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Plumes of re-suspended sediment potentially smother and clog the aquiferous system
of filter-feeding sponges with unknown implications for their health. For the first time, we
examined the physiological responses of repeated exposure to natural sediment in the
glass sponge Vazella pourtalesii, which forms dense sponge grounds in Emerald Basin
off Nova Scotia, Canada. Ex situ chamber-based measurements of bacterial clearance
and oxygen consumption (respiration) rates indicated that individuals subjected to
elevated concentrations of suspended sediment expressed normal clearance and
respiration rates over 7 days of sediment exposure, indicating an ability to cope with
elevated concentrations of indigestible sediment particles. However, clearance rates
significantly declined after 14 days of sediment exposure, suggesting an inability to cope
with long-term exposure to increased sediment load. Therefore, long-term exposure to
elevated concentrations of suspended sediment should be avoided in order to minimize
adverse effects on the abundant Vazella sponge grounds.

Keywords: sponge grounds, Vazella pourtalesii, re-suspended sediment, bottom-trawling, marine conservation
area

INTRODUCTION

Sponges (Porifera) play a pivotal role within the marine ecosystems they inhabit from tropical
shallow waters to abyssal depths. Providing three-dimensional structures and secondary substrates
through a diversity of growth forms, they function as microhabitats themselves, increasing local
faunal biodiversity (Beazley et al., 2013, 2015; Hawkes et al., 2019). Sponges are also key players in
benthic-pelagic energy transfer and biochemical processing by filtering large volumes of seawater
(Maldonado et al., 2012, 2017; De Goeij et al., 2013; Pham et al., 2019). The use of advanced
technologies such as remotely operated vehicles (ROVs) has provided evidence of the vast
diversity and abundance of sponges in the majority of deep-sea ecosystems (Maldonado et al.,
2017). In specific oceanographic settings, they can represent up to 94% of the benthic biomass
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(Murillo et al., 2012). Over the past decade, such sponge-
dominated deep-sea habitats have been characterized as sponge
grounds (Hogg et al., 2010).

With the increasing discovery of these important sponge
communities in the deep-sea also comes evidence of their
destruction, caused mainly by the use of bottom-tending fishing
gears (Hogg et al., 2010). Bottom trawling has direct and indirect
effects on sessile, filter-feeding sponges. In addition to direct
removal, damage, or burying, fishing gear re-suspends bottom
sediments (Hogg et al., 2010). Depending on the gear used,
seabed structure, and distance from the impact site, particle
concentrations of up to 500 mg L−1 can be reached behind the
path of a trawl (Durrieu de Madron et al., 2005). In a disturbance
experiment in the Mediterranean Sea, the average concentration
behind a trawl was measured at 50 mg L−1, with the predominant
proportion of re-suspended particles made up of silty clay (grain
size 1–63 µm) (Durrieu de Madron et al., 2005). Plumes of
particles within the micron scale may stay suspended for days and
be transported by oceanic currents over vast distances (Puig et al.,
2012). Thus, generated plumes have the potential to indirectly
impact habitats kilometers away from the impact site over an
extended period of time (Hogg et al., 2010; Mengual et al., 2016;
Grant et al., 2019).

Previous studies have found that sponges are negatively
impacted by low concentrations of suspended particles. Exposure
to suspended particle concentrations between 10 and 95 mg
L−1 has resulted in decreased pumping efficiency and filtering
capacity in some species (Bell et al., 2015; Grant et al., 2018).
Strehlow et al. (2017) showed that the demosponge Ianthella
basta (Pallas, 1766) (Ianthellidae) incorporated suspended
sediment particles as small as 4.2 µm from the surrounding
sea water into its mesohyl. The authors postulated that this
particle size is well within the range of bacterioplankton that
filter-feeding sponges predominantly utilize as a food source. Its
uptake therefore could cause serious deleterious effects on sponge
health. At the same time, some sponge species have developed
mechanisms to exclude or excrete ingested sediment. These
mechanisms include mucus production, exclusion of particles
by incurrent pores, closure of oscula and pumping cessation,
expulsion of particles from the aquiferous system, and structural
component regression to reduce the volume of the aquiferous
system and limit pumping and clearance capacity (Strehlow et al.,
2017). These active mechanisms require additional energetic
expenditures, and it is unknown if sponges can sustain those
over long time periods (Bell et al., 2015; Schönberg, 2016a,b;
Strehlow et al., 2016).

While the effects of sediment exposure on glass sponges
are less understood compared to demosponges, Tompkins-
Macdonald and Leys (2008) demonstrated that Rhabdocalyptus
dawsoni (Lambe, 1893) (Rossellidae) arrests pumping when
subjected to suspended particle concentrations of 36 mg L−1,
confirming a response of hexactinellids to suspended particles.
An in situ study (Grant et al., 2018) on the reef-forming glass
sponge Aphrocallistes vastus Schulze, 1886 (Aphrocallistidae)
from the northeast Pacific showed that suspended particles in
concentrations as low as 4.4 mg L−1 caused sponges to arrest
their pumping with prolonged phases of “coughing” patterns

in pumping activities. The arrests and “coughing” patterns are
thought to protect the sponge’s aquiferous system from clogging
and help remove ingested particles. At the same time, reduced
pumping and thus filtering activity limit feeding and waste
product excretion and can result in adverse effects on overall
metabolism and health of individual sponges and consequently
the biogenic habitats they form (Grant et al., 2018).

The hexactinellid sponge V. pourtalesii (Schmidt, 1870)
(Rossellidae) is distributed along the continental margin of
eastern North America, from the Florida Keys in the southeastern
United States to the Scotian Shelf off Nova Scotia, Canada, where
it forms extensive sponge grounds between 160 and 200 m depth
(Figure 1; Beazley et al., 2018). The densest known aggregations
of V. pourtalesii occur in Emerald Basin, a deep-water basin on
the central Scotian Shelf, where this species reaches heights (up
to 40 cm) and densities (up to 4 individuals per m2) (Maldonado
et al., 2020) not observed elsewhere across its distribution range.
The presence of V. pourtalesii sponge grounds in Emerald Basin
was first noted by fishermen when fishing for pollock and redfish
using otter trawl gear (Fuller, 2011; Beazley et al., 2018).

