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ARTICLE INFO ABSTRACT

Keywords: A survey of the adjacent waters east of Nantucket, Massachusetts provided an opportunity to evaluate the epi-

Atlantic surfclam biota attached to cobbles, rocks, boulders, and Atlantic surfclam shell in a region of high tidal current velocity

EObEIe and sand scour where burial, exhumation, and scour may limit epibiont coverage on exposed, and thus otherwise
ocC|

highly preferred for attachment, substrates. Such conditions may confute the expectation that substrate
complexity always adds significantly to ecosystem value by expanding the range of habitat options and conse-
quently increasing species richness and trophic linkages. Sedimentary particles potentially providing good
attachment substrate for erect sessile epibiota included surfclam shells, abundant at many locations, cobbles,
nearly ubiquitous, rocks, routinely encountered, and occasional boulders. The attached epibiota fell into three
categories based on their biases for particle types. Some preferred the largest particles or evidence of their
occupation was best preserved on these particles: these included sponges, mussels, and barnacles and their scars.
Some preferred intermediate and smaller terrigenous particles; these included tunicates and encrusting bryo-
zoans. Some preferred surfclam shells, namely the slipper shells and erect hydroids. Slow-growing attached
epibionts were exceedingly rare and all soft-bodied attached epibionts were rare. Only barnacles and their
taphonomic scars and hydroids were common. The frequency of barnacle scars relative to intact barnacles
suggests sediment scour under a high-flow regime. Mussels were rarely attached to larger sedimentary particles
such as cobbles and rocks, though commonly occurring locally as mussel beds on sand and pebble, further
supporting the ephemerality of exposed unscoured attachment sites. The absence of attached epibionts dem-
onstrates that edaphic processes minimize the importance of cobbles, rocks, boulders, and shells in community
structure in some subtidal high-energy regimes, defying expectations from their contribution to substrate
complexity. Their apparent contribution to habitat complexity belies their resultant much more minor role in
determining community composition, thereby limiting their ecosystem value.

Barnacle scar
Epibiont coverage
Hydroid

Great South Channel

1. Introduction dunes with amplitudes of many meters, and mobile sand-rich sediments

with admixtures of larger grain sizes derived from the continental gla-

The Great South Channel and adjacent waters east of Nantucket,
Massachusetts, is a region of high tidal current velocities, characterized
by half-decameter-scale sand dunes and a cobble, rock, and boulder-rich
sediment consequent of the presence of a terminal moraine from the last
ice age (Emery and Uchupi, 1965; Trumbull, 1972; Twichell, 1983;
Mann et al., 1981). The area is highly productive. Atlantic surfclams
(Spisula solidissima), a species of interest in this study, grow to a size
larger here than over the remainder of the species’ range (Powell et al.,
2020). Regions on the continental shelf of the type exemplified by the
Great South Channel, characterized by high current velocities, sand
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ciers that receded at the end of the Pleistocene are relatively rare in the
world’s oceans. They are, however, not infrequent in localized regions of
northern hemisphere boreal and subarctic waters (Bge et al., 2009,
2015; Barrie et al., 2009; Bellec et al., 2010).

Substrate complexity is expected to add significantly to ecosystem
value by expanding the range of habitat options and consequently
increasing species richness and trophic linkages. The combination of
rocks, cobbles, and boulders derived from glacial till, immersed in a sea
of moving sand and prograding dunes, may however provide an unex-
pectedly rigorous habitat for benthos that normally should be
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advantaged by the availability of hard bottom for colonization and
increased habitat complexity supporting increased species richness.
Though the hydrodynamics and sedimentology of these high-current-
velocity environments are well-studied, the epibiotic community of
these rigorous habitats remains poorly known.

Off the Island of Nantucket, a portion of such a region has been
designated as a Habitat Management Area (the Great South Channel
HMA) due to the complex habitat rendered by the coarse substrates left
by ice-age glaciation (Powell et al., 2019). The potential closure of an
important fishing ground for Atlantic surfclam, Spisula solidissima, led to
a survey of the region eastward of Nantucket to the Great South Channel
(Powell et al., 2019, 2020). The survey provided an opportunity to
evaluate the epibiota of the hard-substrate constituents in a region of
prograding sand dunes, high tidal current velocities and sand scour on
the continental shelf and to address the expectation that substrate
complexity is a routinely useful surrogate for ecosystem value and thus a
useful tool for identifying critical habitats on the continental shelf for
ecosystem management.

The distribution of skeletal epibionts and their traces offer potential
in the interpretation of paleo-communities (Nebelsick et al., 1997;
Walker, 1998; Rodland et al., 2006; Brett et al., 2011; Peryt et al., 2012;
Smrecak and Brett, 2014). Much attention has been given to epibiont
communities on skeletal material such as bivalve shells (Black and
Peterson, 1987; Lescinsky, 1993; Zuschin and Baal, 2007; Smyth and
Roberts, 2010; Schejter et al., 2011), leading to the important concept of
taphonomic feedback (Kidwell, 1986). Much less attention has been
directed towards abiotic terrigenous and carbonate substrates with the
exception of rocky shores (Daly and Mathieson, 1977; Littler et al., 1983;
D’Antiono, 1986) and carbonate hardgrounds (Zuschin and Pervesler,
1996a, 1996b; Gherardi and Bosence, 1999; Brett et al., 2011). Among
the more unique applications are ship wrecks (Hageman, 2001) and
ghost fishing gear (Saldanha et al., 2003). Much attention has been paid
to quiet water habitats wherein the rate of burial is a prime controller of
epibiont coverage (Conover, 1975; Parsons-Hubbard et al., 1999; Gor-
dillo and Aitken, 2000; Powell et al., 2011a; Brett et al., 2011) and in
which taphonomic degradation of skeletal epibionts follows standard
taphonomic outcomes based on the relationship of burial rate and the
rigors of the taphonomically-active zone (TAZ; Davies et al., 1989).
Receiving much less attention are high energy subtidal regimes where
burial, exhumation, and sediment scour may limit epibiont coverage on
exposed, and thus otherwise highly preferred for attachment, substrates.
Identifying such conditions is critical for constraining the use of epibiont
coverage in paleocommunity reconstruction, while also imposing
caution on the assumed importance of substrate complexity in deter-
mining present-day community structure and in application to
ecosystem management. Herein is examined the degree of epibiont
coverage in a classic high-energy case of a substrate-rich environment on
the continental shelf exposed chronically to burial, exhumation, and
sediment scour. Inquiry focuses on the importance of substrate
complexity as it influences community structure under these conditions.

