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A B S T R A C T   

Assessment of risks to seabed habitats from industrial activities is based on the resilience and potential for re-
covery. Increased sedimentation, a key impact of many offshore industries, results in burial and smothering of 
benthic organisms. Sponges are particularly vulnerable to increases in suspended and deposited sediment, but 
response and recovery have not been observed in-situ. We quantified the impact of sedimentation from offshore 
hydrocarbon drilling over ~5 days on a lamellate demosponge, and its recovery in-situ over ~40 days using 
hourly time-lapse photographs with measurements of backscatter (a proxy of suspended sediment) and current 
speed. Sediment accumulated on the sponge then cleared largely gradually but occasionally sharply, though it 
did not return to the initial state. This partial recovery likely involved a combination of active and passive 
removal. We discuss the use of in-situ observing, which is critical to monitoring impacts in remote habitats, and 
need for calibration to laboratory conditions.   

1. Introduction 

The sustainable development of the marine environment is predi-
cated on understanding the impact of anthropogenic activities to eval-
uate risks and apply mitigations where needed. Assessments of the risks 
posed to seabed habitats from industrial activities, such as dredging, 
hydrocarbon exploration and production, and deep-sea mining (Wash-
burn et al., 2019), is based on the resilience and potential for recovery 
from such activities determined from experiments and in-situ observa-
tion (Gates and Jones, 2012; Gollner et al., 2017; Jones et al., 2012; 
Jones et al., 2017; Roegner et al., 2021). The evaluation of risk from 
industrial development to the seabed ranges from project-level Envi-
ronmental Impact Assessment (Durden et al., 2018) to regional envi-
ronmental management plans and conservation measures (e.g., Marine 
Protected Areas; Wedding et al., 2013), implemented through environ-
mental management policies. A key impact common to a wide range of 
offshore industries is increased sedimentation (Bradshaw et al., 2012), 
in which added materials and resuspended natural sediment are 
deposited, resulting in the smothering, burying, clogging and choking of 
suspension-feeding organisms (Roegner et al., 2021). Increased sedi-
mentation results in reductions in the abundance, diversity and func-
tioning of benthic organisms (Jones et al., 2006), with resilience and 

recovery varying between organism type (Gollner et al., 2017; Jones 
et al., 2017). Understanding how benthic organisms respond to indus-
trial impacts, particularly species of conservation importance such as 
sponges, is important for robust policy development. Despite this 
importance, response and recovery are poorly understood in real-world 
conditions due to a paucity of time-referenced field-scale observations. 

Sponges are important to community diversity and structure across 
benthic habitats in areas targeted by industry from shallow to deep 
water (Durden et al., 2021; Kazanidis et al., 2019; Mitchell and Harris, 
2020; Vieira et al., 2020). They also provide important structural 
complexity to the benthic environment, which functions as habitats for 
other fauna, including macrofauna (Beaulieu, 2001; Bett and Rice, 1992; 
Laguionie-Marchais et al., 2015) and demersal fish (Kenchington et al., 
2013). Sponges are also important contributors to bentho-pelagic 
coupling, and impact food webs and biogeochemical cycles through 
respiration, and organic carbon and nutrient cycling (Cathalot et al., 
2015; Maldonado et al., 2012). Their importance as key benthic habitats 
makes sponges targets of conservation and management measures 
(Maldonado et al., 2015), requiring information on their response and 
resilience to anthropogenic activities, such as trawling (Pusceddu et al., 
2014; Vieira et al., 2020) and oil and gas production (Vad et al., 2018). 

As suspension feeders, sponges are particularly vulnerable to 
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increases in suspended and deposited sediment above background 
levels. Previous studies of the impacts of sedimentation on sponges have 
largely been short-term ex-situ laboratory experiments, and found both 
direct and indirect effects (reviewed by Bell et al., 2015), including 
changes to respiration (Bannister et al., 2012; Lohrer et al., 2006), 
pumping (Pineda et al., 2017; Tompkins-MacDonald and Leys, 2008), 
filtration and feeding (Bannister et al., 2012; Grant et al., 2018; Tjens-
voll et al., 2013), reproduction and growth (Maldonado et al., 2008; 
Roberts et al., 2006; Whalan et al., 2007), and physiological parameters 
(Mobilia et al., 2021). Sponges have been observed to tolerate stress and 
even recover from increased sedimentation (Kutti et al., 2015), through 
active and passive strategies, including changes to movement behaviour 
(Grant et al., 2018; Strehlow et al., 2017). Both the type and magnitude 
of impact, and the ability to recover from sedimentation are related to 
the concentrations and duration of exposure (Kutti et al., 2015; Strehlow 
et al., 2017). However, in-situ observations are required to understand 
the real-world impact and recovery of sponges from sedimentation, but 
remain extremely rare (Bell et al., 2015). 

