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Abstract 

Surface primary productivity forms the base of most marine food webs and contributes 

significantly to global carbon cycling, providing a key link from surface to seafloor. High 

seasonal primary productivity along temperate latitude coastlines provides crucial nutrients for 

seafloor communities, driving spatiotemporal patterns in abundance, behaviour, biodiversity, and 

distribution of benthic megafauna. Many factors, including ocean warming, deoxygenation, and 

increasing frequency and duration of marine heatwaves (MHW), may alter the dynamics 

governing primary production, threatening benthic organisms that depend on the seasonal input 

of phytodetritus for food. The focus of this thesis is to make use of two seafloor observatories, 

NEPTUNE near Vancouver Island, British Columbia, and a new platform in Conception Bay, 

NL, to examine variability in abundance, behaviour, and composition of seafloor communities in 

response to environmental change across temporal scales. First, the response of the deep-sea pink 

urchin Strongylocentrotus fragilis to a recent MHW on the continental margin off the coast of 

Vancouver Island was investigated using a combination of benthic trawls (2004-2018) and 

seafloor observatory data (2013-2020). Sea urchin density declined during the MHW, likely in 

response to reduced kelp subsidies from coastal waters. Next, the new Holyrood Underwater 

Observatory in Conception Bay was used to study benthic community response to the spring 

phytoplankton bloom. High-frequency variability in seafloor environmental dynamics was 

documented during the winter-spring transition, and the unexpected emergence of >200 sea 

cucumbers (Psolus sp.) coinciding with the arrival of phytodetritus at the seafloor was observed. 

These data will provide a baseline against which to monitor changes in phenology as climate 

change progresses. This work comes at a critical point in ocean observing as we approach global 

climate tipping points. Now more than ever, it is essential to document the current state of 

marine communities to understand and predict community responses to changing ocean 

conditions, and to sustainably manage ocean resources. 
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Chapter 1: Introduction 

1.1 Scales of variability in the ocean 

Ocean systems are inherently dynamic, and their processes operate across many spatial and 

temporal scales (Levin 1998). Physical processes such as currents and waves, vertical mixing, 

and coastal upwelling vary across space and time (Figure 1.1; Chelton et al. 2007), contributing 

to biogeochemical cycling and primary production (Tian et al. 2003). Photoperiod, the light-dark 

cycle produced by the Earth’s rotation, varies seasonally and across latitudes and drives 

atmospheric and oceanographic processes that influence the ecology and behaviour of animals 

and plants globally (Naylor 2005). Tides generated by the lunar cycle on semi-daily, daily, 

monthly, and seasonal scales influence nearly all life in the ocean; in coastal ocean regions, tides 

produce extreme variation in habitat (substrate and physicochemical environment), which 

translates to morphological and behavioural adaptations that ultimately contribute to biodiversity 

(Martin 1995; Mariani et al. 2002). In the deep sea, internal tides also play an important role in 

structuring marine communities (Wagner et al. 2007; Aguzzi and Company 2010). Basin-scale 

atmospheric and oceanographic processes such as the El Niño Southern Oscillation (ENSO), the 

Pacific Decadal Oscillation (PDO), and the North Atlantic Oscillation (NAO) operate on 

interannual-decadal scales, influencing coastal upwelling processes and weather patterns across 

oceans and continents (Sutton and Allen 1997; Yang et al. 2018b), as well as marine population 

structures and food webs (Mantua et al. 1997). All these physical processes (Figure 1.1) have 

existed for millennia, contributing to a relatively stable ocean biogeochemistry that ultimately 

sustains ocean life (McClain et al. 2012; Levin et al. 2015).  

In the benthos, patterns in biological processes overlap with, and are driven by, 

environmental variation across scales. Biological rhythms - regular fluctuations in activity levels 

in response to internal (endogenous) or external (exogenous) cues - are an integral component of 
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life in the ocean (Naylor 2005). Exogenously controlled rhythms occur in direct response to 

environmental cues (e.g., spawning triggered by phytoplankton (Coady 1973; Himmelman 1975; 

Starr et al. 1990, 1994)) or chemical cues from congeners (Marquet et al. 2018), and generally 

cease when the cue is removed (Mercier et al. 2007). Other biological rhythms, such as burrow 

emergence, may be under endogenous control, whereby an internal clock regulates an organisms’ 

physiology and behaviour (Rodríguez‐Sosa et al. 2008; Aguzzi and Company 2010). The relative 

contribution of internal and external mediation to the generation and maintenance of biological 

rhythms can be difficult to tease apart (Mercier and Hamel 2009), and in many cases a 

combination of these factors likely influence rhythms on different time-scales (e.g., circadian, 

circatidal, lunar)(Cohen and Forward 2005; Mercier and Hamel 2014). In these ways, 

environmental cues and conditions play a key role in driving behaviour of marine organisms. 

Megafaunal behaviour and community structure are also influenced by fluctuations in 

environmental conditions on seasonal and interannual scales (Gage and Tyler 1991; Condal et al. 

2012; Batten et al. 2018; Chauvet et al. 2018). For example, phytoplankton blooms that occur in 

surface waters in temperate and high-latitude regions during spring and summer provide a large 

pulse of organic matter to the seafloor (Billett et al. 1983; Lampitt 1985). These seasonal 

phytoplankton blooms are the primary food source for many benthic organisms and can be 

thought of as a “biological pump” linking surface and seafloor (Volk and Hoffert 1985). This 

seasonality in food source is thought to lead to seasonality in behaviours of marine organisms 

(Townsend and Cammen 1988).  

In the short-term, seasonal vertical nutrient flux influences the abundance and distribution 

of benthic megafauna (Billett et al. 1983, 2001; Meyer et al. 2013), and may also influence their 

behaviour (Company et al. 2003). The timing, duration, and intensity of the spring phytoplankton 
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bloom has been shown to influence growth rates of the shrimp Pandalus borealis off the coast of 

Newfoundland and Labrador (Fuentes-Yaco et al. 2007). Fresh diatom cells deposited on the 

seafloor from the spring bloom are important for gonad development and reproduction in 

Ctenodiscus crispatus (Parrish et al. 2009). Spring blooms are also important for suspension-

feeding dendrochirote sea cucumbers; Cucamaria frondosa feeds more actively during the spring 

bloom season (Singh et al. 1999), and diatoms provide an important source of carotenoids for 

vitelogensis in echinoderms (Gianasi et al. 2017). Survival of larval haddock (Melanogrammus 

aeglefinus) is also correlated with the timing of the peak of the spring bloom on the Scotian shelf 

(Platt et al. 2003). In general, the timing of spring phytoplankton blooms is influenced by light 

intensity, sea-surface temperature, mixing layer depth, and atmospheric processes linked to 

large-scale climate indices like the North Atlantic Oscillation (NAO; Townsend and Cammen 

1988; Lampitt et al. 2010).  

The global ocean is changing rapidly; ocean warming, deoxygenation, and acidification 

are occurring as a direct result of human activity (IPCC 2014). Warming oceans are causing 

range-shifts in mobile species (Poloczanska et al. 2013; Bates et al. 2014; Sunday et al. 2015; 

Cavole et al. 2016; Auth et al. 2018), and high mortality in sessile species (Cavole et al. 2016). 

Further, warm water has lower oxygen saturation than cold water  – a chemical property that is 

driving deoxygenation in the world’s oceans (Whitney et al. 2007; Diaz and Rosenberg 2008; 

Ross et al. 2020), with consequences for the distribution and fitness of benthic megafauna (Sato 

et al. 2017, 2018). Increased stratification due to ocean warming inhibits vertical mixing from 

deep nutrient rich water to the surface, decreasing primary production (Lewandowska et al. 

2014). Temperate, high-latitude regions associated with cold-water marine environments and 

strong seasonality are among the most vulnerable to climate change (Tian et al. 2003). Increasing 
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frequency and intensity of marine heatwaves (MHW) is also disrupting the upwelling processes 

that drive surface and coastal primary production (Kintisch 2015; Scannell et al. 2016; Yang et 

al. 2018a; Oliver et al. 2018), which means less food may be available to seafloor communities 

(Smith et al. 1996). As ocean conditions change, so too will the timing, duration, and intensity of 

the spring phytoplankton bloom, which may lead to a mis-match between food availability and 

the timing of important biological events (Cushing 1990; Ouellet et al. 2007; Koeller et al. 2009). 

In order to understand the effects of ocean change we require high-frequency monitoring to 

capture variation on multiple spatial and temporal scales.  

1.2 Sampling the seafloor 

Collecting ocean data across spatial and temporal scales is challenging, and there is no 

one-size-fits-all solution – appropriate methods depend on the processes or organisms of interest, 

and across which scales they operate. Historically, epibenthic megafauna have been collected 

using bottom-contact fishing gear (e.g., trawls, dredges), whereby captured organisms are 

counted and measured to assess biodiversity, population size and age-structure, and distribution 

(Matabos et al. 2016). Biodiversity data from fishing gear can provide information on the 

distribution and density of a population, and are an important data source for fisheries 

management and marine conservation (Jørgensen et al. 2022). Similar methods are often used to 

collect specimens for laboratory studies of biological rhythms and behaviour (Aguzzi and 

Company 2010). However, trawls are often only conducted during certain seasons or times of 

day, which can bias sampling efforts (Aguzzi and Bahamon 2009), and not all organisms can be 

adequately captured with bottom-contact fishing gear (de Mendonça and Metaxas 2021). 

Additionally, laboratory conditions cannot replicate spatial and temporal heterogeneity in 

pressure, turbidity, light levels, habitat, substrate, and complex species interactions that influence 
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behaviour (Matabos et al. 2011; Sato et al. 2018; Aguzzi et al. 2018; Chauvet et al. 2018). Thus, 

studying an animal outside the context in which it lives is inherently limited in scope.  

Advances in underwater cameras and imaging technology have allowed for a rapid 

expansion of in situ biological data collection on the seafloor (Matabos et al. 2016). Remotely 

Operated Vehicles (ROV) and drop camera systems have become staples of seafloor research 

(Althaus et al. 2015; Piechaud et al. 2019), offering a less-destructive method for data collection 

to support the monitoring and study of vulnerable ecosystems and species (Long 2020; Du Preez 

et al. 2020; de Mendonça and Metaxas 2021). Several long-term monitoring stations have also 

been established to study the seafloor in the Pacific Ocean (e.g., Station-M), Atlantic Ocean 

(e.g., PAP-SO), and the Arctic (e.g., HAUSGARTEN). These stations combine drop cameras, 

sediment cores, and environmental sensors to collect seafloor data, and have enabled significant 

advances to our understanding of oceanography and ecology in the deep sea (Billett et al. 1983; 

Huffard et al. 2016; Taylor et al. 2017; Levin 2018; Durden et al. 2020; Ross et al. 2020). 

Imaging systems also provide low-impact access to vulnerable habitats and ecologically 

interesting and geomorphologically complex features like submarine canyons, seamounts, and 

vertical walls that are difficult to sample with fishing gear (De la Torriente et al. 2018; 

Campanyà-Llovet et al. 2018; Rybakova et al. 2020). However, many organisms cannot be 

reliably identified from imagery alone  a physical specimen must be collected so distinguishing 

characteristics can be examined, reducing the taxonomic resolution possible for biodiversity 

studies from images (Howell et al. 2014; Althaus et al. 2015; Piechaud et al. 2019). Further, ship 

time is expensive and subject to favourable weather and sea state. As with bottom-contact fishing 

gear, high-frequency temporal patterns and processes cannot be resolved using these methods. 

1.3 Seafloor observatories 
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Over the past two decades, permeant seafloor observatories have been developed and 

deployed around the world to collect data continuously from the seafloor (Best et al. 2007; 

Mànuel-Làzaro et al. 2010; Matabos et al. 2011, 2016; Meyer et al. 2013). Seafloor observatories 

enable continuous, high-frequency sampling of biological (i.e. organic matter in sediment traps, 

still-frame and video cameras), chemical (i.e. oxygen, salinity, pH) and physical (i.e. current 

velocity) data in situ, previously not possible through traditional at-sea sampling (Matabos et al. 

2016). Cabled seafloor observatories are connected to land via electro-optical cables that can 

provide power to instruments from shore stations to enable continuous, high-frequency data 

collection, and transmit this data in near-real time to data repositories for study. The first cabled 

seafloor observatories were the JAMSTEC Hatsushima observatory (Momma et al. 1998), the 

H2O Observatory between Hawaii and California (Duennebier et al. 2002). Along the west coast 

of North America, the VENUS in Saanich Inlet off Vancouver Island, British Columbia, Canada 

(Tunnicliffe et al. 2003), MARS in Monterey Bay, California, United States of America 

(Massion and Raybould 2006), and the NEPTUNE regional ocean network off the west coast of 

Vancouver Island (Best et al. 2007). Smaller coastal observatories have also been deployed in 

Bonne Bay, Newfoundland and Labrador, Canada (de Young et al. 2005), in the Canadian Arctic 

(Juniper et al. 2013b), off the coast of Barcelona, Spain (OBSEA, Mànuel-Làzaro et al. 2010), 

and recently in Conception Bay, Newfoundland and Labrador, Canada (Command et al. in prep). 

Many ecological studies have been conducted over different time-scales using cabled seafloor 

observatories in recent years (Matabos et al. 2012, 2014, 2017; Robert and Juniper 2012; Condal 

et al. 2012; Aguzzi et al. 2013; Juniper et al. 2013a; del Río et al. 2013; Doya et al. 2014; 

Chauvet et al. 2018, 2019; De Leo et al. 2018; Gasbarro et al. 2019), and such studies will 

continue to increase in number as more data becomes available and as technology improves.  
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The high-temporal resolution of still and video imagery possible from fixed observatories 

comes at a cost of spatial coverage – pan-and-tilt camera systems can only cover a few square 

meters around the observatory, precluding the study of spatial patterns. However, combining 

multiple approaches to sample in space and time is key to developing a holistic understanding of 

benthic systems (Rountree et al. 2020). 

1.4 Objectives 

 The focus of this thesis is to make use of large datasets collected by seafloor 

observatories to examine variability in abundance, behaviour, community composition, and 

diversity of seafloor communities in response to environmental change at multiple temporal 

scales. In Chapter 2, seasonal and interannual population dynamics of the deep-sea pink sea 

urchin Strongylocentrotus fragilis (Jackson, 1914) was examined at the continental margin off 

the west coast of Vancouver Island, British Columbia. The study investigated 1) how density of 

S. fragilis changed over time, 2) if these changes were environmentally forced and what the 

driving factors were, and 3) how the population of S. fragilis was affected by the 2013-2016 NE 

Pacific “warm blob” event. In Chapter 3, a new cabled seafloor observatory deployed in 

Holyrood Inlet, Conception Bay, Newfoundland and Labrador was used to characterize the 

benthic megafaunal community in the bay and its response to seasonal food input from the spring 

phytoplankton bloom. The study examined 1) the composition and abundance of the 

megabenthic community, as well as behaviour of dominant megafauna, and 2) how the 

community responded to the downward flux of nutrients from the spring phytoplankton bloom. 

Chapter 4 synthesizes the findings from Chapters 2 and 3 in the broader context of seafloor 

monitoring and benthic ecology, suggests avenues for future research and presents concluding 

remarks. This work comes at a critical point in ocean observing as we approach global climate 
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tipping points. It is essential to document the current state of marine communities to understand 

and predict community responses to changing ocean conditions, and to sustainably manage our 

marine resources.  
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1.6 Figures 

 
Figure 1.1. Spatial and temporal scales of physical environmental (left) and biological (right) 
processes. Adapted from Chelton et al. (2007). 
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Chapter 2: Temporal dynamics of the deep-sea pink sea urchin Strongylocentrotus fragilis 

on the Northeast Pacific continental margin 

Abstract 

The Northeast Pacific continental margin is characterized by strong seasonal upwelling, which 

drives high primary productivity, and supports high diversity and biomass of benthic megafauna. 

The recent occurrence of a marine heat wave ("The Blob", sensu Kintisch, 2015) in 2013-2016 

resulted in changes to phytoplankton community composition and loss of coastal kelp abundance 

and diversity, reducing gross primary productivity in the region. However, cumulative effects of 

marine heat waves and ongoing basin-scale deoxygenation in deep-sea ecosystems remain poorly 

understood. Here, we use a 7-year time series of physicochemical and video imagery data from 

Ocean Networks Canada's NEPTUNE observatory to investigate temporal dynamics of the deep-

sea pink sea urchin Strongylocentrotus fragilis in relation to multi-year environmental 

variability. Using generalized additive models, we show that local S. fragilis density at Barkley 

Upper Slope (420 m) fluctuated over time and was partially explained by changes in dissolved 

oxygen concentration and suspended particulate matter in the benthic boundary layer (ADCP 

backscatter), with high sea urchin density corresponding to high oxygen and low backscatter. 

Seafloor dissolved oxygen ranged from 0.80-1.89 mL/L and varied seasonally, exhibiting a clear 

negative correlation with sea surface primary productivity (MODIS satellite Chl-a data), 

corresponding with the onset of yearly upwelling conditions. However, the anomalously warm 

years affected by ‘The Blob’ dampened upwelling and maintained higher dissolved oxygen 

conditions near the seafloor. S. fragilis density declined during ‘Blob’ conditions, likely in 

response to reduced kelp and phytodetritus subsidies from coastal waters. We propose a 

foraging-respiration trade-off hypothesis, whereby S. fragilis forages in deeper water during 
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weak upwelling and migrates to shallower habitats during low oxygen conditions. S. fragilis is an 

important bioturbator and detritivore; changes in the density and distribution of this species may 

directly affect sediment turnover rates and nutrient cycling on the continental margin, with 

consequences for surface and coastal productivity.  

 

2.1 Introduction 

The continental margin of the Northeast Pacific Ocean (NEP) is characterized as an Eastern 

Boundary Current Ecosystem, where strong upwelling brings cool, nutrient-rich water from the 

deep sea up to the surface (Rossi et al. 2009; Chavez and Messié 2009). Seasonal upwelling 

maintains high primary productivity in offshore surface waters (Arntz et al. 2006) and dense kelp 

forests along the coast (Edwards 2004), fueling productive fisheries (Ware and Thomson 1991). 

Phytodetritus eventually sinks to the seafloor, providing a large source of organic carbon and 

nutrients to deep-sea communities (Billett et al. 1983; Lampitt 1985; Gage and Tyler 1991; 

Smith et al. 1993, 1994; Ruhl and Smith Jr., Kenneth L. 2004). This organic matter is the 

primary food source for many benthic megafauna species (Smith et al. 1994; Billett et al. 2010; 

Glover et al. 2010; Birchenough et al. 2015; Campanyà-Llovet et al. 2018; Durden et al. 2020), 

that make up much of the biomass (Levin et al. 2015; Fredriksen et al. 2020) and drive 

biogeochemical cycling (Turner 2015; Thomsen et al. 2017) in the deep sea. Where respiration 

of decomposers breaking down sinking phytodetritus outweighs natural reoxygenation processes, 

a region of permanently low dissolved oxygen (< 0.5 mL/L) can form, known as an Oxygen 

Minimum Zone (OMZ, Helly and Levin 2004). Benthic megafaunal species densities and 

richness is highest on the OMZ margins, decreasing towards the OMZ core where dissolved 

oxygen is lowest (Levin 2003). The distribution of oxygen on the continental margin also 
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influences the spatiotemporal distribution of benthic communities (Levin 2003; Helly and Levin 

2004; Papiol et al. 2017), with direct consequences for nutrient cycling and benthopelagic 

coupling (Lebrato et al. 2010; Levin and Sibuet 2012; Kendzierska et al. 2020). 

Organic matter export to the seafloor varies on seasonal, annual, and decadal scales 

(Billett et al. 1983; Bett et al. 2001; Smith et al. 2018), and the amount of food available to the 

benthos is directly related to surface productivity (Honjo et al. 2014; Thomsen et al. 2017). 

Marine heatwaves (MHW) – extended periods of anomalously warm water (Sorte et al. 2010) – 

cause thermal stratification in the upper ocean, inhibiting upwelling and nutrient flux that drives 

primary productivity (Kintisch 2015), and reducing the downward flux of organic matter 

between the surface and benthos along the continental margin. In the NEP, a MHW dubbed “The 

Blob” was observed off the coast of British Columbia and the western United States at the end of 

2013 and persisted until early 2016 (Cavole et al. 2016), with long-lasting ecological and 

oceanographic effects in some areas (Jackson et al. 2018a; McPherson et al. 2021; Suryan et al. 

2021). “The Blob” resulted in the loss of kelp abundance and diversity (Starko et al. 2019), 

changes to phytoplankton community composition (Cavole et al. 2016), and reduced gross 

primary productivity (Yang et al. 2018), with likely consequences for benthic megafauna that 

rely on phytodetritus for food (Brodeur et al. 2019). MHWs are becoming more common and 

lasting longer (Scannell et al. 2016; Oliver et al. 2018), causing harmful algal blooms (McCabe 

et al. 2016; McKibben et al. 2017; Trainer et al. 2020), reduced fish recruitment (Cavole et al. 

2016), and fisheries closures (Ritzman et al. 2018). Most of the research on the 2013-2016 MHW 

has focused on the pelagic and nearshore realms (Cavole et al. 2016; Auth et al. 2018; Batten et 

al. 2018) and abyssal plain (Smith et al. 2018; Kuhnz et al. 2020), however the extent to which 

benthic megafauna on the continental margin were affected by these events remains 
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understudied. Many organisms are well adapted to their thermal niche (Bates et al. 2010) and 

may rapidly recover once conditions return to normal (Heise 2006; Gleason and Burton 2013; 

Kelly et al. 2017). However, the persistence and increasing prevalence of warm water anomalies 

is causing potentially permanent damage to marine ecosystems (Couch et al. 2017; Jackson et al. 