2. Methods
2.1. Survey location and design

The survey took place in early August 2017. The survey domain is
shown in Fig. 1. Three regions are demarcated for easy reference in a
series of faunal maps that follow. The first, located on the eastern portion
of the maps at the upper left, is a region historically supporting significant
landings of Atlantic surfclams. The surfclam supports a major fishery on
the continental shelf of the U.S. Mid-Atlantic coast (NEFSC, 2017). Note
that the western boundary approximates the inshore boundary of the U.S.
exclusive economic zone (EEZ) and that the southern boundary abuts on
the lower left the Nantucket Lightship Habitat Closure Area. The larger
region located in the center and to the right is the Great South Channel
Habitat Management Area much of which was closed in 2019 to
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bottom-tending fishing gear otherwise expected to damage the complex
habitat and susceptible epibiota presumed to co-occur as a consequence
of substrate complexity in the HMA.

A fixed grid design was chosen for the survey to insure that the region
was evenly and densely sampled. Fixed grids are routinely used to
evaluate regions initially for later inclusion into a stratified random
survey design (e.g., van der Meer, 1997; Morehead et al., 2008; HSRL,
2012; Powell et al., 2017a). A hub-and-spoke fixed grid design was
implemented with spokes of 3-nm (5.56-km) length (Fig. 1). Six of the 63
stations (9.5%) were repositioned within 1NM of the designated posi-
tion. Stations were moved for three reasons: (1) some fell just inshore of
the EEZ inshore boundary and were moved offshore across the boundary
line; (2) some stations fell just inside the Nantucket Lightship Habitat
Closure Area and were moved just north of that closure line; and (3)
some stations fell on untowable bottom, always locations too shallow for
the vessel to safely tow, and were moved laterally into deeper water.

2.2. Survey towing and on-deck processing protocol

The survey vessel was the F/V Mariette, homeport New Bedford,
Massachusetts. This vessel fishes routinely in the area. The dredge was
a 99-in (2.51-m) hydraulic dredge (for a description of this type of
gear, see Lambert and Goudreau, 1996). Bar spacing was 1.875" (4.76
cm) on the top, bottom, and knife shelf and 1.75” on the sides.
Selectivity is unknown, but experience with dredges of this type sug-
gests that the dredge will be ~100% selective for market-size surfclams
(>120 mm), that represent the dominant contributor of sedimentary
skeletal material in the surveyed region (Powell et al., 2020), with
selectivity steadily declining at smaller sizes. Only large whole surf-
clam shell or major fragments (Davies et al., 1990) of large surfclam
shells were retained, as small fragments, very likely plentiful, were
narrower than the dredge bar spacing. Round or oblate particles such
as cobbles should be nearly 100% selected if larger in diameter than
the 1.75" bar spacing. The F/V Mariette uses a shaker to clean up the
catch. The shaker grate was closed to 0.75” (1.9 cm) for the survey.1

Towing protocol was a 5-min tow in the direction of the next station
except where large sand waves restricted towing direction. Tow speed
was 3 knots. Most tows lasted for 5 min, but excessive catch or rapid
shoaling decreased tow time in a few cases. Total swept area averaged
about 1250 m2. The entire catch was sorted including all live surfclams,
cobbles, rocks, boulders, associated invertebrates, and shell. All free-
living invertebrates, except mussels, were tallied. Bushel volumes
were recorded for mussels, cobbles, rocks, and boulders rather than
counts. To limit processing time, invertebrates were identified to higher
taxon (e.g., anemone, tunicate, sponge). In some cases (e.g., tunicates),
these categories included a number of different species. Only common
taxa are included in this report. A full dataset is available as supple-
mentary material to Powell et al. (2019). All biota and sediment parti-
cles were standardized to per m? catch except attached bionts that were
placed into a semiquantitative scale (viz., 0 = absent, 1 = present, 2 =
predominant; where predominant refers to a taxon with considerably
more coverage than other taxa within the sample as judged by visual
inspection).

Ten haphazardly chosen each of cobbles (2-6") (5.1-15.2 cm), rocks
(6-12") (15.2-30.5 cm), boulders (>12"), and surfclam shells were
photographed, if > 10 where present; otherwise all were photographed.
Photos were biased towards the side of the particle with the largest
coverage of attached bionts, if any were present. Photographs were
analyzed in terms of percentages (e.g., percent of photographs with
hydroids). The photographic analysis is biased against stations with

! Throughout, vessel gear characteristics will be specified in inches, in
conformance with standards used in the fishing industry. Sediment particle
definitions that follow likewise will be specified in inches in conformance with
definitions used by the National Marine Fisheries Service.
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Fig. 1. Top, location of survey outlined by a solid
black line just off Massachusetts just east of Nan-
tucket. Bottom, close up of the survey design. Gray
solid line outlines the sector historically contributing
most of the Atlantic surfclam landings in the sur-
veyed region. Gray dashed line outlines the northern
portion of the Nantucket Lightship Habitat Closure

! Area. Gray dotted line outlines the upper half of the
q // O Great South Channel Habitat Management Area.
42° Letters and numbers are station designations for the

g 63 stations in the survey. Depths are in meters.
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large catches in that 10 photographs from those stations were usually a
small subsample of the entire catch. However, standardizing to catch
would have provided metrics dominated by a few stations and thus not
be representative of the surveyed region. The photographic analysis is
also biased against stations with low catches in that these stations pro-
vided fewer than 10 photographs of one or more sedimentary particle
type. No standardization for under-representativeness is included. Chi-
square was used for statistical analysis standardized to numbers per
hundred. The limited number of boulders encountered resulted in chi-
square tests incorporating this particle size failing standard cell num-
ber requirements for chi-square in some cases. These analyses are
nevertheless included: caveat lector.

