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Abstract 

 The study of anthropogenic impacts on benthic fauna, including cold-water corals 

(CWC), has increased in recent decades, but the state of knowledge fails to keep up with the 

rapid expansion of industry in the marine environment. Here, I aimed to experimentally probe 

the effects of two prominent marine industries, aquaculture and oil and gas exploration, on three 

representative benthic species. The first study explored the effects of finfish waste (feed and 

feces) on the soft coral Gersemia rubiformis and the sea anemone Aulactinia stella over 28 days. 

Results showed a potential difference in expansion behaviour in waste-exposed individuals 

compared to controls (no or inorganic sediment) for both species, as well as higher instances of 

pharynx eversion in A. stella. No change in lipid composition was detected as a result of waste 

sedimentation, although an increase in tracer fatty acids associated with salmon waste showed 

positive trends across treatments, especially in A. stella. The second study evaluated the effects 

of drilling muds from oil and gas exploration on the cup coral Flabellum (Ulocyathus) 

alabastrum. After 10 days of exposure to barite, bentonite, or a combination of the two, marked 

changes in behaviour (excessive polyp expansion) and mucus secretion were observed, along 

with a potentially higher density of stinging cells (nematocytes) in the combination treatment. An 

additional 10-day recovery period revealed a high recovery potential to the tested sedimentation 

rate (<6.3 mm). These findings contribute to the knowledge of potential impacts of marine 

industries on ecologically significant benthic animals like CWC and hopefully provide useful 

data towards their management and conservation. 
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General Summary 

 Ocean-based human activities, such as aquaculture and oil/gas exploration, may pose a 

threat to benthic (bottom-dwelling) animals. This project explored the impacts of wastes 

produced by these industries on two species of cold-water corals and a sea anemone through two 

experimental studies. The first study exposed the coral Gersemia rubiformis and the sea anemone 

Aulactinia stella to fish waste (feed and feces) over 28 days. Results indicated that fish waste 

may influence behaviour and fatty acid composition of their tissue. The second study 

investigated the effects of drilling mud products (barite and bentonite), supplied separately and 

together over 10 days, on the deep-sea coral Flabellum (Ulocyathus) alabastrum. The results 

showed strong responses in the polyp behaviour and mucus secretion due to exposure, especially 

when barite and bentonite were combined. These studies were the first of their kind for species 

ubiquitous in the Newfoundland region and can provide the basis for future research questions. 
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1 Chapter 1 - General Introduction 

Termed as the ‘blue acceleration’, extraction and use of ocean resources has been 

intensifying over the past decades to sustain global development (Figure 1-1, Jouffray et al. 

2020). Unprecedented rates of industrial expansion in the ocean are accelerated by technological 

advances, and coupled with increased demands for food, space and material (Jouffray et al. 

2020). This may pose risk to marine organisms through physical, chemical and biological 

disturbances (Ragnarsson et al. 2016). 

Benthic organisms (those living on or closely associated with the seafloor), especially 

those with limited or no mobility, are particularly susceptible to anthropogenic disturbance 

(Aguilar et al. 2017). Many of these animals, such as sponges and corals, live attached to hard 

substratum or anchored in the sediment. By feeding on particulates in the water column, they 

play a vital role in benthic-pelagic coupling (nutrient cycling, Rossi et al. 2017). However, as 

suspension feeders are often non-selective (within their particle size range), they are susceptible 

to exposure and potential ingestion of particles of anthropogenic origin (Hamann and Blanke 

2022). This could include microplastics (Hamann and Blanke 2022), as well as waste produced 

through ocean-based industries (e.g. aquaculture, oil and gas exploration). This may increase the 

vulnerability of many sessile benthic taxa (e.g. corals) to disturbance from industry activities, 

leading to broader ecosystem effects. 

1.1 Cold-water corals (CWC) 

1.1.1 Importance and life-history traits 

CWC are important contributors to species richness and abundance in cold-water and deep-

sea environments (Buhl-Mortensen and Mortensen 2005, Edinger et al. 2007, Baillon et al. 2014, 

De Clippele et al. 2015) as they can function as ecosystem engineers. Previous studies have 
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shown that CWC can represent important habitats for benthic organisms (Neves et al. 2020, 

Caulier et al. 2021, Boulard et al. 2022), including nurseries for larvae of commercially 

harvested fish (Baillon et al. 2012). Unlike their tropical counterparts, they lack 

photosynthesizing zooxanthellae in their tissues, meaning they do not depend on sunlight for 

survival. Though this allows them to inhabit depths beyond that of the photic zone, as 65% of 

known coral species exist below 50 m (Roberts et al. 2009), they can be faced with challenges of 

deep, cold environments (e.g. food availability) which when combined with certain life-history 

traits (i.e. slow growth, later maturation) may further hamper recovery from disturbance.  

Data on the life history of CWC is sparse or non-existent for most species. Slow growth 

rates and long life-spans seen in many CWC species suggest that recovery from disturbances can 

take decades, if not centuries (Risk et al. 2002, Sherwood and Edinger 2009, Neves et al. 2015, 

Neves 2016, Prouty et al. 2016). As a result of slow growth, a late age (several years) at sexual 

maturity is presumed (Waller et al. 2023). Fecundity can vary greatly with species (<10 to >1000 

oocytes per polyp) and while data is limited (Waller et al. 2023), indications of low recruitment 

have been reported in situ (Huvenne et al. 2016, Beazley et al. 2021). Thus, dependence on 

regrowth or recolonization are not effective means of conservation (Huvenne et al. 2016).  

1.1.2 Research gaps and impacts of ocean-based industries on CWC 

Without an extensive fundamental understanding of their biology and life history, 

predicting the effects of anthropogenic disturbances on CWC is difficult and warrants 

investigation. The lack of information on the influence of expanding industries (e.g. fishing, 

deep-sea mining, submarine cabling, wind farms, aquaculture, oil and gas) on CWC is 

concerning for management of these organisms and, by association, other marine species that 

depend on them. 



1-3 

CWCs are widely known to be damaged by fishing activities including bottom trawling, 

bottom-set longlines, bottom-set gill nets, pots and traps (Ragnarsson et al. 2016). With these 

methods, gear is set or dragged across the seabed, which can result in physical damage to CWC. 

The detrimental impacts of fishing on CWC are well documented (Althaus et al. 2009, Rooper et 

al. 2011, Sampaio et al. 2012, Pierdomenico et al. 2018) and in some cases measures (e.g. 

establishing Marine Protected Areas (MPAs)) have been taken to conserve CWC in areas of 

fishing pressure (Ragnarsson et al. 2016, Huvenne et al. 2016). 

Research efforts on the effects of deep-sea mining have recently begun. To my knowledge, 

the work by Ramirez-Llodra et al. (2015) was the first to investigate the effects of deep-sea 

mining on CWC. Since then, research on this topic has accelerated and shown that exposure to 

metals and sediment associated with mining (copper, sulphide, polymetallic sulphide particles) 

can lead to tissue loss and mortality (Martins et al. 2018, 2022, Carreiro-Silva et al. 2022). 

Bioaccumulation and physiological impacts (increased respiration and ammonia excretion) have 

also been recorded, highlighting the importance of considering combined effects of mechanical 

and toxicological properties of different particle types (Carreiro-Silva et al. 2022). 

The impacts of submarine cables on CWC are also not well understood. Nearly 1 million 

kilometers of submarine cables were installed in marine environments as of 2016 (Ragnarsson et 

al. 2016). They are often buried under the seabed, or otherwise laid on top with a form of 

protection (e.g. concrete mattresses, Taormina et al. 2018). Though specific impacts on CWC are 

not prevalent in the literature, general impacts on the benthic habitat from submarine cable 

operations may include physical destruction, sediment resuspension during burial (may also 

release chemicals, e.g. hydrocarbons), heat emission, and noise pollution (Taormina et al. 2018).  
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An increased interest in the operation of offshore wind farms for energy production has 

risen over the past few years with a recognized need for renewable energy sources. Effects of 

installation and operation of offshore wind farms on CWC still needs assessment, with negative 

effects on the abundance and biomass of benthic species reported around wind farms (Watson et 

al. 2024). Though it is noted that offshore structures may provide settlement habitat for macro-

invertebrates, potential proliferation of invasive or opportunistic species on these structures has 

been raised as a concern, which may impact local benthic communities (Watson et al. 2024). As 

well, offshore wind farms are predicted to increase total carbon flux to the benthos (Ivanov et al. 

2021), which could have implications for suspension-feeding organisms such as CWC. 

It is clear much is yet to be learned regarding the impacts of industry activities on CWC, 

especially those which have had major advancements in the last decade. Of focus in this thesis 

are two industries that are experiencing growth in many regions worldwide yet the effects on 

CWC are largely unknown: finfish aquaculture and oil and gas exploration.  

1.1.2.1 The effects of finfish aquaculture waste on CWC 

Deposition of wastes (e.g. excess feed/feces) underneath finfish aquaculture pens is known 

to alter benthic habitats via organic enrichment, potentially leading to hypoxic/anoxic conditions, 

as well as declines in sediment habitat quality (Karakassis et al. 1999, Hargrave 2010, 

Valdemarsen et al. 2015, Hamoutene et al. 2016, Salvo et al. 2017a). Waste deposition has also 

been shown to induce shifts in benthic community assemblages towards those of opportunistic 

species (e.g. Capitella capitata, Keeley et al. 2014, 2015, Valdemarsen et al. 2015, Hamoutene et 

al. 2016, Salvo et al. 2017a, 2017b). However, literature available on the effects of wastes 

produced through aquaculture activities on CWC is minimal and only published in recent years 

(Table 1-1). To date, only a few studies (Kutti et al. 2015, 2022, Laroche et al. 2022, Taormina et 
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al. 2024a, 2024b) and one field survey (Dunlop et al. 2021) have probed the potential effects of 

aquaculture-produced wastes on CWC. All were conducted in Norway, and studies were 

conducted solely on the reef-building scleractinian D. pertusum, sea pens (Pennatula phosphorea 

and Virgularia mirabilis) or soft coral D. florida. Though published literature on the topic is 

expanding, there are major gaps in knowledge, both taxonomically and geographically, regarding 

the effects of aquaculture waste on CWC.  

In a short-term laboratory study, Kutti et al. (2015) showed that within 2 months, fish feed 

particles increased the respiration rate and mucus production in D. pertusum fragments. A 

complementary field study conveyed that within 5 months of transplantation there was high 

survival of D. pertusum and skeletal growth was reduced only in colonies placed <250 m from 

an aquaculture site (Kutti et al. 2015). 

In a later experiment, Kutti et al. (2022) transplanted fragments of D. pertusum on a 

gradient at variable distances (250 – 2000 m) within and outside the predicted depositional 

footprint of an aquaculture site for 13 months. Results showed that fragments in closer proximity 

to aquaculture sites had lower oxygen consumption, lower growth rates, lower lipid content, and 

higher lysosomal membrane destabilization rates. The results of this study indicate that CWC 

located within the depositional footprint of aquaculture sites seemingly experience negative 

physiological and biochemical effects, which may imply a state of metabolic depression (Kutti et 

al. 2022).  

Another transplantation experiment evaluated the effects on the soft coral Duva florida 

after 7 months under aquaculture sites. Duva florida showed higher respiration correlated 

closeness to the site, as well as changes in both the microbial profile and fatty acid profile of 

transplanted specimens (Laroche et al. 2022). Additionally, Dunlop et al. (2021) surveyed 
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benthic epifauna in northern Norway using towed videos. This study described the decline of 

colony density of D. florida in the areas of highest depositional flux of particulate material 

(within 200 m from aquaculture sites). 

Research on the effects of emamectin benzoate (chemotherapeutant used for sea-lice 

treatment in some aquaculture settings) on the sea pen Pennatula phosphorea over 8 days of high 

exposure (0.8 mg L-1) was recently published by Taormina et al. (2024a). No mortality of P. 

phosphorea was observed, but the emamectin benzoate was detected within their tissues, 

suggesting a potential for bioaccumulation.  

Finally, another recent study by Taormina et al. (2024b) explored the effects of aquaculture 

waste on sea pen V. mirabilis in situ. Under an operating salmon farm, video transects revealed 

that mortality, tissue necrosis, mucus production, and polyp contraction were associated with 

closeness to the farm. As well, reductions in associated fauna were also observed in close 

proximity (<500 m). Complementary to Taormina et al. (2024a), emamectin benzoate was 

detected in the tissues of sea pens collected directly under the farm 56 days after exposure to the 

chemotherapeutant (Taormina et al. 2024b). Overall, only a handful of research studies have 

been published on the topic of the effects of aquaculture on CWC and more research in this field 

is needed as expansion of industry in CWC habitat continues. 

1.1.2.2 The impacts of oil and gas exploration on CWC 

Though oil and gas exploration is commonly listed as a threat to CWC (Roberts et al. 2009, 

Roberts and Cairns 2014, Ragnarsson et al. 2016, Cordes et al. 2016), research in this field 

remains limited. Published experimental studies on the impacts of wastes produced by oil and 

gas exploration (drill cuttings, drill muds with barite and/or bentonite) on CWC have almost 

entirely focused on D. pertusum (e.g. Larsson and Purser 2011, Larsson et al. 2013, Allers et al. 
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2013, Buhl-Mortensen et al. 2015, Järnegren et al. 2017, 2020, Baussant et al. 2018, 2022, 

Vianna da Rocha et al. 2021). This species of coral has shown a high degree of resilience against 

sedimentation of drilling waste under the examined conditions, with polyp mortality occurring 

only at higher concentrations (Larsson and Purser 2011, Larsson et al. 2013, Allers et al. 2013, 

Baussant et al. 2022). 

To my knowledge, only one experimental study has been conducted on a species of coral 

outside of D. pertusum. This study by Raimondi et al. (1997) experimentally explored the effects 

of suspended drilling muds on the brown cup coral, Paracyathus stearnsii. Results showed 

increased mortality and tissue loss with increased concentrations of drilling muds.  

The known recovery potential of CWC communities to effects of drilling wastes has also 

been of interest. In Gates and Jones (2012), video transects conducted 1 day pre-drilling, as well 

as 27 days, 76 days and 3 years post-drilling revealed noticeable reductions in densities of sea 

pens (Kophobelemnon stelliferum, Funiculina sp., Pennatula phosphorea, unidentified 

pennatulid sp.) in areas visibly disturbed by drilling, which did not show recovery 3 years post-

drilling. Recolonization of disturbed areas may be further impeded by potential impacts of 

drilling muds and cuttings on the functioning (Järnegren et al. 2017, 2020) and survival of CWC 

larvae (Larsson et al. 2013, Järnegren et al. 2017, 2020). Settlement success and survival of 

CWC on benthos disturbed by drilling wastes remain unknown, especially for those that grow 

within or on soft substrate where they would be in closer contact with remaining waste. 

Additionally, with oil and gas exploration/exploitation comes the increased risk of oil 

spills. CWC research on this topic was advanced as a result of the 2010 Deepwater Horizon oil 

spill in the Gulf of Mexico, which provided the opportunity to monitor in situ responses, with 

impacted colonies observed as far as 11 km away from the spill site (White et al. 2012). Slow 
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recovery of colonies and impacts persisting 7 years later were recorded (Girard and Fisher 2018) 

with recovery estimated to take up to 30 years (Girard et al. 2018). Chemical dispersants used in 

clean-up responses following oil spills were observed to induce reductions in CWC health, which 

were sometimes greater than those elicited by oil exposure alone (DeLeo et al. 2016), and were 

traceable in flocculent matter in contact with colonies 6 months after use (White et al. 2014). 

1.1.2.3 Multi-stressor effects 

Of note is the fact that stress caused by industrial activity may be exacerbated within 

environments that are subject to multiple pressures (e.g. habitats affected by climate change). For 

example, increasing temperatures have the potential to reduce growth and increase respiration in 

CWC (Reynaud et al. 2021). As well, effects of ocean acidification under predicted future 

conditions have shown potential changes in gene expression (Glazier et al. 2020, Servetto et al. 

2021), calcification (Gómez et al. 2018, Steiner et al. 2018, Maier et al. 2021), respiration 

(Gammon et al. 2018), reproduction (Rossin et al. 2019), as well as polyp and tissue loss 

(Gammon et al. 2018). Energetic requirements needed for CWC survival under future climate 

scenarios, such as those associated with maintaining calcification under lower pH (Wall et al. 

2015), may be more demanding when combined with additional stressors from industry activity. 

For example, the gorgonian Primnoa resedaeformis had physiological changes (in respiration, 

nitrogen excretion, lysosome stability, O:N ratios) when exposed to simulated mine tailings 

(crushed granite) and elevated temperature conditions (13 °C), which were sometimes more 

pronounced under a combination of the two treatments (Scanes et al. 2018). 

1.1.3 Challenges in CWC experimental research 

CWC research has long been limited by the constraints associated with the collection and 

surveying of organisms, especially for deep-water taxa. Though there have been advances (e.g. 
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habitat mapping technology, remotely operated vehicles) in the past decades (Roberts et al. 

2009), challenges remain. Among them is physical access to CWC, especially deep-sea species. 

For experimental or in situ studies, collecting statistically powerful sample sizes can prove 

difficult. These difficulties often lead to small sample sizes which can create high variation in 

results. Collection constraints can also introduce a depth bias to favour shallower, more 

accessible samples (Waller et al. 2023). As such, colony fragmentation (breaking a colony into 

pieces) to increase sample size is commonplace in experimental studies, particularly for colonial 

scleractinians or large gorgonian species (e.g. Larsson and Purser 2011, Allers et al. 2013, 

Gammon et al. 2018, Baussant et al. 2018, Rossin et al. 2019, Weinnig et al. 2020, DeLeo et al. 

2021) which can present genetic entanglements among other caveats. For example, in both 

Glazier et al. (2020) and DeLeo et al. (2021) variation in gene expression among fragments were 

explained more clearly by original colony source than experimental treatment.  

Maintaining live corals long enough for proper recovery from collection, acclimation to 

laboratory conditions and experiments themselves can be difficult. Effects of treatment can be 

obscured when mortality also occurs in corals used as controls (unmanipulated) during 

experiments, indicating underlying stress either from collection or the laboratory environment. It 

can also present a source of variation, for example Büscher et al. (2022) found that orange colour 

morphs of Desmophylum pertusum (published as Lophelia pertusa) were more likely to have 

polyp mortality under both control and treatment conditions compared to polyps of the white 

colour morph. Collecting and maintaining a sufficient sample size of live corals remains difficult 

for the study of many species, especially those from bathyal and abyssal depths. 
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1.2 Region and species of interest 

Situated in the Northwest Atlantic, the province of Newfoundland and Labrador has been 

experiencing growth in both aquaculture and oil/gas sectors over the past decades, making the 

need for research in these areas pressing. However, although reef-building CWC species do 

occur in Atlantic Canada (Beazley et al. 2021), they are not known to inhabit Newfoundland and 

Labrador waters (Wareham and Edinger 2007, Murillo et al. 2011, Baker et al. 2012). This 

makes management of CWC using existing published data (largely focused on the reef-building 

species D. pertusum) difficult and leaves the impacts on species present in Newfoundland and 

Labrador unknown.  

1.2.1 Aquaculture in Newfoundland and Labrador 

The main aquaculture production in Newfoundland and Labrador revolves around 

salmonids and shellfish. Atlantic salmon is the main finfish harvested, with 106 commercial 

licenses held for salmonid aquaculture in 2021 (FFA 2022). Finfish aquaculture cages are 

concentrated in the southern coast of the province (Figure 1-2), covering 6,744 ha of water with 

intentions to expand (FFA 2022). Aquaculture sites are clustered in coastal areas such as bays 

and fjords to provide adequate shelter from harsh conditions such as wave action and ice cover 

(AMEC 2002). Sites in these areas generally have low bottom currents and sills (Donnet et al. 

2018), minimizing waste dispersal and resuspension. Therefore, the probability of waste 

accumulation on sessile benthic species, including CWC, beneath aquaculture pens is high 

(Verhoeven et al. 2018, Armstrong et al. 2020, Knight et al. 2021).  

1.2.2 Oil and gas exploration off Newfoundland and Labrador 

Oil and gas drilling in offshore regions of Newfoundland and Labrador has been occurring 

for over 50 years, with 167 exploratory wells drilled between 1966 and 2016 (NSB 2016). Many 
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of these wells were concentrated in the Jeanne d’Arc region at an average depth ~100 m, but 

deep-water drilling activity (e.g. in the Flemish Pass basin) has increased in recent years (NSB 

2016). Exploratory drilling is expected to accelerate in the region with the hopes of 100 new 

wells drilled by 2030 (Oil and Gas Industry Development Council 2018). As well, with $2.6 

billion in exploratory commitments, industry growth over the next decades is projected to be 

generated by new projects rather than production from existing ones (Oil and Gas Industry 

Development Council 2018).  

Areas of important benthic habitat have been identified offshore of Newfoundland and 

Labrador (Figure 1-3). These have been identified as VMEs (19 areas, outside of Canada’s 

exclusive economic zone), significant benthic areas (SiBAs, 4 areas), ecologically and 

biologically significant areas (EBSA, 16 areas), marine refuges (MR, 5 areas) or marine 

protected areas (MPA, 1 area). Currently, all designated areas except MPAs do not prohibit 

exploratory drilling; only one MPA exists in offshore Newfoundland and Labrador (Gullage et 

al. 2022). 

1.2.3 Focal species 

Focal species for the present studies were chosen based on their presence in the region of 

interest combined with logistical constraints of collecting and maintaining CWC in aquaria. 

Gersemia rubiformis (shown in Figure 1-4) is a soft coral found ubiquitously across the 

Northwest Atlantic (Wareham and Edinger 2007), including shallow, coastal areas in close 

vicinity to aquaculture sites (Salvo et al. 2018). Its broad distribution, small size (<5 cm 

contracted height, Wareham and Edinger 2007), and previous maintenance success in laboratory 

environments (Henry et al. 2003, Caulier et al. 2021) make it an ideal target species for an 

experimental study on the effects of aquaculture waste. 
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In addition to G. rubiformis, the sea anemone Aulactinia stella (Figure 1-5) was included 

opportunistically in the study on aquaculture waste. As sea anemones can be abundant in 

temperate and cold-water habitats (Hargrave et al. 2004, Metaxas and Davis 2005, Nelson and 

Craig 2011), this study provided the possibility to concurrently collect data on this group which 

have also been recorded commonly near aquaculture sites (Salvo et al. 2018, Hamoutene et al. 

2015).  Additionally, as sea anemones share a similar morphology to a coral polyp, often share 

the same feeding strategy (i.e. suspension-feeding), and are understudied in the same respect, 

their inclusion was intended to be complementary to that of G. rubiformis. Aulactinia stella is 

common in shallow, coastal environments (0-178 m, Ivanova and Grebelnyi 2021) of the north-

eastern coast of North America (Brunel et al. 1998) and was present at the same site as G. 

rubiformis, which was convenient for collection purposes. Aulactinia stella has also previously 

been maintained in laboratory conditions for long-term experiments (Mercier et al. 2016), 

making it a suitable addition to this study. 

Flabellum (Ulocyathus) alabastrum is a solitary cup-coral that inhabits the deep sea (218 

to 1433 m, Wareham and Edinger 2007). Its distribution range includes the Flemish Pass 

(Murillo et al. 2011), which is an active area of interest for oil and gas exploration (Figure 1-6). 

This species has a singular, large polyp sheltered within an external skeleton (Figure 1-7). 

Flabellum alabastrum lives unattached on soft sediment and is often found in high densities, 

making collection of many individuals with limited physical damage feasible compared to 

species that live attached to hard substratum. In addition, F. alabastrum has had long-term 

success surviving in laboratory settings (Buhl-Mortensen et al. 2007, Hamel et al. 2010). Thus, 

F. alabastrum was chosen as a species of interest to explore the effects of wastes from oil/gas 

exploration. 
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1.3 Objectives and chapter structure 

This thesis aims to explore the potential effects of waste from two prominent marine 

industries, i.e. aquaculture and oil/gas exploration, on representative epibenthic species from 

cold-temperate benthic environments that occur in the Newfoundland and Labrador region. Two 

experimental studies were conducted towards the completion of the thesis and are structured as 

the two following data chapters. 

The objective of Chapter 2 was to begin to understand the effects of aquaculture wastes 

(fish feed and feces) on Gersemia rubiformis and Aulactinia stella. This was done through the 

combination of behavioural monitoring and fatty acid/lipid analyses to investigate whether waste 

was being avoided or potentially assimilated. 

The objective of Chapter 3 was to investigate the impacts of wastes produced by offshore 

drilling (barite and bentonite) on the deep-sea cup coral Flabellum alabastrum. This was 

accomplished by analyzing behaviour through daily photography to observe physical reactions to 

sedimentation, as well as conducting histological work to explore potential changes in cellular 

defense mechanisms (cnidocytes, or stinging cells). 

The final chapter summarizes the key findings and furthers the discussion of the two data 

chapters, as well as identifies directions for future research. 

