samples collected above and below 200 m
depth (samples that crossed the 200 m boundary were
not included).

iii) Water masses as defined by Pakhomov er al
(2011) = shelf water (SW), Antarctic Surface Water
(ASW), Circumpolar Deep Water (CDW) and
Antarctic Bottom Water (BW) (samples that
traversed water mass boundaries were labelled as
mixed (Table I) and were not included).

The latter factor is obviously confounded with both region
and depth, as not all water masses occurred at each
sampling station and the water masses are restricted to
certain depth ranges in the Ross Sea (e.g. SW occurs only
on the Ross Sea shelf, and ASW and BW occur only at the
surface and bottom depths, respectively).

Our approach, therefore, in analysing the diversity,
abundance and species composition of the meroplankton
was a conservative one. For the univariate analyses (larval
abundance and Shannon-Wiener index), we first performed
a linear mixed regression model with the restricted
maximum likelihood (REML) method for an unbalanced
design with the factors region and depth using the R
software environment (http://www.r-project.org/) with the
functions Im and ANOVA from the statistics package
(v2.15.2) and pairwise Tukey’s honestly significance
difference tests from the agricolaec package (v1.1-3). We
then explored the influence of water masses on the
unexplained variation by including this as an additional
factor in the analysis. Due to the confounding factors
discussed above, we conducted two linear regression
analyses: the first with region and depth as the first-tested
terms, and the second with water mass being the factor
accounted for first.

Multivariate analysis of the mOTUs identified in the
meroplankton community was performed using PRIMER-E
6.1.11 (Plymouth Marine Laboratory) software with the
PERMANOVA+ add-on. Meroplankton abundances
(specimens per 100m®) were transformed (square root)
before the calculation of a Bray—Curtis similarity matrix
between samples. This transformation was chosen to lessen
the impact of high abundance taxa but after checking
the Spearman correlation values between original and
transformed matrices. Stations lacking flow measurements
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(station 158 and the uppermost samples from stations 232
and 283) were not included in this analysis.

Changes in the meroplankton community were visualized
using a non-metric multidimensional scaling (MDS) plot. A
Euclidean distance matrix between samples was constructed
using 14 normalized environmental variables (the full list
can be seen in Supplementary Table 2, http://dx.doi.org/
10.1017/80954102013000795) and the BIO-ENV procedure
in PRIMER-E was used to estimate the combination of
environmental variables best explaining the biological
matrix. We allowed up to five environmental variables to
be combined in order to get the highest correlation between
environmental and biological matrices. The global test under
the BIO-ENV procedure looked for the significance of that
correlation by performing 9999 permutations of the sample
labels and calculating the number of cases in which a higher
correlation was found.

Permutational  analysis of variance (three-way
PERMANOVA) was used to test for differences between
samples from different regions, depths and water masses.
As with the univariate analyses, we conducted two
PERMANOVA tests: the first with region and depth as
the first-tested terms, and the second with water mass being
the factor accounted for first. This approach allowed us
to test for any effect of the water masses that cannot
be attributed to differences in region or depth. The
PERMANOVA used 99999 permutations of residuals
under a reduced model and Type I sum of squares.
Pairwise PERMANOVA tests were performed between
levels of those factors identified as a significant source of
variation by the main test using 99 999 permutations of raw
data and Type I sum of squares. The PERMDISP test was
run to assess differences in the dispersal of the samples
from their group centroid (levels of region, depth or water
mass), using 99 999 permutations of least-squares residuals.
To further discriminate between groups of samples found to
be significantly different in the PERMANOVA procedure,
a canonical analysis of principal coordinates (CAP) was
performed, producing a constrained ordination for each
factor (region, depth and water mass). Furthermore, CAP
provided a permutation test to examine differences between
levels of each factor, and a cross-validation test in which
the success of the allocation of a sample in the correct
group can be used as a proxy of the distinctiveness of the
meroplankton community in that group. To distinguish
which mOTUs were contributing to the multivariate
patterns, the similarity percentages (SIMPER) procedure
was performed within PRIMER-E.

Results

Morphological sorting of 55 samples from the 13 stations
resulted in over 21000 individuals initially identified as
larvae. This figure does not include copepod nauplii or
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euphasiid larvae, as these were morphologically identified
as holoplankton during the sorting process. DNA sequences
revealed, however, that the majority of initially-identified
larvae were actually holoplanktonic species and these
were removed from further analyses. Examples included
the pelagic polychaete Pelagobia longicirrata Greeff
(180 specimens), early developmental stages of the
pteropods Limacina helicina (Phipps) (15193 specimens)
and Clione limacina (Phipps) (84 specimens) or small
ostracods (130 specimens). A total of 408 sequences from
three loci helped us identify 36 meroplankton mOTUs
comprising 825 specimens; no larvae were found in 11 of
the 55 samples (20%).

Meroplankton diversity

A total of 36 mOTUs from eight phyla were identified in
the meroplankton community from the oceanic Ross Sea
(Table II):

Phylum Annelida (13 mOTUs) - annelids were
represented by early stages (trochophore, metatrochophore)
and nectochaetes from at least seven families of polychaetes
(Spionidae, Orbinidae, Chactopteridae, Polynoidae,
Amphinomidae, Nephtidae and Phyllodocidae). Three
mOTUs were represented by only a single specimen:
Aurospio sp. (station 158, 480-300 m), Amphinomidae sp.
(station 42, 400-200m) and Nephtidae sp. (station 95,
210-105m), and the only two specimens of the Orbinidae
mOTU were collected in the same sample (station 156,
600-780 m).

The taxonomy of Antarctic polyonids has recently been
under revision, and it has been noted that ‘it was currently
not possible to definitely identify specimens which had
been pre-identified as Polynoe thouarellicola Hartmann-
Schroder, Polyeunoa laevis Mclntosh or Polynoe
antarctica Kinberg due to the confused situation in the
literature’ (Barnich et al. 2012). For statistical analysis, we
considered two mOTUs within this family: Polyeunoa-
Antarctinoe spp. and Polynoidae sp. Analysis of the 18S
locus supported these two clades, although the mtDNA
analysis showed that one of these clades, the Polyeunoa-
Antarctinoe mOTU, could include representatives of up to
five different species from at least two genera. Reference
sequences obtained from positively identified specimens of
Polyeunoa laevis, along with a positive match from
Antarctinoe ferox (Baird) on the BOLD identification
engine were used to match sequences from this clade and
therefore name this multi-genera mOTU.

Phylum Echinodermata (seven mOTUs) - echinoderms
from three classes were found in the oceanic waters of the
Ross Sea: Asteriodea (five specimens of Odontasteridae sp.)
and Holothuroidea (three mOTUs) larvae were only
found on the Ross Sea shelf, whereas the Ophiuroidea
(three different species) appeared in both shelf and slope
samples. Two of the Holothurian mOTUs, Elasipodida sp.
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and Synaptidae sp., were only found once, at stations 42
(750-600 m) and 95 (210-105 m).

