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ABSTRACT: Emerald Basin on the Scotian Shelf off Nova Scotia, Canada, is home to a globally
unique population of the glass sponge Vazella pourtalesi. Through the analysis of both in situ
photographs and trawl catch data from annual multispecies bottom-trawl surveys, we examined
community composition, species density, and abundance of epibenthos and fish associated with V.
pourtalesi compared to locations without this sponge. Using generalized linear models and analy-
sis of similarities, the importance of V. pourtalesi in enhancing species density and abundance of
the associated epibenthic community was assessed against that of the hard substrate on which it
settles. Our results indicated that the megafaunal assemblage associated with V. pourtalesi was
significantly different in composition and higher in species density and abundance compared to
locations without V. pourtalesi. Analysis of similarity of trawl catch data indicated that fish com-
munities associated with the sponge grounds are significantly different from those without V.
pourtalesi, although no species were found exclusively on the sponge grounds. Our study pro-
vides further evidence of the role played by sponge grounds in shaping community structure and
biodiversity of associated deep-sea epibenthic and fish communities. The mechanism for biodiver-
sity enhancement within the sponge grounds formed by V. pourtalesiis likely the combined effect
of both the sponge itself and its attachment substrate, which together comprise the habitat of the
sponge grounds. We also discuss the role of habitat provision between the mixed-species tetractinel-
lid sponges of the Flemish Cap and the monospecific glass sponge grounds of Emerald Basin.
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1. INTRODUCTION

Sponges are recognized as ecologically important
components of marine ecosystems and display a wide
variety of ecosystem functions, including the provi-
sion of microhabitat, modification of substrate, ben-
tho-pelagic coupling, and carbon and silicate seques-
tration (Bell 2008). Sponges are considered ecosystem
engineers that can alter the environment by way of
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their own morphological structures, including both
living and dead tissues (Jones et al. 1994). In deeper
waters, aggregations of sponges, commonly referred
to as sponge grounds (Hogg et al. 2010, Knudby et al.
2013, Roberts et al. 2018) or ‘ostur’ (aggregations of
tetractinellid sponges; Klitgaard & Tendal 2004), are
common at lower shelf, bathyal, and/or abyssal depths
(Maldonado et al. 2017) where they can form exten-
sive habitats and comprise a major portion of the
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regional benthic biomass (up to 90 %, excluding fish;
Klitgaard & Tendal 2004, Murillo et al. 2012). Yet,
comparatively little is known of their ecological
function in these ecosystems. Several studies have
noted the importance of deep-sea sponge grounds in
benthic—pelagic coupling and the cycling of nutrients
(Kutti et al. 2013 and reviewed by Maldonado et al.
2017). For instance, Kutti et al. (2013) estimated that
a sponge ground formed by the massive demosponge
Geodia barretti on the Norwegian Shelf could filter
approximately 250 million m® of water per day and
consume 60 t of carbon. Sponge grounds are also
recognized as hotspots for biodiversity of inverte-
brates and fish (Klitgaard 1995, Freese & Wing 2003),
with the likely mechanism being the increased habi-
tat heterogeneity provided by the sponge structures
on otherwise featureless bottom types.

The association between sponge grounds and bio-
diversity was noted by the United Nations General
Assembly resolution 61/105 adopted in 2006, which
in its Annex 1A specifically lists sponge grounds as
vulnerable to destructive fishing practices and calls
for their protection (UNGA 2006). Despite biodiver-
sity conservation being one of the rationales behind
the call for the protection of sponge grounds, only a
few studies have quantified the effect of these bio-
genic habitats on the diversity of associated epiben-
thic megafauna (e.g. Klitgaard 1995, Bo et al. 2012,
Beazley et al. 2013, 2015) and fish (Freese & Wing
2003, Marliave et al. 2009, Miller et al. 2012), and
even fewer have reported on the importance of sponge
ground species composition and morphology in the
provision of habitat (but see Klitgaard 1995, Beazley
et al. 2013). Through the analysis of in situ photo-
graphic data, Beazley et al. (2013) noted significant
differences in the composition of epibenthic mega-
fauna associated with Asconema foliatum, a thin-
walled/foliose glass sponge, and both fan-shaped
and papillate/globular demosponges in the Flemish
Cap area (northwest Atlantic), with a greater number
of echinoderms associated with the former. Similarly,
the presence of spicule ‘fur' commonly found on tetrac-
tinellid sponges was associated with an increased
number of epifauna in sponge grounds in the north-
east Atlantic (Klitgaard 1995).

Of the sponge grounds described from the north-
west Atlantic, most are considered mixed-species
assemblages dominated by tetractinellid sponges
(Murillo et al. 2012, Beazley et al. 2013, 2015,
Knudby et al. 2013). However, Beazley et al. (2018)
recently described the presence of the only known
monospecific sponge ground formed by the glass
sponge Vazella pourtalesi (Schmidt 1870; family

Rossellidae) in Emerald Basin, a deep-water basin
located on the continental shelf off Nova Scotia, Can-
ada. These sponge grounds form the largest known
monospecific aggregation of its kind and are unusual
in that they occur at the shallow end of the hexac-
tinellid distribution, from ~75 to 275 m (Fuller 2011).
The size of individual V. pourtalesi sponges there
reaches 110 cm in height and 75 cm in width (Fuller
2011), much larger than individuals described from
other locations (Tabachnik 2002, Fuller 2011). Com-
monly referred to as ‘Russian hats,’ these sponges have
a large barrel or vase-shaped morphology, which is
typical of many rossellid species (Reiswig 1996).
Their skeleton is made of siliceous spicules with a
‘hexactine’ morphology (Reiswig 2006), which often
accumulates a significant amount of flocculent mate-
rial on its spicules (Fuller 2011). Unlike Pheronema
carpenteri and Schaudinnia rosea, other rossellid
sponges that form dense aggregations in the north-
east Atlantic (e.g. Rice et al. 1990, Barthel et al. 1996,
Roberts et al. 2018), V. pourtalesi attaches to hard
substrate, such as pebbles, cobbles, and boulders.
The invertebrates and fish associated with V. pour-
talesi were first described by Fuller (2011) from video
observations collected using a remotely operated
vehicle. Ocean pout was most frequently observed
within the sponge grounds, followed by redfish and
hake. A high diversity of invertebrates was also
noted, with observations consisting mostly of shrimp,
other sponge species, rock crabs, and anemones. At
the time, however, this diversity was not compared to
areas outside the sponge grounds. Through the
examination of both in situ photographs and trawl-
derived catch data from an annual multispecies bot-
tom-trawl survey of the Scotian Shelf conducted by
Fisheries and Oceans Canada (DFO), we document
the diversity and abundance of epibenthic mega-
fauna and fish associated with the monospecific
sponge ground formed by V. pourtalesi in Emerald
Basin. We compare the composition of species, diver-
sity, and abundance of epibenthos from in situ photo-
graphs collected in areas with and without the
presence of V. pourtalesi. Using generalized linear
models (GLMs), the importance of this sponge ground
in enhancing fine-scale diversity and abundance of
the associated megafauna was evaluated against that
of the presence (percent cover) of hard substrate,
which has also been shown to enhance the diversity
of local fauna in deep-sea environments (Lacharité &
Metaxas 2017). Furthermore, broader-scale associa-
tions between V. pourtalesi and bentho-pelagic fish
and invertebrate species collected from the DFO bot-
tom trawl surveys were examined. Finally, we com-
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pare our results with those of Beazley et al. (2013,
2015), who used similar methodologies to survey and
describe the epibenthic megafauna associated with
the tetractinellid sponge grounds on the slopes of
the Flemish Cap, allowing for the first comparison
between the diversity associated with multi- and
monospecific sponge grounds and between massive
and barrel-shaped morphologies. This study is the
first comparative analysis of in situ epibenthic mega-
fauna associated with the sponge grounds formed by
V. pourtalesi and contributes to our understanding of
the role of sponges in enhancing biodiversity.

