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Abstract

Breakdown of skeletal and lithic hard substrates by organisms, a process referred to as bioerosion, is part of the global
carbon cycle and receives increased attention, but little is known about bioerosion in polar environments. Here, we study
bioerosion traces (addressed by their respective ichnotaxa) recorded in the barnacle Bathylasma corolliforme from the Ross
Sea, Antarctica. Traces were visualized via scanning electron microscopy of epoxy casts prepared with the vacuum cast-
embedding technique. In 50 samples from shallow 37 m to bathyal 1680 m water depths, 16 different bioerosion traces were
found, classified into microborings presumably produced by cyanobacteria (1), chlorophytes (1), fungi (9), foraminifera
(1), unknown organotrophs (5), and macroborings produced by cirripeds (1). Statistical ichnodiversity analysis resulted in
a significant (p =0.001) ANOSIM with moderate differences (R=0.5) between microbioerosion trace assemblages at dif-
ferent water depths and revealed two main clusters (NMDS, SIMPROF) corresponding to the photic and aphotic stations.
A comparison between this study and a corresponding study from the Svalbard archipelago, Arctic Ocean, shows that the
ichnodiversity in calcareous barnacle skeletons is similar in polar waters of both hemispheres. This includes several ichnotaxa
that are indicative for cool- to cold-water environments, such as Flagrichnus baiulus and Saccomorpha guttulata. Nine of
the investigated ichnotaxa occur in both polar regions and seven ichnotaxa show an extensive bathymetrical range down to
the deep sea at bathyal 1680 m water depth.
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Introduction bacteria, algae) that occur in calcareous, siliceous, osteic,

and xylic hard substrates. Microborings are distinguished

Bioerosion is the degradation of hard substrates by organ-
isms (Neumann 1966) and thus a process that is part of the
global carbon and carbonate cycles with a great impact on
the preservation of calcareous substrates in the sedimentary
record (e.g. Warme 1975; Hutchings 1986; Tribollet 2008).
The various bioeroding organisms utilise a wide range of
strategies to bioerode by chemical (biocorrosion) and/or
mechanical (bioabrasion) means and are categorised pri-
marily into grazers (e.g. echinoids, gastropods), macrobor-
ers (e.g. sponges, polychaetes) and microborers (e.g. fungi,
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from macroborings by their size, with either 1 mm trace
size or 100 um tunnel diameter serving as divider (Wisshak
2012). The traces have a high fossilization potential and are
addressed as trace fossil ichnotaxa, with more than 300 valid
ichnospecies established so far (Wisshak et al. 2019).
Bioerosion is a process of significance on a global scale
and there are comprehensive studies for trace fossil assem-
blages for tropical environments (e.g. Kiene and Hutchings
1994; Chazottes et al. 1995; Vogel et al. 2000; Tribollet and
Golubic 2005), and warm-temperate regions, such as the
Azores (Wisshak et al. 2011) and the Mediterranean Sea
(Farber et al. 2015). Besides a few studies in the North
Atlantic (e.g. Akpan and Farrow 1985; Schmidt and Frei-
wald 1993; Glaub et al. 2002; Beuck and Freiwald 2005;
Wisshak 2006) and North Pacific (e.g. Young and Nelson
1988), the cold-temperate regions are poorly studied and
the polar regions even less. There is a bioerosion study from
the Canadian Arctic (Aitken and Risk 1988), while the Sval-
bard archipelago in the far North was the subject of a study
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with a focus on polychaete bioerosion (Hanken et al. 2012)
and a more comprehensive microbioerosion study (Meyer
et al. 2020). Bioerosion research in cooler environments is
predominantly concentrated on the Northern Hemisphere,
whereas the Southern Hemisphere was disregarded for a
long time. Few studies were conducted in the cold-temperate
region Patagonia (e.g. Ituarte et al. 2005; Malumian et al.
2006; Richiano et al. 2017; Aguirre et al. 2019) and in the
polar region Antarctica. Bioeroded traces were observed on
Seymour Island, Antarctica (Casadio et al. 2001, 2007), and
bioerosive activities were recorded in the Ross Sea in scal-
lops and molluscs (Alexander and DeLaca 1987; Cerrano
et al. 2001; Hancock et al. 2015), and sub-fossil skeletal
material (Frank et al. 2014, 2020). Together with our own
data, the existing body of knowledge on polar bioerosion
patterns will allow a direct comparison between both polar
regions and determine tolerance limits for key bioerosion
traces. Both aspects contribute to the understanding of the
role of bioerosion in polar environments and therefore help
broadening the knowledge of bioerosion from a local to a
global scale.

In the present study, we have visualised bioerosion traces
by means of the cast-embedding technique under a scan-
ning electron microscope to: (I) compile a list of bioerosion
traces preserved in barnacles from the Ross Sea, Antarc-
tica; (I) provide data on the bathymetrical range of these
ichnotaxa down to bathyal water depths; (III) statistically
analyse the ichnodiversity along this bathymetrical transect
(37-1680 m); and (IV) compare our findings with those of

Fig.1 Map of sample locations

an earlier study (Meyer et al. 2020) from the Arctic Svalbard
archipelago.

Materials and methods
Study site

Our samples were recovered in the Ross Sea sub-division of
the Southern Ocean, between Marie Byrd Land and Victoria
Land, towards the Pacific part of the Southern Ocean, south
of New Zealand (Fig. 1). Although it is one of Antarctica’s
most intensively studied regions (Smith et al. 2007), it is an
area with a very low human impact (Halpern et al. 2008).

The Ross Sea covers a broad continental shelf and water
depth is shallower in the West than in the East (Fig. 1). The
oceanography is governed by two clockwise rotating gyres
over the continental shelves, which are synchronized with
the bigger nearby Ross Sea Gyre. The gyre is driven by the
westerly winds of the Antarctic Circumpolar Current (as
reviewed by Smith et al. 2012).