2018b; Suryan et al. 2021). 

 The distribution and availability of food and oxygen on the NEP continental margin is 

further influenced locally by topographic features such as submarine canyons, which steer 

Ekman-driven current flows enhancing coastal upwelling (Allen and de Madron 2009; Ramos-

Musalem and Allen 2019). Submarine canyons also play a key role in structuring slope and deep-

sea ecosystems since they affect the distribution of food on the seafloor by trapping and 

funneling zooplankton, detrital and sedimentary organic matter from shallower shelf areas into 

the slope (Vetter and Dayton 1999; Puig et al. 2014; De Leo et al. 2018). Perhaps the best 

studied submarine canyon on British Columbia’s coast is Barkley Canyon, in particular after the 

installation of the NEPTUNE cabled observatory in 2009 (Best et al. 2007). Ocean Networks 

Canada (ONC) operates and maintains NEPTUNE with several oceanographic sensors 

permanently installed along the axis of Barkley Canyon, and on the adjacent upper slope. The 

local current regime affected by the canyon’s topography has been extensively studied prior to 

NEPTUNE, and is known to enhance local upwelling and primary productivity in surface waters 

above the canyon (Mackas et al. 1997; Allen et al. 2001; Genin 2004). Secondary production 

resulting from zooplankton aggregations and decomposing organic matter is also transported 

down into Barkley Canyon’s deeper waters (Baker and Hickey 1986; Allen and de Madron 2009; 

De Leo et al. 2018). A recent study employing a series of molecular markers has demonstrated 

that sedimentary organic matter quantity and quality are higher at intermediate depths (900-1300 
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m) in Barkley Canyon when compared to the shallower (200-400 m) canyon head (Campanyà-

Llovet et al. 2018). The study points to an interplay of higher current hydrodynamics at 

shallower depths, a range of degradation processes and the accumulation of dead 

ontogenetically-migrating zooplankton in determining the deposition of labile vs refractory 

organic matter along a depth gradient in the canyon (Campanyà-Llovet et al. 2018). 

Extensive research on the temporal dynamics of megafauna within Barkley Canyon has 

identified diel behaviour patterns and seasonal migration of sablefish, Anopoploma fimbria 

(Doya et al. 2014; Matabos et al. 2014; Chauvet et al. 2018) and interannual ontogenetic 

migration of tanner crab, Chionoecetes tanneri (Chauvet et al. 2019). However, considerably less 

attention has been given to the adjacent slope ecosystem (Robert and Juniper 2012; De Leo et al. 

2017; Chauvet et al. 2018). The canyon cuts across the slope impinging the core of the OMZ at 

about 900 m, where dissolved oxygen can drop as low as 0.16 mL L-1 (Domke et al. 2017). In 

contrast, the adjacent upper slope (400 m) experiences higher, though more variable, oxygen 

concentrations, ranging from 0.79 mL L-1 to 1.94 mL L-1, making this an ideal site to study 

megafaunal responses to short- and long-term variability in ocean conditions.  

One of the dominant megafauna at the upper slope near Barkley Canyon is the deep-sea 

pink sea urchin Strongylocentrotus fragilis (Jackson, 1912; Robert and Juniper 2012; De Leo et 

al. 2017). S. fragilis is a detritivore that forages on a wide range of detritus material, though 

many studies point to a diet predominantly composed of large macroalgal detritus and other 

phytodetritus arriving at the seafloor from the surface and coastal waters (Boolootian et al. 1959; 

Filbee-Dexter and Scheibling 2014; Campanyà-Llovet et al. 2018). It plays an important role in 

deep-sea nutrient cycling through locomotion and grazing, which contributes to horizontal 

sediment turnover (15.1 to 21.0 m2 yr-1, with little subduction; Robert and Juniper 2012) and 
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enhances nutrient availability in the water column (Thompson and Riddle 2005). S. fragilis 

forms large feeding aggregations on the continental margin (De Leo et al. 2017), influencing the 

composition and spatial distribution of nutrients and sediment infaunal communities (Campanyà-

Llovet et al. 2018). As slow-moving (average 7.31 - 26.9 cm h-1; Robert and Juniper 2012; Barry 

et al. 2014), calcifying organisms, sea urchins are particularly susceptible to climate change 

(Delorme and Sewell 2014; Asnaghi et al. 2020; Low and Micheli 2020). Previous research has 

found that calcification rates and reproductive capacity of S. fragilis are affected by food 

availability, ocean warming, acidification, and deoxygenation, with reduced recruitment and 

survival already occurring under current ocean conditions (Sato et al. 2018). 

In this paper, we used long-term (7-year) and high-frequency (5 minutes every 6 hours) 

video and environmental time-series data from the NEPTUNE observatory at the Barkley 

Canyon Upper Slope (BCUS) location to study how densities of S. fragilis respond to seasonal 

and inter-annual variability in oceanographic conditions. In particular, we draw focus to the 

2013-2016 MHW that affected more than 2.5 million km2 of the NEP (Bond et al. 2015). “The 

Blob” reportedly caused reduction in coastal upwelling, with consequent decrease in primary and 

secondary productivity, with a range of effects that restructured local and regional food-webs 

(Cavole et al. 2016; Brodeur et al. 2019). Since S. fragilis plays a key role in benthic-pelagic 

coupling and nutrient recycling over the shelf and slope, it is crucial to understand how this 

species is affected by large-scale, climate-driven ecosystem changes.  

We contrasted the high frequency time-series observations from NEPTUNE against a 14-

year, bi-annual bottom trawl survey conducted on the West Coast of Vancouver Island by 

Fisheries and Oceans Canada (DFO). The trawl survey database was used to extract S. fragilis 

densities and distribution across a broader spatial scale and along a depth gradient to be used as a 
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possible predictor of local population fluctuations quantified from video imagery at the single 

fixed location of the seafloor observatory. In addition, we also used climatology data of sea-

surface temperature (SST) and colour irradiance (as a proxy for chlorophyll-a) from an offshore 

meteorological buoy and from the MODIS Aqua OceanColour satellite, respectively to 

understand the broader oceanographic effects of “The Blob” in the region. We hypothesized that 

1) density of S. fragilis on the continental margin declined during “The Blob” due to reduced 

upwelling food supply disruption, and 2) depth distribution of S. fragilis shoaled over time due to 

the expanding OMZ. 

2.2 Methods 
2.2.1 Study site 

 The study area was located on the continental slope off Vancouver Island adjacent to the 

northern flank of Barkley Canyon (Figure 2.1A). This canyon incises the continental shelf from 

200 m depth at its head (Allen et al. 2001) and reaches 2,660 m at the Cascadia Basin, providing 

a link between the continental margin and an abyssal plain. At the surface, near-shore, NE-SE 

wind-driven current flows advect over the canyon undisturbed (Allen et al. 2001). Flow along the 

shelf (above the benthic boundary layer) is inhibited by the canyon wall, upsetting the 

geostrophic balance, reducing Coriolis forces, and creating an up-canyon pressure gradient 

(Allen et al. 2001). This unbalance causes flow to be advected over and into the canyon, where 

stretching generates cyclonic vorticity, turning the flow up-canyon (Allen et al. 2001). When 

flow reaches the down-stream wall of the canyon, anti-cyclonic vorticity causes water to be 

advected into the canyon or up onto the shelf (Allen et al. 2001). Deeper water that flows into the 

canyon causes lifting of isopycnal layers, balancing out the pressure gradient and slowing the up-

canyon flow (Allen et al. 2001). This lifting also induces cyclonic vorticity in the deep-water 
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layer near the mouth of the canyon. During upwelling, stronger up-canyon flow lifts the depth of 

the pycnocline above the canyon by half, forcing cold water and nutrients closer to the surface 

from the subpycnocline and enhancing primary productivity (Allen et al. 2001). In summary, 

seasonal upwelling-favourable winds in summer result in a net movement of deep, low oxygen 

water from the OMZ onto the slope. In winter when downwelling winds are dominant, deep 

wind-driven mixing forces oxygen-rich surface water down onto the slope. Short-lived 

phytoplankton blooms also occur during winter/downwelling conditions, and rapidly export 

particulate carbon through the main canyon axis (Thomsen et al. 2017). Aside from the seasonal 

fluctuations of the upper boundary, the dissolved oxygen levels and the main depth boundaries of 

the OMZ are relatively stable. The full details of the flow regime around Barkley Canyon can be 

found in Allen et al. (2001). 

 This study was conducted at the Barkley Canyon Upper Slope site (BCUS), on the slope 

about three kilometers from the canyon and connected to the network at 396 m depth (Fig. 1A; 

48° 25' 37.2"N, 126° 10' 29.7"W). The seafloor at the BCUS site is characterized by soft 

sediments and a high abundance of S. fragilis, solariellidae snails, and rockfish (Sebastes spp., 

Chauvet 2018).  

2.2.2 Estimating S. fragilis densities from imagery 

 We analyzed footage from a video camera mounted on the BCUS platform from 2013-

2020 (Figure 2.1B, C). Four different high-definition video camera systems have been used 

during the entire 7-year study period (Table 2.1). The footage quality progressively improved as 

each new camera system deployed followed the NEPTUNE observatory’s continuous progress 

towards better configuration of seafloor instrument platforms, digital infrastructure, software 

controls, and data archiving. In all systems, the camera was mounted on a galvanized steel tripod 
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and attached to a Remote Ocean Systems (ROS) pan and tilt system, allowing for 360˚ of pan 

angle rotation and thus covering the seafloor in all directions (Chauvet 2018; De Leo et al. 2018). 

Between years, the camera tripod configurations changed slightly, with the final height of the 

camera lenses above the seabed varying between 40-95 cm, thus altering the total imaged area of 

the seafloor (ranging from 0.5 m2 to 14.93 m2; Table 2.1). Two ROS LED lights (100 W, >406 

lm, De Leo et al. 2018) provided illumination during video recordings. The cameras followed the 

same recording schedule since June 15, 2012 (i.e., recording five-minute videos every two hours, 

changing to an hourly recording interval on September 19, 2019). This recording schedule was 

designed to minimize the impact of artificial lighting on the behaviour of benthic organisms 

(Widder et al. 2005) and was optimized for detecting sea urchin abundance patterns (Robert and 

Juniper 2012). We analyzed 4 video sequences each day (0000-0005, 0600-0605, 1200-1205, 

and 1800-1805 UTC) in order to account for diurnal and tidal variation (Aguzzi and Company 

2010). In each video, the number of S. fragilis present was counted and densities obtained by 

dividing the total count of individuals by the total area of imaged seafloor, which varied among 

the four camera deployments, and expressed in sea urchins per meters squared (see Table 2.1). S. 

fragilis were manually counted using ONC’s SeaTube web-based video playback interface 

(https://data.oceannetworks.ca/SeaTube). All video imagery data used in the present study are 

freely accessible for playback and download at https://data.oceannetworks.ca/DataSearch. 

Unfortunately, two fishing trawling incidents damaged some of the observatory seafloor 

infrastructure, including the node supplying power to the instruments on one occasion, and 

another directly hitting the BCUS platform with the seafloor video camera. These events resulted 

in relatively long stretches of missing data. Due to the trawling incidents, the resulting video 

time series was broken down, and for the purpose of a meaningful multi-year comparative 

https://data.oceannetworks.ca/SeaTube
https://data.oceannetworks.ca/DataSearch
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analysis, we split the dataset into 4 segments (2013-2014, 2014-2015, 2018, and 2019-2020), 

corresponding to a total of 565 days. Video data time series from each year at least partially 

covered late summer, fall and winter conditions (Table 2.1).  

S. fragilis has a patchy distribution on the continental slope (Robert and Juniper 2012; 

Campanyà-Llovet et al. 2018), which could influence abundance and density estimates obtained 

using imagery from fixed-position observatories. Thus, we used the full field of view available in 

each sampling interval (ranging from 0.5-15 m2 depending on deployment, Table 2.1) to cover as 

much of the seafloor around the observatory as possible. Field of views were calculated 

following the trigonometric approach of Wakefield and Genin (1987) and Nakajima et al. (2014) 

using the known height of each camera above the seabed, and the horizontal and vertical 

acceptance angles of each camera (Table 2.1). The procedure for calculating the area covered by 

each camera is outlined in the supplemental material (Appendix 1.1). 

2.2.3 Environmental data from the seafloor and sea-surface 

 Environmental data were obtained from instrument sensors mounted on the BCUS 

platform at 396 m depth (Figure 2.1B) as well as from a nearby (46.6 km away) meteorological 

buoy and the MODIS satellite (Table 2.2). Dissolved oxygen concentration (mL L-1) was 

collected from a Sea-Bird SBE 63 Dissolved Oxygen Sensor. Salinity (psu) was collected from a 

Conductivity-Temperature-Depth (CTD) sensor (Sea-Bird SBE 16plus V2 SEACAT C-T 

Recorder). These data were collected at a rate of 1 measurement every second. 

Benthic boundary layer currents (BBLc) were measured in m s-1 as u (east-west) and v 

(north-south) vectors from an upward-looking Nortek Aquadop 2 MHz Acoustic Doppler 

Current-Profiler (ADCP).  The ADCP collected data in 1.43 cm range bins from the sonar 

transducer head, from approximately 20 cm above the seabed, up to 1.5 m above the seabed, and 
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we averaged current velocities across the full range for each time point (Grant Garner, University 

of Victoria, pers comm.). We then calculated the current direction (˚True) and magnitude of the 

resulting current velocity vector from the u and v velocity components. Temperature (˚C) and 

pressure (dbar) were also obtained from the ADCP since its time-series had fewer missing values 

due to instrument issues during the study period than the CTD. We also collected the backscatter 

(Hz) from the ADCP as a proxy for particulate matter in the water column immediately above 

the seafloor. The ADCP data were collected at a rate of 1 measurement every 10 seconds. 

We used 8-day averaged satellite chlorophyll-a concentration data from MODIS, NASA 

Earth Observations Goddard Ocean Colour Group (https://oceancolor.gsfc.nasa.gov/l3/order/) for 

an area around BCUS (Figure S2.1) to quantify temporal variability in sea surface primary 

productivity. The 8-day average allowed for more reliable coverage and helped account for the 

effects of cloud cover. The chlorophyll-a time-series was derived by averaging the chlorophyll-a 

concentration over the entire area for which points were extracted (Figure S2.1; Chauvet et al., 

2018). 

Following Chauvet et al. (2018), we acquired SST from the Fisheries and Oceans La Perouse 

Bank Buoy 46206 (48° 49' 48"N, 126° 0' 0"W, http://www.meds-sdmm.dfo-mpo.gc.ca/). To 

match the temporal resolution of the chlorophyll-a time series, we averaged the SST data into 8-

day bins. Then to assess the effect of SST anomalies, such as the 2013-2016 “Blob” event (Bond 

et al. 2015; Cavole et al. 2016), we calculated anomalous SST (SSTa) as the difference between 

each 8-day-binned SST measurement and the average SST from the entire buoy time series 

(1985-2020). 

All environmental time series (except chlorophyll-a) were averaged in 6-hour bins 

corresponding to the sampling period and frequency of the video time-series.  

https://oceancolor.gsfc.nasa.gov/l3/order/
http://www.meds-sdmm.dfo-mpo.gc.ca/
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2.2.4 Bottom Trawl Surveys (2004-2018) 

Every other year since 2004, DFO in collaboration with the Canadian Groundfish 

Research and Conservation Society has conducted fisheries-independent synoptic bottom trawl 

surveys on the continental shelf and slope on the West Coast of Vancouver Island (Figure S2.1; 

Anderson et al. 2019). These surveys followed a random depth-stratified sampling design with 

sampling conducted in 2 km x 2 km blocks on the Canadian Coast Guard research vessel W.E. 

Ricker, or a chartered industry vessel. These data are available under an Open Government 

License and can be accessed online (https://open.canada.ca/data/en/dataset/557e42ae-06fe-426d-

8242-c3107670b1de).  

The trawl survey recorded the total catch (number of individuals) of animals found in 

each tow. For each trawl tow that recorded S. fragilis, we determined the total area (m2) covered 

by multiplying the width of the trawl doors (m) by the distance covered (m). We then calculated 

the density of S. fragilis in each trawl by dividing the total number of S. fragilis caught in all 

trawls by the total area covered (indiv. m-2). This information was used to calculate mean density 

for each survey year (2004-2018). For some tows, a catch weight was recorded without a 

corresponding catch count. In these cases, we imputed a value of 1 and we assumed that at least 

one sea urchin was present in the catch since a weight was measured. Bottom depth (m) was 

reported as the modal bottom depth for each trawl tow. For each survey year, we determined the 

upper and lower depth limits, the mean and median depth, and the upper and lower 25% 

quantiles of the depth distribution.  

  

https://open.canada.ca/data/en/dataset/557e42ae-06fe-426d-8242-c3107670b1de
https://open.canada.ca/data/en/dataset/557e42ae-06fe-426d-8242-c3107670b1de
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2.2.5 Data analysis 

2.2.5.1 Environmental predictor variables and density of S. fragilis 

We used generalized additive models (GAMs) to characterize temporal trends in sea urchin 

density, and model possible responses to environmental change within and between years. 

GAMs are an extension of generalized linear models that allow for non-linear trends to be 

modeled using smooth functions fj of covariates xj (hereafter "smoothers", Wood 2011). In 

general, these models take the form: 

 
𝐸(𝑌) = 𝑔−1 (𝛽0 +∑𝑓𝑗(𝑥𝑗)

𝐽

𝑗=1

), 
Eq. 2.1 

 
Where E(Y) is the expected value of the response, g-1 is the inverse-link function for the 

distribution of Y, and β0 is an intercept term. Smooths are represented as the sum of K basis 

functions (bj,k), multiplied by some coefficients (βj,k), 

 
𝑓𝑗(𝑥𝑗) =∑𝛽𝑗,𝑘𝑏𝑗,𝑘(𝑥𝑗)

𝐾

𝑖=1

. 
Eq. 2.2 

 
In practice, K represents the upper limit on the complexity of the smoother (Wood 2011). 

When estimating the coefficients of each smoother, a "wiggliness penalty" needs to be applied to 

prevent the model overfitting the data (Wood 2011). The mgcv package (Wood 2011) in R (R 

Core Team 2020) enables automatic estimation of smoothness parameters using a variety of 

algorithms (Wood et al. 2016). Here, we fit GAMs using Restricted Maximum Likelihood 

Estimation (REML) to select smoothness parameters, since it is generally considered to be the 

most stable compared to other fitting procedures (Wood 2011). To preserve the inherent count-

distribution of the sea urchin abundance data, and to account for possible overdispersion (Zuur et 
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al. 2009), we fit all models with a negative-binomial distribution and log-link function. The 

mgcv package is suitable for extended distribution families and has built-in automatic dispersion 

parameter estimation via the nb() function (Zuur et al. 2009; Wood et al. 2016). 

To determine within- and between-year trends in sea urchin density, we first modeled the 

data using only sampling time (ST) and sample year as covariates. We fit 5 temporal models: A 

global smoother for ST (model G), year-level smoothers for ST (model I and model S), and a 

global smoother with year-level smoothers for ST (model GS and model GI) following Pedersen 

et al. (2019). Model G includes only a global smoother, which fits a single shared smooth for ST 

for all years. Models I and GI allowed the shape and wiggliness penalty of the ST smooth to vary 

between years using by = Year, whereas models S and GS assumed all years had the same 

wiggliness but varied in shape using the factor smooth basis via bs = “fs” (Pedersen et al. 2019). 

We set the number of basis functions at k = 5 for global ST smooth and k = 12 for year-level ST 

smooths to avoid fitting smoothers that were too wiggly, and to determine the relative 

importance of global versus between-year temporal variation (Pedersen et al. 2019). We selected 

the best temporal model using Aikike's Information Criteria (AIC, Burnham et al. 2002). 

Modeling sea urchin abundance as a smooth function of ST and year was sufficient to account 

for any temporal autocorrelation present in the time series (Figure S2.1). 

Finally, we added global smooths of dissolved oxygen, BBLc magnitude, and ADCP 

backscatter (as a proxy for particulate organic matter; Chanson et al. 2008) to the best temporal 

model to determine average S. fragilis response to environmental change (Table 2.3). Including 

temporally-correlated environmental covariates in a model that already has a smoother for time 

requires that the environmental smoothers explain variation above and beyond the temporal 

smooth (Hayes et al. 2020). After fitting models, we tested for concurvity, the ability of a smooth 
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function of one variable to be reconstructed by the smooth function of another variable; 

essentially the nonlinear analogue of collinearity (Buja et al. 1989; Morlini 2006). We used the 

select = TRUE argument when fitting models with both global and year-level smooths (Pedersen 

et al. 2019). This helps to perform variable selection by adding an extra penalty to each 

smoother, allowing mgcv to penalize model terms to a zero effect (Marra and Wood 2011). We 

fit each smooth using the thin-plate-regression-spline (TPRS) basis (Wood 2003), since they are 

the default for mgcv and perform well with fixed k (Pedersen et al. 2019). In each model we also 

included the camera field of view (m2) as an offset term to standardize abundance between 

years.  