It is anticipated the findings will provide valuable insights with respect to the conservation 

of benthic environments, including the conservation of CWC habitats, where knowledge is 

currently limited or non-existent. As well, this project hopes to further our fundamental 

understanding of CWC and sea anemones, which are dominant in many coastal and deep-water 

benthic communities (Hargrave et al. 2004, Metaxas and Davis 2005, Wareham and Edinger 

2007).   
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1.5 Tables 

Table 1-1: Potential effects of finfish aquaculture waste on cold-water corals described in 

published literature. 

Measured 

parameter 

Effect (elevated ↑ or 

depressed ↓) 

Study duration 

(months) 

Species and 

reference 

Ammonia excretion Variable 13 D. pertusum; Kutti et 

al. (2022) 

Associated fauna ↓ N/A V. mirabilis; 

Taormina et al. 

(2024b) 

Bioaccumulation 

potential of 

chemotherapeutants 

↑ 8 d, 2 P. phosphorea, V. 

mirabilis; Taormina 

et al. (2024a, 2024b) 

Cellular stress 
(lysosomal membrane 

destabilization rates) 

↑ 13 D. pertusum; Kutti et 

al. (2022) 

Colony density ↓ N/A D. florida; Dunlop et 

al. (2021) 

Energy reserves (lipid 

content) 

↓ 13 D. pertusum; Kutti et 

al. (2022) 

Erosion of dead coral 

skeleton 

↑ 5 D. pertusum; Kutti et 

al. (2015) 

Growth ↓ 5, 13 D. pertusum; Kutti et 

al. (2015, 2022) 

Mucus production ↑ 2 D. pertusum, V. 

mirabilis; Kutti et al. 

(2015) and Taormina 

et al. (2024b) 

Polyp extension ↓ N/A V. mirabilis; 

Taormina et al. 

(2024b) 

Respiration ↑ / ↓ 2 / 7, 13 D. pertusum, D. 

florida; Kutti et al. 

(2015, 2022), 

Laroche et al. (2022) 

Tissue necrosis ↑ N/A V. mirabilis; 

Taormina et al. 

(2024b) 

 

D. florida = Duva florida 

D. pertusum = Desmophyllum pertusum 

P. phosphorea = Pennatula phosphorea 

V. mirabilis = Virgularia mirabilis 
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1.6 Figures 

 

Figure 1-1: Global trends in ocean activities between 1970 and 2020, unmodified from Jouffray 

et al. (2020; open access under CC by 4.0). 

 

 

 

 

 

 



1-30 

 

Figure 1-2: Sites of cage aquaculture (indicated by brown dots) along the south coast of 

Newfoundland and Labrador (NL), Canada. Inset situates NL cage aquaculture sites in a broader 

context. Created using the Canadian Marine Planning Atlas – Atlantic (Fisheries and Oceans 

Canada, Open Government Liscense). 

 

https://www.dfo-mpo.gc.ca/oceans/planning-planification/atlas/index-eng.html
https://www.dfo-mpo.gc.ca/oceans/planning-planification/atlas/index-eng.html


1-31 

 

Figure 1-3: Identified vulnerable marine ecosystem (VME) habitats and significant benthic areas 

(SiBAs) in the Newfoundland and Labrador region. Figure retrieved from Gullage et al. (2022, © 

His Majesty the King in Right of Canada, as represented by the Minister of the Department of 

Fisheries and Oceans). 
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Figure 1-4: Illustration of Gersemia rubiformis, including (A) a live whole colony (height in 

photo ~8 cm) and (B) illustration of a single polyp. 
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Figure 1-5: Illustration of Aulactinia stella from (A) a top (diameter in photo ~4 cm) and (B) 

side view. 
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Figure 1-6: Active oil and gas exploration licenses (green polygons; as of April 2023), 

significant discovery licences (pink polygons) and previous exploratory wells (grey dots) in the 

Newfoundland and Labrador region, Canada. Inset shows closer view of region with active 

exploratory licenses. Created using the Canadian Marine Planning Atlas – Atlantic (Fisheries and 

Oceans Canada, Open Government Liscense). 

 

https://www.dfo-mpo.gc.ca/oceans/planning-planification/atlas/index-eng.html
https://www.dfo-mpo.gc.ca/oceans/planning-planification/atlas/index-eng.html
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Figure 1-7: Illustration of Flabellum alabastrum from (A) front and (B) top view. Polyp 

diameter ~7 cm in photos. 
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2 Chapter 2 - Effects of finfish aquaculture waste on the soft coral Gersemia 

rubiformis and sea anemone Aulactinia stella 

 

Abstract 

Offshore finfish aquaculture production can alter benthic communities through the 

sedimentation of fish feces and excess feed. The impact of aquaculture wastes on habitat-forming 

species such as cold-water corals, and other sessile taxa, is not well understood. Here, the soft 

coral Gersemia rubiformis and the sea anemone Aulactinia stella were exposed twice daily to 

low (5 g C m-2 d-1) or high (10 g C m-2 d-1) concentrations of salmon feed/feces, inorganic 

sediment (0 g C m-2 d-1), or no sedimentation over 28 d. When exposed to wastes, Gersemia 

rubiformis spent more time with its polyps deployed and fully contracted its main trunk less 

frequently, which may assist with sediment removal. Individuals of A. stella exposed to wastes 

spent more time with their tentacles extended and increased eversions of their pharynx, 

potentially as feeding mechanisms. Microbial mats began to develop on the salmon waste in the 

bottom of tanks after 21 d of high-waste and 25 d of low-waste treatment. Lipid composition of 

the tissues changed over time independent of treatment in A. stella, with no detectable change in 

G. rubiformis. Fatty acids associated with salmon waste (18:26 and 18:19) were elevated in 

the biochemical profiles of both species, potentially suggesting selective assimilation of salmon 

feed. Results from this study indicate that behavioural and biochemical effects can be observed 

over a short period of exposure to aquaculture wastes in both G. rubiformis and A. stella, with 

trends raising important questions regarding the effects of long-term sedimentation. 
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2.1  Introduction 

By 2030, aquaculture is projected to account for ~60% of the aquatic food produced for 

human consumption (FAO 2022). Marine and coastal aquaculture alone generated 8.3 million 

tonnes of finfish in 2020 and growth is expected as food demands increase (FAO 2022). As 

aquaculture continues to expand across many coastal habitats worldwide, it is important to 

consider the ecological consequences of waste byproducts generated by this industry. 

The two main wastes produced by finfish aquaculture are fish feces and excess 

(unconsumed) feed. Discharge of waste varies in particle size, density and settling velocity (Hills 

et al. 2005), while dispersal is influenced by factors including water currents and bathymetry 

(Hills et al. 2005, Valdemarsen et al. 2015). Aquaculture sites are often located in bays and 

fjords where protection from harsh environmental conditions (e.g. wave action, low 

temperatures, ice cover) is provided (Levings et al. 1995, Bay et al. 2018). Hence, oceanographic 

conditions often characteristic of these environments (e.g. low currents, DFO 2016) could 

increase the probability of waste accumulation on the benthos beneath aquaculture pens 

(Hamoutene et al. 2016). 

The impact of aquaculture wastes on benthic habitats can be visually identified through 

the presence of bacterial mats, flocculent matter, and high densities of opportunistic polychaetes 

(Hamoutene et al. 2015). Organic enrichment can affect near-bottom water quality leading to 

anoxic conditions (Hills et al. 2005, Keeley et al. 2015), and result in changes to the benthic 

community structure (Hills et al. 2005, Keeley et al. 2015, Sanchis et al. 2021). Declines in 

benthic taxon abundance and richness have also been associated with proximity to aquaculture 

sites (Hamoutene et al. 2015, González-Gaya et al. 2022). Recovery after the cessation of 

aquaculture activities is difficult to predict and environmental remediation could take years 
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(Brooks et al. 2004, Keeley et al. 2014, 2015, Hamoutene et al. 2018b, Verhoeven et al. 2018). 

Our current understanding of how aquaculture wastes impact benthic communities is largely 

derived from broad assessments of biodiversity or species richness (Neofitou et al. 2012, 

Valdemarsen et al. 2015, Keeley et al. 2015, Salvo et al. 2017, Hamoutene et al. 2018a). Direct 

impacts, especially those on sessile epibenthic taxa such as cold-water corals and sea anemones 

who have no/limited mobility, are not well understood.  

Cold-water soft corals, common in temperate coastal environments, provide shelter and 

habitat for benthic organisms (Poulos et al. 2013, Neves et al. 2020, Caulier et al. 2021). In situ, 

the soft coral Duva florida has shown reduced densities within the depositional footprint (<200 

m) of salmonid aquaculture farms at depths of 67-110 m (Dunlop et al. 2021). It has also shown 

potential feeding difficulty suggested by reductions in fatty acids and increased respiration after 

7 months of transplantation close to farms (<350 m, Laroche et al. 2022). The known effects of 

waste deposition from aquaculture on soft corals is minimal, however a limited number of 

studies exist regarding other cold-water coral species. For instance, the scleractinian coral 

Desmophyllum pertusum (formerly called Lophelia pertusa) showed increased respiration and 

mucus production after exposure to fish feed over a period of two months in the laboratory (Kutti 

et al. 2015). Complementary field studies conducted by Kutti et al. (2015) in Norway revealed 

that within 250 m of salmonid aquaculture sites, transplanted fragments of D. pertusum had high 

survival but lower growth rates after 5 months. The respiration, lipid content, growth and 

budding rates of D. pertusum have also shown to be lower inside than outside of the predicted 

area of aquaculture impact after 13 months of transplantation (Kutti et al. 2022). As well, a 

recent study by Taormina et al. (2024) explored the effects of aquaculture waste on the sea pen 

Virgularia mirabilis in situ. Under an operating salmon farm, video transects revealed that higher 
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instances of mortality, tissue necrosis, mucus production, and polyp contraction were associated 

with proximity to the farm. Reductions in associated fauna were also observed in close distances 

(<500 m, Taormina et al. 2024).  

Other sessile suspension-feeding cnidarians such as sea anemones may also be exposed to 

chronic sedimentation of aquaculture waste. While they can be abundant and often dominant in 

temperate and cold-water habitats (Hargrave et al. 2004, Nelson and Craig 2011), their 

vulnerability to anthropogenic disturbances remains understudied (Steinberg et al. 2020). A 7-

month transplantation experiment of the sea anemone Hormathia digitata showed mortality (7% 

of transplanted individuals) correlated with the proximity to salmon aquaculture sites in Norway 

(Laroche et al. 2022). Potential increases in energy stores (mono-unsaturated fatty acids), as well 

as changes in the microbiome profile of their tissue were also reported (Laroche et al. 2022). 

Additionally, higher abundances of plumose anemones (Metridium spp.) have been recorded at 

sites within the depositional footprint of salmon aquaculture in comparison to reference sites off 

the west coast of Canada (Sutherland et al. 2018), which may indicate a resilience to waste 

sedimentation in some species. Similarly, previous mesocosm experimentation has indicated the 

potential ability of the tropical sea anemone Mesactinia genesis to dominate competitors, 

including the tropical scleractinian Acropora muricata, under increased nutrient-rich 

sedimentation (Liu et al. 2015). Experimental studies on the impacts of aquaculture waste on 

cold-water soft corals and sea anemones are scarce and have yet to be conducted in the 

laboratory where parameters such as behaviour can be directly observed. 

Here, we present an experimental study focused on the soft coral Gersemia rubiformis 

(Ehrenberg, 1834) and sea anemone Aulactinia stella (Verrill, 1864). Gersemia rubiformis 

inhabits depths between 1 m (Henry et al. 2003) and 1249 m (Wareham and Edinger 2007) but is 
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commonly found <250 m (Wareham and Edinger 2007, Sswat et al. 2015, Nadtochy et al. 2017, 

Imbs and Dang 2017). Aulactinia stella is common in shallow water environments (0-178 m, 

Ivanova and Grebelnyi 2021) of the north-eastern coast of North America (Brunel et al. 1998). 

Both Gersemia sp. and sea anemones have been commonly recorded under current (Salvo et al. 

2018a) and proposed (DFO 2022a, 2022b) aquaculture sites in the Newfoundland region 

(Canada).  

The purpose of this study was to investigate the potential impacts of waste (fish feed/feces) 

sedimentation from finfish aquaculture on the behaviour and biochemistry of G. rubiformis and 

A. stella. The specific objectives were to (1) assess behavioural responses to two concentrations 

of aquaculture waste; (2) explore whether concurrent changes in lipid and fatty acid profiles 

could indicate assimilation or tracing of aquaculture wastes; (3) compare behaviour and 

biochemical profiles between individuals exposed to waste vs. inorganic sedimentation to 

determine whether observed effects are caused by sedimentation alone. 

2.2  Methodology 

2.2.1 Species collection and acclimation 

Colonies of G. rubiformis (n = 60) and individuals of A. stella (n = 60) were collected by 

divers from Island Cove (Newfoundland, eastern Canada, 47.1000, -52.8980) at depths of 

approximately 11-12 m and 3-5 m, respectively, on October 14, 2021. Both species were 

transferred temporarily to cylindrical fibreglass mesocosms (0.94 x 0.47 m) with continuous flow 

of unfiltered seawater (~360 L h-1) at the Northwest Atlantic Fisheries Centre (NAFC), Fisheries 

and Oceans Canada (DFO) in St. John’s (Newfoundland).  

Each colony of G. rubiformis was attached to a single beach cobble (54-91 mm length; 

10-25 mm height; collected from the sampling site) using cyanoacrylate adhesive to maintain 
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their natural upright positioning, a commonly used method for coral fragment attachment (e.g. 

Forsman et al. 2015, Duckworth et al. 2017, Renegar and Turner 2021). Individuals of A. stella 

attached to the tank bottom unassisted. Gersemia rubiformis and A. stella were acclimated to 

laboratory conditions for six weeks prior to being transferred to experimental tanks, where they 

were acclimated for an additional twelve days before the start of the experiment. 

2.2.2 Waste collection and preparation 

A mix of salmon feces and remnant feed (hereinafter referred to as waste) was collected 

from tanks holding Atlantic Salmon (Salmo salar) located in the Dr. Joe Brown Aquatic 

Research Building (JBARB) at the Ocean Sciences Centre (Memorial University). Salmon held 

in the tanks were fed a commercial diet of Signature Salmon Ration (Northeast Nutrition Inc.; 4 

mm pellets). Waste appeared as flocculent brown fecal matter with visible food pellets and 

occasional presence of fish scales. It was collected from the outflow of the standpipe of each 

holding tank once daily over 17 d using a strainer with a mesh size of ~600 µm. Waste was 

immediately frozen at -80 °C and transported to NAFC. Two weeks prior to the initiation of the 

experiment, waste was thawed, homogenized, and stored at 4 °C until use upon the determination 

of carbon content. Dried samples of the homogenized waste (~1 mg dry wt, n = 3) were analyzed 

for carbon and nitrogen content using a Carlos Erba Elemental Analyser coupled to a Thermo 

Delta V IRMS at the Stable Isotope Laboratory, Core Research Equipment & Instrument 

Training Network (CREAIT) of Memorial University. Percent carbon and nitrogen of the 

samples were acquired using a calibration curve made with an acetanilide standard. 

2.2.3 Experimental treatments and procedure 

Five colonies of G. rubiformis and five individuals of A. stella were placed within each of 

twelve tanks (0.61 x 0.31 x 0.31 m) (Supplementary Figure S2-1). Two temperature loggers 
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(HOBO TidbiT v2) were placed inside of each tank to continuously monitor temperature. Flow 

in each tank was maintained at a constant rate of ~180 L h-1 for the duration of the experiment, 

leading to an estimated complete turnover of ~3.2 times h-1. The photoperiod in the room 

mimicked that of seasonal conditions in the south-eastern Newfoundland region and ranged 

between a maximum daytime value of 800 lux and a low nighttime value of 1 lux during dark 

hours. Cameras (Brinno TLC 200 Pro) placed in a water-resistant housing and set to low-light 

mode were used for time-lapse photography. They were mounted above each tank such that the 

lens was positioned in the water, and set to take a picture every 20 s. An LED infrared light was 

mounted above each tank to capture night activity. 

Each of the twelve experimental tanks were randomly assigned to one of four conditions: 

low-waste (5 g C m-2 d-1, n = 3 tanks), high-waste (10 g C m-2 d-1, n = 3 tanks), inorganic 

sedimentation (n = 3 tanks), or control (n = 3 tanks). Waste concentrations were based on 

estimated carbon sedimentation ranges under aquaculture pens (DFO 2004, Hargrave 2010) as 

well as standard values used in finfish aquaculture carbon deposition modelling (DFO 2018). 

Quantities of waste needed to achieve each concentration were calculated based on the area of 

the tank bottom and average carbon content of the waste samples (44 ± 2%). Quikrete Premium 

Play Sand ® was used for inorganic sedimentation. Prior to trials, sand was sieved through a 500 

µm mesh, sterilized by heating at 550 °C for 6 h, then stored at -20 °C until use, as per Legrand 

et al. (2021). A particle size of <500 µm is comparable to sedimentation studies of other cold-

water corals (Larsson and Purser 2011). The volume of sand applied daily in inorganic 

treatments (53 g m-2 day-1) was estimated to be equivalent in volume to salmon waste particles 

added in the high-waste treatment. Targeted concentrations of the three sedimentation treatments 

were achieved by adding sand or waste to the tanks twice daily (09:00 and 14:00, referred to as 
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AM and PM additions). Materials were mixed with seawater prior to addition to facilitate a 

homogenous distribution before being gently poured into the tanks. Control tanks received only 

seawater. Slight loss of waste particles through outflow was assumed to be negligible due to their 

high settling velocity (~3 and 11 cm-1 s-1 for feces and feed respectively, DFO 2013). 

Experimental trials were conducted over 28 days from December 7, 2021 to January 3, 

2022. Water parameters (pH, salinity, dissolved oxygen, temperature) were measured twice daily 

(approximately 2.5 cm from the bottom as to not disturb the sediment) using a multi-parameter 

probe (YSI ProDSS). The pH was measured only from the third day onward. Ammonia 

concentrations were monitored twice daily using a colorimetric test kit (API). Two water 

samples (50 mL) were collected from each tank at the beginning and end of experimental trials 

for analysis of additional water parameters (nitrate, phosphate, silicate). Samples were stored 

at -20 °C until analyzed at NAFC following Seal Analytical AutoAnalyzer methods (Method No. 

G-172-96 Rev. 18, G-297-03 Rev. 6, G-177-96 Rev. 12). 

A depuration period (3-4 days) was implemented at the end of the experiment to minimize 

the amount of waste present within and on the surface of the individuals at the time of sampling 

to prevent contamination of lipid and fatty acid analyses. During this time, tank bottoms were 

siphoned to remove sediment, and flow was switched to filtered seawater to minimize additional 

food uptake. A period of 3 days was previously determined to be sufficient time for sea anemone 

Aiptasia pallida to empty its gastrovascular cavity prior to biochemical sampling (Leal et al. 

2013). 

Directly prior to the preservation of G. rubiformis and A. stella, the total wet weight, 

base/disk diameter and height of contracted colonies/individuals were measured. Organisms 
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were then frozen at -80 °C in preparation for lipid and fatty acid sampling (see below). A visual 

timeline of the experimental period can be found in Figure 2-1. 

2.2.4 Behaviour 

Behavioural scores were assigned to G. rubiformis and A. stella during daily visual 

inspections of the tanks, immediately prior to each treatment addition, and then after 20 min, 40 

min, 1 h, and 2 h after each addition (Figure 2-1B) to observe immediate (≤ 2 h) responses to 

waste sedimentation. Scores of G. rubiformis were assigned on a scale from 1–6 as detailed in 

Table 2-1 and Figure 2-2, where values range from the most contracted (1) to most expanded (6) 

state. Likewise, behavioural scores for A. stella were determined on a scale from 1–5 as detailed 

in Table 2-2 and Figure 2-3, where values again range from the most contracted (1) to the most 

expanded (5) state. Additionally, instances of pharynx eversion (white tissue which precedes the 

gastrovascular cavity is visible, Figure 2-3F) were noted at these time points for A. stella. 

As well, videos created through time-lapse photography were used to detect trends in 

behaviour that might occur too slowly to be captured during daily visual inspections. They were 

analyzed at timepoints beginning with a pre-trial baseline (referred to as “Day 0”) and then 4, 8, 

12, 16, 20, 24 and 28 d after the onset of the trial. To explore whether individuals were 

potentially avoiding sedimentation of their respective treatments, the time spent per day with 

polyps in a fully retracted state for G. rubiformis (behavioural scores 1-3) and A. stella (scores 1-

2), with no polyp/tentacles visible, was measured. The frequency of full contractions was also 

recorded, defined as the number of times per day a colony/individual reached the lowest level(s) 

of hydrostatic expansion. This was done by counting each instance in which a colony/individual 

transitioned from any partially or fully deployed state (scores 2-6 for G. rubiformis and 3-5 for A. 

stella) to a fully contracted state (score 1 for G. rubiformis and scores 1-2 for A. stella). Instances 
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where individuals were out of view, or where G. rubiformis and A. stella were interacting (i.e. 

contracting as a result of contact) were omitted. 

2.2.5 Lipids and fatty acids 

Sample preparation for lipids and fatty acids (FA) followed the protocols detailed by 

Parrish and Wells (2021). Tissue samples (0.1–1 g) were collected from G. rubiformis and A. 

stella while frozen, then preserved in 2 mL of chloroform, flushed with nitrogen and stored at -

20 °C until lipid extraction. Tissue samples of G. rubiformis were collected by removing the 

branches from each colony and preserving only the trunk in an effort to avoid potential 

contamination of physical waste particles within or between polyps. Epidermal tissue samples 

were taken from A. stella to avoid contamination from waste potentially present in the 

gastrovascular cavity. All tissue samples were visually inspected under a stereomicroscope prior 

to preservation to ensure that no waste particulates were present; doubtful samples were 

excluded. Samples had also been obtained in a similar manner from G. rubiformis (n = 3) and A. 

stella (n = 3) at the onset of the trials (referred to as “pre-trial baseline”, beginning their 

depuration period on Day 1) for the purpose of a time-zero reference. Triplicate samples of the 

salmon waste were also frozen at -80 °C, both prior to and after the experiment, and 

subsequently as above to determine if lipid and FA signatures in the waste could be detected in 

the experimental tissue samples.  

Lipid and FA extractions, lipid class and FAME (fatty acid methyl esters) 

characterization were performed at the Aquatic Research Cluster (ARC), CREAIT of Memorial 

University per Parrish and Wells (2021). Lipid classes were determined using an Iatroscan MK-

6. FAME derivatization was conducted with H2SO4 in MeOH and analyzed using an Agilent 

7890 GC-FID. 
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2.2.6 Bacteria 

To further characterize experimental conditions, samples of the bulk salmon waste added 

to the waste treatment tanks (n = 6), and samples of suspected bacteria mats (n = 12) that formed 

towards the end of the experimental period were analyzed for bacterial species assemblages. 

Salmon waste samples were frozen at -80 °C at the beginning (n = 3) and end (n = 3) of 

experimental waste additions. Samples of waste matter with visible microbial mats from the low-

waste (n = 2 per tank, 6 samples total) and high-waste (n = 2 per tank, 6 samples total) were 

collected using individual transfer pipettes at the end of the 28-d exposure period and stored in 

1.5 mL vials at -80 °C. Samples were transported on dry ice to the Integrated Microbiome 

Resource (IMR), Dalhousie University, Nova Scotia, Canada. There, samples were extracted 

using a QIAGEN PowerFecal DNA Kit and prepared for PacBio Sequel2 sequencing (Comeau 

and Filloramo 2023) of 16S rRNA using bacteria-specific primers (B969F, BA1406R) targeting 

the V6-V8 region (Comeau et al. 2011). Bioinformatic analyses were conducted by IMR 

(https://github.com/LangilleLab/microbiome_helper/wiki, Comeau et al. 2017). All three bulk 

salmon waste samples from the first experimental day as well as one preserved after the 

experimental period had a weak (<1000) number of reads. One of the bacterial mat samples from 

the high-waste treatment also had a weak number of reads. Unless specified, the weak samples 

were excluded from analyses. 

2.2.7 Data processing and statistical analyses  

Data values reported in the text and figures were processed by calculating a tank mean 

(for n = 5 individuals per tank per species), to subsequently calculate an overall treatment mean 

(n = 3 tanks per treatment) for a specified period, or a daily treatment mean. Values in the text 

are presented as mean ± se (one standard error), except data for pre-trial baseline samples of G. 
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rubiformis and A. stella sampled for lipids/FA, which are reported as mean ± sd (one standard 

deviation), as are data pertaining to salmon waste samples (carbon content, lipid/FA, bacteria) 

and water quality. 

Statistical analyses were conducted in R (version 4.2.2, R Core Team 2022) and Primer 7 

with PERMANOVA+ (for PERMANOVAs only, Anderson et al. 2008, Clarke and Gorley 2015) 

using p < 0.05 for significance. A full description of statistical analyses can be found in 

Supplementary Text 2.10.3.1. 

2.2.7.1 Behaviour 

Mean daily scores were compared at 3-day intervals over the experimental period. 