The highest biomass/densities of Vazella pourtalesii from
commercial bycatch (where catch biomass up to 5900 kg in
a single tow has been reported), research vessel trawl catch
data, and in situ camera surveys (described in Beazley et al.,
2018) are reported to occur in two localized areas of Emerald
Basin: the eastern flank of Sambro Bank, and on a shallower
saddle between Emerald Basin’s Main and Northern Basins, to
the west of the area known to fisherman as “The Patch” (see
Figure 2; Fuller, 2011; Beazley et al., 2018). Conservation of
sponge grounds has gained international attention since they
were listed as species vulnerable to bottom contact fishing gears
by the Food and Agriculture Organization of the United Nations
(FAO, 2009) in the international guidelines written in response
to the United Nations General Assembly resolutions aimed
at protecting vulnerable marine ecosystems. Deep-sea sponge
aggregations are included in the OSPAR List of threatened and/or
declining species and habitats (OSPAR agreement 2008-6), and
regional fisheries management organizations such as the North
Atlantic Fisheries Organization have introduced management
measures to protect sponge habitats (NAFO, 2021). In Canada,
sponge grounds may qualify as sensitive benthic areas, the
Canadian equivalent of vulnerable marine ecosystems (DFO,
2017a). In order to protect these dense aggregations from adverse
impacts of bottom trawling, in 2013, Fisheries and Oceans
Canada (DFO) implemented two sponge conservation areas (the
Sambro Bank and Emerald Basin Sponge Conservation Areas,
referred to herein as SCAs) prohibiting the use of bottom-
tending gears. However, groundfish fishing activities continue to
occur almost immediately adjacent to the borders of these two
conservation areas (DFO, 2017b), potentially affecting the sponge
grounds and abundant megafaunal communities within the SCAs
(Hawkes et al., 2019) via re-suspension of sediment.

Here, in a laboratory setting, we report for the first time the
physiological response of V. pourtalesii to long-term exposure
of an ecologically relevant concentration (50 mg L−1) (Tjensvoll
et al., 2013; Kutti et al., 2015) of suspended natural bottom
sediment, thereby evaluating an indirect effect of bottom trawling
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FIGURE 1 | Sponge grounds formed by Vazella pourtalesii in the Sambro Bank Sponge Conservation Area, Emerald Basin, Nova Scotia, Canada. Image is a frame
grab from video collected using the ROV ROPOS in 2017. Depth is 155 m, and location is 43◦53.6513 N, −63◦4.6513 W.

activity. Animal performance was quantified by assessing oxygen
removal rates and clearance rates for bacterioplankton, thus
providing the first insight into the physiological responses of this
species to sediment exposure. Subsequent recovery after sediment
exposure was evaluated using scanning electron microscopy
(SEM) techniques and qualitative observations. Knowledge on
the responses of V. pourtalesii to repeated sediment exposure may
help provide insight into the biological considerations needed
for effective closure area design and management of glass sponge
grounds in the northwest Atlantic.

MATERIALS AND METHODS

Collection of Animals
During an oceanographic mission to the Vazella sponge grounds
of Emerald Basin in 2017 (Figure 2; see Beazley et al., 2017
for mission details) in support of the EU-funded Horizon 2020
project SponGES, the ROV ROPOS1, a 40 hp Science/Work
Class ROV owned and operated by the non-profit Canadian
Scientific Submersible Facility (CSSF), was deployed from the
Canadian Coast Guard Ship Martha L. Black to collect specimens
of V. pourtalesii for ex situ experimentation. A total of 23 sponges
were collected over four separate deployments of ROPOS, three
of which occurred in the center of the Sambro Bank SCA at
approximately 160 m depth (Collection Location 1 in Figure 2),
and one that spanned across the southern border of the closure
at approximately 217 m depth (Collection Location 2, Figure 2).
During collection, the manipulator arm of ROPOS was carefully
used to collect sponges by their substrate attachment point

1https://www.ropos.com/

(pebbles and cobbles) and placed them in the ROPOS “biobox”
where they remained submerged upon recovery. Once onboard,
the sponges were transferred in a submerged state to an insulated
500 L polyethylene holding tank inside a refrigerated shipping
container. The sponges were placed in individual compartments
(10 cm by 10 cm) of a grid at the bottom of the holding tank to
help keep them stationary. Subsurface water (<5 m) was pumped
into a tank on deck using a portable pump, which was then
distributed to a tank inside the refrigerated container, chilled
to 9 ◦C, and then slowly pumped via a peristaltic pump (1.2 L
min−1) to the holding tank containing the sponge specimens.
The chilled water tank was refilled twice a day, resulting in four
water exchanges per day.

Sampling deep-water fauna for experimentation is a logistical
and technological challenge. Sampling via the ROV’s manipulator
arm required delicate and precise handling of sponges within
the target size range. Due to this time-consuming process,
along with impediments to sampling from inclement weather,
only a limited number of individuals could be collected.
At the same time, V. pourtalesii has been recognized as
a vulnerable species (Beazley et al., 2018) and as a result,
removal of animals for experimentation should be kept to a
minimum. Due to these limitations and challenges, the study was
performed with a minimum number of individuals to account for
independent replication.

Acclimatization to ex situ Experimental
Conditions
The sponges were transferred to facilities at the Bedford Institute
of Oceanography (BIO), Nova Scotia, Canada, where they were
maintained in a 500 L holding tank supplied with coarsely
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FIGURE 2 | Location of collection sites for ex situ experiments in the Sambro Bank Sponge Conservation Area, Emerald Basin, Nova Scotia. Also shown is the
location of sediment collection north of Emerald Basin, and the presence–absence of Vazella pourtalesii from commercial bycatch records, and DFO optical (camera)
and multispecies research vessel trawl surveys.

filtered saltwater from the adjacent Bedford Basin, the intake
of which is 200 m from shore and at a depth of 17 m at low
tide (∼3 m off bottom). Salinity was 30.5 ± 0.2 PSU over the
course of 10 months. To ensure full recovery from sampling
and transportation, sponges were acclimatized under the above
conditions for 7 months. A non-axenic phytoplankton culture
was routinely added to the sponge holding system to stimulate
bacterial growth in the header tank during this time period. Two
to three times per week, 3–7 L of cultured phytoplankton at 1–
5 × 106 cells mL−1 was added to the header tank that supplied
the sponge holding tank.