2. MATERIALS AND METHODS
2.1. Study area

The Scotian Shelf is a 700 km long and 200 km
wide section of continental shelf off Nova Scotia, and
is bounded by the Northeast Channel to the south-
west and the Laurentian Channel to the east. Emer-
ald Basin, the location of the densest concentrations
of Vazella pourtalesi (see Beazley et al. 2018), is one
of the largest of a series of irregular basins located on
the inner Scotian Shelf, approximately 60 nautical
miles south of Halifax, Nova Scotia. It is the deepest
of the basins, reaching depths of nearly 300 m. Along
with the shallower LaHave Basin, it sits at the head of
the Scotian Gulf, an inlet formed by a cross-shelf
channel between Emerald Bank and LaHave Bank.
Beazley et al. (2018) provide a summary of the env-
ironmental conditions associated with these sponge
grounds.

2.2. Benthic imagery

In 2011, a total of 17 photographic transects were
collected in Emerald Basin using the lightweight
camera tripod system ‘Campod’, operated from the
Canadian Coast Guard Ship (CCGS) ‘Hudson'. Cam-
pod is controlled via a winch on deck and collects
video footage and high-resolution photographs as it
drifts along the seabed at a controlled height and
speed. The system was equipped with an obliquely
mounted Sony SC-999 video camera to collect for-
ward-facing video of the seabed and a vertically
mounted Sony DXC-950 camera for downward video
collection. Campod was also fitted with a downward-
facing, high-resolution Nikon D300 digital still cam-
era with 2 high-speed flashes. The height of the
downward-facing camera above the seabed was

~1 m when Campod was landed. Digital still photos
were taken at ~1 min intervals with Campod landed
on the seabed. Campod was equipped with 2 laser
beams calibrated at 10 cm apart that were used as
a size reference in the video and photos (Beazley &
Kenchington 2015).

The video footage from all 17 transects was
analyzed for V. pourtalesi presence and condition
(whether the sponge was live or dead) in order to
map its distribution and to aid delineation of the
boundaries of 2 sponge conservation areas desig-
nated in 2013 by DFO to protect V. pourtalesi (Fig. 1)
(Beazley et al. 2018). From this, photographs from 5
photo-transects were chosen for further analyses to
deduce fine-scale associations between V. pourtalesi
and the surrounding megafaunal community. Tran-
sects 18, 19, 20, and 21 are located inside the Sambro
Bank Sponge Conservation Area (Fig. 1) and were
chosen due to the high observed sponge densities in
the video footage collected there. Transect 5 was
additionally analyzed to provide information from the
Emerald Basin Sponge Conservation Area. In total,
467 photographs across all 5 transects were exam-
ined. Details of the number of photos and metadata
associated with each transect are given in Table 1.

2.3. Image analysis and identification of
megafauna

Photos were first assessed for quality and consis-
tency of height and lighting. Those that were too far
or too close to the seabed, blurry photos, and those
taken of the same area of seabed were not analyzed.
Photos were analyzed following the photo analysis
procedures documented by Beazley & Kenchington
(2015). Photos were viewed in Adobe Photoshop ver-
sion CS2, and the associated taxon abundance data
were recorded in a customized Microsoft Access
database. Photos in each transect were analyzed in
random order to reduce observer bias.

Following Beazley et al. (2013, 2015), photos were
examined for the abundance of epibenthic mega-
fauna, defined as both motile and non-motile organ-
isms >1 cm in size, living on or near the seafloor. All
epibenthic megafauna that met this criterion were
counted from each photo and identified down to the
lowest possible taxonomic classification. Fine-scale
features used to identify many taxa to species level
were often not visible, resulting in the designation of
mutually exclusive morphotypes to those megafauna
that could not be identified to species (e.g. Actiniaria
sp. 1 and Porifera sp. 1). Any megafauna that could
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Fig. 1. Locations of the 5 Campod photo-transects collected in the Emerald Basin and Sambro Bank Sponge Conservation
Areas off Nova Scotia, Canada, in 2011. Water depths >200 m are indicated by the light grey polygons

not be placed into a phylum were designated as
‘Unidentified' and were separated according to over-
all shape and other superficial features.

Throughout the transects, both live and dead V.
pourtalesi individuals were observed and recorded
separately. Given the dominance of dead individuals
over live, these were excluded from the taxon abun-
dance data and instead used as a factor in community
analyses to examine their effect on the surrounding

megafaunal community. The krill Meganyctiphanes
norvegica dominated the total abundance of Tran-
sects 18 and 21, accounting for over 91 % of the total
abundance on Transect 21. As this species undergoes
diel vertical migration (Onsrud & Kaartvedt 1998)
and would therefore vary in abundance on the tran-
sects depending on time of day, it was also excluded
from all community analyses. Similarly, photos where
M. norvegica was so dense that it significantly im-

Table 1. Location and metadata associated with the 5 photo-transects from the Emerald Basin and Sambro Bank Sponge Conserva-
tion Areas. Total number of images examined for multivariate community analyses and their area covered is given in parentheses
in the 2 final columns

Transect Position (°N/°W) in decimal degrees ——Depth (m)———  Transect No. of Total area
Start End Minimum Maximum Mean +SD length (m) images covered (m?)

5 44.3136/-62.6064 44.3117/-62.6041 180.5 190.9 185.6 £ 3.3 780 52 (52) 21.3

18 43.8628/-63.0576 43.8674/-63.0627 203.2 211.2 208.7 £ 1.7 924 50 (35) 20.5 (14.4)

19 43.8837/-63.0911 43.8896/-63.1012 148.6 168.1 156.5 £ 5.9 1528 154 (154) 63.14

20 43.8938/-63.0742 43.8959/-63.0825 151.4 173.5 159.2 £ 5.7 926 121 (121) 49.6

21 43.9108/-63.0570 43.9080/-63.0671 210.0 226.0 221.0+4.6 1034 76 (66) 31.2 (27.1)
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peded the view of the seabed were excluded,
and photos that contained no megafauna were also
not considered further. This eliminated nearly 40
photos, resulting in 428 photos for community anal-
yses (Table 1).

The coverage of hard substrate from each photo
was quantified using the photo-editing software
GIMP v. 2.8.22 (www.gimp.org). All rocky hard
substrate above 1 cm was outlined using the ‘free
select’ tool and filled using the ‘bucket fill' tool. The
pixels occupied by hard substrate (i.e. filled areas)
were counted, and percent cover was calculated by
dividing pixel counts occupied by the hard substrate
by total pixel count per photo, and multiplying this
value by 100. The percent cover of hard substrate
was categorized into arbitrarily chosen classes based
on percent ranges in order to facilitate multivariate
analyses to examine the effect of hard substrate on
the associated megafaunal community. These cate-
gories were as follows: 0% (no hard substrate; 46
photos), 1-10% (215 photos), 10-20% (83 photos),
20-30% (55 photos), 30-40% (21 photos), and 41—
55% (8 photos). The quantity of rocks >1 cm per
photo was also recorded but was not included in fur-
ther analyses due to its high correlation with percent
cover (Spearman's rank correlation coefficient, rho =
0.916).

The mean + SD area covered in the photos (0.410 +
0.046 m?) was calculated by randomly selecting 50
photos across all 5 transects and measuring area
using the 10 cm scaling lasers. Due to the low stan-
dard deviation in area covered, photos were consid-
ered to represent approximately equal sampling
units, and the mean area covered was used to stan-
dardize the abundance data in each photo to abun-
dance m™2,

2.4. Benthic community analyses

Multivariate analyses were conducted in PRIMER
v. 6.1.16 and PERMANOVA+ v. 1.0.6 software
(PRIMER-E; Clarke & Gorley 2006). The large num-
ber of rare taxa in the dataset called for a reduction in
order to focus the analyses on those taxa that were
considered more abundant and reliably sampled
(Clarke & Warwick 2001). Therefore, only those taxa
contributing =0.25% of the total abundance of any
one transect were included in the taxon abundance
by photo matrix, resulting in 54 taxa for analyses.