To investigate how the 2013-2016 “Blob” altered ocean dynamics, in particular benthic 

dissolved oxygen concentrations, we also fit a separate Generalized Additive Mixed-Model 

(GAMM) to model changes in benthic dissolved oxygen at BCUS over the entire study period 

(2013-2020). GAMM allows explicit specification of temporal autocorrelation structures (Lin 

and Zhang 1999) and allowed us to model seasonal and interannual variation and account for 

residual temporal autocorrelation. For the temporal model, we included a smooth for ST and 

week of year (WoY), and combinations of global and year-level smoothers. We also included an 

autoregressive (AR) correlation structure that allowed the previous two terms to be correlated 

with the response, known as AR(2), which was chosen by comparing residual autocorrelation 

plots from models fit with different temporal dependence structures (Figure S2.2). After we 

determined the best fitting temporal model, we then included global smooths of surface 

chlorophyll-a and SSTa to determine their influence on benthic oxygen over time. For these 

models, benthic oxygen and SSTa were binned to an 8-day average to align with the sampling 
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frequency of chlorophyll-a. We followed the same model specification and selection procedures 

outlined above.  

We also fit a GAMM to model the relationship between surface chlorophyll-a and sea-

surface temperature anomalies over the entire study period (2013-2020). We modeled surface 

chlorophyll-a as a function of smooths of week of year and SSTa, with a year-level random 

effect smooth. This allowed us to further examine the effect of “The Blob” on surface 

productivity, and how food export to the seafloor may have been affected. We followed the same 

model specification and selection procedures outline above. 

2.2.5.2 Trawl surveys 

To examine changes in density of S. fragilis and depth distribution over time, we first 

tested for normality using the Shapiro-Wilk normality test in R (Shapiro and Wilk 1965). Both 

density and capture depth violated the assumption of normality, so we used non-parametric tests 

to determine differences between survey years. We used the Kruskal-Wallis Rank Sum test 

(Kruskal and Wallis 1952) to test for differences in mean density across sample years, and 

Dunn’s rank comparisons post-hoc test (Dunn 1964) with Bonferroni correction for multiple 

comparisons from the PMCMRplus package (Pohlert 2021) in R to determine in which years 

density of S. fragilis differed on the continental margin. We used the Komolgorov-Smirnov test 

(Conover 1971) to test for differences in the distribution of capture depth between pairs of 

survey years, as well as between trawls where S. fragilis was captured and all trawls conducted 

to account for the possibility that any changes in depth distribution were caused by differences in 

trawling depth. We then used linear regression to determine how strong the relationship was 

between each depth parameter (upper and lower limits, mean and median depth, and 25% and 

75% quantiles) and time.  
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2.3 Results 
2.3.1 Temporal patterns of sea urchin density 

S. fragilis was observed in 1,245 out of 2,228 videos (56%). Sea urchin density was highly 

variable over time, ranging from 0 to 54 indiv. m-2 (Figure 2.2). Temporal patterns of density 

within years were characterized by extended periods of zero or few sea urchins followed by 

pulses of greater density (> 2 indiv. m-2) lasting between a few days and a few weeks, then 

returning to low density (Figure 2.1). In 2013-2014, densities of S. fragilis showed four distinct 

peaks, in late-September-early-October, mid-October, late-November, and late January. In 2014-

2015, we observed two density peaks, at the beginning and end of September. In 2018, we 

observed four to five density peaks at the end of August-beginning of September, end of 

September (this might be two pulses that blur together), mid-October, and mid-November. 

Unfortunately, this time-series ends on November 23, 2018, and no video data were available for 

winter 2018. In 2019-2020, there were three to four density peaks; mid-November, mid-

December, and end of December to mid-January (this might be two pulses that blur together). 

Between years, S. fragilis displayed the lowest densities during the marine heatwave in 

2014-2015 (0.157 +/- 0.012 indv. m-2) and in 2018 (1.283 +/- 0.131 indv. m-2) shortly after the 

heat anomaly had subsided. The highest average densities occurred in 2019-2020 (2.104 +/-0.21 

indv. m-2) and in 2013-2014 (1.488 +/- 0.19 indv. m-2) well after the cessation of, and at the very 

onset of the marine heat wave, respectively.  

2.3.2 Pink sea urchin density model fit / model selection 

GAMs that allowed the temporal trend in sea urchin density to vary by year (models I, S, GS, 

and GI) performed better than the model that included only a global smooth for sampling time, 

ST (model G) (Table 2.3). The best temporal model was model I, which allowed each year-level 
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smooth of ST to have its own wiggliness penalty (Table 32.). Adding environmental covariates 

improved model performance, and once again model I had the best fit with a global smooth for 

dissolved oxygen, bottom current (BBLc) magnitude, and ADCP backscatter (Figure 2.3; Table 

2.3).  Higher values of dissolved oxygen (>1.23 mL L-1, Figure 2.3A) were linearly associated 

with higher sea urchin densities, while lower sea urchin densities were linked to high levels of 

backscatter (Figure 2.3B). Sea urchin density was also negatively associated with the global 

smooth of BBLc magnitude (i.e. a negative effect of fast-moving currents on sea urchin 

densities), however this term did not result in any significant improvements to the final model (p 

= 0.035, Figure 2.3C, Table 2.4). Although this term is statistically significant, caution is 

warranted when interpreting marginally significant smooth terms in GAMs as p-values are 

calculated without considering the uncertainty in estimating smoothing parameters (Wood et al. 

2016). 

The final model that included temporal and environmental smooths resulted in strong 

coherence (R2 = 0.739) between observed and predicted values for 2019-2020 (Figure S2.3). 

However, the model is conservative at high sea urchin densities in early years, consistently 

under-predicting in 2013-2014 and 2014-2015 (Figure S2.3). The model under-fit extreme values 

of sea urchin densities and over-predicts a run of zeros in 2018 but does well at moderate 

densities that characterized most of the time series.  

 

2.3.3 Environmental models 

2.3.3.1 Seafloor dissolved oxygen GAMM 

 
Dissolved oxygen concentration (hereafter, [DO]) at the seafloor at BCUS varied seasonally and 

interannually, ranging from 0.80 – 1.89 mL L-1 (Figure 2.4). [DO] increased from 2013 until 
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early 2016 commensurate with the onset and duration of the marine heat wave that affected the 

study area (Figure 2.4). The GAMM fit for weekly benthic oxygen as a function of week of year, 

surface chlorophyll-a, and sea-surface temperature anomaly provided a good fit to the dissolved 

oxygen time series (R2
adj = 0.639, Figure 2.4). Benthic [DO] varied seasonally, with low oxygen in 

summer and high oxygen in autumn and winter across years (Figure 2.5A). Benthic [DO] was 

negatively associated with surface chlorophyll-a concentration throughout our study period 

(Figure 2.5B, Figure 2.6, Table 2.5). [DO] was below the 2013-2020 mean on average when 

surface chlorophyll-a was greater than 2.5 mg m-3 (Figure 2.6). A negative relationship of 

benthic oxygen and sea-surface temperature anomaly was also evident in the GAMM (not 

shown); however, this relationship was not statistically significant. 

 

2.3.3.2 Surface chlorophyll-a GAMM 

GAMM revealed seasonal changes in surface productivity above BCUS, with high 

chlorophyll-a concentration observed in late Spring and Summer and low chlorophyll-a 

concentration in the Autumn and Winter (Figure 2.7A). We also detected a negative, non-linear 

relationship between chlorophyll-a and warm-water anomalies (Figure 2.7B).  

 

2.3.4 Trawl Survey data (2004-2018) 

From 2004-2018, approximately 675 individuals of S. fragilis were caught in the benthic 

trawl surveys. We found statistically significant evidence of a decline in the mean S. fragilis 

density off Vancouver Island (Chi.sq(7) = 74.527, p < 0.001). S. fragilis density peaked in 2008, 

and declined until 2016, with a slight increase in 2018 (Figure 2.8, Table 2.6). It is worth noting 

that the decline of S. fragilis densities started between 2010-2012, before the onset of the marine 
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heat wave in the region. However, densities during and after the temperature anomaly never 

returned to pre-2012 levels (Figure 2.8, Table 2.6). 

The depth distribution of S. Fragilis changed across the survey years (Figure 2.9, Table 

2.6). The upper limit of S. fragilis shoaled from 119.0 m to 70.0 m at a rate of 3.5 m yr-1 on 

average (Figure 2.10A). The upper 25% quantile of S. fragilis depth distribution also shoaled 

from 144.5 m to 116.5 m, a rate of 2 m yr-1 on average, and exhibited lower variability than the 

upper limit (Figure 2.10B). A two-sample Komolgorov-Smirnov (K-S) test indicated that the 

upper limit and 25% quantiles of S. fragilis depth distribution come from a different probability 

distribution than the same parameters measured in all species trawls (Table 2.7). The linear 

regression results further indicated the shoaling trend in upper limit and 25% quantile is only 

present in the S. fragilis trawls and is absent from the all-species trawls (Figure 2.10A, B, Table 

2.7). A two-sample K-S test also indicated that the lower limit of S. fragilis differs from the all-

species trawls, however this was not corroborated by the linear regression (Table 2.7, Table 2.8). 

The 75% quantile, lower-limit, mean, and median depth also appear to shoal over time, though 

these trends were not statistically significant and were indistinguishable from the trend in all 

trawls (Figure 2.10C-F, Table 2.7). 

 

2.4 Discussion 

Pink sea urchin densities varied within and between years at the Barkley Canyon Upper 

Slope (BCUS) site, with lower densities following the 2013-2016 NEP marine heat wave 

anomaly (MHW) or the so-called warm “Blob” (Kintisch 2015), and recovery to pre-blob levels 

in 2018. S. fragilis densities were positively associated with dissolved oxygen concentration 

across all years, with this variable fluctuating both seasonally and interannually. Dissolved 
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oxygen was negatively associated with surface chlorophyll-a concentrations, which, in turn, was 

negatively associated with the sea-surface temperature anomalies recorded during the period of 

abnormally high temperatures in the NEP. By contrast, ADCP backscatter (as a proxy for 

particulate organic matter) was negatively associated with S. fragilis density. Together, these 

results suggest S. fragilis density at BCUS is mediated by two controlling variables – food 

availability and oxygen, which are in turn influenced by ocean warming, coastal upwelling 

dynamics, and local hydrodynamics. 

The broad-scale environmental shifts caused by the 2013-2016 MHW, with remarkable 

effects over ecosystem functioning and productivity, have been well described elsewhere 

(Cavole et al. 2016; Yang et al. 2018). However, its effects on deep-sea benthic ecosystems and 

community structure have only been addressed in a single study at the long-term abyssal 

monitoring site Station M off the California Margin (Kuhnz et al. 2020). Our results indicated a 

complex interplay of environmental control over S. fragilis population by a concert of variables 

that ultimately regulate food availability and metabolic acclimation under nearly permanent 

hypoxic conditions in the slope offshore Vancouver Island. The combination of our observatory 

and bottom trawl survey data seems to corroborate a recent study that showed that S. fragilis is 

undergoing habitat expansion, extending its range upslope and over the shelf following the 

shoaling of the NEP OMZ (Sato et al. 2017). Under low dissolved oxygen concentrations (13–42 

μmol kg-1) found at the OMZ core (450-900 m) off the California margin, S. fragilis experience 

drastic reduction in reproductive fitness expressed in terms of suppressed gonadal development 

(Sato et al. 2018). In addition, the study pointed to reduced hardness and stiffness of the calcitic 

endoskeleton coupled with increased porosity and pore size in individuals collected in these 

same OMZ core areas, which are also characterized by low pH, ranging from 7.57-7-59 (Sato et 



 38 

al. 2018). The authors therefore predicted that S. fragilis may be potentially vulnerable to 

crushing predators if these conditions of warming, acidification and deoxygenation become more 

widespread in the future. 

The bottom trawl survey data covering an area of 760 km2 and a depth gradient of nearly 

400 m indicated S. fragilis has expanded into shallower water at a rate of 2.0 m yr-1 from 2004-

2018 (Figure 2.9, Figure 2.10), similar to the shoaling documented in Sato et al. (2017). In 

contrast to Sato et al. (2017), the lower limits of pink sea urchin depth distribution in the upper 

400 m off Vancouver Island remained stable over time, suggesting range expansion into 

favourable conditions rather than range shifting away from a physiological limit, although deeper 

trawls are needed to investigate the lower limits of the depth range of S. fragilis in this region of 

the NEP. Furthermore, the trawl survey data indicated the density of S. fragilis on the continental 

shelf was declining at least 2 years prior to the 2013-2016 MHW but has yet to recover to pre-

2012 levels. Thus, while the MHW was likely not the direct cause of pink sea urchin density 

decline on the continental shelf off Vancouver Island, it has likely inhibited their survival, 

recruitment, and population recovery through food limitation (Sato et al. 2018; Starko et al. 

2019; McPherson et al. 2021). 

 
2.4.1 Within- and between-year variation of sea urchin density 

 S. fragilis is a detritivore that feeds on fresh phytodetritus, kelp and other macroalgae 

detritus, and other organic matter on the seafloor, and it forms large feeding aggregations on the 

continental slope (Boolootian et al. 1959; De Leo et al. 2017; Campanyà-Llovet et al. 2018). 

Within each year, we observed alternating periods of few (0-1 indiv. m-2) sea urchins and 

“spikes” of many (>2 indv. m-2) sea urchins, which likely reflect the patchy distribution of food 

on the continental slope. We also observed large aggregations of S. fragilis around small seafloor 
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depressions (R.C., pers obs.) that likely promoted patchiness in the accumulation of organic 

matter (Campanyà-Llovet et al. 2018). This patchy distribution pattern is consistent with 

observations from previous studies of S. fragilis on continental margin settings off British 

Columbia (De Leo et al. 2017; Campanyà-Llovet et al. 2018) and further south at the Oregon 

margin (Sumich and McCauley 1973). 

Observed sea urchin density patterns could also be an artifact of differences in activity 

levels within or between sampling days, whereby higher (lower) mobility during certain times 

could inflate (depress) the interpreted density – a common issue in time-lapse imagery studies 

with limited spatial coverage (here, 0.5 m2 – 14.93 m2; Aguzzi and Company 2010). In the 

present study, we noted one period of high mobility (R.C. pers obs.) at the end of 2019 (Figure 

2D), in which a large aggregation of sea urchins moved through the field of view over a three-

week period. We sampled at four evenly spaced intervals throughout a 24-hour period each day, 

and during a similar seasonal period across years to minimize bias due to differences in activity 

levels related to the day-night or seasonal cycles. However, we cannot fully constrain the effect 

of activity levels on density estimates with a single fixed camera. Thus, density estimates from 

the platform should be considered in the context of the visible field of view (0.5 m2 – 14.93 m2), 

while density patterns observed in the trawl survey data are representative of the continental 

shelf. 

Sea urchins are important for nutrient cycling through locomotion and bioturbation, and 

consumption of detritus (Boolootian et al. 1959). Indeed, large aggregations of feeding sea 

urchins can influence the spatial distribution and patchiness of nutrients on the continental 

margin (Campanyà-Llovet et al. 2018). S. fragilis may preferentially feed on high C:N ratio 

patches, and directly influence the composition of nutrients in the sediment (Campanyà-Llovet et 
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al. 2018). Their locomotion and feeding aggregations also change the distribution and mixing 

depth of nutrients within sediments, which affects infaunal communities that are also key for 

nutrient cycling (Campanyà-Llovet et al. 2018). Bioturbation by sea urchins has also been shown 

to influence oxygen circulation in sediment pore water (Vopel et al. 2007) affecting sediment 

redox potential and nutrient flux at the sediment-surface interface (Morford and Emerson 1999). 

All these processes release essential nutrients into the water column, which contribute to surface 

and coastal productivity. As warming events become more common and deoxygenation 

continues  (Whitney et al. 2007; Pierce et al. 2012; Ross et al. 2020), the density and distribution 

of S. fragilis is likely to change, with direct consequences for biogeochemical cycling on the 

continental margin.  

We found positive relationships between S. fragilis density and dissolved oxygen 

concentration across all years. Previous studies have documented changes in the distribution of 

S. fragilis commensurate with the shoaling OMZ in the Southern California Bight (Sato et al. 

2017), suggesting a tolerance to low oxygen. Similarly, De Leo et al. (2017) found S. fragilis 

distributed from 300 m to 1400 m depth along the continental slope near BCUS, a range that 

includes the OMZ. However, aside from high density (>50 indiv./ 500 m) feeding aggregations 

observed between 500 - 600 m at the edge of the OMZ, the density of S. fragilis was up to 2 

orders of magnitude higher outside the OMZ (DO ~ 1.4 mL/L) than inside the OMZ (DO < 0.5 

mL/L; De Leo et al. 2017).  This suggests that S. fragilis can tolerate low oxygen, but prefers a 

higher oxygen environment, which agrees with previous studies describing a competitive 

advantage of S. fragilis over other less-resilient shelf-inhabiting urchin species (Sato et al. 2017). 

Higher pink sea urchin densities also highlight a possible OMZ ‘edge effect’ proposed by Levin 

(2003), where benthic faunal densities may exhibit a maximum near the upper and lower 
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boundaries of OMZs at specific oxygen concentrations that may represent a physiological 

threshold or preference.  

ADCP backscatter was negatively associated with density of S. fragilis. If ADCP 

backscatter could be considered as a proxy for sinking organic matter (Chanson et al. 2008), a 

positive relationship of density with organic matter deposition on the seafloor would be 

expected. While many types of particles and organisms are detected in ADCP backscatter 

(Hoitink and Hoekstra 2005; Lara-Lopez and Neira 2008; Chanson et al. 2008; Dwinovantyo et 

al. 2017; De Leo et al. 2018; Haalboom et al. 2021), at least some of this backscatter is likely due 

to particle resuspension from sediment disturbance. Resuspension of phytodetritus and other 

particulate organic matter deposited on the seafloor can occur when bottom currents are between 

0.08 - 0.16 m/s (Beaulieu 2003). Although our GAM analysis did not find any statistically 

significant evidence of a direct link between BBLc magnitude and the density of S. fragilis, 

phytodetritus resuspension is possible within the range of BBLc observed in our study (Figure 

S2.3). Bottom trawling is also known to contribute to sediment resuspension and high turbidity 

in benthic habitats (Puig et al. 2014). Barkley Canyon is located near active fishing grounds, and 

there have been three major trawl collisions with the NEPTUNE observatory infrastructure over 

the last ~8 years. Furthermore, direct measurements of turbidity and chlorophyll-a by a vertical 

profiling system also connected to the NEPTUNE cabled observatory at BCUS, have shown that 

bottom nepheloid layer (BNL) detachments can be associated with bottom trawling activities in 

the area (Arjona-Camas et al., [in-press]). For detritivores that primarily feed on drifting 

macroalgae and other phytodetritus, like S. fragilis (Harrold et al. 1998), regular resuspension 

events could reduce opportunities for feeding on fresh organic matter, resulting in lower sea 

urchin densities. In late-summer and fall, fast currents of the of the California Undercurrent 
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(CUC) that flow northwestward along the continental margin may be a significant source of 

particle resuspension and advection (Hickey 1979; Arjona-Camas et al., [in-press]), preclude 

organic matter deposition in the first place, forcing much of the sinking organic matter down-

slope or into nearby submarine canyons (Baker and Hickey 1986). Indeed, the sediments at the 

head of Barkley Canyon (200 m) near our study site have the lowest quantity and quality of 

organic matter compared to sediments throughout the rest of the canyon (Campanyà-Llovet et al. 

2018).  In addition, from all NEPTUNE instrument platforms in Barkley Canyon and Upper 

Slope that possess a seafloor video camera, kelp macroalgae detritus is observed in much greater 

concentrations deeper in the slope at Barkley Node (620 m) and inside the canyon topography at 

Barkley MidEast (987 m) and Barkley Axis (970 m) (De Leo, FC, unpublished observations). 

The negative association of the density of S. fragilis with high ADCP backscatter may therefore 

be related to low organic matter deposition caused by fall storms, along-margin currents, and 

intense bottom trawling activity that contribute to high sediment resuspension and BNL 

formation at slope depths on the continental margin. 

 
2.4.2 S. fragilis response to the 2013-2016 marine heatwave 

 We observed the highest sea urchin density before and well after the MHW in 2013-2014 

and 2019-2020, and the lowest density of urchins during the MHW in 2014-2015 and following 

the MHW in 2018. The MHW has been reported to reduce overall productivity in the region. 

Thermal stratification in the upper ocean reduced coastal upwelling (Leising et al. 2015; Tseng et 

al. 2017), surface primary productivity (McGowan 1998; Yang et al. 2018), and organic matter 

flux to the seafloor (Smith Jr. 1999; Smith et al. 2018). Additionally, the higher seafloor 

dissolved oxygen concentration we observed during the MHW indicates reduced upwelling of 

water from the OMZ (Barth et al. 2018), and lower respiration as a result of low food export to 
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the seafloor (Drazen et al. 1998). The latter is also corroborated by the negative relationship 

between surface chlorophyll-a and benthic oxygen in our GAMM. Hence, despite observing a 

positive relationship between S. fragilis and dissolved oxygen at BCUS, which would suggest 

that we could expect higher sea urchin density at BCUS during the MHW, the low density in 

2014-2015 and in 2018 may be explained by lower food availability. 