We observe and quantify the impact of sedimentation associated 
with the drilling of an offshore oil well on a deep-water sponge, and its 
recovery in-situ using novel photographic and oceanographic data ac-
quired during a time-lapse field study. First, we characterise the nature 
of a disturbance event associated with the release of drilling mud and 
cuttings from hydrocarbon drilling, and the influence of resuspension of 
natural seabed sediment by near-bed currents. Direct water column 
measurements provide constraint to the timing and influence of near- 
bed currents and allow us to link the period of increased turbidity to 
deposition on the sponge. Second, we monitor the in-situ response of the 
sponge using hourly time-lapse photographs. We monitor sediment 
accumulation on the sponge and its movement to build a picture of its 
response and any recovery. Third, we place our field results in a wider 
context, to compare with prior, largely laboratory-based, experimental 
studies to identify the possible mechanisms for sponge recovery. Finally, 
we discuss opportunities and guidance for future field monitoring that is 
required to better characterise the diverse range of acute and chronic 
impacts posed to sponges and other suspension feeders by the growing 
human use of the seabed. 

2. Methods 

2.1. Field operations 

Field operations were conducted from the Transocean Leader semi- 
submersible drill rig in the vicinity of the site of a new Hurricane En-
ergy well in the Warwick Crestal block on the on the slope west of 
Shetland (Warwick Crestal 204/30b-A; 60◦ 07′ 25.476′′ N, 004◦ 09′

28.836′′ W; 156 m water depth; Gates and Durden, 2021). The Faroe 
Shetland Channel and slope west of Shetland have been the site of oil 
and gas exploration and production for decades. 

The seabed morphology in the area is characterised by iceberg 
ploughmarks (formed during previous glacial episodes) and stony reef 
habitats on cobbles and boulders (Bett, 2012). OSPAR Commission 
(2010) notes the potential for deep-sea sponge aggregations in the area 
associated with these two features. The environmental baseline assess-
ment of the well site found the seabed to consist of linear ENE/WSW 
bands of mixed sediments (gravelly sand, slightly gravelly sand, sand) 
interspersed with bands of coarser sediment (sandy gravel, larger gravel, 
cobbles, boulders) (GeoXYZ Benthic Solutions, 2019b), and suggested 
that EUNIS habitat types of ‘Offshore Circalittoral Coarse Sediment’ and 
‘Offshore Circalittoral Mixed Sediment’ (GEOXYZ Benthic Solutions, 
2019a). Particle size was bimodal in distribution, with peaks at very 
coarse sand (710 μm < x < 2 mm) and medium sand (180 μm < x < 500 
μm); sediment samples at 50 m from the well location contained mean 
particle sizes of 0.98 and 1.14 mm (GeoXYZ Benthic Solutions, 2019b). 
Several types of sponges have been documented in the area, including 
demosponges, such as Geodia and Phakellia (Bett, 2001; Taboada et al., 

2022). Two Marine Protected Areas lie in the vicinity: the Faroe- 
Shetland Sponge Belt MPA, and the West Shetland Shelf MPA to the 
south (Joint Nature Conservation Committee, 2014a; Joint Nature 
Conservation Committee, 2014b). 

In situ observations were made over the initial period of well drilling 
by deploying a time-lapse camera and a current meter that also recorded 
acoustic backscatter (Durden and Gates, 2022). The time-lapse camera 
with strobe was deployed on 22 September 2019, at an oblique angle 
facing a rock with a prominent sponge attached to it (Fig. 1; Supplement 
A; Table 1). The sponge was selected for its location approximately 31 m 
southeast of the well location, within the smallest radius of smothering 
observed in previous studies of drilling impact (Gates et al., 2019). The 
Nikon E995 camera was set to F 6.0, ISO 200, exposure 1/60, with 
photos of 2048 × 1536 pixels captured hourly. Images that were entirely 
obscured by suspended sediment were omitted from analysis (see 
below). The Seaguard single-point Recording Current Meter deep-water 
current meter was deployed on 23 September 2019 at approximately 5 
m behind the time-lapse camera at approximately 0.7 m above seafloor, 
with sensors for current speed, direction and acoustic backscatter 
(1.9–2.0 MHz) in the water column. Data captured on the hour was used 
for analysis. Rolling means of the north and east components of the 
current speed across both 6- and 24-hour periods, centred on the middle 
time point, was calculated to represent both speed and direction. Simi-
larly computed rolling means of the acoustic backscatter were used as a 
proxy for enhanced turbidity caused by suspended sediments at a depth 
of 0.7 m above seabed (at a distance of ~1.5–3.25 m). Seabed video of 
other sponge specimens at the site was captured in conjunction with the 
recovery of the time-lapse camera post-drilling, on 1 December 2019; 
lasers in the seabed video were spaced at 34 cm. Noteworthy moments in 
the time series are described semi-quantitatively. Correlations between 
data types are performed using all points in the time series. 