Analyses were conducted to examine the influence
of location (transect), the presence and physical
condition of V. pourtalesi, and the effect of hard

substrate on the associated megafaunal community.
In each case, the reduced taxon abundance matrix
was logyy (x + 1) transformed and the Bray-Curtis
similarity calculated. A 1-way analysis of similarities
(ANOSIM) was used to test for significant differences
in the megafaunal assemblages between transects
and categories of hard substrate. Here, records of V.
pourtalesi were included in the taxon abundance
matrix, but were later excluded and used as a factor
in the analyses testing for the effect of V. pourtalesi
on the associated community. Non-metric multi-
dimensional scaling (MDS) of Bray-Curtis similarity
measures using Kruskal fit scheme 1 was used to
visualize potential differences in community com-
position between photos grouped by each factor. The
‘subset MDS' function was used to generate an MDS
plot on subsets of highly clustered photos.

In order to ascertain whether the physical condi-
tion (i.e. live or dead) of V. pourtalesi had an effect
on the composition of associated megafauna, photos
were categorized based on whether they had only
live V. pourtalesi, only dead, or a mix of both.
ANOSIM was used to test for significant differences
in megafaunal community composition between the
different states (live V. pourtalesi; 84 photos; dead:
80 photos; mix: 132 photos) and areas without V.
pourtalesi (132 photos). Taxa driving any observed
differences in community composition between treat-
ments within factors as identified in ANOSIM were
examined using the similarity percentages (SIMPER)
routine in PRIMER. Given the negligible differen-
ces in the assemblages associated with the live and
mixed states (R = 0.051, see Table 2), photos from
these 2 categories were combined (216 photos) and
used to indicate presence of live V. pourtalesi (factor
referred to as 'Vazella Presence/Absence’ hereafter)
in further analyses to test the influence of V. pourta-
lesi on community composition and diversity as
described below.

Given the possibility of interactions between the
presence of V. pourtalesi, the hard substrate on
which it attaches, and location (transect), a 3-factor
permutational multivariate analysis of variance
(PERMANOVA) was used to test for their influence
on community composition of the associated fauna.
All 3 factors were considered fixed in the analysis.
Permutated pairwise tests of significant factors were
conducted, and statistical significance was evaluated
using a Bonferroni-adjusted significance level for
multiple tests, o' = o/k, where k is the number of
pairwise groups tested, and o is the 0.05 significance
level. Non-significant terms were iteratively removed
until none remained in the final result.
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2.5. Effect of V. pourtalesi and hard substrate on
species density and abundance of associated
megafauna

Given that samples in our study are of a fixed unit
of effort (mean area per photo: 0.410 + 0.046 m?), any
measure of the number of species per sample is con-
sidered a species density and therefore is expressed
as the number of discrete species per unit of sam-
pling effort (see Gotelli & Colwell 2011; summarized
by Kenchington & Kenchington 2013). Species den-
sity, along with the total abundance of megafauna
per photo, were derived from the full taxonomic
dataset (94 taxa excluding V. pourtalesi) for use in
hypothesis-testing methods to examine the influence
of V. pourtalesi presence (Vazella Presence/Absence),
location (Transect), and the Percent Cover of Hard
Substrate on the associated megafaunal community.
Using the R statistical software program (version
3.3.1, R Core Team 2016), both metrics were tested
for normality and equality of variances between pho-
tos with and without live V. pourtalesi present using
the Shapiro-Wilk and Levene tests, respectively. After
all datasets failed to meet 1 or both assumptions, the
non-parametric Wilcoxon rank sum test was applied
to test for significant differences between photos
with and without V. pourtalesi present. GLMs were
then used to further explore the relationships be-
tween the response variables and covariates, and
their potential interactions.

Prior to constructing GLMs, species density and
the total abundance of megafauna per photo were
assessed for non-spatial dependence (i.e. spatial
autocorrelation). In deep-water megafaunal commu-
nities, spatial dependence has been attributed to a
correlation with habitat features that vary as a func-
tion of length scale (Schneider et al. 1987). Spatial
dependence amongst observations can result in
reduced degrees of freedom or effective sample size
and thus an increased probability of committing a
type 1 error in classical hypothesis testing (Legendre
et al. 2002, Kuhn 2007). Autocorrelation in the spe-
cies density and abundance metrics for each photo
was examined per transect using Moran's I cor-
relograms, computed using the ‘correlog’ function in
package ‘ncf' in R. Moran's I is a measure of auto-
correlation against distance that indicates whether
the pattern in a quantitative variable is clustered, dis-
persed, or random in space. Moran's Iranges from -1
to +1, where negative values indicate negative spa-
tial autocorrelation (indicating in this example, that
neighboring photos have dissimilar values of diver-
sity and abundance), positive values indicate positive

autocorrelation (i.e. neighboring photos have similar
values of diversity and abundance, i.e. clustering),
and values near 0 indicate no autocorrelation (Fortin
& Dale 2005). Significance of the Moran's I correla-
tion coefficients at each distance class was assessed
by computing 1000 permutations using the ‘resamp’
argument in the ‘correlog’ function in R. Correlo-
grams were considered globally significant if at least
one correlation coefficient was significant at the Bon-
ferroni-adjusted significance level, o' = o./k, where k
is the number of distance classes, and o is the 0.05
significance level (Legendre & Legendre 1998, Fortin
& Dale 2005).

For most transects, Moran's I correlation coeffi-
cients were small for the species density and abun-
dance metrics (see Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m614p091_supp.pdf),
although some patterns by distance class emerged.
Both Transects 18 and 20 showed negative spatial
autocorrelation in species density and total abun-
dance at the largest distance classes. Spatial autocor-
relation in species density was highest at the smallest
distance class on Transect 19. Nonetheless, no correl-
ograms were globally significant at the o' level, indi-
cating that the assumption of the (spatial) independ-
ence of samples was met.

GLMs were fitted to the species density and total
abundance data in R, with Vazella Presence/Absence,
Transect, Percent Cover of Hard Substrate, and their
interaction terms as covariates. The species density
data were fitted with a Poisson distribution and log
link. Dispersion (¢) in the residuals of this Poisson
model was tested by dividing the generalized Pearson
statistic x? (squared sum of the Pearson residuals) by
the residual degrees of freedom (Zuur et al. 2009).
Over- or underdispersion existed if ¢ was greater or
less than 1, respectively. Underdispersion was detected
(¢ = 0.73) in this model; however, since this phenome-
non results in conservatism in p-values (i.e. reduced
type I error; Zuur et al. 2009) the model was left as is.
The abundance data were initially fitted with a Pois-
son distribution and log link function after the values
were rounded to the nearest integer, but after over-
dispersion was identified (¢ = 9.17), a negative bino-
mial model with a log link function was applied (Zuur
et al. 2009). The dispersion parameter of this negative
binomial model was within acceptable levels (¢ = 1.20).

Following Zuur et al. (2009), models were examined
for non-significant terms using the ‘dropl’ function
with a chi-squared test. All terms were significant,
and so the models were not simplified further. The fit
of each model was evaluated through examination of
the diagnostic plots generated by the ‘glm.diag.plots’
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function of package 'boot’ in R (see plots in Fig. S2).
Analysis of deviance tables were generated for each
model to examine the amount of deviance explained
by the full model and its individual terms.

Several photos contained hard substrate not colo-
nized by V. pourtalesi, which allowed for further
analyses to isolate the effects of both factors and their
influence on species density and abundance. Welch's
ANOVA was used to test for significant differences in
megafaunal species density and abundance between
photos with V. pourtalesi present (216 photos) on
hard substrate, photos without V. pourtalesi but with
hard substrate (92 photos), and photos taken of soft
bottom habitat without hard substrate or V. pourta-
lesi (40 photos). Photos of hard substrate only and soft
bottom were interspersed throughout the sponge
grounds. SIMPER was used to identify any taxa con-
tributing to the dissimilarity between the 3 groups.

