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The Scotian Shelf harbors unique aggregations of the glass sponge Vazella pourtalesii
that provides an important habitat for benthic and pelagic fauna. Recent studies
have shown that these sponge grounds have persisted in the face of strong inter-
annual and multi-decadal variability in temperature and salinity. However, little is known
of these environmental characteristics on hourly-seasonal time scales. This study
presents the first hydrodynamic observations and associated (food) particle supply
mechanisms for the Vazella sponge grounds, highlighting the influence of natural
variability in environmental conditions on sponge growth and resilience. Near-bottom
environmental conditions were characterized by high temporal resolution data collected
with a benthic lander, deployed during a period of 10 months in the Sambro Bank
Sponge Conservation Area. The lander was equipped with temperature and oxygen
sensors, a current meter, a sediment trap and a video camera. In addition, water
column profiles of temperature and salinity were collected in an array across the
sponge grounds from high to lower sponge presence probability. Over the course of
the lander deployment, temperature fluctuated between 8.8-12°C with an average
of 10.6 &+ 0.4°C. Dissolved oxygen concentration was on average 6.3 mg =1, and
near-bottom current speed was on average 0.12 m s~', with peaks up to 0.47 m
s~ 1. Semi-diurnal tidal currents promoted constant resuspension of particulate matter
in the benthic boundary layer. Surface storm events episodically caused extremely
turbid conditions on the seafloor that persisted for several days, with particles being
resuspended to more than 13 m above the seabed. The carbon flux in the near-bottom
sediment trap peaked during storm events and also after a spring bloom in April, when
fresh phytodetritus was observed in the bottom boundary layer. While resuspension
events can represent a major stressor for sponges, limiting their filtration capability and
remobilizing them, episodes of strong currents and lateral particle transport likely play an
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important role in food supply and the replenishment of nutrients and oxygen. Our results
contextualize human-induced threats such as bottom fishing and climate change by
providing more knowledge of the natural environmental conditions under which sponge

grounds persist.

Keywords: Vazella pourtalesii, sponge ground, environmental conditions, storm events, particle flux, Scotian

Shelf

INTRODUCTION

Sponges are one of the most common megafaunal organisms
in the deep sea (Tabachnick et al., 1994). They can have a
scattered distribution with low abundances, but under certain
environmental conditions may form dense monospecific or
mixed sponge aggregations, and even reef-like ecosystems
(Maldonado et al., 2017). Sponge aggregations provide ecosystem
goods and services by providing shelter from predation, breeding
grounds and substrate for many associated species including
commercially important fish species (Kutti et al, 2015b),
thereby enhancing biodiversity and biomass (Rice et al., 1990;
Fuller and Cameron, 1998; Beazley et al., 2013; Beazley et al,
2015; Maldonado et al., 2017; Meyer et al.,, 2019). Moreover,
sponges play a key ecological role in benthic-pelagic coupling
by filtering substantial volumes of water (up to 24,000 L per
kg™! of sponge day! in temperate and tropical shallow-
water sponge grounds; Leys et al, 2007; Maldonado et al.,
2012; Pham et al, 2019). Furthermore, they can release
particulate detritus to the associated benthic environment
(Reiswig, 1971), a pathway referred to as the sponge loop (Rix
et al.,, 2016). Consequently they transfer energy and nutrients
from the pelagic to the benthic environment, and play an
important role in carbon, nitrogen, phosphate and silicon cycling
(Maldonado et al., 2012; Kutti et al., 2013; Cathalot et al., 2015;
Maldonado et al., 2020).

In the North Atlantic, deep-sea aggregations of demosponges
(especially Astrophorina) and glass sponges (Hexactinellida) have
been found along continental shelves, slopes, seamounts, mid-
ocean ridges and canyons, especially at depths between 200
to 3000 m (Tabachnick et al., 1994). These sponge ecosystems
either occur as mono-specific or multi-species assemblages. At
boreal and boreo-arctic latitudes mixed species assemblages
have often been found, like for example on the Arctic Mid-
Ocean Ridge (Meyer et al,, 2019) and on the northwest Atlantic
Canadian margin (Murillo et al., 2012; Murillo et al., 2018). At
temperate latitudes monospecific aggregations of glass sponges
seem to be a dominant feature, such as for example the
Pheronema carpenteri grounds in the northeast Atlantic Ocean
(Rice et al,, 1990), Geodia sp. grounds in the western Barents
Sea (Klitgaard and Tendal, 2004) and mono-specific Vazella
pourtalesii grounds in the northwest Atlantic along the Canadian
continental shelf (Beazley et al., 2013). The dominant presence of
particular sponge species has been related to local environmental
conditions such as substrate type, topography, as well as the

Abbreviations: ADCP, Acoustic Doppler current profiler; CTD, Conductivity
Temperature Depth; Chl-a, Chlorophyll-a; DO, dissolved oxygen; mab, meters
above bottom; WSW, Warm Slope Water; LSW, Labrador Slope Water; SSW, Shelf
Slope Water; V. pourtalesii, Vazella pourtalesii.

hydrography (Rice et al., 1990; Chu and Leys, 2010; Murillo et al.,
2018; Roberts et al., 2018; Davison et al., 2019). Hexactinellids
are most abundant and diverse in the deep ocean on steep
rocky substrates with low amounts of suspended sediment in
the water column and occur less often on flat shelves (Farrow
et al, 1983; Maldonado et al, 2017). Other species, such
as Pheronema carpenteri, are able to build a basal specular
component (comparable to roots) enabling them to anchor in soft
substrate (Barthel et al., 1996).