2.2. Assessment of the sedimentation event 

Qualitative information regarding the drilling activities was ob-
tained from operational records, including the types of discharges. 
Quantification of sedimentation at the seabed as a result of drilling ac-
tivities involved measurement of particles in the water column from 
backscatter and in the time-lapse images. Brightness (as mean RGB) was 
calculated for top left and top right corners (256 × 256 pixels; Supple-
ment A) of each photo as a proxy of sediment in the water column. 
Photos where fish were visible in one or both top corners were removed 
from analysis. Brightness (as RGB values) in the selected areas was 
computed in R using the EBImage package (Pau et al., 2010). Mean RGB 
values were computed for each image. Rolling means for both back-
scatter and brightness across both 6- and 24-hour periods calculated 
centred on the middle time point. 

2.3. Quantification of sediment accumulation on the sponge 

Sediment accumulation on the sponge specimen was quantified 
using brightness detection of the sponge specimen in time-lapse images, 

Table 1 
Time-lapse photography details.  

Deployment date and time 22 Sept 2019 12:04 
Recovery date and time 9 Nov 2019 00:45 
Image interval 1 h 
Camera angle from seabed (theta) 25 
Lens height above seabed 80 cm 
Horizontal acceptance angle (in water; beta) 46 
Vertical acceptance angle (alpha) 34 
Field of view (see Supplement A) 0.9652 m2 

Total number of images 1141 
Images with water column brightness detected 994 
Images with sponge brightness detected 1072 
Images with sponge apex location noted 1104  
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where low brightness was used as a proxy for the accumulation of dark 
sediment on the light-coloured sponge. A portion of the sponge that was 
a large well-lit area facing the camera, not obscured by shadow nor 
affected by the movement of the sponge, was selected for brightness 
detection (Supplement A). This rectangular area was approximately 
3600 pixels2 (corner pixel coordinates: 1006.4, 724.8; 1028.9, 762.8; 
1094.5, 715.5; 1072, 682.8), and was cropped from all images using 
Photoshop CS5. Brightness was computed as described for the top cor-
ners of the images (see above). Spearman’s rank correlations were 
computed to assess relationships between the sponge brightness and the 
water column brightness and backscatter. 

2.4. Quantification of sponge movement 

To quantify movement of the sponge, the most prominent point to 
the top of the specimen was located in successive time-lapse images 
using the Video Annotation and Referencing System (Schlining and 
Stout, 2006). The distances between successive locations were 
computed in two-dimensional space, a simplification of the likely three- 
dimensional movement of the sponge. The resulting distances were 
assessed in pixel dimensions; real-world dimensions were difficult to 
determine because of the specimen’s position an unknown distance 
above the seabed, with the camera in an oblique position. 

3. Results 

3.1. Sedimentation event 

Records from Hurricane Energy indicated that drilling began on 24 
September 2019, and that discharges from the drill rig were intermittent 
between 24 and 30 September 2019 (2 and 8 days after camera 
deployment). Contaminants discharged from the rig included barite 
drilling mud (M-I WATE; 834 tonnes), along with ethylene glycol, 
biocide, inhibitors, dispersants, cement and other additives (totalling 
1064 tonnes discharged; Petrofac Facilities Management Limited, 
2019a; Petrofac Facilities Management Limited, 2019b), along with 
3332 tonnes of brine. The visible sedimentation material was likely a 
combination of drill mud (median particle size 6–75 μm) (MI Swaco, 
2006), drill cuttings (971 t; Petrofac Facilities Management Limited, 
2019a; Petrofac Facilities Management Limited, 2019b) and resus-
pended surface sediment. 