Figures that follow generally compare two components of the catch.
Circle diameters are linearly proportional to catch (in m~2) or to the
semiquantitative scale within each component, but are not comparable

-69°20'

between components. Thus, for example, in a plot of surfclam shell and
cobbles (Fig. 2), differential circle sizes for surfclam shell show differ-
ences in catch of surfclam shell between stations; ditto for cobbles.
However, no valid quantitative comparison can be made between the
circle sizes for the catch of surfclam shell and the catch of cobbles.

3. Results
3.1. Distribution of Atlantic surfclam shell

Rocks, cobbles, and boulders are relatively permanent components
of the sedimentary environment. As the dredge was constructed to
minimize the capture of most particles <120 mm, most shell recovered
and all large shell recovered was whole shells and major shell fragments
of the Atlantic surfclam, Spisula solidissima. The survey also encountered
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Fig. 2. Left, catch of cobbles (green) and surfclam shell (purple). Right, catch of rocks (green) and surfclam shell (purple). Variations in green and purple shading
accrue from circle overlap. Gircle diameters are linearly proportional to bu m~2 within category only. Abundance comparisons cannot be made across categories. Zero
catch stations are not shown (see Fig. 1 for full station complement). Depths in m. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

shells of a number of small clams (e.g., Astarte, Pitar), that are poorly
caught by the survey gear and thus not reported here. Bivalve shell
enters into the taphonomic process after death. Stated simply, various
degradative processes such as dissolution, abrasion, and bioerosion
operate to destroy the shell (Staff et al., 1986; Powell et al., 1989; Davies
et al., 1990) while it is at the surface or in the surficial sediments within
the TAZ. Burial, on the other hand, removes shell from the TAZ, thereby
preserving it for an extended period of time if not indefinitely (Powell,
1992; Tomasovych et al., 2006; Powell et al., 2012). The robustness to
taphonomic degradation of surfclam shell is unknown, but shells of
similar clam species tend to be robust (Callender et al., 1994; Walker and
Goldstein, 1999; Powell et al., 2011b,c). Thus, surfclam shell should
remain intact for many decades after death (Powell et al., 2017b) and
therefore should be a relatively permanent contributor to the complexity
of the sedimentary environment. Herein, surfclam shells are treated
equivalently with the larger terrigenous components of the substrate.

In the surveyed region, surfclam shell was generally encountered in
the northwestern corner and then on a southeastward trend through the
region historically supporting the surfclam fishery, thence through the
eastern and central HMA, the central region being relatively newly
colonized by surfclams (Powell et al., 2020) consequent of post-2000
warming of the bottom water along the Great South Channel (Persh-
ing et al., 2015) (Fig. 2). Catches generally coincided with locations
where surfclams >150 mm were most common (Powell et al., 2019), as
would be anticipated by their source and high probability of
preservation.

3.2. Distribution of cobbles, rocks, and boulders

Cobbles, rocks, and boulders are routinely encountered on the
neighboring Georges Bank in regions occupied by surfclams (Powell
et al. 2017b, 2019). Surfclams, however, are sand denizens and, pre-
sumably, do not require or benefit from the presence of such sedimen-
tary components in their habitat. Cobbles, defined as particles 2-6" in
diameter, were commonly encountered at many sites in the surveyed
region (Fig. 2), but were most common at intermediate depths in the
west-central portion of the HMA and southeast of Nantucket. See Powell
et al. (2019) for depth dependencies of the biota and sedimentary par-
ticles in the surveyed region. Although surfclam shell routinely
co-occurred with cobbles, cobbles frequently did not co-occur with
surfclam shell (Fig. 2).

Rocks, sediment particles 6-12” in diameter, were much less com-
mon than cobbles; however, the distribution of rocks is similar to cob-
bles, as might be anticipated by the glacial origin of both (Trumbull,
1972). Rocks were rarely common in locations where surfclam shell was
abundant, however. Rocks were most common in the north and central
portions of the HMA and southeast of Nantucket (Fig. 2).

Boulders, sediment particles >12" in diameter, were sporadically
and uncommonly encountered on the survey, but were more likely to be
encountered at sites where rocks were common (Fig. 3). This too is
consistent with the glacial origin of both.

3.3. Distribution of mussels

Mussels were abundant at a few sites. When abundant, they occurred
in dense mats attached to pebbles and sand grains, which counter-
weighed their tendency towards saltation. Mats normally were a mixture
of Modiolus modiolus and a Mytilus species or just Mytilus. Two species of
Mytilus are found along the northeast coast, Mytilus edulis and Mytilus
trossulus, with the latter extending farther north and the former farther
south. Considerable overlap in their ranges exists north of Cape Cod
(Rawson and Harper, 2009), with mussels collected south of central
Maine on the East coast more likely to be Mytilus edulis as M. edulis is the
predominant species from central Maine south (Hilbish et al., 2000;
Rawson et al., 2001) to Cape Hatteras (Wells and Gray, 1960). No
attempt was made to determine the species composition of the mytilids
on this survey, however no large Modiolus were collected, consistent
with the warming of the study region since 2000 with bottom water
temperatures likely too high for long-term survival of this boreal species.

Highest mussel catches occurred in the northwestern portion of the
HMA, with a single exception of one site in the south-central portion of the
HMA (Fig. 4). The distribution of mussels along the northeast coast of the U.
S. in the intertidal is noteworthy for being associated with rocky shores or
manmade structures (Lauenstein et al., 1997; Cockrell et al., 2015),
although they commonly occur in intertidal mats along the western Euro-
pean coast (Beukema and Cadée, 1996; Widdows et al., 2002; Diederich,
2006) and in the Bay of Fundy (Wildish et al., 2009). The abundance of
cobbles and rocks at some survey sites suggests ideal substrate exists for
mussels and sites yielding mussels or cobbles and rocks in abundance were
often located in a similar depth range along a southeast trending line from
the northwestern corner of the HMA south to the central region of the HMA
(Fig. 4). Surprisingly, the mussels were rarely abundant at sites where
cobbles, rocks, or boulders were common (Figs. 4 and 5), even though all
four were frequently encountered in the same depth range. Thus, mussel
beds did not depend on large sedimentary particles for their presence or
integrity; rather, their cohesion was based on interwoven byssal threads,
pebbles, and sand grains, as is typical of mussel beds on soft sediments
(Wildish et al., 2009; Salas et al., 2016; wa Kangeri et al., 2014, 2016).