Collection of Sediments
In order to emulate the natural sediment regime of the Vazella
sponge grounds, sediment for use in the exposure trials was
collected 22 nautical miles north of the sponge collection
locations in Emerald Basin (Figure 2). There, a Van Veen grab
sampler was deployed at 170 m depth until 100 L of sediment was
collected. The surficial sediments here are described as LaHave

Clay, a loosely compacted silty clay that is mainly confined to the
basins and depressions of the Scotian Shelf (King, 1970). LaHave
Clay overlays Emerald Silt and Scotian Shelf Drift (i.e., glacial
till), the latter of which the densest aggregations of V. pourtalesii
are most associated with (Beazley et al., 2018). This location
was chosen due to its proximity to several presence records of
V. pourtalesii. Prior to exposure to the sponges, the collected
sediment was sieved to a fraction < 63 µm in the laboratory and
kept cool (4◦C).

Suspended Sediment Exposure
Of the 23 sponges collected, three perished during the
7-month acclimatization period, leaving 20 specimens for
experimentation. Numbers from 1 to 20 were assigned to the
sponges for identification throughout the experiment. After
acclimatization, 10 40 L tanks with a flow-through sea water
supply were set up as experimental units for replication between
two treatment groups. Sea water (9◦C) was supplied to each
individual tank with a flow rate of ∼0.5 L min−1. Water
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temperature in the experimental tanks was stable over the course
of the experiment (mean = 8.96± 0.05 ◦C). Equally-sized sponges
were distributed randomly between two treatments, with each
of the control and treatment (i.e., sediment-exposed) groups
consisting of 10 individuals each, with two individuals per
tank (Figure 3).

Prior to the start of the experiment, sponges in the control
were unintentionally exposed to air bubbles that potentially
formed due to temperature-induced off gassing of oxygen-
saturated seawater (temperature difference of 0.5 ◦C from
the header tank to the experimental unit). Upon notice of
microbubbles, sponges were returned to the 500 L maintenance
tank until the experimental setup had been improved. Sponges
assigned to the sediment-exposed group remained in the 500 L
holding tank at all times during this time period. Once the
experimental setup was operational, sponges were placed back in
their respective tanks the experiment commenced. No deleterious
effects of microbubble exposure were evident in the control
sponges upon the start of the experiment. We subsequently
acquired control data on the respiration and clearance rate
from colleagues working on this same species in the same
aquaria facilities at another time (Bart et al., 2020) in order
to compare these rates with our potentially compromised
control sponges.

The sediment-exposed group received a concentration of
suspended natural bottom sediments of 50 mg L−1 for 12 h per
day for 21 days, while the control group remained untouched.
The 12 h exposure cycle was chosen to emulate the natural
tidal oscillation experienced off Nova Scotia. Each of the five
sediment treatment tanks received pulses of high concentration

sediment stock solution (Figure 3). Pulses of stock solution
were delivered by five membrane pumps (EW-F31VC-20EPF5,
IWAKI). Average frequency was one pulse of 1-min length per
5 min, resulting in 25 mL stock solution being added per pulse
to each of the tanks in the exposed group. Aquarium pumps
(CompactON 300, Eheim) kept dosed sediment volumes in
suspension. The end concentrations of suspended sediment and
particle size distribution in each of the five tanks were monitored
with a particle analyzer (LISST-100X, Sequoia) at days 0, 7, 14,
and 21. Settled sediment was removed from the bottom of each
tank by careful siphoning after each exposure cycle of 12 h.

Physiological Measurements
The physiological performance (respiration rate and bacterial
clearance rate) of V. pourtalesii assigned to the control and
sediment-exposed groups was assessed with chamber-based
incubations after 7, 14, and 21 days. Before each incubation,
sediment-exposed sponges were given a 3 h recovery period
after the last pulse of sediment. During this period, the tank
volume was turned over by fresh seawater approximately four
times, so that sponges were exposed to clear water prior to the
start of each incubation. The bottom plate of the incubation
chamber was put in its respective tank, and a sponge was
placed on the plate. Sponges were left to recover for 1 h
before an acrylic chamber that sealed to the bottom plate was
placed over each sponge. The lid of the chamber was equipped
with a stirrer for circulation and a dissolved oxygen sensor
(HQ30D equipped with LDO sensors, Hach) calibrated to 100%
saturation according to the manufacturer. Dissolved oxygen
concentrations were measured every minute over 4 h, and

FIGURE 3 | Experimental design used in this study. Ten individual tanks, each holding two sponges (yellow shapes), were supplied with sea water. Each tank was
equipped with a pump (black shapes). Five tanks received dosages of a sediment stock solution for 12 h per day.
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respiration rates (R) in µmol O2 h−1 gDM−1 were calculated as
outlined by Tjensvoll et al. (2013) using the following equation:

R
[
µmol O2h−1 gDM−1]

= ((c2 − c1) t−1
∗ Vnet) gDM−1,

where c1 and c2 are the concentration of dissolved oxygen at
start and end of the incubation in µmol O2 L−1, t is the time
of the incubation in hours, Vnet is the volume of the incubation
chamber after subtracting the volume of the respective sponge in
mL, and gDM is the total dry mass of the incubated animal in
grams. Wet mass was measured on a scale after taking the sponge
out of the water and allowing the water to drain for 10 s. Volume
of individual sponges was measured by water replacement in a
graded beaker prior to sampling for microscopy approaches (see
section “Recovery Potential and Electron Microscopy”). To make
the rates assessed in this study comparable to published datasets,
we used the conversion factor (mL:gDM = 5.2) from Bart et al.
(2020) to calculate dry mass from sponge volume.