The Scotian Shelf, the continental shelf off Nova Scotia,
eastern Canada, harbors unique aggregations of the rosellid
glass sponge V. pourtalesii (Schmidt 1870), commonly known
as “Russian hats” (Fuller and Cameron, 1998). This species
is distributed along the continental margin of eastern North
America, from the Florida Keys in the southern US, where it
occurs in low densities, to the Scotian Shelf, where it forms
extensive monospecific aggregations between ~150 and 240 m
depth in The Emerald Basin, reaching average densities of
3.8 ind. m~2 (Hawkes et al., 2019; Maldonado et al., 2020).
Single individuals were found in an even broader depth range
between ~100 to 498 m depth on the Scotian Shelf (Beazley
et al., 2018). High species abundance is likely linked to the
high primary productivity on the Scotian Shelf (102 g C m™2
year™!; Mills and Fournier, 1979), providing an important food
source for the sponges and their associated fauna. Accumulations
of V. pourtalesii harbor an enhanced biodiversity and species
abundance of other invertebrates such as shrimp, crabs and
anemones. Furthermore, analysis of catch data revealed a
significantly different fish community associated with the sponge
grounds (Fuller, 2011; Hawkes et al., 2019). In order to protect
these sponges from bottom fishing gear Fisheries and Oceans
Canada (DFO) established two sponge conservation areas in
2013, the Emerald Basin Sponge Conservation Area (197 km?)
and the Sambro Bank Sponge Conservation Area (62 km?)
(referred to as the ‘closure areas’ thereafter).

Of 35 environmental predictor layers (representing ocean
terrain, fishing effort, and physical oceanographic characteristics)
minimum bottom temperature and summer primary production
layers were most important in a random forest model used
to predict the distribution of V. pourtalesii on the Scotian
Shelf (Beazley et al., 2018). Variability of environmental factors
(e.g., temperature) is defined by the variability of the main
water masses entering the Scotian Shelf (McLellan, 1957;
Urrego-Blanco and Sheng, 2014), which lies at the confluence
of two large ocean gyre currents, the Gulf Stream flowing
into a northward direction and the Labrador Current flowing
in an equatorward direction (Drinkwater et al., 2003). The
contemporary distribution of V. pourtalesii is associated with the
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deep basins and channels on the Scotian Shelf which are bathed
by warm and saline slope waters (Smith, 1978; Loder et al., 1997).
In this study we present the first long-term results of near-
bed hydrodynamic observations and (food) particle supply
mechanisms to highlight the influence of natural fluctuating
environmental conditions on sponge growth and resilience.
Observational evidence of the hydrodynamic conditions of
the V. pourtalesii sponge grounds on the Scotian Shelf was
collected via a long-term deployment (10-month) of a benthic
lander in the framework of the EU-SponGES project. Near-
bed environmental conditions (e.g., temperature, current speed,
turbidity) were measured at high-resolution to determine hourly
to seasonal variability. In addition, the lander was equipped with
a sediment trap to determine particle and carbon fluxes, which
was used as a measure of food availability. Knowledge on the
environmental requirements and natural variability experienced
by these sponge grounds may help to improve our understanding
of their resilience against environmental stressors and ability to
recover after natural and anthropogenic-induced disturbances.

MATERIALS AND METHODS

Topographic and Oceanographic Setting

The Scotian Shelf is a 700 km long and 200 km wide section
of the continental shelf off Nova Scotia, Canada, bounded by
the Laurentian Channel in the northeast, and the Northeast
Channel and Gulf of Maine in the southwest. While the average
depth of the shelf is 90 m, it is characterized by a heterogonous
topography with several banks, channels, canyons and deeper
basins (Figure 1; Han et al., 1997). The glass sponge V. pourtalesii
is distributed in the Northeast Channel at the mouth of the
Gulf of Maine in the west, and on the central Scotian Shelf
in the Scotian Gulf, an inlet formed by a deeper cross-shelf

channel situated between Emerald and LaHave Banks, which
opens up to LaHave and Emerald Basins on the inner shelf
(Beazley et al., 2018). The densest known concentration of
V. pourtalesii is located above 200 m depth on a saddle between
the two deep basins (>200 m water depth) that comprise Emerald
Basin (Beazley et al., 2018), with a second notable concentration
occurring on the eastern flank of Sambro Bank, Emerald Basin
(Figure 1). These two concentrations are mostly encompassed by
the Emerald Basin and Sambro Bank closures, respectively.

Two major ocean currents influence the sponge grounds; the
Gulf Stream and the equatorward flowing subpolar Labrador
Current (Hannah et al., 2001). The variability of the intensity
of the Labrador Current influences all water masses on the
shelf and results in the highest inter-annual variability of sea
surface temperature (A 4.6°C) in the North Atlantic (Petrie
and Drinkwater, 1993). When the Labrador Current (seasonally)
reaches the seafloor it is known to be strong enough to displace
organisms and matter, showing the largest volume transport (up
to 0.6 Sv) in winter (Drinkwater et al., 1979; Hannah et al.,
2001). The water column on the Scotian Shelf has a two-layered
structure consisting of surface and slope waters (Drinkwater
et al., 2003). The slope waters consist of two components with
different signatures: the Warm Slope Water (WSW) and the
Labrador Slope Water (LSW). WSW originates from a mixture
of Gulf Stream Water, deep North Atlantic Central Water and
shelf waters and flows primarily northeastward adjacent to the
Gulf Stream. It is characterized by relatively high temperatures
(12°C), high salinities (35.4; Gatien, 1976; Mountain, 2012) and
high nutrient concentrations (Townsend and Ellis, 2010). The
LSW flows in an equatorward direction and is cold (2°C), less
saline (32) and low in nutrients (with an exception of relatively
high Si; Petrie and Drinkwater, 1993; Petrie and Yeats, 2000;
Mountain, 2012). Onshore movement of the warm slope waters
through the major channels and gullies fills the basins at the

004“.

