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Abstract: Rhodoliths are non-geniculate, free-living coralline red algae that can accumulate on the
seafloor and form structurally complex benthic habitats supporting diverse communities known as
rhodolith beds. We combined in situ rhodolith collections and imagery to quantify variability, over
9 months and at two sites, in the structural complexity and biodiversity of a subarctic Lithothamnion
glaciale thodolith bed. We show that the unconsolidated rhodolith framework is spatially hetero-
geneous, yet provides a temporally stable habitat to an abundant and highly diverse macrofauna
encompassing 108 taxa dominated by brittle stars, chitons, bivalves, gastropods, polychaetes, sea
urchins, and sea stars. Specific habitat components, including large bivalve shells, affect rhodolith
morphology and resident macrofauna, with increasingly large, non-nucleated rhodoliths hosting
higher macrofaunal density, biomass, and diversity than increasingly large, shell-nucleated rhodoliths.
The present study’s fine taxonomic resolution results strongly support the notion that rhodolith beds
are biodiversity hotspots. Their spatial and temporal domains provide clear quantitative evidence
that rhodolith beds provide a stable framework under the main influence of biological forcing until
sporadic and unusually intense physical forcing reworks it. Our findings suggest that shallow (<20 m
depth) rhodolith beds are vulnerable to ongoing and predicted increases in the frequency and severity
of wave storms.

Keywords: coralline algae; ecosystem engineering; benthic habitat; biodiversity; cryptofauna;
ecological stability; climate forcing; generalized linear models; multivariate statistics; Newfoundland

1. Introduction

Habitat structure primarily refers to the composition and spatial arrangement of phys-
ical matter at a location [1,2]. Positive relationships between habitat structural complexity
and biodiversity have been described in a variety of terrestrial [3-5] and aquatic [6-8]
ecosystems, which build on early investigations relating the availability of inhabitable
surfaces to faunal density and diversity [9-11]. More recent work suggests habitat complex-
ity can indirectly affect microhabitat and niche availability by shaping foraging activities,
intra- and interspecific competition, and predator—prey interactions [12-15]. Modern defi-
nitions of the concept of habitat complexity also include ecosystem engineers (sensu Jones
1994 [16]), i.e., species that create, significantly modify, or maintain habitat structure [17-19].

Biodiversity in marine benthic systems generally scales positively with the presence
of habitat-forming species such as macroalgae [20-22] and marine calcifiers, including
bivalves [23] and corals [7]. Rhodoliths are free-living nodules of primarily (>50% in com-
position) non-geniculate coralline red algae [24,25]. Under favorable conditions, rhodoliths
aggregate over extensive areas of the seafloor to form complex benthic habitats supporting
diverse communities called rhodolith beds [26]. With their calcium carbonate skeleton,
rhodoliths function as autogenic ecosystem engineers [16], providing a three-dimensional,
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unconsolidated, branching framework (sensu [27]) that macrobenthic organisms can colo-
nize [28]. Rhodoliths exhibit various sizes, shapes, and growth forms, thus significantly
contributing to benthic habitat structural complexity [29,30]. They are long-lived (up to
100 years) [31,32] and slow-growing (generally < 1 mm y~!) [33-35], and presumably
provide stable habitats since water motion is insufficient to move (transport or overturn)
rhodoliths [36].

Rhodoliths mainly reproduce through fragmentation but can also originate from
spore settlement on hard organic or inorganic particles the coralline tissue eventually over-
grows [37]. While in the first case, the resulting new rhodoliths are composed exclusively
of algal tissue, the latter condition produces rhodoliths that contain an exogenous core
(nucleus). Nucleus size and shape may strongly influence rhodolith morphology and
reduce the inner space available for colonization by macrofauna [38,39].

A few studies have linked the high biodiversity generally associated with rhodolith
beds to the structural complexity of the habitat they provide [40-42]. This functional aspect
of rhodolith beds is particularly important given that they normally form over compara-
tively featureless sedimentary bottoms. Rhodolith beds also act as nursery grounds for
several ecologically and economically important species by enhancing the larval settlement
of mollusks [43,44], echinoderms [45], corals [46], and sponges [47].

Reports of rhodolith beds along the eastern Canadian seaboard date back more than
70y [27,48]. Newfoundland rhodoliths are essentially composed of Lithothamnion glaciale, a
dominant coralline red alga within the photic zone of subarctic marine environments [49].
A growing number of studies acknowledge the ecological importance of rhodolith beds as
biodiversity hotspots [26,28,39]. However, few studies have characterized the spatiotempo-
ral variability of rhodolith bed macrofaunal diversity and structural complexity and their
relationship.

The present study builds on pioneering work by Gagnon et al. [30], who provided a
general description of rhodolith abundance and morphology, as well as of macrofaunal di-
versity, in two subarctic rhodolith beds in southeastern Newfoundland. One of these beds,
located along the shore of the town of St. Philip’s and hereafter termed the “St. Philip’s
bed”, is relatively large (~25,000 m?) and highly biodiverse ([30] and present study). This
bed has since been studied for its sedimentary processes [36], calcium carbonate (CaCO3)
production [32], resilience to thermal shifts and eutrophication [33-35], and trophodynam-
ics [50]. This knowledge base offers an excellent opportunity to further investigate and
explain spatial and temporal variability in macrofaunal biodiversity patterns.

We combined in situ rhodolith collections and imagery to quantify seasonal variability
in the structural complexity and biodiversity of the St. Philip’s bed. Specifically, we
sampled the bed in winter, spring, summer, and fall of the same year at two different
locations (sites), to test the hypotheses that (1) the bed’s structure differs between sites,
yet is temporally stable within each site; (2) the abundance and diversity of rhodolith
macrofauna scale positively with rhodolith size; (3) rhodolith macrofauna differs between
sites; and (4) rhodolith macrofauna varies seasonally. These hypotheses stem from prior
knowledge (per studies of the St. Philip’s bed cited above) about the biology and ecology
of L. glaciale thodoliths, thermal and hydrodynamic conditions in the St. Philip’s rhodolith
bed, and the ontogeny of dominant rhodolith macrofauna.