Water samples were drawn from the chamber at the beginning
and the end of the 4 h incubations via tubes inserted through
the lid. Samples for bacterioplankton quantification were fixed
with glutaraldehyde (end-concentration 0.5%) for 10 min before
flash freezing in liquid nitrogen and −80 ◦C storage. Bacterial
concentration in the water samples was assessed by flow
cytometry (Brussaard et al., 2010) and clearance rates for
bacterioplankton in mL water cleared per mL sponge volume
per minute (mL mL−1 min−1) were calculated as outlined by
Robertson et al. (2017) using the following equation:

Clearance rate
[
mL mL−1 min−1]
= Vnet t−1 ln

(
nstart n−1

end
)

Vsponge
−1,

where Vnet is the volume of the incubation chamber after
subtracting the volume of the respective sponge in mL, t
is the time of the incubation in min, nstart and nend are
the concentrations of bacterioplankton at start and end of
the incubation in counts mL−1, and Vsponge is the total
volume of the incubated animal in milliliters. Empty chamber
incubations (n = 2 per treatment group) without a sponge
were performed twice throughout the experiment to account
for background respiration and non-sponge related dynamics
in bacterioplankton. The average of the four empty chamber
incubations was subtracted from the sponge incubations of the
respective treatment.

Data Analysis
Statistical tests were performed with GraphPad Prism 8 Version
8.2.1(441), August 20, 2019 using a general linear model analysis
of variance (Sediment; two levels nominal 0 or 50 mg L−1,
n = 5) with multiple comparisons. For analysis, measurements
of individual sponges were averaged per tank resulting in five
independent replicates per treatment. We tested for tank effects
prior to the analysis (Kutti et al., 2015), and influence of tank
was identified as low (Control group: clearance rate: p = 0.12;
respiration rate: p = 0.14; Sediment-exposed group: clearance
rate: p = 0.78; respiration rate: p = 0.20). Values are given in
mean± standard deviation (SD) if not stated otherwise.

Recovery Potential and Electron
Microscopy
After 3 weeks of exposure to suspended sediment, we followed
the potential recovery of exposed individuals of V. pourtalesii
for up to 38 days after the last exposure, with unexposed
sponges as the control group. In order to determine the level
of clogging by sediment in the aquiferous system, structural
components from sediment-exposed sponges were collected for
examination using SEM techniques. Due to financial limitations,
analysis of structural components of all sponges was unfeasible
and only a minimum number of replicates were analyzed to
account for individual differences between sponges. Three hours
after the last exposure to sediment (considered day 0 of the
recovery phase), one sediment-exposed sponge was removed
from its tank and subsampled by extracting a ∼1 cm3 sample
through the body wall of the lower and upper halves of the
sponge (specimens were halved at their mid-point based on
total height). Two control sponges were sampled after 3 and
12 days of the recovery phase. On the final day of the recovery
phase (day 38), two sediment-exposed sponges (Sponges 14
and 19) and one control (Sponge 8) were subsampled for
examination using SEM to determine if sediment was still
present in their body.

Subsamples were preserved in a 1:4:5 ratio of 25%
glutaraldehyde, 0.34 M sodium chloride (NaCl), and 0.4 M
phosphate-buffered saline (PBS) (i.e., “Fixative 1”). The
Fixative 1 solution was changed after 0.5 h, and the samples
were stored in 4◦C for ∼2 months. The final step for SEM
fixation involved rinsing the samples of Fixative 1 using
a 1:1 ratio of 0.4 M PBS and 0.6 M NaCl and fixing the
samples in a 1:1 ratio of 4% osmium tetroxide and 0.6 M
PBS (i.e., “Fixative 2”) for approximately 2 h. Samples were
then rinsed of Fixative 2 three times in distilled water for
10 min each and dehydrated through a series of ascending
alcohol concentrations diluted from 100% anhydrous ethyl
alcohol: 50 and 70% alcohol (10 min each), 80, 90, 95, and
100% alcohol (3 × 10 min each). In order to create even
surfaces from which the intact aquiferous system could
be observed, the 1 cm3 subsamples were freeze fractured
in liquid nitrogen. Fractured pieces were then dried using
liquid carbon dioxide in a Leica EM CPD300 (Critical Point
Dryer) at the Scientific Imaging Suite at Dalhousie University,
Halifax, Nova Scotia.

After critical point drying, samples were mounted on
SEM stubs using a carbon-based paste, and sputter coated
using a Leica EM ACE200 vacuum coater at a speed of
30 mA for 325 s, which equated to a 25 nm-thick coating
of gold/palladium. To determine the degree of clogging, the
coated samples were initially viewed and imaged using a
Zeiss 1455VP scanning electron microscope operating with an
acceleration voltage of 20 kV, and SmartSEM V05.05 SEM
operating software.

Initial SEM examination of the sediment-exposed sponge
sampled on recovery day 1 (Sponge 16) revealed poor results
from freeze fracturing, likely due to the high density of spicules.
Instead of freeze fracturing with liquid nitrogen, the 1 cm3

subsamples collected on all subsequent days were sectioned into
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smaller pieces using a sharp razor to create both cross sections
across the atrial surface, and longitudinal sections through the
body wall from the pinacoderm to atrial surfaces. Both the
longitudinal and cross sections were fixed for SEM according to
the techniques described above.

