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ABSTRACT: Rhodolith beds are highly diverse benthic communities organized around the physical
structure and primary productivity of red coralline algae. Despite a worldwide distribution and
growing recognition that rhodolith beds are important calcium carbonate (CaCOj3) bio-factories, lit-
tle is known of the factors and processes that regulate their structure, function, and stability. One
prevalent, largely untested paradigm is that beds develop in environments where water motion is
strong enough to prevent burial by sediments. Observations over 7 mo and 3 wk in the centre and
near the upper and lower margins of a Newfoundland (Canada) rhodolith Lithothamnion glaciale
bed, as well as a laboratory mesocosm experiment with rhodoliths and dominant macrofauna from
the bed, were used to characterize, parse, and model spatial and temporal variation in rhodolith sed-
iment load (RSL) and movement among presumably important abiotic and biotic factors. RSL and
rhodolith movement were largely mediated by a few dominant benthic invertebrates. Hydrody-
namic forces were insufficient to move rhodoliths. Daisy brittle stars Ophiopholis aculeata and small
common sea stars Asterias rubens contributed to dislodgement of sediment from rhodoliths. Large
green sea urchins Strongylocentrotus droebachiensis easily moved rhodoliths in mesocosms.
Results provide the first quantitative demonstration that rhodolith beds need not be exposed to
threshold hydrodynamic forces to avoid burial. Beds can simply occur in areas where burial is
unlikely because of low sedimentation rates. In such cases, select resident bioturbators operating
simultaneously at different spatial scales (within and outside rhodoliths) appear to suffice to main-
tain RSL below lethal quantities, contributing to stability of beds.
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INTRODUCTION

Sedimentation is the deposition of suspended orga-
nic and inorganic particles (sediments) settling out of
a water column onto a surface (Wright et al. 2001,
Julien 2010, Twichell et al. 2010). Marine sediments
are an important food source for detritivores and filter
feeders in benthic environments, and their accumula-
tion can create nutrient-rich depositional layers pro-
viding habitat and shelter (Dearborn et al. 1981, Hall
1994). However, sessile benthic organisms, in partic-
ular primary producers such as seagrasses and
macroalgae, are vulnerable to excessive sedimen-
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tation, occluding feeding and photosynthetic struc-
tures or interfering with recruitment, growth, nutrient
uptake, and gaseous exchange (Thomsen & McGlath-
ery 2006, Cabaco & Santos 2007, Riul et al. 2008).
Smothering or burial by sediments can be reduced or
avoided when physical factors such as water flow or
organisms remove or re-suspend sediments (Scheffer
et al. 2003, Hinchey et al. 2006, de Boer 2007). Biotur-
bation, broadly defined as transport processes carried
out by animals that directly or indirectly affect sedi-
ment matrices, including particle reworking and bur-
row ventilation, is a widespread phenomenon that
helps maintain biologically sustainable sedimentary
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balances in benthic systems (Dahlgren et al. 1999,
Kristensen et al. 2012, Chen et al. 2016). Yet, increas-
ing frequency and intensity of wind and wave storms,
as well as accelerating coastal development, affect
near-shore sediment transport and increase the likeli-
hood of burial and loss of benthic primary producers
(Stocker et al. 2014).

Rhodoliths are red, benthic, non-geniculate coral-
line algae (Rhodophyta: Corallinales, Hapalidiales,
and Sporolithales) that grow as free-living nodules
(balls, branched twigs, or rosettes) from the low inter-
tidal to depths >150 m in tropical to polar seas (see re-
view by Foster 2001). They are long-lived and slow-
growing, with estimated longevities that can exceed
100 yr and highest growth rates of only a few mm yr~!
(Bohm et al. 1978, Bosence 1983, Foster 2001). Rhodo-
liths can form extensive CaCOj; bio-factories, known
as rhodolith beds (aggregations), with the largest bed,
~20900 km? along the coast of Brazil (Foster 2001,
Amado-Filho et al. 2012). In part because of their high
structural complexity, rhodolith beds typically contain
highly diverse assemblages of ecologically and eco-
nomically important invertebrate and fish species (Hi-
nojosa-Arango & Riosmena-Rodriguez 2004, Kamenos
et al. 2004a,b, Steller & Caceres-Martinez 2009, Gag-
non et al. 2012). The majority of rhodolith studies have
focussed on the use of rhodoliths for paleoenviron-
mental reconstructions, taxonomic classification of al-
gal species forming rhodoliths, distribution and extent
of rhodolith beds, and characterization of biological
communities within rhodolith beds (Riosmena-
Rodriguez et al. 2017 and references within). A hand-
ful of studies have focussed on factors and processes
that regulate the structure, function, and stability of
rhodolith beds, with progress in this area mainly
driven by research in the southwestern and eastern
Pacific (e.g. Marrack 1999, James 2000, Steller et al.
2003, Basso et al. 2009, Riosmena-Rodriguez et al.
2012, Avila et al. 2013, Neill et al. 2015), southwestern
and northeastern Atlantic (e.g. Kamenos et al.
2004a,b, Martin et al. 2007, Hinojosa-Arango et al.
2009, Amado-Filho et al. 2010, Andrades et al. 2014,
Pereira-Filho et al. 2014, 2015), and Mediterranean
Sea (Ballesteros 1994, Basso 1998, Piazzi et al. 2002,
Klein & Verlaque 2009, Sciberras et al. 2009).

According to Foster (2001), rhodolith beds typically
develop in environments where water motion is
strong enough to prevent burial by sediment but not
so high or directional as to cause destruction or trans-
port out of areas favourable to growth. Although the-
oretically sound, this paradigm has remained largely
untested since its inception over 15 yr ago (but see
Hinojosa-Arango et al. 2009). Movement of rhodo-

liths within a bed, which can also help discharge
some of the settling sediments, can be attributed to 2
main factors: hydrodynamic forces and bioturbation
(Riosmena-Rodriguez et al. 2017). Hydrodynamic
forces include tidal currents, oscillatory waves, and
disturbance by extreme wave storms, which presum-
ably affect mainly the upper limit of rhodolith distri-
bution (Tsuji 1993, Marrack 1999, Basso et al. 2009).
Bioturbation in rhodolith beds is generally attributed
to the activities of a variety of echinoderms and ben-
thic fishes (Prager & Ginsburg 1989, James 2000).
The importance of bioturbation in preventing rhodo-
lith burial, and how it may differ spatially within a
bed, is relatively unknown and difficult to quantify
(Prager & Ginsburg 1989, Piller & Rasser 1996, Mar-
rack 1999, Pereira-Filho et al. 2015). Moreover, the
relative importance of the hydrodynamic environ-
ment and bioturbation on rhodolith movement is
poorly understood and likely differs spatially, tempo-
rally, and geographically.

The first published account of the occurrence of
rhodolith beds in the northwestern Atlantic dates
back to the mid-1960s (Adey 1966), followed by only
a handful of studies describing the main coralline
species that form rhodoliths and providing a coarse
geographical distribution of the beds across this vast
region (Adey & Adey 1973, Bosence 1983, Adey et al.
2005, Adey & Hayek 2011). The study by Gagnon et
al. (2012) focussing on 2 subtidal beds of the rhodo-
lith Lithothamnion glaciale off the coasts of Holyrood
and St. Philip’s in southeastern Newfoundland, Can-
ada, is the first quantitative analysis of rhodolith mor-
phology, associated cryptofaunal and macrofaunal
abundance and diversity, and organization as beds in
the subarctic, northwestern Atlantic. Because the
bed in St. Philip's is relatively large (~0.25 km?),
extends across a depth range of ~10 to 25 m, and is
located at ~300 m from the mouth of a river, it may be
under the influence of a broad range of water flows
and sedimentological processes (Gagnon et al. 2012).
Daisy brittle star Ophiopholis aculeata and mottled
red chiton Tonicella marmorea are the 2 numerically
dominant rhodolith cryptofauna, accounting for
~82% of invertebrates in the bed (Gagnon et al.
2012). The former is a suspension feeder, whereas
the latter is a grazer, and hence together these organ-
isms likely filter sediments falling out of the water
column and scrape the surface of rhodoliths. Domi-
nant macroinvertebrates on the surface of the bed
include the common sea star Asterias rubens and the
green sea urchin Strongylocentrotus droebachiensis
(Gagnon et al. 2012). By moving on the bed, both
species may alter the position of rhodoliths and their
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sediment load, therefore possibly acting as bioturba-
tors. Given these characteristics, the rhodolith bed in
St. Philip's represents an excellent system to study
sedimentological aspects, and gain a better under-
standing of the factors and processes that affect
rhodolith bed distribution and stability in general.