Water temperatures range from—1.9 to+3.2 °C and
salinity ranges from 34.0 to 34.9 PSS (Smith et al. 2007,
2012). The base of the euphotic zone, where light intensity
declines to 1% of the surface illumination, is at a mean depth
of 34+ 13 m in spring, at ca. 26 +9 m in summer (Smith
et al. 2013), and at 14-66 m in winter (Fabiano et al. 1993),
depending on seasonal variations (inter alia due to turbidity
and nutrient availability, hence plankton blooms) and the

in the Ross Sea, Antarctica,
including stations for sample
collection and applied gear

of recovery (more details in
Table 1). Locations of addi-
tional material, not utilised for
the statistical analyses, are indi-
cated with crosses. Bathymetric
data was retrieved from Arndt
et al. (2013), ice shelves data
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exact location within the Ross Sea (El-Sayed et al. 1983).
The aphotic zone, below a transitional dysphotic zone, is
below ca. 100 m water depth (according to Azzaro et al.
2006).

The Ross Sea is Antarctica’s biologically most productive
region and has the greatest phytoplankton biomass (Smith
et al. 2000, 2014). Besides polar day and night, important
seasonal and extreme features in the Ross Sea are sea ice
(Fig. 2) and polynyas. Sea ice impedes the exchange of heat
and works as an insulator between the ocean and the atmos-
phere, as well as affecting life in polar environments (Par-
kinson 2004). During winter, the sea-ice extent reaches up
to 60° S (Smith et al. 2007; Frank et al. 2014; Fig. 1) and
except for the most eastern parts, the Ross Sea is almost
completely free of sea ice in January and February (Fig. 2;
Parkinson 2004; excluding the Ross Ice Shelf).

Sample material

Our chosen substrates were barnacles, as several studies
showed that they are well suited for bioerosion analyses (e.g.
Glaub et al. 2002; Feussner et al. 2004; Meyer et al. 2020).
Specimens were kindly provided by the Invertebrate Col-
lection at the National Institute of Water and Atmospheric
Research (NIWA) in Wellington, New Zealand. Barnacles
were sampled from different water depths with different
gear and during various cruises between 1965 and 2008
(Table 1, Fig. 1). As barnacles are sessile organisms, and
since we tried to include only barnacles that were alive at
the time of sampling, the recorded trace fossil assemblages
are representative for the water depth of sampling, i.e. we do
not have to consider time-averaging or post-mortem trans-
port. Samples from the collection were stored in ethanol
and evaporated prior to shipping. Additional material kindly
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provided by Marco Taviani, ISMAR-CNR, Bologna, Italy,
comprised broken barnacle shells from sediments that might
have experienced considerable transport (Fig. 1, Table 1)
and, therefore, were excluded from the statistical analysis
(Figs. 2, 3, 4).

We concentrated on the acorn barnacle species Bathyl-
asma corolliforme (Hoek, 1883) as substrate, attached to i.e.
rocks or sponges. B. corolliforme is relatively large (up to
10 cm) with a long lifespan (Burgess et al. 2010; Frank et al.
2014), although no results on growth rates and longevity are
available. The biology of B. corolliforme is poorly under-
stood (Burgess et al. 2010), but calcification likely slows
down or stops in winter due to lowered food availability. B.
corolliforme is the predominant barnacle species in the Ross
Sea (Dayton et al. 1982; Taviani et al. 1993), and an endemic
circumpolar species from south of the Antarctic convergence
(Newman and Ross 1971; Dayton et al. 1982). Barnacles
are relatively rare in Antarctica, especially in shallow-water
depths (Newman and Ross 1971). While earlier studies have
stated that B. corolliforme does not live in depths of less than
100 m (Newman and Ross 1971; Dayton et al. 1982), more
recent studies and our sample material (Table 1) demonstrate
that they are found at least as shallow as 37 m (Burgess et al.
2010; Frank et al. 2014 utilised fossil fragments). Current
velocities, and thus nutrient availability, are likely decisive
for their vertical distribution (Dayton et al. 1982). However,
also iceberg scouring is an important disturbance in shal-
lower water depths. Up to 70% of the sea floor from 20 to
25 m in McMurdo Sound is affected, though the Terra Nova
Bay shows nearly no disturbances (as reviewed by Smith
et al. 2007). The maximum keel depth at the floating margins
(hence potential icebergs) of the Ross Ice Shelf was recorded
as 255 +52 m thick (Dowdeswell and Bamber 2007).
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Fig.2 Schematic overview of key environmental parameters in the
Ross Sea, Antarctica. Figure 2 in Gordon et al. (2015) was traced for
temperature and salinity data (from 500 m water depth); phytoplank-
ton bloom is based on Asper and Smith (1999) with highest peak in
mid-December to much lower levels in January to February; polar

night and day data for 2004 retrieved from Thorsen (1995-2020);
sea-ice data for 2004 obtained via Fetterer et al. (2017, updated daily)
— in January, there was still some sea ice left, but the Ross Sea was
mostly ice free
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Table 1 List of analysed Bathylasma corolliforme, including water depth during recovery, station ID, date of collection, coordinates (at start of

deployment), and gear

Depth (m) Station ID Collection date Latitude Longitude Gear No. of
samples
37 E182 19/01/1965 —72.305 170.271 Dredge, cone mesh with bag 4
154 TAN0402/52 12/02/2004 —72.337 170.394 Epibenthic sled 4
277 TAN0402/30 09/02/2004 —71.746 171.291 Van Veen grab 4
321 TANO0802/17 09/02/2008 -73.125 174.321 Fish bottom trawl 4
466 TAN0402/15 05/02/2004 —71.728 171.735 Epibenthic sled 4
538 TAN0402/74 14/02/2004 —72.073 173.136 Epibenthic sled 4
620 TAN0402/72 13/02/2004 —72.061 173.245 Epibenthic sled 4
770 TAN0402/85 14/02/2004 —72.037 173.249 Fish bottom trawl 4
879 TAN0802/206 03/03/2008 —68.121 —179.248 Epibenthic sled 3
980 TAN0802/129 21/02/2008 -72.317 175.489 Beam trawl 3
1130 TANO0802/256 08/03/2008 —67.340 —179.932 Epibenthic sled 4
1310 TRIP2731/49 13/01/2009 —71.332 —179.475 Bottom longline 4
1680 TRIP2730/9 09/12/2008 —65.603 -177.710 Bottom longline 4
214 CARBONAT_Carb10 16/01/2002 —74.783 —-164.170 Van Veen grab 4
389 CARBONAT_Carb34 16/01/2002 —73.243 —175.639 Dredge 4