At the seabed, water column brightness was initially 0.057 and 
backscatter was − 41.2 dB prior to the start of the sedimentation event. 
These represent baseline and minimum values. Turbidity increased and 
deposition began to be observed at 25 Sept 2019, 2.5 days after the start 
of the camera deployment (Figs. 2 and 3). Three major peaks in sedi-
mentation occurred at the beginning of the deployment (indicated by 
B–D in Fig. 2). The first and largest peak occurred at C, 6 days since 
deployment, with 24-h means of backscatter and water column bright-
ness of − 28.4 dB and 0.258 (4.5 times the initial brightness). The period 

of highest sedimentation occurred between B and E (4.9 to 7.7 days since 
deployment), during which the maximum 24-hourly mean backscatter 
and brightness reached − 27.55 dB and 0.277. The greatest hourly 
backscatter and brightness reached were − 0.28 dB (6.7 days since start) 
and 0.717 (2.6 days since start). The second peak in sedimentation (at F) 
was larger in the magnitude of 24-h mean backscatter (− 30.95 dB; 9 % 
above the previous minimum at E) than in brightness (0.120; 3 % greater 
than at E and 47 % of the maximum at C). Following a period of reduced 
sedimentation, a third, sharp peak in sedimentation occurred again at 
point G, which was again greater in magnitude in 24-h mean backscatter 
(− 30.73 dB, 90 % of the peak at F) than of brightness (0.083; 69 % of the 
peak at F and 32 % of the top peak at C). An extended period of minimal 
sediment in the water column was observed, with image brightness 
returning to approximately initial values by 14.8 days into the deploy-
ment, just prior to the peak around G, which lasted 48 h. This indication 
of low sedimentation was not observed in the backscatter data, which 
fluctuated erratically, punctuated by a smaller peak at J (− 35.40 dB). 
The backscatter returned to the pre-J value around K and continued to 
fall until the end of the deployment. During the main sedimentation 
event (i.e., image brightness >0.06), backscatter and water column 
brightness were correlated (ρ[298] = 0.66, p < 0.001). 

3.2. Sedimentation on the sponge 

The specimen observed was a lamellate demosponge, likely of the 
genus Phakellia or Axinella (Fig. 1). The size of the specimen is more 
consistent with Axinella, but without examination of the spicules (silica 
skeletal elements), formal identification is impossible. A small crusta-
cean was observed apparently living on the sponge. Across the period of 
observation, sponge colour (6-hour means) was correlated with back-
scatter (ρ[1086] = − 0.58, p < 0.0001) and water column brightness 
(ρ[1086] = − 0.76, p < 0.0001). 

The sponge was not initially entirely sediment-free (brightness 
0.283), potentially as a result of some sediment being deposited on it 
during rig arrival on site or camera deployment. Sediment accumulation 
on the sponge increased during drilling activity (2 days after camera 
deployment; between points A and B in Fig. 2b), resulting in a 6 % 
reduction in sponge brightness by point B. Sediment accumulation then 
increased dramatically when sediment in the water column was elevated 
(from B to C; visible in Fig. 3). At the peak of deposited sediment at point 
C (6 days after deployment start), sponge brightness was reduced by 24 
% from its initial value. The sponge then brightened, suggesting that 
some accumulated sediment was removed, to a relative minimum at 
point E (7.7 days after deployment start), 22 % brighter than at the peak 
at C. Additional sediment accumulation on the sponge occurred, with a 
secondary peak at F (9.75 days). Accumulated sediment on the sponge 
then decreased, with a sharp decrease at G (15.9 days; 21 % brighter 
than at F). The sediment on the sponge continued to decrease, with the 
sponge becoming brighter than its initial condition at 17.8 days from 
deployment. Sediment on the sponge decreased faster between H and K 

Fig. 1. The focal specimen of the study, a lamellate demosponge likely of the genus Phakellia or Axinella, (a,b) as observed from the side in a video captured with a 
remotely-operated vehicle pre-sedimentation event, and (c) in a time-lapse image with crustacean specimen evident on upper face of sponge. 
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Fig. 2. Hourly (grey) and 24-hours rolling mean values (black) of (a) estimate of turbidity as acoustic backscatter, (b) estimates of sediment in the water column as 
brightness in image top corners. and (c) estimates of sedimentation on the sponge as reduction of brightness (with original brightness shows as horizontal dashed grey 
line). Estimated total movement of the sponge over 24-hours (d). Time points of interest (see Fig. 3) are indicated with vertical dashed lines, and labelled A-L. Y-axes 
are scaled to be representing the 24-h mean values, and some hourly values greatly exceed the y-axis maximum. 
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than immediately prior to or after this time. 
Similar accumulations of sediment and drill cuttings were observed 

on other sponge specimens at distances of up to 100 m from the well 
centre (Fig. 4). 