In the present study, 2 surveys in the rhodolith bed
in St. Philip’s, as well as one laboratory mesocosm
experiment with 2 dominant mobile invertebrates
from this bed, were used to characterize, parse, and
model spatial and temporal variation in rhodolith
sediment load and movement among presumably
important abiotic and biotic factors. Specifically, one
survey tracked and modelled changes in rhodolith
sediment load over 7 mo as a function of water flow,
sedimentation, and the abundance of dominant
rhodolith cryptofauna and macrofauna near the
upper and lower margins of the bed. The other sur-
vey examined movement of rhodoliths and water
flow over 3 wk near the centre and upper and lower
margins of the bed. The mesocosm experiment tested
the ability of common sea stars and green sea urchins
to move rhodoliths. Collectively, these surveys and
this experiment were designed to test
the hypotheses that: (1) water flow and ~ s2°N

et al. 2012). Dominant macroinvertebrates moving on
the surface of the bed include the green sea urchin
and common sea star (Gagnon et al. 2012).

Rhodolith sediment load —Field survey 1

The amount of sediment covering the surface of rho-
doliths, hereafter termed 'rhodolith sediment load’,
and its relationship with abiotic and biotic factors was
assessed by tracking changes over 7 mo in (1) the
quantity of sediment falling out of the water column;
(2) density of dominant, mobile invertebrate macro-
fauna on rhodoliths; and (3) biomass of dominant rho-
dolith cryptofauna, at depths of 12 and 20 m within the
bed. These depths were chosen because they corre-
spond roughly to the respective upper and lower
margins of the bed, with presumed differences in
water flow (higher at 12 than 20 m) and sediment
load (lower at 12 than 20 m). For simplicity and accu-
racy, the concept of rhodolith sediment load in the
present study refers strictly to the amount of sedi-
ment on the surface of rhodoliths at a given point in

the abundance of at least a few domi-
nant rhodolith cryptofauna and macro- 51°
fauna influence the amount of sedi-
ment on rhodoliths; (2) rhodolith 50° |
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The study was carried out from June
to December 2014 in a Lithothamnion
glaciale bed spanning ~0.25 km? across
depths of 10 to 25 m off the coast of
St. Philip's on the south shore of Con-
ception Bay, Newfoundland, Canada
(47°35'30.9" N, 52°53'35.2" W; Fig. 1).
Rhodoliths in this bed are relatively
small (mean length of longest axis:
~6 cm) and predominantly spheroidal
(Gagnon et al. 2012) (Fig. 1). Their un-
even surface holds high densities (up to
~2000 ind. m~2 of bed) of the daisy brit-
tle star and mottled red chiton (Gagnon

Fig. 1. (A) Newfoundland (eastern Canada) and (B) eastern Conception Bay

showing the location of the rhodolith bed (diamond) off St. Philip's. (C) Transi-

tion (~5 m across) between green sea urchin Strongylocentrotus droebachien-

sis barrens (upper half of the photo) and the rhodolith Lithothamnion glaciale

bed (lower half) at a depth of ~10 m (photo by David Bélanger). (D) Size (cen-

timeter scale) and shape (primarily spheroidal) of representative rhodoliths
from the bed (photo by Patrick Gagnon)
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time. The concept therefore differs from that of load’
in the geological literature used to describe sediment
particles in a flowing fluid either transported along
the physical confines of the fluid flow (bed load) or
suspended within a given volume of fluid (suspended
and wash loads) (Julien 2010).

Sediment load was measured once every 21-40 d
(7 times in total) from 11 June to 9 December 2014.
On each sampling event, 120 rhodoliths of compara-
ble size were haphazardly hand collected by divers
within a large (~50 x 50 m) georeferenced area of the
bed at each depth. The present study was primarily
concerned with sediment settling out of the water
column. Only rhodoliths whose underside was not
wedged in sediments and did not release a plume of
sediments upon removal from the bed were retained
to reduce the likelihood of sampling both benthic and
deposited waterborne sediment. Rhodoliths were
carefully removed so as not to alter sediment load
and transported to the sea surface in large (3.8 1),
sealed plastic bags (10 rhodoliths bag™! for a total of
12 bags). Bags of rhodoliths with their water content
were transported in large containers filled with sea-
water to the Ocean Sciences Centre (OSC) of Memo-
rial University of Newfoundland. Upon arrival at the
OSC (<5 h after collection), bags were transferred
to 330 I holding tanks supplied with ambient flow-
through seawater pumped in from a depth of ~5 m in
the adjacent embayment, Logy Bay.

The content of each bag was processed using the
following procedure. Each rhodolith was vigorously
shaken for 30 s within the bag to release sediment in
the water. Water and total sediment load from the 10
rhodoliths was then filtered with a vacuum pump
(0211-V45F-G8CX; Gast) through a 25 pm filter
paper (Grade 114 Wet-Strengthened Qualitative Fil-
ter Paper; Whatman). Sediment retained was air
dried for 24 h at 60°C in a drying oven (GO1390A-1;
Thermo Scientific). Sediment dry weight was then
determined by subtracting the original dry weight of
the filter paper from the dry weight of the filter paper
and its sediment load, as measured with a scale with
a precision of £0.001 g (PB503-S/FACT; Mettler
Toledo).

The sampled rhodoliths inevitably differed in
shape, size, and orientation on the seabed despite
efforts to minimize such variation during collection.
As a result, a part of the variation in rhodolith sedi-
ment load among the 12 groups of 10 rhodoliths was
likely caused by differences in the total amount of
rhodolith surface on which sediment settled, with
larger rhodoliths likely trapping more sediment than
smaller ones. To account for this potential bias and

standardize sediment loads, total sediment weight
for each group of 10 rhodoliths was divided by the
sum of all surface areas of those same 10 rhodoliths.
The total surface area of each rhodolith was esti-
mated by relating the length of the longest, interme-
diate, and shortest axes, measured with a calliper
with a precision of +0.1 cm, with the Knud Thomsen
approximation for a general ellipsoid with least rela-
tive error (at most 1.061 %):

)

(@b)? +(ac)® + (bc)P j”/p’
3

where Sis the surface area, p = 1.6075, and a, b, and
c are half the lengths of the longest, intermediate,
and shortest axes, respectively (Klamkin 1971).
Gagnon et al. (2012) used the lengths of the longest,
intermediate, and shortest axes and simple mathe-
matical relationships described by Graham & Midg-
ley (2000) to approximate rhodolith shape in the
same bed examined in the present study, and con-
cluded that rhodoliths were predominantly spher-
oidal. Because calculation of rhodolith surface areas
in the present study required greater accuracy, and
none of the rhodoliths collected were true spheres,
the Knud Thomsen approximation for a general ellip-
soid was deemed superior to any other methods of
approximation. Bosence (1976) documented consid-
erable variation in patterns of branching and density
of branches in maerl from western Ireland. Both traits
did not vary appreciably among rhodoliths in the
present study (Fig. 1 and Gagnon et al. 2012). There-
fore, rhodolith surface area based uniquely on rhodo-
lith physical dimensions were deemed sufficiently
accurate for the present study.

Ss4n[

Water flow

Water flow velocity, u, v, and w (in the x-, y-, and z-
direction, respectively) at the shallow (12 m) station,
was measured from 28 July to 7 December 2014 with
a Doppler current meter (Vector Current Meter;
Nortek). The instrument was attached vertically to a
frame anchored to the seabed. Velocity at 5 cm above
the rhodolith bed was recorded at a rate of 64 read-
ings min~' during the first 15 min of every hour (for a
total of 960 readings h7'). This sampling regime,
termed ‘burst sampling’, is commonly used in
oceanographic studies to estimate hydrodynamic
conditions over long time scales (Lowe et al. 2005,
Thomson & Emery 2014). Velocity in each direction
was averaged across each block of 15 min. The
resulting 3 mean velocities for each time block were
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then averaged into a single, overall, directionless
flow speed (Smith 1994).