The latter two entries list data for the additional sample material, not utilised for the statistical analyses

Cast-embedding technique

The cast-embedding technique is a common method to
visualise bioerosion traces (Golubic et al. 1970; Wisshak
2006, 2012). The barnacles were soaked for 24 h in sodium
hypochlorite (customary cleaning agent) to remove organic
material and afterwards rinsed several times with deionised
water. The cleaned skeletal elements were dried at 30 °C in
a drying cabinet. The bioeroded tunnels inside the barnacle
armour were subsequently filled with R&G “water clear”
epoxy resin in a CitoVac (Struers) vacuum chamber. The
samples cured for 4-5 days before dissection with a rock
saw. During treatment with ca. 5% hydrochloric acid, the
calcareous barnacle shells dissolved, and the pieces fell
apart. Fifty samples were sputter-coated with gold (Cress-
ington sputter coater 108) and analysed under a scanning
electron microscope (SEM, Tescan VEGA3 xmu) using the
secondary electron detector at 20 kV acceleration voltage.

Identification, quantification and statistical
analyses

Bioerosion traces were identified to the ichnospecies level
and morphological forms yet untreated in ichnotaxonomy
were assigned to informal names. We conducted a semi-
quantitative analysis, because an actual quantification is
unfeasible for bioerosion traces (due to a wide range of
sizes, colonies vs. single borings, etc.), and gathered ordi-
nal data in that each ichnotaxon/form recorded in each
sample were categorised into one of five abundance classes
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(absent=0; very rare, only one or very few specimens=1;
rare, few specimens =2; common, many specimens but not
dominant=3; very common or dominant=4), following the
approach of assessing ichnodiversity outlined by Wisshak
et al. (2011) and Meyer et al. (2020).

To analyse our data as a multivariate data set, we used
each sample individually. We utilised R version 3.6.2 (R
Core Team 2019) and the package “MVN” (Korkmaz et al.
2014) to perform both Mardia and Royston multivariate nor-
mality tests. Data were not transformed, because they are
on an ordinal scale, and transformation is not required for
the following non-parametric tests. The package “vegan”
(Oksanen et al. 2018) was used for ANOSIM (ANalysis Of
SIMilarities; with 999 permutations) and for the NMDS
(Non-metric Multi-Dimensional Scaling) plots, whilst the
package “clustsig” (Whitaker and Christman 2014) was
used for the cluster analyses with SIMPROF (SIMilarity
PROFile; with the cluster method ‘average’). Prior to the
tests, we computed a Bray—Curtis dissimilarity matrix with
“vegan”, which is common practice for an ANOSIM (Ham-
mer and Harper 2008; Greenacre and Primicerio 2013). The
biodiversity indices (i.e. ichnodiversity indices) Margalef’s
richness index d, Simpson index of dominance 4 and diver-
sity /-, Shannon index H’(log,), and Pielou’s evenness J’
were also calculated with R. We computed the indices based
on ranked semi-quantitative abundance data by transform-
ing the abundance classes as follows (based on Wisshak
et al. 2011): ‘4’ to 1000; ‘3’ to 100; ‘2 “ to 10, and ‘1 ‘as
1 per sample, to obtain relative abundances. Subsequently,
we calculated means per water depth and a grand mean.
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Fig.3 Microborings produced (inferred or assumed) by cyanobac-
teria, chlorophytes, barnacles, bacteria, or unknown organotrophs a
Fascichnus frutex from 37 m water depth b Ichnoreticulina elegans
from 37 m water depth ¢ Pyrodendrina villosa from 466 m water
depth d Rogerella isp. from 466 m water depth e Finger-form from

879 m water depth f Finger-form from 277 m water depth g Nidus-
form from 620 m water depth h Lateral view of Nidus-form from
620 m water depth i Proturbero-form from 466 m water depth j Scol-
ecia serrata from additional sample material k close-up of Clavate-
form from 214 m water depth 1 Clavate-form from 214 m water depth
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Fig.4 Microborings of inferred or assumed fungal origin a Flag-
richnus baiulus from 154 m water depth b Flagrichnus baiulus from
1130 m water depth with atypical elongated chambers ¢ Flagrichnus
baiulus from 1130 m water depth d Flagrichnus cf. baiulus from
1130 m water depth e Flagrichnus-form I from 466 m water depth f
Saccomorpha clava from 1310 m water depth g Saccomorpha guttu-

@ Springer

lata from 980 m water depth h Orthogonum-form I from 620 m water
depth i Orthogonum lineare from 879 m water depth j Orthogonum
giganteum from 277 m water depth k juvenile stage of four Polyac-
tina araneola from 879 m water depth 1 adult stage of Polyactina ara-
neola from 879 m water depth
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Table 2 List of ichnotaxa recorded from the Ross Sea, together with
the inferred or assumed (in brackets) trace makers, based on the origi-
nal interpretation of the ichnotaxon authority, and some descriptive

remarks with respect to differences in morphology compared to the
original diagnoses