Sambro Bank closure
:

4.0

-62.0

FIGURE 1 | (A) Scotian Shelf with CTD, weather buoy stations and both DFO Sponge conservation areas indicated in light blue. The arrows indicate the flow of the
slope waters, WSW (orange arrow) and SSW (dark blue arrow), (B) Sambro Bank closure with CTD and lander stations; (C) V. pourtalesii sponges inside the Sambro

Bank closure, (D) some sponges were found in a horizontal position.
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Scotian Shelf with primarily WSW, resulting in relatively warm
waters bathing the sponges year round. The surface water layer
(Scotian Shelf Waters, SSW) is mixed by winter winds and
contains cold water (2°C) with a relatively fresh signature (32)
resulting from terrestrial run-off (McLellan, 1957; Petrie and
Drinkwater, 1993). During summer, winter-cooled SSW is sitting
in between a warmed up surface layer and the warmer WSW
(Drinkwater et al., 2003). The water masses on the Scotian Shelf
are influenced by seasonal warming and cooling, whereby the
system is usually well stratified in late spring to early autumn,
whereas it can be mixed over the shallow banks in winter (Smith
et al., 1978). Vertical mixing occurs year round by internal
tides, which are generated by the interaction of tidal flow of the
stratified water masses over the abrupt bathymetry of the banks
and basins (Han and Loder, 2003). This leads to vertical mixing
of deep nutrient-rich water into the surface waters (Townsend
and Ellis, 2010), but also stirs up sediments and produces
intermediate nepheloid layers (Azetsu-Scott et al., 1995). In the
Emerald Basin these nepheloid layers have been found at a depth
of 140 to 200 m and occur when strong tidal currents flow in
a northern direction (Azetsu-Scott et al., 1995). Tidal currents
on the Scotian Shelf are dominated by semi-diurnal (M;) tides
(Chen et al., 2011).

Water Column Profiling

During a research cruise onboard the Canadian Coast Guard
Ship (CCGS) Hudson (HUD2018-021) in June 2018, water
column profiles of Conductivity-Temperature-Depth (CTD)
were recorded with a Sea-Bird SBE25 V 4.1c system along a
transect in the Sambro Bank closure to collect CTD data (each
CTD cast was ~1 km apart) inside and outside of the main sponge
grounds (control station in the southwest, Figure 1B), which was
based on a presence probability model from Beazley et al. (2018).

Lander

A NIOZ-designed ALBEX lander (Duineveld et al., 2004) was
deployed at a depth of 154 m (43.898° N, 63.052° E) near the
center of the Sambro Bank closure on September 6, 2017 with
the CCGS Martha L. Black, and retrieved on June 22, 2018
during the CCGS Hudson mission (Figure 1B). The lander was
equipped with a CT sensor (Sea-Bird SBE37SM-RS232, sampling
interval = 15 min, accuracy for temperature of 0.002°C and
conductivity of 0.003 mS cm~!), ARO-USB oxygen sensor (JFE-
Advantech™, sampling interval = 15 min, accuracy of non-
linearity &= 2% of full scale, at 1 atm, 25°C). A 2 point calibration
was carried out before deployment to compensate for the time
drift and ensure reliable and accurate DO data. An Aquadopp
2 MHz (Nortek™, sampling interval = 15 min) acoustic doppler
current profiler (ADCP) was attached on the lander at a depth
of 3 m above bottom (mab). The ADCP measured acoustic
backscatter and velocity in 50 cm bins with an accuracy of 1%
of the measured value (0.05 cm s~ 1). A NIOZ custom-made HD
video camera with white lights recorded every 4 h a short video
clip of 20 s of the seabed. The lander was also equipped with a
Technicap PPS4/3 sediment trap with 12 bottles with the aperture
at 3 mab. Sediment trap vials were filled with a pH-buffered
mercury chloride (HgCl,) solution in filtered seawater collected

from the deployment site and the carousel was programmed to
rotate at 30-day intervals.

Sediment Trap Samples

Upon recovery of the lander, sediment trap samples were stored
at 4°C until they were split into five subsamples with a WSD10
McLane manual rotor splitter. Four of the subsamples were split
and rinsed with MilliQ water and one subsample was washed with
filtered seawater for pigment analysis. After splitting, samples
were freeze-dried and weighed to calculate mass fluxes, whereby
the average weights of two splits was used. It must be stressed
that cylindrical traps tend to under-sample when current speed
exceeds 15 cm s~ ! (Gardner et al.,, 1983). Therefore, trap fluxes
presented here, especially during high current conditions, are
likely underestimated with regards to the near-bed mass flux
(Vangriesheim et al., 2001).

One split of each sample was used for isotope analysis.
Half of the sample was used for organic carbon analysis
and was first decarbonized by hydrochloric acid (2 M HCI
supra) and afterward transferred into pressed tin capsules
(Elemental Microanalysis). The other half of the sample was
used for nitrogen analysis and was directly transferred into
pressed tin capsules. Stable isotopes 8'°N, §!*C and total weight
percent of organic carbon and nitrogen were analyzed by
a Delta V Advantage isotope ratio MS coupled to a Flash
2000 Elemental Analyzer (EA-IRMS) by a Conflo IV (Thermo
Fisher Scientific Inc.). The reference gas was pure N,. As
a standard for 3'*C benzoic acid and acetanilide was used,
for 8!°N acetanilide, urea and casein was used. For 3'3C
analysis a high signal method was exercised including a 70%
dilution. Precision for replicate measurements of 8'3C and 5'°N
was =+ 0.15 %o.