Phylum Mollusca (four mOTUs) - four gastropods
molluscs were distinguished using molecular markers,
including three different Littorinimorpha mOTUs and the
nudibranch Tergipes antarcticus Pelseneer. Gastropods
were present in all three regions, but only 7. antarcticus
veligers were found in the offshore Antarctic waters
(stations 261 and 283, near Scott Island, Fig. 1). Three of
the mOTUs were present only in samples above 200 m
depth, and only the Littorinimorpha spp. mOTU was found
in samples between 200 and 400 m depth from the Ross
Sea shelf.

Phylum Arthropoda (four mOTUs) - crustaceans were
represented by barnacle nauplii from two different species
(the Antarctic acorn barnacle Bathylasma corolliforme
(Hoek) and an unknown Verrucidae, found only once at
station 158) and the pelagic stages of two species of benthic
shrimps (N. lanceopes and a Pasiphaeoidea species). Greater
taxonomic resolution could not be determined in the latter
case due to the low resolution of the 18S locus and the lack
of reference sequences from the only known Pasiphacoidea
from the Southern Ocean, Pasiphaea scotiae (Stebbing).

Phylum Chordata (four mOTUs) - larvae from four fish
species were found in the oceanic Ross Sea. Pleuragramma
antarctica Boulenger was only found in shelf waters,

10
[65°0'S 5larvae/100m°
1

|:| Echinoderm
I:l Crustacea
I:l Annelida
I:] Gastropoda
- Chordata
- Nemertea
[ other

Fig. 2. Meroplankton composition in the Ross Sea, showing
the contribution of each major taxa per sample. Pie radius
represents overall larval abundance, expressed in specimens
per 100m?>. Stations not fully sampled (42) or lacking
flow measurements (156 and 283) were not represented.
Continuous line represents the Ross Sea shelf break at
a depth of 750 m.
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Table IIL. Larval abundance (specimens per 100 m®) and Shannon-Wiener diversity index of the meroplankton community in different regions, depths

and water masses.

a. Mean + standard error for above and below 200 m depth in each region.

Region Indices Layer
Above 200m Below 200 m

Shelf Abundance 30.85 +3.61 (3) 9.87 £3.09 (9)
Shannon-Wiener 1.36 £ 0.13 1.09 + 0.13

Slope Abundance 18.19 £ 2.81 (4) 1.35 £ 0.37 (10)
Shannon-Wiener 0.62 + 0.22 041 £0.14

Offshore Abundance 71.39 + 58.45 (5) 211+ 1.07 (7)
Shannon-Wiener 0.57 £0.15 0.34 £ 0.22

b. Mean + standard error for different water masses.

Abundance Shannon-Wiener

BW (3) 1.42 +0.25 0.67 +0.02

ASW (9) 53.09 + 32.38 0.64 £ 0.19

CDW (19) 371 £1.13 042 +0.12

SW (10) 12.66 + 3.93 1.14 £0.13

¢. Summary of the analysis of variance of meroplankton abundance and Shannon-Wiener index using a linear regression model.

Index Terms df F P

Abundance Region 2 1.19 0.319
Depth 1 8.74 0.006
Water mass 3 2.764 0.061
Region x depth 2.14 0.13
Residual 27

Shannon-Wiener Region 2 9.40 0.0006
Depth 1 2.18 0.149
Water mass 3 0.629 0.602
Region x depth 2 0.06 0.94
Residual 35

In a & b number of samples in each category is shown in parentheses.
Probabilities shown in bold represent significant values P < 0.05.

ASW = Antarctic Surface Water, BW = Bottom Water, CDW = Circumpolar Deep Water, df = degrees of freedom, SW = shelf water.

Bathylagus antarcticus Giinther on the slope, and Electrona
antarctica Giinther and Magnisudis cf. prionosa (Rofen)
were restricted to the offshore Antarctic waters.
Identification of M. cf. prionosa is partially tentative,
molecular markers place them as a close relative of
M. atlantica (Krgyer) the only representative of that
genus with sequences available, and M. cf. prionosa is
the only species of this genus present in Antarctica (data
from www.iobis.org and the Australian Antarctic Division
data centre https:/data.aad.gov.aw/).

Phylum Cnidaria (two mOTUs) - although six mOTUs
were identified, these were collapsed into two different
OTUs (Hexacorallia spp. and Hydrozoa spp.) due to the
low resolution of the 18S locus.

Other phyla (two mOTUs) - a single specimen of
a Bdelloid Rotifer (we were unable to identify it to a
species level due to the poor coverage in public databases
for this phylum) was found at station 261. A single OTU
included all Palaconemertea spp. (Phylum Nemertea)
specimens, which shared the same 18S sequence but
formed two 16S clusters. No COI sequences were obtained
from these mOTUs.
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Meroplankton distribution in the Ross Sea

Meroplankton samples collected on the Ross Sea shelf were
dominated by annelids, gastropods and echinoderms, with
more than 90% of all echinoderms found in shelf waters
(Fig. 2). The Ross Sea slope was dominated by crustacean
larvae, primarily barnacle nauplii, and annelids that
accounted for nearly 30% of the slope meroplankton. The
dominant phyla in the samples from the offshore Antarctic
waters were molluscs and nemerteans (Fig. 2), which were
concentrated in the upper layers of the water column, with
100% of the molluscs (7. antarcticus) and 93% of the
nemertean larvae found above 200m depth (Table II).
Polychaete diversity in the offshore Antarctic was the
lowest of all regions, with only three mOTUs present in
these samples.

Overall, meroplankton density was 5.19 larvae per
100m> and the median abundance of larvae in a sample
was 3.35 larvae per 100 m>. The maximum value recorded
was 246.15 larvae per 100m? in the uppermost (surface to
100 m depth) sample from the offshore station 261 (Fig. 1).
Whereas no larvae were found in 11 samples, eight of
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those samples were in the offshore region (Table I).
A linear mixed regression model using REML showed that
overall meroplankton density was significantly higher
(between 3 times and 33 times depending on the region)
in the upper 200m of the water column (P = 0.012) but
showed no significant differences between the three regions
(P=0.37) (Table II). Difference in larval abundance
between water masses were non-significant (P =0.061)
after accounting for all the variation attributed to region
and depth (Table III). These differences between water
masses became significant when this factor was the first term
tested (P <<0.001), but the Tukey’s test found significant
differences only between ASW (limited to the first 100 m of
the water column) and both SW and CDW (usually below
200m depth); revealing the confounding effect of water
mass and depth (ASW-SW difference =49.21, P =0.043
and ASW-CDW difference = 58.78, P = 0.005).

Meroplankton samples containing just one mOTU (11
samples from slope and offshore Antarctic regions) had a
value of zero for the Shannon-Wiener index. Maximum
values of this index were found in samples from the
shelf (station 42, 200-400m, H’ = 1.61 and station 95,
210-315m, H’=1.63) and offshore Antarctic waters
(station 283, 200-800m, H’=1.56). A linear mixed
regression model wusing REML showed significant
differences in Shannon-Wiener index between regions
(P <0.001), but not between depths above and below the
200m mark (P =0.15) (Table III). The pairwise Tukey’s
test showed a significantly higher Shannon-Wiener index
on the shelf than on both slope (difference = 0.69,
P =10.001) and offshore (difference =0.723, P =0.002),
but not between slope and offshore (difference = 0.032,
P =0.978). We could not detect a significant (P = 0.6)
influence of the different water masses on meroplankton
diversity that was not accounted for by region and depth
(Table III). The linear mixed regression model showed
significance of water masses when this factor was tested
for first, revealing the confounding effect between water
mass and region.