3.3. Sedimentation and sponge movement 

The magnitude of sponge movement varied considerably across the 
deployment, and some movement events coincided with notable mo-
ments in the sedimentation event and in increase or decreases to the 
sediment visible on the sponge (Fig. 2). Initial sponge movement (at A) 
was 116 pixels (24-h mean). A reduction in sponge movement was 
observed near the first peak of sedimentation and accumulation on the 
sponge, between B and C; however, the position of the sponge was not 

visible in several photos in this period, so the observed drop may be 
erroneous. This was followed by a small peak in movement between C 
and E (24-h mean > 175 pixels), during the period of high accumulation 
on the sponge. Sponge movement increased again to a small peak at F 
(165 pixels), where another peak in sedimentation and accumulation 
occurred. Sponge movement then decreased steadily until a sharp peak 
at G (323 pixels; detailed observations in Fig. 5a), which coincided with 
a peak in sediment in the water column, and with a substantial bright-
ening of the sponge. Following this peak, sponge movement returned to 
relatively low values. Sponge movement increased during the period 
between H and K (Fig. 5b), with a peak at J (214 pixels), corresponding 
to an increase in the backscatter. Sponge movement (6 h displacement) 
and sponge brightness were not correlated (ρ[1086] = − 0.026, p >
0.05). 

3.4. Sponge movement and currents 

The sponge moved continuously, with movement having an apparent 
tidal component (Fig. 6). Current speeds in the north and east directions 
(6-hour means) ranged from − 8.9 to 10.9 cm s− 1 and -17.5 to 20.3 cm 
s− 1, respectively, in the period A to G. Changes to variations in current 
speed coincided with notable sponge movement events. The peak in 
sponge movement around G occurred at the juncture between two- 
weekly tidal cycles, and when oscillations in the current speed were 
reduced and current speeds remained positive in both north and east 
components: the speed of north component of the current remained high 
immediately before G (3–9 cm s− 1), while the speed of the east 
component remained low (2–7 cm s− 1). The fluctuating increase in 
sponge movement between H and K occurred after the next juncture 
between neap/spring tidal cycles and coincided with the period greatest 
fluctuations in current speed: the greatest range in 6-h mean northerly 
(− 12.2 to 14.1 cm s− 1) and easterly (− 17.1 to 26.3 cm s− 1) components 
of current occurred then. At K, both the north and east components of 
the current were high, followed by a dip after J. Sponge movement (6 
hourly displacement) was correlated with backscatter (6-h mean; 
ρ[1086] = 0.26, p < 0.0001). 

4. Discussion 

4.1. Characterisation of the sedimentation event 

We relate the major peaks in sedimentation, observed as increases in 
the rolling mean backscatter and brightness over days (typically by 
5–10 dB and 0.05 brightness, respectively), to discharges from the 
drilling activity. The fine-grained drill mud was likely to remain 

Fig. 3. Composite of images showing key moments in the time-lapse sequence of sedimentation and sponge recovery (letters denoting time points of interest 
from Fig. 2). 

Fig. 4. Collected sediment and drill cuttings impacting sponge specimens of 
similar morphology, as observed in images extracted from seabed video at the 
site captured with a remotely-operated vehicle post-drilling activities. The 
distance of each specimen to the well centre is listed. Lasers were spaced at 
34 cm. 
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suspended for extended periods, as the settling velocity of these grain 
sizes is slow (e.g. <0.005 ms− 1) (Hannah et al., 2006; Tedford et al., 
2002). By contrast, the short-term spikes, with increases in backscatter 
>20 dB and brightness >0.3 over periods of ~1–4 h, were likely related 
to enhanced resuspension of coarser-grained sediments, the settling 
velocity of which would be much greater (e.g., ~0.07 ms− 1 for particles 
500 μm in size). These instances of shorter-lived sediment resuspension 
may be a result of the industrial activities and/or the tidally-modulated 
current movement that resuspended previously-deposited seafloor 
sediment. 

The duration of the peaks in sedimentation and the materials 
involved have important implications for the effects on the sponge. 
Sponges are adapted to their local environments and natural back-
ground resuspension of local sediments, but may be impacted differently 
by drill mud as it is much finer than the coarse natural sediments. The 
relatively low settling speed of the drill mud results in an increased 
exposure time, in comparison to the resuspension of natural sediments. 
In addition, the particle size, shape and chemistry of the drill mud and 
cuttings likely also differ substantially from the natural sediment, and 
may include contaminants, with implications for clogging and 

physiological processes in the short and longer-term. 