The Chlorophyll-a (Chl-a) concentration of the sediment trap
samples was measured by a Fluorescence Spectrometer (F-2500
Hitachi), by comparing the sample absorbance to the absorbance
of a known Chl-a standard at two wavelengths (431.0/671.0 nm):
Chl-a was extracted in 90% acetone and fluorescence was
measured first on the intact extract and a second time after
the extract was acidified with HCI (10%) under dark and cold
conditions. HCI was added to the sample to convert Chl-a into
its degradation products (Phaeopigments). By this the amount
of Chl-a can be deducted from its degradation products which
otherwise interfere with the measurements since they absorb light
at the same wavelength (for details Holm-Hansen et al., 1965).

Data Analysis
Daily moving averages of all environmental variables of the long
term data were calculated, as well as monthly averages that were
related to the sediment trap sampling intervals. Correlations
between the measured environmental variables were calculated
using Pearson correlations (n = 27,384) in the program R (R
Studio 1.2.1335). The pressure data and near-bed horizontal
velocity components at 5 mab obtained with the ADCP were
analyzed to determine the most important tidal constituents with
the “tidem” package in the program R (R Studio 1.2.1335).
Velocity data of the ADCP at 5 mab were used to make
a progressive vector diagram. A single passive particle
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representing a dissolved or suspended constituent was released
and its transport simulated according to the horizontal
velocities measured by the current sensor during a period
of 30 days; corresponding to the intervals of sediment trap
sampling (Duineveld et al., 2007). For this, the velocities
per time step were added up in a two-dimensional space
simulating the direction of transport. The released particle
experiences in any new position the current of the initial
position, independently of where the constituent went.
Progressive vector diagrams accumulate errors and clearly
cannot provide a real estimate of the particle position, but
provide an estimate on how far particles or nutrients can
disperse after they are released from their original position
(Carlson et al., 2010).

RESULTS

Environmental Conditions on the Scotian
Shelf

The CTD transect revealed a relatively fresh and solar heated
upper layer reaching to a depth of about 20 m below the surface
as shown by high temperature (>5°C) and low salinity (<32)
(Figure 2). Underneath this layer colder winter-cooled SSW
water was found from 20 m until a depth of about 75 m (<5°C,
Figure 2B). Underneath the cold layer WSW was observed,
which was characterized by a higher temperature (>6°C) and
higher salinity (>33) (Figure 2A). Water stratification was very
similar at all stations including the control station outside the
sponge area, whereas the influence of the cold winter-cooled SSW
was decreasing toward the east.

Long-term Environmental Conditions in

the Sambro Bank Closure

The lander was deployed at a depth of 154 m and data were
recorded during the whole deployment period of ten months
(Figure 3). Average temperature (T) was 10.6 = 0.4°C and
varied between 8.8 to 12°C (Figure 3A). Average salinity was
35.0 &£ 0.1 with a range between 34.1 and 35.3 (Figure 3B). As
shown in Figures 3A,B, T and salinity were highly correlated
(r? = 0.84, p < 0.001, Pearsons product-moment correlation). The
monthly temperature was on average highest in March and April
(10.9°C) and lowest in November (average 10.2°C). Salinity was
on average highest in April (35.1) and lowest in November (34.8;
Figure 6A). The average dissolved oxygen (DO) concentration
during the whole time period was 6.3 4 0.5 mg 1! with a range
between 4.9 to 8.9 mg 1~! (Figure 3C), corresponding to an
oxygen saturation of on average 57%. The dissolved oxygen (DO)
concentration was negatively correlated with density (r* = -0.52,
p < 0.001) and was on average highest in spring from March
to June (6.7-7.1 mg 171), while lowest values were found from
September to February (6.0 - 6.2 mg1~!, Figure 6A). Currents at
5 mab were on average 0.12 m s~ ! with peaks in current speed of
up to 0.47 m s~ ! (Figure 3E). The direction of the large-scale
sub-tidal flow was in a direction of 146°. Tidal flow oscillated
between a NW and SE direction with the semi-diurnal tidal cycle
(Figure 3D). Current direction was not significantly correlated
with temperature, salinity or oxygen concentration (Figure 1
of Supplementary).

The tidal analysis fitted to the pressure data and revealed
that the biggest tidal constituent is the principal semi-diurnal
lunar constituent (M;) with an amplitude of 0.596 m, followed
by the larger lunar elliptic semidiurnal (N;) and principal solar
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FIGURE 2 | (A) T/S plot of CTD and lander data in gray. The characteristic end members of temperature and salinity for WSW, LSW and SSW are plotted (Mountain,
2012); (B) Temperature transect inside the Sambro Bank closure, with the westernmost station (on the left) located outside of the densest sponge area; (C) Density
along the same transect. The black bars indicate the depth distribution of the sponge ground (150-250 m water depth).
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semidiurnal constituents (S;) with an amplitude of in each case of
0.13 m (Figure 4, Table 1). The tidal analysis fitted to the velocity
data revealed that the M, tide produces the highest velocity with
a current speed of 0.03 m s~ 1. The second important constituent
of the velocity data was the My constituent producing a velocity
of 0.01 m s~! (Table 1). These tidal signals are evident in the
energy spectra in which the largest peaks were found at the above
mentioned frequencies (Figure 4).

The acoustic backscatter showed a permanently turbid benthic
boundary layer up to a height of about 5 mab throughout the
deployment period, whereas periodical peaks reached higher
up in the water column, up to 13 mab (Figure 5A). Lowest
backscatter was recorded from May to June 2018. The acoustic
backscatter at 5 mab showed the strongest correlation with
current speed (r> = 0.25, p < 0.001), temperature and DO
concentration (both r? = 0.2, p < 0.001).