Overall, the influence of the confounding factors changes
between univariate measures of larval abundance and
diversity. For larval abundance, the water masses that are
significantly different are those that are restricted to certain
depths (ASW vs SW, CDW), perhaps due to differences in
physical and chemical factors (e.g. temperature, salinity,
pressure). In contrast, for larval diversity, the water masses
that are significantly different (Tukey < 0.05) are those that
are restricted to certain regions, between SW (which is
restricted to the Ross Sea shelf) and CDW (absent from the
shelf) a similar pattern to that observed in the regional
analysis (SW—CDW difference = 0.74, P =0.0018). Based
on this study, we suggest that larval abundance in the
oceanic Ross Sea is strongly linked with depth, regardless of
water mass, and that, similarly, larval diversity is linked to
region, likely due to the diversity of the underlying benthos.
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Fig. 3. Multidimensional scaling (MDS) plots for meroplankton
samples, based on a square root transformed Bray-Curtis
similarity matrix. Samples are labelled according to the
a. coastal to oceanic gradient and depth or b. water
mass affecting them. ASW = Antarctic Surface Water,

BW = Antarctic Bottom Water, CDW = Circumpolar
Deep Water, SW = shelf water.

Multivariate analysis

The dataset used in the multivariate analysis consisted of
586 larvae from 36 mOTUs found at those stations from
which a flow measurement was obtained (39 samples,
Table I). A highly dissimilar meroplankton community was
found in the oceanic waters of the Ross Sea, with
PERMANOVA analyses showing significant differences
with both region and depth. Confounding effects of these
factors and the different water masses present in the
Ross Sea made it impossible to detect any influence of the
water masses that was not accounted for by the other two
factors. Comparison of the meroplankton community
(Bray—Curtis similarity matrix) with the environmental
variables (Euclidean distance matrix) using the BIO-ENV
procedure revealed a low correlation between both
matrices. The highest Spearman correlation value was
obtained with a combination of median temperature, depth
and latitude (0.456) and those results were shown to be
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Table IV. a. Main permutational analysis of variance (three-way PERMANOVA) of meroplankton samples from different regions, depth ranges and
affected by different water masses. b. Pairwise PERMANOVA tests between samples from different regions, depths and water masses. For those water
mass pairs for which only a small number of unique permutations were possible, Monte Carlo p values were calculated.

Source of variation df SS MS Pseudo-F P(perm) Unique perms
a.
Region 2 21232 10616 2.7239 < 0.0001 87718
Depth 1 83724 83724 2.1482 0.0013 91021
Region x depth 2 12748 6374 1.6355 0.0046 87924
Water mass 4 12834 4278 1.0977 0.2887 86445
Residual 25 97433 3897.3
Total 33 152620
b.
Factor Groups t P(perm) Unique perms P(MC)
Region Shelf, slope 1.7245 <0.0001 91738
Shelf, offshore Antarctic 1.8 < 0.0001 90063
Slope, offshore Antarctic 1.6094 0.0017 91186
Depth Above 200 m, below 200 m 1.6149 0.0003 90327
Water mass SW, ASW 1.1652 0.0883 18870
SW, BW 1.4343 0.0459 66 0.065
SW, CDW 1.7771 0.00008 90944
ASW, BW 1.287 0.0284 36 0.1385
ASW, CDW 1.3298 0.0274 82516
BW, CDW 1.3927 0.0256 189 0.0584

Statistically significant differences are noted in bold.

df = degrees of freedom, SS = sum of squares, MS = mean sum of squares, P(perm) = p value calculated through permutation, Unique perms = number of

unique permutations, P(MC) = p value calculated using Monte Carlo sampling.

ASW = Antarctic Surface Water, BW = Antarctic Bottom Water, CDW = Circumpolar Deep Water, SW = shelf water.

significant in a permutation test (P << 0.0001). (Full results
are shown in Supplementary Table 2, http://dx.doi.org/
10.1017/S0954102013000795).

Multivariate analysis supported the differences revealed
with the Shannon-Wiener index and the larval abundance.
The MDS plot showed regional clustering (Fig. 3a), with
shelf and offshore samples comprising two clusters and

samples from the Ross Sea slope occupying an apparently
broader space in the plot; although the PERMDISP
procedure did not reveal any difference in the dispersion
from the group centroid between regions (P =0.5715).
Differences between samples from different depth ranges
(above and below 200 m depth) were not obvious in the
MDS plot (Fig. 3a), with only a central cluster formed by
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Fig. 4. Constrained ordination (canonical analysis of principal coordinates, CAP) plots for meroplankton samples, based on a square
root transformed Bray—Curtis similarity matrix. a. Analysis using eight principal coordinates analysis (PCO) axes to maximize the
percentage of correct cross-validation test for the region factor. b. Depth factor analysis using 21 PCO axes. ¢. Water mass factor
analysis using 22 PCO axes. 8 = correlations for CAP axes, ASW = Antarctic Surface Water, BW = Antarctic Bottom Water,

CDW = Circumpolar Deep Water, SW = shelf water.
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Table V. Summary of the canonical analysis of principal coordinates (CAP) for factors region, depth and water mass. Rows indicate original (true)
sample groups and columns the identity assigned by the allocation procedure.

Region Depth Water mass

m 8 21 22

CAP1 0.8994 0.9672 0.9653

CAP2 0.7291 - 0.9474

CAP3 - - 0.9233

Misclassification 20.588% 11.765% 32.353%

Shelf Slope Offshore <200m >200m ASW SW CDW BW

Shelf 9 3 - <200m 7 3 ASW 0 3 3 -
Slope 2 9 - >200m 1 23 SW 1 8 1 -
Offshore - 2 9 CDW 1 2 13 -

BW - 2

m = number of principal coordinates analysis (PCO) axes selected by maximizing the allocation success, CAP1-3 = correlation enclosed on the CAP axis,
misclassification = percentage of the samples allocated in a different group in the cross-validation procedure with the errors disclosed below.
ASW = Antarctic Surface Water, BW = Antarctic Bottom Water, CDW = Circumpolar Deep Water, SW = shelf water.

samples from above 200m depth, and a non-significant
PERMDISP test (P = 0.188).

Differences in the meroplankton community between
water masses were also shown on the MDS plot (Fig. 3b),
with CDW and SW samples constituting two distinct
clusters. PERMDISP showed a significant (P = 0.0017)
difference in the dispersion from the centroid between
groups; although significant pairwise differences were not
found between ASW, SW and CDW (P>0.1), only
between BW and the other three water masses (ASW:
P =0.035 SW: P=0.014 and CDW: P <0.01).

The PERMANOVA test found significant differences
between samples from different regions and depth ranges
but not between water masses (Table IV). The interaction
term between region and depth was also significant, which
is evidence for a different effect of depth in each region,
where a different pool of species is present. Differences
between water masses became significant when the order of
terms in the PERMANOVA test was altered, supporting the
confounding effect between water mass and the other two
terms shown previously in the univariate analysis. Pairwise
PERMANOVA tests returned significant differences between
all three regions studied and between depth ranges, but only
differences between SW and CDW and between ASW and
CDW were found to be significant (Monte Carlo p values
did not find differences between the pairs with few unique
permutations) (Table IV).