4.2. Recovery of the sponge from sedimentation 

The sponge observed in this study was exposed to sedimentation over 
a period of ~6 days and was interpreted to have recovered visibly to its 
pre-drilling condition based on its colour 17.8 days after the start of 
sedimentation, with further recovery for another 14 days. In experi-
mental settings, sponges have been observed to recover from acute or 
short-term exposures of hours to a few days (Pineda et al., 2017; 
Strehlow et al., 2017; Tjensvoll et al., 2013), while chronic or long-term 
exposures require longer recovery times, with some still not recovered 
14 days post-exposure (Cummings et al., 2020; Mobilia et al., 2021; 
Strehlow et al., 2017). Long-term laboratory studies may also have 
protracted exposure periods or multiple exposures, but with recovery 
times of few days to 2 weeks. These comparisons highlight the excep-
tional length of exposure and of observed recovery time to acute impacts 
in our study. It is notable that the backscatter did not attenuate to pre- 
drilling values by the end of the observations in our study, suggesting 
that some drill mud remained suspended, resulting in longer-term 

Fig. 5. Series of images of frequent and large sponge movement: (a) around peak of sedimentation and sustained northeast current speed at G, where sponge 
brightens substantially; (b) 3-hourly sequence during period of high backscatter and high variation in currents between points H–K (see Figs. 2 and 6). 
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exposure. 
Our observations indicate that drilling activity likely combines acute 

sedimentation impact during the initial period, from which at least 
partial recovery was observed, with chronic exposure evident from 
continued elevated backscatter. Direct comparisons between the re-
covery in these in-situ conditions to previous (laboratory) experiments is 
challenging because of the breadth of variables involved. Most previous 
studies involved shallow-water species of varying morphologies, used 
different types of sediment of varying particle sizes and concentrations, 
with exposure over short and longer time periods, and tested for re-
covery using a variety of metrics (e.g., visual, physiological). Here we 
focus on studies of visible impacts in morphologically-similar sponges, 

as recovery is morphology- and/or species-specific (Bell et al., 2015; 
Pineda et al., 2015; Pineda et al., 2017), to sedimentation by particles 
within the size range of the drilling mud. Pineda et al. (2015) found that 
massive and cup-shaped sponges were prone to impacts from sedimen-
tation, with other erect morphologies less likely to be affected and faster 
to remove settled sediment. The same authors found that a wide cup- 
shaped sponge (Carteriospongia foliascens, with a similar morphology 
to Phakellia) that they studied was 80 % covered with fine sediment (63 
μm in size) and recovered to 50 % coverage after 15 days. In another 
study, a thin, fan-shaped sponge (Ianthella basta) recovered from acute 
sediment exposure (18 μm for 48 h) within 3 days, while recovery from 
chronic exposure (29 μm for 4 weeks) took >2 weeks (Strehlow et al., 

Fig. 6. Sum of sponge movement (a) over 6-hours, and current speeds as hourly (grey) and 6-hour rolling mean (black) of measured (b) north and (c) 
east components. 
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2017). The recovery times from these controlled experiments indicate 
that for combined acute and chronic types of sedimentation, such as was 
observed in our study, recovery may exceed 15 days, in line with our 
observations. Recovery may occur in stages, with some recovery from 
acute effects occurring at shorter timescales, followed by more pro-
longed recovery from chronic exposure, potentially as exposure con-
tinues. Observations of other sponge specimens at the site exposed to the 
sedimentation event provide evidence of longer-term impacts, with 
sediment and drill cuttings visible in the base of the ‘cups’ of specimens 
(Fig. 4). Our quantified observations focus on the erect portion of the 
sponge visible in the images, so such impacts are not considered. Future 
in-situ experiments should consider examining combined acute and 
chronic exposure. 