2. Materials and Methods
2.1. Study Site

The study system was a rhodolith bed located off the town of St. Philip’s on the eastern
shore of Conception Bay, Newfoundland, Canada (Figure 1A). There, the relatively steep
rocky seabed extends to a depth of ~10 m, where it grades into a gently sloping sedimen-
tary bottom interspersed with bedrock outcrops rising to up to ~2 m above the seabed
(Figure 1B). At depths of 12 to 20 m, large patches of branching (i.e., fruticose, sensu [29])
Lithothamnion glaciale rhodoliths cover a sedimentary bottom primarily composed of coarse
biogenic sands; lithic pebbles (hereafter “pebble”); large (~5-10 cm across) disarticulated
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shells of dead horse mussels (Modiolus modiolus); scattered lithic cobbles/boulders; and
loose fragments of brown seaweeds (mainly kelp Agarum clathratum) originating from
individuals growing on surrounding bedrock or boulders (Figure 1B,C). We selected two
study sites in this bed based on marked differences in seafloor composition and rhodolith
size and structure. The first site, SP15, was located at depths of 15-17 m. It was partially
enclosed by short (<50 cm in height) bedrock outcrops and densely covered with mainly
praline rhodoliths (sensu [51]), with no external signs of nucleation. The second site, SP18,
was at a distance of ~50 m from SP15, at depths of 18-20 m. It was almost entirely enclosed
by tall (~2 m) bedrock outcrops (Figure 1B) and differed from SP15 by a noticeably greater
occurrence of (1) disarticulated shells of dead horse mussels (Modiolus modiolus) variably
covered in coralline red algae; and (2) larger boxwork rhodoliths (sensu [51]), with clear
signs of internal nucleation (Figure 1D,E).
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Figure 1. (A) Location of the present study’s focal Lithothamnion glaciale rhodolith bed (star), off the
town of St. Philip’s in Conception Bay, Newfoundland (eastern Canada). (B) Portion of the rhodolith
bed at site SP18 showing lithic boulders (LB) and one of the bedrock outcrops colonized by live
horse mussels (HM, Modiololus modiolus). (C) Close-up view of the rhodolith bed surface showing
live and dead rhodoliths; lithic pebbles (LP); disarticulated horse mussel shells (DS), biogenic sands
(BS), and loose seaweed (LS) fragments. (D) Disarticulated horse mussel shells at early (top) and
advanced (bottom) stages of coralline algal encrustation. (E) Non-nucleated praline rhodoliths (top)
and large (~12 cm across), partially broken/eroded mussel-shell (white arrow) nucleated boxwork
rhodolith (bottom).
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2.2. Rhodolith Bed Structure

In 2013, we surveyed both study sites at ~3-month intervals to measure spatial and
temporal variations in rhodolith bed structure and rhodolith-associated macrofauna. Sam-
pling was carried out when sea temperature was nearing annual minimal (winter), maximal
(summer), and intermediate (spring and fall) values (see Table 1 for sampling dates). On
each sampling event, scuba divers acquired video transects of the bed and hand-collected
rhodoliths for laboratory analysis.

Table 1. Schedule of video transects acquisition and rhodolith collections at the two study sites (SP15
and SP18). Temperature is the sea temperature averaged from hourly recordings at the surface of the
rhodolith bed at SP15 over a 2-week period encompassing the sampling dates listed for both sites.

. Sampling Date Temperature °C
Survey Site (2013) (+-SD)
Winter SP15 14 Mar
SP18 4 Mar —0102
Spring SP15 17 Jun
SP18 10 Jun 55(19)
Summer SP15 17 Sep
SP18 1 Oct 117(1.5)
Fall SP15 and SP18 15 Dec 4.4(0.6)

2.2.1. Bed Composition

On each survey, scuba divers laid on the surface of the bed three 20 m long transects,
~4 m apart from each other. Divers filmed, at a fixed distance of 1.5 m above the bed, both
sides of each transect with a submersible video camera system (Sony HDV 1080i/MiniDV
with an Amphibico Endeavor housing) equipped with a scaling bar. We converted videos
to non-overlapping image frames with VLC Media Player 2.2.3 (VideoLan Organization,
Paris, France) and randomly selected 20 frames from each transect. A 0.5 x 1 m digital
quadrat was overlaid on each frame with Image] version 1.51 (National Institutes of
Health, U.S.A., Bethesda, MD) and filled with 50 evenly spaced (10 cm apart) points. We
classified the substratum under each point as either of six categories: (1) live rhodolith,
(2) dead rhodolith, (3) shell, (4) sediment, (5) pebble, and (6) cobble/boulder. Live or
dead rhodoliths consisted of, respectively, pigmented (showing pinkish) or unpigmented
(showing whitish) individuals. Shell consisted of large (>5 cm across) disarticulated shells
(whole or fragmented) of horse mussel, Modiolus modiolus. Biogenic sands were coarse
grains dominated by small (<0.4 cm) fragments of dead rhodoliths. Per the Wentworth
scale for grain size classification [52], we categorized lithic fragments with a maximum
diameter of 4-64 mm and >64 mm, as pebble and cobble/boulder, respectively. Given their
rare occurrence, we merged cobbles and boulders into a single category (category 6 above).
Loose seaweed fragments were ephemeral components of the rhodolith bed and hence
were not considered a substratum type. Bed composition for each transect was estimated
by summing the occurrences of substratum types under each of the 50 points within each
digital quadrat. We repeated this procedure for each of the 20 image frames of each transect,
for a total of 1000 occurrences per transect.

2.2.2. Rhodolith Abundance and Morphology

Upon completing transect videoing, divers hand-collected all rhodoliths within three
30 x 30 cm (0.09 m?) quadrats placed on the right side of each transect at 2, 10, and 18 m
marks, for a total of 72 quadrats (3 quadrats x 3 transects x 2 sites X 4 surveys). The
systematic placement of quadrats at predetermined distances along transects ensured
unbiased sampling. Rhodoliths from each quadrat were brought to the sea surface in
numbered, seawater-filled, sealed plastic bags, and transported to the Ocean Sciences
Centre (OSC) of Memorial University of Newfoundland. Upon arrival at the OSC, bags
with their seawater and rhodoliths content were placed in large flow-through tanks supplied
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with ambient seawater pumped in from a depth of ~5 m in the adjacent embayment, Logy
Bay. Water in each bag was replaced with new seawater from the tanks three times daily
until the completion of the measurements described below.