Trace maker Ichnotaxon/form Remarks Figure
Cyanobacteria Hyella gigas Fascichnus frutex (Radtke, 1991) - Figure 3a
Chlorophyte Ostreobium quekettii Ichnoreticulina elegans (Radtke, 1991) The surface was rarely a bit fuzzy Figure 3b
(Fungi) Flagrichnus baiulus Wisshak and Porter, 2006 Highly diverse, occasionally “dendritic” form, Figure 4a—
rarely with undescribed elongated chambers
(Fungi) Flagrichnus cf. baiulus See text Figure 4d
(Fungi) Flagrichnus-form 1 See text Figure 4e
Fungi Dodgella prisca Saccomorpha clava Radtke, 1991 Sometimes a pronounced collar around the Figure 4f
base
(Fungi) Saccomorpha guttulata Wisshak et al., 2018  Occasionally similarities to young stage of Figure 4g
Polyactina araneola
(Fungi) Orthogonum-form I sensu Wisshak et al., See text Figure 4h
2005
(Fungi) Orthogonum lineare Glaub, 1994 - Figure 4i
(Fungi) Orthogonum giganteum Glaub, 1994 - Figure 4;j
Fungi Conchyliastrum merritti Polyactina araneola Radtke, 1991 Highly diverse, occurred at different stages Figure 4k-1
(Foraminifera) Pyrodendrina villosa Wisshak, 2017 - Figure 3c
Unknown Finger-form See text Figure 3e—f
Unknown Nidus-form See text Figure 3g-h
Unknown Proturbero-form See text Figure 3i
Acrothoracid barnacles Rogerella isp. de Saint-Seine, 1951 Macroboring Figure 3d
(Bacteria) Scolecia serrata Radtke, 1991 Observed in additional sample material Figure 3j
Unknown Clavate-form Observed in additional sample material, see Figure 3k-1

text

The last two ichnotaxa in the list were noted in additional sample material and are listed for completeness, but not included in the statistical

analysis

As indices are usually based on counts of specimens (Ham-
mer and Harper 2008), this approach allows an evaluation
of relative abundance.

Results
List of bioerosion traces

We recorded sixteen different bioerosion traces (respectively
ichnotaxa) in our samples; one of them was presumably pro-
duced by cyanobacteria, one by chlorophytes, nine by fungi,
one by foraminifera, one by barnacles, and three unknown
forms were produced by unidentified organotrophs and listed
with informal names (Table 2; Figs. 3, 4).

Detailed results of the semi-quantitative analysis of the
bioerosion traces are provided in Table 3. The ichnocoenoses
and ichnodiversity varied between water depths, with the
highest ichnospecies richness at 466 m (12 different traces),
the second largest ichnospecies richness at 277 m (seven
traces), and the lowest diversity at 980 m (two traces).
Whilst ichnotaxa presumably produced by photosynthesis-
ing bioeroders at shallow-water depths (Fascichnus frutex,

Ichnoreticulina elegans) were very rare, those by organo-
trophic fungi were the dominant microborings, e.g. Flag-
richnus baiulus and Saccomorpha guttulata, both almost
consistently occurring in the whole water column (Table 3).
Flagrichnus baiulus, Flagrichnus cf. baiulus, Saccomorpha
clava, and Finger-form were recorded at the deepest water
depth.

The following bioerosion traces did not match estab-
lished ichnotaxa diagnoses and are briefly described in open
nomenclature (e.g. cf.) or under informal names in the fol-
lowing account. Potential comments regarding differences
in morphology to the known and diagnosed ichnotaxa are
provided in Table 2.

Flagrichnus cf. baiulus

The diagnostic long, thin, filamentous tube of Flagrichnus
baiulus that usually extends deep into the substrate is lacking
in this trace, but as the typical sac-shaped cavities are still
the main morphologic feature, this microboring is referred to
as Flagrichnus cf. baiulus. An additional characteristic are
thin filaments in the circumference, which are more fanned

@ Springer
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Table 3 Results of semi-quantitative analysis of bioerosion traces in the Ross Sea

Ichnotaxon/form Water depth (m)

37 154 277

321 466 538 620 770 879 980 1130 1310 1680

Fascichnus frutex (Radtke, 1991) -—
Ichnoreticulina elegans (Radtke, 1991) + +
Flagrichnus baiulus Wisshak and Porter, 2006 + -

Flagrichnus cf. baiulus - -

Flagrichnus-form I - =

Saccomorpha clava Radtke, 1991

Saccomorpha guttulata - - =

Wisshak et al., 2018
Orthogonum-form 1 sensu Wisshak et al., 2005
Orthogonum lineare Glaub, 1994

Orthogonum giganteum Glaub, 1994 - — - —

Polyactina araneola Radtke, 1991

Pyrodendrina villosa Wisshak, 2017 _ —= ==

Finger-form _ —= ==

Nidus-form - =
Proturbero-form

Rogerella isp. de Saint-Seine, 1951

Number of ichnotaxa/forms 6 5 7

3

—— 44 - —-= —-= - —= - +4

Abundances are categorised as ‘+ +’ =very common, ‘+’=common,

sample material

out than described in the original diagnosis (Fig. 4d, Meyer
et al. 2020).

Flagrichnus-form |

Flagrichnus-form I is another microboring with affinity to
the ichnogenus Flagrichnus. It has similar characteristics,
but larger (> 15 pm) sac-shaped cavities (Wisshak and Porter
2006), which merge to a greater extent. The trace is up to
150 pm in diameter (Fig. 4e).

Orthogonum-form | sensu Wisshak et al., 2005

Orthogonum-form I exhibits a sinuous morphology and runs
closely parallel to the substrate, with a tunnel diameter of
3-5 pm. This microboring was also recognised by Wisshak
et al. (2005) and Meyer et al. (2020) (Fig. 4h).

Finger-form

This single-tunnel-trace has the morphology of fingers and
occasionally occurs in a cluster of up to 10. It penetrates
straight and deep into the substrate (up to 200 pm) and is
up to 50 pm wide at the base, slightly thinning towards the
convex ends (Fig. 3f).