2.6. Broad-scale associations of trawl-caught fish
and megafaunal invertebrates with V. pourtalesi

Fish and invertebrate catch from the DFO annual
research vessel trawl surveys on the Scotian Shelf
and Gulf of Maine was examined to ascertain whether
the composition of fauna was different between
catches inside and outside the sponge grounds. Sur-
veys were conducted on the CCGS 'Alfred Needler'
or CCGS 'Teleost’ using a Western II-A bottom trawl
gear with a 19 mm mesh lining in the cod-end (Trem-
blay et al. 2007). Fishing stations were allocated
using a stratified random sampling design (Chad-
wick et al. 2007) and conducted with standardized 30
min bottom tows at a vessel speed of approximately
3.5 knots. All fish and invertebrate catch retained on
the net was sorted by taxa and counted and weighed
at sea. We selected invertebrate and fish abundance
data from 246 trawl sets collected between 2007 and
2017 within the area known as the Scotian Gulf,
which is formed by a cross-shelf channel that opens
into Emerald and LaHave Basins on the inner Scotian
Shelf. This area is consistent with that predicted as
suitable habitat for V. pourtalesi using species distri-
bution models (see Beazley et al. 2018) and was
selected to ensure that comparisons were made using
fish assemblages from a similar depth range. Of
those 246 sets, 79 recorded V. pourtalesiin the catch,
while 167 were within the predicted habitat of V.
pourtalesi, but had no V. pourtalesi in the catch. The
mean + SD depth of the trawl sets was 202 + 119 m.
The location of the start positions of the selected
trawl sets are shown in Fig. S3.

Catch composition for the selected data included
178 taxa. In order to reduce the effects of recording
bias and anomalous catches over the 10 yr period, we
removed any taxon that was not recorded in at least
8 of the 10 years. This reduced the number of taxa to
50, creating a 50 taxa x 246 trawl sets data matrix for
analysis that represents the typical species composi-
tion of the catches in the area.

A logyg (x + 1) transformed abundance data matrix
was constructed in PRIMER from the trawl survey
data. A Bray-Curtis similarity matrix was generated
from this matrix and an ANOSIM using a 2-way
crossed design (Vazella Presence/Absence, Year)
was performed to test for the effects of both factors on
the contributions of the species to the total commu-
nity. SIMPER analysis was performed on the Vazella
Presence/Absence factor to break down the contri-
bution of each species to the observed community
similarity (and dissimilarity) between samples within/
between groups.

3. RESULTS
3.1. In situ epibenthic megafauna

A total of 7468 individuals (18 202 when standard-
ized to m™2) representing 95 different taxa/morpho-
types were recorded from the 428 analyzed photos
across all 5 transects (see Table S1). We observed
77 taxa from 9 phyla (Annelida, Arthropoda, Bryo-
zoa, Chordata, Cnidaria, Echinodermata, Mollusca,
Nemertea, and Porifera), of which 19 were identified
to species level or putative species (indicated by the
‘ct.” designation) and 4 to genus. The remaining 18
taxa were unique, unidentified morphotypes. The
Cnidaria, Porifera, and unidentified morphotypes
were the most abundant and diverse, representing
38, 25, and 17 % of the total abundance and 13, 33,
and 19 % of the observed taxa, respectively.

The Cnidaria were highly skewed towards a few,
very abundant anemone-like species/morphotypes
belonging to the orders Actiniaria and Zoantharia.
No soft corals or gorgonian-type corals were ob-
served on the transects, although juveniles of the
sea pen Pennatula aculeata and the scleractinian cup
coral Flabellum macandrewi were observed in low
densities. Echinoderms, while uncommon, were a
fairly diverse group composed of 7 different taxa. Of
those, 3 were sea stars from the genera Henricia and
Pteraster, 1 was a stalked crinoid (Conocrinus lofo-
tensis), and the remainder were brittle stars. Two
ophiuroid species were positively identified (Ophio-
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pholis aculeata and Ophiacantha bidentata), and a
combined group consisting of both species (Ophio-
pholis aculeata/Ophiacantha bidentata) was also
designated when the 2 could not be distinctly sepa-
rated from one another. These species were small
(<2 cm) and found on both soft sediment and as epi-
fauna on Vazella pourtalesi. The taxa/morphotypes
used in multivariate community analyses (i.e. those
that comprised >0.25 % abundance on any one tran-
sect) are indicated by an asterisk in Table S1. Of these
54 taxa (63 excluding V. pourtalesi), anemones (Acti-
niaria spp.), Unidentified 33, and serpulid worms
(Serpulidae spp.) had the highest abundances.

Within the phylum Porifera, encrusting sponges on
rocks and boulders dominated the diversity. Non-
encrusting sponges included the stalked tulip sponge
Stylocordyla borealis, globular sponges Polymastia
andrica and Polymastia cf. uberrima, and several up-
right, branching/repent (morphologies as described
by Boury-Esnault & Ritzler 1997) species of un-
known identity. Live and dead V. pourtalesi indi-
viduals were observed on all 5 transects, in 69 % of
the photos included in community analyses (296 of
428 photos), and was the fifth most abundant taxon
overall (Table S1). Live V. pourtalesi were most com-
mon on Transects 19 and 20, with nearly 200 individ-
uals on each (Fig. 2A). Dead V. pourtalesi contributed
to the majority of the total abundance of this species
on every transect (Fig. 2B). Fig. 2C,D shows exam-
ples of both live and dead V. pourtalesi. The dead
sponge was often observed in dense aggregations on
soft sediment.

5 18 19 20

21
Fig. 2. (A) Total number of

live Vazella pourtalesi per
transect (5, 18, 19, 20, 21).
(B) Contribution (percent-
age of total) of live and
dead V. pourtalesi to its
total abundance on each
transect. Examples of V.
pourtalesi: (C) live, (D)
dead. All sediment-cov-
ered structures on the
right side of the image
in (D) represent skeletons
of V. pourtalesi

ANOSIM indicated significant differences in com-
munity composition between transects (global R =
0.243, p < 0.001), with the largest pairwise dissimilar-
ity occurring between Transects 5 and 18 (R = 0.581,
p < 0.001), followed by Transects 20 and 21 (R =
0.417, p <0.001). The overlap in community composi-
tion between transects was further visualized in the
MDS plot (Fig. 3). Transects 18 and 21 showed a
higher variability in abundance-based community
structure compared to the other transects. No differ-
ences in community composition between Transect 5
located in the Emerald Basin Sponge Conservation
Area and the combined taxon abundance data from
the 4 transects located in the Sambro Bank Sponge
Conservation Area were apparent, suggesting a
common sponge ground community throughout
Emerald Basin.

3.2. Influence of V. pourtalesi and hard substrate
on epibenthic megafaunal composition

Significantly different megafaunal assemblages
were associated with the different physical states of V.
pourtalesi (i.e. live vs. dead vs. mixed states vs. photos
in which V. pourtalesi was absent; Table 2). The
strongest pairwise dissimilarity occurred between the
mixed and absent categories (R = 0.304), followed by
mixed and dead categories (R = 0.174). The taxa that
contributed to this dissimilarity are shown in Table 3.
The highest average dissimilarity was indicated be-
tween the mixed and absent categories (82.05 %), fol-
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Fig. 3. Multidimensional scaling (MDS) plot based on Bray-Curtis similarity
of transformed abundance (logy (x + 1)) of taxa comprising 20.25% abun-
dance on any one transect, labeled by transect. (A) All samples. (B) Plot
generated from a subset of samples selected from the tight cluster of photos
within the black dashed box in (A) (note the higher stress of 0.2)

lowed by the live and absent categories (80.54 %). Of
the 10 taxa contributing to ~70% dissimilarity be-

pourtalesi. No organism was associated
exclusively with dead V. pourtalesi.

PERMANOVA identified significant
effects of Transect, Vazella Presence/
Absence (i.e. live and mixed states com-
bined vs. absent), and the categorical
representation of Hard Substrate Cover
(Table 4) after the removal of non-
significant interaction terms. The 2-way
interactions between Transect and Vazella
Presence/Absence, and Transect and
Hard Substrate Cover were also signifi-
cant, while the interaction between all 3
terms was non-significant, as well as the
interaction between the presence of V.
pourtalesi and Hard Substrate Cover.
The effect of Hard Substrate Cover
explained the largest proportion of the
variance, followed by Transect.