Behavioural scores were not statistically analyzed out of caution due to a lack of available model 

validation support for ordinal mixed effect models, and model misfit to other explored 

distributions. 

Daily treatment means of the time spent retracted (h) and frequency of full contractions 

(contr d-1) were compared across experimental days and treatments. Mixed effect models (using 

lme4 package, Bates et al. 2015) were used to account for the non-independence of observations 

(individuals within tanks, repeated measures over time). Significant values reported in the text 

reflect the influence of fixed factors (treatment) and covariates (experimental day) on the 

response variable (behaviour) where appropriate, as well as pair-wise differences of the response 

between treatments. Time spent with polyps/tentacles retracted (h) was evaluated using linear 

mixed effects models (model 1, Supplementary Table S2-1). Retraction time was square-root 

transformed to help with assumptions. Experimental day was included as a covariate. Tank and 

subject ID were included as random factors. Generalized linear mixed effect models with 
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Poisson distributions were used to determine the effect of treatment on full contraction frequency 

(model 2, Supplementary Table S2-1).  

For A. stella, the proportion of individuals within each tank showing visible pharynx was 

reported as a daily treatment mean (% ind d-1). Presence/absence of this behaviour was analyzed 

using a generalized linear mixed effect model with a binomial distribution (model 3, 

Supplementary Table S2-1). Experimental day and time of day (AM or PM) were included as 

fixed factors (time of day nested in day). Tank was included as a random factor. 

2.2.7.2 Lipid composition 

Percent lipid composition was compared among treatments, as well as between pre-trial 

baseline and experimental animals (with sample date as a fixed effect) using PERMANOVAS. 

Data was square-root transformed, Bray-Curtis distance measures were used and permutations 

set to 9999. Tank was included as a random factor nested within treatment.  

2.2.7.3 Fatty acid composition 

FA representing 1% of at least one sample were analyzed (Mercier et al. 2016, Salvo et 

al. 2018b). One coral in the inorganic treatment was omitted as an influential outlier due to high 

concentrations (>12%) in FA rare in all other individuals. Square-root transformed FA data were 

examined using multivariate analyses with Bray-Curtis distance measures. They were compared 

among treatments, as well as between pre-trial baseline and experimental animals using 

PERMANOVAs (permutations set to 9999). Tank was included as a random factor nested within 

treatment. Dissimilarities of FA compositions were also explored using multivariate analyses of 

similarity (ANOSIM) of Bray-Curtis distance measures, as well as principal coordinate analyses 

(PCoA), guided by Couturier et al. (2020) and Bakker (2024). An ANOSIM, where the R value 

represents the extent of dissimilarity between groups, was conducted both at an individual-level 
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and at a tank-level to determine if the FA profiles varied more between treatment (R = 1) than 

within group (R = 0).  

2.2.7.4 Bacteria 

Mean percent compositions (%) of identified bacteria was compared among bulk salmon 

waste preserved at Day 1 and Day 28, as well as between bulk waste and waste/microbial mats in 

the tanks. Alpha diversity was compared using Kurskal-Wallis one-way analyses of variance in 

QIIME 2 (Bolyen et al. 2019). 

2.3  Results 

2.3.1 Waste composition and water quality  

Carbon and nitrogen contents of waste used for these experiments were 44.2 ± 2.2 and 5.8 

± 0.7%, respectively. Temperature, pH, salinity were similar among treatments over the 

experimental duration (Supplementary Figure S2-2). Temperature decreased over time due to 

seasonal changes in the ambient seawater, ranging from 7 °C at the start of the experiment to  

3 °C at the end. Salinity increased slightly, ranging from 31.2 to 32.5 psu and pH remained 

between 7.7-7.9. Dissolved oxygen varied between 99.8-110%. Ammonia in all tanks remained 

<0.25 mg L-1.  

Water nutrients (nitrate, silicate, phosphate) increased between pre-exposure and post-

exposure samples but remained consistent between treatments at each sample point 

(Supplementary Figure S2-3). Nitrate increased from 1.27 ± 0.09 to 2.80 ± 0.20 (SD) µmol L-1  

between pre-exposure and post-exposure sampling, phosphate from 0.44 ± 0.04 to 0.53 ± 0.01 

µmol L-1 and silicate increased from 2.20 ± 0.07 pre-exposure to 3.13 ± 0.17 µmol L-1 post-

exposure sampling.  
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2.3.2 Behaviour 

2.3.2.1 Gersemia rubiformis 

Daily scores were lowest on Day 1 across all groups, with 3.2 ± 0.4 in controls, 3.1 ± 0.1 

in colonies under inorganic sedimentation, 3.8 ± 0.7 under low-waste and 3.1 ± 0.2 under high-

waste treatment. Scores of controls and colonies exposed to inorganic sedimentation generally 

increased with time until a peak on Day 19 (5.1 ± 0.3) and Day 22 (5.2 ± 0.4), respectively, 

followed by a decline until the end of the trial. Colonies exposed to low and high-waste 

treatments generally increased in scores over the exposure period (Supplementary Figure S2-4). 

On Day 28, scores had returned to 4.1 ± 0.4 in controls and 3.6 ± 0.2 in colonies under inorganic 

sedimentation but remained higher under low-waste (4.8 ± 0.3) and high-waste treatments (4.8 ± 

0.4) (Supplementary Figure S2-5). Daily scores were higher before the addition of waste than 20 

min after it across all treatments; scores for colonies in the control and inorganic treatments then 

further declined after 2 h. Forty minutes after waste addition, colonies in the low-waste treatment 

had begun to return to higher behavioural scores; those in the high-waste treatment did the same 

but to a lesser degree.  

Both treatment (χ2 =24.8, df = 3, p < 0.001) and experimental day (χ2 =17.7, df = 1, p < 

0.001) influenced polyp retraction over the exposure period. The daily hours spent with polyps 

retracted declined in all treatments over the trial, with the greatest reductions observed in the 

waste treatments throughout (Figure 2-5). Control colonies spent more time with polyps retracted 

compared to colonies in the low-waste (z = -2.9, p = 0.02), as well as the high-waste treatment (z 

= -3.4, p = 0.004). Colonies in the inorganic treatment also spent more time retracted than both 

low-waste (z = -3.6, p = 0.002) and high-waste (z = -4.0, p < 0.001) treatments. No difference in 
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retraction time was determined between colonies in the low-waste and high-waste treatments (z 

= -0.6, p = 0.9), nor between those in the control and inorganic treatment (z = 0.7, p = 0.9).  

On Day 0 (prior to waste additions), frequencies of full contractions between treatments 

were similar with a mean of 3.5 ± 0.1 contr d-1. Over the exposure period, treatment (χ2 = 13.2, df 

= 3, p = 0.004) and experimental day (χ2 = 30.0, df = 1, p < 0.001) both had a statistically 

significant influence, as the number of contractions was reduced in all treatments over the 

exposure period with the least contractions in the waste treatments (Figure 2-5). On Day 28, 

contractions had declined to 1.8 ± 0.3 contr d-1 in the controls, 2.1 ± 0.1 contr d-1 under inorganic 

sedimentation, while further reduced under the high-waste (1.1 ± 0.2 contr d-1) and low-waste 

(1.2 ± 0.3 contr d-1) treatments. Contractions observed under inorganic sedimentation over the 

exposure period were  significantly more frequent than in the low-waste treatment (z = -3.0, p = 

0.01). No statistical difference was detected between the other treatments/controls over the 

exposure period (p > 0.05).  

On Day 18, planula (coral larvae) began appearing in the tanks, see Supplementary Text 

2.10.3.2 for details.  

2.3.2.2 Aulactinia stella 

Individuals of A. stella were usually either fully contracted (score of 1) or fully expanded 

(score of 5, Figure 2-4). On Day 1, mean behavioural scores were 2.5 ± 0.4 in controls, while 

higher in those under inorganic (3.5 ± 0.4), low-waste (3.3 ± 0.5) and high-waste (3.7 ± 0.0) 

treatments. Scores fluctuated across the experimental period in all treatment/control groups 

(Supplementary Figure S2-4), but generally remained higher in individuals under the high-waste 

treatment throughout. At the end of the experiment (Day 25 and Day 28), a divergence between 

scores of individuals in the waste treatments compared to the inorganic/control was observed. On 
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Day 28, scores were lower but similar between individuals in the control (2.2 ± 0.4) and 

inorganic treatment (2.0 ± 0.2). However, scores remained elevated in individuals under high-

waste (3.6 ± 0.2) and low-waste (3.3 ± 0.2) treatments on Day 28 (Supplementary Figure S2-5). 

In general, scores slightly increased in low and high-waste treatment individuals between 

timepoints scored prior to each waste addition and those scored in the 2 h afterwards, while 

scores for inorganic and control remained constant or decreased, respectively.  

Both treatment (χ2 = 14.8, df = 3, p = 0.002) and experimental day (χ2 = 7.5, df = 1, p = 

0.006) had a statistically significant effect on the time spent with tentacles retracted. There was a 

decrease in retraction time after the onset of the experiment (between Day 0 and 4) by ~3 h in 

controls, 15 h in high-waste and 9 h in low-waste treatment individuals (Figure 2-5). In contrast, 

an increase by 1 h of retraction was observed for inorganic treatment individuals. Over the 

exposure period, the individuals in the high-waste treatment retracted their tentacles for a 

significantly shorter amount of time than both the control (z = -3.0, p = 0.01) and the inorganic 

treatment (z = -3.1, p = 0.01). There was no clear difference in time spent with tentacles retracted 

between individuals of the low-waste treatment and those in the inorganic treatment (z = -2.3, p 

= 0.09) or control (z = -2.3, p=0.1). There was no difference detected between individuals in the 

high-waste and low-waste treatments (z = -0.7, p = 0.9), or between those in the inorganic 

treatment and control (z = 0.1, p = 1.0). 

Neither treatment (χ2 = 5.7, df = 3, p = 0.13) nor experimental day (χ2 = 0.9, df = 1, p = 

0.4) had a statistically significant influence on full contraction frequency. Mean daily 

contractions for A. stella fluctuated with time between 0 and 1 contr d-1 in all treatments (Figure 

2-5).  
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Pharynx eversion was significantly influenced by treatment (χ2 = 89.3, df = 3, p < 0.001) 

and experimental day (χ2 = 15.9, df = 1, p < 0.001), but not by time of waste addition (χ2 = 3.6, 

df = 1, p = 0.06). Instances in all treatments were highest at the beginning of the experimental 

period (Day 1, Day 4, Day 7). Occurrence of partial or complete pharynx eversion was recorded 

most often in the high-waste treatment (48 ± 6 % ind d-1), followed by the low-waste (28 ± 4 % 

ind d-1), inorganic treatment (5 ± 3% ind d-1), then control individuals (2 ± 0% ind d-1) (Figure 2-

6A). Individuals within the high-waste treatment showed pharynx visibility more often compared 

to low-waste (z = 2.7, p = 0.03), inorganic treatments (z = 7.2, p < 0.001), and controls (z = 7.6, 

p < 0.001). Individuals in the low-waste treatment had significantly higher instances of visible 

pharynx compared to inorganic treatment (z = 5.0, p <0.001) and controls (z = 5.9, p < 0.001). 

Individuals in the control and inorganic treatment did not statistically differ in terms of the 

presence of visible pharynx (z = 2.0, p = 0.19). The highest percentage of individuals with 

visible pharynx in the waste treatments occurred following waste addition and up until 1 h post 

addition (Figure 2-6B). 

Details of expulsion of juvenile sea anemones from the adults during the experiment are 

noted in Supplementary Text 2.10.3.3. Unanticipated contacts where A. stella partially or wholly 

engulphed G. rubiformis are described in Supplementary Text 2.10.3.4. 

2.3.3 Lipid composition 

2.3.3.1 Waste 

The total lipid concentration in the salmon waste added to the tanks was 54.4 ± 2.7 mg g-1 

on Day 1 and 62.0 ± 7.0 mg g-1 on Day 28. Lipid composition differed between the time points, 

but the dominant lipid classes (free FA and triacylglycerols) remained the same. A summary of 

lipid composition of the waste can be found in Supplementary Table S2-2. 
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2.3.3.2 Gersemia rubiformis 

The total lipid content of colonies at the end of the exposure was 4.3 ± 0.4 mg g-1 in 

controls, 3.6 ± 0.2 mg g-1 under inorganic sedimentation, 3.9 ± 0.4 mg g-1 under the high-waste, 

and 4.6 ± 0.7 mg g-1 under low-waste. All these concentrations appeared higher than those 

measured in the pre-trial baseline colonies (3.2 ± 0.1 mg g-1).  

The lipid composition of G. rubiformis was mainly comprised of phospholipids, followed 

by sterols, and acetone mobile polar lipids (see Table 2-3 for details). The lipid composition was 

not significantly influenced by treatment (PERMANOVA, p = 0.3), nor was a difference 

detected between pre-trial baseline and experimental samples of G. rubiformis (PERMANOVA, 

p = 0.2).  

2.3.3.3 Aulactinia stella 

At the end of the trial, lipid content was highest in control individuals (10.9 ± 0.1 mg g-1), 

followed by individuals in the low-waste (10.6 ± 0.7 mg g-1), inorganic (10.2 ± 0.7 mg g-1) and 

high-waste treatments (8.7 ± 1.4 mg g-1). All appeared higher than the pre-trial samples (6.7 ± 

1.2 mg g-1). 

The lipid composition of A. stella was mainly comprised of phospholipids and sterols (see 

Table 2-3 for details). Lipid composition was not significantly influenced by treatment 

(PERMANOVA, p = 0.3), however there was a significant change in lipid composition between 

pre-trial baseline and experimental samples of A. stella (PERMANOVA, p = 0.02). 
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2.3.4 Fatty acid composition and tracers  

2.3.4.1 Waste 

The three dominant fatty acids (FA) in wastes added to tanks on Day 1 and Day 28 were 

18:1ω9 (33.5 ± 0.5%), 16:0 (16.5 ± 0.3%), and 18:26 (14.0 ± 0.3%). A summary of FA 

compositions of the waste material can be found in Supplementary Table S2-3.  

2.3.4.2 Gersemia rubiformis 

The most abundant FA in G. rubiformis were 20:46, 20:17, 20:53 and 16:0 (Table 2-

4). The FA composition of G. rubiformis was significantly influenced by treatment 

(PERMANOVA, p = 0.04), though a significant difference with pair-wise comparisons between 

treatments could not be determined. FA composition of colonies (ANOSIM, R = 0.1, p = 0.01) 

showed a significant dissimilarity between treatments or controls compared to within-group 

differences. When tank averages were used, dissimilarity between treatments and controls was 

more pronounced (ANOSIM, R = 0.4, p = 0.03, visualized with a PCoA in Figure 2-7A). The FA 

composition did not significantly change between pre-trial baseline samples and experimental 

samples (PERMANOVA, p = 0.3). 

The three dominant FA identified within the waste samples (18:1ω9, 16:0 and 18:26) 

were used as tracers to determine whether waste was being assimilated by experimental 

colonies/individuals. The 18:19 contribution was 2.1 ± 0.4% in control colonies, which was 

elevated in colonies of high-waste (2.6 ± 0.3%) and low-waste treatments (2.6 ± 0.1%), while 

similar under inorganic sedimentation (2.2 ± 0.3%, Figure 2-8). Inversely, 16:0 was highest in 

control colonies (7.4 ± 0.9%), while 18:26 showed an increasing trend with waste 

concentration where its contribution was lower in colonies of the control (0.7 ± 0.1%) and 
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inorganic sedimentation (0.8 ± 0.1%), while higher in those of the low-waste (1.4 ± 0.1%) and 

high-waste treatments (1.9 ± 0.1%).  

In control colonies, Ʃ3 made up 17.5 ± 0.8%, which was higher than in the inorganic 

treatment (17.0 ± 0.4%) and both low-waste (15.8 ± 1.0%) and high-waste treatments (15.0 ± 

0.6%). The inverse was observed for Ʃ6, which was lowest in colonies in the control (43.5 ± 

2.3%), followed by those in the inorganic (44.2 ± 1.1%), then low-waste treatments (45.2 ± 

1.9%) and highest in the high-waste treatment (46.3 ± 0.7%).  

2.3.4.3 Aulactinia stella 

FA composition of A. stella was dominated by 20:53, followed by 22:46, 22:19, 

22:53, 18:15, 18:0 and 16:43 (Table 2-4). FA compositions were not significantly 

influenced by treatment (PERMANOVA, p = 0.08) but differed from pre-trial baseline samples 

(PERMANOVA, p = 0.01). The dissimilarity of FA composition between treatments and 

controls was neither significant when individual values (ANOSIM, R = 0.01, p = 0.3) or tank 

averages were used (ANOSIM, R = 0.1, p = 0.2). However, a PCoA showed potential clustering 

of high-waste tank averages (Figure 2-7B).  

All three FA tracers identified in salmon waste showed an increasing trend with waste 

treatment concentration in A. stella (Figure 2-8). The proportion of 18:19 was lower under both 

the control (0.9 ± 0.04 %) and inorganic conditions (0.8 ± 0.0%) while elevated in low-waste 

(1.3 ± 0.2%) and high-waste treatments (1.5 ± 0.1%). The 16:0 was largely consistent across 

individuals of the control (2.3 ± 0.1%), inorganic (2.3 ± 0.0%), low-waste (2.4 ± 0.2%) and high-

waste treatment (2.5 ± 0.1%). The proportion of 18:26 was again lowest in individuals from the 

control (0.4 ± 0.1%) and inorganic treatments (0.3 ± 0.0%), and higher in the low-waste (0.8 ± 

0.04%) and high-waste treatments (1.0 ± 0.1%). 
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Aulactinia stella had differing trends in Ʃ3 across treatments. The contributions of Ʃ3 

were 38.6 ± 0.5% in individuals of the control, lower in individuals of the high-waste (37.1 ± 

0.1%) and low-waste treatments (37.9 ± 1.6%), and higher in individuals of inorganic treatment 

(39.4 ± 0.9). Values of Ʃ6 were similar across controls (20.1 ± 0.6%) and treatments, with 

concentrations barely higher in individuals of the high-waste treatment (21.1 ± 0.6%), than those 

exposed to low-waste (20.3 ± 0.5%), inorganic sedimentation (20.2 ± 0.4%). 

2.3.5 Bacteria 

Waste added to the tanks on Day 1 contained mainly Mycoplasma sp. (79 ± 5%) and 

Photobacterium phosphoreum (8 ± 2%). Both Lactobacillus and Fusobacterium spp. were low 

(<0.3%) in these samples. Waste added to the tanks on Day 28 was dominated by Mycoplasma 

sp. (38 ± 14%) and Lactobacillus spp. (36 ± 8%), as well as Fusobacterium sp. (13 ± 5%). Day 

28 samples had a low number of reads (<1000) and should be interpreted with caution.  

White microbial mats began to develop on accumulated waste matter after 21 d in the 

high-waste, and 25 d in the low-waste treatment tanks. These mats continued to develop until the 

end of the trials. No microbial activity was visible in the control or inorganic tanks. Samples 

from mats in the high-waste tanks contained a high percentage of Arcobacteraceae bacteria 

(mainly Arcobacter sp., 37 ± 1 %), followed by Fusibacter spp. (10 ± 7%), and Marinifilum spp. 

(10 ± 4%). Samples from low-waste tanks were dominated by Tenacibaculum (16 ± 11%), 

Colwellia spp. (14 ± 4%) and Fusibacter spp. (14 ± 9%).  

The samples collected from the waste treatment tanks (mix of waste and microbial mats) had 

a higher Shannon index (alpha diversity) of bacterial taxa compared to those from the bulk waste 

that was added to the tanks (Kruskal-Wallis, H = 8.3, p = 0.004). The Shannon index did not 

significantly differ between samples collected from the low or high-waste treatments (Kruskal-
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Wallis, H = 2.3, p > 0.05), nor between salmon waste added to the tanks on Day 1 or Day 28 of 

the trial (Kruskal-Wallis, H = 2.3, p > 0.05). Full bacterial assemblages are detailed in 

Supplementary Table S2-4. 

2.4  Discussion  

2.4.1 Behavioural responses 

Colonies of G. rubiformis exposed to aquaculture wastes (mix of salmon feed and feces) 

spent increasingly more time in an expanded state as the experimental trials progressed than 

those under inorganic sedimentation or control conditions. This is in line with another study 

showing that colonies of G. rubiformis exposed to mechanical disturbance (crushing) did not 

differ in expansion relative to control colonies 4- or 7-d post disturbance, with most of them 

staying fully expanded (Henry et al. 2003). Long-term sediment build-up on branches and polyps 

was not observed in the present study, supporting that the morphology of soft corals (in an 

expanded state) may have a natural resilience to sedimentation by assisting sediment movement 

off the sloping colony edges (Reigl 1995). Remaining in an expanded state may therefore in turn 

be effective (and less energetically taxing) for preventing sediment accumulation in soft corals, 

although this interpretation does not explain the differing reactions to organic wastes and 

inorganic sediment. 

The overall temporal trends in expansion observed in G. rubiformis may be explained by 

the seasonal decrease in seawater temperature over the experimental period. In colder 

temperatures, metabolic rates of cold-water corals are slower (Dorey et al. 2020), likely leading 

to reduced activity, which could include a lower full contraction frequency. The most reduced 

contraction frequency in colonies under the waste treatments may indicate waste sedimentation 

had an additive impact on metabolic activity. This aligns with Kutti et al. (2022) who reported 
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that D. pertusum transplanted under aquaculture sites for 13 months showed signs of metabolic 

depression (e.g. reduced respiration). The reduction in full contraction frequency here in waste 

treatments was not large compared to controls and it was obscured by temperature trends, so 

interpretations of metabolism over the short experimental period must be made cautiously. 

Aulactinia stella did not show the same distinct trends with time/season suggesting their 

behaviours may be less sensitive to seasonal changes in comparison to G. rubiformis. 

Expansion behaviour of A. stella increased with waste concentration (5 and 10 g C m-2  

d-1) during the trial and individuals were generally more deployed under waste-treatments than 

under inorganic treatment and control. Avoidant behaviour, such as tentacle retraction, has been 

observed in the cold-water sea anemone Metridium senile (Shumway 1978) during 

environmental stress (i.e. low salinity) and in the tropical sea anemone Aiptasia pallida during 

chemical exposure via contaminated water (tributyltin, Mercier et al. 1997). Interestingly, A. 

pallida remained in an expanded state when the contaminant was introduced through food 

(Mercier et al. 1997), meaning the mechanism of delivery may have been influential on the 

behavioural response. As well, the waste being organic in nature (feed and feces) may not 

present as an environmental stressor that would initially induce avoidant behaviour, it could 

appear as food to opportunistic suspension feeders (i.e. sea anemones and corals) and induce 

expansion. For example, Rossi et al. (2019) reported that the red coral Corallium rubrum 

expanded its polyps following the addition of food, i.e. live/dead zooplankton filtrate or particles, 

presumably representing an evolutionary adaptation to food pulses common to passive 

suspension feeders (Rossi et al. 2019).  

Pharynx eversion was observed in A. stella, increasing with waste concentration, while 

rarely observed in the inorganic treatment and control individuals. Though pharynx eversion has 
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been previously noted in the sea anemone Phyllactis concinnata as a temporary response to 

mechanical disturbance (i.e. handling, Pickens 1988), it has also been described as part of the 

feeding behaviour of sea anemones (Calliactis parasitica, Cereus pedunculatus) in response to 

food stimuli (McFarlane 1975, Riedel et al. 2008). As the highest instance of pharynx eversion 

was recorded in the first hour after waste addition (when the concentration of waste particles in 

the water would have been highest), it may be a tool to increase the surface area for feeding on 

the particulate waste matter. This is complemented by an observation of noticeably higher 

tentacle activity in A. stella directly after waste addition, as well by the fact sedimentation from 

inorganic treatments did not elicit this behaviour as often (48% of the time under high-waste 

versus 5% under inorganic treatment). 

Although the metrics used in the present study to evaluate the effects of aquaculture 

waste on the behaviour of G. rubiformis and A. stella were the same for both species, observed 

changes do not necessarily hold the same implications for each and effects should be considered 

species-specific. Both G. rubiformis and A. stella are often found in shallow waters (<200 m, 

Wareham and Edinger 2007, Ivanova and Grebelnyi 2021) up to the intertidal zone, which could 

be reflective of their ability to cope with increased sedimentation loads. With indications of 

potential feeding, and less pronounced trends in behaviour over time in A. stella, sea anemones 

may be more tolerant to aquaculture waste sedimentation than soft corals. A 7-month caged 

transplantation of suspension feeders, including the soft coral D. florida and the sea anemone H. 

digitata, revealed an almost 3-fold difference in mortality between the two species, with D. 

florida having the higher mortality. As well, a higher respiration rate was measured in D. florida 

near the cage, which was not detected in H. digitata (Laroche et al. 2022). Though similar in 

morphology to sea anemones, the polyps of soft corals are much smaller and 
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smothering/clogging of the polyp with waste particles is likely of greater concern. Clogging of 

tentacles/feeding structures with waste particulates could inhibit typical food capture and was 

previously hypothesized to contribute to the reduced lipid content of D. florida transplanted 

under salmon farms (Laroche et al. 2022). 