@ Springer

12 5 5 5 6 2 6 6 4
—’=rare, and ‘— —’=very rare, excluding data from the additional
Nidus-form

Nidus-form has a certain resemblance to a nest (lat.
“nidus”). The trace is a pit-shaped boring> 175 pm in
diameter, almost completely covered by thin filaments (tun-
nel width: 1-3 pm), which form a bundle on top of the pit,
before they run closely parallel to the substrate for several
mm (Fig. 3g-h).

Proturbero-form

The Proturbero-form (lat. “stand out”) is comparatively
large. The tunnel-system with widths of up to 75 pm is
irregular with bulbous swellings in the course. Bifurcations
are often rectangular, but sometimes the tunnels split ran-
domly into two to four. The beginning of the tunnels is usu-
ally wider and gets thinner towards the bifurcations (Fig. 3i).

Additional sample material

We also investigated a few additional samples from the Ross
Sea (Fig. 1, Table 1). However, therein observed ichnotaxa
were excluded from the semi-quantitative and subsequent
statistical analysis, because the samples were isolated bar-
nacle skeletal elements from sediment samples that do not
necessarily record the actual water depth of the living ani-
mal. We recorded two further microborings, which were
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not noticed in the other material, and added them to the
ichnotaxa list from the Ross Sea. We found Scolecia ser-
rata Radtke, 1991 by (inferred) bacteria, and an unknown
bioerosion trace:

Clavate-form

This bioerosion trace has planar and slightly clavate tunnels
with convex ends, which are wider than 100 pm (> 160 pm),
with a length of up to 830 pm. They run either parallel or are
collapsed to the substrate surface. In the single sample, they
occur in irregular clusters, occasionally parallel or crossing
each other. In two cases, several tunnels emerged from a
deformed central point of entry (Fig. 3k-1).

Statistical ichnodiversity analyses

As the Mardia and Royston normality tests both resulted
in p <0.001, normality was rejected, and we performed the
non-parametric, multivariate ANOSIM to statistically test
differences between groups (= water depths). ANOSIM
resulted in R=0.5022 with a significance =0.001 (signifi-
cant). The possible and actual permutations were 35.

The NMDS result (Fig. 5a) together with the cluster
analysis with SIMPROF (Fig. 5b) show a clear distinction
in two clusters, a small one for the few samples from the
photic zone and a more widely scattered one for all aphotic
stations (stress=0.11). In the SIMPROF analysis (Fig. 5b),
the two respective main branches diverge at height 3.48.
There is sub-clustering below height 2.5 within the branch
that contains all the aphotic stations that appears independ-
ent of the water depth without any other obvious difference.

Besides samples from 466 m depth with high species
richness, the (ichno)diversity indices yielded similar values
along the bathymetric transect, though varying within the
same water depth (not shown herein). The Shannon index
H’(log,) and Pielou’s evenness J’ vary a little more than the
Simpson indices (details in Table 4). However, there is an
overall trend of a decreasing Simpson index of dominance 4
and general increase of the Shannon index H’(log,) from the
photic to greater water depths. Thus, the shallowest station
has a high dominance of one single dominant taxon (4 close
to 1; Ichnoreticulina elegans) and a low diversity (/-1 close
to 0; H’(log,) close to 0).

Discussion
Ichnotaxa from the Ross Sea

The wide continental shelf of the Ross Sea is in an extreme
environment regarding the seasonal formation of sea ice and
the variable light regime including polar night and day. It
is one of the most comprehensively studied regions of the
Southern Ocean and has a comparatively high species rich-
ness (Clarke et al. 2007). However, the process of bioerosion
and the ichnodiversity of bioerosion traces have received
very little attention, a fact that applies for entire Antarctica.

Sixteen different microbioerosion traces were observed
in barnacles from the Ross Sea. One of the traces was bio-
eroded by chlorophytes, one by cyanobacteria, nine by fungi,
one by foraminifera, one by barnacles, and three traces are
yet of unknown affinity. Two further microborings were
noticed in additional sample material — one by bacteria
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Fig.5 NMDS plots for the a ichnodiversity at Ross Sea and respec-
tive results of the cluster analyses with b SIMPROF, with two prin-
cipal clusters represented by all stations from the photic zone versus
those from the aphotic zone. Several clusters of points were drawn

apart for the purpose of presentation, as some of the dots were on top
of each other. The long numbers indicate the catalogue number of the
NIWA, and the short numbers refer to the sample number
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Table 4 Calculated mean

: - SR Water depth (m) Ichnospe- Margalef’s Simpson index  Simpson index Shan- Pielou’s
f)f 1chnod1yer51ty indices of cies rich- richness of dominance 4 of diversity /-4 non index evenness
ichnotaxa in thf: Ross Sea per ness S index d H'(log,) 7
water depth, with a grand mean
and a mean without the shallow- 37 3.00 0.29 0.99 0.01 0.04 0.03
water samples 154 3.50 0.84 0.76 0.24 041 0.42

277 3.25 1.35 0.47 0.54 0.90 0.82
321 1.25 0.48 0.88 0.13 0.17 1.00
466 6.25 0.94 0.72 0.28 0.55 0.34
538 3.50 1.20 0.50 0.50 0.89 0.73
620 2.25 0.76 0.72 0.28 0.49 0.65
770 2.50 1.81 0.52 0.48 0.80 1.00
879 3.00 0.54 0.67 0.33 0.55 0.50
980 1.67 1.44 0.67 0.33 0.46 1.00
1130 3.75 0.90 0.57 0.43 0.76 0.66
1310 4.75 0.55 0.60 0.41 0.72 0.47
1680 2.25 1.31 0.57 0.43 0.66 0.93
Grand mean 3.15 0.96 0.66 0.34 0.60 0.66
w/o 37 m 3.16 1.01 0.64 0.36 0.61 0.71

and one of unknown origin (Table 2, Figs. 3, 4). Finger-,
Nidus-, and Proturbero-form are unspecified yet and have
no similarity to the morphology of any known ichnotaxa.
Fascichnus frutex and Ichnoreticulina elegans are ichnotaxa
bioeroded by phototrophic cyanobacteria and chlorophyte
algae, respectively, and account for the smallest share of the
ichnospecies richness (Table 2), whereas fungal microbor-
ings constitute the largest share.