To identify the potential presence of accumulated particles in
sediment-exposed sponge structural components, the elemental
composition was examined using SEM/energy dispersive X-ray
spectroscopy (EDS) techniques. Samples were examined and
imaged using a Hitachi S-4700 Cold-Field Emission SEM
operating at 10 kV (also at Dalhousie University). The atomic
weight as a percentage of total weight was calculated for each
of four or five randomly chosen point locations over the
unknown matter. Samples of the matter were taken using an
attached 80 mm2 X-Max EDS detector (Oxford Instruments,
Concord, MA, United States) and associated Inca software. All
elements were analyzed (normalized). Given that the mounted
structural components of V. pourtalesii were not flat, polished,
or homogeneous, which are requirements for standardized
quantitative analysis using EDS, we chose to convert the atomic
weight information into elemental presence/absence. Due to the
use of carbon-based mounting media, the presence of carbon
in the samples must be discounted, as well as the presence of
osmium, which is likely a remnant of the fixation process. The
elemental composition of the sediment used in the experiment
was also examined using SEM/EDS techniques to serve as
a comparison to the matter found in the sponge’s structural

components. Sediment (unfixed) was mounted on an SEM
stub using carbon-coated double-sided tape, and gold/palladium
coated to a thickness of 15 nm.

RESULTS

Survival
All 10 sponges in the treatment group survived repeated
exposure to suspended sediment over the course of the 21-day
experiment (indicated by observations of active pumping and
by respiration and clearance rate assessments) and no structure
necrosis or other signs of decreased health status were observed
in the treatment group over the course of the experiment.
Initially, sediments accumulated only on the long spicules of
the exposed individuals, but with repeated exposure, the atrial
surfaces eventually became covered in sediment particles and
turned brown in color (Figure 4). In the control group, three
sponges showed signs of necrosis (gray/black colored structural
components) after 10 days in the experimental tanks and
eventually perished (Supplementary Figure 1). These sponges
deteriorated relatively quickly (within 3 days after the initial
signs of discoloration), and no signs of necrosis were evident
in the remaining sponges throughout the 21-day experiment. It
cannot be ruled out that the mortality in the control group was
induced by a short exposure to micro-bubbles at the beginning
of the experiment. Thus, all sponges from the control group may

FIGURE 4 | Individuals of Vazella pourtalesii from the control (left) and the exposure (right) group after 7 days in the experiment. The long spicules and atrial surface
of the exposed sponges eventually became densely covered with sediment particles.
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have been compromised in their physiological performance. For
this reason, data from the control group evaluated in this study
were augmented by a published dataset (Bart et al., 2020) on the
physiological rates of V. pourtalesii. Respiration and clearance
rates of V. pourtalesii described by Bart et al. (2020) (n = 7) were
assessed in a similar manner as in this study (chamber-based
incubations) and were performed in the same aquaria facilities.

Suspended Sediment Exposure
The average suspended particle concentration in the treatment
tanks during the 12 h exposure phase over the course of the 21-
day experiment was 44.9 ± 2.2 mg L−1. Particle concentrations
at the beginning of the experiment (33.6 ± 2.5 mg L−1) were
below the targeted threshold of 50 mg L−1, but steadily increased
up to 56.9 ± 2.1 mg L−1 at day 21 (Figure 5). The control
treatment had an average suspended particle concentration of
1.9 ± 0.8 mg L−1. Particles < 6 µm were prevalent in the
suspended sediment representing a fraction of 73% of the total
concentration (mg L−1). A fraction of 10% was represented by
particles as large as∼184 µm (Figure 6).

Physiological Performance
The respiration and clearance rates of V. pourtalesii in the two
treatment groups measured during the chamber incubations
on days 7, 14, and 21 are summarized in Table 1. Decrease
in oxygen concentration in the closed chambers was linear
over time. Respiration rates of individuals from the literature
control and sediment-exposed groups were comparable at each
of the three measured time points (days 7, 14, and 21;
Figure 7). However, respiration rates increased slightly in the
sediment exposed group over the 21-day experiment, with rates
ranging from 1.89 ± 0.15 µmol O2 h−1 gDM−1 at day 7 to
2.66± 0.51 µmol O2 h−1 gDM−1 at day 21. No effect of sediment
treatment or time of exposure was detected [F(3,18) = 1.96,
p = 0.156]. Clearance rates (Figure 8) significantly differed
between the sediment-exposed and the control group from Bart
et al. (2020) on days 14 and 21 (p = 0.028 and p = 0.006,
respectively; see Table 1). Clearance rates in the sediment-
exposed group declined over time with rates ranging from
0.97 ± 0.17 mL mL−1 min−1 at day 7 to 0.53 ± 0.15 mL
mL−1 min−1 at day 21. After 14 days of sediment exposure,
clearance rates differed significantly from the control group and
continued to decrease until the last assessment after 21 days [day
14: F(3,18) = 6.40, p = 0.028: day 21: F(3,18) = 6.40, p = 0.006].

Observations of Accumulated Material
After Sediment Exposure
After each 12 h cycle of sediment exposure, settled sediment
was removed from the bottom of each tank. Within 30 min
after sediment removal, flocculate matter, possibly representing
sloughed mucous-coated sediment, was observed accumulating
next to the sponges (Figure 9). Particles had a flocculated
appearance; small pellets of sediment clumped together by
a translucent material and settled on the bottom of the
aquaria. This matter was not present at the bottom of the
tanks of the control group. Video observations of outflow of

FIGURE 5 | Average of end concentrations ± SD of suspended sediment in
exposure (n = 5) and control tanks (n = 5) throughout the experiment. Overall
average exposure level was 44.9 ± 2.2 mg L−1. Suspended sediment
concentration in the control tanks was assessed once in the beginning of the
experiment (1.9 ± 0.8 mg L−1).

FIGURE 6 | Percentage of concentration per size class of the suspended
sediment in end-concentration. 73% of suspended particles are represented
in the size class from 1 to 6 µm.

sediment-exposed individuals showed that the large accumulated
particles were expelled with high velocity from the osculum (see
Supplementary Video 1).

Recovery Potential and Scanning
Electron Microscopy Examination
The atrial surfaces of most individuals in the sediment-exposed
group returned to their pre exposure state approximately 14 days
after last exposure. Of the three sponges left to recover to
day 38, all appeared to have cleared their pinacoderm of
sediment completely. Two sediment-exposed sponges appeared
to be in the process of dying, with dark sections of structural
components indicating necrosis. Another sediment-exposed
sponge (Figure 10), while appearing to nearly recover, self-
dislodged from its basal attachment and floated to the top of the
tank on day 38 and was dissected. Some structure necrosis was
also evident in this individual.
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TABLE 1 | Overview of the assessed physiological parameters in Vazella pourtalesii under elevated concentrations of suspended particles (Sediment, n = 5) and the
literature control group (n = 7) (Bart et al., 2020).