For each quadrat sample, we counted all rhodoliths and measured their longest (L),
intermediate (I), and shortest (S) axes to determine their size (volume) and shape. The
volume of each rhodolith was estimated with the following equation:

4
V= gnabc €))]
where V is the volume of an ellipsoid, 4 denotes the radius of the longest axis (L/2), b
denotes the radius of the intermediate axis (I/2), and c is the radius of the shortest axis
(5/2). We summed the volume of all rhodoliths in each quadrat, hereafter referred to as
“rhodolith volume” (per 0.09 m? quadrat), to investigate the relationship between rhodolith
volume and macrofaunal density, biomass, and diversity (see Sections 2.3 and 2.4).

We used ternary diagrams created with the open source software TRIPLOT developed
by Graham and Midgley [53] and based on work by Sneed and Folk [54] on particle shapes
to plot variation in rhodolith shape distribution: (1) within and between the two sites, and
(2) among non-nucleated, pebble-nucleated, and shell-nucleated rhodoliths. The software
uses mathematical relationships between the three rhodolith axes (S/L, I/L, and (L-)/L-S))
to assign each rhodolith to 1 of the 10 categories lying in a continuum of shapes between
spheroidal, discoidal, and ellipsoidal [25]. Compact, compact—platy, compact-bladed,
and compact-elongate rhodoliths are largely spheroidal, whereas platy and very-platy
rhodoliths, or elongate and very elongate rhodoliths, are comparatively more discoidal and
ellipsoidal, respectively. Bladed and very bladed rhodoliths are in between discoidal and
ellipsoidal. We analyzed rhodolith shapes according to Sneed and Folk’s [54] four main
shape categories (compact, platy, bladed, and elongate) because the majority of rhodoliths at
our two study sites were between discoidal and ellipsoidal (i.e., bladed or very bladed). We
broke all rhodoliths into ~2 cm® fragments to determine the presence and type of nucleus
(pebble or shell). We determined total rhodolith biomass per quadrat after removing all
nuclei and macrofauna (see Section 2.3) and oven drying the rhodolith fragments at 40 °C
to constant weight.

2.3. Macrofaunal Density, Biomass, and Diversity

For each quadrat sample, we inspected rhodolith fragments and carefully extracted
all visible macrofauna with tweezers and forceps. We transferred the fragments into a
5 L bucket filled with filtered seawater and manually stirred for ~1 min to dislodge the
remaining macrofauna. The content was further poured onto a 5 mm mesh sieve, which
retained rhodolith fragments, and was placed atop a 500 pm mesh sieve, which retained all
the remaining macrofauna. Macrofauna was preserved in a solution of 4% formaldehyde
mixed with seawater.

We sorted macrofauna from each sample into 12 taxonomic groups (Ophiuroidea,
Asteroidea, Echinoidea, Holothuroidea, Polyplacophora, Gastropoda, Bivalvia, Polychaeta,
Crustacea, Porifera, Nemertea, and Sipuncula) and measured, using a balance with a pre-
cision of +0.001 g (PB3002-S/FACT; Mettler Toledo, Columbus, OH, USA), the total wet
weight for each group after gently blotting the samples. We chose to express macrofaunal
biomass in wet weight rather than dry weight to preserve the samples for future biodi-
versity analyses. We identified and tallied all organisms to the lowest possible taxonomic
rank. Because of the time constraints associated with the identification of high numbers of
small and often juvenile specimens, we limited the identification of polychaetes to family.
However, using one randomly chosen sample per site and per season (n = 8 samples), we
produced a list of all the identifiable polychaete species. Sponges were highly fragmented
and could only be tallied as present or absent. For each sample, we calculated (1) macrofau-
nal density by dividing the total number of the collected organisms by the quadrat surface
area (0.09 m?); and (2) the Shannon diversity index (H).
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We used American Seashells [55] as the main guide for mollusk identification. We
used detailed identification keys by Pettitbone [56], Fauchald [57], Appy et al. [58], and
Pocklington [59] to identify polychaetes families and species. Amphipods were identified
by professional taxonomists. We used field guides by Gosner [60], Pollock [61], Abbott and
Morris [62], and Squires [63] to complete invertebrate identification.

2.4. Statistical Analysis
2.4.1. Rhodolith Bed Structure

We used a two-way permutational multivariate analysis of variance (PERMANOVA)
(Anderson [64]) with the fixed factors of Site (SP15 and SP18) and Season (winter, spring,
summer, and fall) to compare spatial and seasonal variability in (1) seafloor composition
based on six substratum types, namely live rhodolith, dead rhodolith, shell, sand, pebble,
and cobble/boulder (n = 24; 3 transects x 2 sites X 4 seasons); and (2) thodolith shape based
on four shape categories derived from Sneed and Folk’s [54] ternary diagram: compact
(i.e., compact, compact—platy, compact-bladed, and compact—elongate), platy (platy and
very platy), bladed (bladed and very bladed), and elongate (elongate and very elongate)
(n =72; 9 quadrats x 2 sites x 4 seasons). We used a negative binomial regression [65]
with the fixed factor of Site (SP15 and SP18) to compare rhodolith density (counts per
quadrat) between the two sites with a negative binomial distribution, which best accounted
for overdispersion of rhodolith count data. We used two two-way ANOVAs, each with
the fixed factors of Site (SP15 and SP18) and Season (winter, spring, summer, and fall) to
compare (1) rhodolith biomass and (2) rhodolith volume between the sites (n = 72 for each
ANOVA,; 2 sites x 9 quadrats per site X 4 collections). Two binomial regressions [65] with
the fixed factor of Site, enabled the comparison of (1) the proportion of nucleated rhodoliths
(nucleated or non-nucleated) and (2) the proportion of each nucleus type (pebble or shell)
between the sites (n = 72 each; 2 sites x 9 quadrats per sites x 4 collections).

2.4.2. Macrofaunal Density, Biomass, and Diversity

As rhodolith volume increases, so does the space available for colonization by macro-
fauna between rhodolith branches. Therefore, we included rhodolith volume as an ex-
planatory variable in our analyses of macrofaunal density, biomass, and diversity. We
used two analyses of covariance (ANCOVA), each with the fixed factors of Site (SP15 and
SP18) and Season (winter, spring, summer, and fall) and covariate Volume (total rhodolith
volume per quadrat) to compare macrofaunal biomass and diversity (the Shannon diver-
sity index) between sites and among seasons. We used negative binomial regressions to
model overdispersed invertebrate counts with the fixed factors of Site (SP15 and SP18) and
Season (winter, spring, summer, and fall) to compare macrofaunal density between sites
and among seasons.