Canonical ordination analysis showed a clear
discrimination of samples according to the three factors
studied (Fig. 4). Permutation analysis in the CAP procedure
gave support to all three sources of variation (region, depth
and water masses), which were accounted for independently
(Table V). Cross-validation tests performed gave depth the
highest overall allocation success with 88.24%. Allocation
success in the regional analysis had an overall 79.41% rate
and all allocation errors were between adjacent regions,
which gave additional support to the regional and depth
influence. Although the differences between water masses
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were found significant by the CAP permutation test, their
cross validation showed a lower allocation success (67.64%),
and all ASW samples (the only water mass present in all
three regions) were incorrectly assigned to different water
masses, showing the lack of group distinctiveness of the
meroplankton community within this water mass.

SIMPER analysis showed low average similarities
between samples from the same region, depth range or
water mass. Within group similarities were particularly
low for the offshore Antarctic (10.19%, Supplementary
Table 3 http://dx.doi.org/10.1017/S0954102013000795),
which might be a result of the larger geographical
distances between sampling stations (Scott Island stations
194, 232 and 238, and Admiralty Seamount stations 261
and 283 are more than 400 km apart) and/or the extremes in
bathymetry between stations, with bottom depths ranging
from c. 400m (stations 194, 238 and 261) to >3000m
(stations 232 and 283).

Similarities between samples from the shelf were also low
(15.8%), and potential drivers of this lack of similarity can
be found in the distance between stations (between c¢. 120 km
and 300km). Low similarities between slope samples
(15.3%) are likely to be due to the different oceanographic
and sediment characteristics found in this region, with
stations 122, 156 and 158 located over the shelf break
and stations 168 and 170 having an oceanographic profile
similar to the offshore stations (Supplementary Table 3 http://
dx.doi.org/10.1017/S0954102013000795). Shelf meroplankton
similarities were mainly driven by the two polynoid
mOTUs, the cucumarid holothurian and Littorinimorpha
gastropods. The slope meroplankton was best characterized
by the Hexacorallia OTUs, the Antarctic acorn barnacle
B. corolliforme and a Laonice sp. polychaete. The
Phyllodocinae sp. mOTU, the myctophid fish E. antarctica
and nemertean larvae (Palaconemertea spp.) accounted for
most of the similarity within offshore samples (Table VI,
full results in Supplementary Table 3 http:/dx.doi.org/
10.1017/S0954102013000795).
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Table VI. Summary of the SIMPER analysis between samples from different Ross Sea regions, showing the species contributing most to the similarities
within regions and dissimilarities between them. Stars denote the contribution of each species: **** = more than 20%, *** = between 10-20%,
** = between 5-10%, * = less than 5%. Full results can be found in Supplementary Table 3.

mOTUs Shelf Slope

Offshore

Shelf, slope Shelf, offshore Slope, offshore

Polyeunoa-Antarctinoe spp. HAAK

Littorinimorpha spp.
Cucumariidae sp.
Polynoidae sp.
Scolelepis eltaninae
Bathylasma corolliforme
Laonice sp. B
Ophiocten megaloplax
Ophiacantha antarctica
Hexacorallia (2 spp.)
Laonice sp. A
Phyllodocinae sp.
Electrona antarctica
Palaconemertea spp.
Phyllodocidae sp.
Trichotropis sp.
Spiophanes sp.
Elasipodida sp.
Pleuragramma antarctica
Tergipes antarcticus
Odontasteridae sp.
Hydrozoa (4 spp.)
Nematocarcinus lanceopes
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Dissimilarities between the two most geographically
distant regions (Ross Sea shelf and offshore Antarctic)
reached almost 100% with only two mOTUs (Polychaetes

Table VII. Summary of the SIMPER analysis between samples from
above and below 200 m depth, showing the species contributing most to
similarities within depth group and dissimilarities between above and
below 200 m depth. Stars denote the contribution of each species:

***% = more than 20%, *** = between 10-20%, ** = between 5-10%,

* = less than 5%. Full results can be found in Supplementary Table 4.

mOTUs Above 200m Below 200m Above, below

s sk sk ok *k stk

Bathylasma corolliforme
Laonice sp. A
Scolelepis eltaninae
Electrona antarctica
Phyllodocidae sp.
Hexacorallia (2 spp.)
Phyllodocinae sp.
Ophiacantha antarctica
Littorinimorpha spp. * *
Polyeunoa-Antarctinoe spp. * *
Cucumariidae sp. *
Tergipes antarcticus
Palaconemertea spp.
Spiophanes sp. *
Trichotropis sp. *
Ophiocten megaloplax *
Polynoidae sp. *
*
P
%

skeksksk kk

skeskosk sk

oKk Kk

EX3 ks

®kkok *
ke

kk *

Rissoa sp.
Odontasteridae sp.
Nematocarcinus lanceopes
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Spiophanes sp. and Phyllodocidae sp.) occurring in both
areas. These two are the only mOTUs occurring in samples
from all three sampling regions. Dissimilarities between
adjacent regions were generally smaller but above 90%
(Table VI). Dissimilarity between shelf and slope samples
were mainly driven by three mOTUs: the acorn barnacle
B. corolliforme, Littorinimorpha spp. and Polyeunoa-
Antarctinoe spp. The B. corolliforme larvae were more
abundant on the slope, whereas the polynoids and gastropods
were found in greater numbers in the shelf samples. Two
other species contributing to the differences between these
two regions were the two Laonice clades: Laonice sp. B was
only found in shelf samples, whereas Laonice sp. A appeared
in both slope and offshore Antarctic regions (Table VI).

Dissimilarities between the offshore Antarctic and the
Ross Sea slope were driven mainly by B. corolliforme,
Hexacorallia and Phyllodocinae sp. mOTUs. Species
dominating the offshore Antarctic meroplankton community
(Palaconemertea spp. and 7. antarcticus) also contributed to
the dissimilarities between these two regions (Table VI).

A SIMPER analysis between samples from different
depth ranges showed even smaller within group similarities,
8.37% between samples from below 200m depth and
11.88% between samples from above 200m. They were
driven mainly by the Hexacorallia spp. mOTU between
deeper samples, while the acorn barnacle B. corolliforme and
the Laonice sp. A mOTU were more important between the
samples from above 200 m depth (Table VII, Supplementary
Table 4 http://dx.doi.org/10.1017/S0954102013000795).
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Table VIII. Summary of the SIMPER analysis between samples from different water masses, showing the species contributing most to similarities
within water masses and dissimilarities between significantly different groups. Stars note the contribution of each species: **** = more than 20%,
*** = between 10-20%, ** = between 5-10%, * = less than 5%. Full results can be found in Supplementary Table 5.

mOTUs SW ASW

CDW BW SW, CDW ASW, CDW

Polyeunoa-Antarctinoe spp. oAk

Littorinimorpha spp. ko *x

Cucumariidae sp. oAk

Polynoidae sp. *x

Scolelepis eltaninae wE oAk
Laonice sp. B *k

Ophiacantha antarctica *E

Phyllodocidae sp. ok

Bathylasma corolliforme oAk
Laonice sp. A xRk
Hexacorallia (2 spp.)