Parameter Treatment Day 7 Day 14 Day 21

Respiration rate Sediment, this study 1.89 ± 0.15 2.28 ± 0.53 2.66 ± 0.51

(µmolO2 gDM−1 h−1) Bart et al. (2020) 3.39 ± 1.76 – – –

Clearance rate Sediment, this study 0.97 ± 0.17 0.83 ± 0.20b 0.53 ± 0.15b

(mL mL−1 min−1) Bart et al. (2020) 2.22 ± 1.26a – – –

Mean values ± SD. Significant differences are indicated by corresponding letter pairs. A graphical representation of these values can be found in Figures 7, 8.

Scanning electron microscopy/EDS analysis (Supplementary
Table 1) revealed that the sediment used in the exposure
experiment consisted of a wide variety of grains and elemental
composition, with textural differences between grains observed.
The presence of aluminum, silicate, potassium, iron, magnesium,
and chloride was evident in the grains. The presence of both
calcium and silicate suggests that the sediment grains are both
calcareous and siliceous in origin. These grains were largely
absent from the three control sponges sampled, where the
observed matter was comprised mostly of carbon (although note
contamination from mounting media) and oxygen.

Due to the poor results of freeze fracturing and manual
razor sectioning of the structural components, observations of
the exact location of sediments within the aquiferous system
of the sponges were not possible. Nonetheless, observations on
the composition/origin of matter observed among the spicules

FIGURE 7 | Respiration rate ± SD of Vazella pourtalesii in the treatment (n = 5
per timepoint) and literature control group (n = 7) (Bart et al., 2020) over time.

of the mesohyl were made to assess recovery. The elemental
composition of the matter observed within the mesohyl of a
sediment-exposed sponge (sampled on day 1 of the recovery
phase) was most similar to that of the two analyzed sediment
samples. Here, iron, aluminum, magnesium, and potassium
were all constituents of the sample, suggesting the presence
of sediments inside the sponge. Examination of the sediment-
exposed sponges (Sponges 14 and 19) sampled on day 38 revealed
an elemental composition more similar to control Sponge 8
(sampled on day 38) than sediment-exposed Sponge 16 and the
two controls. For sediment-exposed Sponge 19, the observed
matter was comprised of carbon, nitrogen, oxygen, sodium,

FIGURE 8 | Clearance rate ± SD of Vazella pourtalesii in the sediment
treatment group over time compared to a literature control (Bart et al., 2020).
Pairs of letters (ab) indicate 2 cm significant differences (p < 0.05) among
means (n = 5 per sediment treatment and n = 7 for literature control).
Common letters indicate that no significant difference was detected.
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FIGURE 9 | Left: Vazella pourtalesii in top view with flocculated matter (black arrows) accumulated in the tank after initial removal of settled sediment particles Right:
V. pourtalesii in experimental tank with accumulated sediment particles on the tank bottom after 12 h of exposure.

FIGURE 10 | Succession of recovery of a sediment-exposed sponge at 6, 11, and 21 days after sediment exposure stopped. This sponge was sampled for
SEM/EDS analysis 38 days after sediment exposure.

biogenic silica, aluminum, and sulfur. The sulfur was possibly
related to the decaying state of the sponge prior to sampling.

The similar elemental composition found in the sediment-
exposed and the control sponges (longitudinal sections), and
the lack of iron, potassium, aluminum, and calcium, which
were indicative of the sediments, indicate that sediment-
exposed individuals had mostly cleared the sediment from their
structural components over the course of the 38-day recovery
period. However, observations of the cross-section sample from
sediment-exposed Sponge 14 revealed the presence of matter
with a similar elemental composition to that of the sediment,

suggesting high variability in the location of sediment within the
body of the same individual.

DISCUSSION

Physiological Response of Vazella
pourtalesii to Natural Suspended
Sediment
Under the laboratory conditions of this study, V. pourtalesii
survived repeated exposure to seawater with particle
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concentrations up to 57 mg L−1 over the course of 21 days.
There was no difference in respiration rates between the
sediment-exposed and literature control group throughout
the experiment. These findings are in line with experimental
work on deep-water demosponges exposed to a similar
sediment concentration as used in this study. For example,
Kutti et al. (2015) found that oxygen consumption rates
in Geodia barretti Bowerbank, 1858 (Geodiidae) remained
stable over time when exposed to natural suspended
sediment (50 mg L−1) for up to 50 days, indicating that
this species is adapted to cope with periods of higher natural
water turbidity.

However, in this study, V. pourtalesii individuals exposed
to sediment expressed reduced bacterial clearance rates after
14 days of exposure. In situ and ex situ studies showed that
some species of glass sponges arrest pumping when exposed
to different concentrations of natural sediment, whereas others
do not. For instance, the glass sponge A. vastus maintained
pumping during exposure to sediment concentrations up to
36 mg L−1 in an aquaria-based study (Tompkins-Macdonald and
Leys, 2008), while Grant et al. (2019) found that concentrations
as low as 2.8–6.4 mg L−1 caused arrests in the glass sponge
R. dawsoni from the Hecate Strait reef complex, but no arrests
were observed in Farrea occa Bowerbank, 1862 (Farreidae)
when exposed to similar concentrations as reached in our study
(57 mg L−1). Grant et al. (2018) reported short-term arrests of
pumping activities in glass sponges as a response to elevated
particle concentrations. These reported arrests never exceeded
intervals of ∼80 min, likely to avoid oxygen depletion in the
sponge’s structural components. While we have not directly
measured or observed whether short-term cessation in pumping
occurred in our experiment, the increasing brown coloration
of the sponges over the course of the experiment, as well
as the presence of sediments in the structural components
of exposed V. pourtalesii individuals as indicated by SEM,
suggests that the animals were actively pumping during the 12 h
exposure cycles.