3.3. Influence of V. pourtalesi and hard
substrate on epibenthic megafaunal
species density and abundance

Species density and the total abun-
dance of megafauna per photo signifi-
cantly differed between photos with and
without V. pourtalesi present (species
density: W = 3063.50, p < 0.001; total
abundance: W = 2682.00, p < 0.001,
where ‘present’ indicates both live and
mixed states combined). Both metrics
were higher in the presence of V. pour-
talesi (mean + SE: species density: 7.06 +
0.21; total abundance: 56.07 + 2.67) than
absence (species density: 2.71 + 0.17
total abundance: 13.28 + 1.22).

tween mixed and absent categories, only 1 taxon,
Zoanthidae spp., was higher in areas without V. pour-
talesi. This taxon was often observed in patches on
soft substrates, explaining its greater affiliation with
the absent category. The remaining 9 taxa were typi-
cally associated with hard substrate: anemones (Ac-
tiniaria spp., and Actiniaria sp. 9), encrusting poly-
chaetes of the family Serpulidae, encrusting sponges
Porifera sp. 4 and Hymedesmiidae sp. 4, and bivalves
of the family Anomiidae. Unidentified 33 was most of-
ten observed in close proximity to both live and dead
V. pourtalesi, and Unidentified 22, an epifaunal tubu-
lar organism, was observed exclusively on live V.

Table 2. One-way analysis of similarities (ANOSIM) testing

the hypothesis of no significant difference in community

composition between photos with live, dead, mixed, and no
Vazella pourtalesi

Global test: R = 0.163, p = 0.001

Pairwise comparison R P

Live Vazella vs. Dead 0.120 0.001
Live Vazella vs. Mixed 0.051 0.005
Live Vazella vs. Absent 0.139 0.001
Dead Vazella vs. Mixed 0.174 0.001
Dead Vazella vs. Absent 0.036 0.029
Mixed Vazella vs. Absent 0.304 0.001
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Table 3. Similarity percentage (SIMPER) identifying the taxa that contributed to 70 % of the dissimilarity between photos with
live (L), dead (D), mixed (M), and no Vazella pourtalesi (absent, A) based on the log (x + 1) transformed taxon abundance
matrix. Average dissimilarity L/A = 80.54 %, L/D = 73.07 %, L/M = 67.39 %, D/M = 71.79 %, D/A = 77.50 %, and M/A = 82.05 %

Groups com- Taxon Average abundance Average Contribution Cumulative
pared (1/2) Group 1 Group 2 dissimilarity (%) contribution (%)
L/A Actiniaria spp. 2.16 0.46 14.31 17.76 17.76
L/A Unidentified 33 1.16 0.87 8.62 10.71 28.47
L/A Serpulidae spp. 1.05 0.43 8.25 10.24 38.71
L/A Zoanthidae spp. 0.70 0.66 7.59 9.43 48.13
L/A Malacostraca spp. 0.58 0.51 5.57 6.92 55.05
L/A Unidentified 22 0.76 0.00 5.32 6.60 61.66
L/A Anomiidae sp. 1 0.73 0.13 4.30 5.34 67.00
L/A Porifera sp. 4 0.60 0.09 3.63 4.51 71.51
L/D Actiniaria spp. 2.16 1.16 10.05 13.75 13.75
L/D Unidentified 33 1.16 1.67 7.56 10.35 24.10
L/D Serpulidae spp. 1.05 0.94 6.86 9.39 33.48
L/D Zoanthidae spp. 0.70 0.81 6.28 8.59 42.08
L/D Porifera sp. 4 0.60 0.54 4.07 5.56 47.64
L/D Unidentified 22 0.76 0.00 4.03 5.51 53.15
L/D Malacostraca spp. 0.58 0.54 3.93 5.38 58.53
L/D Anomiidae sp. 1 0.73 0.37 3.89 5.32 63.85
L/D Actiniaria sp. 9 0.12 0.64 3.48 4.76 68.61
L/D Hymedesmiidae sp. 4 0.47 0.29 2.75 3.76 72.37
L/M Actiniaria spp. 2.16 2.27 7.45 11.05 11.05
L/M Unidentified 33 1.16 1.44 5.70 8.46 19.51
L/M Serpulidae spp. 1.05 1.25 5.40 8.02 27.53
L/M Anomiidae sp. 1 0.73 0.88 4.20 6.23 33.76
L/M Unidentified 22 0.76 0.66 4.10 6.09 39.85
L/M Porifera sp. 4 0.60 0.93 4.10 6.09 45.94
L/M Zoanthidae spp. 0.70 0.44 4.06 6.04 51.97
L/M Hymedesmiidae sp. 4 0.47 0.84 3.75 5.57 57.54
L/M Malacostraca spp. 0.58 0.67 3.47 5.14 62.69
L/M Actiniaria sp. 9 0.12 0.55 2.49 3.69 66.38
L/M Hymedesmiidae sp. 1 0.14 0.44 1.75 2.60 68.98
L/M Porifera sp. 22 0.15 0.28 1.55 2.30 71.29
D/M Actiniaria spp. 1.16 2.27 8.55 11.91 11.91
D/M Unidentified 33 1.67 1.44 6.22 8.66 20.57
D/M Serpulidae spp. 0.94 1.25 5.79 8.06 28.63
D/M Zoanthidae spp. 0.81 0.44 4.79 6.67 35.30
D/M Porifera sp. 4 0.54 0.93 4.31 6.01 41.31
D/M Actiniaria sp. 9 0.64 0.55 4.10 5.71 47.01
D/M Anomiidae sp. 1 0.37 0.88 3.96 5.51 52.52
D/M Hymedesmiidae sp. 4 0.29 0.84 3.64 5.07 57.59
D/M Malacostraca spp. 0.54 0.67 3.58 4.98 62.58
D/M Unidentified 22 0.00 0.66 2.91 4.05 66.63
D/M Hymedesmiidae sp. 5 0.20 0.32 1.79 2.49 69.12
D/M Porifera sp. 22 0.18 0.28 1.68 2.33 71.45
D/A Unidentified 33 1.67 0.87 11.99 15.48 15.48
D/A Zoanthidae spp. 0.81 0.66 9.14 11.79 27.27
D/A Actiniaria spp. 1.16 0.46 8.68 11.21 38.47
D/A Serpulidae spp. 0.94 0.43 7.67 9.90 48.37
D/A Malacostraca spp. 0.54 0.51 5.78 7.46 55.84
D/A Actiniaria sp. 9 0.64 0.06 4.80 6.20 62.04
D/A Porifera sp. 4 0.54 0.09 4.04 5.21 67.25
D/A Anomiidae sp. 1 0.37 0.13 2.67 3.45 70.70
M/A Actiniaria spp. 2.27 0.46 12.33 15.04 15.04
M/A Unidentified 33 1.44 0.87 7.93 9.67 24.71
M/A Serpulidae spp. 1.25 0.43 6.89 8.40 33.11
M/A Zoanthidae spp. 0.44 0.66 5.35 6.52 39.63
M/A Malacostraca spp. 0.67 0.51 4.74 5.78 45.41
M/A Porifera sp. 4 0.93 0.09 4.71 5.74 51.15
M/A Anomiidae sp. 1 0.88 0.13 4.59 5.60 56.75
M/A Hymedesmiidae sp. 4 0.84 0.04 4.12 5.03 61.77
M/A Unidentified 22 0.66 0.00 3.66 4.46 66.23
M/A Actiniaria sp. 9 0.55 0.06 3.12 3.81 70.04
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Table 4. Three-factor permutational multivariate analysis of variance (PERMANOVA) examining effects of Transect, Vazella
Presence/Absence, and categorical Hard Substrate Cover on benthic community composition. SS: sum of squares; MS: mean
square. Values in parentheses in the last column indicate the square root of the Estimate of Variance Component

Term df SS MS Pseudo-F Permutated Estimate of
p-value Variance Component
(sq. root)