Although the vast majority of mussels occupied interwoven byssal
mats, a few were found attached to shells, cobbles, and rocks. The per-
centage of such particles bearing attached mussels was low (Table 1,
Fig. 5). Mussel coverage differed significantly among substrate types
(Table 2). Attached mussels were somewhat more common on boulders,
although by no means ubiquitous (Table 1) and significantly more
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Fig. 3. Left, catch of rocks (green) and boulders (purple). Right, catch of surfclam shell (green) and slipper shells (purple). Variations in green and purple shading
accrue from circle overlap. Circle diameters are linearly proportional to bu m~2 for surfclam shell and 1 = present and 2 = abundant for slipper shells. Abundance
comparisons cannot be made across categories. Zero catch stations are not shown (see Fig. 1 for full station complement). Depths in m. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Left, catch of rocks (green) and mussels (purple). Variations in green and purple shading accrue from circle overlap. Right, catch of cobbles (green) and
mussels (purple). Circle diameters are linearly proportional to bu m™. Zero catch stations are not shown (see Fig. 1 for full station complement). Depths in m. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

common than on rocks, cobbles, and shells (Table 2), presumably due to
the increased stability of boulders and their higher vertical extent above
the sea floor. Mussels were also significantly more frequently attached to
rocks than cobbles or shells (Table 2), but no more common on shells
than on cobbles; however, mussels were never present in quantity on
any of the four substrate types.

3.4. Distribution of attached epibenthos

Evaluation was made of large attached epibenthos on cobbles, rocks,
boulders, and surfclam shell. No record was made of the occurrences of
small encrusting organisms such as spirorbids, serpulids, and forami-
nifera; such small epibionts are frequent rapid colonizers of newly
exposed substrate (Haderlie, 1969; Brett et al., 2011), but too small to be
consistently identified under the conditions of this survey. Cobbles,
rocks, boulders, and surfclam shell were most commonly free of the
recorded suite of attached epibionts (Fig. 6), with the exception of
barnacles and their scars (Table 1).

The most common and ubiquitous large epibiont was the barnacle.
Barnacles were observed encrusting cobbles, rocks, boulders, and surf-
clam shells at almost every site where these particles were present
(Fig. 7, Table 1), however barnacles and scars (the basal plate or
attachment mark made by the basal plate) were equivalently distributed

among these substrate types (Table 2). Barnacles and barnacle scars
were least common on surfclam shells and most common on boulders,
with frequency incrementing with particle size, consistent with an
anticipated increasing likelihood of exposure of the particle above the
sediment-water interface and immobility of the particle while exposed
(Table 1, Fig. 8). This trend was significant, with the exception of cob-
bles and shells which, once again, did not differ significantly in coverage
(Table 2).

Barnacles are common fouling organisms, widely reported present-
day and in the fossil record (e.g., Haderlie, 1969, 1971; Scanland,
1979; Zuschin and Pervesler, 1996b; Parras and Casdio, 2005; Nielson
and Funder, 2003; Schneider-Storz et al., 2008). The overwhelming
majority of barnacle occurrences in this survey were in the form of
barnacle scars rather than intact barnacles (Table 1). Barnacle fragments
and scars are very likely commonplace on hard substrate, but are very
rarely reported (Brett et al., 2011; see Aguirre et al., 2008 for a fossil
example). Attached barnacles occurred with about equal frequency
among the particle types (Table 1, Fig. 8), whereas barnacle scars
occurred with increasing frequency with increasing particle size. The
inference from the limited reporting of barnacle scars in the fossil record
and limited evidence from recent studies (Brett et al., 2011; Powell et al.,
2011a) is that these taphonomic remains rapidly degrade; thus implying
near-term abrasive processes limiting survival of living barnacles and



E.N. Powell et al.

Estuarine, Coastal and Shelf Science 249 (2021) 107089

Fig. 5. Example surfclam shells, cobbles, rocks, and boulders with attached mussels, slipper shells, and sponges. Letter-number designations refer to sample sites as

delineated in Fig. 1.

Table 1

Frequency of occurrence of mussels and barnacles and barnacle scars on shells, cobbles, rocks, and boulders. Frequencies are defined within column; between column
comparisons are invalid. Note that photographic analyses are not normalized to substrate catch volume or by station: numbers are raw estimates based on the number
of photographs taken. Note that substrate photographs emphasize the side with the most attached epibionts.

PhotographsExamined  Percent with Attached Percent with EncrustingBarnacles or Percent with Percent with EncrustingBarnacle
Mussels Scars EncrustingBarnacles Scars
Shells 290 7.2% 56.9% 30.0% 51.4%
Cobbles 445 5.4% 61.8% 22.7% 59.6%
Rocks 140 13.6% 74.3% 28.6% 73.6%
Boulders 26 30.8% 80.8% 26.9% 76.9%
Total 901

Table 2

Results of chi-square tests across all substrates and between designated substrate pairs. The comparison examines the differential distribution of substrates with and
without each biont type. Percentage compositions are provided in Tables 1, 3 and 4. The category of erect hydroids includes erect hydroids and erect bryozoans which

were not distinguished. -, no significant at a = 0.05.

Barnacles Mussels Tunicates Encrusting Erect Hydroids/
Bryozoans

All Substrates P =0.0011 P < 0.0001 - P < 0.0001 P < 0.0001
Boulder-Rock - P =0.029 - P =0.05 P =0.05
Boulder-Cobble P =0.05 P < 0.0001 - P =0.04 -
Boulder-Shell P =0.018 P < 0.0001 - - P = 0.0026
Rock-Cobble P = 0.007 P = 0.0012 - - P =0.039
Rock-Shell P = 0.0005 P =0.034 - P < 0.0001 P =0.037
Cobble-Shell - - P =0.01 P < 0.0001 P < 0.0001

preservation of their tests after death. One cannot exclude, however,
that these scars record the longer-term colonization of sedimentary
particles exposed and buried many times since the end of Pleistocene
glaciation.