Relative to colonies in waste treatments, G. rubiformis in inorganic treatments tended to 

display behaviour similar to that of the controls or sometimes more avoidant, highlighting that, 

contrary to initial assumptions, behavioural responses to waste treatments go beyond those 

elicited by sedimentation itself. Coral responses have been shown to differ with particle type in 

other studies because of their chemical nature or shape. For example, Carreiro-Silva et al. (2022) 

found that polymetallic sulphide particles (related to deep-sea mining) affected the octocoral 

Dentomuricea aff. meteor differently than quartz in terms of survival, tissue condition, 

respiration and ammonia excretion. As well, when exposed to abrasive mine tailings, D. florida 

showed contraction behaviour that was not observed when exposed to smooth glass beads 

(Liefmann et al. 2018). This highlights the need for source material to be as realistic as possible 

for experiments evaluating the effects of industry waste, as well as calls for caution when using 

studies of natural sedimentation as indicators of the impacts that industrial waste may have. 

Hypoxic conditions could be expected under 5-10 g C m-2 d-1 and anoxic conditions at 

>10 g C m-2 d-1 (DFO 2013). The study length may have limited behavioural observations related 

to expected changes in dissolved oxygen and bacterial activity with waste deposition. For 

example, sediment anoxia under Chinook salmon (Oncorhynchus tshawytscha) farms have been 

seen to take up to 24 months to develop (Keeley et al. 2015). Though dissolved oxygen measured 

in the tanks remained saturated during trials, the presence of anaerobic bacteria (e.g. Fusibacter) 

in samples of waste matter taken from treatment tanks indicates a potential decline of dissolved 
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oxygen at the sediment level. Visible bacterial mats began developing on top of the collected 

flocculent matter after 21 d of sedimentation within the high-waste treatment, and 25 d in the 

low-waste treatment. This is consistent with field observations made at two salmonid aquaculture 

sites located in Newfoundland, which noted the presence of bacterial mats after 1 month of 

production (Armstrong et al. 2020). However it should be noted that the bacterial community 

identified in this study was not expected to be reflective of in situ conditions as the collection 

site, freezing/thawing, as well as the storage of collected waste at 4 °C is likely to have 

influenced the bacterial composition (Sawicka et al. 2009, Johnson et al. 2023). Verhoeven et al. 

(2016) identified bacterial communities within flocculent matter collected underneath salmonid 

aquaculture pens from the south coast of Newfoundland. In comparison to Verhoeven et al. 

(2016), Marinifilum was the only genus dominant in microbial mats within both studies. With a 

study length more reflective of long-term sedimentation experienced in situ, the development of 

hypoxia/anoxia may further drive changes in behaviour and/or survival that could not be 

evaluated here. 

2.4.2 Lipid composition and reserves  

No effect of treatment on the lipid composition of G. rubiformis or A. stella was detected, 

however it was influenced by experimental duration in A. stella. Lipid reserves may change 

seasonally in both CWC (D. pertusum, Maier et al. 2020) and cold-water sea anemones (M. 

senile, Hill-Manning and Blanquet 1979), so changes seen between pre-trial baseline and day 28 

samples may not be solely nutrition-based.  

 In both G. rubiformis and A. stella, total lipids concentration increased from the onset of 

the experiment (between pre-trial baseline and day 28) in all groups. Though waste treatment did 

not have a clear effect on the concentration of total lipids in G. rubiformis, the lowest value was 
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observed in colonies exposed to higher sedimentation concentrations (high-waste and inorganic 

treatments). Lipid reserves are often depleted during unfavourable conditions and a drop in lipid 

content has been observed in colonies of both D. florida and D. pertusum transplanted within the 

depositional footprint of salmon farms after 7 months and a year, respectively (Laroche et al. 

2022, Kutti et al. 2022). This finding suggested that transplanted colonies were not feeding on 

the waste (Laroche et al. 2022, Kutti et al. 2022). Therefore, we may expect lipid reserves to 

deplete in response to long-term sedimentation of aquaculture waste, which was not clearly 

detected here in the short timeframe of the experiment. Total lipids in the individuals of A. stella 

exposed to high-waste treatment were noticeably lower than in the other experimental and 

control individuals, though a decline in storage classes (i.e. triacylglyerols, wax esters) was not 

observed. The difference was largely attributed to a lower phospholipid content in two 

individuals and high variation between samples. Sea anemones have previously shown strong 

individual variation in terms of behavioural responses (Hensley et al. 2012, Osborn and Briffa 

2017, Maskrey et al. 2020, 2021), which will likely also appear in feeding behaviour. This can 

create high intra-species variability and make conclusions from smaller sample sizes difficult. 

Here, the biochemical analyses were restricted to the trunks of G. rubiformis and the epidermal 

tissue of A. stella to prevent contamination from remnant waste particles. Further exploration of 

the whole animals (especially where lipid stores may be more prevalent) as well as a longer 

experimental period, may yield stronger effects on the lipid composition. 

2.4.3 Fatty acids as tracers 

The most prevalent fatty acids in the salmon waste (18:19, 16:0, 18:26) were explored 

as potential indicators for waste assimilation. If waste was incorporated into the tissue profile of 

the cnidarians, we would expect an increase in tracers coinciding with waste treatment 
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concentration (i.e. similar values between control and inorganic treatment individuals, elevated 

concentrations in low-waste treatment individuals and highest concentrations in high-waste 

treatment individuals). Both G. rubiformis and A. stella showed this trend in their fatty acid 

composition after 28 d of exposure in terms of 18:26 (linoleic acid). Gersemia rubiformis 

showed elevated concentrations of 18:19 (oleic acid) in waste treatments compared to the 

control and inorganic treatments, though the low-waste showed higher concentrations and 

average differences were slim. In contrast, A. stella again showed a strong pattern with the 

lowest concentrations in individuals of the control and inorganic treatment, followed by 

increased concentrations in low-waste and finally high-waste treatments. Trends for 16:0 

(palmitic acid) were not detected with treatment in G. rubiformis; they were weak but present in 

A. stella. Fatty acid analyses in the gonads and eggs of the sea urchin Echinus acutus showed 

assimilation of aquaculture waste after 10 weeks of exposure to either fish feed, natural feed or a 

combination (White et al. 2017). White et al. (2017) similarly indicated assimilation by E. acutus 

through the increase of 18:19 and 18:26, while 16:0 was not a distinct link as seen here. 

However, it should be noted fatty acids may hold different assimilation potentials or be 

biosynthesized/catabolized (Kelly and Scheibling 2012), meaning the lower 16:0 concentrations 

may not necessarily be a direct reflection of uptake through feeding. As our study was only 28 d, 

assimilation may become clearer with a longer experimental period. 

The two primary fatty acids reported in salmon feed are 18:19 and 18:26, while those 

for salmon feces are 18:19 and 16:0 (Bergvik et al. 2019). The experimental waste had a 

carbon content of ~44% which was between the reported carbon content for salmon feces 

(~30%) and feed (~50%, Handå et al. 2012, Callier et al. 2013, Bergvik et al. 2019), suggesting a 

fairly even mix of the two (though likely slightly higher in feed). While 18:19 (33% total FA) 
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and 16:0 (16% total FA) were most prevalent in the waste, the strongest trend was seen in 

18:26 (14% total FA). This may indicate that although trends in G. rubiformis and A. stella 

suggest incorporation of fatty acids from waste into their tissues, feeding may be more selective 

towards particles from the salmon feed rather than feces. As feces are expected to be the main 

depositional component of aquaculture waste due to reductions in feed wastage over the past 

decades (Cromey and Black 2005), the assimilation potential and effects of feed and feces both 

separately and combined may be considered in future research.  

An effect of treatment on the overall fatty acid composition was observed in G. rubiformis 

but not A. stella. A similar finding by Laroche et al. (2022) was reported where the fatty acid 

profile of D. florida appeared more sensitive to salmon aquaculture waste compared to H. 

digitata. Reductions in 3 PUFA (polyunsaturated fatty acids) and increases in 6 PUFA 

contributions with waste concentration observed here in G. rubiformis, are also consistent with 

observations made of D. florida transplanted under salmon farms. A strong reduction in MUFA 

with waste concentration in G. rubiformis was not seen here as it was in Laroche et al. (2022), 

though this could be due to the shorter length of our study (1 month versus 7 months). An effect 

of treatment on fatty acid composition does not necessarily indicate waste assimilation, as 

changes in Laroche et al. (2022) were suggested to be a result of catabolism of MUFA and 3 

PUFA due to feeding-related issues (i.e. polyp clogging). 

2.5 Conclusions  

Exposure to salmon waste sedimentation (5 and 10 g C m-2 d-1) elicited shifts in the 

behaviour of both G. rubiformis and A. stella. Individuals exposed to waste behaved more 

similarly to each other than to those in inorganic or control treatments, suggesting the organic 

nature of the waste influenced their response to sedimentation. Elevated expansion behaviour 
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observed in G. rubiformis may help prevent sediment build-up, though expansion in this species 

also appeared to be confounded by time (potentially via seasonal changes in temperature). 

Aulactinia stella displayed increased levels of expansion behaviour, as well as higher instances 

of gastrovascular eversion in the waste treatments. These may suggest a feeding response, which 

was supported by stronger indications of waste assimilation compared to G. rubiformis. 

Gersemia rubiformis and A. stella showed an increasing trend for two of the three salmon waste 

tracer fatty acids (18:1ω9, 18:2ω6) with waste concentration. Only A. stella showed a weak trend 

with concentration for 16:0. Lipid reserves did not appear to be influenced over the trial in either 

species. Exposure to salmon waste altered the fatty acid composition of G. rubiformis, 

potentially supporting assimilation or alluding to changes in biochemical pathways. Results 

indicate that species-specific responses to aquaculture waste should be considered and explored 

with different taxa. Future studies should consider longer experimental periods, which may be 

more reflective of long-term effects experienced in situ. 
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2.8  Tables 

Table 2-1: Scores used to access the behavioural state of Gersemia rubiformis. 

Behavioural 

score 

Description Corresponding 

photo 

1 Fully contracted state (raspberry appearance), 

branches tightly packed together, polyps retracted. 

Figure 2-2A 

2 Partially contracted colony, expansion of branches 

such that the trunk was partially visible, polyps 

retracted. 

Figure 2-2B 

3 Full expansion of the branches, trunk was fully 

visible, polyps retracted. 

Figure 2-2C 

4 Expansion of branches and trunk with either partially 

extended polyps (XD) or fully extended polyps 

observed on less than half the colony (XE). 

Figure 2-2D, 2-

2E 

5 Expansion of branches and trunk with the majority/all 

polyps fully extended. Tentacles, if visible, were not 

fully deployed. 

Figure 2-2F 

6 Full expansion of branches and trunk, polyps fully 

extended, and deployment of tentacles (fuzzy 

appearance). 

Figure 2-2G 
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Table 2-2: Scores used to access the behavioural state of Aulactinia stella. 

Behavioural 

score 

Description Corresponding 

photo 

1 Fully contracted state with no visible column or 

tentacles (flat appearance). 

Figure 2-3A 

2 Column partially expanded and appeared mound-

like, tentacles retracted. 

Figure 2-3B 

3 Expanded column and partial visibility of the 

tentacles. 

Figure 2-3C 

4 Expanded column with most of the tentacles 

visible but not fully extended. Mouth not visible. 

Figure 2-3D 

5 Expanded column, all tentacles visible and fully 

extended, and the mouth visible. 

Figure 2-3E 
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Table 2-3: Lipid composition (%) of corals (Gersemia rubiformis) and sea anemones (Aulactinia stella) sampled on the first 

experimental day (“Pre-trial”) and sampled after a 28 d exposure period to either inorganic sediment (“inorganic”) or fish waste 

(“waste”). “Low” and “high” waste refer to 5 and 10 g C m-2 d-1 target concentrations, respectively. Values are mean ± se for all 

except pre-trial values which are mean ± sd. 

 

 
Lipids Pre-trial (%) Control (%) Inorganic (%) Low-waste (%)  High-waste (%) 

Gersemia  Hydrocarbons 0.9 ± 0.0 0.4 ± 0.2 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 
rubiformis Steryl esters/wax esters 0.9 ± 0.1 1.9 ± 0.6 2.8 ± 0.2 1.1 ± 0.4 0.7 ± 0.3 

 Ethyl esters/methyl esters 2.6 ± 0.1 5.8 ± 1.8 8.0 ± 0.6 3.9 ± 1.2 4.0 ± 0.7 
 Ethyl ketones 1.3 ± 0.0 2.6 ± 1.3 3.2 ± 0.7 3.2 ± 0.5 4.1 ± 0.3 
 Glyceryl ethers 1.0 ± 0.0 3.5 ± 0.9 2.4 ± 0.5 2.6 ± 0.6 2.0 ± 0.3 
 Triacylglycerols 8.0 ± 0.2 4.9 ± 1.5 4.1 ± 1.0 4.7 ± 0.6 4.8 ± 0.2 
 Free fatty acids 4.5 ± 0.0 4.9 ± 0.5 6.6 ± 1.5 5.6 ± 0.4 5.9 ± 0.5 
 Alcohols 0.0 ± 0.0 0.2 ± 0.1 0.4 ± 0.3 0.1 ± 0.1 0.4 ± 0.2 
 Sterols 18.4 ± 0.1 13.8 ± 1.0 15.4 ± 0.4 14.9 ± 1.1 15.8 ± 0.7 
 Acetone mobile polar lipids 17.2 ± 0.2 10.1 ± 1.1 8.8 ± 0.7 12.0 ± 1.2 10.9 ± 0.3 
 Phospholipids 45.2 ± 0.0 51.9 ± 2.2 48.0 ± 2.4 51.6 ± 1.2 51.4 ± 1.0 
 Total lipids (mg g-1) 3.2 ± 0.1 4.3 ± 0.4 3.6 ± 0.2 4.6 ± 0.7 3.9 ± 0.4   

   
            

Aulactinia Hydrocarbons 0.1 ± 0.2 0.2 ± 0.1 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 
stella Steryl esters/wax esters 1.8 ± 1.5 0.6 ± 0.3 0.8 ± 0.1 0.7 ± 0.3 1.2 ± 0.4 

 Ethyl esters/methyl esters 8.7 ± 2.1 3.6 ± 1.3 4.1 ± 0.8 4.1 ± 1.5 5.0 ± 0.2 
 Ethyl ketones 0.0 ± 0.0 1.3 ± 0.5 0.1 ± 0.0 0.4 ± 0.3 1.4 ± 0.7 
 Glyceryl ethers 0.2 ± 0.3 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
 Triacylglycerols 0.1 ± 0.2 0.6 ± 0.1 0.6 ± 0.0 0.8 ± 0.2 0.7 ± 0.3 
 Free fatty acids 2.7 ± 2.0 2.6 ± 0.2 2.0 ± 0.2 1.9 ± 0.0 1.8 ± 0.4 
 Alcohols 0.2 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 
 Sterols 30.2 ± 4.9 24.9 ± 1.0 25.2 ± 0.9 23.0 ± 1.0 26.3 ± 1.0 
 Acetone mobile polar lipids 0.0 ± 0.0 2.7 ± 1.2 2.2 ± 0.3 2.2 ± 0.7 1.5 ± 0.4 
 Phospholipids 56.0 ± 4.0 63.6 ± 1.6 64.9 ± 1.8 66.7 ± 1.9 62.0 ± 1.7 
 Total lipids (mg g-1) 6.7 ± 1.2 10.9 ± 0.1 10.2 ± 0.7 10.6 ± 0.7 8.7 ± 1.4 
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Table 2-4: Fatty acid composition (%) of corals (Gersemia rubiformis) and sea anemones (Aulactinia stella) sampled on the first 

experimental day (Pre-trial”) and after a 28 d exposure period to either inorganic sediment (“inorganic”) or fish waste (“waste”). 

Values are mean ± se for all except pre-trial values which are mean ± sd. ƩBacterial = the sum of fatty acids associated with bacteria. 

ƩSAT = sum of saturated fatty acids. PUFA = polyunsaturated fatty acids. MUFA = Monounsaturated fatty acids. ƩEPA = 

eicosapentaenoic acid; (20:5𝜔3). ƩDHA = docosahexaenoic acid (22:6𝜔3). 
 

Fatty acid Pre-trial (%) Control (%) Inorganic (%) Low waste (%) High waste (%) 

Gersemia 14:0 0.5 ± 0.3 0.3 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 
rubiformis 14:1 0.2 ± 0.1 0.4 ± 0.1 0.6 ± 0.3 0.5 ± 0.1 0.4 ± 0.1  

ai16:0 0.2 ± 0.1 0.5 ± 0.0 0.4 ± 0.2 0.4 ± 0.1 0.6 ± 0.1  
16:0 9.7 ± 1.8 7.4 ± 0.9 6.7 ± 0.3 7.3 ± 0.5 6.9 ± 0.1  
16:19 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0  
16:17 0.9 ± 0.3 0.7 ± 0.1 0.6 ± 0.1 0.9 ± 0.1 1.1 ± 0.1  
16:15 0.2 ± 0.0 0.3 ± 0.0 0.4 ± 0.1 0.3 ± 0.0 0.3 ± 0.0  
i17:0 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.0 0.5 ± 0.1 0.4 ± 0.0  
16:26 0.9 ± 0.4 0.7 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.0  
16:34 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0  
16:43 4.3 ± 1.7 3.3 ± 0.4 3.3 ± 0.6 3.7 ± 0.4 3.7 ± 0.2  
18:0 2.9 ± 0.5 2.5 ± 0.1 2.5 ± 0.2 2.6 ± 0.2 2.6 ± 0.3  
18:19 2.0 ± 0.6 2.1 ± 0.4 2.2 ± 0.3 2.6 ± 0.1 2.6 ± 0.3  
18:17 1.5 ± 0.5 1.4 ± 0.2 1.3 ± 0.1 1.1 ± 0.1 1.2 ± 0.0  
18:15 0.3 ± 0.1 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.0  
18:26 0.7 ± 0.3 0.7 ± 0.1 0.8 ± 0.1 1.4 ± 0.1 1.8 ± 0.1  
18:33 0.3 ± 0.1 0.3 ± 0.0 0.4 ± 0.0 0.5 ± 0.1 0.7 ± 0.1  
20:19 1.8 ± 0.7 1.9 ± 0.3 2.0 ± 0.2 1.5 ± 0.1 1.2 ± 0.2  
20:17 13.8 ± 1.3 13.6 ± 0.6 14.2 ± 0.0 13.9 ± 0.2 14.2 ± 0.2  
20:46 37.6 ± 9.0 39.3 ± 2.5 39.6 ± 1.1 40.2 ± 1.8 40.9 ± 0.9  
20:43 1.2 ± 0.5 1.3 ± 0.2 1.4 ± 0.1 1.0 ± 0.1 0.7 ± 0.1  
20:53 7.3 ± 3.6 8.9 ± 0.3 8.0 ± 0.3 7.6 ± 1.1 7.2 ± 0.4  
22:19 1.3 ± 0.4 1.4 ± 0.1 1.3 ± 0.0 1.2 ± 0.1 1.1 ± 0.1  
22:2NMIDa 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 
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Fatty acid Pre-trial (%) Control (%) Inorganic (%) Low waste (%) High waste (%)  
22:46 1.3 ± 0.1 1.5 ± 0.1 1.5 ± 0.0 1.6 ± 0.1 1.5 ± 0.0  
22:53 0.9 ± 0.6 1.2 ± 0.2 1.3 ± 0.0 0.9 ± 0.0 0.7 ± 0.1  
22:63 2.1 ± 1.3 1.5 ± 0.2 1.4 ± 0.0 1.3 ± 0.1 1.2 ± 0.1 

                 
 ƩBacterial 1.7 ± 0.2 2.8 ± 0.2 2.5 ± 0.2 2.6 ± 0.3 3.2 ± 0.2 
 ƩSat 14.2 ± 1.9 11.3 ± 1.0 10.4 ± 0.2 11.3 ± 0.7 10.9 ± 0.3 
 ƩMUFA 24.4 ± 1.9 24.1 ± 0.8 25.2 ± 1.1 24.4 ± 0.7 23.9 ± 0.4 
 ƩPUFA 60.2 ± 3.6 62.5 ± 1.6 62.6 ± 1.3 62.3 ± 1.3 62.6 ± 0.1 
 P/S 4.3 ± 0.8 5.7 ± 0.6 6.2 ± 0.3 5.8 ± 0.3 5.9 ± 0.0 
   17.1 ± 5.1 17.5 ± 0.8 17.0 ± 0.4 15.8 ± 1.0 15.0 ± 0.6 
   41.7 ± 8.5 43.5 ± 2.3 44.2 ± 1.1 45.2 ± 1.9 46.3 ± 0.7 
  2.7 ± 1.6 2.7 ± 0.2 2.9 ± 0.1 3.0 ± 0.3 3.4 ± 0.3 
 DHA/EPA 0.3 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 
                 

Aulactinia 14:0 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 
stella 14:1 0.1 ± 0.0 0.4 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.4 ± 0.0 

 ai16:0 0.3 ± 0.1 1.0 ± 0.3 0.6 ± 0.2 0.8 ± 0.2 0.9 ± 0.1  
16:0 4.4 ± 1.5 2.3 ± 0.1 2.3 ± 0.0 2.4 ± 0.2 2.5 ± 0.1  
16:19 0.8 ± 0.2 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.7 ± 0.0  
16:17 0.4 ± 0.2 0.6 ± 0.1 0.4 ± 0.1 0.6 ± 0.0 0.7 ± 0.0  
16:15 0.4 ± 0.2 0.7 ± 0.2 0.4 ± 0.1 0.7 ± 0.1 0.8 ± 0.1  
i17:0 1.7 ± 0.5 2.0 ± 0.0 1.8 ± 0.1 1.6 ± 0.1 1.9 ± 0.2  
16:26 2.6 ± 1.5 4.0 ± 0.2 4.0 ± 0.3 3.8 ± 0.2 3.8 ± 0.2  
16:34 0.1 ± 0.0 0.4 ± 0.1 0.7 ± 0.4 0.5 ± 0.2 0.6 ± 0.1  
16:43 6.4 ± 0.5 5.6 ± 0.6 5.9 ± 0.4 5.6 ± 0.6 5.6 ± 0.3  
18:0 7.4 ± 1.0 4.7 ± 0.8 5.7 ± 0.3 6.2 ± 0.6 5.7 ± 0.4  
18:19 1.3 ± 0.5 0.9 ± 0.0 0.8 ± 0.0 1.3 ± 0.2 1.5 ± 0.1  
18:17 1.3 ± 0.4 1.0 ± 0.0 0.9 ± 0.0 1.0 ± 0.0 1.0 ± 0.0  
18:15 6.3 ± 0.8 6.8 ± 0.1 6.4 ± 0.1 6.4 ± 0.3 5.9 ± 0.1  
18:26 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.0 0.8 ± 0.0 1.0 ± 0.1  
18:33 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 
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Fatty acid Pre-trial (%) Control (%) Inorganic (%) Low waste (%) High waste (%)  
20:19 0.3 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0  
20:17 2.4 ± 0.8 1.7 ± 0.0 1.6 ± 0.0 1.6 ± 0.0 1.6 ± 0.0  
20:46 3.0 ± 1.0 4.5 ± 0.2 4.7 ± 0.2 4.9 ± 0.2 5.5 ± 0.3  
20:43 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0  
20:53 25.0 ± 0.6 24.7 ± 0.2 24.6 ± 0.5 24.1 ± 0.8 23.3 ± 0.1  
22:19 7.9 ± 0.9 9.0 ± 0.3 9.2 ± 0.4 8.9 ± 0.5 8.5 ± 0.3 

 22:2NMIDa 1.3 ± 0.5 1.8 ± 0.1 1.7 ± 0.0 1.8 ± 0.1 1.8 ± 0.0 
 22:46 7.9 ± 1.8 10.3 ± 0.3 10.3 ± 0.1 9.8 ± 0.5 10.0 ± 0.3 
 22:53 8.4 ± 1.7 6.4 ± 0.2 6.8 ± 0.2 6.2 ± 0.2 6.1 ± 0.1 
 22:63 1.7 ± 0.6 1.2 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 1.4 ± 0.1 
                 
 ƩBacterial 4.0 ± 0.5 5.0 ± 0.4 4.2 ± 0.4 4.3 ± 0.4 4.8 ± 0.2 
 ƩSat 13.6 ± 2.3 8.6 ± 0.8 9.7 ± 0.3 10.2 ± 0.7 10.0 ± 0.4 
 ƩMUFA 22.8 ± 1.9 24.5 ± 0.5 23.0 ± 0.5 24.0 ± 0.8 23.7 ± 0.3 
 ƩPUFA 60.6 ± 3.5 63.0 ± 0.1 64.1 ± 0.4 62.5 ± 1.0 62.6 ± 0.5 
 P/S 4.6 ± 1.1 7.8 ± 0.9 7.0 ± 0.3 6.4 ± 0.5 6.7 ± 0.5 
   42.1 ± 1.3 38.6 ± 0.5 39.4 ± 0.9 37.9 ± 1.6 37.1 ± 0.1  

  14.8 ± 4.0 20.1 ± 0.6 20.2 ± 0.4 20.3 ± 0.5 21.1 ± 0.6  
 0.4 ± 0.1 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 0.6 ± 0.0  
DHA/EPA 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 
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2.9  Figures 

 

 

Figure 2-1: (A) Timeline of experimental period. “Day 0” denotes the day prior to experimental 

onset. “Sampling” reference corals and sea anemones were preserved for biochemical analyses. 