If warming-induced thermal stratification reduced upwelling and food availability on the 

seafloor, we expect that the relative proportion of food settling at the upper slope may be lower 

compared to non-blob years (Kuhnz et al. 2020). Consequently, S. fragilis may move down-slope 

in search of food, which could explain reduced density at BCUS during 2014-2015. ROV 

surveys that found higher density of S. fragilis outside the OMZ (De Leo et al. 2017) were 

conducted in early August, when food availability at the benthos was still high following the 

spring and summer phytoplankton blooms. Further, S. fragilis has been observed aggregating 

within the OMZ when macroalgal detritus is available (Yee et al., in preparation). Together with 

our findings, this suggests that S. fragilis may exhibit a foraging-respiration trade-off strategy - 

preferring higher oxygen in shallow water during autumn and early winter when food availability 

is low and migrating down-slope into the OMZ in late summer when food is plentiful. During the 

2013-2016 MHW when oxygen at BCUS was highest (Figure 2.4), dissolved oxygen 

concentration further down the slope was likely also higher than average, allowing S. fragilis to 

forage in deeper water for longer than under normal conditions. Observations of S. fragilis at the 

Barkley Node (643 m) have also demonstrated aggregation on kelp falls, though these effects are 

masked by increasing dissolved oxygen (Connor Yee, pers. comm.). A video camera was added 

at the Barkley Node in August 2019 and is located just down-slope from the BCUS platform. 

These instrument platforms, spanning a depth gradient (400-620 m) on the slope adjacent to 
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Barkley Canyon, could be used in concert during future studies to examine if S. fragilis is indeed 

more abundant in deeper water during warm-water anomalies. 

Kelp export from the coast is a significant component of the diet of S. fragilis (Sato et al. 

2018; Campanyà-Llovet et al. 2018). Kelp diversity and abundance in nearby Barkley Sound was 

significantly reduced following the 2013-2016 MHW (Starko et al. 2019), which would limit this 

food source on the continental slope. Kelp forests in some regions have been slow to recover 

following the MHW (McPherson et al. 2021), indicating possible long-term reduction of food 

export to the continental margin. Food limitation in the deep sea affects energy intensive 

processes like reproductive capacity and calcification rates (Sato et al. 2018), which influence 

recruitment and abundance of sea urchins (Zhao et al. 2013; Filbee-Dexter and Scheibling 2014).  

Specifically, the ability of individuals of S. fragilis to calcify and undergo energetically 

demanding reproduction processes such as gametogenesis (Sato et al. 2018) (Sato et al., 2018) 

and metamorphosis from planktonic larva to benthic juvenile (Dorey et al. 2022) likely be 

affected further under future ocean warming and acidification scenarios (McBride et al. 1997; 

Taylor et al. 2014), reducing overall population size and making individuals more vulnerable to 

crushing predators like crabs and fish (Sato et al. 2018; Asnaghi et al. 2020). 

High mortality as a consequence of the MHW is another possible explanation for the low 

pink sea urchin densities observed in 2014-2015 and 2018. However, this explanation was not 

corroborated by the trawl survey data, which revealed significant temporal trends in the depth 

distribution, but not the density, of pink sea urchins across the continental slope off Vancouver 

Island. Although the density of S, fragilis appeared to decline from 2012-2016 (Figure 8A, Table 

6), densities remained within the range of variation observed across all other years. This high 

variability suggests that pink sea urchin distribution may be patchy on the scale of the 
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continental shelf, consistent with the highly mobile nature of S. fragilis (Robert and Juniper 

2012). Together, these observations suggest a mobility mechanism, rather than mortality, is 

likely responsible for the observed differences in pink sea urchin density at the BCUS platform. 

Another important limitation of cabled seafloor observatories is the spatial scale at which 

observations can be made. These platforms are designed for high temporal frequency to the 

exclusion of spatial resolution. Consequently, correlations between sea urchin density and 

environmental variables measured within the small field of view of the camera may not 

generalize to the continental slope. Thus, caution is warranted when interpreting and scaling 

results taken only from a single fixed-point observatory. Additional data sources and future 

research using time-lapse cameras at different locations (e.g., Barkley Node) could lend support 

to our results. However, the trends observed in the present study are consistent with previous 

findings on the response of S. fragilis to broad-scale oceanographic trends (Sato et al. 2017, 

2018).  

 
2.4.3 Decadal distribution shifts (from bottom trawl surveys) 

 Although we did not observe a decline in dissolved oxygen at BCUS over the study 

period (2013-2020), previous studies in the NEP have documented deoxygenation and OMZ 

expansion on a decadal scale (Whitney et al. 2007; Pierce et al. 2012; Ross et al. 2020). Given 

our results and those of Sato et al. (2017; 2018), we expect the depth distribution of S. fragilis to 

shoal off Vancouver Island on a decadal scale as the OMZ continues to expand. Interestingly, the 

observed shoaling of pink sea urchin upper limit and 25% quantile (Figure 2.9) was not followed 

by a concomitant increase in pink sea urchin density (Figure 2.8). This discrepancy may be 

explained by an overall decrease in pink sea urchin density on the shelf, which may have 

persisted due to the effects of the 2013-2016 MHW. The expected shoaling of pink sea urchins in 
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response to deoxygenation will likely be modulated by the increasing prevalence, duration, and 

severity of warm-water anomalies that disrupt seasonal upwelling and food availability on the 

continental margin. The extent to which future SST anomalies may influence S. fragilis density 

and distribution should be considered to understand the consequences for coastal and deep-sea 

benthopelagic coupling in the NEP. 

 
2.5 Conclusion 
 

S. fragilis is a slow-moving (average 7.31 - 26.9 cm h-1; Robert and Juniper 2012; Barry 

et al. 20114)  calcifying organism and is susceptible to ocean change. Under future climate 

change scenarios, the distribution of S. fragilis on the continental margin may be affected - 

migrating into deeper water during periods of weak upwelling and shoaling over decades as 

deoxygenation continues. The density of S. fragilis may also be affected due to ocean warming 

disrupting food availability at the benthos, and acidification reducing their defense and 

reproductive capacity (Sato et al., 2018). This is turn may influence nutrient cycling on the slope, 

affecting infaunal community composition, biogeochemical cycling, and surface productivity. 

Long-term monitoring of the continental margin on multiple spatial and temporal scales is 

therefore critical to predict how these important marine ecosystems will respond to future ocean 

change. 
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2.8 Tables 
 
Table 2.1. Video camera deployments for each time-series sampling period at the Barkley 
Canyon Upper Slope site. 

Date Camera 
System, pixel 
resolution, 
frame rate 

Camera 
mounting 
height 
(cm) 

Field of view 
angles 
(horizontal, 
vertical˚) 

Pan and 
tilt 
angles 

Total 
seafloor 
area 
imaged 
(m2) 

2013-
08-15 
to 
2014-
02-03 

SubC Imaging 
Dragonfish 
1080p, 30 fps 

45 54.7, 34.4 Fixed 45˚ 
tilt 

0.5 

2014-
08-15 
to 
2015-
01-12 

SubC Imaging 
Dragonfish 
1080p, 30 fps 

45 54.7, 34.4 Fixed 63˚ 
tilt, 
215.24˚ 
Pan 

14.4 

2018-
08-15 
to 
2018-
11-23 

SubC Imaging 
Dragonfish 
1080p, 30 fps 

95 54.7, 34.4 76˚ tilt 
sweep 

9.33 

2019-
09-14 
to 
2020-
02-03 

Axis Sony P134 
SubAqua, 
1080p, 23 fps 

85 54.7, 34.4 76˚ tilt 
sweep, 
180˚ pan 
sweep 

14.93 
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Table 2.2. List of instruments, sampling frequencies, measured environmental variables, and 
their units for data collected at the upper slope of Barkley Canyon (48° 25' 37.2"N, 126° 10' 
29.7"W), weather data collected from the La Perouse Bank buoy (48° 49' 48"N, 126° 0' 0"W), 
Tofino, British Columbia and MODIS satellite. Data were collected from August 15, 2013 to 
February 3, 2014, August 15, 2014 to January 15, 2015, August 15, 2018 to November 24, 2018, 
and September 11, 2019 to February 3, 2020. 
 
Sampling Site Instruments  Measured 

variables 
Sampling 
frequency 

Units 

Seafloor data 2 MHz ADCP v (Northward 
BBLc) 

10 s m/s 
 

u (Eastward 
BBLc) 

10 s m/s 
 

Temperature 10 s ˚C  
Pressure 10 s dbar   
Backscatter 10 s Hz  

CTD 
   

 
Salinity 1 s psu     

 
Oxygen optode Oxygen 10 s mL/L 

Weather data La Perouse Bank 
Meteorological buoy 
 

NASA Satellites 

SST 2 hr ˚C 
(all years except 
2018) 
 
Sea surface data 

 
 

Chlorophyll-a 

 
 

8 days 

 
 

mg/m3 
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Table 2.3. Akaike Information Criteria (AIC) table comparing Generalized Additive Model fits 
for Barkley Canyon Upper Slope sea urchin density. ΔAIC refers to the difference in AIC 
between each model and the best model for Temporal models and Temporal + environmental 
covariate (Env. Cov.) models. Global smooths in Temporal model + Environmental covariates 
are for dissolved oxygen, current magnitude, and ADCP backscatter. 

Model df AIC ΔAIC 

Temporal models 

G: density ~ s(Time) + Yeari 16 9556 1015 

I: density ~ s(Time)Year + Yeari 43 8540 0 

S: density ~ s(Time, Year) + Yeari 43 8816 277 

GS: density ~ s(Time) + s(Time, Year) + Yeari 43 8817 278 

GI: density ~ s(Time) + s(Time)Year + Yeari 43 8544 4 

Temporal model + Environmental covariates 

I + s(Oxygen) + s(Magnitude) + s(Backscatter) 39 7619 0 

GI + s(Oxygen) + s(Magnitude) + s(Backscatter) 48 7631 11 
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Table 2.4. Model summary table for parametric and smooth terms of final generalized additive 
model for sea urchin abundance at Barkley Canyon Upper Slope.  

Parametric term Estimate Std. Error Z Value P-Value 

(Intercept) -1.975 0.398 -4.966 0 

Smooth terms EDF Ref DF Chi.sq P-Value 

s(Time):Year2013-2014 10.31 10.857 223.025 <0.001 

s(Time):Year2014-2015 1.002 1.003 114.322 <0.001 

s(Time):Year2018 10.891 10.994 413.502 <0.001 

s(Time):Year2019-2020 9.435 9.864 852.934 <0.001 

s(Year) 1.647 3 30.003 <0.001 

s(Oxygen) 1 1.001 46.168 <0.001 

s(Magnitude) 1.001 1.002 4.468 0.035 

s(Backscatter) 1.001 1.002 8.004 0.005 
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Table 2.5. Model summary table for parametric and smooth terms of final generalized additive 
mixed-model for benthic dissolved oxygen at Barkley Canyon Upper Slope. 
 

Parametric term Estimate Std. Error Z Value P-Value 

(Intercept) 1.007 0.043 23.348 <0.001 

Year2014 0.155 0.051 3.066 0.002 

Year2015 0.306 0.07 4.384 <0.001 

Year2016 0.225 0.053 4.677 <0.001 

Year2017 0.143 0.053 2.703 0.007 

Year2018 0.012 0.051 0.24 0.81 

Year2019 0.192 0.058 3.297 0.001 

Year2020 0.402 0.104 3.875 <0.001 

Smooth term EDF Ref DF Chi.sq P-Value 

s(Week of year) 5.274 10 6.885 <0.001 

s(Chlorophyll-a) 1 1 8.88 0.003 

s(SSTa) 1 1 2.781 0.097 
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Table 2.6. Dunn’s post-hoc multiple comparisons with Bonferroni correction for S. fragilis 
density over time from the West Coast Vancouver Island synoptic bottom trawl surveys. 
Komolgorov-Smirnov (K-S) comparison of S. fragilis depth distributions for each pair of survey 
years. Bold rows indicate statistical significance at the α = 0.05 level. 
 
Comparison Dunn’s P-value K-S Test statistic K-S P-value 

2016 vs 2018 1.000 0.187 0.205 

2014 vs 2018 1.000 0.135 0.488 

2014 vs 2016 1.000 0.102 0.888 

2012 vs 2018 0.079 0.269 0.007 

2012 vs 2016 0.003 0.145 0.498 

2012 vs 2014 0.771 0.199 0.096 

2010 vs 2018 <0.001 0.259 0.084 

2010 vs 2016 <0.001 0.168 0.589 

2010 vs 2014 <0.001 0.157 0.608 

2010 vs 2012 0.019 0.203 0.284 

2008 vs 2018 0.008 0.260 0.031 

2008 vs 2016 <0.001 0.155 0.539 

2008 vs 2014 0.094 0.160 0.414 

2008 vs 2012 1.000 0.149 0.504 

2008 vs 2010 0.514 0.118 0.940 

2006 vs 2018 0.001 0.307 0.006 

2006 vs 2016 <0.001 0.195 0.260 

2006 vs 2014 0.011 0.193 0.203 

2006 vs 2012 1.000 0.174 0.307 
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2006 vs 2010 1.000 0.108 0.972 

2006 vs 2008 1.000 0.098 0.967 

2004 vs 2018 0.008 0.431 0.003 

2004 vs 2016 <0.001 0.303 0.101 

2004 vs 2014 0.053 0.319 0.055 

2004 vs 2012 1.000 0.196 0.505 

2004 vs 2010 1.000 0.256 0.331 

2004 vs 2008 1.000 0.236 0.340 

2004 vs 2006 1.000 0.256 0.251 
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Table S2.1. Model summary table for linear regression models for depth distribution parameters 
as a function of time, trawl contents (sea urchins only vs all species), and an interaction between 
time and trawl contents. Bold-face p-values indicate significance at the alpha = 0.05 level. 

Parameter Term Estimate Std. Error t-value p-value 

Upper limit 
 

Intercept 184.701 1516.675 0.122 0.905 
 

Time -0.067 0.754 -0.089 0.930 
 

Sea urchinss only 7185.655 2144.902 3.350 0.006 
 

Time * Sea urchins only -3.557 1.067 -3.335 0.006 

25% Quantile 
 

Intercept -232.914 633.705 -0.368 0.720 
 

Time 0.170 0.315 0.538 0.600 
 

Sea urchins only 3509.680 896.195 3.916 0.002 
 

Time * Sea urchins only -1.734 0.446 -3.891 0.002 

75% Quantile 
 

Intercept 2189.296 2692.747 0.813 0.432 
 

Time -0.986 1.339 -0.736 0.476 
 

Sea urchins only 190.059 3808.119 0.050 0.961 
 

Time * Sea urchins only -0.103 1.894 -0.054 0.958 

Lower limit 
 

Intercept 6679.105 6844.288 0.976 0.348 
 

Time -3.094 3.403 -0.909 0.381 
 

Sea urchins only -9093.783 9679.285 -0.940 0.366 
 

Time * Sea urchins only 4.471 4.813 0.929 0.371 

Mean 
 

Intercept 1302.642 1540.891 0.845 0.414 
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Time -0.563 0.766 -0.735 0.476 

 
Sea urchins only 2594.758 2179.149 1.191 0.257 

 
Time * Sea urchins only -1.291 1.084 -1.191 0.257 

Median 
 

Intercept 776.404 1117.667 0.695 0.500 
 

Time -0.314 0.556 -0.565 0.582 
 

Sea urchins only 3159.480 1580.620 1.999 0.069 
 

Time * Sea urchins only -1.565 0.786 -1.991 0.070 
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2.9 Figures 

Figure 2.1. Map of the study area showing the NEPTUNE cabled observatory infrastructure at 
Barkley Canyon and Upper Slope (A). Examples of two seafloor camera fields of views for 
November 2013 (B), and January 2020 (C). White pole in (B) is a scale bar, with each horizontal 
black line measuring 10 cm. Red scaling laser points in (C) are calibrated to be 10 cm apart. 
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Figure 2.2. Observed pink sea urchin density (points) and predicted (solid lines) values from the 
highest-ranking environmental hierarchical generalized additive model for each year. Solid lines 
are the smooth mean trend of sea urchin abundance for each year, the ribbon is +/- pointwise 
95% confidence interval. 
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Figure 2.3. Global smooths for the effects of oxygen (A) and ADCP backscatter (B) on S. fragilis 
density from the final temporal and environmental covariate GAM. 
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Figure 2.4. Weekly benthic dissolved oxygen concentration (solid black line) at Barkley Canyon 
Upper Slope from 2013-2020. Solid red line is the smoothed temporal trend of oxygen over time, 
grey ribbon is +/- standard error around the trend, and horizontal dashed line is the mean 
dissolved oxygen across the entire study period. Orange overlay represents the duration of the 
2013-2016 “Blob”. 
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Figure 2.5. Smooth effects of week of year (A) and surface chlorophyll-a concentration (B). 
Lines are mean oxygen concentration, grey ribbons are +/- 95% confidence interval around the 
mean.  Parametric fixed-effect of year (C), points represent the mean effect of each year relative 
to 2013, vertical lines are +/- 95% confidence interval around the mean effect. Vertical dashed 
lines in (A) are the average week of the onset of summer (blue) and winter (grey). 
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Figure 2.6. Predicted values of oxygen for weekly surface chlorophyll-a concentration on benthic 
dissolved oxygen at Barkley Canyon Upper Slope across the entire study period (2013-2020). 
Points are a scatter plot of dissolved oxygen and chlorophyll-a, solid red line is the smooth 
effect, grey ribbon is +/- 95% CI around the smooth. Horizontal dashed line is the mean 
dissolved oxygen concentration across the entire study period. 
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Figure 2.7. Smooth effects of week of year (A) and sea-surface temperature anomaly (B). Lines 
are mean chlorophyll-a concentration, grey ribbons are +/- 95% confidence interval around the 
mean. Parametric fixed-effect of year (C), points are the mean effect of each year relative to 
2002, vertical lines are +/- 95% confidence interval around the mean effect. Orange overlay 
represents the duration of the 2013-2016 “Blob”. 
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Figure 2.8. Mean +/- standard deviation of density of S. fragilis found in the West Coast 
Vancouver Island bi-annual trawl surveys from 2004-2018 considering the entire depth range of 
trawl samples. The orange band indicates the 2013-2016 “Blob”. 
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Figure 2.9. Depth-distribution statistics from 2004-2018 from the West Coast Vancouver Island 
bi-annual trawl surveys for trawls where pink sea urchins were caught (blue points) and for all 
trawls (red points). Coloured lines represent the least squares fitted line for a simple linear model 
for all trawls (red line) and trawls where pink sea urchins were caught (blue line). Grey bands 
represent 95% confidence intervals around the fitted line. 
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Figure 2.10. Box plot of depth distribution of S. fragilis obtained from the bi-annual West Coast 
Vancouver Island synoptic trawl survey from 2004-2018. Solid horizontal line indicates median 
depth, + symbol indicates mean depth, and dots indicate outliers that are greater than 1.5 times 
the distance between the 25% and 75% quartiles. Numbers above each box indicates the number 
of trawls in which S. fragilis was present for each survey year. Orange band indicates the 2013-
2016 “Warm Blob”. Two trawls found pink sea urchins at 800 m depth but were considered 
outliers and were subsequently excluded from analysis. 
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Figure S2.1. Map of the West coast of Vancouver Island. Depth contours shown at 400m and 
2000m. Green box indicates the area from which Chlorophyll-a values were extracted from the 
MODIS OceanColour satellite (bottom-left corner at 48˚N, 128˚W, top-right corner at 49˚30’N, 
124° 35’ 59.99451”). Orange point indicates the location of the Barkley Canyon Upper Slope 
platform of the NEPTUNE observatory. Dots indicate the start position of all trawls from the 
2004-2018 biannual West Coast Vancouver Island synoptic bottom trawl surveys, where black 
dots represent trawls that did not find any Strongylocentrotus fragilis and red dots represent those 
trawls that recorded at least one S. fragilis, including those for which 1) a count was recorded, or 
2) a weight was recorded and a count was not (see Methods section 2.4 for more details). 
GEBCO Gridded Bathymetry data retrieved from https://download.gebco.net/.  



 78 

 
Figure S2.2. Autocorrelation plot for residuals of sea urchin temporal model I.  
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Figure S2.3. Autocorrelation function of benthic oxygen Generalized Additive Mixed-Model 
residuals. Dotted blue line indicates the threshold for significance at the alpha = 0.05 level. 
 



 80 

 
Figure S2.4. Predicted versus observed values (points) for temporal sea urchin model I (A) and 
final temporal + environmental covariate sea urchin model (B). Points are transparent to illustrate 
overlap between points. 1:1 line added for reference. 
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Figure S2.5. Benthic boundary layer currents (BBLc) magnitude (m/s) at Barkley Canyon Upper 
Slope. Red dashed line indicates the threshold above which resuspension of phytodetritus and 
other organic matter can occur. 
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Chapter 3: A first look at megabenthic community responses to seasonal change using the 

new Holyrood Subsea Observatory in Conception Bay, NL. 

Abstract  

Sub-Arctic seafloor communities rely on seasonal phytoplankton blooms for food, revealing a 

tight benthic-pelagic coupling. To maximize resource availability for offspring, organisms such 

as snow crabs, sea stars, and sea cucumbers synchronize their reproductive and feeding 

behaviours with spring blooms. Due to climate change, spring blooms are occurring earlier in 

sub-Arctic regions, leading to a possible mismatch between timing of resource availability and 

optimal environmental conditions, and important life-history behaviours. Here, we utilize high-

frequency time-series observations from the Holyrood Subsea Observatory, a new cabled 

seafloor observatory deployed in Conception Bay, Newfoundland, Canada. We use hourly data 

collected from environmental sensors (Conductivity-Temperature-Depth, Acoustic Doppler 

Current Profiler, fluorometer), a near-surface mooring (fluorometer), and a video camera to 

identify and quantify abundance and diversity of benthic megafauna, and to determine how 

community composition changes from pre-bloom to full bloom conditions. Data analysis 

revealed striking temporal changes in benthic activity, with the notable emergence from the 

sediment of Psolus phantapus sea cucumbers (up to 289.9 ind. m-2) coinciding with increased 

chlorophyll-a concentration and seawater temperature. At least three dense schools of forage 

fish, two Atlantic herring (79 and 144 ind. frame-1) and one capelin (91 ind. frame-1), were 

observed during the main bloom between May 5 and June 16. This study provides the first high-

frequency in situ observations of benthic community response to seasonal food input in the 

region. The high temporal resolution made it possible to record the precise timing of the 

emergence of Psolus phantapus in relation to the timing of food input to the seafloor, which 

provides novel insight into how seasonal influxes of nutrients elicit responses in an understudied 
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suspension feeding holothuroid, and will serve as a baseline to monitor phenology as climate 

change progresses. Changes to the timing of spring blooms have implications for sub-Arctic 

fisheries productivity and ecosystem functioning, making continuous long-term monitoring of 

seafloor communities essential.  