Only 1 Doppler current meter was available, pre-
cluding continuous measurement of flow simultane-
ously at the deep (20 m) station. To determine
whether flow velocity differed between both stations,
the instrument was temporarily moved once every 2
or 3 wk (depending on availability) to the deep sta-
tion. It was left there for ~1.5 h to ensure flow velocity
was recorded uninterruptedly over 15 min, and relo-
cated to the shallow station for further recording. The
instrument was brought to the OSC once a month for
precautionary data readout and maintenance, and
redeployed at the shallow station generally within
the following 2 or 3 d, resulting in a few data gaps
throughout the survey. Water flow at both stations
was deemed similar (see Supplement 1 at www.int-
res.com/articles/suppl/m594p065_supp.pdf). Accord-
ingly, preliminary investigation of the relationship
between water flow and rhodolith sediment load was
restricted to the shallow station because of the finer
temporal resolution in flow regime available for this
station (see 'Statistical analysis' below).

Waterborne sediments

Sediments falling through the water column were
collected from 2 May to 7 December 2014, with sedi-
ment traps at both stations. Each trap consisted of a
30 cm long PVC pipe with an internal diameter of
5.08 cm and a plastic cap tightly affixed to one
end. Accordingly, length was approximately 6 times
greater than diameter, which is above the minimum
5:1 ratio to prevent re-suspension of trapped sedi-
ments in high-energy wave and current environ-
ments (White 1990, Storlazzi et al. 2011). The traps
were fastened, open end facing upwards, at a height
of 1 m above the bed, to a thin (1.9 cm in diameter)
metal rod secured to a 15 kg cinder block placed hor-
izontally on the bed. Four traps located 1 to 4 m from
one another were used simultaneously at each sta-
tion. Every 23 to 40 d, divers tightly capped the open
end of all traps and swapped them for empty ones.
Traps with sediments were then brought to the labo-
ratory to determine the amount of sediments. The
sediment content of each trap was filtered and dried
with the same methodology used for determining
rhodolith sediment load. Sedimentation rate for each
trap was calculated by dividing sediment dry weight
by the surface area of the trap aperture (20.3 cm?)
and number of days the trap was at the station (Stor-
lazzi et al. 2011).

Mobile invertebrate macrofauna

Preliminary survey of the rhodolith bed at both sta-
tions indicated that green sea urchins and common
sea stars were the dominant invertebrate macrofauna
moving on the bed. Green sea urchins can move
rhodoliths (James 2000), whereas several species of
sea stars, including common sea stars, are effective
bioturbators on soft-sediment bottoms (Gaymer et al.
2004, Scheibling & Metaxas 2008). Accordingly, both
species were chosen to examine the influence of
mobile invertebrate macrofauna on rhodolith sedi-
ment load. The density of urchins and sea stars at
both stations was measured every 19 to 38 d from 11
June to 7 December 2014, with the following proce-
dure. On each sampling day at each station, divers
swam with a quadrat (30 x 30 cm) and a digital cam-
era (PowerShot D30; Canon) above the bed over a
straight distance of ~75 m. Every 2 or 3 m, the diver
holding the quadrat closed his eyes (to avoid bias)
and deposited the quadrat on the bed; the quadrat
was then photographed. Differences in total distance
covered by divers and distance separating consecu-
tive quadrats yielded 20 to 29 photo quadrats on each
sampling day at each station. Mean density of each
species on each sampling day for each station was
determined from visual counts in the photo quadrats
of urchins and sea stars with a test diameter (TD)
>2 cm and body diameter (BD; length of the longest
axis between 2 opposing arm tips) >5 cm (minimum
detectable sizes on the imagery), respectively.

Rhodolith cryptofauna

Complementary study of the same rhodolith bed
showed that the dominant rhodolith cryptofauna
were the daisy brittle star and mottled red chiton,
together representing respectively 82 and 78% of
the total number and biomass of invertebrates
(Gagnon et al. 2012). Juvenile green sea urchins
and common sea stars were the next 2 most abun-
dant (density and biomass) cryptofaunal species
(Gagnon et al. 2012), which is consistent with pre-
liminary observations in the present study. Accord-
ingly, these 4 species were chosen to examine the
influence of rhodolith cryptofauna on rhodolith sed-
iment load. All individuals of these 4 species were
extracted with probes and forceps from the same
rhodoliths sampled for sediment load.

Most brittle stars were firmly attached to rhodo-
liths, with the bulk of their body deeply recessed
within rhodolith surface cavities, making it virtually
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impossible to extract individuals without tearing
body parts. Accordingly, biomass of each of the 4
species was quantified because it was deemed a
more accurate estimator of their potential influence
on sediment load than density. Rhodoliths were frac-
tured into pieces as required to ensure complete bio-
mass extraction. Total wet weight per species of all
individuals (whole and fragments) from each of the
12 groups of 10 rhodoliths collected at each station on
each sampling event was determined with a scale
(same as in the rhodolith sediment load determina-
tion described above) with a precision of 0.001 g, and
averaged for each group of rhodoliths.

Rhodolith movement in the field —Field survey 2

To check the assumption that rhodolith movement
occurs in natural habitats, while testing the hypothe-
sis that movement is inversely related to depth, a 3
wk survey of changes in the location of marked rho-
doliths across a depth range of 8 m was carried out at
the study site, at ~150 m from both stations in Field
survey 1. The survey was partitioned in 3 runs of 5 d
each in late fall 2014, when wave action in southeast-
ern Newfoundland typically increases (Brodie et al.
1993) and is more likely to affect the distribution of
unattached benthos like rhodoliths: (1) 13 to 18 No-
vember (hereafter termed ‘mid-November'); (2) 27
November to 2 December (late November); and (3) 2
to 7 December (early December).

On 23 October 2014, divers hand collected ~250
non-nucleated (without an inner core of inorganic
material), average-sized rhodoliths at depths of 14 to
18 m. Rhodoliths were transported to the OSC where
they were individually weighed, and the length of
their longest, intermediate, and shortest axes were
measured as explained above. Dimensions of each
rhodolith were then aggregated using the spread-
sheet TRIPLOT (www.lboro.ac.uk/microsites/research/
phys-geog/tri-plot/) developed by Graham & Midgley
(2000) from pioneering work by Sneed & Folk (1958)
to assign each rhodolith to 1 of 3 major shapes (spher-
oidal, discodial, or ellipsoidal). Spheroidal rhodoliths
weighing between 15 and 35 g and with longest axis
between 3 and 6 cm were dried for 36 h at 60°C in a
drying oven (GO1390A-1; Thermo Scientific). They
were subsequently marked (spray painted bright or-
ange) to facilitate relocation underwater.

Marked rhodoliths were transported back to the
study site on 13 November 2014, and deployed at
depths of 12 (shallow), 16 (intermediate), and 20 m
(deep) according to the following procedure. At each

depth, divers created 2 rows of 5 groups of 4 rhodo-
liths, for a total 20 rhodoliths per row and 40 rhodo-
liths per depth. The 4 rhodoliths in each group were
deposited on top of the rhodolith bed, in a 20 x 20 cm
square (with 1 rhodolith per corner) centred in a 50 x
50 cm reference frame to standardize distances
among marked rhodoliths. Thin metal rods marked
with small pieces of bright colored flagging tape
were driven into sediments underlying the bed, at 2
opposing corners of the frame to permanently mark
its location and orientation. The frame was moved
along the row and deposited every 1 m to lay out the
remaining 4 groups of marked rhodoliths and perma-
nently mark each new frame location and orientation
with additional metal rods. The second row of rhodo-
liths was created in the same way and paralleled the
other row at a distance of ~2 m.