Although several high turbidity events were observed
throughout the year, two events are highlighted here in more
detail, showing an altered daily amplitude of T, salinity, DO
concentration (Figure 3), and corresponding peak in turbidity
(Figure 5). Both events were correlated to storm events as
observed by weather buoy data, being characterized by peaks
in wave height at the 5th of January (max. 15.5 m at 4:20) and
the 3th of March (max. 10.6 m at 21:20, Figure 3). Wind speed
also peaked on these two days, reaching 24.2 m s~ ! and 21.1 m
s~ 1, respectively, blowing into an eastern direction (DFO, 2020).
Based on the acoustic backscatter data, the first extreme event
in January resulted in a high load of particles in up to 13 mab
for about 24 h (Figure 5B). During this event three smaller
turbidity peaks were found between the 05" of January and the
06 of January (Figure 5B), which were related to a change in
current direction due to the semi-diurnal tides. The second storm

event in March showed a slightly lower surface wave height,
surface wind speed and turbidity than during the winter peak
(Figure 5A). Additionally, a temporal drop in temperature and
salinity was observed during this event, where both parameters
fell to a minimum of 8.8°C and 34.1, respectively (Figure 3).
On the contrary DO increased during the event. Several smaller
events with similar characteristics were observed from March to
May, showing the same alterations in T, salinity, DO and peaks in
acoustic backscatter.

Sediment Trap

The vertical mass flux during the deployment period was on
average 3166 + 3421 mg m~2 day ! (Figure 6F), while the
average carbon flux was 100 = 72 mg C m~2 day~! (Figure 6G).
Highest vertical mass flux, ie., 12,390 mg m~2 day !, was
observed in the period from December 2017 to January 2018.
Highest carbon flux was likewise found in December/January
coinciding with the winter storm event (281 mg C m~2 day !,
Figure 6). The C:N ratio was on average 8.3 £ 0.2, ranging from
7.8 to 8.6 (Figure 6B) and the 3'°N was 6.7 4+ 0.4%q, ranging
from 6.2 to 7.3% (Figure 6C). The 813C ratio ranged from —23.3
to —22.8%o with an average of —23 & 0.1%o (Figure 6D). The
Chl-a concentration was on average 2.1 & 1.1 mg 1!, with an
average Chl-a: Phaeo ratio of 0.00069 % 0.00077 (Figure 6E). The
largest peak in Chl-a (4.05 mg 17!), being two times higher than
the average Chl-a concentration, was observed in March/April,
indicating the arrival of fresh phytodetritus at the seafloor, which
occurred after the second storm event in March.

The winter peak (December/January) in mass flux
corresponded to a peak in acoustic backscatter (Figure 5B),
which is likely the result of resuspension of bottom material as
indicated by the presence of a large quantity of sponge spicules
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in the sediment trap sample. The quality of the organic matter
flux in this period was low as indicated by the C:N ratio (8.4),
the 8'°N (7.3 %o) and the Chl-a: Phaeopigment ratio (0.000009),
indicating that high amounts of more degraded organic matter
are trapped. This is in contrast to the fresh organic matter
observed in March/April with a C:N ratio of 7.9, the 8!°N of 6.3
%o and the Chl-a: Phaeopigment ratio of 0.003 (Figure 6).

Particle Displacement

The progressive vector plot showed that particulate suspended
matter released at the deployment site was estimated to travel
in a mainly southern direction (min. 71 km in June/July to a
max. 233 km in December/January) during each 30-day sampling
interval (Figure 7). SE-NW movements of particles are related
to the semi diurnal tidal flow. In autumn, the particles generally
traveled in a SSE direction, while after the storm event in
January, the residual current direction shifted into a southern
direction and showed the longest distance. After the storm event
in spring (March/April) particles were transported relatively fast
to the southwest. During spring residence time on the shelf
was the longest as indicated by the shortest distances. With the
shelf edge around 100 km to the south from the lander site,
particles would be washed off the shelf in a period between
14 to >30 days.

TABLE 1 | Main tidal components with their frequencys and amplitudes of
pressure and velocity data.

Main tidal Frequency (cpd) Amplitude (m) Amplitude (m s—)
components

M2 1.932 0.596 0.0294

N2 1.896 0.134 0.0048

S2 1.999 0.108 0.0065

K1 1.003 0.080 0.0061

M4 3.864 0.003 0.0089

The view of the camera showed several upright V. pourtalesii
individuals as well as many anemones (Figure 8, 4th Jan.).
Mobile species, such as pollock (Pollachius virens) and especially
redfish (Sebastes spp.) also appeared in the recordings. Pollock
were observed to swim relatively quickly through the video
frame, mostly in groups of several individuals. Redfish were
rather stationary or moving with the currents in a resting stage
on the seafloor as single individuals or in small groups. The
storm events were clearly captured by the video data. The video
observations revealed that during the January storm event an
extreme high load of particles was in resuspension for one
day, whereas conditions gradually normalized within 2 days
(Figure 8A), corresponding to the peaks in turbidity. After the
water cleared up, sponges and anemones were observed to be
dislocated, whereas the lander frame also moved during the storm
and another view of the camera was visible. Sponges in the
camera view did not appear to be negatively influenced by this
dislodgement, since the sponges were white and unaffected in
appearance. Nevertheless, some sponges transported in the view
of the camera after a high current event, were observed to be dead
(Figure 8B). Likely they have been ripped off from their initial
position and substrate by the high currents. One of the bigger
sponge individuals was observed to decompose in a time period
of about three weeks (Figure 8B).