3.1 Introduction 

 Seasonal phytoplankton blooms drive biogeochemical cycling in the global ocean (Turner 

2015), and support diverse marine communities from coastlines to the abyssal plain (Smith et al. 

1994, 2008a; Wei et al. 2010; McClain et al. 2012; Woolley et al. 2016; Smith et al. 2018; Wei et 

al. 2020). Seafloor deposition of phytodetritus, fecal pellets, and other bloom-related organic 

material provides a crucial benthic-pelagic coupling of carbon and nutrients (Graf 1989; Smith et 

al. 1994; Turner 2015; Herbert et al. 2021), resulting in profound seasonal changes in the 

behaviour and structure of benthic communities (Billett et al. 1983, 2010; Lampitt 1985; 

Townsend and Cammen 1988). Indeed, many organisms have evolved life-history behaviours, 

such as reproduction, synchronized with the arrival of food at the seafloor (Himmelman 1975; 

Lightfoot et al. 1979; Tyler et al. 1982; Starr et al. 1990; Hamel et al. 1993; Smith et al. 2008b; 

Sumida et al. 2014). In a rapidly changing ocean, a mismatch in the timing of optimal conditions 

for proper gametogenesis and spring blooms that trigger spawning could have severe 

consequences for marine food webs (Ouellet et al. 2007; Koeller et al. 2009). 

Cushing’s match-mismatch hypothesis (MMH) posits that a consumer maximizes its 

fitness by synchronizing spawning with the timing of maximum resource availability (Cushing 

1969, 1990). The precise timing of optimal spawning varies depending on larval feeding 

modality (Mercier and Hamel 2010), but in general larvae with greater access to food have a 

higher chance of surviving to adulthood and recruiting into the population (Cushing 1990). A 
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mismatch occurs when the timing of the resource does not match the timing of the behaviour, 

which can result in reduced fitness (Vikebø et al. 2021). Understanding the links between 

behavioural phenology and environmental change can improve predictions of the effects of 

climate change on marine environments (Durant et al. 2007). While the MMH was developed for 

fish, the theory is thought to hold when the resource controls consumer fitness (i.e., bottom-up 

control) and when the resource is only available seasonally.  

For organisms with non-feeding larvae, like many benthic marine invertebrates, the 

MMH falls short in two major ways. First, food availability does not directly affect larval 

recruitment success, but rather may indirectly influence recruitment by alter the energy stores 

available for adults for reproductive processes like gametogenesis. For many organisms, such as 

echinoderms, gametogenesis occurs over an entire year; the gametes that are released during 

spawning developed from energy acquired from the previous years’ spring bloom (Hamel et al. 

1993). Second, “resources” should also include the physico-chemical conditions required for 

optimal gametogenesis, and the conditions required for spring-bloom initiation in addition to 

food availability. In this context, a mismatch could occur when annual cycles of temperature, 

photoperiod, and wind-driven mixing that control the strength, timing, and composition of spring 

phytoplankton blooms do not overlap with those conditions that optimize gametogenesis and 

reproduction processes, in addition to affecting the timing of food availability for adult 

individuals. Changes in bloom composition, and thus the quality of food deposition to the 

seafloor (Parrish et al. 2005; Dörner et al. 2020; Lowman et al. 2021) in response to ocean 

warming and acidification could alter gametogenesis (Parrish et al. 2009) and affect an 

organism’s fitness.  
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In practice, there exists limited empirical justification for the MMH, owing to the 

challenge of collecting data at sufficient temporal resolutions to identify recruitment, abundance, 

and behaviour patterns, and comparing them to appropriate baselines (Kharouba and Wolkovich 

2020). Thus, there is an opportunity for long-term in situ monitoring infrastructure to investigate 

phenological match-mismatch questions at the organismal level, particularly in the face of rapid 

ocean change.  

 Long-lived, slow-growing, and slow-moving heterotrophic benthic organisms are ideal 

study organisms for monitoring environmental change, and rely on food input from external 

sources (Wei et al. 2020). These characteristics mean that they integrate and directly respond to 

their physicochemical environment and may serve as indicators of changing conditions over time 

(Wei et al. 2020), although variability in how individuals within a benthic community change in 

response to their environment should be considered over the long-term. In the North Atlantic, 

several studies have documented the accumulation of organic matter on the seafloor and the 

resulting benthic response revealing particularly striking changes in echinoderm assemblages 

(Billett et al. 1983, 2001, 2010; Lampitt 1985; Campanyà-Llovet et al. 2021).  

The coastal waters of Newfoundland and Labrador (NL) provide a particularly suitable 

environment in which to study the structuring role of spring bloom dynamics on benthic 

communities. The region is known for strong seasonality in temperature, photoperiod, wind-

driven mixing, storms, sea ice, and salinity, all of which influence the timing of spring blooms 

(Stead and Thompson 2003; Marra et al. 2015; Janout et al. 2016; Almén and Tamelander 2020; 

Gronchi et al. 2021). Conception Bay, on the island of Newfoundland, is one coastal embayment 

in which the timing, composition, flux rates, and contribution to total productivity of the spring 

bloom are well understood (Redden 1994; Stead and Thompson 2003; Parrish et al. 2005; 
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Thompson et al. 2008), and the hydrodynamics have been similarly well-studied (de Young and 

Sanderson 1995). Here, the onset of the spring bloom usually occurs in mid-March – primarily 

diatoms requiring high silica availability (e.g., Skeletonema costatum and Thalassiosira 

nordenskiodii), prior to thermal stratification, and is primarily triggered by a reduction in wind-

driven mixing, while a second “main” bloom peaks around mid-May, and consists primarily of 

chain- and mat-forming diatoms with a lower silica requirement (e.g., Chaetoceros debilis, 

Chaetoceros socialis, Chaetoceros diadema), and some unarmoured dinoflagellates (e.g., 

Gymnodinium sp.) (Stead and Thompson 2003; Thompson et al. 2008; C.H. McKenzie, 

unpublished data). The light regime and availability of inorganic nutrients are considered 

sufficient for bloom initiation as early as January-February, and early “slow-burn” spring blooms 

have been observed (Stead and Thompson 2003). There is considerable meteorological and 

oceanographic variability in the region during the winter; thus, while the general bloom 

characteristics have been well-described, the precise timing of bloom onset is still difficult to 

predict.  

In Conception Bay, around 56% of seasonal primary production from the surface sinks to 

the seafloor, providing high-quality food input for the benthic fauna (Parrish et al. 2005; 

Thompson et al. 2008), meeting the energetic and reproductive cycle requirements of several 

benthic and hyperbenthic fauna (Hamel et al. 1993; Choe et al. 2003). However, ocean warming 

and acidification threaten this reliable food source, signalling an impending mismatch in 

behavioural phenology (Platt et al. 2003; Fuentes-Yaco et al. 2007; Koeller et al. 2009). 

Lengthening ice-free periods in the Labrador Sea are triggering earlier spring blooms (Kahru et 

al. 2011; Glen Harrison et al. 2013; Chan et al. 2017), while the quantity and quality of 

phytodetritus available to the seafloor may decline due to ocean acidification (Dörner et al. 
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2020). Carotenoids and polyunsaturated fatty acids obtained from bloom material are essential 

nutrients for proper gametogenesis and vitellogenesis in many suspension- and deposit-feeding 

benthic invertebrates (Parrish et al. 2009; Gianasi et al. 2017) so changes in bloom composition 

and size could have major implications for reproductive success. Rapidly changing climate 

conditions are narrowing the window to establish natural baselines against which ecological 

change can be measured, especially in cold-water marine systems that are particularly vulnerable 

to climate change (Tian et al. 2003). 

The transition from winter to spring is an historically under-sampled and understudied 

period across a range of marine ecosystems, imposing significant knowledge gaps for marine 

science (Terrado et al. 2008). Stormy variable winter conditions and potential pack ice cover 

make traditional monitoring tools, such as plankton tows, sediment traps, benthic trawls, and 

drop-camera surveys virtually untenable. Similarly, the often-unrelenting cloud cover in the 

region precludes the use of satellite imagery to supplement temporally continuous estimates of 

sea surface conditions. Surface moorings can be a useful tool for in situ monitoring of 

environmental conditions but are also highly vulnerable to storms. In contrast, seafloor cabled 

observatories, although spatially limited, can provide the temporal resolution necessary to 

elucidate high-frequency and long-term patterns of benthic community responses to 

environmental variability (Mànuel-Làzaro et al. 2010; Matabos et al. 2011; Bergmann et al. 

2011; Juniper et al. 2013; Doya et al. 2014; Taylor et al. 2017), and allow for seafloor data 

collection during otherwise challenging conditions.  

The recent deployment of the Holyrood Subsea Observatory in Conception Bay, NL 

provides continuous monitoring infrastructure unprecedented in the region. Monitoring seasonal 

changes that may structure sub-Arctic benthic communities will provide a baseline against which 
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future change can be measured, and contribute to the study of long-term biotic and abiotic trends 

(Danovaro et al. 2020). Further, Conception Bay is home to several species of commercial 

interest, including snow crab (Chionoecetes opilio (Fabricius, 1788)), northern shrimp (Pandalus 

borealis Krøyer, 1838), capelin (Mallotus villosus (Müller, 1776)), and Atlantic herring (Clupea 

harengus Linnaeus, 1758), and one Species At Risk Act-listed species, the Atlantic wolffish 

(Anarhichas lupus Linnaeus, 1758; Novaczek et al. 2017), making it a desirable location for 

long-term monitoring infrastructure. In this study, our objectives were to 1) characterize the 

benthic community at this site, and 2) determine the processes that may contribute to variation in 

the local benthic community structure during the spring phytoplankton bloom.  
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3.2 Methods and Materials 

3.2.1 Study site 

Conception Bay, Newfoundland is a northeast facing coastal embayment that opens into the 

inshore branch of the Labrador current (Petrie and Anderson 1983) (Figure 3.1). Consequently, 

the bay experiences considerable seasonal variation in meteorological and oceanographic 

conditions, including prolonged cloud cover, strong storms, upstream sea-ice melt (Mertz et al. 

1993), and a temperate latitude light regime (Thompson et al. 2008). The mean circulation, 

thermocline structure, and wind-forcing in Conception Bay have been well-described by de 

Young and Sanderson (1995), all of which contribute to the timing of the onset of the spring 

phytoplankton bloom (Thompson et al. 2008). A previous study has suggested no evidence of a 

seasonal signal in bottom water temperature, which ranges from -0.8˚C to -1.4˚C, although there 

is consistent deep-water exchange throughout the year that results in a seasonal change in density 

and salinity (de Young and Sanderson 1995). It is important to note that past oceanographic work 

was carried out in the main Bay and may not reflect conditions in the shallower near-shore area 

of the Holyrood Inlet at the southern head of Conception Bay where the cabled observatory is 

located. The head of the bay is sheltered from the winds in spring, resulting in reduced vertical 

mixing compared to the outer bay (de Young and Sanderson 1995), and likely experiences earlier 

stratification and possibly earlier onset of the spring bloom compared to the outer bay. 

 

3.2.2 Data collection 

3.2.2.1 Holyrood Subsea Observatory System 

The Marine Institute’s Holyrood Subsea Observatory System was deployed by Ocean Networks 

Canada (ONC) on February 14th, 2021, at 82 m depth at the mouth of the Holyrood Inlet of 
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Conception Bay, NL (Figure 3.1). The observatory is connected by a 4 km electro-optical cable 

to a shore station located at the Holyrood Marine Base in Holyrood, NL. After a commissioning 

phase, data acquisition began on February 21st, 2021, and, for this study, concluded on June 16th, 

2021, although the observatory continues to collect data. All data collected from the observatory 

are available on Oceans 3.0 (https://data.oceannetworks.ca/DataSearch). The observatory is 

equipped with a diverse suite of instruments for collecting physical, chemical, and biological 

data near the seafloor. A SeaBird Microcat SBE37SIP Conductivity-Temperature-Depth (CTD) 

sensor measures temperature (˚C), salinity (psu), density (kg mL-3), and pressure (dbar) at a rate 

of 1 Hz. An upward-facing Nortek AWAC 400 kHz Acoustic Doppler Current Profiler (ADCP) 

measures east-west (U-component) and north-south (V-component) current velocities, as well as 

backscatter intensity (Hz) from the water column. Backscatter has been used as a proxy for 

micronekton, plankton, particulate matter, and other bloom-associated material (Record and 

Young 2006; De Leo et al., 2018; Receveur et al. 2020). The ADCP collects data in 1 m range 

bins from 1.49 m to 35 m above the seafloor, at a frequency of 1 Hz. To reduce data download 

and processing time, ADCP data were retrieved from ONC’s Oceans 3.0 

(https://data.oceannetworks.ca/) with 10-minute ensemble period ping-averaging. A Turner 

Cyclops-7F fluorometer measures chlorophyll-a (µg mL-1) in the water column at a rate of 1 Hz. 

To complement the seafloor data collection, we also deployed a YSI EXO2 multi-parameter 

sonde moored to a surface float at 30 m depth near the observatory to collect near-surface 

chlorophyll-a as relative fluorescence units (RFU) at a rate of 1 measurement every 15 minutes. 

RFU were converted to chlorophyll-a concentration (µg mL-1) following Richoux et al. (2004), 

using a regression equation developed based on previously collected samples from Conception 

Bay. The range of seafloor environmental conditions observed is outlined in Table S3.1. 

https://data.oceannetworks.ca/DataSearch
https://data.oceannetworks.ca/
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The observatory is also equipped with a SubC Imaging Rayfin HD video camera, as well 

as two Aquorea Mk3 LED Lights (up to 15000 lumen output each) to record benthic imagery. 

The camera and lights were fixed in position, with the camera mounted 44.11 cm above the 

seafloor with a fixed diagonal, horizontal, and vertical field of view of 70˚, 47.4, and 60.4 

tangential to the seabed, respectively. To account for the uneven illumination field on the 

seafloor, we first calculated a Canadian (perspective) grid following Wakefield and Genin 

(1987). This allowed the distance from the bottom of the camera field of view to the top of the 

illuminated area to be estimated (80 cm). The illuminated camera field of view was then 

calculated to be approximately 0.89 m2 (Appendix 1). The camera was programmed to turn on in 

tandem with the lights and record a five-minute video every hour. 

 

3.2.2.2 Environmental data collection and processing 

All environmental data (temperature, salinity, density, pressure, currents, backscatter, and 

chlorophyll fluorometry) were averaged to one-hour bins to match the sampling rate of the video 

data. We used wavelet analysis to identify the dominant frequencies or cycles behind the 

variation in the environmental data (Cazelles et al. 2008). Briefly, any time-series can be thought 

of as a combination of sine and cosine waves, each oscillating at a given frequency. The 

frequencies of the waves that make up an individual time-series can be identified by 

transforming from the time-domain (where the independent variable is time and the dependent 

variable is the observations of a time series) to the frequency-domain (where the independent 

variable is the frequency and the dependent variable is the spectrum, or strength, of a given 

frequency) using the Fast-Fourier Transform (FFT; Shumway and Stoffer 2016). In the 

frequency domain, we can assess the relative contribution of a given frequency to variation in the 
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time series. However, in complex ecological systems the dominant cycles of variation can 

change over time and may not be consistent throughout a time series. Here, we use the Morlet 

continuous wavelet transform (WaveletComp package, Rosch and Schmidbauer 2018) to identify 

the dominant cycles in the environment, at what time points they occur, and how these cycles 

change over time. 

 

3.2.2.3 Video collection and faunal characterization 

In each video, all visible megafauna within the illuminated field of view were counted 

and identified to the lowest taxonomic level possible to measure abundance and taxonomic 

richness. High-resolution taxonomic identification is challenging using underwater video where 

individuals were difficult to discern to the genus or species level. To reduce possible error, we 

occasionally grouped organisms to a higher taxonomic classification based on morphological 

similarity, known as morphotaxa (Howell et al. 2019). For example, several morphologically 

similar shrimp species occur in the Northwest Atlantic, identified here as caridean shrimp 

(Caridea spp.). In another example, the observed genus Myoxocephalus spp. likely consisted of a 

mix of M. octodecemspinosus and M. scorpinus, with other small sculpins identified to the 

family level (Cottidae). For mobile fauna that move in and out of the frame throughout a single 

video, the maximum number of individuals visible in a single frame (Max N) was used as the 

abundance for that video. Max N is commonly used for counting fish in video datasets and 

eliminates the possibility of double counting mobile individuals (Denney et al. 2017). 

 

3.2.3 Statistical analysis 

All statistical analyses were carried out using the R statistical software (R Core Team 2020).  
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3.2.3.1 Community characterization 

Organism abundance data was Hellinger-transformed prior to community analysis using 

the decostand function in the vegan R package for community ecologists (Oksanen et al. 2020). 

This transformation is the square root of the relative abundance of each organism in an 

observation period, and preserves the Hellinger distance during Euclidian ordination analysis 

(Legendre and Gallagher 2001). Hellinger distance is more appropriate for analyzing community 

composition data that contains many zeros (Legendre and Gallagher 2001).  

 We calculated a Bray-Curtis distance matrix on the Hellinger-transformed abundance 

data and clustered community composition according to Ward’s method (Ward.D2, after 

Murtagh and Legendre 2014), whereby clusters are created to minimize within-group variance 

(Borcard et al. 2011). The optimal number of clusters was determined by utilizing the Ward.D2 

algorithm of Murtagh and Legendre (2014) to calculate a critical value for the silhouette index 

(Rousseeuw 1987). For each cluster in a set of clusters (minimum two, maximum six), a 

“silhouette width” was calculated that indicated whether dates fell well within a cluster or in 

between clusters (Rousseeuw 1987). The optimal number of clusters is that with the highest 

average silhouette width. This was implemented using the NbClust function from the vegan 

package (Oksanen et al. 2020). We then used non-metric multidimensional scaling to visualize 

the ordination in two dimensions, followed by ANOSIM and SIMPER analyses from the vegan 

package (Oksanen et al. 2020) to test for differences among identified groups and determine 

which species contributed most to the (dis)similarity, respectively. Environmental variables were 

standardized to zero mean and unit variance, and fit onto the ordination as vectors using the 

envfit function in the vegan package (Oksanen et al. 2020). The magnitude of the environmental 
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vector corresponds to the strength of correlation with the ordination (i.e. similarities among dates 

and species), and the direction represents the most rapidly changing gradient of each variable to 

maximize correlations with the ordination. 

 

3.2.3.2 Biological rhythms and tidal periodicity 

We used 24-hour-based waveform analysis to investigate the presence of daily or tidal 

activity rhythms in the most abundant megafauna, considered to be organisms observed more 

than two times per day on average. 

To visualize tidal and diurnal cycles in organism abundance or visibility/emergence, we 

calculated the average abundance for each hour across five, 28-day time-series segments. We 

conducted a 24-hour-based waveform analysis to statistically determine any significant 

relationships between environmental and morphotaxa abundance cycles. First, we computed the 

Midline Estimating Statistic of Rhythm (MESOR; Aguzzi et al., 2013) for each organism, which 

was calculated by re-averaging waveform values over all the 28-day segments. Then, we 

overlayed the average hourly environmental data (temperature and pressure) to visualize possible 

cause-effect relationships. A significant relationship between abundance and environment was 

considered to exist when the average hourly abundance did not overlap with the MESOR for 

three consecutive hours and corresponded to a concomitant positive or negative change in either 

temperature or pressure during the same period (Aguzzi et al., 2013). 