Transect 4 26375.00 6593.60 3.129 0.001 328.15 (18.12)
Vazella Presence/Absence 1 6222.10 622.10 2.953 0.005 99.90 (9.99)
Hard Substrate 6 40161.00 6693.40 3.176 0.001 348.54 (18.67)
Transect x Vazella Presence/Absence 4 17318.00 4329.40 2.055 0.003 139.76 (11.82)
Transect x Hard Substrate 17 51533.00 3031.40 1.439 0.004 122.69 (11.08)
Residuals 315 6.638 x 107° 2107.30 2107.30 (45.91)
Total 347 1.046 x 107°

GLMs fitted to the species density and total abun-
dance data behaved similarly in terms of total de-
viance explained and the importance of the individ-
ual explanatory variables (Table 5). The species
density and total abundance models explained 68
and 71% of the total deviance in the data, respec-
tively, with Vazella Presence/Absence accounting for
41% in each model. Percent Cover of Hard Sub-
strate, followed by Transect, were the next most
important variables. Most interaction terms between
variables were significant, although no one term
explained more than 2% of the deviance in the data.
The pattern of higher diversity and abundance of
megafauna between photos with V. pourtalesi pres-

ent was consistent across all 5 transects (Fig. 4). How-
ever, those transects supporting an overall higher
diversity and abundance of megafauna typically also
had a higher mean percent cover of hard substrate
(Fig. 4).

Mean species density and abundance of mega-
fauna was statistically significant between photos
with V. pourtalesi present on hard substrate, photos
with hard substrate only, and photos of soft sediment
only (Welch's ANOVA; species density: F = 204.09,
p < 0.001; abundance: F = 140.59, p < 0.001). Photos
with V. pourtalesi present on hard substrate had a
higher diversity and abundance of megafauna than
photos of hard substrate and no V. pourtalesi, sug-

Table 5. Analysis of deviance results of generalized linear models testing the influence of Vazella Presence/Absence, Transect,
and Percent Cover of Hard Substrate on megafaunal species density and total abundance per photo. Asterisks mark significant
(p < 0.05) values

Model term Explained Residual % Explained Pr(>Chi)
deviance deviance

Species density

NULL 773.51

Vazella Presence/Absence 316.39 457.12 41 <0.001*

Transect 39.64 417.47 5 <0.001*

Percent Cover of Hard Substrate 142.56 274.92 18 <0.001*

Vazella Presence/Absence x Transect 8.17 266.75 1 0.086

Vazella Presence/Absence x Percent Cover Hard Substrate 7.01 259.74 1 0.008*

Transect x Percent Cover of Hard Substrate 6.82 252.91 1 0.145

Vazella Presence/Absence x Transect x Percent Cover Hard Substrate 9.58 243.33 1 0.048*

Total deviance explained 68

Total abundance

NULL 1283.53

Vazella Presence/Absence 531.66 751.87 41 <0.001*

Transect 142.93 608.94 11 <0.001*

Percent Cover of Hard Substrate 177.88 431.07 14 <0.001*

Vazella Presence/Absence x Transect 28.49 402.57 2 <0.001*

Vazella Presence/Absence x Percent Cover Hard Substrate 9.69 392.89 1 <0.001*

Transect x Percent Cover of Hard Substrate 12.05 380.84 1 <0.001*

Vazella Presence/Absence x Transect x Percent Cover Hard Substrate 11.46 369.38 1 <0.001*

Total deviance explained 71
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gesting a strong effect of the sponge on the associ-
ated megafaunal community (Fig. 5). SIMPER (re-
sults not shown) revealed that the top contributing
taxa to the dissimilarity between photos with V. pour-
talesi present and those with only hard substrate
were anemones (Actiniaria spp.), sponges, and other
fauna that attach to hard substrate.

3.4. Influence of V. pourtalesi on trawl-caught fish
and megafaunal invertebrate composition

Community structure based on the abundance of
trawl-caught fish and invertebrate species differed

significantly between years and between catches
with V. pourtalesi present or absent, with more of the
dissimilarity explained by Vazella Presence/Absence
than by Year (Table 6). The average similarity was
similar among catches with V. pourtalesi present
(38.65%, Table 7) and absent (39.64 %) (within-
group similarity for catches without V. pourtalesi not
shown), with 14 species contributing to 90% of the
similarity in catches with V. pourtalesi. Silver hake
Merluccius bilinearis accounted for 22 % of the simi-
larity between catches where V. pourtalesi was pres-
ent, followed by redfish (Sebastes spp.), haddock
Melanogrammus aeglefinus, and northern shortfin
squid Illex illecebrosus (Table 7).
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Table 6. ANOSIM results from a 2-way crossed analysis test-

ing the effects of Year and Vazella Presence/Absence on fish

and megafaunal invertebrate community structure. Global

R-values represent the overall significance of the test for
either Vazella Presence/Absence or Year

Analysis Factor Global R P
Two-way crossed Year 0.066 0.001
Vazella Presence/ 0.135 0.001
Absence

The average dissimilarity between catches with
and without V. pourtalesi was 61.80 %, with 9 species
contributing to ~50 % of that dissimilarity, 18 species
to 70%, and 34 species to 90% (Table 8). All taxa
were present in catches with and without V. pour-
talesi; therefore, the dissimilarity between the 2 was
driven by differences in their relative abundances
creating dissimilar communities. Of the 9 species
contributing most to this dissimilarity, pink shrimp
Pandalus montagui, northern shortfin squid, Atlantic
herring Clupea harengus, and haddock had higher
average abundances in catches with V. pourtalesi.
However, redfish and pollock Pollachius virens had
higher average abundances in catches without V.
pourtalesi (Table 8).

Only 4 taxa could be conclusively related between
the trawl survey catch and the in situ photos: redfish,
pollock, cod Gadus morhua, and the rock crab Can-
cer borealis. Unknown and possibly multiple species
of pandalid shrimp were recorded from the photos
that are likely Pandalus montagui, which was identi-

fied in the catch data. The poor relatability between
these data sets is likely due to a combination of dif-
ferent rates of detection, or ‘catchability’ between
trawl and camera surveys, and the limited taxo-
nomic resolution of the identifications from the in situ
imagery. This supports the use of both gear types for
the examination of the communities associated with
V. pourtalesi, and the need to use different scales of
resolution to sample large and mobile fauna.

4. DISCUSSION

Through the analyses of in situ photographs col-
lected in Emerald Basin off Nova Scotia, Canada, we
show that the monospecific sponge grounds formed
by the glass sponge Vazella pourtalesi are host to a
more diverse and abundant epibenthic megafaunal
community compared to areas without this structure-
forming species. Although previous studies have
shown enhanced biodiversity due to the presence of
glass sponges, these were focused on the macrofau-
nal community associated with spicule mats (Rice et
al. 1990, Bett & Rice 1992), the role of stalked species
as attachment substrate (Beaulieu 2001), or the diver-
sity associated with sponge reefs (Chu & Leys 2010,
Dunham et al. 2018). To our knowledge, ours is the
first study to examine the diversity and abundance of
megafauna associated with aggregations of large,
massive barrel- or vase-shaped glass sponges.