Understanding the impacts of sedimentation on sponges is also 
dependent on knowledge of the concentration of suspended sediments to 
which a specimen is exposed. In real-world sedimentation events, such 
as the one observed in this study, sediment is dispersed from the source 
in space and time through settling and water movements. Laboratory 
studies often target particular concentrations (and/or particle sizes) of 
sediment with the aim of establishing thresholds for harm. A key paper 
in this regard is the sensitivity study identified a sediment burial 
threshold of 6.3 mm for benthic species through a literature review 
(Smit et al., 2008). This threshold has subsequently been referenced in 
experimental studies on suspension-feeders (Allers et al., 2013; Larsson 
and Purser, 2011). However, the burial depth threshold of 6.3 mm does 
not align to field observations near oil and gas drilling sites (Norwegian 
Pollution Control Authority, 2008; Trannum et al., 2010). Furthermore, 
using a burial threshold has two major limitations: (1) it does not 
directly relate to the concentration of sediment and drill muds particles 
in suspension in the water, (2) it does not allow for simple quantification 
in the field, such as in seabed images or videos. Therefore, there is a need 
to move away from the burial threshold measurement towards metrics 
that can be measured through imagery surveys and reflect exposure 
severity, such as estimates of sediment concentrations in suspension. 
Direct comparison of the observations in this study with those of 
laboratory-based studies is precluded by a lack of direct calibration of 
backscatter and brightness to define absolute sediment concentrations, 
but some insight into the chronic exposure may be gained from other 
studies that deployed a similar acoustic instrument. In such a study, 
where full backscatter attenuation also did not occur, suspended sedi-
ment concentrations of ~1–3 mg L− 1 were recorded (e.g., Zhang et al., 
2014). Similar concentrations may thus be applicable at our site; how-
ever, this value will likely vary based on differences in particle size (e.g., 
Haalboom et al., 2021; Thorne and Hanes, 2002). This concentration 
range is lower than the concentrations used in many experimental 
studies. For example, physiological responses, including reductions in 
respiration and filtration, have been observed at concentrations of 
10–80 mgL− 1 (Grant et al., 2018; Kutti et al., 2015; Mobilia et al., 2021; 
Tjensvoll et al., 2013). This points to the importance of studying the 
impacts of longer-term exposures at lower concentrations, as observed 
in the latter portion of this study, as these exposures were found to have 
more permanent effects (Kutti et al., 2015). In addition, establishing 
calibrations between measured sediment concentrations and in-situ 
measurements (e.g., backscatter or brightness) will be important to 
better quantifying the impacts of sedimentation using in-situ sensors. 
Regardless, our study provides a valuable link between observed sedi-
ment suspensions and the effects on a sponge in a real-world setting. 

4.3. Backscatter and image brightness as representations of sedimentation 
impact 

In the absence of any physical calibration, we cannot provide a 
robust conversion of acoustic backscatter to absolute suspended sedi-
ment concentration, and such an inversion is sensitive to both temporal 
and vertical changes in grain size and density (Moate and Thorne, 2012; 
Thorne and Hanes, 2002; Thorne et al., 2011). However, the observed 

changes in acoustic backscatter based on prior studies that have 
considered similar frequency instruments provide some context. The 
Seaguard RCM operates in the 1.9–2.0 MHz band, which is equivalent to 
a wavelength of 750 μm. At this wavelength, Doppler current profilers 
have a maximum sensitivity for particles of diameter 238 μm, and can 
detect particles down to diameter 60 μm, for which backscatter power is 
<1/10 of peak backscatter power (Guerrero et al., 2012; Guerrero et al., 
2011; Henry et al., 2021). The Seaguard RCM should therefore be mostly 
sensitive to the presence of sand-sized particles, larger than 60 μm. As 
the drilling mud was fine-grained (median particle size 6–75 μm), much 
of this material may fall below the theoretically detectable limits of the 
Doppler Current Sensor. By contrast, the natural sediment at the site is 
extremely variable spatially, but generally much coarser than the drill 
mud. Thus, it is likely that these coarser natural sediments will provide a 
more distinct signature in the recorded backscatter data, while the fre-
quency used may not adequately record the finer drill mud. Detection of 
sediments in the backscatter data may also be biased by the sediment 
moving towards the sensor in particular directions of current flow, or 
when sediment is more prone to resuspension by higher bed shear 
stresses. Future experiments should consider an array of current meters, 
including multiple frequencies of instrument appropriate to the antici-
pated particle size range along with sediment traps or settling plates to 
provide calibration to quantitatively link acoustic backscatter and 
brightness in photographs to sediment concentrations. 

The backscatter and image brightness measures of turbidity did not 
match across the period of observation. Correlation between the two 
metrics during the main sedimentation period suggests that brightness 
detection in seabed photography may be a reasonable method for 
detecting heavy sedimentation. However, this method missed the 
elevated backscatter during the later period of observation. In addition, 
sponge colour was correlated to backscatter and not brightness. These 
results suggest that the backscatter likely detected particles that were 
not visible in the image brightness, in this case the natural sediment may 
not be detected well in the image brightness. Thus, it is likely that the 
particles detected only in the backscatter originated as drill mud rather 
than from the local sediment. 