Sponges, anemones, and tunicates were rarely encountered. These
attached epibionts were most often encountered in the north and north-

eastern sectors of the HMA (Fig. 9). Attachment to surfclam shells
occurred less frequently than attachment to sedimentary particles
(Figs. 5 and 9, Table 3), but these epibionts were exceedingly rare in
comparison to barnacles and barnacle scars. Importantly, these epi-
bionts do not leave long-lasting traces when detached or eroded off. The
occurrence rate of whole barnacles was higher, but only about three
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Fig. 7. Photographs of representative surfclam shell, cobbles, rocks, and boulders with barnacles and barnacle scars. Letter-number designations refer to sample sites
as delineated in Fig. 1.
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Table 3

Frequency of occurrence of tunicates, anemones, and sponges on shells, cobbles,
rocks, and boulders. Frequencies are defined within column; between column
comparisons are invalid. Note that photographic analyses are not normalized to
substrate catch volume or by station: numbers are raw estimates based on the
number of photographs taken. Note that substrate photographs emphasize the
side with the most attached epibionts.

Photographs  Percent with Percent Percent with
Examined Tunicates + with Anemones +
Anemones + Tunicates Sponges
Sponges
Shells 290 4.8% 4.8% 0.0%
Cobbles 445 11.2% 10.1% 1.3%
Rocks 140 8.6% 7.9% 1.4%
Boulders 26 7.7% 3.8% 3.8%
Total 901

times as high in comparison to the factor of 10 difference for barnacle
scars. Thus, the impact of taphonomy was recorded for the barnacles,
but not for the other epibionts.

Nearly all occurrences of anemones, tunicates, and sponges were
provided by the tunicates (Table 3). Sponges and anemones were
exceedingly rare. Their rarity is consistent with an analysis for a
neighboring region on Georges Bank and also the southern part of the
Great South Channel HMA south of the surveyed region (Powell et al.,
2017a). Tunicates were unevenly distributed among the substrate types
(Table 2). They were least often encountered on boulders and surfclam
shells and most often encountered on rocks and cobbles (Tables 2 and 3).
Rocks and cobbles did not differ significantly in the frequency of tuni-
cate occurrence (Table 2), although, often, though not always,

encrusting tunicates displayed high coverage on the sedimentary par-
ticles on which they were found. Sponges and anemones were never
encountered on surfclam shells and were distinctly more frequent,
though still very rare, on boulders, suggesting that the larger sediment
particles provided some degree of temporal stability above the
sediment-water interface allowing these slower growing epibionts to
populate.

In contrast to the tunicates, sponges, and anemones, the attached
hydroids® were considerably differentially distributed (Fig. 10). Hy-
droids were commonly encountered at many sites. Many such sites were
locations yielding surfclam shell (Fig. 9). Hydroids, though found
attached to cobbles, rocks, and boulders, were distinctly differentially
distributed from these sedimentary particles. Distribution was uneven in
its occurrence among substrate types, with the occurrence rate on shells
being significantly higher than other substrate types (Table 2), empha-
sizing the importance of surfclam shell for this epibiont (Figs. 10 and
11). Photographic analysis confirmed the ubiquity of hydroids as
attached epibionts (Fig. 11, Table 4), though less common than barna-
cles and barnacle scars (Table 1).

Encrusting bryozoans and bryozoan remnants were encountered
with some frequency on rocks and cobbles and with much lower fre-
quency on shells and boulders (Table 4). Distribution was uneven in its
occurrence among substrate types, with the occurrence rate on shells
being significantly lower than on rocks and cobbles, which themselves

2 Erect bryozoans and hydroids could not be differentiated during the survey.
Most organisms encountered were likely hydroids, but confirmation is lacking;
nonetheless, for brevity, this type of epibiont will be referred to as “hydroid”
throughout this report.
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Fig. 11. Representative hydroids attached to a surfclam shell and a cobble. Note that hydroids and erect bryozoans were not discriminated; thus reference here and

elsewhere to ‘hydroid’ should not be interpreted as a definitive identification.

Table 4

Frequency of occurrence of slipper shells, encrusting bryozoans and their rem-
nants, and encrusting hydroids on shells, cobbles, rocks, and boulders. The
category of erect hydroids includes erect hydroids and erect bryozoans which
were not distinguished. Frequencies are defined within column; between column
comparisons are invalid. Note that photographic analyses are not normalized to
substrate catch volume or by station: numbers are raw estimates based on the
number of photographs taken. Note that substrate photographs emphasize the
side with the most attached epibionts.

Photographs ~ Percent Percent with Percent with
Examined with Encrusting Erect
Slipper Bryozoans and Hydroids
Shells Remnants
Shells 290 1.7% 13.4% 50.0%
Cobbles 445 0.2% 30.3% 29.9%
Rocks 140 0.0% 30.0% 39.3%
Boulders 26 0.0% 11.5% 19.2%
Total 901

did not differ (Table 2), Encrusting bryozoans were not distinguished
from their remnants. Like the barnacle scars, the presumption that
bryozoan remnants document recent occupation is assumed. Slipper
shells (Crepidula sp.) were uncommon, but more frequently encountered
on shells than on other substrates (Table 4, Fig. 5), and most common
inshore of the region supporting mussel beds (Fig. 3). The preference of

slipper shells for large surfclam shells, found in highest concentrations
inshore, was striking.

3.5. Distribution of epibionts across substrate types

Epibionts were not distributed randomly among substrate types
(Table 5). Some part of this bias accrued from a differential distribution
of particle type by depth; however, rocks, cobbles, boulders, and shell
were widely distributed across the depth range and thus available for
colonization in most depths (Powell et al., 2019). Barnacles and their
scars and mussels occurred significantly more commonly on boulders
than the other epibiont taxa (Table 5). Barnacles and their scars were
significantly more commonly encountered on rocks than other epibiont
taxa (Table 5); tunicates and mussels were significantly less common.
The same pattern existed for cobbles. Surfclam shells evinced a rela-
tively unique pattern in the significantly higher incidence of erect hy-
droids, a similar incidence with the occurrence of barnacles and their
scars, relative to the remaining epibiont taxa (Table 5). Whether this is a
depth or substrate preference is unclear as surfclam shells were more
common at shallower depths, as were the erect hydroids.