DISCUSSION

To date the focus of most studies of the V. pourtalesii
grounds has been on the spatial distribution of the
sponge grounds, their associated fauna and biodiversity
(Fuller and Cameron, 1998; Beazley et al, 2018; Hawkes
et al, 2019). Little is known of the natural environmental
characteristics and food supply mechanisms on short to seasonal
time scales that influence these habitats. For the first time, we
measured the environmental characteristics at high temporal
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resolution over a 10-month period in the V. pourtalesii sponge
ground located in the Sambro Bank Sponge Conservation Area.

Environmental Conditions on the Scotian
Shelf

Based on the modeling results of Beazley et al. (2018), minimum
bottom water temperature is the most important determinant for
the distribution of V. pourtalesii on the Scotian Shelf, with the
highest presence probabilities associated with minimum bottom
temperatures of 5°C. In our study, bottom water temperature
varied between 8.8 to 12.0°C during the deployment period.
The sponge grounds were observed below the boundary of two
water masses, mainly bathed in WSW. During most of the
year seasonal water column stratification on the Scotian Shelf
prevents mixing of the WSW and SSW (McLellan, 1957), and in
this study high and relatively stable bottom water temperatures
were measured. Short-term daily fluctuations in temperature
and salinity were linked to internal tides (M) moving stratified
waters up and down the sloping topography of the Emerald Basin
(Wunsch, 1975; van Haren et al., 1994). Extreme temperature
fluctuations during the lander deployment were only observed
during some of the storm events in spring, when colder, less
saline and oxygen-rich water, typical of winter-cooled surface
waters was observed near the bottom (Figure 3). These events
resulted in abrupt fluctuations in bottom water temperature of
up to 3.2°C, which might be related to wind-driven downwelling
on the shelf (Greenberg et al., 1997). These fluctuations did not
exceed multi-decadal variability (4 to 12°C), which is even higher
with bottom temperatures varying by up to 8°C and being as
low as ~4°C (Beazley et al., 2018). That sponges can thrive in
a large temperature range was also observed in other studies:

glass sponge accumulations in Norway were correlated with
temperatures below 12°C (Strand et al., 2017) and even as low as
-0.5°C along the arctic mid-Atlantic Ridge (Roberts et al., 2018),
whereas P. carpenteri were modeled to appear over a temperature
range of 2.7 to 20.9°C (Howell et al, 2016). Even though
lower and upper temperature ranges of most sponge species are
still largely unknown, it seems that they can thrive at larger
temperature ranges than other deep-sea species forming hotspots
like cold-water coral reefs (4 to 12°C) (Roberts et al., 2006).

The DO concentration of 6.3 & 0.53 mg I~! measured in this
study was about three times higher than the DO concentration
(2.05mg1™!) measured in a sponge reef on the western Canadian
margin (Whitney et al., 2005). So far it is not evident which DO
concentrations are suitable for sponges. They seem very resilient
even at low DO concentrations, as observed at the Namibian
margin where DO concentrations were far below 2 mg 1! (Hanz
et al., 2019), which seems to be the threshold for growth and
survival of many other marine organisms (Gray et al., 2002).

Another important environmental factor for the occurrence
and sustenance of sponge grounds is the interaction between
hydrography and seafloor topography (van Haren et al., 2017;
Davison et al., 2019). Sponge grounds are often associated
with areas where the slope angle of the bottom matches the
slope of internal tides, producing internal waves. Internal waves,
generated by wind or flow over topography are the main causes
of strong bottom currents, enhanced turbulence and mixing and
resuspension of particulate matter near the seafloor (Garrett
and Laurent, 2002; Hosegood and van Haren, 2004), thereby
influencing food supply by increasing the vertical and lateral flux
(Davison et al.,, 2019) as has also been observed in cold-water
coral ecosystems (Cyr et al., 2016). An example is the P. carpenteri
belt along the slope of the Porcupine Seabight in the NE
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FIGURE 8 | Photographs showing the camera view (A) before, during and after the storm event (4. January). Large amounts of suspended matter were observed in
the benthic boundary layer from the 4. January to the 7. January; (B) Dead sponge in February indicated by a white arrow and its subsequent decomposition until its

January 4, 2018, 04:5

January 6, 2018, 04:56:00 PM

March 2, 2018, 12:54:00 PM

March 9, 2018, 12:53:46 AM

Atlantic (Rice et al., 1990) or the Faroe Shetland channel where
sponges were observed in regions with intensified internal wave
activity and associated with pronounced changes in temperature
(Davison et al., 2019). Such conditions have also been found on
seamounts and canyons, where sponge aggregations have been
observed in areas of critical slope in the Arctic (Schulz Bank
seamount; Busch et al., 2020) and the Azores (Rainbow Basin;
van Haren et al, 2017). Based on our data we can only link
the environmental fluctuations to the presence of tidal currents.
However, other studies have described the presence of internal
wave activity in the Emerald Basin (van Haren et al., 1994).

Intermediate nepheloid layers were found to coincide with the
critical depth for possible generation and amplification of internal
waves with semi-diurnal (M2) internal tidal frequency (Azetsu-
Scott et al., 1995). The nepheloid layers observed by Azetsu-Scott
etal. (1995) in their vertical profiles had an intermittent character
that was explained by recurrent resuspension and variable
currents. This intermittency was also clearly visible in the near-
bed data (current data and video) from this study (Figures 5, 8)
showing pulse-like increases of particulate matter concentrations
in the benthic boundary layer pointing to local resuspension.
These frequent resuspension and subsequent lateral transport
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of high near-bed particle concentrations might be an important
driver of food supply for V. pourtalesii sponge grounds on
the Scotian Shelf.