Each frame and associated rhodoliths was photo-
graphed from above with a digital camera (Power-
Shot D30; Canon) at the beginning and end of each
run. The 2 images of the same frame were superim-
posed and cropped as needed to correct for differ-
ences in camera angle with ImageJ v1.48 (Schnei-
der et al. 2012). The net distance between each
marked rhodolith's initial and final positions in the
imagery was averaged for each group of 4 rhodo-
liths belonging to a same frame, yielding 40 esti-
mates of rhodolith movement depth™ run!, for a
total of 360 estimates throughout the survey. The
same marked rhodoliths and frame locations and
orientations were used at all 3 depths in the 3 runs.
Preliminary trials indicated that painted and non-
painted rhodoliths were equally likely to be con-
tacted by the 2 predominant macrofaunal species in
the bed, i.e. green sea urchins and common sea
stars (see details in Supplement 2). The survey did
not allow differentiating rhodolith movement
caused by water flow from those caused by biotur-
bation, but it tracked changes in marked rhodolith
position as a first step to determining if rhodolith
movement changed with depth.

Rhodolith movement by dominant macrofauna —
mesocosm experiment

Casual observations of dominant macrofauna in
the rhodolith bed in St. Philip's (and other beds in
Newfoundland) suggested that during movement,
green sea urchins, and to a lesser extent common sea
stars, moved a few rhodoliths over various distances.
To quantitatively demonstrate this phenomenon,
while testing the hypothesis that urchins cause
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greater rhodolith movement than sea stars, a labora-
tory mesocosm experiment was carried out in which
changes in the location of rhodoliths in the presence
or absence of urchins and sea stars were tracked. The
4 treatments tested were: (1) presence of 1 urchin
and 1 sea star; (2) presence of 2 urchins; (3) presence
of 2 sea stars; and (4) no urchins and no sea stars. The
first 3 treatments were designed to isolate and com-
pare any differential effects of sea stars and urchins,
whereas the last was used as a control.

The experiment was carried out with spheroidal
rhodoliths (3—6 cm in length, longest axis), urchins
(4-5 cm TD), and sea stars (10—15 cm BD) hand col-
lected by divers at depths of 10-15 m from the bed in
St. Philip's on 18 and 27 November 2014. Organisms
were ftransported to the OSC in large containers
filled with seawater and transferred upon arrival
(<4 h after collection) to 330 1 holding tanks supplied
with flow-through seawater pumped in from a depth
of ~5 m in the adjacent embayment, Logy Bay. These
urchin and sea star size classes were chosen to
ensure that all individuals were sexually mature
(Nichols & Barker 1984, Himmelman & Dutil 1991,
Munk 1992), therefore eliminating potential behav-
ioural differences between mature and non-mature
individuals, and because they were the most readily
available in the bed at the time of collection. All
urchins and sea stars were starved for 1 wk prior to
experimentation to standardize hunger and activity
levels (Scheibling & Hatcher 2007, St-Pierre &
Gagnon 2015). Only urchins and sea stars that clung

or moved readily in the tanks, indicating normal
activity of the podia, were used.

Trials were carried out in plastic trays (35 x 30 x
12 cm [L, W, H]) submerged below the water surface
in 751glass tanks (62 x 31 x 43 cm) supplied with ~11
min~! of flow-through seawater (1 tray tank™!; Fig. 2).
Perforations (1 cm in diameter) every 1.5 cm along
the sides of the trays enabled continuous water ex-
change between the tray and tank. The bottom of
each tray was covered with a 1 cm thick layer of sed-
iment collected near the upper margin of the rhodo-
lith bed in St. Philip's, on top of which 9 rhodoliths
were placed in a 3 x 3 grid arrangement, with a dis-
tance of ~2.5 cm between adjacent rhodoliths. Each
trial lasted 4 h and began with the addition (or not) of
urchins and sea stars to each tray. Urchins and sea
stars were gently deposited between the first and
second, and second and third rhodoliths that formed
the middle row of 3 rhodoliths in each grid (Fig. 2).
Each tray was photographed from above with a digi-
tal camera (PowerShot D30; Canon) at the onset of
trials, and every 30 min thereafter until the end.
Images were analyzed with ImageJ v1.48 (Schneider
et al. 2012) to determine each rhodolith’s total move-
ment, defined as the sum of the linear distances
moved from one image to the next. Total movement
was averaged across the 9 rhodoliths of a same tray.

Trials were conducted in 24 tanks spatially blocked
in 6 groups of 4 tanks each. Each tank in each block
was randomly assigned 1 of the 4 experimental treat-
ments, enabling 6 independent replicates of each

Fig. 2. Experimental set-up used to quantify rhodolith movement by green sea urchins Strongylocentrotus droebachiensis and

common sea stars Asterias rubens (Mesocosm experiment). (A) Location of the 9 rhodoliths on the sediment layer covering the

experimental area (35 x 30 cm) prior to adding 1 urchin and 1 sea star in a trial with both organisms. (B) Location of the rhodo-

liths, urchin, and sea star at the end (¢ = 4 h) of the same trial. Rhodoliths were marked at the top (white speckles) to facilitate

tracking. The white spots in respectively the middle and top of panels A and B are glare from the camera flash used
to photograph the experimental area
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treatment simultaneously. The experiment was re-
peated 2 times, with a first run on 25 November and
a second run on 4 December, yielding 12 replicates
treatment™ (n = 48). Water temperature in the tanks
was recorded every 15 min with a temperature log-
ger (HOBO Pendant; Onset Computer). Mean tem-
perature during trials in the first and second runs was
5.2 + 0.0 and 3.5 + 0.0°C, respectively. All urchins
and sea stars were used only once.

Statistical analysis
Field survey 1

A 2-way ANOVA with the fixed factors Depth
(shallow [12 m] and deep [20 m] stations) and Month
(the 7 months in which rhodolith sediment load was
measured; June to December) was used to test for
differences in rhodolith sediment load (RSL) between
shallow and deep rhodoliths over time (n = 168). The
analysis was applied to the raw data. Six 2-way
ANOVAs with the fixed factors Depth (shallow and
deep stations) and Month (7 months: June to Decem-
ber 2014) were used to test for differences in density
or biomass of dominant rhodolith macrofauna (2 spe-
cies) and cryptofauna (4 species) between shallow
and deep rhodoliths over time (n = 332 or 158
depending on species). These analyses were also
applied to the raw data.

Multiple linear regression analysis (Eberly 2007)
was used to examine the relationship between RSL
and environmental variability. Several stepwise re-
gression models were required to identify the best
model fit, as judged by comparing variation (A) in
Akaike's information criterion (AIC) from one model
to the next: the larger the AAIC between 2 models, the
more dissimilar these models with the best model as-
signed the lowest AIC (Burnham & Anderson 2004).
The AIC was preferred over the Bayesian information
criterion (BIC) because the former introduces a
smaller penalty term for the number of model param-
eters, therefore reducing the likelihood of overfitting
models. AIC was also deemed more adequate than
the corrected AIC (AIC.) in accommodating the rela-
tively large sample sizes in the models examined (n =
43 to 1445), as recommended by Burnham & Anderson
(2004). As per Singer & Willett (2003), a AAIC of 24
between 2 models was considered a large enough dif-
ference to declare both models different in their re-
spective explanatory powers.

Explanatory variables included (or not) in the vari-
ous models were: (1) significant flow speed (SFS); (2)

sedimentation rate (SR); (3) density of adult sea
urchins on rhodoliths (DSU); (4) density of adult sea
stars on rhodoliths (DSS); (5) biomass of cryptic brittle
stars (BBS); (6) biomass of cryptic mottled red chitons
(BRC); (7) biomass of cryptic sea urchins (BSU); (8)
biomass of cryptic sea stars (BSS); (9) sampling sta-
tion (S); and (10) sampling month (M). All variables
were treated as random, with the exception of S, M,
and their interaction, which were treated as fixed.
The average of the highest one-third (1/3) of the
mean hourly flow speed values recorded over set
periods of time, hereafter termed significant flow
speed (SFS) per analogy to significant wave height
used broadly in oceanographic studies (Pinet 2000),
was used in all models that incorporated water flow
as an explanatory variable. Accordingly, SFS in the
present study is an approximately monthly time-inte-
grated proxy of flow conditions likely to induce the
largest variation in RSL.