E.N. Powell et al.

Table 5

Estuarine, Coastal and Shelf Science 249 (2021) 107089

Results of chi-square tests across all epibionts and between designated epibiont pairs. The comparison examines the differential distribution of epibionts on each
substrate type. Percentage compositions are provided in Tables 1, 3 and 4. The category of erect hydroids includes erect hydroids and erect bryozoans which were not

distinguished. -, not significant at o = 0.05.

Boulders Rocks Cobbles Shell

All Epibionts P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
Encrusting Bryozoans-Tunicates - P < 0.0001 P < 0.0001 P =0.0003
Encrusting Bryozoans-Erect Hydroids - - - P < 0.0001
Encrusting Bryozoan-Mussels - P = 0.0009 P < 0.0001 P =10.014
Encrusting Bryozoans-Barnacles P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
Tunicates-Erect Hydroids - P < 0.0001 P < 0.0001 P < 0.0001
Tunicates-Mussels P=0.01 - P = 0.0085 -
Tunicates-Barnacles P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
Erect Hydroids-Mussels - P < 0.0001 P < 0.0001 P < 0.0001
Erect Hydroids-Barnacles P < 0.0001 P < 0.0001 P < 0.0001 -
Barnacles-Mussels P =0.0003 P < 0.0001 P < 0.0001 P < 0.0001

4. Discussion
4.1. Hydrodynamics and burial

The Great South Channel region is characterized by high rates of
tidal current flow with a net flow to the south (Chen et al., 1995). Flow
rates are sufficient to support the creation and migration of multi-meter
amplitude sand waves (Harris et al., 2012). Conditions of this sort are
unusual on the continental shelf, but not unprecedented (e.g., Boe et al.,
2009, 2015; Barrie et al., 2009; Bellec et al., 2010).

The surveyed area is noteworthy for the commonplace encounter of
sedimentary particles potentially providing good attachment substrate
for erect sessile epibiota. Atlantic surfclams were abundant over much of
the region and reached unusually large size (Powell et al., 2020). Not
surprisingly, surfclam shells were also abundant at many locations.
Cobbles were nearly ubiquitous. Though very common at a smaller
proportion of stations, rocks were routinely encountered, and boulders
were encountered occasionally. These larger sedimentary constituents
originate from the presence of a terminal moraine from the last Pleis-
tocene glaciation; their near ubiquity is therefore not unexpected. For
surfclams, in contrast, death occurs at the sediment-water interface, as
the species is infaunal. Thus, the shell initially is mostly or completely
buried. Even a dusting of sediment will prevent attachment of most
encrusters, the small skeletal polychaetes and certain encrusting fora-
minifera being exceptions (Parsons-Hubbard et al., 1997, 2001; Powell
et al., 2008). Thus, encrustation on surfclam shell was anticipated to be
relatively rare due to their infaunal tier (Rodland et al., 2004). Sur-
prisingly, perhaps, encrustation was also rare on cobbles, rocks, and
boulders, with the exception of barnacle scars, suggesting that these
sedimentary constituents are also persistently or frequently buried. In
particular, slow-growing attached epibionts such as sponges were
exceedingly rare and most soft-bodied attached epibionts were rare, the
exception being the erect hydroids.

The frequency of barnacle scars relative to intact barnacles is sug-
gestive of burial and exhumation and the abrasive impact consequent of
sediment scour in a high-flow regime, which is a characteristic of the
region between Nantucket and the Great South Channel. The absence of
a well-developed attached epibiont community strongly suggests that
cobbles, rocks, and boulders are often buried, and are scoured by
resuspended and saltating sediment when exposed (Lewis, 1964; Daly
and Mathieson, 1977; D’Antonio et al., 1986). The commonplace
occurrence of barnacles, given the hydrodynamic conditions, can be
explained by their rapid growth rates (Haderlie, 1971; Goren, 1979;
Bertness et al., 1991; Sanford et al., 1994; Nishizaki and Carrington,
2015), permitting successful colonization during relatively short periods
of substrate exposure and limited scour, and their ability to withstand a
degree of instability of the attached substrate (Boessenecker, 2013). The
frequency of scars indicates the importance of sand scour (Schneider--
Storz et al., 2008). The oddity of hydroids also may be explained by their
rapid growth rates (Gili and Hughes, 1995). That is, only this type of
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epibiont could reach a large size in the short time that these sedimentary
constituents are exposed and remain unscoured. The relatively high
proportion of cobbles, rocks, and boulders without attached biota or
with only barnacle scars is particularly instructive in supporting the
hypothesis that these sedimentary constituents remain buried much of
the time or are repeatedly scoured (Wilson, 1987).

4.2. Community types

The shallowest sites were occupied by a distinct surfclam-dominated
community, comprising an abundance of large surfclams (Powell et al.,
2019, 2020), and a few common attached epibiota, the hydroids and
slipper shells, that were primarily found attached to exposed surfclam
shell. The presence of common attached organisms on surfclam shell,
despite the hydrodynamic regime facilitating resuspension and burial,
suggests that a mechanism exists maintaining exposure of some fraction
of the shell resource. Shell left to natural bottom conditions will nor-
mally be buried, often rapidly, in soft-sediment environments (van
Straaten, 1952; Clifton and Hunter, 1973; Conover, 1975; Trewin and
Welsh, 1976; Parsons-Hubbard et al., 1997), unless transiently uncov-
ered by the passage of sand waves (Diaz et al., 2003), as may well be the
case in the surveyed region. Regardless, shell routinely will have few or
no epibionts due to limited exposure time (e.g., Rodland et al., 2006;
Powell et al., 2008; Brett et al., 2011: compare these examples to that of
exposed scallops, oysters, epifaunal clams, and hermatized gastropods,
Walker, 1988; Lescinsky, 1993; Smyth and Roberts, 2010; Souto et al.,
2012; Vicentuan-Cabaitan et al., 2014). Possibly, the activities of the
fishery are responsible. Hydraulic dredges resuspend the bottom, but
some shell is retained while the remaining smaller sedimentary con-
stituents rapidly settle back to the bottom. The retained shell is subse-
quently discarded overboard and can be expected to remain for a time
on the sediment surface providing potential habitat for fast growing
epibionts such as slipper shells (Johnson, 1972; Wall et al., 2013) and
hydroids (Gili and Hughes, 1995). The consistent association of hydroids
and surfclam shell provides support for this possibility.