The impact of these small particles, potentially from the drill mud, 
was likely also missed from our assessment of sponge impact using 
photographic methods. Firstly, image-based methods only detect visible 
changes to the exterior of the specimen, so internal impacts, which are 
known results of sedimentation on sponges (Cummings et al., 2020), are 
neglected. In addition, larger particles collecting on the surface of the 
sponge provide more substantial colour change and would be more 
readily detected using the brightness method. Observed changes to 
sponge colour likely reflect either the collection of large particles or 
heavy deposition of small particles, so both the sedimentation and the 
recovery estimates using this method likely underestimate the true 
changes. Thus, the image brightness approach may detect acute heavy 
sedimentation rather than lower concentration chronic impacts. While 
seabed imaging is gaining popularity as a cost-effective method for 
monitoring the health seabed habitats, providing the ability to assess 
water column sedimentation, deposition and movement behaviour, 
these limitations in detecting smothering impacts should be considered. 

4.4. Possible mechanisms of sponge recovery 

The recovery of the sponge involved brightening, which is inter-
preted to be a result of removal of sediment from the surface of the 
sponge. This mostly occurred gradually, but with notable inflection 
points where appreciable brightening occurred rapidly. For example, the 
rapid removal of sediment within a few hours at point G, coinciding with 
an increase in sediment in the water column. The mechanisms employed 
by Axinella or Phakellia sponges for the removal of sediment are un-
known, but other species use mucous production, exclusion of particles 
by incurrent pores, closing of oscula and ceasing pumping, expulsion of 
particles from aquiferous system, reducing their aquiferous system 
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volume, and tissue sloughing (Barthel and Wolfrath, 1989; Strehlow 
et al., 2017). Mechanisms by which sponges remove local sediments may 
(or may not) be suitable for removing drill mud, with its different 
composition, particle size and shape, and concentrations. 

Active behaviours to remove sediment have also been observed, 
including “coughing” and “sneezing” of mucous, with contractions in 
~20–50 min (Grant et al., 2018; Kornder et al., 2022). These types of 
behaviour may be the reason for the sudden change in sponge colour, 
despite the lack of correlation between sponge movement and bright-
ness, because the hourly image interval was too long to capture such 
behaviour. Active behaviours involving movement may be reduced in 
specimens with substantial ballasting from depositing drill cuttings or 
rock chips, such as those observed near the site (Fig. 4). 

The mechanism for sediment removal may have been passive, as a 
result of changes in current speed and direction. Alterations to the 
current speed and direction at point G and in the period between H and 
K, particularly at short intervals, may have induced sediment removal 
and sponge brightening. The correlation of the movement of the sponge 
to the backscatter, may be related to the changes current speed and 
direction resulting in resuspension of fine material. Sponge movement in 
this case may be passive as the result of currents, or active in response to 
them. However, the frequency of images does not facilitate investigation 
of the relative roles of active and passive sediment removal mechanisms 
in detail. Sediment removal may also have been enabled by the crusta-
cean observed living on the sponge, as this mechanism has been 
observed for other mutualist relationships with sponges (Hendler, 1984; 
Henkel and Pawlik, 2014). Mutualist and active sediment removal may 
be important recovery for sponges in habitats in less vigorous hydro-
dynamic settings, where passive removal by currents may be limited, 
such as the abyssal seafloor targeted for mining (e.g., Durden et al., 
2021; Herzog et al., 2018; Kersken et al., 2017; Simon-Lledó et al., 
2019). 

5. Conclusion 

This study contributes an important in-situ observation of the 
response of a sponge to a real-world hydrocarbon drilling event. It adds 
to a growing body of evidence of the impacts of industrial sedimentation 
to sponges. In-situ observing is necessary for understanding the impacts 
to deep-sea species that cannot be brought to the surface for laboratory 
experiments. Similarly, in-situ observing is critical to monitoring in-
dustrial impacts to those organisms in remote habitats, particularly as 
sediment-generating industrial activities increasingly target deep water 
over vast areas (Aleynik et al., 2017) and local hydrodynamic conditions 
could extend fine-grained sediment plumes to distances of hundreds of 
kilometres (Bradshaw et al., 2012; Durrieu De Madron et al., 2005; 
Schoellhamer, 1996). The combination of laboratory studies and in-situ 
observations provide valuable quantifications of the impacts, responses 
and potential for recovery for benthic organisms that will be important 
for the designation of conservation actions and to conducting environ-
mental risk and impact assessments for hydrocarbon drilling, dredging, 
trawling and deep-sea mining. Collaborations with these industries to 
monitor the impacts of trial work should be encouraged. Finally, in-situ 
observations of impact and recovery from sedimentation will be 
important in understanding the intersection of sedimentation with other 
industrial and climate change impacts, as the pressures on sponges and 
marine organisms accumulate (Levin et al., 2020; Washburn et al., 
2019). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2023.114870. 
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