 

3.2.3.3 Changepoint analysis 

We used the mcp R package (Lindeløv 2020) to identify change points in environmental 

and organism abundance time series. A change point, D , is a point along a dimension xi where 
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the expected value, µi, of the observed series, yi, changes from being defined by one function, 

𝑓1(𝑥𝑖, 𝛽1), to another function,  𝑓2(𝑥𝑖, 𝛽2), where b are regression coefficients (Stephens, 1994; 

Carlin 1992). This can be conceptualized as a piecewise regression problem: 

 
𝜇𝑖 = {

 
 𝑓1(𝑥𝑖, 𝛽1)   if 𝑥𝑖 < Δ
 𝑓2(𝑥𝑖, 𝛽2)   if 𝑥𝑖 > Δ 

 
Eq. 3.1 

 

The mcp package uses a Bayesian inference approach with JAGS (‘Just Another Gibbs Sampler’, 

Plummer, 2003) to estimate the point in which a series switches from being predicted by one 

function to the next function. Briefly, Bayesian inference considers any quantity for which 

uncertainty exists, such as model parameters (here, change points), to be representable by a 

probability distribution (Lynch 2007). We are interested in the probability of a change point 

occurring at a certain time conditional on the observed data, which, in a Bayesian framework, is 

considered to be fixed (Lynch 2007). This conditional distribution is called the posterior 

distribution and is a function of our prior knowledge of the data and model parameters (change 

points), and the likelihood of the observed data given the change points. If we consider model 

parameters as change points, Bayes’ theorem expressed in terms of probability distributions is: 

 
𝑓(∆|data) =

𝑓(data|∆)𝑓(∆)
𝑓(data) , 

Eq. 3.2 

where 𝑓(∆|data) is the posterior distribution of the change point, ∆, 𝑓(data|∆) is the likelihood 

function of ∆ for our fixed data, 𝑓(∆) reflects our prior beliefs about the possible values of ∆, 

which is scaled by some function of our data, 𝑓(data). Since 𝑓(data) does not depend on our 

change point ∆, Bayes’ theorem can be re-written as: 

 𝑓(∆|data) ∝ 𝑓(data|∆)𝑓(∆), Eq. 3.3 
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where the posterior probability of our change point is proportional to our prior beliefs about the 

change point times the likelihood function for our data (Lynch 2007). Model parameters can then 

be estimated by drawing samples from the probability distribution of the known function (right-

hand side of the proportionality in Eq. 3.3). The method of parameter estimation implemented in 

the mcp package is Markov Chain Monte Carlo (MCMC) simulation, which is a class of 

algorithms for random distribution sampling. Starting from an arbitrary point, samples are drawn 

from the known distribution, and assigned a probability based on their contribution to the 

expected value or variance. Several iterations of this process are performed concurrently to 

develop an ensemble of chains (in this study, we used 10,000 iterations of three chains). Model 

fit is determined based on whether the individual chains converge on the same result. 

Models were fit for each time series by breaking the series into segments and regressing 

over time, specifying the functional form for each segment a priori. The number of segments 

was chosen a priori based on visual inspection of each series. The models were first fit with 

default uninformative priors for change points, which default to the t-tail prior for models with 

more than two change points (Lindeløv 2020). Then, priors were specified by restricting change 

points to intervals with uniform prior credence (i.e. a uniform probability that a change point 

occurs within the interval) where a change in functional form could be reasonably assumed. The 

mcp package allows for flexibility in modeled relationships; generalized linear mixed-model 

(GLMM) segments can be independently specified for each segment in the series, defining 

changes in mean, trend, variance, and autoregression or a combination of these (Lindeløv 2020). 

Environmental series were modeled with Gaussian error terms, while change points for 

abundance series were modeled with Poisson error terms with log link function. For all models, 

an AR(1) autoregressive term was included to account for temporal dependence among adjacent 
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observations. Model fit was evaluated by the Gelman-Rubin convergence diagnostic, where a 

value below 1.1 indicated MCMC chain convergence (Gelman and Rubin, 1992). 

We compared the change points between environmental and abundance series to identify 

which environmental changes may trigger changes in abundance. For each change point in an 

abundance time series, we tested the hypotheses that it was contained within the interval of an 

environmental time series change point. Hypothesis tests were conducted using Savage-Dickey 

density ratios and Bayes Factors (BF) to determine support for the specified hypothesis. A BF 

greater than one indicated a stronger belief in the specified hypothesis relative to the prior, and  0 

< BF < 1 indicated support for the prior (Lindeløv 2020). 

 

3.3 Results 

3.3.1 Spring bloom conditions 

3.3.1.1 Temperature and salinity 

Late winter of 2021 in the Holyrood Inlet was characterized by cold seawater 

temperatures (below 0˚), with gradual warming already occurring in the region by late February 

(Figure 3.2A). The increasing mean temperature was followed by a period of high variability 

starting on March 3rd when benthic water temperature reached 0˚C. The period of variable and 

increasing temperature coincided with a mirrored decline in salinity (Figure 3.2B). Wavelet 

analysis identified daily cycles in both temperature and salinity, which were strongest in early 

March (Figure 3.2A, B, S3.1). This period of increasing temperature and decreasing salinity 

characterizes the “Pre-bloom” state in Holyrood Inlet. 

 

3.3.1.2 Chlorophyll-a and turbidity 



 98 

Chlorophyll-a concentration near the seabed started to increase around March 10th when 

the first photosynthetic material from the spring phytoplankton bloom reached the seafloor, 

marking the beginning of the “Bloom” period (Figure 3.2C). Chlorophyll-a continued to increase 

until April 1st – April 5th, when the concentration of photosynthetic material plateaued at 1.07 +/- 

0.19 µg mL-3 (Figure 3.2C). Between April 3rd and 20th, chlorophyll-a stabilized and remained 

high, with a spike (3.95 µg mL-3) observed on April 16th, whereafter chlorophyll-a declined. 

Following this decline, a period of high but plateaued chlorophyll-a concentration (0.59 +/- 0.14 

µg mL-3) at the seafloor persisted until May 5th (Figure 3.2C). After this point, the variability 

abruptly increased, and an increasing trend was observed until May 23rd, coinciding with a 

period of low salinity. A large spike in chlorophyll-a (6.22 µg mL-3) was observed on May 23rd, 

again coinciding with an abrupt increase in salinity, followed by a decline in chlorophyll-a to 

0.39 +/- 0.07 µg mL-3 at the end of the study period on June 16th (Figure 3.2C). The instrument 

measuring near-surface chlorophyll-a was deployed on April 2nd, and a first recorded peak 

(initial bloom onset likely occurred earlier) occurred on April 12th, with increased variance 

between April 10th and 15th (Figure 3.2D). This was followed by a period of stable chlorophyll-a 

around 0.24 µg mL-3. A second period of high surface chlorophyll-a was recorded between May 

1st and May 17th, with the maximum concentration observed on May 15th (Figure 3.2D). During 

this time, the bloom material sank through the water column with approximately an 8-day time 

lag between peak surface chlorophyll-a and peak benthic chlorophyll-a. 

Water column backscatter intensity followed a similar pattern to benthic and surface 

chlorophyll-a concentrations during bloom-onset (Figure 3.2E), however this pattern was not 

observed throughout the entire bloom (i.e., low backscatter values were observed in May even 

though chlorophyll-a concentration remained high). We cannot directly partition the backscatter 
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among photosynthetic particles, zooplankton fecal pellets, and other suspended or sinking 

organic matter or organisms in the water column, as well as stirred particles resuspended by 

storms or water turbulence. However, backscatter intensity was highest during the initial bloom 

phase (end of March to early May) and during the main bloom (late-May until the end of our 

study period; Figure 3.2E). This suggests that at least some of the backscatter can be attributed to 

photosynthetic material sinking from the surface bloom. Increased backscatter following the 

main bloom is more likely related to zooplankton fecal pellets, and other organic matter related 

to the secondary production that dominates this phase.  

 

3.3.2 Benthic community 

3.3.2.1 Whole-community response 

Twenty-nine different morphotaxa across five phyla (echinoderms, arthropods, chordates, 

cnidarians, molluscs; Table 3.1, Figure 3.3), were identified in approximately 254 hours of video 

(5 minutes x 3,044 videos). The most abundant organism during the study period was the 

suspension-feeding sea cucumber Psolus phantapus, which emerged from the sediment at the 

end of February and remained highly visible until the end of the study period (Figure 3.4A). 

Caridean shrimp and Ophiuroids were the next most common, declining in abundance over the 

study period (Figure 3.4B, C, Figure 3.6). It is important to note that the decline in these two 

morphotaxa may be an artifact of the large number of sea cucumbers obscuring the view of the 

seafloor and not necessarily evidence of decline. Three other taxa of commercial importance 

were present at the site: Clupeidae (likely Clupea harengus. Figure 3.4D), Osmeridae (likely 

Mallotus villosus and Osmerus mordax, Figure 3.4E), and snow crab (Chionoecetes opilio, 

Figure 3.4F). Both Clupeidae and Osmeridae were observed at low abundance of individuals 
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throughout the study period, but several large schools were observed in May and June (Figure 

3.4D, E). C. opilio was observed sporadically throughout the study period, though in low 

abundance (Figure 3.4F).  

 The Bray-Curtis dendrogram illustrates two temporally adjacent periods of similar 

species composition identified through clustering: “Pre- and post-bloom” (PPB), which included 

February 21-March 16, and June 13-16, and “During bloom” (DB), which included March 17-

June 12 (Figure 3.5A). The optimal number of clusters was determined by consensus of several 

algorithms. ANOSIM indicated these two groups were significantly different (R = 0.9788, p < 

0.0001 on 9999 permutations). The dendrogram clustering was further supported by the nMDS 

ordination, which depicted the clustering of dates within the DB and PPB periods, with a stress 

value of 0.06 (Figure 3.5B). Temperature (r2 = 0.78), density (r2 = 0.62), salinity (r2 = 0.55), and 

chlorophyll-a (r2 = 0.24) were significantly correlated with the nMDS ordination (Figure 3.5B). 

DB was positively associated with chlorophyll-a and temperature, and negatively associated with 

salinity and density (Figure 3.5B). Most fish taxa were positively associated with temperature 

during the DB period, except for Gadidae, Clupeidae, and Stichaeidae, while the invertebrates, 

except for Buccinidae, Naticidae, and Cancer sp., were primarily associated with cooler 

temperatures (Figure 3.5B). P. phantapus was the primary species associated with the DB period 

and contributed most (28%) to the dissimilarity between DB and PPB, according to SIMPER 

analysis (Figure 3.6A, Table S3.2). In the PPB periods, the community was primarily composed 

of caridean shrimp and Ophiuroids, which contributed 22% and 18% to the dissimilarity, 

respectively (Figure 3.6A, Table S3.2). Clupeidae (5.6%), Solaster endeca (3.4%), and 

Chionoecetes opilio (3%), were also associated with the PPB periods (Table S3.2). 

 
3.3.2.2 Psolus phantapus emergence 
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Psolus phantapus was present in low abundance (0-5 individuals) at the end of February, 

where only the tentacles of individuals were visible above the sediment surface. On February 28 

the number of observed individuals increased slightly then returned to low numbers (Figure 

3.7A). Here, P. phantapus bodies were partially visible but ultimately returned to the sediment 

without sustained emergence. This coincided with the beginning of the period of increasing and 

variable water temperature (Figure 3.7B, Table S3.5). The number of observed individuals of P. 

phantapus increased dramatically between March 6th (1 individual) to March 27th (210 

individuals) during the period of increasing temperature and increasing chlorophyll-a 

concentration, coinciding with the first change point identified in the chlorophyll-a series (March 

10th; Figure 3.7A). The number of observed individuals of P. phantapus plateaued and then 

declined between March 26th and April 24th, and then declined again between April 24th and May 

18th (Figure 3.7A). This period was characterized by warm temperatures (0.34 – 0.38˚C) and 

high but declining chlorophyll-a concentration that plateaued around April 23rd (Figure 3.5C). 

Temperature also dipped to between 0.24˚C and 0.26˚C around May 5th, where it remained stable 

but variable on a daily scale for the remainder of the study period (Figure 3.7B). The number of 

observed individuals of P. phantapus increased again between May 18th and May 27th, during a 

period of variable and increasing chlorophyll-a concentration. The number of observed 

individuals of P. phantapus declined after May 27th until the end of the study period, following a 

period of declining chlorophyll. 

 

3.3.3 Tidal periodicity, currents, and biological rhythms 

Holyrood Inlet exhibited a diurnal tidal period (Figure 3.8A), which was supported by the 

wavelet analysis of the pressure series showing dominant frequency of approximately 12 hours 
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(Figure S3.1). Water currents in the lower 2 meters of the water column flow predominantly 

South-Southwest and Northeast (Figure 3.8B, C), and the North-South velocity component is 

stronger and more variable than the East-West component (Figure 3.8D, E). The N-S and E-W 

near-seabed current velocity components also exhibit high-frequency variation between 12 hours 

and 40 hours, with the strongest frequency occurring around 24 hours (Figure S3.1). The timing 

of high-frequency variation in current velocities varied across the study period, with the strongest 

daily cycles occurring at the beginning of March and the end of May (Figure S3.1).  

The 24h-based waveform analysis indicated that Caridean shrimps exhibited diurnal 

variation in abundance over the study period, and were found to be more abundant at the seafloor 

at night (Figure 3.9). Caridean shrimps exhibited lowest visibility (mean abundance below 

MESOR) between 1 pm and 7pm in late February-early March and were most visible (mean 

abundance above MESOR) between 3am and 7am (Figure 3.9A-D). Shrimp abundance may also 

be slightly correlated with the tidal cycle during this early period (Figure 3.9A). The pattern of 

diurnal variation was generally consistent until mid-May, when average abundance levels could 

no longer be distinguished from the MESOR (Figure 3.9D).  

 Waveform analysis indicated that hourly P. phantapus visibility was highly variable over 

the study period (Figure 3.10A-D). During the April 21 period, P. phantapus was found to have a 

period of low visibility (levels below the MESOR) at 7 pm but did not constitute a significant 

difference as it was not sustained for at least three consecutive hours (Figure 3.10C). No other 

high-frequency emergence rhythms related to light or tidal cycles were evident in P. phantapus, 

or Ophiuroidea (not shown) during the study period.  

 
3.4. Discussion 



 103 

Over the course of the first Holyrood cabled-observatory deployment, we identified two 

distinct periods of similar visible composition corresponding to the timing of the spring 

phytoplankton bloom: Pre-and -post-bloom (February 21-March 16, and June 13-16), and during 

the bloom (March 17 to June 12). The difference between these periods was driven primarily by 

the emergence of the sea cucumber, Psolus phantapus, in early March, which reached upwards 

of 200 individuals visible in the field of view. To the best of our knowledge, there exists little 

data on the abundance and distribution of P. phantapus in the region (Coady 1973). The 

synchrony of P. phantapus emergence with the spring phytoplankton bloom likely represents a 

phenological adaptation to maximize resource consumption and energy availability for 

reproduction, growth, locomotion, and other metabolic processes. 

 

3.4.1 Spring bloom dynamics 

Considering historical data for Conception Bay, there is considerable variation in both the 

strength and timing of the spring bloom across years (Redden 1994; Stead and Thompson 2003; 

Thompson et al. 2008). Holyrood Inlet, at the head of Conception Bay, is considerably more 

sheltered than the outer bay, resulting in lower wind-driven mixing (de Young and Sanderson 

1995), and possibly earlier bloom onset than the rest of the bay. However, capturing the onset of 

the bloom remains challenging as meteorological and oceanographic variability during the winter 

make the timing of precise conditions difficult to predict.  

The spring phytoplankton bloom in Conception Bay is known to occur during cold water 

conditions prior to thermal stratification in the water column, with vertical stability of the bloom 

regulated by salinity (Stead and Thompson 2003; Thompson et al. 2008). Indeed, we observed a 

period of high variability in chlorophyll-a at the seafloor and near the surface that coincided with 
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low salinity (Figure 3.2B-D), and the arrival of bloom material at the seafloor in early March 

followed a period of increasing mean and variance of bottom water temperatures (Figure 3.2A). 

While the bloom was already well underway when we deployed the multi-parameter sonde, 

coupling historical flux rates with our benthic fluorometer data, we can estimate the date of 

bloom onset. The composition of the bloom changes throughout its duration, but consists 

primarily of chain-forming centric diatoms (Thompson et al. 2008) and was dominated by 

several species of Chaetoceros during the May 2021 bloom (C.H. McKenzie, unpublished data). 

Diatoms provide an important source of carotenoids and poly-unsaturated fatty acids essential for 

gametogenesis and vitellogenesis in echinoderms and other benthic invertebrates (Parrish et al. 

2009; Gianasi et al. 2017). Vertical flux rates of mostly intact phytoplankton cells taken from 

depth-stratified sediment traps range between 20-23 m d-1 during the peak bloom (Thompson et 

al. 2008). Considering the first chlorophyll-a change point identified in our study was March 

10th, and the depth of the observatory at 82 m, we would expect bloom material to take 

approximately 4 days to reach the seafloor. This places the onset of the 2021 spring 

phytoplankton bloom around March 6th.  

We observed the maximum seafloor chlorophyll-a concentration of 6.22 µg mL-3 on May 

19th. This peak was later and larger than previously recorded seasonal maxima in the region of 

2.5 µg mL-3 in early May 1988 (Thompson et al. 2008), and 4.26 µg mL-3 and 5.09 µg mL-3 in 

the third week of April 1997 and 1998, respectively (Stead and Thompson 2003). Bloom 

material reaching the seafloor in Conception Bay is high in polyunsaturated fatty acids (Parrish 

et al. 2005), has low carbon:nitrogen and phaeopigment:chlorophyll-a ratios, and arrives at the 

seafloor relatively undegraded, accounting for around 56% of seasonal primary production 
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(Thompson et al. 2008). Thus, this fresh phytodetritus provides a seasonally available, high-

quality food source for benthic fauna. 

It is notable that the bloom material in Conception Bay does not accumulate on the 

seafloor, nor is it immediately degraded, but is either rapidly buried by deposit feeders or takes 

the form of diatom resting spores (Thompson et al. 2008). Unfortunately, sedimentation of 

phytodetritus could not be confirmed in the present study due to limitations of the camera angle 

and illumination field, although time-lapse and video cameras have been used successfully to 

measure phytodetritus accumulation on the seafloor in previous studies (e.g., Billett et al. 1983; 

Smith et al. 2008b). The first photographic evidence of phytodetritus accumulation on the 

seafloor in the North Atlantic was taken from the Porcupine Abyssal Plain, and also documented 

the first in situ community response to seasonal phytodetritus input to the seafloor in a mass-

appearance of the holothuroid Amperima rosea (E. Perrier, 1886) in what is now known as the 

“Amperima event” (Billett et al. 1983). This event has been revisited several times since the 

1980s (Billett et al. 2001, 2010; Campanyà-Llovet et al. 2021), demonstrating behavioural 

phenology in holothurians is closely linked with the spring phytoplankton bloom. Additionally, 

many laboratory studies have demonstrated seasonality in echinoderm reproduction (Hamel et al. 

1993; Galley et al. 2008), activity rhythms (Singh et al. 1999; Mercier et al. 1999, 2011), and the 

role of phytoplankton in modulating behaviour (Galley et al. 2008). However, there exist few in-

situ time-series of echinoderm response during seasonal phytoplankton blooms (Sumida et al. 

2014).  

Interestingly, other cold-water regions, such as the West Antarctic Peninsula, do not 

appear to exhibit seasonality in food availability at the seabed despite strong evidence of 

seasonal primary production and food availability in the water column; a phenomenon attributed 
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to the build-up of a “food bank” (Mincks et al. 2005; Mincks and Smith 2007; Smith et al. 

2008b, 2012a). Although there has been no reported evidence of phytodetritus accumulation on 

the seabed during the spring and summer in Conception Bay, to our knowledge there have been 

no sediment samples collected during the winter months to test hypotheses related to winter food 

limitation at the benthos and facilitate comparison of food availability in the sediments across an 

entire year. Collecting sediment samples year-round could provide new insights into benthic-

pelagic coupling and nutrient cycling dynamics of the sub-Arctic fjord of Conception Bay, and 

the potential effects of climate-induced changes to phytoplankton bloom timing, composition, 

and intensity on benthic megafauna that time their behaviours with seasonal food availability. 

 

3.4.2 Psolus emergence and phenology 

The sudden emergence of P. phantapus from within the sediments was unexpected, as 

there were no P. phantapus individuals visible on the sediment surface prior to the bloom, only 

their feeding tentacles were partially visible (R.C., pers. obs.). During the bloom, the sea 

cucumbers were occasionally observed moving through the sediment partially buried, though 

only one individual was ever observed to be fully exposed, emerging completely and then 

reburying itself over a 36-hour period (R.C., pers. obs.). The absence of visible movement prior 

to the bloom, followed by the sudden emergence of P. phantapus suggests these organisms 

exhibit a period of low activity immediately prior to the spring bloom, possibly to conserve 

energy during the resource-limited winter (Sun et al. 2020). 

Regulating movement improves energy management for reproduction in ectotherms 

(Fossette et al. 2012), allowing for thermoregulation to maintain gamete viability during winter. 

Recent research by Ru et al. (2021) found plasticity in sea cucumber (Apostichopus japonicus) 
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movement, whereby movement is downregulated to conserve energy for reproduction. P. 

phantapus are free-spawning, with a lecithotrophic (i.e. yolk-bearing) pelagic larval stage that 

lasts at least 58 days (Mercier and Hamel 2010). A similar reproductive strategy has been 

documented in the related P. fabricii, also found in the region, albeit with a slightly shorter larval 

stage (55 days; Mercier and Hamel 2010). During a controlled mesocosm experiment, P. 

phantapus was shown to spawn in mid-April; spawning was recorded only during daylight hours, 

lasted less than a week, and generally occurred simultaneously in males and females (Mercier 

and Hamel 2010). Production of lecithotrophic larvae requires a high level of energy investment 

from females (Mincks and Smith 2007). In addition to storing energy directly in the gonads 

during feeding, holothuroids can build up energy reserves in their body walls and muscle bands, 

which can later be translocated for gonad and gamete development (David and MacDonald 

2002). Since gametogenesis appears to occur from winter until spring spawning (Hamel et al. 

1993), down-regulation of movement may be an energy management strategy to promote gamete 

development.  