At deeper depths, hydroids are present, but surfclam shell is not
abundant, and slipper shells are consequently rare. Mussel mats occur at
these depths. Mussels are a foundational species, establishing a hard-
bottom terrain both through their presence living and the production
of shell in a soft-bottom milieu conducive to the support of a variety of
mobile epifauna (see Goddard and Love, 2010; Manoukian et al., 2010;
van der Zee et al., 2015; Powell et al., 2019). Mussels, however, are not
dependent upon rocks, cobbles, or boulders; in fact, the distribution of
these sedimentary particles, though common at the same depths, does
not track the distribution of concentrations of mussels, nor does it track
the distribution of surfclams and their shell (see also Powell et al., 2019).

Mussel beds on soft sediments are constructed to resist erosion and
this is a product of byssal thread interweaving and the incorporation of
shell fragments, pebbles, and other small sedimentary constituents. High
current velocities can resuspend and move mussel beds (wa Kangeri
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et al., 2016): current velocities in the surveyed region reach such ve-
locities (Harris et al., 2012; Dalyander et al., 2013) and, so, one might
anticipate that mussel beds are more or less mobile over time. Such a
capability is essential for species that are relatively long-lived (Heller,
1990). The dynamics of mussel mat formation and saltation are not
studied in the surveyed region; however, Mytilus can survive shallow
burial and return to the sediment surface (Hutchison et al., 2016), thus
providing two mechanisms (mat transport and exhumation) to recover
from hydrodynamic events. What is clear is that mussels are much less
commonly attached to larger sedimentary particles such as cobbles and
rocks, whose lack of mobility and small size would expose mussels to
scour without saltation. The somewhat increased frequency of attach-
ment to boulders attests to the somewhat greater size and vertical extent
of these particles and thus the lower exposure to scour permitting
longer-term occupation. Boulders, however, supported a very small
fraction of all mussels as shown by the disparate geographic distribution
of the two (Powell et al., 2019).

4.3. The rarity of attached epibenthos

A stunning observation is the limited coverage of exposed large
particles, whether shells, cobbles, rocks, or boulders, by attached epi-
bionts, whether skeletal bionts such as barnacles and encrusting bryo-
zoans or fleshy bionts such as tunicates and sponges. Setting aside the
barnacles, these taxa are distinctly uncommon in comparison to the
apparent availability of substrate, and even the barnacles are uncommon
in comparison to coverages often observed elsewhere (Connell, 1961;
Goren, 1979; Haderlie, 1971; Caffey, 1985; Soniat et al., 2004; Davis
and Ward, 2009; Munroe and Noda, 2009). Ephemeral substrates can be
rapidly occupied by fast growing opportunists (Lewis, 1964; Haderlie,
1969; Branscomb, 1976; Goren, 1979; Littler et al., 1983; Nebelsick
et al.,, 1997; Brett et al., 2011). Among these are the barnacles and
encrusting bryozoans which are distinctly more common than other
biont taxa on substrates observed in this study. Longer-lived attached
biota are extremely rare. By inference from a range of studies, these
substrates must be buried and exhumed frequently and exposed to scour
by moving sand, all of which would be anticipated from the known tidal
currents in the region and the presence of large mobile sand waves (see
Twichell, 1983 for a nearby equivalency and Bge et al., 2009 and Bellec
etal., 2010 for photographs of lag deposits in the troughs of moving sand
waves); otherwise occupation by attached epibionts would be much
more common and a wider range of taxa would be expected (Haderlie,
1971; Zuschin and Pervesler, 1996a; Collie et al., 1997; Nebelsick et al.,
1997; Glasby, 1999; Fraschetti et al., 2001; Cranfield et al., 2003; Brett
et al., 2011; Bassi et al., 2012; Altieri and Witman, 2014). The uncom-
monness of attached mussels is particularly striking as these animals
typically attach to such substrates (Harger, 1972; Braby and Somero,
2006; Elliott et al., 2008; Manoukian et al., 2010) and they are plentiful
within the region (Powell et al., 2019). Their tendency to have limited
resistance to scour and prolonged burial (Landahl, 1988; Newell, 1989;
Seed and Suchanek, 1992; McQuaid et al., 2013) is consistent with their
infrequent collection on these substrates in this survey. Thus, the rarity
of long-lived attached epibionts suggests the ephemerality of exposed
surfaces reminiscent of some intertidal sand-scoured rocky shores
(Lewis, 1964; Daly and Mathieson, 1977; D’Antonio et al., 1986) and
that cobbles, rocks, and boulders contribute little to the community
composition in the surveyed region, which is composed almost exclu-
sively of infaunal clams, less commonly, mat-forming mussels, and
exclusive of the mussel mats, infrequent gastropods and other mobile
fauna (Powell et al., 2019).

The limited presence of mobile fauna throughout much of the sur-
veyed region is itself interesting, even though such epibenthos as regular
sea urchins, crabs, and buccinid gastropods were abundant in associa-
tion with mussel mats, often occurring at the same depths as cobble,
rocks, and boulders (Powell et al., 2019). This scarcity of mobile epi-
benthos distinguishes this form of habitat complexity off Nantucket from

11

Estuarine, Coastal and Shelf Science 249 (2021) 107089

other areas where mobile fauna are commonplace (e.g., Davis and
VanBlaricom, 1978; Eleftheriou and Robertson, 1992; Ellis et al., 1996;
Zuschin et al., 1999; Buhl-Mortensen et al., 2012).