“Exposure period” corresponds to the 28 days over which treatments were applied to 

experimental tanks. “Depuration period” represents the 3-4 days after sediment was removed 

from tank bottoms and animals were measured and preserved for biochemical analyses. (B) 

Timeline of an experimental day. Treatments were added twice daily (09:00 and 14:00). 

Behavioural scores were assigned to each animal prior to each treatment addition (S1), then 20 

min (S2), 40 min (S3), 1 h (S4) and 2 h (S5) after. Water drops denote the approximate onset of 

water quality measurements. Created in BioRender.com 
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Figure 2-2: Behaviours of Gersemia rubiformis based on branch and polyp deployment, 

corresponding to behavioural scores 1-6 in Table 2-1. (A) Score 1; (B) score 2; (C) score 3; (D-

E) score 4; (F) score 5; (G) score 6. 
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Figure 2-3: Behaviours of Aulactinia stella based on column extension and tentacle deployment, 

corresponding to behavioural scores 1-5 in Table 2-2. (A) Score 1; (B) score 2; (C) score 3; (D) 

score 4; (E) score 5; (F) an example of pharynx eversion.  
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Figure 2-4: Behavioural scores of Gersemia rubiformis and Aulactinia stella measured over 28 d 

under low-waste (n = 15 colonies/individuals), high-waste (n = 15 colonies/individuals), 

inorganic sedimentation (n = 15 colonies/individuals) or control conditions (n = 15 

colonies/individuals), with increasing level of column extension and/or polyp deployment (see 

scores in Table 2-1/Figure 2-2 for G. rubiformis and Table 2-2 and Figure 2-3 for A. stella). 

Behaviour was scored 20 min, 40 min, 1 h and 2 h after twice-daily with the treatment additions. 

Plots are distributions of unaveraged scores at every timepoint, treatment mean over the whole 

experimental period is indicated by black horizontal bars.
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Figure 2-5: Time spent with all polyps/tentacles retracted and frequency of full contractions for Gersemia rubiformis (top) and 

Aulactinia stella (bottom) over 28 d of exposure to low-waste, high-waste, inorganic sedimentation or control conditions. Data shown 

as mean ± standard error (n = 3 tanks per treatment). Dashed line and secondary (right) y-axis represent average seawater temperature. 
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Figure 2-6: Proportion of individuals of Aulactinia stella showing visible pharynx (%) over 28 d of exposure under low-waste, high-

waste, inorganic sedimentation or control conditions (A) per day and (B) relative to addition of treatment to tank (20 min, 40 min, 1 h 

or 2 h after). “Before” indicates time point scored prior to each treatment addition (twice a day). Data shown as mean ± standard error 

(n = 3 tanks per treatment). 

(A) (B) 
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Figure 2-7: Principal coordinate analyses (PCoA) of the mean fatty acid profile of (A) Gersemia rubiformis and (B) Aulactinia stella 

after 28 d of exposure to low salmon waste (Low), high salmon waste (High), inorganic sedimentation or control conditions, (n = 3 

tanks). Dots represent tanks (n = 3 per treatment), ellipses highlight clustering. 
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Figure 2-8: Percent (%) fatty acid composition (by weight) attributable to tracers of salmon waste (18:19, 16:0 and 18:26) in tissue 

samples of Gersemia rubiformis and Aulactinia stella after 28 d of exposure to low-waste (Low), high-waste (High), inorganic 

sedimentation or control conditions.  Data shown as mean ± standard error (n = 3 tanks)
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2.10 Supplementary materials  

2.10.1 Supplementary Tables 

Supplementary Table S2-1: Models selected for statistical analyses. 

Model ID Model 

1 √ (Time spent retracted) ~ treatment + day + (1 | tank ID) + (1 | animal ID)  

2 Full contraction frequency ~ treatment + day + (1 | tank ID) + (1 | animal ID) 

3 Pharynx presence ~ treatment + day + time + (1 | day/time) + (1 | tank ID) 

 

“day” = the number of days since experimental onset 

“time” = identifying first or second treatment addition of the experimental day 

“tank ID” = unique codes identifying each tank. 

“animal ID” = unique codes identifying each coral or each sea anemone 
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Supplementary Table S2-2: Lipid composition (%) of fish waste used in treatments sampled on 

the first (Day 1) and last day (Day 28) of the experiment. Values are mean ± sd. 

 

 

 

 

 

 

 

 

  

Lipids Day 1 (%) Day 28 (%) 

Hydrocarbons 0.2 ± 0.3 0.3 ± 0.3 

Steryl esters/wax esters 0 ± 0.0 0.5 ± 0.9 

Ethyl esters/methyl esters 0.2 ± 0.4 0.3 ± 0.6 

Ethyl ketones 1.4 ± 0.4 0.5 ± 0.4 

Glyceryl ethers 0.0 ± 0.0 0.0 ± 0.0 

Triacylglycerols 40.1 ± 4.5 20.3 ± 4.0 

Free fatty acids 46.0 ± 2.5 56.7 ± 3.4 

Alcohols 0.4 ± 0.7 0.0 ± 0.0 

Sterols 4.6 ± 0.5 9.5 ± 2.7 

Acetone mobile polar lipids 4.4 ± 4.1 5.3 ± 2.5 

Phospholipids 2.7 ± 3.0 6.5 ± 4.0 
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Supplementary Table S2-3: Fatty acid percent composition of the salmon waste added to tanks; 

sampled on the first (“Day 1”) and last day (“Day 28”) of the experiment. Values are mean ± sd. 

ƩBacterial = the sum of fatty acids associated with bacteria. ƩSAT = sum of saturated fatty acids. 

PUFA = polyunsaturated fatty acids. MUFA = Monounsaturated fatty acids. ƩEPA = 

eicosapentaenoic acid; (20:5𝜔3). ƩDHA = docosahexaenoic acid (22:6𝜔3). 

Fatty acid Day 1 (%) Day 28 (%) 

14:0 3.8 ± 0.1 3.7 ± 0.1 

14:1 0.0 ± 0.0 0.0 ± 0.0 

ai16:0 0.0 ± 0.0 0.0 ± 0.0 

16:0 16.3 ± 0.2 16.7 ± 0.3 

16:19 0.2 ± 0.0 0.2 ± 0.0 

16:17 5.2 ± 0.0 5.2 ± 0.1 

16:15 0.1 ± 0.0 0.1 ± 0.0 

i17:0 0.1 ± 0.0 0.1 ± 0.0 

16:26 0.7 ± 0.0 0.7 ± 0.0 

16:34 0.7 ± 0.0 0.6 ± 0.1 

16:43 0.0 ± 0.0 0.0 ± 0.0 

18:0 4.5 ± 0.1 4.7 ± 0.1 

18:19 33.2 ± 0.3 33.7 ± 0.5 

18:17 2.9 ± 0.0 3.0 ± 0.0 

18:15 0.0 ± 0.0 0.0 ± 0.0 

18:26 14.2 ± 0.1 13.8 ± 0.2 

18:33 3.5 ± 0.1 3.3 ± 0.1 

20:19 1.1 ± 0.0 1.2 ± 0.0 

20:17 0.1 ± 0.0 0.1 ± 0.0 

20:46 0.5 ± 0.1 0.4 ± 0.1 

20:43 0.3 ± 0.0 0.3 ± 0.0 

20:53 4.9 ± 0.2 4.6 ± 0.1 

22:19 0.0 ± 0.0 0.0 ± 0.1 

22:2NMIDa 0.0 ± 0.0 0.0 ± 0.0 

22:46 0.0 ± 0.0 0.0 ± 0.0 

22:53 0.8 ± 0.0 0.8 ± 0.0 

22:63 2.8 ± 0.1 2.7 ± 0.1 

       

ƩBacterial 0.8 ± 0.0 0.8 ± 0.1 

ƩSat 25.9 ± 0.4 26.5 ± 0.1 

ƩMUFA 43.6 ± 0.4 44.5 ± 0.4 

ƩPUFA 30.2 ± 0.5 28.7 ± 0.5 

P/S 1.2 ± 0.0 1.1 ± 0.0 

  13.3 ± 0.5 12.3 ± 0.3 

  15.6 ± 0.1 15.2 ± 0.1 

 1.2 ± 0.0 1.2 ± 0.0 

DHA/EPA 0.6 ± 0.0 0.6 ± 0.0 
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Supplementary Table S2-4: Percent (%) composition of major bacteria taxon (>2% in at least one sample) present in waste/mat 

samples form low-waste (LW) and high-waste (HW) tanks, as well as from Day 1 bulk waste (SWB) and Day 28 bulk waste (SWA). 

Data shown as mean ± standard deviation (n = 3 tanks). 
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Identification LW (%) SD (± %) HW (%) SD (± %) SW B (%) SD (± %) SW A (%) SD (± %)

d__Bacteria;p__Firmicutes;c__Bacilli;o__Mycoplasmatales;f__Mycoplasmataceae;g__Mycoplasma;s__uncultured_Mycoplasma 0.1 0.1 1.0 0.1 78.5 5.0 37.7 13.5

d__Bacteria;p__Campilobacterota;c__Campylobacteria;o__Campylobacterales;f__Arcobacteraceae;g__uncultured;s__Arcobacter_sp. 3.6 4.5 28.1 7.5 0.0 0.0 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Tenacibaculum;s__Tenacibaculum_ovolyticum 13.5 8.7 1.2 0.2 0.5 0.5 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Colwelliaceae;g__Colwellia;__ 13.0 3.6 2.9 1.3 0.5 0.6 0.2 0.3

d__Bacteria;p__Campilobacterota;c__Campylobacteria;o__Campylobacterales;f__Arcobacteraceae;g__uncultured;__ 2.9 2.9 9.0 6.5 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Vibrionales;f__Vibrionaceae;g__Photobacterium;s__Photobacterium_phosphoreum 0.0 0.0 0.0 0.0 7.7 2.2 0.0 0.0

d__Bacteria;p__Campilobacterota;c__Campylobacteria;o__Campylobacterales;f__Arcobacteraceae;g__Halarcobacter;__ 3.3 2.9 7.5 3.8 0.0 0.0 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Bacteroidales;f__Marinifilaceae;g__Marinifilum;__ 1.2 0.7 6.8 3.1 0.0 0.0 0.0 0.0

d__Bacteria;p__Firmicutes;c__Clostridia;o__Peptostreptococcales-Tissierellales;f__Fusibacteraceae;g__Fusibacter;s__bacterium_WH1-8 4.4 2.0 6.5 6.4 0.0 0.0 0.0 0.0

d__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus;s__Lactobacillus_curvatus 0.0 0.0 0.0 0.0 0.1 0.2 18.8 6.3

d__Bacteria;p__Firmicutes;c__Clostridia;o__Peptostreptococcales-Tissierellales;f__Fusibacteraceae;g__Fusibacter;s__uncultured_low 5.2 7.5 1.2 0.8 0.0 0.0 0.0 0.0

d__Bacteria;p__Fusobacteriota;c__Fusobacteriia;o__Fusobacteriales;f__Fusobacteriaceae;g__Fusobacterium;s__Fusobacteriaceae_bacterium 0.1 0.1 0.5 0.5 0.1 0.0 13.3 4.7

d__Bacteria;p__Desulfobacterota;c__Desulfobulbia;o__Desulfobulbales;f__Desulfocapsaceae;g__Desulfotalea;s__uncultured_delta 1.1 0.9 4.4 0.6 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Psychromonadaceae;g__Psychromonas;__ 0.7 1.1 4.0 1.2 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhodobacterales;f__Rhodobacteraceae;g__Sulfitobacter;__ 0.5 0.5 0.0 0.0 3.3 4.1 0.3 0.5

d__Bacteria;p__Firmicutes;c__Clostridia;o__Peptostreptococcales-Tissierellales;f__Fusibacteraceae;g__Fusibacter;__ 3.0 3.3 2.0 0.1 0.0 0.0 0.0 0.0

d__Bacteria;p__Fusobacteriota;c__Fusobacteriia;o__Fusobacteriales;f__Fusobacteriaceae;g__Psychrilyobacter;s__uncultured_bacterium 0.2 0.3 0.0 0.1 0.0 0.0 1.5 2.7

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Pseudofulvibacter;s__Flavobacteriaceae_bacterium 2.6 2.3 0.5 0.5 0.0 0.0 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Tenacibaculum;__ 2.3 2.1 0.5 0.5 0.1 0.1 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Polaribacter;__ 2.0 1.4 1.0 1.0 0.1 0.2 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Pseudofulvibacter;__ 1.9 1.8 0.4 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Desulfobacterota;c__Desulfobulbia;o__Desulfobulbales;f__Desulfocapsaceae;g__Desulforhopalus;s__uncultured_delta 0.6 0.6 1.9 0.3 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Arenicellales;f__Arenicellaceae;g__Arenicella;s__uncultured_bacterium 1.2 1.9 0.1 0.1 1.7 2.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadales;f__Sphingomonadaceae;g__Sphingomonas;s__Sphingomonas_echinoides 0.3 0.2 0.0 0.0 0.4 0.1 1.7 1.7

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Bacteroidales;f__Marinifilaceae;g__Marinifilum;s__uncultured_marine 0.3 0.5 1.7 0.1 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Alteromonadaceae;g__Paraglaciecola;__ 1.6 1.8 0.2 0.1 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Cellvibrionales;f__Cellvibrionaceae;g__uncultured;__ 1.6 0.7 0.6 0.1 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Oceanospirillales;f__Oleiphilaceae;g__Oleiphilus;s__uncultured_gamma 1.6 2.3 0.0 0.0 0.0 0.0 0.1 0.2

d__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus;s__Lactobacillus_sakei 0.0 0.1 0.0 0.0 0.0 0.0 17.4 1.5

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Lutibacter;s__uncultured_bacterium 0.5 0.8 1.4 0.5 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadales;f__Sphingomonadaceae;g__Novosphingobium;__ 0.0 0.0 0.1 0.1 0.0 0.1 1.1 1.3

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Tenacibaculum;s__Tenacibaculum_haliotis 0.1 0.2 0.0 0.0 1.3 1.9 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Oceanospirillales;f__Saccharospirillaceae;g__Oleispira;__ 1.3 0.7 1.0 0.5 0.0 0.0 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Bacteroidales;f__Marinifilaceae;g__Marinifilum;s__uncultured_Bacteroidetes 0.3 0.4 1.3 0.6 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Psychromonadaceae;g__Psychromonas;s__Psychromonas_arctica 0.8 1.1 1.2 1.2 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Oceanospirillales;f__Nitrincolaceae;g__Neptunomonas;__ 1.1 1.0 0.4 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Myxococcota;c__Polyangia;o__Haliangiales;f__Haliangiaceae;g__Haliangium;s__uncultured_deep-sea 1.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Cellvibrionales;f__Cellvibrionaceae;g__Marinagarivorans;s__gamma_proteobacterium 1.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadales;f__Sphingomonadaceae;g__Sphingomonas;s__Sphingomonas_melonis 0.3 0.2 0.1 0.1 0.1 0.2 2.1 1.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Oceanospirillales;f__Saccharospirillaceae;g__Oleispira;s__uncultured_bacterium 1.0 0.4 0.3 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Firmicutes;c__Clostridia;o__Peptostreptococcales-Tissierellales;f__Fusibacteraceae;g__Fusibacter;s__uncultured_bacterium 0.8 0.5 0.1 0.1 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Colwelliaceae;g__Colwellia;s__uncultured_Nitrospinaceae 0.8 0.9 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Colwelliaceae;g__Colwellia;s__Colwellia_psychrerythraea 0.5 0.8 0.7 0.9 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Gammaproteobacteria_Incertae_Sedis;f__Unknown_Family;g__Alkalimarinus;s__uncultured_bacterium 0.7 0.4 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Psychromonadaceae;g__Agarivorans;s__Agarivorans_litoreus 0.7 0.6 0.0 0.1 0.0 0.0 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Cryomorphaceae;g__uncultured;s__uncultured_bacterium 0.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Gammaproteobacteria_Incertae_Sedis;f__Unknown_Family;g__Unknown_Family;s__uncultured_bacterium 0.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Verrucomicrobiota;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Rubritaleaceae;g__Rubritalea;s__uncultured_bacterium 0.0 0.1 0.0 0.0 0.6 0.2 0.2 0.4

d__Bacteria;p__Firmicutes;c__Negativicutes;o__Acidaminococcales;f__Acidaminococcaceae;g__uncultured;s__uncultured_bacterium 0.0 0.0 0.0 0.0 0.6 0.1 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Cellvibrionales;f__Cellvibrionaceae;g__uncultured;s__uncultured_bacterium 0.5 0.9 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Beijerinckiaceae;g__Methylobacterium-Methylorubrum;__ 0.2 0.3 0.0 0.0 0.2 0.0 0.5 0.5

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Thiotrichales;f__Thiotrichaceae;g__Leucothrix;s__uncultured_bacterium 0.5 0.5 0.1 0.0 0.0 0.1 0.0 0.0

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Chitinophagales;f__Saprospiraceae;g__Lewinella;s__uncultured_bacterium 0.4 0.7 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Alteromonadales;f__Colwelliaceae;g__Thalassotalea;s__uncultured_bacterium 0.4 0.5 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Oceanospirillales;f__Nitrincolaceae;g__Profundimonas;__ 0.4 0.5 0.2 0.2 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Cellvibrionales;f__Spongiibacteraceae;g__Dasania;s__uncultured_bacterium 0.4 0.6 0.0 0.0 0.1 0.1 0.2 0.4

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Polaribacter;s__Polaribacter_lacunae 0.4 0.5 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Xanthobacteraceae;g__Bradyrhizobium;__ 0.1 0.2 0.0 0.0 0.1 0.1 1.1 0.4

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Pseudofulvibacter;s__uncultured_bacterium 0.3 0.2 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhodobacterales;f__Rhodobacteraceae;g__Halocynthiibacter;s__Halocynthiibacter_namhaensis 0.1 0.2 0.0 0.0 0.1 0.2 0.0 0.0

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhodobacterales;f__Rhodobacteraceae;g__Yoonia-Loktanella;__ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

d__Bacteria;p__Fusobacteriota;c__Fusobacteriia;o__Fusobacteriales;f__Fusobacteriaceae;g__Psychrilyobacter;__ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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2.10.2 Supplementary Figures 

 

Supplementary Figure S2-1: Experimental tank set-up. (A) Exterior of tank (61 x 30.5 x 30.5 

cm) depicting the camera mounted in water-resistant housing (CM), two water inflows (WI), and 

an infrared light mounted above the tank (IR). (B) Schematic example of randomized placement 

of five Gersemia rubiformis and five Aulactinia stella within tanks, along with two Hobo 

temperature loggers (HB). 
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Supplementary Figure S2-2: Water quality parameters (temperature, dissolved oxygen, salinity, pH) measured across control, 

inorganic, low-waste and high-waste treatment tanks. Parameters were measured twice daily during two days of acclimatization (A1, 

A2), the exposure period (Day 1–Day 28), the depuration period (D0 - D2), and sampling days (S1, S2). Data shown as mean ± 

standard deviation (n = 3 tanks per treatment). Discrepancies between the control and treatment tanks between A1 and Day 9 were 

attributed to insufficient instrument warm-up time which was remediated on Day 10 onwards.
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Supplementary Figure S2-3: Water nutrients in control, inorganic, low-waste and high-waste 

treatment tanks prior to any treatment additions (pre-exposure), after 28 d of additions (post-

exposure). Data shown as mean ± standard deviation (n = 3 tanks per treatment)
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Supplementary Figure S2-4: Behavioural scores of Gersemia rubiformis and Aulactinia stella on scales of 1 to 5 or 6, respectively 

(with increasing level of column extension and/or polyp deployment) measured during 28 d of exposure to low-waste, high-waste, 

inorganic sedimentation or control conditions. Behaviour scored 20 min, 40 min, 1 h and 2 h after bi-daily treatment additions was 

averaged. Data shown as overall treatment mean ± standard error (n = 3 tanks per treatment). Scores are described in Table 2-1/Figure 

2-2  for G. rubiformis and Table 2-2/Figure 2-3 for A. stella. 
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Supplementary Figure S2-5: Behavioural scores of Gersemia rubiformis and Aulactinia stella on scales of 1 to 5 or 6, respectively 

(with increasing level of column extension and/or polyp deployment) measured on Day 1 and Day 28 of exposure to low-waste, high-

waste, inorganic sedimentation or control conditions. Behaviour scored 20 min, 40 min, 1 h and 2 h after bi-daily treatment additions 

was averaged. Data shown as overall treatment mean ± standard error (n = 3 tanks per treatment). Scores are described in Table 2-

1/Figure 2-2  for G. rubiformis and Table 2-2/Figure 2-3 for A. stella.
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2.10.3  Supplementary Text 

2.10.3.1 Data analyses details 

Statistical analyses were conducted on raw, unaveraged data in R (version 4.2.2, R Core 

Team 2022) and Primer 7 with PERMANOVA+ (for PERMANOVAs only, Anderson et al. 

2008, Clarke and Gorley 2015). Mixed effect models (using lme4 package, Bates et al. 2015) 

were used to account for the non-independence of observations. As individuals were nested 

within tanks, the non-independence of those kept within the same tank were considered by 

including tank as a random factor. As the time elapsed since experimental onset could have 

influenced the magnitude of treatment effects, the data was treated as repeated measures by 

including experimental day as a covariate. Tank was kept as a random factor, even if it did not 

explain a large amount of variance within the model, per recommendations on tank experiments 

from Cornwall and Hurd (2016). Model selection was aided by comparing AIC values using 

anova(). Model fit and assumption diagnostics (e.g. normality of residuals, homogeneity of 

variance, independence of residuals) were explored using the DHARMa package (Hartig 2022)as 

performed in studies with similar mixed model data (e.g. Bilan et al. 2023). The Anova() from 

the car package (Fox and Weisberg 2019) was used to determine the significance of the fixed 

effects, as the base anova() does not provide these. Pairwise comparisons between treatments 

were conducted using the multcomp package (Hothorn et al. 2008). Graphical representations 

were created using the ggplot2 package (Wickham 2016). A threshold of p < 0.05 was used to 

determine significant effects.  

2.10.3.1.1 Behaviour 

Behavioural scores are reported as means that were either averaged across timepoints, 

waste addition events, day and tank to give an overall daily treatment mean. Otherwise, scores 
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were averaged over timepoints, waste addition events and tank to visualize daily changes over 

the exposure period. Day 28 was specified for comparison as it was the best indicator of potential 

long-term effects. Mean daily scores were extracted from data measured after the addition of 

wastes; every 3 days of the experimental period. Behavioural scores were not statistically 

analyzed out of caution due to a lack of available model validation support for ordinal mixed 

effect models, and model misfit to other explored distributions. 

Daily treatment means of the time spent retracted (h) and frequency of full contractions 

(contr d-1) were compared across experimental days and treatments. Individuals of G. rubiformis 

were excluded from specific daily means if they were showing noticeable influence from 

interactions with A. stella (i.e. contracting as a result of a touching, colony damage). Individuals 

that moved outside the view of the camera were omitted whenever they could not be measured.  

Time spent with polyps/tentacles retracted (h) was evaluated using linear mixed effects 

models (model 1, Supplementary Table S2-1). Retraction time was square-root transformed to 

meet normality assumptions. Experimental day was included as a covariate. Tank and coral ID 

(unique identifier for each coral) were included as random factors. 

Generalized linear mixed effect models with Poisson distributions were used to determine 

the effect of treatment on full contraction frequency (model 2, Supplementary Table S2-1). The 

pre-trial baseline measurement was excluded from the models since treatments had not yet been 

applied at that timepoint. 

For A. stella, the proportion of individuals within each tank showing visible pharynx was 

calculated per day, and reported as a daily treatment mean (% ind d-1). Raw presence/absence 

data was analyzed using a generalized linear mixed effect model with a binomial distribution 

(model 3, Supplementary Table S2-1). Experimental day and time of day (AM or PM) were 
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included as fixed factors (time of day nested in day). Tank was included as a random factor. Sea 

anemone ID was not included as a random factor as observations made during the experiment 

did not confidently track the movement of each individual which often moved positions. 

2.10.3.1.2 Lipid composition 

Lipid content of coral and sea anemone tissue was standardized based on wet weight (mg 

g-1 WW). Lipid content of salmon waste preserved on Day 1 and Day 28 was reported as percent 

composition due to high water content. Within G. rubiformis and A. stella, lipid content was 

reported as a treatment mean to compare among treatments, as well as with pre-trial baseline 

individuals. Lipid compositions were compared among treatments, as well as between pre-trial 

baseline and experimental animals (with sample date as a fixed effect) using PERMANOVAS. 