All analyses (except PERMANOVAs) were performed on untransformed data; how-
ever, the densities and biomass values of rhodolith and macrofauna are reported in the
text and figures as values per meter square (rather than values per 0.09 m? quadrat) to
facilitate the comparison with data in the literature. For all ANOVAs and ANCOVAs, we
verified the homogeneity of the variance and normality of the residuals by examining the
distribution and normal probability plots of the residuals, respectively [66]. Tukey HSD
multiple comparison tests based on least-square means were used to detect the differences
among levels within a factor. All statistical analyses were carried out with R 3.6.1 R (R
Core Team 2019) [67]. We used R packages MASS [68] and VEGAN [69] to fit generalized
linear models (binomial and negative binomial regressions) and PERMANOVA, respec-
tively. PERMANOVA only included species/taxa that accounted for at least 0.1% of total
macrofaunal abundance (52 taxa) and were based on Bray—Curtis dissimilarity for square-
root-transformed data. We used pairwise comparisons to detect the differences among
levels within factors and similarity percentage (SIMPER) analyses, with 9999 permutations
to quantify the contribution of each taxon to overall between-group dissimilarity. All
analyses used a 5% significance level (x = 0.05). All means are presented with a 95% confi-
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dence interval (mean £ 95% CI) unless stated otherwise. Analysis of variance/deviance
tables and detailed SIMPER outputs are presented in Supplement S1 and Supplement S3,
respectively.

3. Results
3.1. Rhodolith Bed Habitat Structure
3.1.1. Seafloor Composition

Live rhodolith and sediment were the most frequent substratum types, with mean
percent cover of 63% and 23%, respectively, followed by dead rhodolith, with 9% surface
cover, pebble (3.6%), shell (2.4%), and cobble/boulder (<1%). PERMANOVA showed
spatial variation in substratum type (Table S1; Figure 2A), whereas SIMPER analysis
revealed that the seven-times lower percent cover of shells at SP15 compared with SP18
explained 30% of the dissimilarity between the two sites (Table S8). PERMANOVA also
showed seasonal variation in seafloor composition. However, post hoc pairwise comparison
detected differences at a 10% significance level (p = 0.096) only, and SIMPER analysis
revealed that the higher percent cover of sediment, pebbles, and shells in winter, compared
with fall, explained 64% of the dissimilarity between these seasons (Tables S1A and S8;
Figure 2A).
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80 __A
a b AB AB

B

60
B Live rhodolith
- Sand

40 || pead rhodolith
[ | pebble
[] shen

20

0

(B) Rhodolith shape

Surface cover (%)

a AB

80

g

<

5 - Compact
€ ] Biaded
2 |:| Elongate
n&_’ ] praty

SP15 SP18 Winter Spring  Summer Fall

Figure 2. Variation in mean (A) surface cover (95% CI) of substratum types, and (B) proportion of
rhodolith shapes, between the two study sites (SP15 and SP18) and among the four sampling seasons.
PERMANOVA analyses showed no Site-Season interaction for substratum type or rhodolith shape
(see Table S1 in Supplement S1), and hence data were pooled across seasons (n = 12 and 36 per site
for substratum types and rhodolith shapes, respectively) and across sites (n = 6 and 18 per season
for substratum types and rhodolith shapes, respectively). Error bars are 95% Cls. Sites (seasons) not
sharing the same lowercase (uppercase) letters differ statistically at a significance level of 5% (solid
lines) or 10% (dashed lines). Cobble/boulder surface cover was <1% at both sites and in all seasons,
and hence is not shown in (A) for simplicity (see Section 3.1).
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3.1.2. Rhodolith Abundance and Morphology

Rhodolith density and biomass did not differ between sites or among seasons
(Tables S2A and S3A), averaging 822 + 44 individuals m~2 and 11.54 + 0.47 kg rhodoliths
m~2, respectively. Rhodoliths ranged in size from 0.6 to 527.2 cm® at SP15, and from 0.2 to
392.0 cm? at SP18, for a mean rhodolith size 1.4 times greater at SP15 (25.6 & 0.87 cm?) than
at SP18 (18.8 & 0.54 cm?). Rhodolith distributions for the 5-50 cm? size classes were similar
at both sites, but the proportion of smaller (<5 cm?®) and larger (>50 cm?®) rhodoliths was
7% lower and 5% higher at SP15 than at SP18, respectively (Figure 3A). Rhodolith volume
was 1.4 times higher at SP15 (25,600 + 870 cm?) than at SP18 (18,800 + 540 cm?) but did
not vary seasonally (Table S3B).
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Figure 3. Relative abundance of (A) rhodoliths per 5 cm? size class intervals at the two study sites.
Relative abundances were calculated using all rhodoliths collected during the four seasonal surveys at
SP15 (n = 2849) and SP18 (n = 2805); (B) nucleated rhodoliths and main nucleus type at the two study
sites (n = 36 for each site, error bars = 95% CI). Bars with different letters differ statistically (p < 0.05);
and (C) each of four rhodolith shape categories for non-nucleated (n = 4371), pebble-nucleated
(n = 383), and shell-nucleated (n = 538) rhodoliths (data were pooled across sites (SP15 and SP18) and
seasons (winter, spring, summer, and fall)).

The proportion of nucleated rhodoliths was similar at both sites (Table S2B), averaging
18 4= 1% at SP15 and 20 £ 2% at SP18 (Figure 3B). Nuclei consisted of either small pebbles
or entire or fragmented horse mussel (Modiolus modiolus) shells, except for one gastropod
shell and one small (~2 cm) piece of wood. The proportion of the two main nucleus
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types (pebble and shell), however, differed between sites (Table S2C), with seven times
more pebble-nucleated, and four times fewer shell-nucleated rhodoliths at SP15 than SP18
(Figure 3B). Large (>50 cm?) rhodoliths were 47% nucleated at SP15, including 34% pebble-
nucleated rhodoliths. At SP18, the proportion of rhodoliths increased to 68%, including
61% shell-nucleated rhodoliths.