Because of logistical considerations limiting data
collection, the number of observations, and hence
sample sizes, varied slightly among sampling sta-
tions and months. Two sediment traps were lost at
the shallow station in June and data from 1 sedi-
ment trap at the deep station in October was omit-
ted because of a likely obstruction to sediment
catchment by a dead urchin found in the trap. In
most months, DSU and DSS could not be deter-
mined from a few low-quality photo quadrats. A
few bags of rhodoliths were also lost, precluding
measurement of RSL, BBS, BRC, BSU, and BSS
(see sample size details in Table S3.1 in Supple-
ment 3). RSL values in the various models were
tested against DSU, DSS, BBS, BRC, BSU, and BSS
values, which were all measured on the same day
as RSL, approximately monthly over the 7 mo
period. RSL values were also simultaneously tested
against SFS and SR values indicative of water flow
and sedimentation in the month or so leading to
RSL measurement. For example, shallow RSL val-
ues on 3 September 2014 were tested against SFS
values (292 values), and average of SR values (4
values), acquired since the previous measurement
of RSL on 28 July 2014 (Table S3.1 in Supplement
3). Because replication among factors was uneven
(an unbalanced design as per Quinn & Keough
2002), variance among model terms was inevitably
heterogeneous. Accordingly, an extension of
Welch's test included in the R package Companion
to Applied Regression (‘car’) (Fox & Weisberg
2011) was used to adjust degrees of freedom and
protect against increased Type I error (Wilcox
2011).
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The explanatory power of SFS on RSL, limited to
the shallow station and for the period during which
SFS data were available (see ‘Water flow' above and
Supplement 1 for explanation), was investigated with
stepwise regression analysis as a first step to deter-
mining the best model fit. SFS was deemed unimpor-
tant to RSL, and hence was excluded from further
analyses of data from both sites throughout the entire
survey (Supplement 4). Stepwise regression analysis
with data from both sites throughout the entire sur-
vey indicated the best-fitting model to RSL included
all candidate variables, except SR (Supplement 4).
This model is scrutinized below (see ‘Results: Field
survey 1').

Field survey 2

A nested ANOVA (Quinn & Keough 2002) with
the fixed factor Depth (the 3 depths at which rhodo-
lith movement was quantified: 12, 16, and 20 m),
random factor Frame (the 10 frames sampled at
each depth) nested within Depth, and fixed factor
Run (the three 5 d runs over which rhodolith move-
ment was quantified: mid-November, late Novem-
ber, and early December) was used as a first step to
test for differences in rhodolith movement among
frames (n = 90). There was no significant effect of
the factor Frame nested within Depth (F,7,54 = 1.296,
p = 0.206). Therefore, a 2-way ANOVA with the
fixed factors Depth (12, 16, and 20 m) and Run (the
three 5 d runs) with data pooled across frames was
used to test the effects of depth and sampling period
on rhodolith movement (n = 90). Both analyses were
treated as particular cases of the generalized linear
model (negative binomial) to correct for hetero-
scedasticity and deviation of residuals from normal-
ity detected in the first place with a classical linear
model (Venables & Ripley 2002).

Mesocosm experiment

A 2-way ANOVA with the fixed factors Block (the 6
blocks of 4 tanks assigned 1 of the 4 experimental
treatments), and Run (the 2 experimental runs with 6
blocks of tanks each) was used as a first step to test
for differences in rhodolith movement among exper-
imental blocks and runs (n = 36). There was no signif-
icant effect of the factor Block (Fs5.4 = 0.287, p =
0.916) and Run (F; 4 = 2.934, p = 0.099). A 1-way
ANOVA with the fixed factor Macrofauna (3 out of
the 4 combinations of presence and absence of sea

stars and urchins) with data pooled across Block and
Run was therefore used to test for differences in
rhodolith movement by urchins and sea stars (n = 36).
Unlike the 3 other treatments, rhodolith movement in
the control treatment (no sea stars and no urchins)
was null (see ‘Results’), potentially artificially influ-
encing the outcome of both analyses. Data from the
control treatment were excluded in both analyses to
avoid such a bias. These data were instead compared
to those from the treatment with the next higher
average (presence of 2 sea stars) with a 1-tailed
t-test (2-sample assuming unequal variances). Both
ANOVAs were applied to the raw data.

In all regressions and ANOVAs, homogeneity of
the variance and normality of the residuals were
respectively verified by examining the distribution of
the residuals and the normal probability plot of the
residuals (Snedecor & Cochran 1994). In ANOVAs,
Tukey HSD multiple comparison tests (comparisons
based on least-square means; Sokal & Rohlf 2012)
were used to detect differences among levels within
a factor. In the analysis of rhodolith macrofauna and
cryptofauna, these comparison tests did not detect
significant differences in the biomass of daisy brittle
stars and mottled red chitons among sampling
months identified as significant in the associated
ANOVAs (see Fig. 5, Tables S6.3 & S6.4). This out-
come is infrequent, yet possible given that post hoc
analyses examine pairwise comparisons while
ANOVAs examine the difference between all treat-
ment levels. A significance level of 0.05 was used in
all analyses. All analyses were carried out in R 3.0.2
(R Core Team 2014). All means are presented with
standard errors (mean + SE) unless stated otherwise.

RESULTS
Field survey 1

RSL varied with depth among months (a significant
interaction between the factors Depth and Month;
see Table S5.1), ranging from 1.2 + 0.1 mg sediment
cm~2 rhodolith in December in deep (20 m) rhodoliths
to 5.3 + 0.6 mg cm™2 in September in shallow (12 m)
rhodoliths (Fig. 3). It was twice as high (a significant
difference) in shallow as in deep rhodoliths at the on-
set of the survey in June, but otherwise similar at
both depths in any given month until the end in De-
cember (Fig. 3). There was a similar seasonal trend in
RSL at both depths, with a gradual increase from July
to September (shallow) or June to August (deep), fol-
lowed by a steeper decrease until the end (Fig. 3).
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—_ 7 A Fig. 3. Mean (+SE) (A) rhodolith sediment load (dry weight)
< and (B) sedimentation rate (dry weight) at the shallow (12 m)
% 61 ap a O Shallow and deep (20 m) stations in the 7 months (June to December
T a ab B Deep 2014) that both variables were measured in Field survey 1. Bars
_2 ac not sharing the same letter are significantly different (LS
N“ 57 means tests, p < 0.05). In panel (A), n = 12 for each combination
IE of Depth x Month, except at the shallow station in September
0 44 ad ad and November, and deep station in August, withn =10, 9, and
c bed 9, respectively (see Tables S3.1 & S5.1 in the Supplements
o cd at www.int-res.com/articles/suppl/m594p065_supp.pdf). In
g 31 cd cd cd panel (B), n =4 for each combination of Depth x Month, except
8 d at the shallow station in June and the deep station in October,
L with n =2 and 3, respectively (see Tables S3.1 & S5.2)
£ |k
o 1
P Peak RSL in September at 12 m and in August at
= o 20 m was at least 2 times higher than the lowest RSL
2.5 values at both depths in December (both differences
B significant, Fig. 3). SR also varied with depth among
— 2 months (a significant interaction between the factors
5 2.0 1 Depth and Month; Table S5.2), ranging from 0.19 +
?‘E g ab 0.00 mg sediment cm~2 d~! in August in deep rhodo-
o abe liths to 2.00 + 0.12 mg cm~2 d~! in December in shal-
157 bd low rhodoliths (Fig. 3). Yet, preliminary simple linear
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£ df cde € regression analysis showed there was no relationship
§ between RSL and SR in both shallow (R?=-0.182, p =
w10 o of 0.794) and deep (R?= 0.189, p = 0.182) thodoliths.
g fg fg fq Water flow speed (WFS) in the shallow portion of
: 0.5 | fg the bed was generally low throughout the survey,
A ranging from 0.001 m s™! on 18 October, to 0.301 m
x W s~! on 8 November (Fig. 4). Except for the first part of
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Fig. 4. Water flow speed at the shallow (12 m) sampling station from 28 July to 7 December 2014. Water flow velocity was

recorded with a Doppler current meter at 5 cm above the rhodolith bed at a rate of 64 readings min~' during the first 15 min of

every hour. Each data point is the average of the 960 readings in the in the x-, y-, and z-direction available for each hour (see

‘Materials and methods: Water flow' for details about averaging of flow velocities into dimensionless flow speeds). Data gaps
marked by arrows at the top are when the instrument was taken out for data readout and maintenance
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August, not exceeding 0.155 m s7!, and gradually
increased while becoming more variable until the
end of the survey, with at least 6 episodes of a few
hours with speeds >0.2 m s~! in November (Fig. 4).
WES in the deep and shallow portions of the bed was
similar (Supplement 1).