Data was square-root transformed, Bray-Curtis distance measures were used and permutations 

set to 9999. Tank was included as a random factor nested within treatment.  

2.10.3.1.3 Fatty acid composition 

Fatty acids representing 1% of at least one sample were analyzed (Mercier et al. 2016, 

Salvo et al. 2018) to better detect slight changes in major fatty acids. One coral in the inorganic 

treatment was omitted as an influential outlier due to high concentrations (>12%) in fatty acids 

(18:1w9 and 22:4w6) that were less prevalent in all other colonies (<4%).  Fatty acids for G. 

rubiformis and A. stella were reported as treatment means of percent compositions (%), which 

were compared among treatments. Fatty acid compositions were square-root transformed and 

statistically accessed using multivariate analyses with Bray-Curtis distance measures. 

Compositions were compared among treatments, as well as between pre-trial baseline and 

experimental animals (with sample date as a fixed effect) using PERMANOVAs (permutations 

set to 9999). Tank was included as a random factor nested within treatment. Fatty acids 
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compositions were statistically accessed using multivariate analyses of similarity (ANOSIM) of 

Bray-Curtis distance measures with permutations set to 9999, as well as graphically using a 

principal coordinate analysis (PCoA), guided by Couturier et al. (2020) and Bakker (2024). An 

ANOSIM (using the vegan package) was conducted both at an individual-level and at a tank-

level (averaged across individuals within each tank) with treatment as a grouping factor to 

determine if the fatty acid profiles varied more within treatment (R = 1) than within group (R = 

0).  

2.10.3.1.4 Bacteria 

Mean percent compositions (%) of identified bacteria was reported and compared among 

bulk salmon waste preserved at Day 1 and Day 28, as well as between bulk waste samples and 

samples of waste/microbial mats taken directly from the tanks. Kurskal-Wallis tests used to 

compare the alpha diversity between bulk waste and mat samples were conducted in QIIME 2 

(Bolyen et al. 2019). 

2.10.3.2 Planula release 

On Day 18, planula (coral larvae) began appearing in the tanks. Planula release from G. 

rubiformis was recorded through opportunistic inspections of the tank. As larvae were hard to 

detect on the sand, counts were done after siphoning the material out from the tanks for the 

inorganic treatment. The opportunistic nature of the monitoring meant that not all planulae were 

likely recorded and reported values should be interpreted as minima. 

Planulae were most often observed on the sediment/tank bottom; they were observed 

swimming in the tanks on a few occasions. At minimum, one planula was observed within each 

tank during the experimental period. Opportunistic visual observations of the tanks combined 

with post-experiment collection of larvae recorded a quantity of planula highest in one of the 
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low-waste tanks (50 planulae observed at once, range for all low-waste tanks: 2-50). Less 

planulae were recorded through visual observations (0-1) in inorganic tanks, but we believe that 

this was due to camouflage with the sand, since examination of sediment siphoned from these 

tanks yielded high amounts of planula (range of 3-30 in tanks). Control tanks ranged from 4-30 

planulae and high-waste tanks had the lowest observed quantities during the experiment ranging 

from 2-17. Planulae release was highly variable within treatments, and methodology for counting 

was not consistent between treatments so ranges should be considered minimums. Due to the 

mobility of planulae it was not possible to discern which were the parent colonies. 

To our knowledge, details of the planulation periodicity of G. rubiformis have not been 

published. A close relative, G. fruticosa (n=5), has been observed to release planulae in 

synchrony with the lunar cycle with the most released just after the full moon (observed over 3 

lunar months, Mercier et al. 2011). The onset of planulae release during the present study 

occurred approximately 8 d after a full moon. Interestingly, planulae release in G. rubiformis has 

been observed by Henry et al. (2003) in response to mechanical disturbance (crushing). 

However, Henry et al. (2003) observed high mortality occurred in daughter colonies that 

propagated from prematurely-released planula. Observations of planulae did not appear to 

increase with waste concentration, but most planulae were observed in a low-waste treatment 

tank, and the inorganic treatment/control tanks. This may suggest that planulae release was 

stimulated under mild waste sedimentation, but less release occurred in colonies exposed to the 

high-waste concentration. Although observations could be biased as higher amounts of 

sedimentation in the high-waste treatment may have obscured visual counts of planulae in the 

tanks (i.e. if buried), further assessing the potential impact of waste concentration on larval 

release should be considered in a future study. As well, certain colonies may have been at a more 
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advanced larval production stage independent of the experiment, influencing which colonies had 

matured planulae to release. Both an indistinguishable trigger and exacerbation by mechanical 

disturbance (sedimentation) may have played a role in triggering the release of planulae. 

2.10.3.3 Juvenile expulsion 

In six instances, juvenile A. stella were expelled from the adults. This occurred three 

times during the acclimation period (with juveniles measuring 6, 8, 10 mm in pedal disc 

diameter) and three times during the exposure period (with juveniles measuring 3, 6, 7 mm in 

base diameter). Juvenile sea anemones were expelled once in a low-waste tank (6 mm pedal disk 

diameter) and twice in a high-waste tank (3 and 7 mm pedal disk diameter) during the exposure 

period. Only the two juveniles that were in the high-waste tank were expelled by the same parent 

individual, which was verified from the time-lapse videos. 

2.10.3.4 Sea anemone and coral interactions 

Unexpected contacts between A. stella and G. rubiformis were observed where A. stella 

would partially or completely engulf a coral colony with its mouth for variable periods of time. 

A total of 17 events were recorded over the acclimation (3 events), experimental period (13 

events) and depuration period (1 event). Events ranged from 15 min – 28 h in length between 

contact initiation and the release/regurgitation of corals. This was observed in 10 of the 12 tanks, 

affecting 13 different coral colonies, with no discernable pattern across time or treatment. Of 

note, three events occurred within different tanks and treatments on Day 17 of the exposure 

period. In one instance, an individual of A. stella pulled a colony of G. rubiformis from the 

cobble it was glued to and engulfed it whole for 28 h before the coral was regurgitated. One 

event occurred during the depuration period and the coral was engulfed within the sea anemone 

at the time of sampling. No mortality of G. rubiformis was observed as a result of these 
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interactions. Longer events of engulfment resulted in darkened regions and mucus production on 

the affected area of the colony. Shedding of sclerite-containing matter on the tank bottom 

beneath the coral was occasionally noted. 

During contacts, the pharynx of A. stella would be in direct contact with G. rubiformis, 

suggesting the interactions could be a feeding behaviour. This could highlight that the mobility 

and size of A. stella may provide an advantage in unfavourable conditions. Previous mesocosm 

experimentation has indicated the potential ability of sea anemones (Mesactinia genesis) to 

dominate competitors, including tropical scleractinians (Acropora muricata) under increased 

nutrient-rich sedimentation (Liu et al. 2015). No pattern of the interactions could be determined 

in the present study, consistent with Liu et al. (2015) who reported that mortality of A. muricata 

due to interactions with M. ganesis did not differ between control, inorganic and organic 

sedimentation treatments. However, these reported interactions involved modified tentacles and 

not attempted ingestion (engulfment), as seen here. Near-anoxic oxygen conditions seemingly 

induced predation of whole brittle stars by the sea anemones Cereus pedunculatus and Calliactis 

parasitica in a similar manner as the present study, in some instances ingesting the brittle star up 

to 12.5 h before regurgitation. This is suggested to indicate both a resilience to low-oxygen and a 

predatory advantage to the sea anemone (Riedel et al. 2008). Whether similar interactions 

between A. stella and G. rubiformis occur in situ is still unknown, though predatory interactions 

between the sea anemone Ptychodactis patula and the cold-water octocoral Funiculina 

quadrangularis have been reported (Buhl-Mortensen et al. 2023). Regardless, the opportunistic 

behaviour of A. stella witnessed here may provide an advantage over other benthic organisms in 

disturbed habitats (e.g. under aquaculture pens).  
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3 Chapter 3 - Impacts of barite and bentonite sedimentation on the behaviour, 

mucus production and cnidocytes of the deep-sea coral Flabellum (Ulocyathus) 

alabastrum1 

Abstract 

As oil and gas exploration expands in deep-sea environments, understanding the impacts of 

wastes produced by this industry is urgent. One of the main wastes of offshore drilling is the 

discharge of drill muds, commonly including barite and bentonite clay. Here, we investigated the 

effects of these two byproducts on the expansion behaviour, mucus secretion and cnidocyte 

density of the solitary cup-coral Flabellum (Ulocyathus) alabastrum. A total of 96 live corals 

were exposed over 10 d to one of three treatments (barite, bentonite, or barite and bentonite 

combined) or assigned as an untreated control. Daily waste additions aimed to reach a total 

sedimentation depth of 6.3 mm (common ‘probable no-effects threshold’). Photography was 

used to monitor behavioural changes and mucus production, and histology was used to assess 

changes in tentacle cnidocytes. Overall, responses of F. alabastrum in the form of excessive 

polyp expansion (swelling) and mucus production were more severe under the barite and 

bentonite combined treatment, followed by barite alone, and bentonite alone. Moreover, elevated 

nematocyte densities were measured under exposure to the mix of barite and bentonite. 

However, F. alabastrum returned to baseline metrics during a 10-d recovery period. The results 

suggest that sedimentation of common drill mud ingredients to <6.3 mm depth can cause 

observable and non-lethal responses in F. alabastrum, but remain conservative relative to what 

may be experienced in situ. Long-term consequences, potential synergistic effects of barite and 

 
1 A version of this chapter is under review at Deep Sea Research Part II: Topical Studies in Oceanography. 
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bentonite, as well as impacts of more abrasive drilling waste (drill cuttings) on F. alabastrum 

require further study. 

3.1 Introduction 

The oil and gas sector represents one of the largest ocean-based industries, with over 

9,000 offshore platforms operating worldwide (Jouffray et al. 2021) and activities now reaching 

deep-sea habitats as energy demands increase (Cordes et al. 2016). Since offshore deposits are 

responsible for over 70% of the recent (2000-2010) discoveries made in this sector (Sandrea and 

Sandrea 2010), the impacts of wastes produced through drilling activity on marine organisms 

need to be better understood. 

The primary wastes produced by oil and gas exploration are drill cuttings consisting of 

fragments of rock dislodged during drilling, and drill muds, which are multipurpose fluids 

composed of additives, including barite and bentonite clay (IOGP 2016). Discharged drilling 

waste forms plumes where heavier particles (e.g. larger cuttings) settle rapidly close to the 

discharge site, whereas fine particles (e.g. drilling muds) are dispersed over a wider area (IOGP 

2016) and can reach >1000 m downstream of the site (DNV 2013). The greatest accumulation of 

wastes is typically concentrated within 100 m of the drilling installation (DNV 2013), resulting 

in the smothering or burial of benthic organisms under particulate layers ranging from 1 to 50 cm 

in thickness (IOGP 2016). However, accumulation depends on factors such as currents, depth, 

volume of waste discharged as well as the quantity of wells drilled (IOGP 2016). Water-based 

muds (WBM) have become the most common type of drilling mud used in offshore operations 

(Neff 2008, Cordes et al. 2016) and are often permitted for discharge directly into the marine 

environment (Neff 2008, C-NLOPB et al. 2010, EPA 2011, IOGP 2016, Edge et al. 2016). Due 
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to their low toxicity and organic content, the potential effects of water-based drilling muds on 

benthic organisms are expected to primarily be a result of sedimentation (DNV 2013). 

The deep sea off Newfoundland and Labrador (NL) is home to a rich benthic fauna, 

including over 70 species of cold-water coral (CWC). Cold-water corals are classified as 

indicators of vulnerable marine ecosystems (VME) due to their slow growth rates (Risk et al. 

2002, Sherwood and Edinger 2009, Hamel et al. 2010, Carreiro-Silva et al. 2013, Neves et al. 

2015, Neves 2016, Prouty et al. 2016, Piccirillo 2023) suggesting that their recovery from 

disturbances may take decades, if not centuries (Sherwood and Edinger 2009, Carreiro-Silva et 

al. 2013). Although NL is the largest offshore producer of oil in Canada (CER 2022), the effects 

of drilling on CWC present in this region are presently unstudied (Gullage et al. 2022). So far, 

the impacts of drilling wastes on CWC have heavily focused on the reef-building scleractinian 

Desmophyllum pertusum (previously known as Lophelia pertusa), which is common off the 

coast of Europe but rarer off Canada (Beazley et al. 2021) and not known from NL (Wareham 

and Edinger 2007, Murillo et al. 2011, Baker et al. 2012).  

Previous studies have shown that D. pertusum has a resilience to sediment and drill 

cuttings alike, with polyp mortality and tissue reduction occurring only when completely 

smothered with deposited material (Larsson and Purser 2011, Allers et al. 2013). Under short-

term (5 d) exposure to suspended drilling wastes in 4-h pulses, drill cuttings, barite or bentonite 

showed no effect on the growth or respiration rates of colony fragments 2 and 6 wk post-

exposure. However, increased polyp mortality was seen at concentrations of drill cuttings ≥19 

mg L-1 (Baussant et al. 2022). Increases in polyp activity have also been recorded during 

exposure to both suspended barite (Vianna da Rocha et al. 2021) and drill cuttings (Baussant et 

al. 2018), likely representing a behaviour that targets sediment removal (Vianna da Rocha et al. 
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2021). Additionally, larvae of D. pertusum subjected to suspended drill cuttings, barite or 

bentonite for 24 h displayed abnormal swimming behaviour, changes in shape, mucus secretion, 

particles attached to their body, and death at the highest treatment concentrations (>50 mg L-1), 

with the most severe effects and lowest recovery potential observed in bentonite treatments 

(Järnegren et al. 2020). While studies on D. pertusum are informative, they may not necessarily 

be applicable to other CWC species. For instance, branching colonial corals may have a higher 

capability to reject sediment compared to non-branching morphologies (Duckworth et al. 2017) 

such as solitary corals. As such, high sedimentation loads are needed to maintain sediment 

coverage on D. pertusum (Allers et al. 2013), possibly overestimating effect thresholds 

appropriate for CWC species that are more susceptible to smothering. 

Questions remain regarding the breadth of effects that drilling wastes may have on CWC. 

Much of the current literature has measured behaviour and physiological parameters, while little 

is known of cellular responses. Cnidocytes, the characteristic “stinging cells” of cnidarians, play 

functional roles such as food capture and defense (Kass-Simon and Scappaticci 2002). While 

mechanical and chemical stimuli can cause these cells to trigger (Kass-Simon and Scappaticci 

2002), changes in cnidocyte densities can also be induced (e.g. by predation, Gochfeld 2004). 

Whether disturbance from human activity, such as the sedimentation of drilling waste, may 

influence the discharge or production of these cells is yet to be explored. 

The solitary coral Flabellum (Ulocyathus) alabastrum is one of the most common 

scleractinian species off eastern Canada; it is known to inhabit depths ranging between 218 and 

1433 m (Wareham and Edinger 2007) sometimes congruent to those where exploratory wells are 

drilled (NSB 2016). This species is expected to be vulnerable to anthropogenic activities due to 

their slow growth rates (~1 mm y-1), potential high longevity (Hamel et al. 2010), and sedentary 
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nature. However, small CWC species (<30 cm) such as F. alabastrum are currently excluded 

from criteria established for use during regional pre-drilling surveys (Gullage et al. 2022). 

The purpose of the present study was to investigate the potential effects of drilling wastes 

on F. alabastrum. The specific objectives were to (1) assess behavioural responses to 

sedimentation of barite and bentonite, (2) record observations of mucus presence, (3) explore 

concurrent changes in cnidocytes (stinging cells), and (4) evaluate whether the changes/damages 

recorded persist after a recovery period. 

3.2 Materials and methods 

3.2.1 Materials 

Barite (BA) and bentonite (BE) products were obtained through an industry supplier. To 

verify their composition, mineral liberation analysis (MLA) of BA and BE samples were 

conducted in triplicate at the Micro Analysis Facility (MAF) of the Core Research and 

Equipment and Training Network (CREAIT) of Memorial University. Samples were embedded 

in epoxy, polished and then analyzed using a FEI MLA 650FEG scanning electron microscope 

equipped with MLA software. Each sample was automatically analyzed until a minimum particle 

count of 35,000 was reached, which is appropriate for a high degree of confidence in the results 

(Grant et al. 2018). The minerology of each particle was identified. The particle size distribution 

of each sample was also extracted from MLA. 

3.2.2 Coral collection and holding 

About 400 individuals of F. alabastrum were collected opportunistically as by-catch 

during multi-species trawl surveys conducted by Fisheries and Oceans Canada in May 2022. 

Individuals included in this study were collected at two sites within the Laurentian Channel 

(45.033 N, -56.460 W and 45.035 N, -54.833 W, trawl start positions) at mean depths of 385 and 
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638 m (see Supplementary Table S3-1 for details). They were maintained alive onboard for 9–10 

d in dark conditions and flow-through seawater between 3-8 °C until their transfer to tank 

facilities at the Northwest Atlantic Fisheries Centre (NAFC, Fisheries and Oceans Canada), St. 

John’s, NL. Once at NAFC, they were acclimated to laboratory conditions for a period of 10 wk 

before being transferred to experimental tanks, where they were acclimated for an additional 2 d 

prior to the trial (see Supplementary Table S3-2 for all holding and acclimation conditions). 

Individuals were kept in dark (<15 lux) conditions and supplied with flow-through, natural 

seawater continuously pumped through an intake pipe 3 km North of St. John’s Harbour (47.593, 

-52.663) from a depth of 30 m. In-line chillers (Advantage M1D-5W-MG-SP) were used to 

maintain appropriate seawater temperature (<8 °C), based on Buhl-Mortensen et al. (2007). The 

largest 96 individuals in healthy condition were selected (i.e. individuals with intact calices, no 

visible tissue damage, and with typical expansion behaviour). Individual sizes ranged from 25-75 

mm calyx width, and 23-56 mm calyx length (measured from the base of the calyx to the edge of 

the central septal margin).  

3.2.3 Experimental treatments 

Eight individuals of F. alabastrum were placed in each of 12 glass tanks (57 L; 61 cm x 

31 cm x 31 cm), positioned on their side to mimic their natural posture (Hamel et al. 2010). 

Seawater was supplied to each tank (see above for details) through two inflow tubes (1.9 cm 

diameter), each set at a flow rate of ~108 L h-1 (30 mL s-1, see Supplementary Figure S3-3 for 

set-up). A HOBO Pendant® MX Temperature/Light Data Logger was added to the bottom of 

each tank to record temperature and light intensity at 5 min intervals for the duration of the trial. 

Water quality parameters (pH, salinity, dissolved oxygen, temperature) were recorded twice 

daily using a multi-parameter probe (YSI Pro DSS). From each tank, duplicate water samples of 
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50 mL were collected prior to the experiment, after the 10-d exposure period and again after the 

10-d recovery period for nutrient analyses (nitrate, phosphate, silicate). Samples were stored at  

-20 °C until analyzed at NAFC following Seal Analytical AutoAnalyzer methods (Method No. 

G-172-96 Rev. 18, G-297-03 Rev. 6, G-177-96 Rev. 12).  

Each of the 12 tanks was randomly assigned as either a control (n = 3 tanks) or one of three 

treatments: barite alone “BA” (n = 3 tanks), bentonite alone “BE” (n = 3 tanks), or a combination 

of barite and bentonite together “BA+BE” (n = 3 tanks). BA+BE had a dry weight ratio of 14:6, 

respectively, based on typical water-based drilling mud compositions (IOGP 2016). Control 

tanks received no sediment. Each daily treatment addition was portioned to reach a total 

depositional depth of 6.3 mm over 10 d. The 6.3 mm value (based on Smit et al. 2008) has been 

widely recommended to industry as a ‘probable no-effect threshold’ (PNET) for smothering 

(Larsson and Purser 2011, Gullage et al. 2022). The duration of 10 d was chosen to replicate the 

time over which drilling (NSB 2016) and the discharge of water-based muds are expected to be 

deposited onto the seabed during drilling activities (BP 2017). 

Daily waste addition amounts to achieve the 6.3 mm target were based on preliminary 

testing that estimated the swelling and settling behaviour of BA alone, BE alone, and BA+BE in 

seawater. Triplicate testing the settlement of 1 cm3 of each waste in seawater within 10 mL 

falcon tubes showed that deposited BA expanded to ~2 times its dry volume, BE to ~6.5 times its 

dry volume, and BA+BE to ~4 times its initial volume. Based on these results, 133 g of BA, 17 g 

of BE, and 47 g of mixed BA+BE (33 g BA + 14 g BE) were added once daily to the respective 

treatment tanks to aim for the target depositional depth of 6.3 mm.  

Dry materials were mixed with seawater prior to addition to the tanks to achieve a 

homogenized mixture, as per Allers et al. (2013). Similar to previous work (Larsson and Purser 
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2011, Allers et al. 2013), the water flow was interrupted for 8 h following addition to allow 

particles to settle. During flow cessation, a chilled water bath surrounding the outside of the tank 

was used to maintain temperatures. Final depositional depths at the end of the exposure period 

were measured in petri dishes (5 cm diameter, Weber et al. 2006) positioned at each end of the 

experimental tanks. 

After 10 d of exposure, half of the F. alabastrum (n = 4 per tank) were preserved in 5% 

formalin (Lopez et al. 2006). The remaining individuals (n = 4 per tank) were monitored for an 

additional 10 d recovery period with no waste additions, after which they were preserved in 5% 

formalin.   

3.2.4 Behaviour 

Time-lapse videos were recorded throughout the exposure and recovery periods using a 

Brinno TLC200 Pro placed in a water-resistant housing and affixed to one end of each tank (see 

Supplementary Figure S3-3 for set-up). Two LED infrared lights were secured above each tank 

to help capture activity under dark conditions. To circumvent anticipated video quality issues, 

underwater photos were taken twice daily from the third day onward, using a Nikon Coolpix 

W300. The first daily timepoint for photos was set after 8 h of waste exposure plus an additional 

hour for water clarity to return after the reinstatement of flows (referred to as “T1”). The second 

daily time point for photos (referred to as “T2”) was taken prior to the second waste addition 

(~14 h after T1). See Supplementary Figure S3-4 for visual timeline. Based on the photos taken 

at T1 and T2, behavioural scores were assigned to each individual (n = 8 per tank) twice daily 

throughout the exposure period (beginning on the third experimental day) and during the 

recovery period (n = 4 per tank). Scores on a scale of 1-8 (from most contracted to most 
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expanded) were based on the criteria outlined in Table 3-1 with visual examples shown in Figure 

3-1.  

3.2.5 Mucus production 

Corals (n = 8 per tank) were monitored for the absence or presence of visible mucus 

strands twice daily from photos taken at T1 and T2 timepoints, aided by direct observations 

made during the experiment. The location of the mucus was recorded as either in contact with 

the tentacles, originating from the mouth, or both.  

3.2.6 Cnidocytes 

 Histology was performed to explore the cellular effects of barite and bentonite on F. 

alabastrum. Whole tentacle samples were collected from individuals preserved after the 10-d 

exposure period (see Supplementary Figure S3-5 for sample location). The same was done for 

individuals preserved after the additional 10 d of recovery. Samples were transferred to 70% 

ethanol prior to processing at the Histology Medical Laboratories of Memorial University. 

Samples were dehydrated, mounted in paraffin, sectioned longitudinally to 5 µm at the estimated 

tentacle midpoint, and stained with hematoxylin and eosin (H&E). Histological slides were 

analyzed using a stereoscope (Nikon Eclipse 80i) equipped with a digital camera (Olympus 

DP73), and cellSens imaging software. Cnidocyte densities were quantified by identifying and 

counting the cnidocysts (prominent organelle within cnidocytes) visible in each tentacle along a 

100 µm length of epithelium (n = 3 replicates per tentacle). Cnidocyte and mucocyte 

identification was based on Cordie and Budd (2016) and Strömberg and Östman (2017). Two 

types of cnidocytes were identified as either spirocyte or nematocyte. Spirocytes were identified 

by the presence of a coiled spring-like tubule which stained pink (spirocyst, Figure 3-2B). 

Nematocytes (heteroneme type) were identified based on the presence of a prominent, linear 
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tubule that tapered towards the end (nematocyst, Figure 3-2C). The tubule stained pink, while the 

capsule housing the tubule stained purple. The presence of a notch in the proximal end of the 

tubule could not be determined from the slides, so identification of nematocysts could not 

distinguish between p- and b-mastigophores types (Cordie and Budd 2016). Mucocytes did not 

stain but were identified by their ovular shape and a visible purple web-like texture (Figure 3-

2D). 

3.2.7 Data processing and analyses  

3.2.7.1 Data reporting 

Reported values for the measured parameters were obtained by calculating tank mean (for 

n = 8 individuals per tank), to get a treatment mean (n = 3 tanks per treatment) for each 

observational period (twice daily), and per experimental day. Means were compared among 

treatment/control groups, across exposure days, between T1 and T2, as well as at Day 10 of the 

exposure and recovery periods where appropriate. Unless otherwise specified, values in the text 

are presented as mean ± se (standard error). 