Abrupt changes in the mean and variability of environmental cues can trigger behavioural 

phenologies, particularly those related to reproduction (Tyler et al. 1982). Environmental cues 

initiating gametogenesis and spawning in echinoderms have been extensively studied, and 

include light intensity, salinity, turbidity, temperature, and phytoplankton blooms (Himmelman 

1975; Tyler et al. 1982; Starr et al. 1990; Hamel et al. 1993; Mercier and Hamel 2009). Starr et 

al. (1990) suggested phytoplankton as the primary spawning cue for echinoderms since it directly 

signals food availability and encompasses environmental parameters that signal favourable 

conditions for larvae. Recent laboratory experiments have demonstrated that phytoplankton is a 

potent trigger of spawning in sea cucumbers (Gianasi et al. 2019) and may trigger spawning 
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independent of gonad maturity (Gianasi et al. 2017). Indeed, spawning of Cucameria frondosa 

can be artificially induced at least two months prior to their natural spawning window (Mercier 

and Hamel 2010). Interestingly, although the first changepoint we identified for P. phantapus 

occurred within hours of that measured for benthic chlorophyll-a (Table S3.3, Table S3.5), we 

also observed a small, earlier “pulse” emergence of P. phantapus immediately following an 

increase in mean and variance of bottom water temperature (Figure 3.4A, Figure 3.2A). This is 

consistent with previous research that has suggested a concert of environmental cues likely act in 

synergy to influence the timing of spawning in echinoderms (reviewed in. Mercier and Hamel 

2009). In a closely-related sea cucumber, P. fabricii, gametogenesis begins to accelerate in 

March when water temperatures rise and food availability begins to increase (Hamel et al. 1993). 

This follows a period of little to no gametogenic activity through the autumn and winter months, 

when food availability is low, suggesting a resource-conservation strategy. This is also consistent 

with the hypothesis that an organism maximizes its fitness by spawning during periods of 

optimal resource availability in terms of 1) food available for adults to build energy stores, 2) 

food available for larva/juveniles to survive and recruit into the population, and 3)  (Cushing 

1990). Conversely, reproducing too early or too late could result in a mismatch, whereby 

resource availability is sub-optimal, and fitness may be reduced. The initial “pulse” emergence 

of P. phantapus may have been triggered by the increase in temperature, which may serve as an 

early warning that food will be available soon, allowing P. phantapus to emerge at the right time 

to maximize food consumption, recover energy lost to gametogenesis, and maximize juvenile 

survival. 

While the reproductive cycle of P. phantapus has not been well-documented in situ, we 

observed P. phantapus with its tentacles extended into the water column between mid-March and 
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early June, with maximum extension observed in late-March and April (R.C. pers. obs.). Full-

body elevation or “reaching” postures are common in free-spawning echinoderms during active 

reproduction (Mercier and Hamel 2010), likely improving probability of gamete dispersal. This 

observation supports synchrony between reproductive behaviour of P. phantapus and timing of 

the spring phytoplankton bloom in this system. Further, individuals of this species may relocate 

to other areas of the bay during the cold autumn to keep their gametes viable. A period of little-

to-no movement could follow from January-March, when gametogenesis begins to accelerate 

(Hamel et al. 1993). However, a thermoregulatory-movement hypothesis alone may be 

insufficient to explain the emergence in Holyrood Inlet, where bottom water temperature varies 

little over a year, and where P. phantapus was not observed prior to emergence. We therefore 

suggest that P. phantapus down-regulates movement as a means of resource conservation during 

the winter months.  

3.4.3 Tidal periodicity  

Although diurnal cycles in burrowing, locomotion, and feeding activity relating to light 

intensity and photoperiod have been demonstrated for P. phantapus and other suspension-

feeding holothuroids (Mercier et al. 1999, 2011; Mercier and Hamel 2010; Sun et al. 2020), we 

did not observe such a rhythm in our study. This may be a result of the large number of 

individuals observed in the field of view, potentially aliasing patterns in the behaviour of 

individual sea cucumbers (Figure 3.10). Although previous studies have investigated activity and 

feeding behaviours in controlled laboratory environments (Mercier et al. 1999, 2011; Aguzzi et 

al. 2006; Mercier and Hamel 2010; Duchêne 2017), these behaviours could be further 

investigated in-situ by monitoring a subset of individual sea cucumbers using the Holyrood 

Subsea Observatory. There is some debate as to the utility of underwater video for behavioural 
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studies when artificial lighting is used to illuminate a study area (Widder et al. 2005; Sun et al. 

2019; Zheng et al. 2021; Geoffroy et al. 2021), so caution would be warranted in interpreting 

results from such a study. Different light sources (e.g., red light) as well as acoustic cameras 

could be installed at this site in the future to determine the magnitude of disturbance from the 

recording schedule. However, interpreting behaviours of benthic fauna in a laboratory 

environment outside the context in which they typically exist also presents challenges. 

Combining in-situ and laboratory techniques would bolster the findings of both methods and 

provide a more holistic understanding of the behaviour of understudied species.   

We did observe diurnal periodicity in the caridean shrimp at our study site, with activity 

levels appearing to correlate with the photoperiod. Day-night cycles in activity levels have been 

well-documented for many shrimp species (Company and Sardà 1997; Aguzzi et al. 2007a, 

2007b; García et al. 2008; Koeller et al. 2009), which often migrate vertically through the water 

column to feed during the night. We also observed that the number of hours where activity levels 

were above and below the MESOR declined as the photoperiod lengthened.  

3.4.4 Other taxa 

Chemical communication among conspecifics and between taxa during reproduction has 

been demonstrated in other holothuroid and echinoderm species (Mercier and Hamel 2010; 

Marquet et al. 2018). Indeed, a spawning window similar to that observed in P. phantapus has 

also been documented in ophiuriods (April 10th-14th), and the boreal sun star Solaster endeca 

(April 12th-14th; Mercier and Hamel 2010), both of which were present at the study site before 

the bloom. While the abundance of other echinoderms and Caridean shrimp was observed to 

decline during the bloom, this observation could be an artifact of the large number of P. 

phantapus obscuring the view of the seafloor. Therefore, while it is possible these species are 
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also synchronizing their behaviours with the timing of the spring phytoplankton bloom, further 

research is required to determine whether there are detectable changes in their abundance or 

behaviours seasonally.  

 We documented several commercially important species present at the study site, 

including snow crab (Chionoecetes opilio), capelin (Mallotus villosus), and Atlantic herring 

(Clupea haregnus). Snow crab supports an important fishery in Newfoundland and Labrador, but 

has experienced a decline in recent years (Mullowney et al. 2014). Despite decades of study, the 

complex life-history dynamics of snow crab, including reproduction, mating, molting, and 

ontogenetic and seasonal migration, remain unresolved (Mullowney et al. 2018). Although we 

observed low density of C. opilio in the Holyrood Inlet (Figure 3.4, this study; Charmley et al. 

2022), ontogenetic migration across a depth gradient of a related species, C. tanneri, has been 

recently documented using cabled seafloor observatories off the coast of British Columbia 

(Chauvet et al. 2019). Although Conception Bay is at the upper limit of snow crab distribution 

(Mullowney et al. 2018), expanding future monitoring from the Holyrood Subsea Observatory to 

include the deeper-basin of Conception Bay proper could enhance our understanding of near-

shore snow crab abundance and distribution patterns, and support fisheries management efforts 

in Conception Bay.  

We also observed several large groups of Clupeidae and Osmeridae during the peak of 

the bloom in mid-May, which may be explained by the match-mismatch hypothesis, although we 

cannot make general inferences regarding the behavioural phenologies of these fish given the 

small, fixed field of view (0.89 m2) of our study. In early summer, capelin aggregate in near-

shore waters prior to spawning on the beach in a process known as “rolling” (Leggett and Frank 

1990). Historically, Atlantic herring also spawn in spring, with a second recruitment pulse in 
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early autumn (Melvin et al. 2009). In recent years, Atlantic herring populations in Newfoundland 

have undergone a shift from predominately Spring-spawning to Autumn-spawning, likely 

relating to warming ocean temperature affecting the phenology of copepods, a primary food 

source for larval herring (Melvin et al. 2009; Wilson et al. 2018). While fixed seafloor 

observatories alone are not usually optimized for monitoring pelagic fishes with large ranges, 

there is increasing development of underwater imagery technology (e.g., stereo cameras) as a 

less-invasive method for quantifying fish density, abundance, body size, and distribution (Doya 

et al. 2014; Denney et al. 2017; Aguzzi et al. 2020a, 2020b).  

 

3.5 Conclusions and future directions 

Many questions remain regarding the activity levels of P. phantapus throughout the year. 

One hypothesis is that they are in a low-activity (e.g., not feeding) state to conserve energy when 

phytoplanktonic food is scarce through the sparse winter months. Previous research found 

changes in digestive cell morphology and increased digestive enzyme activity of the bivalve 

Yolida hyperborea in the region coincident with the input of fresh algae in the spring, suggesting 

an “activation of a formerly depressed digestive system” after a period of little food consumption 

(late-summer through winter) (Stead and Thompson 2003). Conducting similar research for P. 

phantapus could provide additional evidence relating to the low-activity hypothesis and help 

explain their sudden emergence in late-winter and early spring.   

Although the Holyrood Subsea Observatory provides unprecedented temporal resolution 

to seafloor data collection in Conception Bay, the spatial limitations of a fixed cabled 

observatory preclude investigation of spatial patterns. There are three promising avenues of 

research to address this challenge. First, acoustic tagging of sea cucumbers could provide insight 
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into their movements throughout the year. Sea cucumbers often expel invasive tags from their 

body walls making this a challenging task (Reichenbach 1999; Shiell 2006; Cieciel et al. 2009). 

However, recent research has had success with acoustic PIT tagging in a closely related and 

morphologically similar suspension-feeding holothuroid species of commercial interest, 

Cucamaria frondosa (Gianasi et al. 2015). To our knowledge, this has not been tested in Psolus 

sea cucumbers, and could provide insight into their distribution when they cannot be directly 

observed. Second, combining vessel-based or autonomous seafloor mapping and drop-camera 

ground truthing data could enhance spatial coverage of the benthos in the region. Seasonal 

habitat mapping has recently been conducted in Holyrood Inlet, with notable differences in the 

visibility above the substratum and distribution of P. phantapus throughout the year (Charmley 

et al. 2022). Coupling high-frequency time-series with habitat mapping across multiple years 

could provide the temporal resolution necessary to investigate P. phantapus behaviour, and the 

spatial coverage required to examine broad-scale distribution shifts. Finally, installing additional 

monitoring stations along a depth gradient into the main basin of Conception Bay would improve 

spatial coverage and enable monitoring of depth-distribution trends in commercially important 

species like snow crab. Expanded observing capacity of this nature could also support the 

monitoring of species’ invasions (McKenzie et al. 2016) or range expansions from the deeper 

shelf or slope into shallower water, as seen in the lithodid crab Neolithodes yaldwyni in the West 

Antarctic Peninsula (Smith et al. 2012b). 

The long-term deployment of the Holyrood Subsea Observatory will facilitate a multi-

year comparison of bloom dynamics and benthic response in the region. In winter 2022, we have 

already observed several events that merit further investigation, including the influx of a warm 

water mass (M. Kott, pers. comm.), and two intense turbidity events during the winter storm 
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season (S. Mihaly, pers. comm.). At the time of writing, we have again observed the emergence 

of P. phantapus coincident with the 2022 spring phytoplankton bloom (R.C. pers. obs.). 

Leveraging high-frequency, year-round, and continuous in situ monitoring will improve our 

understanding of these complex ecological and oceanographic phenomena.  

Tools like the Holyrood Subsea Observatory allow for unprecedented access to the 

seafloor in Conception Bay, providing continuous data year-round. Coupling this high-resolution 

time series data from the seafloor with surface buoys, seasonal spatial surveys, sediment trap or 

sediment core samples, and gliders could maximize coverage in the region and allow for high-

resolution monitoring in space and time. This approach could facilitate observations of recurring 

patterns and improve our understanding of sub-Arctic benthic megafauna and their responses to 

environmental change.  
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3.8 Tables 

Table 3.1. Average (+/- standard deviation) and maximum count and density (abundance/area 
where area is 0.89 m2) observed per video at the Holyrood Subsea Observatory over the study 
period (Feb 21 – Jun 16, 2021). 
Species Mean Count Max Count Mean Density Max Density 
Arthropoda 

Cancer sp. 0 (0.02) 1 0 (0.023) 1.124 
Caridean shrimp 5.876 (7.03) 41 6.603 (7.899) 46.067 
Chionoecees opilio 0.169 (0.417) 3 0.19 (0.469) 3.371 
Decapoda sp. 0.003 (0.058) 1 0.004 (0.065) 1.124 
Hyas sp. 0.034 (0.187) 2 0.039 (0.21) 2.247 
Pagarus sp. 0.011 (0.129) 3 0.012 (0.145) 3.371 

Chordata 
Anarhichas lupus 0 (0.02) 1 0 (0.023) 1.124 
Clupeidae 0.305 (3.527) 144 0.342 (3.963) 161.798 
Cottidae spp. 0.041 (0.213) 2 0.046 (0.239) 2.247 
Cyclopterus lumpus 0.001 (0.029) 1 0.001 (0.033) 1.124 
Pleuronectidae spp. 0.018 (0.138) 2 0.021 (0.155) 2.247 
Gadidae sp. 0.013 (0.115) 1 0.015 (0.129) 1.124 
Myoxocephalus sp. 0.028 (0.164) 1 0.031 (0.184) 1.124 
Osmeridae sp. 0.176 (1.99) 91 0.198 (2.236) 102.247 
Phoca sp. 0.003 (0.054) 1 0.003 (0.061) 1.124 
Stichaeidae sp. 0.084 (0.348) 9 0.095 (0.391) 10.112 
UNID Actinopteri 0.003 (0.058) 2 0.003 (0.065) 2.247 
Zoarcidae sp. 0.007 (0.082) 1 0.008 (0.092) 1.124 

Cnidaria 
UNID Cnidaria 0.072 (0.28) 3 0.081 (0.314) 3.371 

Echinodermata 
Ctenodiscus crispatus 0.176 (0.532) 9 0.198 (0.598) 10.112 
Ophiuroidea spp. 7.532 (3.833) 18 8.463 (4.307) 20.225 
Psolus cf. phantapus 81.289 (70.155) 258 91.335 (78.826) 289.888 
Solaster endeca 0.142 (0.349) 1 0.159 (0.392) 1.124 
Strongylocentrotus 
dobrachiensis 0.151 (0.358) 1 0.17 (0.403) 1.124 

UNID Asteroidea 0.001 (0.035) 1 0.001 (0.04) 1.124 
Mollusca 

Buccinidae sp. 0.205 (0.545) 9 0.231 (0.613) 10.112 
Naticidae sp. 0.005 (0.074) 1 0.006 (0.083) 1.124 
Nudibranchia sp.1 0.02 (0.139) 1 0.022 (0.156) 1.124 
Nudibranchia sp.2 0.003 (0.065) 2 0.004 (0.073) 2.247 
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Table S3.1. Range and mean +/- SD for environmental variables from the Holyrood Underwater 
Observatory over the entire study period (Feb 21 – Jun 16, 2021).  

Variable Units Minimum Mean StDev Maximum 

Near-seabed chlorophyll-a μg mL−3 0.215 0.817 0.708 6.449 

Temperature ˚C -0.201 0.225 0.156 0.466 

Salinity psu 32.182 32.299 0.053 32.407 

Density kg m−3 1026.204 1026.310 0.049 1026.418 

Pressure dbar 81.801 82.764 0.287 83.747 

Backscatter Hz 60.745 73.841 5.089 87.459 

East-West current velocity m s−1 -0.092 0.005 0.020 0.104 

North-South current velocity m s−1 -0.210 -0.008 0.036 0.179 

Current velocity magnitude m s−1 0.014 0.046 0.022 0.232 

Current direction ˚True 18.495 188.126 68.804 335.359 
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Table S3.2. SIMPER analysis results.  

Taxa  Average  SD  Ratio  ava  avb  Cumulative 
Sum  

P-
Value  

Psolus phantapus  0.143  0.054  2.689  0.379  0.934  0.283  0.001  

Caridean shrimp  0.114  0.043 2.627  0.601 0.169  0.506  0.001  

Ophiuroidea  0.093  0.030  3.073  0.603  0.249 0.686  0.001  

Clupeidae  0.027  0.018  1.528  0.120  0.030  0.739  0.001  

Solaster endeca  0.017  0.023  0.766  0.063  0.012  0.773  0.001  

Chionoecetes opilio  0.015  0.011  1.343  0.079  0.033  0.802  0.001  

Buccinidae  0.015  0.015  0.994  0.063  0.044  0.831  0.011  

Osmeridae  0.014  0.020  0.680  0.059  0.033  0.858  0.004  

Stichaeidae  0.009  0.007  1.173  0.034  0.018  0.875  0.005  

Cnidaria sp.  0.008 0.011  0.748  0.028  0.012  0.891  0.028  

Ctenodiscus crispatus  0.008  0.006  1.353  0.050  0.039  0.908 0.084  

Strongylocentrotus 
droebachiensis  

0.008  0.012 0.639  0.016  0.019  0.923  0.709  

Hyas sp  0.006  0.007 0.865  0.019  0.013  0.935  0.128  

Cottidae sp  0.006  0.007  0.761  0.013  0.014  0.946  0.827  

Myoxocephalus sp.  0.005  0.007 0.797  0.016  0.012  0.957  0.211  

Gadidae  0.004  0.005 0.872  0.015  0.004  0.965  0.004  

Nudibranchia sp.1  0.004  0.006 0.673  0.014  0.004  0.973  0.009  

Flatfish  0.004  0.006 0.638  0.010  0.008  0.980  0.432  

Pagarus sp.  0.002  0.005  0.476  0.007  0.003  0.984  0.223  

Zoarcidae  0.002 0.005  0.463  0.006  0.004  0.989  0.354  

Decapoda sp.  0.002  0.005  0.391  0.008  0.000  0.993  0.001  

Naticidae  0.002  0.004  0.402  0.005  0.002  0.996  0.138  

Nudibranchia sp.2  0.001  0.005  0.276  0.005  0.000  0.998  0.001  

Phoca sp.  0.001  0.002  0.283  0.000  0.002  0.999 1.000  

Cyclopterus lumpus  <0.001  0.001  0.153  <0.001  0.001  1.000  1.000  

Anarhicus lupus  <0.001  0.001  0.109  <0.001  <0.001  1.000  1.000  

Cancer sp.  <0.001  <0.0001  0.109  <0.001  <0.001  1.000 1.000  
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Table S3.3. Chlorophyll-a change points. Mean, Lower, and Upper represent the average and the 
95% confidence interval around each variable. For the change points (cp 1 to cp 5) the values are 
given as a “time step”, where a one-unit increase in time step equals one hour and time zero is 
February 21st, 2021 at 00:00:00 UTC. The terms “ar1” and “int” refer to the auto-regressive and 
the intercept terms, respectively. The “time” terms refer to the slope, and the sigma terms refer to 
a change in the variation around the trend. 
Variable  Mean  Lower  Upper  Rhat  n.eff  
ar1_2  0.753  0.728  0.777  1.007  3823  
cp_1  415.642  400.003  445.008  1.014  1127  
cp_2  1002.862  955.849  1049.912  1.001  5261  
cp_3  1407.289  1400.106  1412.850  1.981  14  
cp_4  1770.646  1768.361  1772.000  1.001  1999  
cp_5  2201.946  2200.001  2205.353  1.050  817  
int_1  0.275  0.256  0.294  1.001  3670  
int_4  0.662  0.580  0.740  1.010  5188  
int_6  1.317  1.071  1.561  1.005  1482  
time_2  0.001  0.001  0.001  1.008  1137  
time_3  0.001  0.001  0.001  1.013  1089  
time_6_E2  0.000  0.000  0.000  1.003  1559  
sigma_1  0.203  0.196  0.210  1.002  4952  
sigma_5  0.583  0.560  0.607  1.000  5457  
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Table S3.4. Temperature change points. Mean, Lower, and Upper represent the average and the 
95% confidence interval around each variable. For the change points (cp 1 to cp 5) the values are 
given as a “time step”, where a one-unit increase in time step equals one hour and time zero is 
February 21st, 2021 at 00:00:00 UTC. The terms “ar1” and “int” refer to the auto-regressive and 
the intercept terms, respectively. The “time” terms refer to the slope, and the sigma terms refer to 
a change in the variation around the trend. 
Name  Mean  Lower  Upper  Rhat  n.eff  
ar1_1  0.922  0.908  0.937  1.003  2550  
cp_1  253.515  201.207  289.360  1.014  161  
cp_2  826.837  800.001  866.069  1.001  1114  
cp_3  999.837  953.811  1048.851  1.002  3957  
cp_4  1534.544  1467.699  1599.994  1.068  81  
cp_5  1730.870  1700.003  1787.361  1.009  489  
int_1  -0.167  -0.189  -0.145  1.009  555  
int_4  0.361  0.344  0.376  1.002  3168  
int_5  0.364  0.318  0.407  1.051  136  
int_6  0.253  0.242  0.264  1.001  5596  
time_1  0.000  0.000  0.000  1.017  264  
time_2  0.001  0.001  0.001  1.003  482  
time_3  0.000  0.000  0.000  1.002  3016  
time_5_E2  0.000  0.000  0.000  1.024  237  
sigma_1  0.012  0.011  0.013  1.001  2874  
sigma_2  0.016  0.015  0.016  1.000  5057  
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Table S3.5. Psolus phantapus change points. Mean, Lower, and Upper represent the average and 
the 95% confidence interval around each variable. For the change points (cp 1 to cp 5) the values 
are given as a “time step”, where a one-unit increase in time step equals one hour and time zero 
is February 21st, 2021 at 00:00:00 UTC. The terms “ar1” and “int” refer to the auto-regressive 
and the intercept terms, respectively. The “time” terms refer to the slope. 