Enhanced diversity and abundance of megafauna
has been associated with the mixed-species sponge

Table 7. Similarity percentage (SIMPER) analyses identifying the percent contribution of each species to the Bray-Curtis simi-
larity metric based on transformed abundance (logy, (x + 1)) of catches with Vazella pourtalesi. Species contributing to 90 % of
the total similarity are listed. Average similarity = 38.65 %

Species Common name Mean Mean Percent contri-  Cumulative percent
abundance similarity  bution to overall contribution to
similarity overall similarity
Merluccius bilinearis Silver hake 3.74 8.51 22.03 22.03
Sebastes spp. Redfish 2.98 5.29 13.69 35.72
Melanogrammus aeglefinus Haddock 2.32 5.04 13.04 48.76
Illex illecebrosus Northern shortfin squid 2.18 3.97 10.27 59.03
Pandalus montagui Pink shrimp 2.47 3.51 9.08 68.11
Clupea harengus Atlantic herring 1.82 2.68 6.93 75.04
Urophycis chuss Red hake 1.13 1.42 3.68 78.72
Urophycis tenuis White hake 0.87 1.17 3.02 81.74
Cancer borealis Jonah crab 0.61 0.84 2.18 83.93
Squalus acanthias Spiny dogfish 0.94 0.77 2.00 85.93
Pollachius virens Pollock 0.80 0.66 1.71 87.63
Helicolenus dactylopterus  Blackbelly rosefish 0.69 0.45 1.17 88.81
Asterias rubens Common sea star 0.59 0.45 1.17 89.97
Scomber scombrus Atlantic mackerel 0.56 0.39 1.00 90.97
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Table 8. Similarity percentage (SIMPER) analyses identifying the percent contribution of each species to the Bray-Curtis dissimilarity
metric based on transformed abundance (logo (x + 1)) between catches with and without Vazella pourtalesi. Species contributing to
90 % of the total dissimilarity are listed. Average dissimilarity = 61.80 %

Species Common name Mean Mean Mean Percent Cumulative
abundance abundance dissimil- contribution percent contri-
(catches with (catches without arity to overall bution overall
V. pourtalesi) V. pourtalesi) dissimilarity to dissimilarity
Sebastes spp. Redfish 2.98 3.24 4.75 7.69 7.69
Pandalus montagui Pink shrimp 2.47 2.28 4.62 7.47 15.16
Merluccius bilinearis Silver hake 3.74 3.75 4.47 7.24 22.41
Illex illecebrosus Northern shortfin squid 2.18 2.10 3.62 5.86 28.26
Clupea harengus Atlantic herring 1.82 1.75 3.57 5.78 34.04
Melanogrammus aeglefinus Haddock 2.32 2.12 3.44 5.57 39.61
Pollachius virens Pollock 0.80 1.52 2.78 4.50 44.11
Urophycis chuss Red hake 1.13 1.27 2.32 3.76 47.87
Helicolenus dactylopterus Blackbelly rosefish 0.69 0.90 2.23 3.61 51.48
Urophycis tenuis White hake 0.87 1.00 1.79 2.90 54.38
Squalus acanthias Spiny dogfish 0.94 0.15 1.65 2.67 57.05
Glyptocephalus cynoglossus Witch flounder 0.41 0.72 1.30 2.10 59.15
Anthozoa spp. Anemones and corals 0.45 0.45 1.29 2.08 61.23
Scomber scombrus Atlantic mackerel 0.56 0.23 1.26 2.05 63.28
Hippoglossoides platessoides ~ American plaice 0.14 0.71 1.21 1.96 65.24
Asterias rubens Common sea star 0.59 0.20 1.17 1.89 67.12
Cancer borealis Jonah crab 0.61 0.47 1.15 1.87 68.99
Sepioloidea spp. Cuttlefish 0.39 0.37 1.09 1.76 70.75
Alosa pseudoharengus Alewife 0.27 0.37 1.00 1.62 72.37
Peprilus triacanthus American butterfish 0.37 0.27 0.96 1.55 73.93
Porifera spp. Sponges 0.37 0.24 0.92 1.49 75.41
Homarus americanus American lobster 0.39 0.23 0.91 1.47 76.89
Euphausiacea spp. Krill 0.23 0.35 0.87 1.41 78.30
Scyphozoa spp. Jellyfish 0.40 0.17 0.87 1.41 79.71
Lophius americanus American anglerfish 0.33 0.33 0.83 1.34 81.05
Gadus morhua Atlantic cod 0.22 0.29 0.75 1.21 82.26
Urophycis chesteri Long-finned hake 0.12 0.33 0.71 1.15 83.40
Arctozenus risso Spotted barracudina 0.24 0.17 0.69 1.12 84.52
[syn. Notolepis rissoi]
Stomias boa Boa dragonfish 0.25 0.14 0.68 1.10 85.62
Nezumia bairdii Marlin-spike grenadier 0.25 0.16 0.64 1.04 86.67
Asteroidea spp. Star fish 0.22 0.15 0.61 0.98 87.65
Myctophidae spp. Lanternfish 0.17 0.20 0.60 0.97 88.62
Hippoglossus hippoglossus Atlantic halibut 0.22 0.18 0.56 0.91 89.53
Pontophilus norvegicus Norwegian shrimp 0.20 0.15 0.55 0.88 90.41

grounds of the Flemish Pass (Beazley et al. 2013),
consisting of tetractinellid sponges and various other
structure-forming species (e.g. glass sponge Asco-
nema foliatum), and the tetractinellid grounds of the
Sackville Spur (Beazley et al. 2015). The gear types
and analytical approaches used there were similar to
those employed in this study, allowing for a direct
comparison of the diversity indices between sponge
grounds. Examination of mean species density and
abundance (standardized to m2) of epibenthic mega-
fauna across all 3 sponge grounds (Fig. 6A,B) re-
vealed a more diverse and abundant epibenthic as-
semblage associated with those sponge grounds in
the Flemish Pass and Sackville Spur than the mono-

specific sponge grounds of V. pourtalesi on the Scot-
ian Shelf. However, this appears to be the result of an
overall higher diversity of megafauna on the Flemish
Cap compared to the Scotian Shelf, regardless of the
presence of structure-forming sponges.

It has long been recognized that the water mass
properties of Emerald Basin are different compared
to the surrounding shelf due to the ingression of
Warm Slope Water, a warm and saline water mass
originating from the Gulf Stream (Hachey 1937,
McLellan et al. 1953). Through molecular and mor-
phological analyses of polychaetes, Neal et al. (2018)
tested the hypothesis that Emerald Basin represents
a possible location for 'deep-water emergence,’ a
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Fig. 6. Comparison of (A) mean species density and (B) standardized abundance (to m~2) of megafauna in photos with the pres-
ence or absence of 3 different sponge ground assemblages: Vazella pourtalesi off Nova Scotia (this study), structure-forming
sponges from the mixed sponge ground assemblage from the Flemish Pass (Beazley et al. 2013), and the sponge grounds
formed by tetractinellid sponges on the Sackville Spur (Beazley et al. 2015). From each sponge ground, taxon abundance data
were extracted from the full community. (C) Representation of the various structure-forming tetractinellid sponges and their
epifauna from the Sackville Spur (Fig. 9 in Beazley et al. 2015). (D) A crab (Cancer borealis) inside V. pourtalesi from images
collected for this study. (E) Munida iris crustacean found inside V. pourtalesi sponge collected from the multispecies trawl
survey. This species was not observed in the in situ imagery. Error bars are standard error (SE)

phenomenon whereby the environmental conditions
and thus benthic fauna are more similar to those that
characterize deeper depths, and found species with
shared commonalities to those in the deep North Sea
and/or northeast Atlantic. The unique water mass
properties of Emerald Basin likely negate any direct
comparison of the composition and diversity of fauna
between the sponge grounds that reside there and
those of the Flemish Cap, where sponge grounds
have been reported at much colder temperatures
(<4.5°C) due to the influence of cold and fresh Labra-
dor Sea Water (Murillo et al. 2012, Beazley et al.
2015; although see Beazley et al. 2015 for links be-
tween Sackville Spur sponge grounds and the
warmer Irminger Current). Nonetheless, the relative
difference in mean species density between photos
with and without V. pourtalesi (2.6 times higher in
photos with V. pourtalesi) was comparable to that of
the Sackville Spur sponge grounds where species
density was 3 times higher in photos with structure-
forming sponges than without, and was higher than
that of the Flemish Pass sponge grounds (1.8 times).

For mean abundance, this difference was greatest
in the V. pourtalesi sponge grounds (4.2 times higher
in photos with V. pourtalesi than without, compared
to 3.1 and 1.6 times for the Sackville Spur and Flem-
ish Pass sponge grounds, respectively), suggesting
a strong influence of the sponge grounds formed by
V. pourtalesi on the structure, diversity and abun-
dance of epibenthos in Emerald Basin.