Food Supply

Sponges are very efficient filter feeders and feed on particulate
as well as dissolved resources (Reiswig, 1971; Pile and Young,
2006). While the average daily carbon flux in the near-bed
sediment trap was 100 £ 72 mg C m~2 day~! during the
deployment period, carbon flux was highly variable and peaked
in December/January (281 mg C m~2 day~ ') and March/April
(130 mg C m~2 day!). During the December peak no major
fluctuations in temperature, salinity or DO concentration were
observed, likely indicating that the organic matter is not delivered
from the surface but rather due to resuspension events inside
the bottom boundary layer. Even though this winter event was
characterized by a high carbon flux, mainly degraded organic
matter was resuspended as shown by the low concentration
of Chl-a and a high C:N ratio (Figure 6), likely related to
resuspension and lateral transport of more degraded material
from the seafloor. Hill and Bowen (1983) calculated that a current
speed of 0.15 m s~ ! is required to resuspend the coarser sand,
whereas fine sand and mud is transported at a speed of 0.11 m
s~ 1. Current speed as measured in this study would be sufficient
to resuspend coarse sediment during 31% of the time and 56% for
the finer fraction. This was also apparent in the ADCP turbidity
data (Figure 5) which showed an almost permanent turbid layer
close to the bottom. The video recordings showed that during
storm-induced resuspension events, particularly the winter event,
particles stayed in resuspension for several days, which was
however not detected in the acoustic backscatter data of the
ADCEP, implying that turbidity close to the bottom might be even
more persistent. This could possibly be due to the particle size of
the particles in resuspension, whereby the finer particles are not
resolved by measurements of the ADCP (Bunt et al., 1999).

In March/April the highest amounts of fresh (high
concentration of Chl-a and lower C:N ratio) organic matter were
observed, likely related to a surface algal bloom. The algal bloom
period seems indirectly related to the mixing of the water column
during the storm event in March (Figure 6), when nutrients are
stirred up to the surface. Our data on the importance of a mixed
water column for the surface productivity was confirmed by an
ecosystem model, which predicted highest primary production
to appear in the beginning of April (Song et al., 2011).

Taking the estimated carbon demand of a deep-water glass
sponge reef (ca. 160 m depth, ~10°C) at the Canadian coast
(18004100 mg C m~2 day~!, Kahn et al., 2015), the carbon
derived from the vertical flux would provide on average
approximately <8% of the required carbon demand. Ex situ
experiments have shown that in the Canadian sponge reefs
carbon consumption was much higher (360 mg m~2 day~!),
compared to the average carbon flux (100 mg m~2 day™!),
showing that the carbon demand of the Vazella grounds will
not be satisfied (Bart et al., 2020b). A potential carbon deficit
may be alleviated from the resuspended organic-rich sediment
itself (Grant et al., 1987), but also from the filtration of bacteria
and uptake of DOC from the water column (Bart et al., 2020b).

Bacteria are expected to be an even more important food source
than suspended particulate matter for some glass sponges and
will be assimilated efficiently (Pile and Young, 2006; Kahn et al.,
2015; Bart et al., 2020a). On the Scotian Shelf an important source
of bacteria can be the resuspended sediments, which are 100-
1000 times enriched in heterotrophic bacteria compared to the
overlaying water (Kuwae and Hosokawa, 1999). These benthic
bacteria are attached to sediment particles with extracellular
polymeric substances and can be taken up by the ingestion
of sediment particles (Kuwae and Hosokawa, 1999). It was
also shown that particles remaining in suspension become
more densely packed with bacteria (Wainright, 1987). This was
suggested to occur on the Scotian Shelf by Grant et al. (1987), who
found a high N content in sand particles, which they hypothesized
was due to attachment by bacteria. Considering the fact that
several large resuspension episodes were observed during the
deployment period, the resuspended sediment with microbes
attached and subsequent lateral transport might constitute a
major food source for the sponges. The fine carbon- and
nitrogen-rich suspended material and even the coarse sandy
fraction is constantly resuspended and transported over the shelf
(Grant et al., 1987) in a mainly southern direction as was also
shown by the progressive vector analysis (Figure 7). Even though
this type of analysis only provides an estimate, we showed that
suspended matter stays on the shelf for 14->30 days. During
the event in March the wind direction was toward the east
and the residual current direction changed to the SW in an
along slope direction that likely has resulted in downwelling
(Greenberg et al., 1997; Li et al., 2014), which was indicated by
a decrease in temperature related to the cooler SSW. Due to the
occurrence of natural resuspension events throughout the 10-
month lander deployment, the question arises if these events and
resulting lateral transport of (food) particles are essential for the
occurrence of V. pourtalesii on the Scotian Shelf.

Events

The extreme events at the seafloor at the 154 m deep lander site
were mainly driven by storm events and occurred predominantly
in the winter and spring months, influencing the water column
structure and particle distribution on the shelf. Only the storm
events in spring were observed to introduce colder and less saline
water to the sponge ground, which was during the event in March
coinciding with a peak in surface wave height as well as an on
average more easterly wind direction (Figure 3). Water column
mixing will result in an increased availability of nutrients from the
deeper water masses toward the surface (Townsend et al., 2006),
triggering primary productivity and increased benthic-pelagic
coupling (Ji et al., 2006). Topography-hydrography interactions
can also influence biogeochemistry and microbiology either by
mixing or by resuspension as described above, which can result
in different sponge associated microbial communities defined
by the surrounding near-bed environment (Busch et al., 2020).
This mixing will indirectly promote an increased vertical flux
and therefore food supply to the sponge grounds and their
associated fauna, as was also observed in the Gulf of Mexico
and on the Namibian margin (Mienis et al.,, 2012; Hanz et al,,
2019). Wind-induced mixing also can play a major role in the
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replenishment of for instance oxygen as was observed during
the spring storm events, where colder SSW with a lower salinity
and higher DO concentration was observed amidst the sponge
ground. Replenishment of nutrients and DO have shown to
be vital for the occurrence of sponges as well as other deep-
sea ecosystems, like cold-water coral reefs (van Haren et al.,
2014; Hanz et al., 2019). However, these events can also act as
stressors for the sponge ground. During periods of high current
speed sponges and anemones were observed to be dislocated
and tipped over into a horizontal position and a dead individual
was observed in front of the camera in late winter (February-
March). Accumulations of dead individuals have been observed
in the Sambro Bank Sponge Conservation Area (Hawkes et al.,
2019), caused either by the displacement by high currents or
by fishing activities and subsequent transport by the current
(trawling and dumping). Our video data showed that large dead
individuals were disintegrating in a period of several weeks,
which might be important for the silicon cycling on the Scotian
Shelf (Maldonado et al., 2020).