Phyllodocinae sp.

Spiophanes sp.

Protelpidia murrayi

Ophiocten megaloplax

Tergipes antarcticus

Palaeconemertea spp.

Trichotropis sp.

Rissoa sp.

Odontasteridae sp.

Nematocarcinus lanceopes

Electrona antarctica

R #
EEE #
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ASW = Antarctic Surface Water, BW = Antarctic Bottom Water, CDW = Circumpolar Deep Water, SW = shelf water.

The pattern observed with the SIMPER analysis between
water masses reflected that of the regional and depth
analysis. Water masses restricted to a particular region
(SW) reflected the similarities shown in the regional
analysis (c. 15% within group similarity driven by
Polyeunoa-Antarctinoe spp., Littorinimorpha spp. and
Cucumariidae sp. mOTUs), whereas those water masses
restricted to a particular depth range (ASW and CDW)
showed the low similarities seen in the depth analysis, due
to the same mOTUs (ASW was 7.7% mainly due to the
presence of B. corolliforme as in the upper 200m group
and CDW was 12.38% driven by the Hexacorallia spp.
Phyllodocinae sp. and Laonice sp. A mOTUs). A
summary of this SIMPER analysis is shown in Table VIII,
and a comprehensive table showing the percentage
contribution can be found in the Supplementary Table 5
http://dx.doi.org/10.1017/S0954102013000795.

Discussion

Oceanic samples collected during the IPY-CAML voyage
to the Ross Sea have revealed a diverse meroplankton
community, which shows significant differences between
different regions (shelf, slope and offshore Antarctic) and
depth ranges, and a weak, although significant, correlation
with the measured environmental variables (latitude,
median water temperature and depth). Differences in the
meroplankton communities between sampling locations
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were due to not only the presence or absence of certain
taxa, but also a result of changes in OTU abundance.

Abundance of meroplankton is undoubtedly linked to
depth. The uppermost samples, from the first 200 m of the
water column, contained nearly twice the specimens than
samples from below that mark (332 larvae vs 176) in
one-tenth of the water volume (762 m® filtered vs 6400 m?).
Our statistical analyses revealed that depth was the main
source of variation explaining changes in larval abundance,
and this pattern was seen across all three regions.

Many factors can affect larval abundance in the water
column, including predation by other planktonic species or
variation in spawning time driven by temperature changes
(see Richardson 2008). One possible explanation for higher
larval abundances in shallow waters is the presence
of phytoplankton food for planktotrophic larvae in the
euphotic zone. The epipelagic zone at the IPY-CAML
sampling sites was very shallow, always in the top 100 m of
the water column except for station 283, and chlorophyll a
concentrations were close to 0 below 200m (Safi et al.
2012, table II). Differences in chlorophyll a values between
regions (shelf > slope ~ offshore) (Safi e al. 2012, fig. 2)
were not reflected in similar differences in larval abundance
(Table III). However, in the offshore region, where water
stratification was less pronounced and chlorophyll a was
detected even to depths of 300m (Safi er al. 2012), the
difference in larval abundance between above and below
200m was more pronounced (Table III). This greater
abundance in the uppermost layers of the water column is a
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Table IX. Summary of Antarctic meroplankton studies, showing the overall and maximum larval densities, the number of operational taxonomical units

(OTUs) found and maximum depth sampled

Sampling season Location Volume OTUs Overall density ~ Peak Peak Max depth Reference
(m?) (larvae/m®) density period (m)
Bellingshausen Sea — Antarctic Peninsula — Signy Island
Nov-Dec Bellingshausen Sea 4619 16 =20 600 Shreeve & Peck 1995
2.5 years Signy Island 1818 131 2.6 2.74  Feb—Mar 28 Stanwell-Smith et al. 1999
Dec-May (two seasons)  King George Island 31658 5 1.6 (2000-01) Mar 60 Freire et al. 2006
15.5 (2001-02)
Dec—Jan Bransfield Strait 24008 11 8.43 300 Vazquez et al. 2007
1.5 years Adelaide Island 1464 99 54.4 Nov 20 Bowden et al. 2009
Jan—Feb Bellingshausen Sea 234 15 30.46 200 Ameneiro et al. 2012
Ross Sea
Nov-Dec Cape Roberts 58.8 9 2.857 50 Sewell 2006
Nov-Dec McMurdo Sound 58.8 8 1.582 50 Sewell 2006
Nov-Dec Cape Hallett 58.8 14 18.776 50 Sewell 2006
1 year Ross Island 2310 50 59.0 Feb 2 Sewell & Jury 2011
Feb—Mar Oceanic Ross Sea 11300 36 0.052 2.46 Mar 3400 This study

well-known phenomenon, which has been reported in
previous Antarctic studies (e.g. Shreeve & Peck 1995,
Vazquez et al. 2007). Explanations for the low larval
abundance in the oceanic Ross Sea compared to previous
meroplankton studies (summarized in Table I1X) are likely
due to both regional and seasonal variations. It has been
hypothesized that there is a decrease in larval abundance
with distance from shallow shelf habitats (Shreeve & Peck
1995), where most of the source benthic populations are
located. A similar effect may be occurring in the Ross Sea,
with most of the larvae identified to species appearing in
areas near putative benthic sources close to the Ross Sea
shelf (polynoid and ophiuroid mOTUs) and the slope
(B. corolliforme). Alternatively, year-round studies in
Antarctica have found large seasonal variations in the
number of larvae on the water column, with the lowest
numbers between February and April (Stanwell-Smith
et al. 1999, Bowden et al. 2009). If release of larvae in
Antarctica is linked to phytoplankton blooms (Bowden
et al. 2009), which usually occur in December in the Ross
Sea (e.g. Rivkin 1991), the low larval numbers seen in the
IPY-CAML sampling in the late summer may be a result of
a mismatch between the timing of the phytoplankton bloom
and sampling and/or the fact that larval stages had already
settled to the benthos.

There was significantly higher larval diversity above the
shelf, but with no significant difference between depths or
water masses. This situation is in accordance with a strong
influence of local benthic assemblages, where a higher
diversity can be found on the continental shelf than in that
of the Antarctic deep sea (see review in Clarke 2008).
Previous studies in the oceanic Antarctic classified larvae
into a small number of morphological OTUs (16 OTU in 7
phyla in Shreeve & Peck (1995), 13 OTU from 8 phyla in
Ameneiro et al. (2012)) and might have been less sensitive
to diversity changes at lower taxonomic levels, yet showed
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a decline in the larval diversity with distance from the
shore/shelf environment (Shreeve & Peck 1995).

The multivariate analysis gave further support to the
influence of region and depth in the meroplankton
community shown in the univariate analysis. Influence of
water masses on the meroplankton community could not be
detected in this study, as most of the variation was
accounted for by regional and depth changes, and a strong
confounding effect between water masses and these two
factors stopped us from discriminating its effect. This
influence has previously been shown in the Bransfield Strait
(Vazquez et al. 2007), where regional (60x 60 nautical
miles) and depth variation was not as pronounced as in the
present study.