Compact shapes (i.e., rhodoliths in any one of the four compact shape classes) domi-
nated SP15 (73%) and SP18 (62%) rhodoliths, followed by bladed (bladed and very-bladed;
16% and 22%), elongate (elongate or very elongate; 6% and 9%), and platy (platy or very
platy; 5% and 6%) shapes (Figure 4A,B). PERMANOVA showed a significant spatial vari-
ation in rhodolith shape, whereas SIMPER analysis revealed that the higher proportion
of compact rhodoliths and lower proportion of bladed, elongate, and platy rhodoliths
at SP15, compared with SP18, explained 16% of the dissimilarity between the two sites
(Tables S1B and S9; Figure 2B). Rhodolith shapes also varied seasonally, with a higher
proportion of compact rhodoliths and a lower proportion of three other shapes, which
explained 19% of the dissimilarity between winter and fall (Tables S1B and S9; Figure 2B).

(A) SP15

Spheroidal

[T\

Discoidal 7 LB — Ellipsoidal
(L-1) 7 (L-S)

(C) Pebble-
nucleated

(D) Shell-
nucleated

Figure 4. Ternary diagrams showing the distribution of rhodoliths among the ten shape classes
(compact (C), compact—platy (CP), compact-bladed (CB), compact—elongate (CE), platy (P), bladed (B),
elongate (E), very platy (VP), very bladed (VB), very elongate (VE)) as defined by Sneed and Folk [54]
associated with the spheroidal, discoidal, and ellipsoidal rhodolith morphologies at (A) site SP15
(n = 2489) and (B) site SP18 (n = 2802), and for (C) pebble-nucleated rhodoliths (n = 383), and
(D) shell-nucleated rhodoliths (n = 538). Rhodoliths at SP15 and SP18 were pooled across seasons
(winter, spring, summer, and fall). Pebble- and shell-nucleated rhodoliths were pooled across sites
and seasons.
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Rhodolith shape distribution was similar in non-nucleated and pebble-nucleated
rhodoliths, with compact shapes dominating, followed by bladed, elongate, and platy
shapes (Figure 3C). Shell-nucleated rhodoliths were predominantly bladed or elongate
(79%), whereas compact shapes were the least represented (9%) (Figures 3C and 4D). The
proportions of bladed and elongate shapes were, on average, 3.8 and 2.5 times higher
in shell-nucleated than in non-nucleated or pebble-nucleated rhodoliths, respectively
(Figures 3C and 4).

3.2. Rhodolith Macrofauna

We counted and identified 50,775 specimens from 108 taxa (Table S7). Brittle stars and
chitons numerically dominated macrofaunal abundance, accounting for 36% and 18% of
total specimens, respectively. Polychaetes, gastropods, and bivalves accounted for 14%,
11%, and 7% of total abundance, respectively, followed by urchins (4%), amphipods (3%),
sea stars and isopods (2% each), and nemerteans and sipunculids (1% each) (Table S7). Sea
cucumbers, decapods, ostracods, tunicates, platyhelminthes, and cnidarians also occurred
in low (<1%) abundance (Table S7). Small fragments of sponges (Sycon sp.) and colonial
tunicates (Didemnum sp.) were present at both sites and in all seasons (Table S7). Nearly 50%
of the polychaetes belonged to the families Sabellidae (mainly Pseudopotamilla reniformis,
33%) and Terrebellidae (15%), while the wrinkled rock borer (Hiatella arctica) made up
82% of all bivalves. Macrofaunal density ranged from 911 to 25,240 individuals m 2 and
increased with rhodolith volume at a similar rate at both sites, averaging 7833 + 444
(SE) individuals m~?2 (Table S4; Figure 5A). Density also scaled positively with rhodolith
volume in all seasons, but it increased at a lower rate and was on average 25% higher
in spring (8878 + 689 individuals m~2) than in the other seasons (7193 =+ 796 individuals
m~2; Table S4; Figure 5A).

Macrofaunal biomass ranged from 38.9 g m~?2 to 1.153 kg m 2 and was dominated
by brittle stars (64%) and sea urchins (13%), followed by chitons and bivalves (8% each),
polychaetes (4%), sea stars (2%), and gastropods and nemerteans (1% each). Sponges,
crustaceans, sipunculids, and sea cucumbers each accounted for <1% of the biomass. Mean
biomass did not vary significantly with rhodolith volume, was 1.6 times higher at SP15
(3467 £311g m~2) than at SP18 (216.7 + 30.0 g m~2), and 2 times higher in spring
(324 +38g) (360.0 £ 422 ¢ m~?2) than in summer (16.4 + 3.7 g) (1822 +411¢g m~2)
(Table S5, Figure 5B). Macrofaunal diversity did not vary significantly among seasons
but increased with the rhodolith volume at SP15 and was negatively related to rhodolith
volume at SP18 (Table S6, Figure 5C).

PERMANOVA analysis indicated that macrofaunal assemblages varied spatially. SIM-
PER analysis showed that the higher abundance of daisy brittle stars (Ophiura aculeata),
mottled chitons (Tonicella marmorea), wrinkled rock borer clams (Hiatella arctica), sabellid
polychaetes, and keyhole limpets (Puncturella noachina), together with lower abundance of
brittle stars (Ophiopholis robusta) and northern white chitons (Stenosemus albus), explained
62% of the dissimilarity between the two sites (Tables S1C and S10, Figure 6A). Macrofaunal
assemblages also varied seasonally, with SIMPER analysis indicating that a higher abun-
dance of the same seven taxa noted above accounted for ~65% of the dissimilarity between
spring and the three other seasons (Tables S1C and S10; Figure 6B). The only exception was
the lower abundance of brittle stars (O. aculeata) in spring than in fall (Table S10). All 52 taxa
included in the PERMANOVA analysis (see Section 2.4) were present at both sites and in
all seasons. The seven taxa that contributed most to the spatial and seasonal dissimilarities
mentioned above accounted for 69% of all the specimens identified.
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Figure 5. Mean macrofaunal (A) density, (B) biomass, and (C) diversity at the two study sites
(left panels) and within each season (right panels) (n = 36 each). Regression lines indicate significant
relationships between (A) macrofaunal density (negative binomial regression applied to macrofaunal
counts) or (B) diversity (linear regression applied to Shannon diversity index) and rhodolith volume.
Errors are 95% confidence intervals (+95% Cls). Bars not sharing the same letters differ statistically
(p <0.05).
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Figure 6. Non-metric multidimensional scaling (NMDS) using Bray—Curtis dissimilarity for macro-
faunal counts showing dissimilarity of macrofaunal assemblages (53 taxa) between (A) the two study
sites (SP15 and SP18), and (B) the four sampling seasons (n = 72 for each). Smaller and larger solid
dots indicate individual sample and group (site or season) centroids, respectively.