Besides the observed events, the Labrador Current which
varies seasonally in extent, is in general known for the
displacement of biological organisms and materials to the
southwest (Hannah et al, 2001). The association of the
V. pourtalesii with movable hard substrate like stones and pebbles
might hence have a benefit for the sponges at the Scotian
Shelf. The strong currents during winter and spring storm
events might be destructive if sponges would be attached to
non-movable hard substrate since they can be ripped off their
attachment. Additionally, small stones and pebbles might play
a role in helping the sponges to stay upright or regain an
upright position after being moved by transferring their mass
center to their bottom. That would also explain why only in
deeper areas in the Fundian Channel, which are likely less
affected by storm activity and high current speeds, sponges
are also found on bigger boulders (Fuller and Cameron, 1998;
Lacharité and Metaxas, 2017).

High amounts of resuspended material can also be a
stressor for V. pourtalesii since high amounts of suspended
sediment or larger particles can clog the aquiferous system
of sponges and could negatively impact their filtering ability
and even their survival (Maldonado et al, 2008; Tjensvoll
et al., 2013; Kutti et al., 2015a). To avoid complete clogging,
sponges exhibit adaptations to high particle loads and can arrest
pumping and ‘cough’ (a clearing response) when exposed to high
concentrations of suspended sediment. The exact concentration
of suspended particulate matter in the water column during the
winter storm events was not measured in this study. However,
video observations showed that the extreme conditions in the
benthic boundary layer lasted up to several days (Figure 8). If
V. pourtalesii arrest their pumping activity during these periods
they would need to do so for a much longer time than has
been shown so far in other studies (Tjensvoll et al, 2013;
Kutti et al., 2015a; Grant et al., 2019). The Scotian Shelf is
subject to severe storms as well as hurricanes on a regular basis,
caused by extratropical cyclonic storms that develop along the
U.S. east coast and travel northward (Anderson et al., 1989).
Modeling studies have indicated that with predicted climate

change storm intensity will increase, which likely will have an
effect on the sponge grounds situated on the Scotian Shelf
(Knutson et al., 2010).

In addition to naturally driven suspension events, sponges on
the Scotian Shelf are also influenced by anthropogenic impacts
like fishing activities that can also resuspend large amounts
of particulate matter. The Vazella sponge grounds are situated
in traditional fishing grounds for groundfish (Beazley et al,
2018). Bottom-tending fishing gears can directly impact sponge
grounds through removal and incidental damage, or through
indirect effects such as resuspension of sediment and smothering
(Tjensvoll et al., 2013), whereby impacts of plumes were observed
kilometers away from the source of the plume (Grant et al,
2019). As mentioned above, resuspension events and lateral
transport of particles can positively and negatively influence
sponges. Particles suspended by fishing activity are known to
decrease the filtering capacity and efficiency in many species
which can result in adverse effects on overall metabolism and
health of sponges (Bell et al., 2015; Grant et al,, 2019). How
the concentration of suspended sediment observed during storm
events compares to resuspension induced from bottom trawling
remains unknown. Nevertheless, V. pourtalesii overall does not
appear to suffer from the natural resuspension events and
showed healthy appearances after the events. Results from this
study contextualize the response of sponges to human-induced
threats such as bottom fishing and climate change by providing
detailed site-specific knowledge of the natural conditions under
which these sponges persist and their resilience during changing
environmental conditions.

CONCLUSION

Resiliency against environmental and anthropogenic stressors
requires that the surrounding environmental conditions, such
as temperature, DO concentration and food supply, be within
a species’ optimal physiological tolerance limits (Odum, 1971;
Sokolova et al., 2012). Overall the near-bed environmental
conditions in the Vazella sponge grounds on the Scotian Shelf
fit within the range as described for other glass sponge species.
V. pourtalesii experienced temperature fluctuations of up to
3.2°C on a seasonal timescale, with maximum temperatures of
12°C in spring and on average lowest temperatures in Autumn
(November). Major storm events in winter and spring were
additionally observed to cause extreme resuspension events,
which were expected to exhibit a stressor but also an important
mechanism for food supply. V. pourtalesii appeared to withstand
these events even for several days, suggesting that sponges
are resilient to natural as well as anthropogenic (e.g., fishing)
resuspension events of short duration. The vertical flux of
organic matter was estimated to not cover the food demand
of the sponges as also observed in other sponge grounds,
whereas semi-diurnal tidal currents play an important role in
the resuspension of sediments, which likely constitute a constant
source of particulate food for the sponges. The only directly
observed stressor was high currents, which relocated benthic
fauna and sometimes caused sponges to dislodge from their
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upright position. Our findings show how resilient these sponges
are to environmental changes over short time scales, which might
be vital for their survival under human-induced threats such as
bottom fishing and climate change.
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