We also observed notable differences in the role of
habitat provision between the mixed-species tetrac-
tinellid sponges of the Flemish Cap and the mono-
specific sponge grounds of the Scotian Shelf, which
may influence their associated biodiversity and
faunal composition. For instance, the larger tetrac-
tinellid sponges on the Sackville Spur often acted as
attachment substrate for other taxa such as encrust-
ing sponges and soft corals (Fig. 6C; Beazley et al.
2015), an observation also reported by Klitgaard
(1995) in a study of the fauna associated with ‘ostur’
sponges of the Faroe Islands. This phenomenon was
not observed in the sponge grounds formed by V.
pourtalesi, where only a few taxa (mainly ophiuroids)
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were found on the surface of the sponges themselves.
The absence of epifauna on V. pourtalesi may be due
to strong anti-fouling properties as observed in some
tetractinellid species (Sjogren et al. 2011), to its
surface texture and the absence of spicule ‘fur’
(Klitgaard 1995), or the presence of long siliceous
spicules, which can project from the dermal surface
of V. pourtalesi by over 5 cm (Tabachnik 2002), pos-
sibly inhibiting the settlement or attachment of other
fauna. In contrast, the vase shape of V. pourtalesi
appeared to provide a unique niche for megafauna,
as motile fauna such as rock crabs and redfish were
sometimes observed inside the barrel-shaped sponge
itself (Fig. 6D,E), possibly using the structure as a
refuge from predators. This diversity likely goes
largely uncaptured in in situ camera surveys, being
only effectively observed through collection of the
sponge itself. Specimens of V. pourtalesi collected in
the DFO multispecies bottom-trawl survey corrobo-
rate this, as motile crustaceans and other fauna were
often discovered inside the sponges upon physical
examination (Fig. 6E).

Unlike the tetractinellid sponge grounds of the
Flemish Cap, which primarily settle on soft sandy/
muddy substrate with few cobbles and boulders, V.
pourtalesi settles on hard substrate, which has also
shown to increase habitat complexity and enhance
the diversity of local fauna (Lacharité & Metaxas
2017). The presence of V. pourtalesi and percent
cover of hard substrate were both statistically signifi-
cant predictors of species density and abundance.
However, both of these factors were confounded with
one another, and the interaction between hard sub-
strate and the presence of V. pourtalesi was also sig-
nificant, suggesting that it cannot be statistically as-
sessed independently from that of V. pourtalesi and
vice versa. In this study, species density and abun-
dance of megafauna was over 2 and 3 times higher,
respectively, in photos with both hard substrate and
V. pourtalesi than those with hard substrate alone
(Fig. 5), suggesting a strong effect of the sponges on
local species density and abundance of megafauna.
However, photos with V. pourtalesi had over 6 times
the amount of hard substrate than those of hard
substrate alone (mean + SD percent cover = 14.902 +
11.261% in photos with V. pourtalesi vs. 2.444 +
5.047 % in photos with hard substrate only), suggest-
ing that the increased species density and abundance
within the sponge grounds may be due in part to the
higher proportion of hard substrate on the seabed and
increased attachment substrate. If this was the case,
one would expect a similar species composition be-
tween photos with V. pourtalesi present and those

with hard substrate only. The SIMPER routine (not
shown) indicated that the top contributing taxa to the
dissimilarity between photos with hard substrate
alone and those with V. pourtalesi were anemones,
sponges, and other fauna that attach to pebbles, cob-
bles, and boulders. These fauna were also present in
photos with hard substrate only but at lower abun-
dances. However, 25 taxa were observed in photos
with V. pourtalesi present that were not found in
areas with hard substrate only. This included motile
species such as redfish, the brittle star Ophiopholis ac-
uleata, and sea stars, the latter of which typified bot-
tom-trawl catches containing V. pourtalesi.

While disentangling the effects of the sponge from
those of the substrate on which it settles is important
for understanding the role these organisms play in
the provision of habitat, the sponge grounds of Emer-
ald Basin are defined by both the sponge itself and its
geologic habitat. The mechanism of enhanced diver-
sity and abundance of epifauna within the sponge
grounds is likely due to the combined effect of both
the sponge and the hard substrate on which it settles.
Considering that those areas with only hard substrate
are interspersed throughout the sponge grounds sug-
gests that the presence of V. pourtalesi is a strong
structuring agent of the epibenthos that acts across
micro-scales (10s of meters). The enhanced diversity
and abundance of epibenthos in the presence of V.
pourtalesi could possibly be due to micro-scale baf-
fling of currents and entrapment of sediments (Kraut-
ter et al. 2006, Schlacher et al. 2007), which may con-
centrate food resources and promote the retention of
larvae. Studies to empirically measure the ability of
these sponge grounds to baffle currents and enhance
food supply would provide further insight into the
mechanism for the enhanced biodiversity of these
ecosystems.

Although the fish and megafaunal invertebrate
community collected in the multispecies research
vessel trawl survey differed significantly between
catches with and without V. pourtalesi, the species
that contributed most to that dissimilarity were pres-
ent in both areas, differing only in relative abun-
dance. This is not unexpected given that most spe-
cies are highly mobile and none, to our knowledge,
have obligate associations with the sponge. A similar
result was found over the sponge grounds in Flemish
Pass and along the Nose and Tail of Grand Bank
(Kenchington et al. 2013), where shortnose snipe eel
Serrivomer beanii, deep-sea cat shark Apristurus
profundorum, and eelpout Lycodes spp., were
strongly associated with the sponge grounds there
but not exclusively so. There, dissimilarity between
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catches with low and high biomass of sponge was
10-20 % less than reported here, while the similarity
within groups was ~10 % higher, likely due in part to
the depth range. In our study, all of the benthic inver-
tebrates analyzed in the trawl catches (Cancer bore-
alis, Asterias rubens, Asteroidea spp., Porifera spp.,
Homarus americanus) were more abundant in catches
with V. pourtalesi, and given their poor catchability
with trawl gear their abundance is likely more pro-
nounced in situ than indicated here. Northern short-
fin squid, which were also more abundant in catches
with V. pourtalesi, are associated with the sea floor
where they sometimes aggregate (Barratt & Allcock
2014). During the summer, some squid follow shoals
of fish inshore (O'Dor & Dawe 1998), and the high
catches of mackerel (Scomber scombrus), also more
abundant in catches with V. pourtalesi, could also
account for the higher presence of squid there.

Our quantitative analysis puts into perspective the
study of Fuller (2011), who documented associations
between Sebastes redfish and pollock and the sponge
grounds. We show that although those species are
found in the sponge grounds, their mean abundance
is higher outside of the sponges grounds (Table 8).
This is more pronounced for pollock than redfish,
although both contribute to the overall community
similarity of catches with V. pourtalesi (Table 7), an
association also noted by Fuller (2011). Silver hake,
the species most typical of catches with V. pourtalesi,
is a bentho-pelagic species associated with water
temperatures of 7-10°C (Carpenter 2015), which
typify the sponge grounds in Emerald Basin. Juvenile
silver hake feed on crustaceans (euphausiids and
pandalids), while the larger size class (=40 cm total
length) is piscivorous, feeding on clupeids such as
Scomber scombrus, Urophycis chuss, and Gadus
morhua (Lloris et al. 2005). Both pandalids and the
clupeid Scomber scombrus were more abundant in
catches with V. pourtalesi, suggesting that some
fish associated with V. pourtalesi may be using the
sponge grounds to feed.

In conclusion, we have demonstrated that the sponge
grounds formed by V. pourtalesi on the Scotian Shelf
enhance biodiversity of benthic epifauna and are
used by a distinct (based on abundance) fish com-
munity. While the presence of hard substrate in the
sponge grounds enables colonization by V. pourtalesi
and introduces habitat heterogeneity and thereby di-
versity, the sponges themselves further enhance di-
versity, potentially through habitat modification. Fur-
ther research into the physiology and ecology of V.
pourtalesi in this area may elucidate the mechanisms
which promote the observed patterns of diversity.
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