4. Discussion

Our nine-month survey of a subarctic rthodolith (Lithothamnion glaciale) bed revealed
a stable, unconsolidated rhodolith framework containing a highly diverse macrofaunal
community of at least 108 taxa. We found that (1) substratum types varied seasonally and
between the shallow (SP15; 15 to 17 m deep) and deeper (SP18; 18 to 20 m deep) study sites
but that rhodolith density and biomass remained stable; (2) macrofaunal density scaled
positively with rhodolith volume; (3) macroinvertebrate diversity showed contrasting rela-
tionships with rhodolith volume at SP15 (positive) and SP18 (negative); and (4) differences
in macroinvertebrate assemblages between the two study sites and between spring and the
other three seasons were mainly driven by variation in the density of up to the seven most
abundant taxa.

4.1. Rhodolith Bed Structure

We showed that the rhodolith bed at both sites was structurally stable throughout
the survey, containing >90% of live and dead rhodoliths and coarse biogenic sediments,
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as well as similar rhodolith densities (~822 individuals m—2) and biomasses (~11.5 kg
rhodoliths m~2) in any given season. Such rhodolith densities and biomasses within the
15-20 m depth range (1) parallel the ~858 rhodoliths m~2 reported by Gagnon et al. [30]
for a shallower (8 to 10 m deep) portion of the same bed sampled four years before the
present study, and (2) are up to twice lower than the peak 19.5 kg rhodoliths m 2 measured
in other portions of the bed within the 8-15 m depth range four years before [30] and
four years after [50] the present study. That rhodolith biomass varies spatially within the
bed despite a homogenous rhodolith density, indicates that rhodolith size varies across
the bed. In a study of the growth response of L. glaciale rhodoliths to seasonal changes
in sea temperature and light in the same bed, Bélanger and Gagnon [33] showed that
rhodolith tissue growth did not vary within the 8-25 m depth range despite a 6x decrease
in photosynthetically active radiation (PAR) with depth. Growth, therefore, is an unlikely
driver of the uneven distribution of variably sized rhodoliths across the St. Philip’s bed.
We propose that differences in habitat characteristics between both sites, including the
greater abundance of larger and taller rocky outcrops surrounding SP18, may help create
hydrodynamic conditions more favorable for rhodolith growth or long-term preservation
of rhodolith size and shape, even during occasional, yet damaging wind and wave storms
(see below).

The rhodolith bed framework differed between the two study sites, primarily because
of a greater abundance of empty and disarticulated shells of horse mussels (Modiolus modi-
olus) at SP18 than at SP15. Live horse mussels in the rhodolith bed predominantly form
clumps attached to bedrock outcrops, with shells often covered in thick and branching
coralline crusts. The relatively tall and steep bedrock outcrops enclosing SP18 host larger
populations of M. modiolus than those on the shorter and more dispersed outcrops surround-
ing SP15 (authors’ scuba observations). When they die, mussels, and their continuously
expanding and thickening cover of coralline algae, presumably detach and fall down the
outcrops, and water currents and mobile organisms move the empty shells across the bed.
Such active and passive transportation and displacement of empty, disarticulated mussel
shells, which would eventually become rhodoliths as new L. glaciale tissue develops and
would accumulate over time, may well explain our observed 4x greater abundance of
mussel-shell-nucleated rhodoliths at SP18 than at SP15.

The size and shape of the nuclei likely influenced the overall morphology of nucleated
rhodoliths [38,70,71]. For example, shell-nucleated rhodoliths were predominantly large
(>50 cm?®) with a bladed or elongated shape, characteristic of bivalve shells, whereas pebble
nuclei were much smaller than shell nuclei, accordingly yielding 2.5x fewer large rhodoliths.
We also showed that rhodolith shape distribution was similar among pebble-nucleated and
non-nucleated rhodoliths, with ~70% of compact shapes, while shell-nucleated rhodoliths
were mostly bladed (59%) or elongate (20%) but seldom compact. Our finding that the ma-
jority of rhodoliths at both study sites were nonetheless non-nucleated and compact in shape
parallels observations in other sections of the St. Philip’s bed since 2012 [30,36,50]. Predom-
inantly compact shapes have also been documented in arctic [72,73], temperate [71,74], and
tropical [75,76] rhodolith beds. Compact shapes presumably result from uniform, radial
rhodolith growth facilitated by occasional overturning by hydrodynamic forces [74,77] or
bioturbators [36]. Nucleation type and bioturbation are likely the main drivers of rhodolith
size and morphology in the St. Philip’s bed since hydrodynamic forces are generally
insufficient to move rhodoliths [36].

Our noted differences in the rhodolith bed framework suggest mild seasonal reworking
of the bed. Although invertebrates and fish can transport rhodoliths over distances of up to
several meters per day [36,78,79], it is unlikely that bioturbation solely accounted for the
13% increase in rhodolith cover from winter to fall, and the 16% decrease in the abundance
of compact rhodoliths from winter to summer. This is especially true of SP18, with the
high bedrock outcrops that almost entirely enclosed the bed. Interestingly, a major wave
storm swept our study sites during the first week of March 2013, (i.e., ~1 wk before the first
rhodolith survey (winter)). Extraordinarily, strong surge and bottom currents completely
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ripped epibenthic enclosures while moving heavy (15 kg) cinder blocks over several
meters across the bed we had installed several 10 s of meters away from SP15. This major
disturbance pushed large quantities of rhodoliths into areas with lower hydrodynamic
forces while exposing large patches of the sedimentary bottom normally overtopped
by rhodoliths. Our casual observations of the rhodolith bed after the storm suggested
sections of the rhodolith bed framework were gradually redistributing, presumably by
the combined effects of water motion and bioturbation. Observed seasonal differences in
rhodolith shape distribution were unexpected given that the slow growth rate of <1 mm y !
in L. glaciale thodoliths [32-35,80,81] is unlikely to yield perceptible changes in the shape
of the majority of rhodoliths over the course of ~6 months. The marginally significant
statistical differences of our post hoc comparisons suggested a mild seasonal effect on
rhodolith shape distribution that may have been caused by the highly heterogeneous
distribution of variably shaped rhodoliths across the bed.