Sponges respond to sediment stress via closure of incurrent
pores (the ostia) and osculae and the reduction of the aquiferous
system via structure regression. These morphological responses
result in the cessation of pumping (Tompkins-Macdonald
and Leys, 2008). In addition, expulsion of particles from the
aquiferous system, and mucus production (Strehlow et al.,
2017) have been observed after sediment exposure. Particles
up to 1 mm in diameter were observed in the excurrent
flow of the sponges after sediment exposure (Supplementary
Video 1, osculum diameter ∼2 cm). Particles had a flocculated
appearance, and small pellets of sediment clumped together
by a translucent material and settled on the bottom of the
aquaria. No accumulation of such particles was observed at
any time throughout the experiment in the control sponges.
Excretion of pellets of indigestible particulate matter is
linked to an increase in mucus production, a known stress
response exhibited by both demosponges (Strehlow et al., 2017;
Grant et al., 2019) and hexactinellids (Kahn et al., 2018).
However, mucus production is an energy-demanding process
(McGrath et al., 2017), and prolonged exposure to suspended

natural sediment likely has an adverse effect on a sponge’s
ability to maintain this coping mechanism. A decrease in
bacterial clearance rates with sediment exposure, as observed
in our study, is indicative for sediment induced cessation
of pumping. If the sponges reduce their pumping activity,
energy input will decrease and hence, continued coping with
sediment will start to consume energy at the expense of
other processes. Thus, processes such as growth, structural
component maintenance (Shore, 1971; De Goeij et al., 2009),
reproduction, and cell renewal (Bell, 2002; Alexander et al.,
2014) might be compromised under prolonged events of elevated
suspended particle concentrations. This could result in an
energy deficiency and adverse effects on overall sponge health
(Grant et al., 2019).

Recently, V. pourtalesii has been shown to predominantly
utilize dissolved organic carbon to fuel its metabolic requirements
(Bart et al., 2020). It remains to be investigated whether
this species can increase the uptake of dissolved organic
matter to counteract the reduced uptake of bacterioplankton
resulting from repeated sediment exposure. Also unknown
is to what extent pathways for dissolved organic matter
uptake in V. pourtalesii are dependent on pumping and as
such affected by the presence of elevated levels of natural
suspended sediment. Additionally, a decrease in pumping
could result in a reduced capacity to evacuate indigestible
sediment particles and accumulation within the sponge’s
structural components.

Recovery After Sediment Exposure
Individuals left to recover for up to 38 days after last sediment
exposure appeared to clear their pinacoderm of sediment and
were similar in appearance to sponges in the control group.
However, SEM/EDS techniques indicated that after 38 days,
sediment particles were still present in certain structural
component sections of one individual, suggesting high variability
in the location of sediment within the structural components
and possibly high variability between individuals in the ability
to expel accumulated, indigestible particles. Visual observations
made during the experiment indicated that sediments tended
to accumulate inside and at the base of the atrium of this
barrel-shaped species. It is likely that structural components
closer to the base will take longer to clear indigestible particles.
In our study, all samples for SEM were extracted from the
bottom portion of the sponge (based on total height) suggesting
that structural components located further away from the base
of the sponge might have been cleaned more efficiently from
accumulated sediment particles than the sampled regions of
sponge structural components. Despite the visual recovery of
some individuals, a number of V. pourtalesii perished over the
course of the 38-day recovery phase. As some individuals in
the control group also showed signs of structure necrosis and
perished, the cause of death cannot evidently be linked solely
to exposure to suspended particles. To assess the physiological
recovery potential of V. pourtalesii after long-term sediment
exposure, parameters such as oxygen uptake and bacterial
clearance rates should also be monitored throughout the recovery
period in future studies.

Frontiers in Marine Science | www.frontiersin.org 11 March 2021 | Volume 8 | Article 611539

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-611539 March 24, 2021 Time: 11:39 # 12

Wurz et al. V. pourtalesii Response to Suspended Sediment

Potential Adaptations to a Dynamic
Environment
It is hypothesized that glass sponges in deep-sea environments
may utilize sediment-borne bacteria as an additional food source.
Stable carbon and nitrogen isotope examinations of glass sponges
collected off the Pacific coast of Canada showed ingestion
of sediment-borne bacteria re-suspended by tidal oscillations
(Kahn et al., 2018). Sediments in deep-sea environments have
been found to be 100–1000 times more rich in heterotrophic
bacteria than the overlying water column (Kuwae and Hosokawa,
1999). Furthermore, Grant et al. (1987) showed that the
fine silty sediments on the Scotian Shelf and particularly in
Emerald Basin contain a high proportion of easily re-suspended
organic particles and postulated that lateral transport of organic
material makes the Scotian Shelf a sink for organic carbon.
The potential trophic interaction of V. pourtalesii and sediment
borne re-suspended organic matter has not been investigated
up to date. However, our incubation-based assessments of
physiological parameters suggest that V. pourtalesii tolerates re-
suspended particles, rather than utilizing and benefiting from
the potentially bacteria-and particle-enriched water layers. The
assessed respiration rates suggest that there is no metabolic
benefit of the presence of suspended sediment enriched seawater
for these sponges.