Analysis of rhodolith macrofauna and cryptofauna
showed that the density of large green sea urchins
and common sea stars moving on the surface of the
rhodolith bed did not vary appreciably throughout
the 7 mo survey, though it was respectively 37 and
36 % higher in the shallow than deep portions of the
bed (Fig. 5A,B; see Tables S6.1 & S6.2). In contrast,
biomass of daisy brittle stars, mottled red chitons,
and small green sea urchins within rhodolith cavities

varied significantly with time and depth independ-
ently (Tables S6.3-S6.5). Brittle star biomass peaked
in July and December, and was at least 23 % lower in
the other months. It was also 2 times higher in deep
than in shallow rhodoliths (Fig. 5C,D). Chiton bio-
mass was highest in August, September, and Decem-
ber, and 37 % higher in deep than in shallow rhodo-
liths (Fig. 5E,F). Small urchin biomass peaked in
June and July, and was twice as high in deep than in
shallow rhodoliths (Fig. 5G,H). Biomass of small sea
stars within rhodolith cavities did not vary with time
or depth (Table S6.6), being generally low through-
out the survey (Fig. 5I).

Stepwise regression analyses examining changes
in AIC from one model to the next eliminated SFS

Jun Oct

6 A) S. droebachiensis (large) 1.0 B) A. rubens (large)
5 * 0.8 R
4 = 0.6
3 T
2 = 0.4 .
1 0.2
0 0.0
Shallow Deep Shallow Deep
5 5
4 C) O. aculeata 4 D) O. aculeata
3 3 ~
2 2
| HNAEAn ;] e
0 0
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0.4 0.4
E) T. marmorea F) T. marmorea Fig. 5. Mean (+SE) density or wet weight
0.3 0.3 * of (A) large green sea urchins Strongylo-
0.2 0.2 —T centrotus droebachiensis, (B) large com-
’ ’ mon sea stars Asterias rubens; (C,D) daisy
0.1 ﬂ m H H ﬂ ﬂ 01 - brittle stars Ophiopholis aculeata; (EF)
ﬂ mottled red chitons Tonicella marmorea;
0.0 0.0 (G,H) small green sea urchins; and (I)
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1.0 1.0 the shallow (12 m) and deep (20 m) sta-
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08 a 0.8 * 2014) that rhodolith sediment load was
0.6 ab ab 0.6 measured in Field survey 1. Bars not shar-
0.4 ab ab ab 0.4 = ing the same letter are significantly differ-
b ent (LS means tests, p < 0.05; see Supple-
0.2 ﬁ m ﬁ ﬁ m 0.2 ment 3 for sample sizes across depths and
0.0 0.0 months and Tables S6.1-S6.6 in Supple-
Jun Jul Aug Sep Oct Nov Dec Shallow Deep ment 6 for details of statistical analysis for
0.4 each panel). Post hoc comparisons (LS
) A. rubens (small) C—JShallow means tests) did not yield significant dif-
0.3 - B Deep ferences in pairwise comparisons among
sampling months in (C) and (E) despite the
0.2 1 significance of Month in the correspon-
ding ANOVAs (see ‘Statistical analysis’ for
017 j additional information about such infre-
0.0 %i %ﬂ Fﬁ VLi quent outcomes). Letters above bars are
Jul Aug Sep Nov Dec

therefore not presented in these 2 panels
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and SR as explanatory variables of RSL (Supple-
ment 4). The best-fitting model to data from both sta-
tions throughout the entire survey was: RSL = DSU +
DSS + BBS + BRC + BSU + BSS + S + M + SxM (Sup-
plement 4). This model explained 38 % of the varia-
tion in RSL (R?= 0.381, p < 0.001). RSL was inversely
related to biomass of cryptic brittle stars and small
sea stars, yet both factors explained a relatively small
proportion (<3 %) of the variation in RSL (Table 1).
RSL varied significantly between shallow and deep
rhodoliths and over time both in the analysis of
trends in RSL as mentioned above (Table S5.1; Fig. 3)
and in the model relating RSL to environmental vari-
ables (Table 1).

Field survey 2

Analysis of data from Field survey 2 showed that
movement of marked rhodoliths varied among sam-
pling depths and surveys independently (Table 2).
Movement was at least 2.5 times higher in shallow
(12 m deep) rhodoliths than in intermediate (16 m) or
deep (20 m) rhodoliths (Fig. 6). It was also at least 3.5
times higher in mid-November than in late Novem-
ber and early December (Fig. 6). Instantaneous WFS
at 12 m was relatively low, not exceeding 0.2 m s
across the 3 surveys, and was generally more vari-

Table 1. Summary of multiple linear regression analysis (ap-
plied to raw data) examining the effect of the 8 variables in-
cluded in the best fitting-model of rhodolith sediment load
in Field survey 1. DSU: density of large green sea urchins on
rhodoliths, DSS: density of large common sea stars on rhodo-
liths, BBS: biomass (wet weight) of daisy brittle stars within
rhodoliths interstices, BRC: biomass of mottled red chitons
within rhodoliths interstices, BSU: biomass of small green
sea urchins within rhodoliths interstices, BSS: biomass of
small common sea stars within rhodoliths interstices, S: sam-
pling station (shallow [12 m] or deep [20 m]), M: sampling
month (June to December 2014) (n = 1461)

Source of df MS F p R?
variation

DSU 1 9.154 3.78 0.054 0.006
DSS 1 0.041 0.02 0.896 -0.006
BBS 1 0.196 0.08 0.002 0.027
BRC 1 0.397 0.16 0.776 -0.006
BSU 1 24.763 10.24 0.686 -0.004
BSS 1 9.881 4.08 0.045 0.012
S 1 33.526 13.86 <0.001 0.066
M 6 27987 11.57 <0.001 0.273
SxM 6 5.860 2.42 0.029 0.379
Error 139 2.419

Corrected total 158

Table 2. Summary of 2-way ANOVA (generalized linear

model with negative binomial distribution) examining the

effect of Depth (12, 16, and 20 m) and Run (3 surveys: 1 =

mid-November, 2 = late November, and 3 = early December)
on movement of marked rhodoliths in Field survey 2

Source of af x? P
variation
Depth 2 71.453 <0.001
Run 2 118.420 <0.001
Depth x Run 4 3.563 0.468
107 A
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Fig. 6. Mean (+SE) movement of marked rhodoliths (A) over
5d at the shallow (12 m), intermediate (16 m), and deep (20 m)
sampling stations (data pooled across the 3 surveys); and (B)
in the 3 surveys: mid-November, late November, and early
December (data pooled across the 3 sampling stations), in
Field survey 2. Bars not sharing the same letter are signifi-
cantly different (LS means tests, p < 0.05; n =90 for each bar in
both panels; see Table 2 for justification of data breakdown)

able in late November (Table 3, Fig. 7). Mean WFS
was similar among the 3 surveys, ranging from
0.039 m s7! in mid-November to 0.044 m s7! in late
November (Table 3). However, SES in late November
(0.087 m s7') was significantly higher than in mid-
November, which in turn was similar to SES in early
December (Table 3).
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Table 3. Mean water flow speed (WFS = SD), peak WFS, and significant flow
speed (SFS + SD) at the shallow (12 m) sampling station during the 3 late fall sur-
veys in Field survey 2. Water flow velocity was recorded with a Doppler current
meter at 5 cm above the rhodolith bed at a rate of 64 readings min~! during the
first 15 min of every hour. Each data point is the average of the 960 readings in the
in the x-, y-, and z-direction available for each hour (see ‘Materials and methods:
Water flow’ for details about averaging of flow velocities into dimensionless flow
speeds). Mean WFS is the average of all hourly speed values. SES is the average of
the highest 1/3 of the speed values. SES values with the same superscript are not

significantly different

“Both ANOVAs applied to raw data

Survey Mean WFES Peak WFS SFS
(ms™) (ms™) (ms™)
Mid-November 0.039 + 0.025 0.167 0.066 + 0.023°
Late November 0.044 + 0.039 0.200 0.087 + 0.040*
Early December 0.041 £ 0.028 0.169 0.071 £ 0.0274B
One-WaY ANOVA® F2,348 =0.944, - F2'114 =4.884,
p =0.390 p =0.009
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0.20 A
0.15 4