Our findings, therefore, generally supported our hypothesis that the bed’s structure
differs between sites, yet is temporally stable within each site. Accordingly, we conclude
that the rhodolith bed framework, particularly in terms of rhodolith size and shape, varies
spatially across the bed and that local stability prevails under the main influence of biologi-
cal forcing until sporadic and unusually intense physical forcing reworks the framework.

4.2. Rhodolith Macrofauna

We showed that rhodolith macrofaunal richness in the St. Philip’s bed was >2 times
higher than that reported for arctic L. glaciale beds [39,73]. Macrofaunal abundance, how-
ever, was dominated by a few species with brittle stars (Ophiopholis aculeata and Ophiura
robusta) and chitons (Tonicella marmorea and Stenosemus albus), accounting for >50% of all
the specimens identified, and ~70% of total macrofaunal biomass. Studies of other portions
of the St. Philip’s bed carried out 4 y before [30], as well as 1 y [36] and 4 y [50] after the
present study, also highlighted the dominance of these and other abundant taxa, including
green sea urchin (Strongylocentrotus droebachiensis), common sea star (Asterias rubens), and
wrinkled rock borer (Hiatella arctica), therefore highlighting high temporal stability in the
main composition of the macrofaunal community. The present study’s finer taxonomic reso-
lution unveiled the important contribution of gastropods (Puncturella noachina and Moelleria
costulata) and polychaetes (Sabellidae and Terebellidae) to total macrofaunal abundance
and diversity.

Unlike biomass, macrofaunal density scaled positively with rhodolith volume. Positive
relationships between macrofaunal density and rhodolith size have been described in other
rhodolith beds [82-84]. We found that most macrofauna was located within spaces between
rhodolith branches, or deeper inside cavities running within the rhodoliths” calcified
skeleton, which explains why larger rhodoliths housed higher macrofaunal density than
smaller ones. Brittle stars and sea urchins were among the largest organisms sampled,
contributing mostly to total macrofaunal biomass. Large brittle stars often had their central
disc recessed in between distal portions of rhodolith branches, with their arms extending
into the water column to collect food particles. Sea urchins, with their rigid spherical test,
were located mainly on the outer surface of rhodoliths, with a small proportion of tiny
individuals concealed in between branches. The largely spheroidal shape of most rhodoliths
sampled implies that the surface-to-volume ratio decreased nearly logarithmically with
increasing rhodolith size. Accordingly, the amount of surface and space available at the
periphery of rhodoliths, mainly occupied by larger brittles stars and sea urchins, increased
at a lower rate than the internal space available for colonization by smaller macrofauna.
This imbalance could explain the lack of a significant relationship between macrofaunal
biomass and rhodolith volume.

Macrofaunal diversity (H) increased at SP15 but decreased at SP18, with increasing
rhodolith volume. Positive relationships between macrofaunal diversity and rhodolith size
were linked to higher heterogeneity of microhabitats associated with larger rhodoliths in
other beds [83,84]. The majority of large (>50 cm?®) rhodoliths at SP15 were non-nucleated
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or had a small pebble nucleus that made only a small volume of space unavailable to
macrofauna. In contrast, ~60% of the largest rhodoliths at SP18 had a horse mussel-shell
nucleus, creating a considerable amount of inner, open space that could potentially be
colonized by macrofauna. Our results, therefore, only partially supported our hypothesis
that the abundance and diversity of rhodolith macrofauna scale positively with rhodolith
size. We conclude that the relationship between rhodolith size and rhodolith macrofaunal
abundance or diversity varies ontogenetically, being largely allometric in non-nucleated
rhodoliths and isometric in rhodoliths with proportionally large nuclei.

Significant differences in macrofaunal biomass and diversity between SP15 and SP18
supported our hypothesis that rhodolith macrofauna differs between sites. Rhodolith
volume was ~20% higher, and large (>50 cm3) rhodoliths were ~20% less nucleated at
SP15 than SP18, providing additional space and microhabitat to a more abundant and
diverse macrofaunal assemblage. PERMANOVA and SIMPER analyses of macrofaunal
data revealed that 87% of all the taxa sampled were common to both sites, with most of the
between-site dissimilarity explained by the high abundances at SP15 of a few dominant
taxa, including Ophiopholis aculeata, Tonicella marmorea, Hiatella arctica, Puncturella noachina,
and sabellid polychaetes. NMDS analysis corroborated the above-noted considerable
overlap in macrofauna between the two study sites. Our results, therefore, suggest that the
bed in St. Philip’s is characterized by a relatively homogenous and biodiverse macrofaunal
assemblage whose spatial variability is largely explained by differences in the distribution
and abundance of a few numerically dominant taxa.

Our findings that macrofaunal density in spring was 25% higher than that in any of
the three other seasons sampled, while macrofaunal biomass dropped by ~50 between
winter and spring, attest to considerable temporal variability in the size structure of the
macrofaunal community. Mass spawning in brittle stars is common in the northwest
Atlantic [85,86]. Our observed 3x lower biomass-to-density ratio of brittle stars in spring
compared to winter suggests that massive recruitment of juveniles occurred between the
two seasons. Because brittle stars accounted for 36% and 64% of the total macrofaunal
density and biomass, respectively, such major recruitment events could largely explain
seasonal variability in the St. Philip’s bed. Nevertheless, we showed that over 75% of
all taxa were present in all seasons, whereas the taxa that were not present in all seasons
accounted for <1% of the total macrofaunal abundance. PERMANOVA, SIMPER, and
NMDS analyses revealed that the higher densities of the up-to-seven most abundant taxa
(Ophiura robusta, Ophiopholis aculeata, Tonicella marmorea, Stenosemus albus, Hiatella arctica,
Punturella noachina, and sabellid polychaetes) in spring were responsible for 50-60% of
the dissimilarity in macrofaunal assemblages between this and the three other seasons.
Our results therefore strongly support our hypothesis that rhodolith macrofauna varies
seasonally.