Differences between shelf and slope meroplankton
samples were driven mainly by the Antarctic acorn
barnacle B. corolliforme, which showed greater abundances
on the slope, and the Polyeunoa-Antarctinoe spp. and
Littorinimorpha spp. mOTUs, which were more abundant
in shelf samples. Benthic populations of B. corolliforme are
known from the Cape Hallett and Pennell Bank vicinities
(Bullivant & Dearborn 1967), less than 100km away from
the furthest location on the slope where larvae were found,
which may be a larval source. None of the B. corolliforme
larvae were at the cyprid stage, which suggests that the
nauplii found at greater depths (in BW and CDW) may have
been recently released and closer to the benthic source,
whereas the more abundant nauplii in the ASW might be
feeding in shallower waters.

Polynoids such as Polyeunea laevis are known to co-occur
with octocorals and gorgonians (Barnich et al. 2012), which
are abundant on the muddy and sandy bottoms of the Ross
Sea shelf (Bullivant & Dearborn 1967). Gorgonians and
adult polynoids were also collected during the IPY-CAML
voyage to the Ross Sea, and were both more abundant in
the shelf samples than on the slope or offshore Antarctic
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(Hanchet et al. 2008 appendix table 4). Two mOTUs also
contributing to the differences between shelf and slope
meroplankton communities were the two Laonice clades.
Although a species level identification was not possible due
to the lack of reference sequences, there are only three
known species of that genus in the Southern Ocean. Laonice
vieitezi Lopez, of recent description, has only been recorded
in the Bellingshausen Sea (Lopez 2011) and the other two
species (L. weddellia Hartman and L. antarcticae Hartman)
have a circum-Antarctic distribution. However, these two
species show different bathymetric preferences, with
L. weddellia recorded from a mean depth of 445 m while
L. antarcticae has been recorded from 1629m (data from
www.iobis.org). In a similar fashion, each Laonice sp. larval
mOTU was found in regions with different bathymetry, with
Laonice sp. A on waters over the slope and the offshore
Antarctic with a maximum depth of 2150 m and Laonice sp.
B over the shallower Ross Sea shelf. We can hypothesize
that Laonice sp. A and B are L. antarcticae and L. weddellia,
respectively, but a positive identification must wait until
homologous sequences are obtained from positively identified
adult forms.

The primary mOTUs driving differences between
the slope and offshore Antarctic were the barnacle
B. corolliforme populations which were absent from the
offshore samples, although adult populations are known
from the seamounts (Hanchet et al. 2008, p. 190) and two
mOTUs with higher average abundances in the offshore
Antarctic (Palaconemertean spp. and 7. antarcticus).
Palaconemerteans typically lack a pilidium larvae and
direct development is the prevalent method of reproduction.
However, a planuliform larva, which is thought to be fully
planktotrophic, is common in the Cephalothrix genus
(Norenburg & Stricker 2001), the most closely related
genus to the Palaconemertea spp. larvae according to the
sequences obtained. This genus has never been reported from
Antarctic waters, which gives further support to the findings
of Mahon et al. (2010) for underestimated Antarctic
nemertean diversity. The presence of palaconemertean
larvae in the open waters under the influence of the ACC
has the potential for a widespread distribution around
Antarctic waters and also for genetic homogeneity across
its range, as it has been shown for the most abundant ribbon
worm in the Southern Ocean, Parborlasia corrugatus
(Thomhill et al. 2008).

The life cycle of T. antarcticus is spent mostly within the
sea ice, with adults laying egg masses in the sea ice which
hatch to a pelagic larval and juvenile stage (Kiko ez al.
2008). The high abundance of T. antarcticus in the offshore
Antarctic at station 261 is likely a result of the presence of
adult Tergipes in sea ice in the surrounding waters. Station
261 was ice-free at the time of sampling but sea ice cover
was present nearby (data from the National Snow & Ice
Data Center, www.nsidc.org). The absence of this larva on
shelf and slope samples could be linked to the extension of
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the Ross Sea polynya during the 2008 summer (Hanchet
et al. 2008), which did not expand at the same rate as in
previous years, but nevertheless had large ice-free areas
when sampling took place.

The meroplankton community of the oceanic Ross Sea
in the late summer was dominated by annelids, with
polychaetes representing more than a third of the identified
mOTUs. A dominance of polychaetes in terms of
abundance has also been noted in previous Antarctic
sampling in both coastal (Stanwell-Smith et al. 1999, Freire
et al. 2006, Sewell 2006, Heimeier et al. 2010, Sewell &
Jury 2011) and oceanic studies (Shreeve & Peck 1995,
Scheltema et al. 1997, Vazquez et al. 2007). Caution is
needed when comparing previously published work with
the present study, as there is great potential for the early
stages of Pelagobia longicirrata, a highly abundant pelagic
polychaete, to be mistaken for the nectochaete stage from a
benthic species (Freire et al. 2006, Sewell & Jury 2009).
Bhaud et al. (1999) described 18 types of polychaete larvae
from Antarctica with particularly high biodiversity among
the family Spionidae, which is also the most diverse group
found in our samples, comprising five mOTUs. Polynoids
were also a highly diverse group in our samples,
comprising two mOTUs but potentially up to six different
species from three genera.

Echinoderm larvae were rarely found during the
IPY-CAML voyage, with only 32 specimens collected. In
Ross Sea coastal waters, however, early stage echinoderm
larvae are one of the most abundant groups of the
meroplankton in the early summer (Sewell 2006, Sewell &
Jury 2011), and sea star and brittle stars dominate benthic
assemblages in many parts of the Ross Sea (Cummings
et al. 2010). The three species of ophiuroids identified in
this study (Ophiocten megaloplax Koehler, Ophiacantha
antarctica Koehler and Ophiolimna antarctica (Lyman))
have a circum-Antarctic distribution but showed a
preference for shelf and shelf break areas (records
obtained from www.iobis.org and during the IPY-CAML
benthic sampling) which overlap with the locations
where the larvae were found. Ophiuroid larvae have been
collected in high numbers in the open waters of the
Bellingshausen Sea (Shreeve & Peck 1995, Ameneiro
et al. 2012) during early summer but were not abundant or
diverse in close to shore sampling (Stanwell-Smith et al.
1999, Freire et al. 2006, Bowden et al. 2009), where they
showed abundance peaks in December. Bowden ef al.
(2009) identified the ophiuroid larvae as Ophionotus
victoriae, which was an abundant and conspicuous
component of the benthic assemblages in the Ross Sea
offshore region, near the Admiralty and Scott seamounts
(Hanchet et al. 2008, p. 192). Therefore, absence of
larvae from this species in our samples is most likely
linked to seasonality, as samples from near the Admiralty
and Scott seamounts were collected between 2 and 11
March, three months after the December peak shown by
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Bowden et al. (2009). The absence of echinoid larvae in the
late summer Ross Sea meroplankton is also likely due to a
combination of sampling season and distance from coastal
environments. Echinoplutei have been reported from both
coastal (Sewell 2006, Bowden et al. 2009) and open water
samples (Shreeve & Peck 1995) but with abundance peaks
in early summer (Bowden ef al. 2009) and low densities in
offshore environments.