We do not entirely agree with the few identifications of
(micro)bioerosion traces in previous studies from the Ross
Sea, which listed Trypanites, Scolecia serrata, Flagrichnus
baiulus, and microborings by sponges (Frank et al. 2014,
2020). The investigated two-dimensional thin sections bear
limitations in addressing three-dimensional bioerosion
traces. In particular, we doubt the identification of sponge
borings (Fig. 9c in Frank et al. 2014; Fig. 7a and b in Frank
et al. 2020) and suggest that those “forms of branching gal-
leries” (Frank et al. 2020) are perhaps internal canals of
stylasterid coral such as those visualised in Wisshak et al.
(2009; Fig. 5) with the cast-embedding technique. In our
opinion, Fig. 9b in Frank et al. (2014) and Fig. 7a in Frank
et al. (2020) do not allow a clear assignment to Trypan-
ites. Furthermore, we would tentatively identify the trace
assigned to F. baiulus in Fig. 7c in Frank et al. (2020) as
Saccomorpha guttulata (Wisshak et al. 2018). The identi-
fication of Scolecia serrata in Fig. 7d in Frank et al. (2020)
appears reasonable, but it is an ichnotaxon and not its pro-
ducer. The bioerosion traces illustrated in Fig. 1 by Cer-
rano et al. (2001) are difficult to address but likely show
Ichnoreticulina elegans, a very common trace produced
by the chlorophyte alga Ostreobium quekettii Bornet and
Flahault, 1889. Hence, there are no reports of ichnotaxa
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from Antarctica in the literature that would complement the
microbioerosion trace diversity we have recorded from the
Ross Sea.

Bathymetric distribution of ichnotaxa

The bathymetric distribution of ichnotaxa in our study is
similar to the usual bathymetric zonation pattern of micro-
endolithic borings, which comprises typically a dominance
of cyanobacterial borings from the supratidal down to the
deep euphotic zone, complemented by chloro- and rhodo-
phyte borings in the euphotic down to the dysphotic zone,
and the exclusive occurrence of traces formed by fungi and
other organotrophs in the aphotic zone (e.g. Golubic et al.
1975; Schmidt 1992; Glaub 1994; Vogel et al. 2000; Glaub
et al. 2002; Wisshak 2012).

Among the traces we have recorded, Fascichnus frutex
and Ichnoreticulina elegans are the only ichnotaxa pro-
duced by photosynthesising organisms and were exclusively
recorded in the upper water column (euphotic zone). Their
trace makers, the cyanobacterium Hyella gigas Lukas and
Golubic, 1983 and the chlorophyte alga Ostreobium queket-
tii, respectively, appear to cope well with the polar night
and its almost complete absence of photosynthetic active
radiation (Fig. 2). The photic zonation at such a high latitude
is strongly condensed, so that only our 37 m station was
within the photic zone. Barnacles are rare in that zone of
the Ross Sea (Newman and Ross 1971), because of sea-ice
abrasion (Smith et al. 2007). More samples from shallower
depths would probably have led to the recognition of further
microborings of phototrophic euendoliths, thus our present
inventory has a shortcoming for the shallow euphotic zone.
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The vast majority of microborings in aphotic waters with
known trace makers are produced by organotrophic organ-
isms (e.g. Golubic et al. 1975; Schmidt 1992; Glaub et al.
2002; Beuck and Freiwald 2005), such as fungi. They thrive
in all environments and are very stable towards varying
environmental conditions, which is confirmed by the often
cosmopolitan distribution of their traces (Table 3; Golubic
et al. 2005; Wisshak 2012). Fungi are independent of light,
but dependent on substrates with organic content to feed
on (as reviewed by Golubic et al. 2005). Trace makers are
not yet known for all the recorded ichnotaxa assigned to a
fungal producer (Table 2), although an organotrophic pro-
ducer is inferred from the trace morphology and occurrence
down to bathyal water depths. For the Finger-, Nidus-, and
Proturbero-form, we can likewise assume an organotrophic
trace maker due to their distribution in the aphotic zone.

We provide first observations of several ichnotaxa (e.g.
Flagrichnus baiulus, Saccomorpha clava) for the deep sea
down to water depths of 1680 m. Saccomorpha clava and
Saccomorpha guttulata are very abundant at 1310 m, co-
existing with Polyactina araneola, Orthogonum lineare, and
Flagrichnus baiulus and Flagrichnus cf. baiulus (Table 3),
all bioeroded by organotrophic trace makers (likely fungi).
Flagrichnus baiulus is so far the only ichnotaxon found at
deeper water depths (3266 m; Hook and Golubic 1993).
Previous microbioerosion studies that have identified
microbioerosion traces were conducted in shallower water
depths in, for instance, the Bahamas (210 to 1450 m; Zeff
and Perkins 1979), Puerto Rico (down to 500 m; Budd and
Perkins 1980), the western North Atlantic Ocean (down to
871 m; Hook et al. 1984), the Porcupine Seabight (north-
eastern Atlantic Ocean, down to 650 m; Beuck and Freiwald
2005), and the Azores (down to 500 m; Wisshak et al. 2011).
Although these studies were not conducted in high latitudes
or in the Southern Hemisphere, the same microborings (such
as Saccomorpha clava in Zeff and Perkins 1979 or Flag-
richnus baiulus in Hook and Golubic 1993) were detected,
because the deep sea has generally similar environmental
parameters at all latitudes as far as cold temperatures and an
aphotic light regime are concerned.