Reported values for behavioural scores were calculated as a treatment mean and averaged 

across experimental days (dubbed “daily score”). Treatment and control means were compared 

between T1 and T2, as well as between exposure and recovery periods. 

Reported values for mucus presence were calculated as the proportion of individuals 

showing visible mucus strands (%) per day in each tank. Treatment means were compared 

between T1 and T2 measurements for the exposure period. 

Cnidocyte densities within each treatment were pooled as a low number of samples (n = 

2) were analyzed per tank per sample point. Mean densities were compared both between 

treatments and separately for the exposure and the recovery periods. Cnidocyte % composition 
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was calculated as the proportion of nematocytes and spirocytes to the total cnidocyte population 

in each subsample and then followed the same averaging procedure as cnidocyte density.  

3.2.7.2 Statistical analyses 

Statistical analyses were conducted in R (version 4.2.2). Mixed effect models using the 

lme4 package (Bates et al. 2015) were used to account for the nested (individuals held in the 

same tanks, timepoints of same day) and repeated measures nature of the data (the same 

individuals scored every observation). Behavioural scores were not statistically analyzed out of 

caution due to a lack of available model validation support for ordinal mixed effect models, and 

model misfit to other explored distributions. 

Presence/absence counts of mucus were evaluated over the exposure period through 

generalized mixed effect models with binomial distributions. As no mucus was observed within 

either the control group or recovery period, statistics were used to determine differences between 

treatments during the exposure period. Model 1a (Supplementary Table S3-3) was used to 

evaluate the effect of time after exposure (T1 or T2) on mucus presence. Tank and coral ID 

(unique codes identifying each coral) were included as random factors, and time after exposure 

was nested within experimental day. Experimental day was included as a covariate, and time 

after exposure and treatment as fixed factors. As a significant effect of the time after exposure 

and treatment on mucus presence were determined, comparisons of treatment were conducted 

separately for T1 and T2 measurements using Model 1b (Supplementary Table S3-3). 

Cnidocyte density counts were analysed through linear mixed effect models. Separate 

models were run to determine if there was an effect of treatment on total cnidocyte (Model 2a, 

Supplementary Table S3-3), nematocyte (Model 3a, Supplementary Table S3-3) and spirocyte 

densities (Model 4a, Supplementary Table S3-3). Due to a low sample size from each tank (n = 2 
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corals per tank per timepoint), only coral ID was included as a random effect. To determine if 

there was a change within treatments between the exposure and recovery period, a model with 

sampling time included as a fixed factor was run for cnidocyte (Model 2b, Supplementary Table 

S3-3), nematocyte (Model 3b, Supplementary Table S3-3), and spirocyte densities (Model 4b, 

Supplementary Table S3-3). 

Model assumption diagnostics (i.e. normality of residuals, homogeneity of variance, 

independence of residuals) were explored using the DHARMa package (Hartig 2022) as in 

studies with similar mixed model data (e.g. Bilan et al. 2023).  

3.3 Results 

3.3.1 Mineral liberation analysis (MLA) of wastes 

The weight-based composition of BA consisted of 85 ± 3% (sd) barite, 5 ± 2% quartz with 

minor impurities, and 5 ± 1% BE. The BE samples were confirmed 89 ± 1% bentonite, with 6 ± 

1% plagioclase feldspar, and 4 ± 1% quartz with minor impurities (Supplementary Table S3-5). 

About 90% of the weight of barite was attributed to particles <53 µm and ~90% of the weight of 

bentonite was attributed to particles <90 µm. 

3.3.2 Deposition depths and water quality 

Final depositional depths achieved within each treatment were 5.3 ± 0.1 (sd) mm for BA, 

4.3 ± 0.2 mm for BE, and 4.4 ± 0.2 mm for BA+BE. 

Temperature, DO, salinity, and pH were consistent among tanks over the experimental 

period (Supplementary Figure S3-6). Temperature ranged from 3-6 °C and light intensities 

varied between 0-12 lux during the trials. DO remained between 75–90% saturation and 

fluctuations inversely mirrored those of temperature. Salinity decreased slightly over the 
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experimental period ranging between 32.3 and 31.1 psu. The pH remained stable between 8.0–

8.2. 

Nitrate, phosphate, and silicate were similar among control and treatment tanks within the 

exposure and recovery periods (Supplementary Figure S3-7). Nitrate increased over time across 

all treatments from 1.44 ± 0.02 to 2.03 ± 0.10 (sd) µmol L-1. Phosphate ranged from 0.34 ± 0.01 

µmol L-1 to 0.40 ± 0.02 µmol L-1. Silicate increased across treatments only after the recovery 

period, from 1.24 ± 0.02 pre-exposure to 1.48 ± 0.09 µmol L-1 post-recovery. 

3.3.3 Behaviour 

Daily scores for each treatment were consistent over the exposure period with only slight 

variations (Figure 3-3). At T1 in treatments, the mix of BA+BE elicited a daily score over the 

exposure period of 5.6 ± 0.1, followed by BA alone at 5.2 ± 0.1, BE alone at 4.9 ± 0.1, and the 

control individuals at 4.0 ± 0.1 (Figure 3-3). At T2, individuals in BA+BE showed the highest 

daily score (most expanded) at 5.4 ± 0.1, followed by those exposed to BA at 5.0 ± 0.1, BE 

individuals at 4.7 ± 0.1, and 4.0 ± 0.1 in control individuals.  

Within each treatment, scores varied among individuals with some reaching higher scores 

(levels of expansion) than others (Supplementary Figure S3-8). For example, 63% of individuals 

within BA+BE reached the maximum behavioural score (level 8, fully swollen) at least once, 

followed by 29% of individuals within BE, 20% of individuals within BA and 4% of individuals 

within the control. Notably, an individual exposed to BE swelled to a score of 8 on day 3 and 

was recorded at a score of 8 for every subsequent observation until day 8, reaching a maximum 

polyp size of ~21 cm across (~10 cm baseline polyp size). During the recovery period, daily 

scores were 4.3 ± 0.1 for BA, 4.2 ± 0.4 for BA+BE, 4.1 ± 0.1 for control, and 4.0 ± 0.1 for BE 

individuals overall.  
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 No mortality occurred over the exposure or recovery period.  

3.3.4 Mucus production 

Visible strands of sediment-coated mucus were observed at least once on all individuals 

exposed to waste treatments, but never among control individuals. Individuals with visible 

mucus were observed an average of 6 times in the BA+BE treatment, 5 times in BA, and 3 times 

in BE, between days 3 and 10 of the exposure period. Most mucus strands were seen 

encompassing the tentacles (97% observations, n = 422, Figure 3-4A). Mucus originating from 

the mouth was also observed, either as a single strand or as a larger mass (11% observations, 

Figure 3-4B). On 33 occasions, mucus was observed both wrapped around the tentacles and 

originating from the mouth (28 of these instances were in the BA+BE treatment, 4 in BA and 1 

in BE).  

At T1, BA+BE yielded the highest daily proportion of individuals displaying visible mucus 

(79 ± 4%), followed by BA (66 ± 3%) and BE (43 ± 4%) over the exposure period (Figure 3-5). 

Pairwise comparisons highlighted a significant difference between BA+BE and BE (z = 5.0, p = 

<0.001), as well as BA and BE treatments (z = -3.0, p = 0.007). However, the proportion of 

individuals with visible mucus was not statistically different between BA+BE and BA at T1 (z = 

2.1, p = 0.08). There was an interaction between treatment and experimental day during the T1 

measurements over the exposure period (χ2 = 8.8, df = 2, p = 0.01) likely as the proportion of 

individuals with visible mucus in the BE treatment gradually increased over time, from 21 ± 4 % 

on day 3 to 63 ± 7 % on day 9 at T1 (Figure 3-5), while those in the BA and BA+BE treatments 

remained relatively constant across experimental days. 

At T2 (~14 h later), the daily proportion of individuals with visible mucus was reduced to 

18 ± 3% ind in BA+BE, 10 ± 2% ind in BA, and 3 ± 2% ind in BE over the exposure period 
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(Figure 3-5; χ2 = 257.7, df = 1, p < 0.001). A difference between the treatments at T2 was 

detected between BE and BA (z = -2.4, p = 0.04), as well as BE and BA+BE individuals (z = 4.0, 

p < 0.001), though there was no significant difference between BA and BA+BE individuals (z = 

2.0, p = 0.1). Mucus strands were also observed on the sediment surrounding the calyx (Figure 3-

4D). Two individuals (one treated with BA, and one treated with BA+BE) showed residual 

mucus on the first day of recovery, but no mucus was present on any individual thereafter. 

3.3.5 Cnidocytes 

3.3.5.1 Cnidocyte densities after exposure 

After 10 d of exposure, total cnidocyte densities were similar across treatments (χ2 = 2.6, df 

= 3, p = 0.5; Supplementary Table S3-4). In terms of nematocytes, controls had a density of 17 ± 

11 (sd) mm-1 (Figure 3-6A). Individuals exposed to BA+BE had 28 ± 14 mm-1, BA had 17 ± 7 

mm-1 and BE had 14 ± 9 mm-1, although differences were not significant (χ2 = 5.9, df = 3, p = 

0.1). Spirocyte densities were 169 ± 19 mm-1 in controls. Individuals exposed to BA+BE had 172 

± 34 mm-1, BA had 153 ± 29 mm-1 and BE had 178 ± 25 mm-1, without any statistical differences 

(χ2 = 2.6, df = 3, p = 0.5). 

3.3.5.2 Cnidocyte densities after recovery 

After 10 d of recovery, total cnidocyte densities were consistent among treatments (χ2= 7.5, 

df = 3, p = 0.6, Supplementary Table S3-4) and between sample times (post-exposure or post-

recovery, χ2= 1.5, df = 1, p = 0.2). Nematocyte densities were 21 ± 9 mm-1 in controls. 

Individuals exposed to BA had 23 ± 18 mm-1, BA+BE had 22 ± 14 mm-1 and BE had 17 ± 10 

mm-1 with no statistical differences between treatments (χ2= 0.7, df = 3, p = 0.9, Figure 3-6A) or 

sample times (χ2= 0.2, df = 1, p = 0.6). The highest density of nematocytes was recorded in an 

individual exposed to BA, which had an average of 57 ± 29 mm-1 after recovery. Spirocyte 
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densities were 144 ± 32 mm-1 in controls, those exposed to BA had 134 ± 39 mm-1, BA+BE had 

178 ± 17 mm-1 and BE had 166 ± 43 mm-1 (Figure 3-6B). No effect of treatment (χ2= 6.2, df = 3, 

p = 0.1) or sampling time (χ2= 2.1, df = 1, p = 0.2) was determined. 

3.4 Discussion 

Excessive polyp expansion (swelling) and mucus production were observed in individuals 

of F. alabastrum exposed to barite and bentonite, most markedly when the two were combined, 

compared to control conditions. The combination of stressors was also associated with trends 

showing elevated densities of nematocytes in the tentacles.  

Swelling in F. alabastrum has been previously documented in situ (Supplementary Figure 

S3-10) and individuals expanding >10 times their original size have also been reported in 

laboratory studies (Buhl-Mortensen et al. 2007). However, the frequency of swelling detected in 

individuals exposed to treatments in the present study was atypical when compared to those in 

the controls. It was previously hypothesized that swelling might be related to inter-individual 

interactions in F. angulare (Mercier et al. 2011a) and to functions including metabolite transfer, 

or to increase buoyancy for movement in F. alabastrum (Buhl-Mortensen et al. 2007). Active 

buoyancy adjustments (ABA) have been recorded in sedentary benthic organisms to expand their 

dispersal capabilities when exposed to suboptimal environmental conditions (Hamel et al. 2019). 

Although no movement directly due to polyp swelling occurred in the experimental tanks, in situ 

currents might have increased the likelihood of movement through ABA, thus providing an 

evolutionary advantage to escape unfavourable conditions. Excessive tissue expansion has been 

observed as a common mechanism through which some solitary tropical scleractinian species 

react to various stressors (Heliofungia actiniformis; Lewis et al. 2016, Herpolitha limax; 

Hoeksema and Bongaerts 2016) including sediment burial (Lobactis scutaria and Herpolitha 
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limax; Bongaerts et al. 2012). In an investigation by Stafford-Smith and Ormond (1992) on 

colonial and solitary species of scleractinian corals exposed to 50 mg cm-2 of sand (calcium 

carbonate and quartz), all species displayed tissue expansion (coenosarc or polyp), mucus 

production and ciliary movement as active mechanisms of sediment rejection. The utilization of 

the same mechanisms (hydrostatic expansion, mucus secretion) to remove sediment by tropical 

scleractinians (Favia favus, Favites pentagona, Platygyra daedalea, Gyrosmilia interrupta) was 

described by Riegl (1995) in response to 6 wk of biogenic sand sedimentation. From this 

combined evidence, swelling in F. alabastrum as a means of sediment removal is likely.  

Mucus was visible on the corals after exposure to waste, but not in the controls. Our results 

were consistent with previous observations in scleractinian corals, where the formation of mucus 

strands plays an important role in particle removal, particularly for finer particles (<250 µm) 

(Stafford-Smith and Ormond 1992). The small particle size (mostly <100 µm) of barite and 

bentonite may have contributed to the high levels of mucus made visible here in response to 

sedimentation, through successful particle-trapping. Mucus discharge was similarly noted in 

response to barite or bentonite exposure in D. pertusum (Järnegren et al. 2020, Vianna da Rocha 

et al. 2021). Here, the majority of mucus secreted in response to the first waste addition was 

likely shed before the second daily waste addition, given the reduction of visible mucus between 

the two daily time points. This suggests that F. alabastrum produced new mucus throughout the 

10-d exposure, even though individuals did not produce mucus in response to every addition of 

waste. Possible energy constraints or time requirements may explain this variation, as mucus 

production in response to sedimentation in tropical scleractinians (F. favus, F. pentagona, P. 

daedalea, G. interrupta) has been shown to be energetically costly (Riegl and Branch 1995). 

Mucocyte presence appeared to vary among tentacle cut orientation, with the highest densities 
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observed in non-target cut orientations (Supplementary Figure S3-9). The variable presence and 

location of mucocytes within the samples, combined with their inability to uptake hematoxylin 

and eosin stains, made them difficult to quantify. 

The most instances of polyp swelling and excess mucus secretion were associated with 

corals exposed to a combination of barite and bentonite, followed by barite alone and bentonite 

alone. No visible mucus strands and rare instances of polyp swelling occurred in control 

individuals. Experimental work on cold-water D. pertusum previously evaluated barite and 

bentonite separately (Järnegren et al. 2020, Vianna da Rocha et al. 2021, Baussant et al. 2022) 

and to our knowledge this is the first CWC study to test them both independently and in 

combination. As barite reached the highest sedimentation depth of the treatments (5.3 mm), the 

combination treatment having more severe effects at a lower depth (4.3 mm) emphasizes the 

importance of testing the materials together. Because barite is non-reactive with bentonite 

(Ibrahim et al. 2017), the higher instances of swelling and mucus in individuals submitted to the 

combination treatment were not likely induced by new or unique waterborne compounds. 

Overall, the fact that the treatment representing the most realistic outcome of drilling activities 

showed the highest responses indicates that it will be important to further study the potential 

additive effects of these wastes.  

No mortality in F. alabastrum occurred during the experiment. In addition, behavioural 

and mucosal responses of waste-exposed individuals had returned to baseline control levels 

within two days of post-experiment recovery. These observations suggest that F. alabastrum has 

a potential for recovery after exposure to barite and/or bentonite under the sedimentation depths 

and experimental conditions tested here. This is consistent with observed robustness to drilling 

wastes in the scleractinian D. pertusum (Larsson and Purser 2011, Larsson et al. 2013, Allers et 
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al. 2013, Buhl-Mortensen et al. 2015, Weinnig et al. 2020, Baussant et al. 2022) where polyp 

mortality mainly occurred at higher concentrations (19 and 40 mg L-1, Baussant et al. 2022) or 

when they were completely covered (Larsson and Purser 2011, Allers et al. 2013). In contrast, 

exposure to suspended drill muds (0.02, 2, and 200 mg L-1) increased instances of polyp 

mortality and tissue damage in the brown cup coral Paracyathus stearnsii (Raimondi et al. 

1997). 

Cnidocyte types found in the tentacles of F. alabastrum were predominantly spirocytes 

with occasional heteroneme nematocytes. Interestingly, a higher density of nematocytes was 

observed in individuals after 10 d of exposure to combined barite and bentonite, though no 

statistical difference was detected likely due to high variability between individuals. Gochfeld 

(2004) showed densities of microbasic p-mastigophores (nematocytes) had increased as a result 

of predation grazing intensity in the tropical scleractinian Porites compressa. There was not a 

significant difference between control and grazed colonies directly after predation exposure, but 

an increase was recorded after an 11-d recovery period, suggesting it takes days for the 

production or translocation of nematocytes at a particular location (Gochfeld 2004). It may thus 

be possible that the present 10-d exposure period was just long enough to allow for early changes 

in nematocyte densities to be detected, such as the ones observed in the individuals exposed to 

combined barite and bentonite. It is also possible that higher densities of nematocytes developed 

as a result of increased contacts between conspecifics due to polyp swelling, which was more 

frequent in this treatment. In tropical colonial scleractinians, nematocyte-rich tentacles termed 

“sweeper tentacles” are known to develop as a response to threats of competition (Chornesky 

1983, Hidaka and Yamazato 1984). Whether stimulated directly by chemical exposure or 

indirectly as a consequence of swelling, investment into cnidocyte production may have trade-
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offs with energetically costly processes such as growth (Rivera and Goodbody-Gringley 2014). 

Although we would have expected changes in nematocyte density to persist beyond exposure 

based on Gochfeld (2004), differences between treatments were not detected post-recovery. This 

suggests the potentially higher nematocyte density observed in individuals exposed to a 

combination of barite and bentonite may only be a short-term occurrence, though high variation 

between individuals was present. 

It is important to note that the results of the present study were conservative and likely 

reflective of far-field sedimentation depths (90–250 m from drilling activity; DNV 2013), given 

that much greater sedimentation rates can occur closer to the discharge site or in areas with 

multiple wells. The selection of larger individuals of F. alabastrum for this experiment may have 

also played a role in their ability to successfully remove sediment through polyp swelling since 

sediment rejection success in scleractinians can be influenced by calyx size (Stafford-Smith and 

Ormond 1992). Importantly, drill cuttings that make up most deposited drilling wastes were not 

tested in the present study. Sharp particles, such as those found in drill cuttings, are expected to 

have more harmful impacts on tissue condition relative to smoother particles (Liefmann 2016) 

such as clay (e.g. barite, bentonite), further emphasizing the conservative nature of our results. 

Similar to Larsson and Purser (2011), the present study shows that sedimentation below the 6.3 

mm target has observable and potentially costly effects on CWC species. This suggests that a 

lower PNET, such as 1.5 mm as suggested by Kjeilen-Eilertsen et al. (2004), may be more 

appropriate for sessile benthic taxa. 

3.5 Conclusions 

The present study revealed that sedimentation of barite and bentonite clay below the 

commonly predicted no-effect threshold (PNET) of 6.3 mm over 10 d induced observable 
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changes in both the behaviour and mucus production of the deep-sea cup coral F. alabastrum. 

Cnidocyte densities were variable between individuals within treatments, but trends alluded to a 

higher density of nematocytes in individuals exposed to a combination of barite and bentonite, 

which could be confirmed by further study. The corals showed recovery potential, having 

returned to baseline control conditions within 10 d post-exposure. However, energetic trade-offs 

and long-term effects (e.g. impacts on fitness, growth, reproduction) of these exposures remain 

unknown, and could be explored using physiological endpoints. Because the greatest impacts 

were observed in the treatment that combined barite and bentonite, research should strive to 

assess the possible synergistic effects of these materials, as would be experienced in situ. Effects 

might also be evaluated on corals of different size classes (ages). Overall, the present findings 

underscore the need for further research to help predict near-field, in situ, as well as long-term 

impacts of exploratory drilling activities on nearby deep-sea corals. They also support the 

adoption of a more conservative PNET, such as 1.5 mm (Kjeilen-Eilertsen et al. 2004, Gullage et 

al. 2022). 
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3.8 Tables  

Table 3-1: Descriptions of scores used to assess behavioural responses of Flabellum 

(Ulocyathus) alabastrum. 

Behavioural 

score 

Description Corresponding 

photo 

1 
Polyp fully retracted, visible septal ridges 

of the skeleton and no visible tentacles 
Figure 3-1A 

2 Polyp retracted with short tentacles visible Figure 3-1B 

3 
Polyp showing normal expansion with 

short tentacles visible 
Figure 3-1C 

4 
Polyp showing normal expansion with 

long tentacles visible 
Figure 3-1D 

5 
Polyp showing excessive expansion, i.e. 

swelled, tentacles long 
Figure 3-1E 

6 

Polyp swelled, tentacles short and wide, 

mouth extended out/away from calyx, 

often ovular 

Figure 3-1F 

7 

Polyp swelled, tentacles short and wide, 

mouth extended out/away from calyx, 

geometric shape 

Figure 3-1G 

 

8 

Polyp swelled, tentacles short and wide, 

mouth fully extended away from calyx, 

‘ballooning’ appearance 

Figure 3-1H 
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3.9 Figures 

 

Figure 3-1: Photos representative of each behaviour score used to assess Flabellum (Ulocyathus) 

alabastrum. (A) Polyp fully retracted, visible septal ridges of the skeleton and no visible 

tentacles. (B) Polyp retracted with short tentacles visible. (C) Polyp showing normal expansion 

with short tentacles visible. (D) Polyp showing normal expansion with long tentacles visible. (E) 
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Polyp showing excessive expansion, i.e. swelled, tentacles long. (F) Polyp swelled, tentacles 

short and wide, mouth extended out/away from calyx, often ovular in shape. (G) Polyp swelled, 

tentacles short and wide, mouth extended out/away from calyx, often geometric in shape. (H) 

Polyp swelled, tentacles short and wide, mouth fully extended away from calyx, ‘ballooning’ 

appearance.  
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Figure 3-2: Micrographs of longitudinal sections of tentacles sampled from individuals of 

Flabellum (Ulocyathus) alabastrum exposed to barite (BA), bentonite (BE), barite and bentonite 

combined (BA+BE) or control conditions. (A) Overview of shape of tentacle. (B-D) Close-up of 

cnidocyte batteries. Labels: s, spirocytes; n, nematocyte; mu, mucocyte. Scale bar represents 200 

µm in A and 20 µm in B-D. 
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Figure 3-3: Behavioural scores of Flabellum (Ulocyathus) alabastrum at T1 (after 8 h of waste 

exposure) during 10 d of exposure to barite (BA), bentonite (BE), or barite and bentonite 

combined (BA+BE), and after a 10-d recovery period. Dashed line was added at baseline 

behaviour score (score 4) for easier comparison between treatments. Data shown as mean ± 

standard error (n = 3 tanks per treatment). 
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Figure 3-4: Examples of visible mucus secretion in Flabellum (Ulocyathus) alabastrum exposed 

to barite, bentonite, or barite and bentonite combined for 10 d. (A) Mucus expulsion from mouth, 

(B) mucus strands encompassing tentacles, (C) swollen individual coated in mucus-sediment 

mix, (D) shed mucus strands surrounding an individual. Scale bars represent ~5 cm. 
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Figure 3-5: Proportion of individuals observed with visible mucus across days 3–10 of the 

exposure period for (A) controls, (B) barite treatment, (C) bentonite treatment, and (D) barite and 

bentonite treatment, showing results at T1 (after 8 h of waste exposure) and T2 (after 14 without 

waste exposure).  Data shown as mean ± standard error (n = 3 tanks per treatment). 
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Figure 3-6: Density of (A) nematocytes and (B) spirocytes measured from the tentacles of 

Flabellum (Ulocyathus) alabastrum after a 10-d period of exposure (“Experimental”) to barite 

(BA), bentonite (BE), a combination of barite and bentonite (BA+BE), no treatment (Control), or 

after an additional 10-d with no exposure (“Recovery”).  Data shown as mean ± standard 

deviation (n = 6 corals per treatment per sample point). 
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3.10 Supplementary materials 

3.10.1  Supplementary tables 

Supplementary Table S3-1: Collection details of live individuals of Flabellum (Ulocyathus) 

alabastrum with the vessel CCGS John Cabot during multispecies trawl surveys conducted by 

DFO in May 2022. 

 Site 1 (Set 17) Site 2 (Set 21) 

Date of trawl May 7, 2022 May 8, 2022 

Trawl coordinates 

Start position 

End position 

 

 

45.033 N, -56.460 W 

45.023 N, -56.448 W 

 

 

45.035 N, -54.833 W 

45.028 N, -54.845 W 

NAFO division 3P 3P 

Mean depth (m) 385 638 

Number of F. 

alabastrum included 

in experiment 

20 76 
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Supplementary Table S3-2: Holding conditions onboard the CCGS John Cabot, laboratory 

holding conditions and experimental conditions. 