Mollusc larvae are described as one of the main members
of the Antarctic meroplankton community, in both shallow
and deep environments (Shreeve & Peck 1995, Stanwell-
Smith et al. 1999, Absher et al. 2003, Freire et al. 2006,
Sewell 2006, Sewell & Jury 2011). Gastropod larvae found in
the present study (no bivalve veligers were found) were more
diverse and abundant in shelf and slope waters, which
follows the pattern of the molluscan benthic diversity, greater
on the continental shelf at depths less than 1000 m (Linse
et al. 2006). The most abundant mollusc mOTU found during
the IPY-CAML voyage could only be identified to an order
level (Littorinimorpha spp.). Most of the species from this
order found in the Ross Sea prefer waters above 200 m except
from the Family Naticidae (Schiaparelli et al. 2006).

Gastropod veligers in general (Shreeve & Peck 1995) and
echinospira and nudibranch veligers (Ameneiro et al. 2012)
were among the most abundant larvae in the Bellingshausen
Sea during summer. Tergipes antarcticus is an obvious
candidate for these nudibranch larvae, which appeared in
similar numbers in the present study (reaching up to 189
larvae per 100m?). An explanation for the vast number of
other veligers found in open waters is the potential
misidentification with holoplanktonic species, such as
Limacina helicina. This species appeared at 12 of 13
stations on the IPY-CAML voyage, was initially counted as
meroplankton and reached extreme abundances (> 30000
specimens per 100m?) at station 57 on the Ross Sea shelf.
Such extreme abundances were also described for gastropod
veligers in some of the samples from the Bellingshausen Sea
(6495 larvae per 100m® in Ameneiro ef al. (2012)). High
veliger abundances described in previous Antarctic coastal
sampling (Absher et al. 2003, Freire et al. 2006) were
suggested to belong to benthic taxa as Nacella concinna
(Strebel) or Neobuccinum eatoni (Smith), highly abundant in
the area. The presence of Limacina helicina amongst these
veligers cannot be dismissed, as Admiralty Bay has a great
influx from oceanic waters (Pruszak 1980) and other
holoplanktonic species (Pelagobia longicirrata) were very
abundant in the bay (Freire et al. 2006).

The initial morphological misidentification of the
Limacina specimens as meroplankton exemplifies the
advantage of a combined morphological and DNA-based
approach in larval studies. In a similar fashion, we were
able to exclude a large number of polychaete nectochaetes,
which were identified as early developmental stages of the
holoplanktonic Pelagobia longicirrata. Misidentification of
holoplankton as meroplankton is more likely to occur when
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plankton samples are fixed (in formalin or ethanol) prior to
analysis, a common occurrence in Antarctic plankton studies.
Fixation can hamper identification due to loss of key features
(e.g. the swimming wings of Limacina helicina).
Utilization of molecular markers for meroplankton
identification ensures an accurate discrimination between
holoplankton and meroplankton, and produces a more
accurate dataset, in which similarly looking larvae can be
discriminated and subsequent larval stages from the same
species can be pooled together. More importantly, when a
species level identification is achieved, we can further
investigate the influence of environmental factors and
primary productivity on larval abundance and diversity, and
relate patterns in the meroplankton with benthic species
records, an association suggested by Mileikovsky (1968)
which has been successfully used in the current study.

Acknowledgements

We would like to thank all the crew of the RV Tangaroa
during the IPY-CAML voyage and especially Dr Julie
Hall and Lisa Bryant for collection of the samples. We also
want to thank Dr Dorothea Heimeier for advice and help
on molecular identification, Michael Hudson for help
in sample sorting, and Dr Brian McArdle for statistical
advice. This research was partially funded by the New
Zealand Government under the New Zealand International
Polar Year—Census of Antarctic Marine Life project
(Phase 1: So001IPY; Phase 2: IPY2007-01). We gratefully
acknowledge project governance by the Ministry of
Fisheries Science Team and the Ocean Survey 20/20
CAML Advisory Group (Land Information New Zealand,
Ministry of Fisheries, Antarctica New Zealand, Ministry
of Foreign Affairs and Trade, and National Institute of
Water and Atmosphere Ltd). DNA sequencing was funded
by the Antarctic Science Bursary, Antarctic Science Ltd
and the University of Auckland. We thank two anonymous
reviewers for their insightful comments that greatly
improved the quality of the final manuscript.

Supplemental material

Five supplemental tables will be found at http://dx.doi.org/
10.1017/S0954102013000795.

References

ABSHER, T.M., BoEss, G., FEno, A.R. & pa Cruz, A.C. 2003. Pelagic larvae
of benthic gastropods from shallow Antarctic waters of Admiralty Bay,
King George Island. Polar Biology, 26, 359-364.

AvrLcock, A.L. & STRUGNELL, J.M. 2012. Southern Ocean diversity: new
paradigms from molecular ecology. Trends in Ecology and Evolution,
27, 520-528.

AMENEIRO, J., MOURINO-CARBALLIDO, B., PARAPAR, J. & VAzQUEZ, E. 2012.
Abundance and distribution of invertebrate larvae in the Bellingshausen
Sea (West Antarctica). Polar Biology, 35, 1359-1373.


https://doi.org/10.1017/S0954102013000795

360 R. GALLEGO et al.

BarnicH, R., GamBl, M.C. & FieGe, D. 2012. Revision of the genus
Polyeunoa Mclntosh, 1885 (Polychaeta, Polynoidae). Zootaxa, 3523,
25-38.

Buaup, M., Koussl, P., Razouts, S., TacHoN, O. & ACCORNERO, A. 1999.
Description of planktonic polychaete larvae from Terre Adelie and the
Ross Sea (Antarctica). Polar Biology, 22, 329-340.

Bownpen, D.A., CLARKE, A. & Peck, L.S. 2009. Seasonal variation in the
diversity and abundance of pelagic larvae of Antarctic marine
invertebrates. Marine Biology, 156, 2033-2047.

BULLIVANT, J.S. & DEARBORN, J.H. 1967. The fauna of the Ross Sea. Part 5:
general accounts, station lists, and benthic ecology. Wellington: New
Zealand Department of Science and Industrial Research, 77 pp.

CHaNG, F.H., WiLLiams, M.J.M., Sciwarz, J.N., HaLL, J.A., Maas, EW. &
STEWART, R. 2013. Spatial variation of phytoplankton assemblages and
biomass in the New Zealand sector of the Southern Ocean during the
late austral summer 2008. Polar Biology, 36, 391-408.

CLARKE, A. 2008. Antarctic marine benthic diversity: patterns and processes.
Journal of Experimental Marine Biology and Ecology, 366, 48-55.

CummMmINGs, V.J., TarusH, S.F., CHIANTORE, M., HEwITT, J.E. & CATTANEO-
VierTi, R. 2010. Macrobenthic communities of the north-western Ross
Sea shelf: links to depth, sediment characteristics and latitude. Antarctic
Science, 22, 793-804.

FRreRE, A.S., ABsHER, T.M., Cruz-KALED, A.C., KErN, Y. & ELBERS, K.L.
2006. Seasonal variation of pelagic invertebrate larvae in the shallow
Antarctic waters of Admiralty Bay (King George Island). Polar Biology,
29, 294-302.