It is a widespread conception that biodiversity decreases
with water depth. However, for benthic invertebrates in the
Southern Ocean, it has been shown that bivalves, gastropods,
and polychaetes have a roughly constant species richness
between 1000 and 6000 m water depth (Brandt et al. 2009).
Our results suggest that this applies also for the ichnodi-
versity of microbioerosion traces between 154 and 1680 m
water depth in the Ross Sea (Table 3).

Statistical evaluation of the bioerosion
ichnodiversity

As an aim of this study is a comparison between the high
latitudes in the North and the South, we applied the same
statistical outline as Meyer et al. (2020), and tested whether
bathymetry (i.e. a reflection of the availability of light) has
a significant impact on the ichnodiversity.

The number of ichnotaxa, their abundance, and the ich-
nodiversity varies with water depth (Table 3). Bioerosion
traces by phototrophic organisms were detected, as expected,
exclusively in the shallow-water samples, whilst borings by
organotrophic organisms dominate the deeper water sam-
ples. The significant ANOSIM demonstrates moderate dif-
ferences (R-value =0.5022) between sampling depths, as
our bathymetric transect covers mainly the aphotic zone,
with roughly the same ichnotaxa occurring at all depth sta-
tions (Table 3). The observation is confirmed by the NMDS
and cluster analysis, that both show a separation into two
main clusters, represented by our photic and aphotic sta-
tions (Fig. 5).

The statistical analysis might be affected to some degree
by a sampling bias: specimens from 466 m, for instance,
were up to 6 cm long and showed the highest ichnodiversity,
whereas specimens from 980 m were only 0.8 cm long and
had the lowest number of traces, implying that the age of the
host organism might be a controlling factor on the observed
ichnotaxa assemblages, as this has an influence on the time
allowed for larvae of microendoliths to infest the substrate.
Also, there are opportunistic and rather slow settlers, and
different microendoliths may bioerode at different rates (e.g.
reviewed by Wisshak 2006), leading to a succession of bio-
erosion stages (e.g. Beuck and Freiwald 2005). However,
we observed no evident correlation between sample size
and number of traces. An additional potential sampling bias
might be that cover plates and armour plates were analysed
but not both at every depth station. In the course of test
series for our corresponding study on samples from Svalbard
(Meyer et al. 2020) we had noted that bioerosion intensity
and ichnodiversity was lower in the cover plates, possibly
because they are in motion and in the reach of the animals
feeding organs.

The mean ichnodiversity indices varied little along the
bathymetric (mainly aphotic) transect, although a general
trend of a decreasing dominance and increasing even-
ness is noticeable due to the switch from the photic to the
aphotic zone. The shallowest station is marked with a high
dominance of one ichnotaxon by a phototrophic bioeroder
(Simpson A very close to 1), confirmed with a low Shannon
diversity H’ and evenness J’. According to the grand mean,
the assemblages have a moderate dominance of ichnotaxa,
and they are rather equally common than very different. The
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results are similar with or without the shallow-water samples
(Table 4), reducing the impact of the shallow-water samples.

Ichnotaxa in the polar North and South

To put the ichnodiversity of the Antarctic Ross Sea in a
wider context, we here compare our findings to our previ-
ous study of microbioerosion traces in Arctic barnacles
(Balanus balanus and Balanus crenatus) from the Svalbard
archipelago (Meyer et al. 2020), as both studies follow the
same methodology and statistical approach and are based on
the same type of substrate.

Svalbard and the Ross Sea are both situated in polar envi-
ronments with seasonally ceasing light levels, sea-ice forma-
tion and ice-scouring, overall low temperatures, and strong
fluctuations of environmental variables in the upper water
column (Zacher et al. 2009). The environmental conditions
in the Ross Sea are more extreme than in Svalbard, which
is still in the far reach of the warm Gulf Stream. In conse-
quence, the Mosselbukta, Svalbard, is roughly 11 months
mostly ice free (see Fig. 2 in Meyer et al. 2020), whilst the
Ross Sea is only roughly two months ice free (Fig. 2). Ant-
arctica is more isolated and surrounded by the Southern
Ocean and the Antarctic Circumpolar Current, whereas the
Arctic is surrounded by continental land masses (e.g. Day-
ton et al. 1982; Zacher et al. 2009). The areas have experi-
enced different palaeogeographic, palacoceanographic, and
palaeoclimatic evolutions that may have had an impact on
the present (ichno)diversity (e.g. Clarke et al. 1992; Crame
1992; Brandt 2005; Zacher et al. 2009).

Nevertheless, in the Ross Sea, we found eighteen different
ichnotaxa and in Svalbard twenty (Table 3 in Meyer et al.
2020), thus portraying a very similar ichnodiversity. The
abundance of traces at both polar study sites was similar,
with a few ichnotaxa being dominant at certain stations (see
Table 3 and Table 3 in Meyer et al. 2020).

Six traces by phototrophic borers were observed in the
Svalbard archipelago and two in the Ross Sea, which are
Fascichnus frutex (by cyanobacteria) and Ichnoreticulina
elegans (by chlorophytes). F. frutex was only recognised
in the Ross Sea, but not in Svalbard waters, where we
have recorded two other Fascichnus forms, which were, in
turn, not seen in the Ross Sea. Conchocelichnus seilacheri
(by rhodophytes) was occasionally dominant in Svalbard
(Table 3 in Meyer et al. 2020) but did not occur in the Ross
Sea. Those contrasts are likely due to the varying number
of samples from the euphotic to dysphotic zone: 65 samples
from Svalbard were from the euphotic and 16 from the dys-
photic zone (Table 1 in Meyer et al. 2020), whereas only
four samples from the Ross Sea were from the deep euphotic
to dysphotic zone (Table 1). As expected, microbioerosion
traces by phototrophs are rare in the Arctic and Antarctic.
Cyanobacteria and chlorophytes are almost completely
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absent in the Ross Sea (Smith et al. 2012), as well as their
traces. According to our findings, rhodophyte traces are also
rare in the Ross Sea and thus likely also their producers.