Emerald Basin is subjected to higher tidal variability and
mixing compared to other areas of the Scotian Shelf (Petrie
and Smith, 1977). Tidal oscillations and storm events have the
potential to re-suspend small grain particles that may remain
suspended in the water column for several days (Bogucki et al.,
1997; Boegman and Stastna, 2019). In addition to seasonal
short-term resuspension events, persistent nepheloid (sediment
enriched) layers with particle concentrations of up to 8 mg L−1

have been described to occur on the Scotian Shelf (Spinrad et al.,
1983; Pilskaln et al., 1998). Similar resuspension events with
a duration of several days were observed during a 10-month
deployment of an autonomous benthic lander in the Sambro
Bank Sponge Conservation Area (Hanz et al., 2021; see Beazley
et al., 2017 for deployment details). Dynamic oceanographic
characteristics and sponge occurrences are often linked in the
North Atlantic. For instance, the distribution of the glass sponge
Pheronema carpenteri (Thomson, 1869) (Pheronematidae) at the
Porcupine Seabight (northeast Atlantic) is thought to be linked to
areas where bottom currents are intensified due to internal waves
(Rice et al., 1990). The causal link was suggested to be an increase
in the supply of food related to the occurrence of the internal
waves. The same oceanographic settings might be a possible
explanation for the occurrence of dense demosponge grounds
in the Faroe-Shetland basin (Davison et al., 2019). Our findings
suggest that V. pourtalesii might be adapted to tolerate natural
suspended sediment up to a certain concentration and exposure
time. This is corroborated by the proliferation of this species
in this highly dynamic environment subjected to periodic re-
suspension events. However, the observed reduction in clearance
efficiency with sediment exposure over time indicates that
potential coping mechanisms and adaptations are compromised
when sediment exposure occurs over a longer time scale.

Implications for Conservation
Management
While the results of this study indicate no adverse physiological
effects (respiration and clearance rates) of short-term sediment
exposure (7 days), prolonged (14–21 days) exposure to
re-suspended sediment from bottom trawling may impair
physiological rates in V. pourtalesii as a response mechanism.
Over time, this may result in an energy deficit and reduction
in overall sponge health. With a concentration well below the
described re-suspension potential of a trawl (up to 500 mg
L−1, see section “Introduction”), these likely negative impacts
on the physiology of V. pourtalesii could be amplified in its
natural setting if exposed to re-suspended sediments from
trawling. Future studies should include different concentrations
of suspended sediment in combination with longer exposure
times to detect potential thresholds for adverse effects of
suspended sediments on V. pourtalesii.

The Sambro Bank and Emerald Basin Sponge Conservation
Areas were designed to protect two of the more significant
concentrations of V. pourtalesii on the Scotian Shelf identified
from biomass/density observations from commercial bycatch
records, research vessel trawl catch data, and in situ camera
observations. However, kernel density analyses applied to
research vessel trawl survey catch data to identify hotspots
in sponge biomass (all Porifera, including V. pourtalesii;
Kenchington et al., 2016), indicated that less than 2% of the
significant concentrations formed primarily by V. pourtalesii in
the area known as the Scotian Gulf, which includes Emerald
Basin, are encompassed by the closed areas. Similar results were
found when examining the proportion of protected suitable
habitat of V. pourtalesii generated from random forest species
distribution modeling (see Beazley et al., 2018). The percentage
overlap between the significant concentrations of all Porifera,
including V. pourtalesii, and groundfish fishing effort using
mobile-gears revealed that 29.4% of the area occupied by these
significant concentrations was subjected to some level of fishing
(DFO, 2017b; Koen-Alonso, 2018), with most effort occurring in
the lowest percentile (low effort). Nonetheless, this lower effort
does not imply that significant adverse impacts of fishing to
V. pourtalesii are absent in these sensitive benthic areas (Koen-
Alonso, 2018). Depending on the type of gear and composition
of the benthic community, few interactions can cause serious
irreversible damage (NAFO, 2011), and the greatest impacts
to these ecosystems, such as irreversible damage or complete
removal, are often caused by the first fishing events (DFO, 2006;
Pham et al., 2019).

Grant et al. (2018) modeled the indirect footprint of a trawl
adjacent to an existing bottom fishing closure and estimated that
the re-suspended sediment plumes spread as far as 6 km from
the initial trawling site. They concluded that fishing effort along
the boundaries of sponge conservation area rendered the dense
sponge grounds inside it vulnerable to suspended sediments.
Although the trajectory and retention rates of sediment plumes
from bottom fishing in Emerald Basin were not measured in
this study, the close proximity of existing bottom fishing to the
SCAs on the Scotian Shelf (Koen-Alonso, 2018) may have the
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potential to impact the dense Vazella grounds that reside within
them. Here, buffer zones of a sufficient dimension could be
established around the SCAs to minimize the indirect impact
of downstream sediment re-suspension by bottom gear to the
sponge ground community inside the closed areas. Although
there was no adverse effect evident the first 7 days of sediment
exposure, an additional mitigation measure could be a temporal
staggering of fishing activities within the same area to allow the
sponges to recover following trawling events. In this area, the
groundfish fishery operates year-round, from April 1 to March
31 but has a 3-month period of high fishing activity from July to
September with individual trips occurring on the scale of 5 days
and with multiple sets spread out over multiple areas (D. Fenton,
Fisheries and Oceans Canada, pers. comm.). Thus, the 21-day
period chosen for this experiment likely represents a worst-
case scenario of sustained fishing activity from different vessels
in the vicinity of the sponge grounds within the peak fishing
period. The Scotian Shelf is subjected to ongoing structural
developments such as offshore oil and gas extraction (Breeze and
Horsman, 2005). The impacts of sediments contaminated with
drilling muds or potential spills of crude oil on glass sponges
are at present poorly understood. The present study on the
physiological response of V. pourtalesii to a concentration of
natural suspended sediment may act as a blueprint for the design
of these elaborate experiments.

CONCLUSION

In this aquaria-based ex situ study, V. pourtalesii was found
to cope with increased levels of natural suspended sediment
for a period of 7 days. As this glass sponge species thrives in
a dynamic shelf environment, V. pourtalesii is likely adapted
to periodic, current-induced re-suspension events. However,
our observations of decreasing clearance rates over time could
indicate impaired filtration capacities cumulating in negative
impacts on biological functions such as growth, structural
components repair mechanisms and reproduction, and a
metabolic deficit with adverse implications for overall animal
health. Following the precautionary approach, the application of
buffer zones to the current management measures for this species
on the Scotian Shelf, and temporal coordination of sediment re-
suspending activities may help mitigate the potentially adverse
long-term effects on the unique ecosystem the Vazella grounds
represent on the Scotian Shelf.
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