5. Conclusions

Our nine-month field survey of the St. Philip’s bed revealed that the rhodolith bed
framework is spatially heterogeneous, yet provides a temporally stable habitat to an abun-
dant and highly diverse (at least 108 taxa) macrofaunal assemblage dominated by a few
taxa (including brittle stars, chitons, bivalves, gastropods, polychaetes, sea urchins, and
sea stars). We showed that certain habitat components, such as bivalve shells, can have
a profound effect on rhodolith morphology and associated macrofauna, with larger, non-
nucleated rhodoliths generally hosting higher macrofaunal density, biomass, and diversity.
Spatiotemporal variability in rhodolith macrofauna was mainly driven by seasonal fluc-
tuations in the relative abundance of up-to-seven numerically dominant taxa, with little
changes in otherwise homogenous species composition.

The present study, which was carried out at an unprecedentedly fine taxonomic reso-
lution, strongly supports the notion that rhodolith beds are key biodiversity hotspots. Its
spatial and temporal domains, also largely unparalleled for this kind of ecosystem, provide
clear, quantitative evidence that rhodolith beds provide a stable framework under the
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main influence of biological forcing until sporadic and unusually intense physical forcing
reworks it. These findings are worrisome in the face of observed and predicted changes
in ocean climate because they suggest that rhodolith beds are particularly vulnerable to
ongoing increases in the frequency and severity of wind and wave storms [87,88]. In
other studies [33,35], we concluded that ongoing ocean warming will benefit subarctic
L. glaciale thodoliths by shortening the yearly period over which sea temperatures near 0 °C
prevent growth. Further studies should address the resilience of rhodolith beds to wave
storms and other types of physical or chemical forcing (e.g., ocean warming, acidification,
and eutrophication) to better understand and predict the trajectory of rhodolith-based
ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15060774/s1, Table S1: Summary of permutational multivariate
analysis of variance (PERMANOVA), based on Bray-Curtis dissimilarity for square-root transformed
count data, examining the effect of the fixed factors Site (SP15 and SP18) and Season (winter, spring,
summet, and fall) on (A) substratum type percent cover based on six categories: live rhodolith, dead
rhodolith, sediment, shell, pebble, and cobble/boulder), (B) rhodolith shape distribution based on
ten shape classes: compact, compact-platy, platy, very-platy, compact-bladed, bladed, very-bladed,
compact-elongate, elongate, very-elongate, and (C) rhodolith macrofaunal community based on
52 taxa. All analyses were performed on balanced design using Type I sums of squares and a
5% significance level (o = 0.05).; Table S2: Summary of (A) negative binomial regression examining
the effect of fixed factors Site (SP15 and SP18) and Season (winter, spring, summer, and fall) on
rhodolith density, and for (B) and (C) binomial regressions examining the effect of the fixed factor Site
(SP15 and SP18) on rhodolith nucleation (nucleated and non-nucleated) and nucleus type (pebble-
nucleated and shell-nucleated), respectively. All analyses were performed on balanced design using
Type I sums of squares and a 5% significance level (o« = 0.05).; Table S3: Summary of two-way
ANOVAs examining the effect of the fixed factors Site (SP15 and SP18) and Seasons (winter, spring,
summer, and fall) on (A) rhodolith biomass, and (B) total rhodolith volume per 30 x 30-cm quadrat
(0.09 m?). All analyses were performed on balanced design using Type I sums of squares and a 5%
significance level (« = 0.05).; Table S4: Summary of negative binomial linear models (applied to
non-transformed count data) examining the effect of the fixed factors Site (SP15 and SP18) and Season
(winter, spring, summer, and fall), and covariate Volume (total rhodolith volume per 30 x 30-cm
quadrat) on macrofaunal density. Analysis was performed on balanced design using Type I sums
of squares and a 5% significance level (x = 0.05).; Table S5: Summary of ANCOVAs examining
the effect of the fixed factors Site (SP15 and SP18) and Season (winter, spring, summer, and fall),
and covariate Volume (total rhodolith volume per 30 x 30-cm quadrat) on macrofaunal biomass
(wet weight). Analysis was performed using Type I sums of squares and a 5% significance level
(e = 0.05).; Table S6: Summary of ANCOVAs examining the effect of the fixed factors Site (SP15
and SP18) and Season (winter, spring, summer, and fall), and covariate Volume (total rhodolith
volume per 30 x 30-cm quadrat) on rhodolith macrofaunal community Shannon diversity index
(H). Analysis was performed using Type I sums of squares and a 5% significance level (« = 0.05).;
Table S7: Macrofauna taxa identified in the St. Philip’s rhodolith bed. Numbers indicate mean
density (£SE) per 30 x 30-cm quadrat (0.09 m?) at the two study sites (SP15 and SP18; data pooled
across seasons), and in each sampling season (data pooled across sites) (see Table 1 for collection
dates). Zero (0) values indicate absence for a given collection. Crosses (x) indicate sponge taxa that
were present but not tallied because of fragmentation. Polychaete species listed under family names
were identified from subsamples but not tallied for quantitative analyses.; Table S8: Summary of
SIMPER analysis for the substratum type assemblages. Dissim is the average (=SD) contribution
of each species/Taxon to the overall dissimilarity between contrasted sites (SP15, SP18) or seasons.
CumSum is the ordered cumulative contribution to overall dissimilarity. avgA and avgB are the
average substratum type occurrence (square root transformed) for the first and second contrasted
site/season, respectively.; Tale S9: Summary of SIMPER analysis for the rhodolith shape assemblages.
Dissim is the average (+SD) contribution of each species/Taxon to the overall dissimilarity between
contrasted sites (SP15, SP18) or seasons. CumSum is the ordered cumulative contribution to overall
dissimilarity. avgA and avgB are the average substratum type occurrence (square root transformed)
for the first and second contrasted site/season, respectively.; Table S10: Summary of SIMPER analysis
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for macrofaunal community. Dissim is the average (£SD) contribution of each species/taxon to
the overall dissimilarity between contrasted sites (SP15, SP18) or seasons. CumSum is the ordered
cumulative contribution to overall dissimilarity. avgA and avgB are the average species/taxon
abundances (square root transformed) for the first and second contrasted site/season, respectively.
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