GUINDON, S. & GascuEL, O. 2003. A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Systematic Biology,
52, 696-704.

HaNcHET, S., MITCHELL, J., BowDEN, D., CLARK, M., HALL, J. & O’DriscoLt, R.
2008. Ocean survey 20/20 International Polar Year Census of Antarctic
Marine Life. Ross Sea biodiversity voyage 2008. IPY-CAML final voyage
report. NIWA client report: WLG2008-74. Wellington: National Institute
of Water & Atmospheric Research, 193 pp.

HEIMEIER, D., LAVERY, S. & SEWELL, M.A. 2010. Using DNA barcoding and
phylogenetics to identify Antarctic invertebrate larvae: lessons from a
large scale study. Marine Genomics, 3, 165-177.

Karton, K., Misawa, K., Kuma, K.I. & Mivata, T. 2002. MAFFT: a novel
method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Research, 30, 3059-3066.

Keane, T.M., Creevey, C.J.,, PentoNy, M.M., NaucaHton, T.J. &
MCcINERNEY, J.O. 2006. Assessment of methods for amino acid matrix
selection and their use on empirical data shows that ad hoc assumptions
for choice of matrix are not justified. BMC Evolutionary Biology, 6,
10.1186/1471-2148-6-29.

Kiko, R., KRAMER, M., SpINDLER, M. & WAGELE, H. 2008. Tergipes
antarcticus  (Gastropoda, Nudibranchia): distribution, life cycle,
morphology, anatomy and adaptation of the first mollusc known to
live in Antarctic sea ice. Polar Biology, 31, 1383—1395.

LAPTIKHOVSKY, V.V. 2006. The rule of Thorson—Rass: one or two independent
phenomena? Russian Journal of Marine Biology, 32, 201-204.

Linse, K., Grirriths, H.J.,, Barnes, D.K.A. & CrArRke, A. 2006.
Biodiversity and biogeography of Antarctic and sub-Antarctic
mollusca. Deep-Sea Research Part 1l - Topical Studies in
Oceanography, 53, 985-1008.

Lorez, E. 2011. A new species of Laonice (Spionidae, Polychaeta,
Annelida) from Bellingshausen Sea (West Antarctica). Helgoland
Marine Research, 65, 257-261.

ManoN, A.R., THorNHILL, D.J., NORENBURG, J.L. & HarLanych, K.M. 2010.
DNA uncovers Antarctic nemertean biodiversity and exposes a decades-old
cold case of asymmetric inventory. Polar Biology, 33, 193-202.

https://doi.org/10.1017/50954102013000795 Published online by Cambridge University Press

MiLEIKOVSKY, S.A. 1968. Distribution of pelagic larvae of bottom
invertebrates of the Norwegian and Barents Seas. Marine Biology, 1,
161-167.

MiLEIKOVSKY, S.A. 1971. Types of larval development in marine bottom
invertebrates, their distribution and ecological significance: a re-evaluation.
Marine Biology, 10, 193-213.

NORENBURG, J.L. & STRICKER, S.A. 2001. Phylum nemertean. /n YOUNG,
C.M., SEweLL, M.A. & Rice, M.E., eds. Atlas of marine invertebrate
larvae. London: Academic Press, 163-177.

Paknomov, E.A., HaLL, J., WiLLiams, M.JM., Hunt, B.P.V. & STEVENS,
C.J. 2011. Biology of Salpa thompsoni in waters adjacent to the Ross
Sea, Southern Ocean, during austral summer 2008. Polar Biology, 34,
257-271.

PouLiN, E., Paima, A.T. & FErar, J.P. 2002. Evolutionary versus
ecological success in Antarctic benthic invertebrates. Trends in
Ecology & Evolution, 17, 218-222.

Pruszak, Z. 1980. Currents circulation in the waters of Admiralty Bay
(region of Arctowski Station on King George Island). Polish Polar
Research, 1, 55-74.

Ricuarbson, A.J. 2008. In hot water: zooplankton and climate change.
ICES Journal of Marine Science, 65, 279-295.

RivkiN, R.B. 1991. Seasonal patterns of planktonic production in McMurdo
Sound, Antarctica. American Zoologist, 31, 5-16.

Sar1, K.A., RoBinson, K. V., HALL, J.A., Schwarz, J. & Maas, EW. 2012.
Ross Sea deep-ocean and epipelagic microzooplankton during the
summer-autumn transition period. Aquatic Microbial Ecology, 67,
123-137.

ScHELTEMA, R.S., BLAKE, J.A. & WiLLiams, 1.P. 1997. Planktonic larvae of
spionid and chaetopterid polychaetes from off the west coast of the
Antarctic Peninsula. Bulletin of Marine Science, 60, 396—404.

ScHIAPARELLI, S., LOrRZ, A.N. & CATTANEO-VIETTI, R. 2006. Diversity and
distribution of mollusc assemblages on the Victoria Land coast and the
Balleny Islands, Ross Sea, Antarctica. Antarctic Science, 18, 615-631.

SEweLL, M.A. 2006. The meroplankton community of the northern Ross
Sea: a preliminary comparison with the McMurdo Sound region.
Antarctic Science, 18, 595-602.

SEWELL, M.A. & Jury, J.A. 2009. Desalination plants as plankton sampling
devices in temporal studies: proof-of-concept and suggestions for the
future. Limnology and Oceanography - Methods, 7, 363-370.

SEweLL, M.A. & Jury, J.A. 2011. Seasonal patterns in diversity and
abundance of the High Antarctic meroplankton: plankton sampling
using a Ross Sea desalination plant. Limnology and Oceanography, 56,
1667-1681.

SHREEVE, R.S. & PEck, L.S. 1995. Distribution of pelagic larvae of benthic
marine-invertebrates in the Bellingshausen Sea. Polar Biology, 15,
369-374.

STANWELL-SMITH, D., PEcK, L.S., CLARKE, A., MURRAY, A.W.A. & Tobpb,
C.D. 1999. The distribution, abundance and seasonality of pelagic
marine invertebrate larvae in the maritime Antarctic. Philosophical
Transactions of the Royal Society, B354, 471-484.

THorNHILL, D.J., ManoN, A.R., NORENBURG, J.L. & HarLanych, K.M. 2008.
Open-ocean barriers to dispersal: a test case with the Antarctic Polar
Front and the ribbon worm Parborlasia corrugatus (Nemertea:
Lineidae). Molecular Ecology, 17, 5104-5117.

VAzqQuez, E., AMENEIRO, J., PUuTZEYS, S., GorDO, C. & SANGRA, P. 2007.
Distribution of meroplankton communities in the Bransfield Strait,
Antarctica. Marine Ecology Progress Series, 338, 119—129.

WiLsoN, N.G., ScHropL, M. & Haranych, K.M. 2009. Ocean barriers and
glaciation: evidence for explosive radiation of mitochondrial lineages in
the Antarctic sea slug Doris kerguelenensis (Mollusca, Nudibranchia).
Molecular Ecology, 18, 965-984.


https://doi.org/10.1017/S0954102013000795