The number of fungal bioerosion traces is the same at
both locations, though the distribution differs. Two Flagrich-
nus cf. species were described from Svalbard (F. cf. baiu-
lus and F. cf. profundus), and an additional Flagrichnus cf.
species was recorded in the Ross Sea (F. cf. profundus and
Flagrichnus-form I). So far, we have no explanation why
only a single colony of Saccomorpha clava was found off
Svalbard, whilst the ichnotaxon was dominant in the Ross
Sea, although the environmental conditions in Svalbard
would be more favourable and the ichnotaxon is very com-
mon in the adjacent cold-temperate waters of the Norwegian
shelf. Our observation appears to rule out temperature and
sea-ice coverage as a limiting factor for its producer, the
fungus Dodgella prisca Zebrowski, 1936.

The more extreme environment in the Antarctic addi-
tionally influences bioeroding foraminifera and bacteria, as
Nododendrina europaea (produced by endolithic foraminif-
era), a very common trace in Svalbard waters, was not
observed and the inferred bacterial trace Scolecia serrata,
another microboring of high abundance in Svalbard, was
found exclusively in the additional sample material. Both
ichnotaxa were occasionally dominant and occurred almost
in the entire water column off Svalbard. The ‘dwarf ento-
bian’ Entobia mikra has so far primarily been recorded in
cool to cold-water (palaeo)environments (Wisshak 2006,
2008), but their unknown producer seems to be limited by
the harsh conditions in the studied polar environments, espe-
cially in the more extreme Ross Sea.

Four yet undiagnosed microborings (Flagrichnus-form
I, Finger-form, Nidus-form, Proturbero-form) were investi-
gated in the Ross Sea. All of them are most likely the work
of marine fungi, as these traces occur primarily in aphotic
water depths, and are so far only found in the Antarctic. It is
possible that the specific trace makers are endemic species
in Antarctica, as this biogeographic region is characterised
by a high degree of endemism (as reviewed by Brandt 2005;
Zacher et al. 2009).

Only a single macrobioerosion trace, Rogerella isp., an
ichnogenus for very common traces produced by acrotho-
racid barnacles, was detected in the Ross Sea and none in
Svalbard, although more samples were analysed there. As
macroborers usually are not among the first to colonise
substrates and commonly take a few years to establish (as
described, e.g. by Farrow and Fyfe 1988; Kiene and Hutch-
ings 1992; Wisshak 2006; Farber et al. 2016), this lack could
again be due to the size and thus age of the investigated
specimens, or it could reflect a general scarcity of macrob-
orers in polar environments, as demonstrated by only a few
reports on macrobioerosion traces (e.g. Aitken and Risk
1988; Hanken et al. 2012).
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Flagrichnus baiulus, Saccomorpha guttulata, and
Orthogonum-form 1 have previously been suggested as
indicators for cold-water environments in high latitudes and
the deep ocean (Wisshak 2006; Wisshak and Porter 2006;
Wisshak et al. 2018), a view that is supported by the present
findings in the Ross Sea. Entobia mikra and Nododendrina
europaea were also primarily reported from cold environ-
ments (Wisshak 2008), including Svalbard (Meyer et al.
2020), but were not detected in the Ross Sea. Therefore,
we assume that their producers are either somewhat less
well adapted to polar environmental conditions or that their
biogeographic range does not extend that far south. Sac-
comorpha terminalis and Saccomorpha stereodiktyon are
further microborings commonly associated with cold-water
environments (Wisshak 2006), but were found neither in our
Svalbard study, nor in the present study, suggesting that their
producers are limited by polar environmental conditions.

For both study sites, the performed statistical tests indi-
cate that depth (i.e. availability of light) is a significant
driver for the development of different microbioerosion
trace assemblages across the bathymetric range. While this
observation was very clear in Svalbard (ANOSIM, R=0.80;
Meyer et al. 2020), the statistical difference was less signifi-
cant for the Ross Sea (ANOSIM, R=0.50), because most
samples were from the aphotic zone.

Conclusions

This study provides a first comprehensive ichnotaxa list from
the Ross Sea, Antarctica, where eighteen different bioero-
sion traces were recorded in barnacles. These traces are
produced by cyanobacteria (1), chlorophytes (1), fungi (9),
foraminifera (1), barnacles (1), bacteria (1), and unknown
organotrophs (4), most of which were also recorded for
the first time in deep waters down to bathyal 1680 m water
depth. Together with our corresponding study from the
Arctic Svalbard archipelago (Meyer et al. 2020), these data
help constraining the ecophysiological limits of the produc-
ers of certain key ichnotaxa several of which are considered
indicative for cool to cold-water environments (foremost
Flagrichnus baiulus and Saccomorpha guttulata). Statisti-
cal tests indicated only minor differences between groups
from different water depths, as the samples came mainly
from the aphotic zone. The ichnospecies richness was only
slightly lower than what has been recorded in the Svalbard
study (18 vs. 20 ichnotaxa), suggesting a comparable overall
ichnodiversity of microbioerosion traces in the two polar
regions. As a lack of shallow-water samples of the Antarc-
tic region made it difficult to draw conclusions about inter-
tidal ichnodiversity, also other substrates should be consid-
ered in future studies to obtain a better picture of euphotic
shallow-water and intertidal bioerosion in Antarctica. More

studies of bioerosion patterns from the Arctic and South-
ern Oceans are needed to develop a data base that allows
more general conclusions on the biogeographic distribution
of bioerosion traces and their producers for the overall aim
of a better understanding of the bioerosion process in polar
environments.
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