 Onboard Holding Holding Tanks Experimental Tanks 

Duration  9-10 d 

(May 7/8–May 17, 

2022) 

10 wk 

(May 17–July 27, 

2022) 

2 d acclimation  

(July 28–July 29) 

 

20 d experiment 

(July 30–August 19, 

2022) 

Flow supply Unfiltered seawater 

 

Flow rate: not 

measured 

 

Unfiltered seawater 

 

Flow rate: 45-60 mL s-1 

Unfiltered seawater 

 

Flow rate: 20-40 mL s-1 

Temperature 3-8 °C 

 

Method: digital 

thermometer 

1–8 °C* 

 

Method: HOBO 

logger, YSI 

3-6 °C 

 

Method: HOBO 

logger, YSI 

Light Dark 

 

Not measured 

Dark (0 lux) 

 

Method: HOBO logger 

Dark (<10 lux) 

 

Method: HOBO logger 

Density  95–238 ind m-2 

 

4–10 individuals per 

bucket (based on size) 

8–49 ind m-2 

 

13–75 individuals per 

tank (depended on how 

many had been 

removed based on 

condition) 

43 ind m-2 

 

8 individual per tank 

Tank size 

and material 

Fish tote (1000 L, 1.2 

x 1.1 x 1.2 m) with 

suspended plastic 

buckets (9 L, 23 cm 

diameter, 23 cm 

height). 

Fiberglass tank (192 L, 

0.7 m diameter, 0.5 m 

height) 

Glass aquarium (57 L, 

61 x 30.5 x 30.5 cm) 

 

 

Photos of 

set-up 

Supplementary Figure 

S3-1 

Supplementary Figure 

S3-2 

Supplementary Figure 

S3-3 

Description F. alabastrum was 

held onboard the 

vessel. Individuals 

were placed in buckets 

which were suspended 

within a large fish tote. 

Buckets were separated 

by collection location 

After transport from 

the vessel, F. 

alabastrum was 

allowed to recover in 

fiberglass tanks to 

acclimate to laboratory 

conditions, and to 

remove individuals 

Two days prior to each 

experiment, eight 

individuals were 

randomly positioned 

into each experimental 

tank. Individuals were 

staggered in two rows 
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 Onboard Holding Holding Tanks Experimental Tanks 

(trawl sets). Density 

within buckets was 

based on size (e.g., 

buckets with larger 

individuals had lower 

densities, and vice-

versa). 

who showed visible 

damage by trawl. Tanks 

were separated by trawl 

set. 

of four, facing the 

camera lens. 

* = at one instance one of the chillers has stopped, and temperatures rose to 10.7 °C over a 

period of 1 h before being returned to <9 °C which took an additional 30 min (this affected one 

of the three holding tanks). 
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Supplementary Table S3-3: Models selected for statistical analyses. 

Model ID Model 

1a Mucus presence ~ treatment * day + time + (1 | tank ID) + (1 | coral ID) + (1 | day / time) 

1b Mucus presence ~ treatment * day + (1 | tank ID) + (1 | coral ID) 

2a Cnidocyte density ~ treatment + (1 | coral ID) 

2b Cnidocyte density ~ treatment + sample time + (1 | coral ID) 

3a Nematocyte density ~ treatment + (1 | coral ID) 

3b Nematocyte density ~ treatment + sampling time + (1 | coral ID) 

4a Spirocyte density ~ treatment + (1 | coral ID) 

4b Spirocyte density ~ treatment + sample time + (1 | coral ID) 

“day” = number of days since experimental onset. 

“time” = T1 or T2 measurement. 

“tank ID” = unique codes identifying each tank. 

“coral ID” = unique codes identifying each coral. 

“sample time” = sampled either post-exposure or post-recovery period 
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Supplementary Table S3-4: Cnidocyte densities counted along three 100-μm subsamples of 

tentacle cross sections in Flabellum (Ulocyathus) alabastrum. Individuals were sampled either 

after 10 d of exposure (“Exposure”) to barite (BA), bentonite (BE) or a combination of barite and 

bentonite (BA+BE), or after 10 d of a recovery period (“Recovery”). Values are mean ± sd. 

Treatment Sample 

period 

Nematocytes 

(mm-1) 

Spirocytes 

(mm-1) 

Total 

cnidocytes 

(mm-1) 

Cnidocyte assemblage 

Nematocyte 

(%) 
Spirocyte 

(%) 

Control Exposure 17 ± 11 169 ± 19 186 ± 20 9 ± 6 91 ± 6 

Recovery 21 ± 9 144 ± 32 164 ± 24 13 ± 7 87 ± 7 

BA Exposure 17 ± 7 153 ± 29 171 ± 28 11 ± 5 89 ± 5 

Recovery 23 ± 18 134 ± 39 157 ± 31 17 ± 13 83 ± 13 

BE Exposure 14 ± 9 178 ± 25 192 ± 31 7 ± 4 93 ± 4 

Recovery 17 ± 10 166 ± 43 183 ± 45 9 ± 7 91 ± 7 

BA+BE Exposure 28 ± 14 172 ± 34 199 ± 46 14 ± 4 87 ± 4 

Recovery 22 ± 14 178 ± 18 201 ± 10 11 ± 7 89 ± 7 
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Supplementary Table S3-5: Total estimated weight and scanned area (as proportions) of barite 

(n = 3) and bentonite samples (n = 3) quantified by mineral liberation analysis. 

 

 

  

 Mineral Wt% Area% Particle Count 

Barite Barite 84.87 77.93 105257 

 Bentonite 5.35 9.11 4237 

 Quartz 5.38 8.40 3070 

 Iron Oxide 2.64 2.05 2025 

 Orthoclase Feldspar 0.53 0.85 681 

 Calcite 0.50 0.76 477 

 Plagioclase Feldspar 0.36 0.54 344 

 Fluorite 0.12 0.16 70 

 Mn Fe Oxide 0.17 0.14 66 

 Pyrite 0.04 0.03 40 

 Galena 0.04 0.02 60 

 Fe Ti Oxide 0.00 0.01 24 

 Total 100.00 100.00 109591 

     

Bentonite Bentonite 88.51 89.54 67600 

 Plagioclase Feldspar 5.70 5.15 16854 

 Quartz 4.12 3.81 13412 

 Orthoclase Feldspar 1.23 1.17 2070 

 Calcite 0.18 0.16 337 

 Fluorite 0.09 0.07 171 

 Pyrite 0.08 0.04 147 

 Barite 0.04 0.02 149 

 Fe Ti Oxide 0.01 0.02 9 

 Iron Oxide 0.02 0.01 45 

 Galena 0.02 0.01 10 

 Total 100.00 100.00 89014 
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3.10.2  Supplementary figures 

 

Supplementary Figure S3-1: Holding conditions onboard the CCGS John Cabot. (A) A large, 

insulated container (1000 L, 1.2 x 1.1 x 1.2 m) covered with a tarp and secured to the ship deck. 

(B) Individuals of F. alabastrum suspended in buckets by cotton rope inside the container. Water 

inflow was supplied by a large hose (WI). (C) Close up on bucket holding individuals of F. 

alabastrum, a sand bag (SB) for weight, and a silicon mat (SM) to prevent sliding.  
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Supplementary Figure S3-2: Laboratory holding conditions. (A) One of the fiberglass tanks 

(0.7 m diameter, 0.5 m height) covered with tarp and isolated by curtains to maintain darkness. 

(B) Tank interior with individuals of F. alabastrum and HOBO logger (circled).  
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Supplementary Figure S3-3: Experimental tank set-up. (A) Experimental tank exterior (61 x 

30.5 x 30.5 cm). Camera (CM) mounted with lens immersed in water. Water inflow provided by 

tubing clipped to the tank sides (WI). Infrared lights (IR) to allow time-lapse in dark conditions. 

(B) Schematic of tank interior with eight individuals of F. alabastrum in two rows, positioned to 

face the camera lens. A HOBO light and temperature logger (HB) at one end of the tank and 

glass petri dishes (“P”, 5 cm diameter) at opposite corners of the tank. 
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Supplementary Figure S3-4: Timeline of experimental period (A) and experimental days (B). 

(A) Corals were exposed to assigned treatments (BA, BE or BA+BE) or control conditions for 

10 d (“Exposure Period”), followed by 10 d of no treatments (“Recovery Period”). Sampling 

(indicated by a star) occurred after each period, during which half the corals (n = 48) were 

preserved for histological work. Water samples were preserved for nutrient analysis prior to the 

onset of the experiment, after the exposure period, and again after the recovery period. 

Underwater photos used for behavioural and mucus observations began on the third experimental 

day. (B) Each experimental day began with the addition of waste to treatment tanks (excluding 

controls, and all individuals during the recovery period). At this time, the flows to the tanks were 
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stopped. After 8 h, the flows were reinstated. After another ~1 h when water clarity returned, 

underwater photos were taken of each tank (referred to as “T1” timepoint). A second photo was 

taken ~14 hours later before the onset of the next experimental day (referred to as “T2” 

timepoint). Water quality was measured after T1 and T2 timepoints daily.  
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Supplementary Figure S3-5: Location of tentacle sampling from preserved Flabellum 

(Ulocyathus) alabastrum for histological work (indicated by white circle). Target tentacle was 

situated in the row of tentacles closest to the mouth, directly adjacent to the central tentacle of 

that row.
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Supplementary Figure S3-6: Water quality parameters (temperature, dissolved oxygen, salinity, pH) measured across control, barite 

(BA), bentonite (BE), and barite + bentonite (BA+BE) treatment tanks (A-D, respectively). Parameters were measured twice daily 

during two days of acclimation (A1, A2), the exposure period (days 1–10), and the recovery period (days 11–20). Data shown as mean 

± standard deviation (n = 3 tanks per treatment). 
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Supplementary Figure S3-7: (A) Nitrate, (B) phosphate and (C) silicate concentrations in 

control, barite (BA), bentonite (BE), or barite and bentonite combined (BA+BE) treatment tanks 

prior to any treatment additions (Pre-exposure), after 10 d of additions (Post-exposure), and after 

10 d of recovery (Post-recovery). Data shown as mean ± standard deviation (n = 3 tanks per 

treatment). 
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Supplementary Figure S3-8: Jitter plot of behavioural scores of Flabellum (Ulocyathus) alabastrum at T1 (after 8 h of waste 

exposure) throughout the exposure (days 3 to 10) and recovery periods (days 11 to 20). During the exposure period, F. alabastrum 

experienced sedimentation of either barite (BA), bentonite (BE), or barite and bentonite combined (BA+BE). No sedimentation was 

experienced by control individuals or during the recovery period. Each dot represents one behavioural score recorded during each 

experimental day at T1.
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Supplementary Figure S3-9: High densities of mucocytes observed (A) along epithelial tissue, 

(B) arranges around outside of cnidocyte battery (viewing cnidocytes from top), (C) in non-target 

tissue, (D) on edge of cnidocyte battery. Scale bar represents 100 µm in A and 20 µm in B-D. 
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Supplementary Figure S3-10: Flabellum (Ulocyathus) alabastrum in situ on the Grand Banks 

(south) of Newfoundland (A) at a baseline expansion behaviour and (B) in an excessive 

expansion or swelling. Photos courtesy of ROPOS, and Fisheries and Oceans Canada. 
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4 Chapter 4 - General discussion 

4.1 Chapter summaries 

The objective of this thesis was to expand the current knowledge of the effects of wastes 

produced by aquaculture and exploratory drilling activity on cnidarians common in the 

Newfoundland and Labrador region, with a focus on cold-water corals (CWC). More generally, 

this thesis provided the first results on the impacts of aquaculture waste on Gersemia rubiformis 

and Aulactinia stella and of exploratory drilling waste on Flabellum (Ulocyathus) alabastrum. 

4.1.1 Chapter 2: aquaculture waste sedimentation on Gersemia rubiformis 

and Aulactinia stella 

The potential effects of aquaculture waste (salmon feed and feces) on the soft coral G. 

rubiformis and the sea anemone A. stella were explored through a 28-d experiment. 

Experimental groups included control, inorganic sediment (0 g C m2 d-1), low waste (5 g C m2 

d-1) and high waste (10 g C m2 d-1) treatments. No mortality was observed over the experimental 

period. Trends in behaviour over sedimentation time observed for G. rubiformis and A. stella 

were more similar between waste-exposed individuals, compared to inorganic sedimentation or 

control individuals. Higher levels of expansion of the polyps/tentacles were observed. As well, 

reductions in contraction frequencies of the colonies/individuals were noted over time, 

potentially indicating metabolic interference as this behaviour in G. rubiformis was also 

seemingly confounded by seasonal temperature declines. Aulactinia stella showed increased 

eversion of the pharynx under waste treatments, potentially as a feeding mechanism. To 

determine whether waste materials were being assimilated, lipid and fatty acid content was 

analyzed. Lipid content did not appear to be altered by treatment, and indications of declines in 

lipid reserves were not detected in this time-period for either species. Aulactinia stella had higher 



 

4-2 

indications of waste assimilation compared to G. rubiformis, showing an increasing trend with 

waste concentration for the three tracer fatty acids: strongly in 18:19 and 18:26, and weakly 

in 16:0. Consequently, both species indicated a potential for selectively assimilating feed over 

fecal particles. The fatty acid profile of G. rubiformis was influenced by treatment, possibly due 

to a higher sensitivity compared to A. stella. Emerging trends observed in behaviour and fatty 

acids show potential short-term effects of aquaculture waste exposure and these may become 

more pronounced over a longer period. This was highlighted by the appearance of microbial 

mats in the tanks on top of the waste towards the end of the experiment, suggesting effects on 

behaviour and biochemistry observed here may become more pronounced with chronic exposure, 

as expected in situ. 

4.1.2 Chapter 3: barite and bentonite sedimentation on Flabellum 

(Ulocyathus) alabastrum 

To evaluate potential effects of exploratory drilling on CWC, the cup coral F. alabastrum 

was exposed to sedimentation of barite (BA) and bentonite (BE), i.e. the main materials in water-

based drilling muds, for 10 d. The results of this study showed that sedimentation <6.3 mm 

(often used as a probable no-effect threshold, PNET) did not result in mortality but had strong 

impacts on polyp expansion and mucus secretion. The greatest magnitude of effects was 

observed in a combined BA + BE treatment, followed by BA alone, then BE alone. These results 

are novel and could imply interactive effects, so should be considered in future experimental 

designs as to not underestimate the effects of these materials when combined. High levels of 

polyp swelling and mucus production as a response to BA and BE sedimentation may have 

energetic costs or other unknown long-term consequences. During a subsequent 10-d recovery 

period, behaviour returned to baseline expansion and visible mucus was not observed, suggesting 
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a high recovery potential after the cessation of BA and/or BE sedimentation. Histology was also 

used to explore potential effects of BA and BE sedimentation on cnidocytes (stinging cells) 

including nematocyte and spirocyte types. Results exhibited high variation within treatments but 

trends indicated a potential elevation in nematocyte density after 10 d of exposure to BA+BE, 

requiring further exploration. As well, this study provided the first insights of the cnidocyte types 

found within F. alabastrum. Results from this chapter show that low quantities (<6.3 mm) of 

common wastes produced by exploratory drilling have observable effects on F. alabastrum. 

4.2 Management considerations 

4.2.1 The conservative nature of this thesis 

As this was the first study investigating the effects of wastes produced by aquaculture and 

the oil and gas industry on the targeted species, a conservative approach to the experimental 

designs was taken and should be acknowledged. 

In Chapter 2, the concentrations of waste material (5 g C m2 d-1 and 10 g C m2 d-1) were 

chosen based on regional aquaculture modeling requirements of organic material by industry 

(AAR 2015). Although the experiment only lasted 28 d, which is short in the context of 

aquaculture operations, effects in the behaviour and potential trends within the fatty acid 

compositions could nevertheless be observed. However, chronic sedimentation over multiple 

seasons, especially with a build-up of organic matter on the benthos and changes in microbial 

activity (as seen towards the end of the experiment), may yield stronger effects with time. 

Therefore, effects experienced in situ are expected to be more severe than those only beginning 

to show in the 28-d period tested here. 

In Chapter 3, a target sedimentation depth of 6.3 mm was chosen to be comparable to 

existing studies (Larsson and Purser 2011, Allers et al. 2013) as well as a PNET included in 
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depositional modeling of drill wastes by industry (e.g. Amec Foster Wheeler 2017, BP 2017, 

Wood 2021). The target concentration used here was much lower than those which can be 

expected closer to a well head (>50 mm, DNV 2013) and does not account for multiple wells 

being drilled in the same area. Importantly, the present study considered the wet volume (volume 

after hydration of material) of BA and BE, which to my knowledge has not been mentioned in 

previous CWC experimental designs. A dry sedimentation volume of 6.3 mm of the materials 

was not transferable to a wet depth, so the wet volume of BA and BE was accounted for when 

determining quantities of material to be added to the tanks. This means material added to the 

tanks was 50% less for BA, 85% less for BE and 75% less for BA+BE relative to what would 

have been added to reach a 6.3 mm dry volume. This aspect should be considered when 

comparing the results to other studies or depositional models. 

Finally, drill cuttings and other drilling mud types (synthetic and oil-based drilling muds) 

were not evaluated for this project. These are presumed to have more severe effects (physical, 

toxicological) on CWC relative to BA and BE. Therefore, the conclusions from this study of the 

effects of exploratory drilling on CWC remain preliminary and it must be acknowledged that 

those of clay-like drill mud materials and effects in situ will likely be more severe when 

combined with drill cuttings. 

4.2.2 The issues of 6.3 mm as a probable no-effect threshold (PNET) for 

CWC 

The widespread use of the 6.3 mm PNET (sometimes mentioned as 6.5 mm), within 

Canada and internationally, reflects the need for more relevant data and standards regarding 

CWC management. This value first mentioned in Kjeilen-Eilertsen et al. (2004) and most 

commonly attributed to Smit et al. (2008) has been cited as a threshold below which adverse 
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effects on benthic organisms are not expected to occur, and is included in the modeling of 

predicted depositional depths of drilling waste (e.g. Amec Foster Wheeler 2017, BP 2017, Wood 

2021). Not only was the 6.3 mm value calculated from burial depths (depth of sediment 

accumulation after total burial of an organism) rather than depositional depth (depth of sediment 

deposited on an unburied organism) as assumed for CWC, but this value was also determined 

from a species sensitivity distribution derived from 32 species; 75% of which were molluscs, 

16% crustaceans and 9% polychaetes (Smit et al. 2008). Many of these taxa are endobenthic and 

others have a range of mobility that sessile forms of CWC (e.g. those attached to substratum), 

and other benthic organisms lack. 

To date, studies evaluating this 6.3 mm value have not demonstrated the applicability of 

this threshold to CWC and have instead found potential negative effects at this value (Larsson 

and Purser 2011), including the results of the present thesis. At the time of determination of this 

value, there were limited available data and so it was recommended “for the time being” (Smit et 

al. 2006). Almost twenty years later, this value persists.  

 A more conservative PNET of 1.5 mm has also been suggested (Kjeilen-Eilertsen et al. 

2004), though less widely applied, and has been incorporated into some industry reports along 

side the 6.3 mm value (e.g. Amec Foster Wheeler 2017, Wood 2021). To my knowledge, the 1.5 

mm PNET has not been experimentally tested. Given the effects seen here with the 6.3 mm 

target depth, and the seeming lack of practical applicability to CWC, a more precautionary 

approach of a lower PNET may be considered. 

4.2.3 Particle Type 

 The results of this study highlight the importance of including experimental treatments 

true to realistic waste material. Though studies exist testing the effects of natural sedimentation 
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on CWC, these should not be used as indicative of potential effects of industry material. The 

present thesis provides an example in which different particle types were seen to invoke different 

levels of response. This was observed in Chapter 2, with differing behavioural effects between 

treatment subjects exposed to aquaculture waste versus inorganic sediment, as well as in Chapter 

3 with individuals exposed to BA and/or BE treatment reacting to different extents. This is 

consistent with the results of previous CWC studies. For example, Liefmann et al. (2018) 

reported that when exposed to abrasive mine tailings, Primnoa resedaeformis showed increases 

in food intake, as well as polyp mortality and had particles embedded in their tissue, which were 

not observed after exposure to smooth glass beads. Likewise, Duva florida additionally displayed 

prolonged contraction behaviour, reductions in food intake and had particles embedded in their 

tissue only under the mine tailing treatment (Liefmann et al. 2018). Finally, Carreiro-Silva et al. 

(2022) found that polymetallic sulphide particles (related to deep-sea mining) and quartz 

particles affected the octocoral Dentomuricea aff. meteor differently in terms of survival, tissue 

condition, respiration and ammonia excretion. These findings emphasize the importance of using 

experimental material realistic to or derived from industry waste expected in situ. 

4.2.4 Flabellum expansion and imagery surveys 

The insights into the behaviour of F. alabastrum gained in this thesis hold value for in situ 

benthic imagery surveys. The high levels of extreme polyp expansion exhibited by F. alabastrum 

in the study of Chapter 3 and previously observed by Buhl-Mortensen et al. (2007), may disguise 

F. alabastrum from its typical (expected) appearance. This may have implications for the proper 

identification of expanded individuals of F. alabastrum recorded during image-based surveys, 

especially in areas close to drilling sites where higher levels of expansion may be expected to 

occur. Care should therefore be taken to include over-expanded individuals in visual guides in 
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order to facilitate identification in support of more accurate estimates of the species presence, 

distribution and densities.  

4.3 Future directions 

 To gain a clearer understanding on how the expansion or marine industries will impact 

CWC and other epibenthic, sessile/sedentary taxa, more research needs to be conducted within 

this field. Below are directions and knowledge gaps that have been identified throughout this 

thesis project that warrant future research.  

• The impacts of drill cuttings on F. alabastrum. Despite substantial efforts, drill cuttings 

could not be successfully obtained for the experiments conducted in Chapter 3. Based on 

the differences in particle shape between drill cuttings (sharp) and drill muds (clay-like, 

less abrasive), drill cuttings are expected to have an abrasive physical impact on tissue 

(similar to those of mine tailings tested in Liefmann 2018). Polyp swelling, as seen in this 

thesis, combined with potential tissue damage from sharp particles could be detrimental 

to F. alabastrum. Additionally, as individuals in situ would be exposed to both drilling 

muds and drill cuttings together, more accurate reflections of impacts occurring in the 

field will be obtained by the inclusion of drill cuttings along with drilling muds in future 

work.  

• The impacts of drilling and aquaculture on different CWC life stages and size classes. 

The largest (adult) individuals were collected and chosen for the experiments within this 

thesis for the purposes of visibility in time-lapse videos. However, smaller and more 

vulnerable life stages and size classes will presumably have different mechanisms and 

energy reserves to cope with sedimentation stress. So far, studies on the effects of oil/gas 

wastes have been conducted on larvae of D. pertusum (Järnegren et al. 2017, 2020) and 
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larval settlement in the tropical coral Pocillopora acuta has been shown to be impeded by 

aquaculture waste (Quimpo et al. 2020). However, the non-mobile early life stages of 

CWC (i.e. primary polyps) may be even more vulnerable.  

• Long-term effects of aquaculture and drilling wastes remain understudied. Benthic video 

surveys often employed to monitor impacts at aquaculture and drilling sites will likely not 

reflect the potential hidden impacts of waste exposure (e.g. reproductive costs, 

physiological consequences). Longer-term impacts of aquaculture were recently explored 

by Kutti et al. (2022) through transplantation experiments, which indicated lipid reserves 

may assist corals in coping with waste exposure. However, previous studies have 

indicated that mechanisms such as oocyte reabsorption (Rossin et al. 2019) can be 

employed by CWC under stress to increase energy reserves, which would negatively 

impact fecundity. As more research is conducted in this field, long-term impacts of 

industrial activities on CWC will become clearer. 

• In situ sampling and experiments. As seen in Kutti et al. (2022), valuable data can be 

extracted by in situ transplantation (in their case under aquaculture sites). A 

transplantation study of CWC placed at different distances from a planned drilling site 

could be beneficial for tracking the magnitude of impacts on them at different distances 

from the well. Likewise, comparing samples of CWC collected at different distances from 

aquaculture or drilling sites could provide complementary insights into laboratory or field 

observations.  

• More species need to be evaluated regarding impacts of marine industry expansion. Data 

is limited to only a few species outside D. pertusum for both aquaculture and oil/gas 

exploration, so information regarding the sensitivity of taxonomic groups with different 
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morphologies remains largely unknown. For example, sea pens (superfamily 

Pennatuloidea) were shown to hold ecological importance (Baillon et al. 2012, 2014, 

Boulard et al. 2022), however to my knowledge nothing is known yet about the effects of 

drilling exploration on this group. 

• Cumulative effects of anthropogenic activities. With increasing habitat alteration from 

sources such as climate change (e.g. ocean warming, acidification) and industry activity, 

the cumulative and interactive effects of multiple stressors may pose additional threats to 

CWC (as in the study by Scanes et al. 2018). While many basic questions with regards to 

the effects of aquaculture and oil/gas exploration on CWC still need to be investigated, 

more advanced topics such as potential cumulative effects should be considered as data is 

collected. 
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