0.10 ~

=g

Mesocosm experiment

Rhodolith movement in the
mesocosm experiment varied
markedly among the various
combinations of presence and
absence of common sea stars
and green sea urchins (l-way
ANOVA: F,3; = 13.046, p <
0.001). Movement was 46%
higher in the presence of 2
urchins than in the presence of 1
urchin and 1 sea star, which in
turn was 2 orders of magnitude
higher than in the presence of 2
sea stars (Fig. 8). As expected,
movement in the absence of sea
stars and urchins (control treat-
ment) was null, yet was also vir-
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Fig. 7. Water flow speed at
the shallow (12 m) sam-
pling station during the 3
late fall surveys in Field
survey 2: (A) mid-Novem-
ber (13-18 November
2014), (B) late November
(27 November to 2 Decem-

28 29

2 ber), and (C) early Decem-

‘ Nov

‘ ber (3—7 December). Water
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flow velocity was recorded
with a Doppler current me-
ter at 5 cm above the rhodo-
lith bed at a rate of 64 read-
ings min~' during the first
15 min of every hour. Each
data point is the average of
the 960 readings in the x-,
y-, and z-direction avail-
able for each hour (see ‘Ma-
terials and methods: Water

flow' for details about aver-
aging of flow velocities into

Dec

‘ dimensionless flow speeds)
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Fig. 8. Mean (+SE) movement of rhodoliths over 4 h in the
presence or absence of green sea urchins Strongylocentro-
tus droebachiensis and common sea stars Asterias rubens in
the mesocosm experiment (control = no urchins or sea stars).
Bars not sharing the same letter among the first 3 treatments
are significantly different (LS means tests, p < 0.05; n =12 for
each bar). A 1-tailed t-test was used to compare rhodolith
movement between the control treatment (n = 12) and treat-
ment with next higher average (presence of 2 sea stars; see
‘Mesocosm experiment’ in ‘Statistical analysis’ and the text
in Supplement 1 for details of the analysis)

tually identical to that in the presence of 2 sea stars
(Fig. 8), indicating that the ability of sea stars to
move rhodoliths was much lower than that of
urchins.

DISCUSSION

The 2 field surveys and laboratory mesocosm
experiment provide evidence that RSL in the New-
foundland rhodolith bed studied was largely medi-
ated by activities of a few numerically dominant
benthic invertebrates. Rhodoliths were distributed
across a depth range within which water flow did
not vary appreciably, and was likely too weak to
induce rhodolith movement that could help remove
sediments falling through the water column. Sedi-
mentation appeared too low to bury rhodoliths or to
overcome the anti-burial effect of rhodolith move-
ment and surface cleaning by invertebrates. In a
seminal review of knowledge about rhodolith biol-
ogy and ecology, Foster (2001) proposed that control
of rhodolith bed distribution lies along a continuum
ranging from physical processes such as hydrody-
namic forces and sedimentation, to biological pro-
cesses such as bioturbation. Findings in the present
study emphasize the importance of bioturbation
over that of hydrodynamic forcing as a mechanism
regulating RSL.

Hydrodynamic environment

Rhodoliths in the 7 mo survey (Field survey 1) were
sampled at the upper (12 m depth) and lower (20 m)
margins of the rhodolith bed because of presumed
depth-related differences in water flow regimes po-
tentially affecting RSL. Interestingly, water flow
regimes, even during that time of year (September to
December) when wave energy typically increases in
southeastern Newfoundland (Brodie et al. 1993,
Blain & Gagnon 2013, Frey & Gagnon 2016), did not
differ between depths. In fact, water flow was gener-
ally low throughout the survey, with a few peaks be-
tween 0.2 and 0.3 m s™! at 12 m that lasted only a few
hours in November. In a study of the relationship
between water motion and rhodolith movement in
the Gulf of California, Marrack (1999) showed that
oscillatory water flow of at least 0.25 to 0.30 m s~ was
required to induce rhodolith movement along the
shallow (4.5 m) margin of a rhodolith bed. Rhodoliths
in the latter study were about half the size of those in
the present study, and were more spherical (Marrack
1999). It is therefore unlikely that the predominantly
low water flows in the present study caused slight
movement, <6 cm in 5 d, of heavier and flatter rhodo-
liths at 12, 16, and 20 m depths (Field survey 2).

Several findings support the notion that factors
other than water flow mediated RSL and movement.
First, AIC model selection eliminated SFS and SR as
explanatory variables of variation in RSL, retaining
only factors containing information about spatial and
temporal variation in the abundance of dominant
rhodolith cryptofauna and macrofauna (see below).
Second, movement of rhodoliths was 3x higher in
mid- than late November, yet SFS was significantly
higher in late than mid-November. Like water flow,
SR was relatively low, <2.3 mg cm™2 d!, throughout
the survey at both depths sampled. Regression analy-
sis also showed SR and RSL were unrelated. These
results strongly suggest that the bed extends natu-
rally across a depth range where hydrodynamic
forces and the amount of sediments falling through
the water column do not exceed levels that could
alter the physiognomy of the bed via rhodolith frag-
mentation or burial, and basically switch the system
from being biologically to physically driven. In other
words, the bed appears to be located in an area
where physical forcing was, at least during the 7 mo
(June to December) that the survey lasted, a much
weaker determinant of rhodolith bed structure and
stability than the animals inhabiting the bed.

Steller et al. (2009) reported rapid burial and death
of rhodoliths experimentally moved from within to
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below the lower margin of a bed in the Gulf of Cali-
fornia. This finding is consistent with frequently
invoked, but largely untested assumption that rho-
dolith beds typically develop in environments where
water motion or bioturbation are strong enough to
move rhodoliths within beds, preventing burial by
sediments or biofouling, but not so high as to cause
destruction (Steller & Foster 1995, Marrack 1999,
Ballantine et al. 2000, Ryan et al. 2007). The present
study provides the first quantitative demonstration
that beds need not be exposed to threshold hydrody-
namic forces to avoid burial. It shows that beds can
simply occur in areas where burial is unlikely to
occur because of low SRs, in which case select resi-
dent bioturbators appear to suffice to maintain RSL
below quantities that could alter rhodolith growth
and survival (Wilson et al. 2004, Hall-Spencer et al.
2006, Riul et al. 2008).

Bioturbation

Bioturbation (sensu Kristensen et al. 2012) is fre-
quently proposed as a key process generating rhodo-
lith movement (Foster 2001, Riosmena-Rodriguez et
al. 2017). However, only a few studies have convinc-
ingly demonstrated this process (e.g. Marrack 1999,
James 2000, Pereira-Filho et al. 2015). Sea urchins, in
particular, are able to carry live and dead rhodoliths
on their aboral surface and dig themselves into
rhodolith beds, creating pits up to 10 cm deep (James
2000). A similar phenomenon was casually observed
at the upper and lower margins of the bed in the
present study, with adult-sized (>2 cm TD) green sea
urchins slowly plowing rhodoliths while moving on
the surface of the bed. The laboratory mesocosm
experiment demonstrated the considerable ability of
adult-sized green sea urchins in moving rhodoliths
on a layer of sediments, while showing the near-
complete inability of the next most abundant mobile
macroinvertebrate in Newfoundland rhodolith beds,
the common sea star. Both species use tens of podia
in order to move, but unlike the common sea star,
green sea urchins also move large numbers of spines
as they travel, often bracing them into cracks and
crevices to gain purchase (Frey & Gagnon 2016).
Moreover, adult-sized common sea stars like those in
the present study are considerably larger than rhodo-
liths, and their 5 arms largely conform to the shape of
objects on which they move. Consequently, move-
ment of the latter is on top of multiple rhodoliths
simultaneously, which largely prevents rhodolith
movement, instead of in between rhodoliths like

green sea urchins, which are as large or smaller than
rhodoliths and can easily relocate them.