4.4. Cobbles, rocks, boulders, and surfclam shells

Each of the four particle types exists in a high energy environment
subjected to sand scour and likely frequent episodes of burial and
exhumation, yet the attached biota vary considerably. Some portion of
this may be variations in particle distribution with depth, but cobbles
and rocks, in particular, are nearly ubiquitous and surfclam shell is
widely distributed, though less commonly encountered in deeper water.
Boulders are likely the more stable of the 4 particle types and the more
likely to be exposed for longer periods of time. Mussels, when not
associated with mussel mats, and sponges are most likely to be found on
boulders as might be anticipated as both require relatively long-term
stability and exposure of their attachment site. The limited coverage
by mussels, sponges, and most other epibiota relative to barnacles is
consistent with their relative low resistance to scour. Barnacle scars are
more common on boulders and rocks, but barnacles are distributed
across all particle types. Barnacle scars are occasionally reported as the
taphonomic remnants of attached barnacles (Miller and Brown, 1979;
Walker, 1988; Brett et al., 2011; Boessenecker, 2013). Perhaps scars are
more easily eroded off the smaller and likely more mobile cobbles and
surfclam shells. Regardless of explanation, the bias favoring larger
particle sizes is clear, as is the preponderance of scars in comparison to
intact barnacle tests.

Interestingly, tunicates and encrusting bryozoans and their remnants
are more common on cobbles and rocks than on boulders or surfclam
shell, even though both are often recorded attached to exposed bivalve
shell (e.g., Powell et al., 2008; Brett et al., 2011) and are common
fouling organisms on a variety of hard substrates (e.g., Haderlie, 1969,
1971; Goren, 1979; Hageman, 2001; Rodriguez and Ibarra-Obando,
2008). In comparison, slipper shells and hydroids are distinctly more
common on surfclam shell. Part of the latter bias is likely related to
depth, as slipper shells tend to be common in shallow waters (Marsh,
1976; Peterson, 1983; Wall et al., 2013), although differential degrees of
predation cannot be excluded (Pechenik et al., 2010; but see Thieltges,
2005). Erect hydroids and erect bryozoans are often encountered
attached to bivalve shells (Boekschoten, 1967; McKinny, 1996; Soniat
et al., 2004; Brett et al., 2011; Almeida et al., 2018). These erect forms
may be able to better withstand light sediment coverage, once estab-
lished, which commonly occurs with shells exposed on the sediment
surface (e.g., Parsons-Hubbard et al., 1997), and which might explain
their commonplace occurrence on surfclam shell; why cobbles, rocks,
and boulders support these taxa with lower frequency is unclear.

4.5. The ambiguity of substrate complexity

Substrate complexity often is a useful surrogate for ecosystem value
and thus a useful tool for identifying critical habitats for ecosystem
management when detailed ecological data are insufficiently available.
This is based on the expectation that complexity in the range of available
substrates adds ecosystem value. For shells, this is consistent with the
taphonomic feedback hypothesis of Kidwell (1986) and the recognition
of the importance of shell as a component of sandy and muddy sedi-
ments (Gutiérrez et al., 2003). For edaphic constituents such as cobbles,
rocks, and boulders, this is consistent with a range of observations from
rocky shores and hardgrounds wherein hard substrate increases species
richness through the colonization of sessile and mobile epibiota not
normally components of soft-bottom habitats (e.g., Neumann et al.,
1977; Peckal and Searles, 1984; Zuschin and Pervesler, 1996a, 1996b;
Cusson and Bourget, 2005). The survey of the region westward of the
Great South Channel provided an opportunity to evaluate the verity of
this assumption in a region of the continental shelf characterized by
prograding sand dunes, high tidal current velocities, and sand scour.
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Such conditions, though uncommon on the continental shelf, are well
described across a range of continental shelves, particularly in boreal
regions typified by the presence of glacial till left by Pleistocene
glaciation.

Between Nantucket and the Great South Channel, the attached epi-
biota fall into three categories based on their biases for substrate types.
Some prefer the largest particles or evidence of their occupation is best
preserved on these particles: these include sponges, mussels, and the
barnacles and their scars. Some prefer intermediate and smaller terrig-
enous particles; these include tunicates and encrusting bryozoans. Some
prefer surfclam shells, namely the slipper shells and erect hydroids.
Unlike the factors controlling distributions of attached epibionts which
often involve colonization timing, competitive interactions, and preda-
tory controls, the distribution of the attached epibiota in this study
appear to be controlled by the physical rigors of the environment.
Although little is known of the timing of colonization in the surveyed
habitat, coverage was insufficient to permit competition for space as a
primary determinant, and the gear used was efficient at catching large
mobile predators such as crabs. These predators were abundant in
mussel beds, but notable in their rarity elsewhere. Whereas the resis-
tance of bivalve shells to abrasive forces is well studied (Driscoll and
Weltin, 1973; Smith and Nelson, 2003; Ford and Kench, 2012), unfor-
tunately little is known of the adaptability of various attached epibiota
to these conditions, save perhaps the mussels; too little to unequivocally
associate taxon, particle type, and adaptive ambit, thereby resolving the
principal edaphic controls on the distribution of the attached epibionts
observed in this study. What is clear is that the most common condition,
the absence of attached epibionts, and the secondarily common condi-
tion, the presence solely of opportunistic fast-growing epibionts, dem-
onstrates that hydrodynamic and edaphic processes minimize the
importance of substrate complexity in community structure. The antic-
ipated contribution of shell, cobbles, rocks, and boulders to habitat
complexity belies their resultant much more minor role in determining
community composition.

The community composition between Nantucket and the Great South
Channel shows that under conditions of high current velocity and the
continual bed-load movement of sand, the presence of substrate
complexity, whether contributed recently by the deaths of species with
carbonate skeletons, or over geological time by the retreat of continental
glaciers, cannot be used as a surrogate for ecosystem value in ecosystem
management. Additionally, the same characteristics of community
structure show that the paleoecological interpretations derived from
limited epibiont coverage must be carefully evaluated in terms of the
sedimentary facies present for evidence of high current velocity and
scour. These regions of the continental shelf characterized by high
current velocity and scour do not lend themselves to the standard as-
sumptions of the relationship of substrate complexity to ecosystem value
expressed in terms of epifaunal/epibiont species richness, biomass, and
trophic linkage. What is present is an interestingly austere community
composition that remains poorly studied today and which relies
disproportionately on the resident soft-bottom biota rather than the
epifauna on hard substrates.
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