The present study also provides the first quantitative
demonstration of differencesin the ability of presumed
bioturbators to move rhodoliths, while exploring
quantitative relationships between RSL and the abun-
dance of bioturbators in rhodolith bed systems. Mod-
elling showed that RSL was inversely related to bio-
mass of cryptic daisy brittle stars and small common
sea stars populating rhodolith interstices. However,
there was no clear relationship between RSL and bio-
mass of adult-sized common sea stars and green sea
urchins. These findings, together with those outlined
above, have several important implications. First, bio-
turbation in rhodolith beds operates at several scales,
with cryptofaunal species sometimes playing a greater
role than macrofaunal species in modulating RSL. As
explained, the best-fitting model for data from both
depths sampled excluded WFS and SR as explanatory
variables of RSL. In the bed studied, activities of small
brittle stars and sea stars appeared sufficient to main-
tain RSL under good control. Gagnon et al. (2012) esti-
mated the abundance of daisy brittle stars within
rhodoliths in the bed studied to be ~900 ind. m~2. Red
mottled chiton was the next most abundant rhodolith
cryptofauna with ~750 ind. m~2 (Gagnon et al. 2012),
yet there was no clear relationship between RSL and
chiton biomass in the present study. One cryptofaunal
species (brittle star) therefore appeared to play a
dominant role in regulating RSL, whereas another
co-occurring species (chiton) did not, despite being
nearly equally abundant. Drolet et al. (2004b) showed
that daisy brittle stars often relocate on a daily cycle.
Presumably, such frequent movement, together with
consumption of mainly waterborne organic sediments
trapped with highly motile arms (Drolet et al. 2004a),
were enough to swipe uncaught sediments off the
surface or rhodoliths.

Second, species can be effective rhodolith bioturba-
tors during certain portions of their life cycle or below
threshold rhodolith densities. The mesocosm experi-
ment showed that adult-sized common sea stars did
not move rhodoliths while travelling. However, RSL in
the field was inversely related to biomass of small,
cryptic conspecifics, suggesting that the latter signifi-
cantly altered RSL in the bed. The experiment also
showed that green sea urchins easily moved a few
rhodoliths spaced out on a layer of sediment, yet did
not affect RSL in the bed. With ~860 rhodoliths m=
(Gagnon et al. 2012), the bed contained a much
higher density than in the experiment. Rhodoliths in
the bed often formed tight patches of interlocked indi-
viduals, and hence movement of rhodoliths by urchins
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in the bed was arguably more challenging, and likely
less frequent than in the laboratory. Marrack (1999)
concluded that bioturbation by fish, including the
stone scorpionfish Scorpaena mystes is an important
mechanism for rhodolith movement in Californian
rhodolith beds. The sand tilefish Malacanthus plumi-
eri transports and incorporates rhodoliths into sedi-
mentary mounds in Brazilian rhodolith beds (Pereira-
Filho et al. 2015). The present study did not examine
the effects on rhodolith movement and RSL of 2 fish
species frequently encountered in the bed, the winter
flounder Pseudopleuronectes americanus and the
winter skate Leucoraja ocellata. Both fish lie on
rhodoliths and initiate movement with quick body un-
dulations that often produce clouds of sediments up-
lifted from the bed. They also frequently dig into the
sediment (Grothues et al. 2012). An unknown propor-
tion of the variation in RSL was therefore caused by
bioturbation by both fish, and perhaps also by other
fish species that spawn their eggs within hollow
rhodoliths (Gagnon et al. 2012).

Conclusions and future research directions

Knowledge about factors and processes that regu-
late the structure, function, and stability of rhodolith
beds is limited compared to long-studied coral reef,
seagrass, and kelp bed (forest) systems (Foster 2001,
Kaldy & Lee 2007, Montaggioni & Braithwaite 2009,
Filbee-Dexter & Scheibling 2014). As pointed out
over 15 yr ago (Foster 2001) and reiterated recently
(Riosmena-Rodriguez et al. 2017), the rhodolith
research community needs to move from short-term,
descriptive studies and qualitative correlations to
long-term field studies of factors affecting rhodoliths
within and at the distributional limits of beds to gain
a better understanding of the causes of bed distribu-
tion and dynamics. The present study, which com-
bines experimental testing of bioturbators' effective-
ness with short (a few weeks) and longer (a few
months) surveys of abiotic and biotic factors poten-
tially affecting RSL and movement at the upper and
lower limits of a major rhodolith bed in Newfound-
land, is an important step in this direction. This
approach provided answers to the main hypotheses
about drivers of rhodolith bed stability, highlighted
the key role of rhodolith cryptofauna and macro-
fauna in preventing accumulation of sediments on
rhodoliths, and revealed the different scales (within
and outside rhodoliths) at which these bioturbators
operate. This is an important aspect of rhodolith bed
ecology that had not previously been demonstrated.

The present study focussed on 1 rhodolith bed over
a 7 mo period. Interestingly, ~38 % of the spatial and
temporal variation in RSL from June to December
was explained by factors other than water flow.
Multiyear monitoring to capture longer-term vari-
ability in water flow, including frequency and inten-
sity of wave storms, as well as studies of the effects of
press and pulse disturbances (Tompkins & Steller
2016), are needed to assess resistance and resilience
of rhodolith beds to natural and anthropogenic stres-
sors. Similar studies in other parts of Newfoundland
and abroad are needed to assess the generality of the
present results. More detailed studies in controlled
environments are also required to determine thresh-
old hydrodynamic forces triggering rhodolith move-
ment and abrasion (authors’ unpubl. data). Feeding
relationships among rhodolith fauna and flora and
their likely connections with phytoplankton and zoo-
plankton are poorly understood, and also deserve
greater attention (Hinojosa-Arango & Riosmena-
Rodriguez 2004, Grall et al. 2006).

Because water motion can induce rhodolith move-
ment while affecting sedimentation processes, it is
currently considered a key determinant of rhodolith
survival, and hence of the distribution, structure, and
function of rhodolith beds (Bosence 1985, Scoffin et
al. 1985, Marrack 1999, Hinojosa-Arango et al. 2009).
Findings in the present study and in a companion
study of structural aspects of the same rhodolith bed
(Gagnon et al. 2012) challenge this paradigm by
showing that beds can actually thrive under chronic
low-level hydrodynamic forces that are insufficient
to move rhodoliths. The bed in St. Philip’s exhibits
the characteristics of 'in situ’ beds (Bosence 1976),
with no appreciable variation in rhodolith growth
form and branching density, and tight clustering of
rhodoliths with no signs of physical disturbance
across the bed (P. Gagnon pers. obs.). It is maintained
primarily by activities of select resident bioturbators,
which physically move rhodoliths or live within them,
preventing sediment accumulation and perhaps
overgrowth. The present and a few other studies (e.g.
Prager & Ginsburg 1989, Marrack 1999, James 2000,
Pereira-Filho et al. 2015) speak to the importance of
considering interactions among environmental vari-
ability and biogenic and environmentally driven
movement of rhodoliths to better capture the range of
factors and processes that control rhodolith bed sta-
bility. Rhodolith beds abound in temperate and sub-
arctic Newfoundland and Labrador (Bosence 1983,
Gagnon et al. 2012, Adey et al. 2015) and hold great
promise for providing additional answers to key
questions in rhodolith bed ecology.
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