Name  Mean  Lower  Upper  Rhat  n.eff  
ar1_1  0.000  0.000  0.000  NaN  0  
cp_1  400.073  400.000  400.224  1.009  1915  
cp_2  811.487  809.071  813.683  1.027  300  
cp_3  1500.321  1500.000  1500.959  1.002  1734  
cp_4  2064.355  2050.001  2077.488  1.000  6381  
cp_5  2299.947  2299.840  2300.000  1.001  1644  
int_1  2.124  2.096  2.148  1.062  151  
int_5  4.895  4.885  4.905  1.001  2776  
time_2  0.008  0.008  0.008  1.072  91  
time_3  -0.001  -0.001  -0.001  1.004  792  
time_4  -0.003  -0.003  -0.003  1.001  2477  
time_6  -0.004  -0.004  -0.004  1.001  2839  
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3.9 Figures 

Figure 3.1. (A) Map of the Holyrood Inlet of Conception Bay showing the location of the 
Holyrood Subsea Observatory (HSO) at 82 m depth. Bathymetry measured at 10 m resolution. 
(B) Schematic of the HSO instrument platform illustrating the size of the platform and the 
camera mounting parameters. (C) Example field of view from the HSO. 
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Figure 3.2. Observed environmental time series over the study period at the Holyrood 
Underwater Observatory at 82 m depth. (A) temperature (˚C), (B) salinity (psu), (C) near-seabed 
chlorophyll-a (µg mL-3), (D) near-surface chlorophyll-a (µg mL-3), and (E) backscatter (Hz). 
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Figure 3.3. Photographic atlas of the most common taxa observed at the Holyrood Subsea 
Observatory between February 21 and June 16, 2021. (A) Anarhichas lupus, (B) Nudibranchia 
sp.1, (C) Ophiuroidea spp., (D) Solaster endeca, (E) Psolus cf. phantapus, (F) Zoarcidae sp., (G) 
Caridea spp., (H) Phoca sp., (I) school of Clupeidae, (J) Osmeridae (Mallotus villosus), (K) Hyas 
sp., (L) Chionoecetes opilio. 
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Figure 3.4. Time series of obsereved counts of the most common morphotaxa over the study 
period at the Holyrood Subsea Observatory. (A) Psolus phantapus, (B) Caridean shrimp, (C) 
Ophiuroidea, (D) Clupeidae, (E) Osmeridae, and (F) Chionoecetes opilio. 
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Figure 3.5. Graphical ordination of daily observations using the Bray-Curtis dissimilarity matrix, 
based on Hellinger-transformed visual count data from the Holyrood Subsea Observatory. (A) 
Dendrogram. (B) Non-metric multidimensional scaling showing the “During” and “Pre-post” 
bloom groups (coloured ellipses) identified by the dendrogram. Environmental variables were 
fitted onto the ordination. Arrows show direction of increasing values of each variable and the 
magnitude is proportional to the amount of correlation between the environmental variable and 
the ordination.  
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Figure 3.6. Visible counts of dominant taxa during the spring phytoplankton bloom, and pre-and-
post bloom (A). In-situ image from the Holyrood Subsea Observatory pre- (B) and during (C) the 
2021 spring phytoplankton bloom. Images B and C are colour-corrected to improve contrast 
between seafloor and sea cucumbers and reduce the vignette effect caused by the lights. 
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Figure 3.7. Daily averaged time series of Psolus phantapus (A), temperature (B), and 
chlorophyll-a (C), at the Holyrood Subsea Observatory. Black lines are time series, vertical 
dashed lines are the mean change points identified from the models. Grey bands represent 95% 
confidence intervals around the identified change point. 
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Figure 3.8. Data from the 400kHz ADCP at Holyrood Subsea Observatory. Time series of (A) 
pressure (dbar), and (B) current velocity magnitude (m s-1) and (C) direction (˚True) between 
1.49 m and 2.0 m above bottom. Bar plots show mean current velocity (D), and variation (E) 
over the entire time series for East-West (red) and North-South (blue) velocity components. All 
current data represent the near-seabed currents, and are the average values between 1.49 m and 
2.0 m above bottom. 
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Figure 3.9. Waveform analysis for caridean shrimp. Points and vertical lines represent hourly 
measurements (pressure or counts) averaged over 28 days and standard error, respectively. 
Horizontal dashed line indicates the Midline Estimating Statistic of Rhythm, and the yellow 
rectangle denotes daylight hours. 
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Figure 3.10. Waveform analysis for Psolus phantapus. Points and vertical lines represent hourly 
measurements (pressure or counts) averaged over 28 days and standard error, respectively. 
Horizontal dashed line indicates the Midline Estimating Statistic of Rhythm, and the yellow 
rectangle denotes daylight hours. 
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Figure S3.1. Wavelet transform of U (East-West) near seabed current velocity time series. Time 
(weekly intervals) is depicted on the x-axis, and the period (in days), or the amount of time for a 
single cycle to occur, is depicted on the y-axis. Colour indicates the wavelet power, or the 
strength of the periodic signal at a given time (red indicates a strong signal, blue indicates a weak 
signal). White lines indicate regions of statistically significant at the  = 0.05 level.  
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Figure S3.2. Wavelet transform of V (North-South) near seabed current velocity time 
series. Time (weekly intervals) is depicted on the x-axis, and the period (in days), or the amount 
of time for a single cycle to occur, is depicted on the y-axis. Colour indicates the wavelet power, 
or the strength of the periodic signal at a given time (red indicates a strong signal, blue indicates 
a weak signal). White lines indicate regions of statistically significant at the  = 0.05 level. 
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Figure S3.3. Wavelet transform of pressure time series. Time (weekly intervals) is depicted on 
the x-axis, and the period (in days), or the amount of time for a single cycle to occur, is depicted 
on the y-axis. Colour indicates the wavelet power, or the strength of the periodic signal at a given 
time (red indicates a strong signal, blue indicates a weak signal). White lines indicate regions of 
statistically significant at the  = 0.05 level. 
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Chapter 4: Conclusion 

Climate change is altering the abundance, composition, and timing of food availability to 

seafloor communities (Smith et al. 2008; Kahru et al. 2011). This is increasingly evident off the 

coast of British Columbia as loss of kelp subsidies to the continental margin adversely affects 

pink sea urchins (Filbee-Dexter and Scheibling 2014; Starko et al. 2019; McPherson et al. 2021). 

In Conception Bay, this may manifest as changes to the timing and strength of the spring 

phytoplankton bloom and result in a mismatch between food availability and important life 

history behaviours. Changes in food availability could fundamentally alter the abundance and 

distribution of key benthic species, and depending on the behaviours and ecological roles of 

those species would have far reaching implications for the structure and function of seafloor 

ecosystems (McClain et al. 2012; Woolley et al. 2016; Ani and Robson 2021). For example, pink 

sea urchins contribute to nutrient cycling as detritivores and by turning over surface sediments 

through locomotion (Boolootian et al. 1959; Robert and Juniper 2012). Psolus sea cucumbers are 

large burrowers that also contribute to bioturbation and bioirrigation, and consume phytodetritus 

and other organic matter that reach the seafloor from surface waters (Sun 2019). Changes in the 

abundance and distribution of these key species could directly and indirectly influence oxygen 

penetration depth, nutrient turnover, sediment properties, and associated infaunal communities. 

Advances in ocean observing technology over the past two decades have enabled changes 

in seafloor ecosystems to be studied in high temporal resolution over the long-term (Levin et al. 

2019). The case studies presented in this thesis highlight the utility of cabled seafloor 

observatories as tools for studying temporal dynamics of the abundance, behaviour, biodiversity, 

and distribution of epibenthic megafauna. In particular, these case studies quantify the precise 

timing of ecological phenomena in situ and species' relationships with environmental change 

over different time scales in two ocean systems. This thesis also highlighted opportunities to 
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integrate other data sources, such as bottom trawl surveys, to address some of the spatial 

limitations of seafloor observatories. 

Chapter one examined the spatial and temporal scales of variation in physical and 

chemical ocean processes, and how they structure biological processes and influence the ecology 

of epibenthic megafauna in myriad ways. Considering the role of anthropogenic climate change 

in modifying these dynamics, high-resolution data collection in seafloor environments is 

necessary to understand the current state of marine populations and ecosystems, and how they 

may respond to future conditions. Although many methods are available for studying seafloor 

fauna, such as ROVs, drop-cameras, and bottom-contact fishing gear, the temporal resolution is 

inherently limited; high-frequency patterns, such as organism-level emergence behaviours or a 

population-level response to pulse disturbances, cannot be resolved. Cabled seafloor 

observatories provide the continuous data collection at high temporal resolution to capture these 

patterns in addition to long-term trends. This type of sampling is becoming increasingly useful as 

climate change affects ecosystem level properties, allowing for detailed monitoring to assess 

those impacts over time. 

Chapter two assessed seasonal and interannual population dynamics of the deep-sea pink 

sea urchin Strongylocentrotus fragilis at the continental margin off the west coast of Vancouver 

Island, British Columbia using the Barkley Upper Slope platform of the NEPTUNE observatory. 

The density of S. fragilis on the continental margin was negatively affected by the 2013-2016 

marine heatwave (Kintisch 2015) likely due to reduced kelp subsidies from coastal waters. A 

complex relationship was found between pink sea urchin density, dissolved oxygen, and 

sediment resuspension at the seafloor, likely resulting from seasonal upwelling dynamics 

mediated by the marine heatwave, as well as trawling and storm events that contribute to 
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nepheloid layer formation on the upper slope. The spatial limitation of the cabled observatory 

was addressed by analyzing biannual benthic trawl surveys from the continental shelf near the 

observatory and along the west coast of Vancouver Island. The decline in pink sea urchin density 

occurred over a large area, and that pink sea urchins appear to be undergoing a range-expansion 

into shallower water, similar to that observed in Southern California by Sato et al. (2017). It has 

been previously suggested that the proximal cause of this shoaling is the expansion of the oxygen 

minimum zone in the Northeast Pacific Ocean (Sato et al. 2017). 

Pink sea urchins are detritivores that play an important role in nutrient cycling on the 

continental margin (Robert and Juniper 2012). They are also slow-moving, calcifying organisms 

that are particularly vulnerable to ocean acidification (Taylor et al. 2014; Barry et al. 2014). 

Additionally, the coastal kelps that pink sea urchins rely on for food are threatened by ocean 

warming and the increasing frequency and intensity of marine heatwaves (Starko et al. 2019; 

McPherson et al. 2021). NEPTUNE and other permanent cabled seafloor observatory networks 

enable high-resolution time-series data to be collected over multiple years. From these data it is 

possible to determine how populations respond to both pulse (e.g., marine heatwaves) and 

climate change-related (e.g., deoxygenation, ocean warming, ocean acidification) disturbances. 

The limited spatial resolution of cabled observatories can be augmented by including previously 

collected bottom trawl data to provide a more holistic understanding of how important 

continental margin megafauna are affected by ocean change in both space and time. 

The new Holyrood Subsea Observatory deployed in Holyrood Inlet, Conception Bay, 

Newfoundland and Labrador, was used to characterize the epibenthic megafaunal community 

and their response to seasonal food input from the spring phytoplankton bloom. A marked shift 

in the dominant seafloor species visible in the field of view was driven by changes in seafloor 
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temperature and benthic chlorophyll-a concentration during the winter-spring transition. The 

unexpected emergence of the sea cucumber Psolus phantapus in the camera’s field of view also 

accounted for much of the dissimilarity between the seafloor community observed during the 

bloom, and pre- and post-bloom. Bayesian changepoint models showed evidence for synchrony 

between Psolus emergence and the increase in seafloor temperature and the arrival of 

photosynthetic material to the seafloor from the spring phytoplankton bloom. The results 

presented in this thesis are the first from the Holyrood Subsea Observatory, which serve as a 

baseline characterization of the current state of the seafloor community in the inlet during the 

winter-spring transition. As the HSO infrastructure is intended for long-term deployment, 

additional data collected in other seasons and across years will enables comparisons of both 

environmental and biological variability patterns over time. 

Augmenting existing observatory platforms will improve our ability to monitor ocean 

change and understand potential future outcomes for seafloor fauna. Ocean acidification is 

increasingly threatening marine fauna (Feely et al. 2016; Ashur et al. 2017), and fisheries 

(Wilson et al. 2020). New sensors, such as pCO2 and pH, that monitor ocean carbonate 

chemistry will be important for understanding the effects of ocean acidification, particularly on 

populations of calcifying megafauna like S. fragilis (Taylor et al. 2014; Barry et al. 2014). These 

instruments will be especially useful in Oxygen Minimum Zones where pCO2 is already 

elevated, affecting important zooplankton species that provide a crucial carbon source to the 

deep sea (Hildebrandt et al. 2016; Garzke et al. 2016; Hammill et al. 2018; De Leo et al. 2018). 

The high temporal resolution of seafloor observatories comes at a cost of spatial 

coverage. This limitation can be overcome by making use of additional sampling methods, such 

as bottom trawls (as in Chapter 2), ROVs, AUVs, gliders, drop cameras, other observatories, and 
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remote sensing technologies. At Barkley Canyon, ROV surveys have documented pink sea 

urchins feeding within the OMZ, and the recent addition of a video camera at the Barkley Node 

downslope from the BCUS platform will provide additional insight into the potential downslope 

migration of S. fragilis when food is scarce, or upwelling is disrupted. In Conception Bay, a 

complementary research project used a drop camera system to collect video-based species 

assemblage and distribution data in combination with multibeam echosounder data to build 

seasonal, full-coverage benthic habitat maps (Charmley et al. 2022). This will facilitate 

comparisons of biodiversity estimates from different sampling methods and enhance the spatial 

coverage of seafloor monitoring in the Holyrood Inlet. 

Although the use of underwater imagery is a less invasive method of seafloor data 

collection than bottom-contact fishing gear (Matabos et al. 2016; Durden et al. 2016), there are 

several challenges that need to be overcome. First, the scales at which imagery are collected does 

always not match the scales of oceanographic and ecological processes. Imagery studies 

generally suffer from low spatial resolution and little to no replication of sampling efforts in 

space. Cabled seafloor observatories and autonomous landers make it possible to collect high-

temporal resolution imagery at the expense of spatial coverage. It would be possible to deploy 

multiple landers or fixed platforms equipped with cameras in an area to improve spatial 

coverage, and networks of camera systems have already been established in several regions 

around the world (e.g., HAUSTGARTEN, NEPTUNE, VENUS, OBSEA, EMSO). Higher 

spatial resolution can be achieved using ROV or drop-camera transect surveys, even producing 

high-pixel resolution photomosaics of the seafloor. However, this type of sampling is rarely 

repeated due to budget constraints and offers only a temporal snapshot of an ecosystem. One 

possible solution lies in the development of autonomous underwater vehicles (AUVs) and gliders 
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designed for long-term deployment at fixed underwater docking stations. Such systems could be 

equipped with cameras and oceanographic sensors and programmed to conduct surveys over a 

specified area at a particular sampling interval, then return to the docking station to recharge and 

transmit data (Hobson et al. 2007). Advances in computer vision (CV) and underwater robotics 

are supporting these developments (e.g., Hobson et al. 2007; Kimball et al. 2018; Yazdani et al. 

2020), which will reduce costs associated with ship-time, enable sampling during typically sub-

optimal conditions (e.g., stormy winters), and improve both the spatial and temporal coverage of 

marine ecosystems. 

Another limitation of imagery-based studies is the storage and processing of the massive 

quantities of video data collected by imaging platforms; it is impossible for manual annotation to 

keep pace with the volume of video data collected each day. Recent developments in CV and 

artificial intelligence have enabled machine-assisted annotation of images and video (Schoening 

et al. 2012; Piechaud et al. 2019; Stanchev et al. 2020; Chen and Liu 2020; McIntosh et al. 2020; 

Harrison et al. 2021), but require large amounts of labelled data to train effective models. To fill 

that need, open-source platforms like FathomNet have been developed for researchers and ocean 

enthusiasts alike to provide a repository of image annotations to crowd-source data for training 

models (Katija et al. 2022). FathomNet also allows users to upload pre-trained machine learning 

models to make them freely available to the wider research community to help address the 

bottleneck of image processing (Appendix 2). 

Cameras deployed long term are subject to biofouling that may obscure the camera lens, 

particularly shallow-water coastal observatories that are installed within the photic zone (Bailey 

et al. 2019; Aguzzi et al. 2020). Image quality is also a major challenge and is influenced by 

turbidity, natural and artificial light, and camera angle with respect to the seafloor, among other 
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factors, all of which affect data availability and quality. Furthermore, artificial lighting may have 

negative effects on underwater fauna (Herring et al. 1999), and yield biased abundance estimates 

and behavioural observations in species that exhibit phototaxis (Widder et al. 2005; Chauvet et 

al. 2018; Geoffroy et al. 2021). Optimizing camera position and sampling schedules to capture 

species and processes of interest is a crucial component for underwater imagery collection. 

Additionally, many taxa cannot be identified to species based on an in situ image alone, thus the 

taxonomic resolution possible from imagery-based studies is inherently limited. While in situ 

imagery cannot fully replace physical sampling for biodiversity studies, the high temporal 

resolution possible from seafloor observatories and the low-impact of other sources of imagery 

cement cameras as invaluable tools for ecosystem monitoring. 

Seafloor observatories provide unprecedented temporal resolution for data collection and 

are a powerful approach to monitoring the benthos. Augmenting existing observatories with new 

sensors to measure ocean acidification at depth and developing docking stations for underwater 

gliders and automated underwater vehicles to enhance spatial coverage are two promising 

avenues to advance ocean observing research. Additionally, designing sampling and monitoring 

plans that explicitly incorporate sampling efforts over both space (e.g., acoustic surveys with 

drop cameras, trawl surveys) and time (e.g., fixed-point observatories) will improve our capacity 

to capture current ecological patterns and assess future changes. Making use of as many 

approaches as possible in a given location will provide a more holistic understanding of the 

ecosystem and inform management and conservation in the face of increasing human pressure. 
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Appendix 1: Field of view calculations 

 
A1.1 Barkley Canyon Upper Slope 

2013 field of view 
 

 
 
This field of view is calculated as the area of a trapezoid, where the width of the top and bottom 
are determined by doubling the tangent of one half the horizontal acceptance angle multiplied by 
the ratio of the camera height to the cosine of the angle incident with the camera lens at the top 
and bottom of the visible field of view (defined by the vertical acceptance angles. The calculated 
value was close to that reported in Chauvet (2018), so we used their previously published value 
of 0.5 m2.
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2014-2015 field of view 
 

 
 
The area covered by the 215.24˚ pan angle can be calculated by subtracting the area of a large 
circle by the area of a small circle (non-visible area), where the radius of the large circle is 
defined by the camera height multiplied by tangent of the known fixed tilt angle of the camera 
plus one half the vertical acceptance angle, and the area of the small circle is defined by the 
camera height multiplied by tangent of the known fixed tilt angle of the camera minus one half 
the vertical acceptance angle. The difference between the large and small circle leaves the visible 
area of the seafloor for a 360˚ pan. This area is multiplied by the fraction of a circle 
corresponding to the total pan angle (215.24˚/360˚) to get the fraction of the total area that is 
visible to the camera. 
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Since the pan angles are based on the position at the center of the field of view, we need to add 
the area to the right and left of the start and end positions, respectively (i.e., one still frame, 
oblique field of view). This is calculated as the area of a trapezoid, where the width of the top 
and bottom are determined by doubling the tangent of one half the horizontal acceptance angle 
multiplied by the ratio of the camera height to the cosine of the angle incident with the camera 
lens at the top and bottom of the visible field of view (defined by the vertical acceptance angles). 
The trapezoid area is then added to the circle area, to reach the full area visible in the field of 
view in 2014. 
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2018 field of view 
 

 
 
In 2018, the camera starts pointing straight down, tilts up to 90˚, and then tilts back to straight 
down. Here, we chose the angle at the top of the field of view to be 76˚ (angle at the center of the 
field of view, marked by the lasers) as this provided adequate lighting to see and count 
Strongylocentrotus fragilis but serves as a cut off to define a standardized field of view. The field 
of view area is calculated as the area of a trapezoid, where the width of the top and bottom are 
determined by doubling the tangent of one half the horizontal acceptance angle multiplied by the 
ratio of the camera height to the cosine of the angle incident with the camera lens at the top of 
the visible field of view (defined by the chosen stopping angle of 76˚). The trapezoid area is the 
full visible field of view used to count S. fragilis in 2018 
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2019-2020 field of view 
 

 
 
In 2019-2020, the camera starts pointing straight down, tilts up to 90˚, and then tilts back to 
straight down. Here, we chose the angle at the top of the field of view to be 76˚ (angle at the 
center of the field of view, marked by the lasers) as this provided adequate lighting to see and 
count Strongylocentrotus fragilis but serves as a cut off to define a standardized field of view. 
The field of view area is calculated as the area of a trapezoid, where the width of the top and 
bottom are determined by doubling the tangent of one half the horizontal acceptance angle 
multiplied by the ratio of the camera height to the cosine of the angle incident with the camera 
lens at the top of the visible field of view (defined by the chosen stopping angle of 76˚). As the 
180˚ occurs when the camera is pointing 90˚, there is no visible seafloor area during the pan. 
When the camera pan finishes, the visible seafloor represents a new visible area and was 
assumed to be equal to the first area. Thus, the trapezoid area was doubled to account for both 
sides of the observatory visible in 2019-2020. This doubled area was used to count S. fragilis in 
2019-2020. 
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A1.2 Holyrood Subsea Observatory 

 
In order to account for the poor illumination field, a perspective grid was calculated following 
Wakefield & Genin (1987). The camera was calibrated such that the focal point, p, occurs at the 
intersection of diagonal lines drawn from corner to corner of the field of view. This point occurs 
a real distance of about 116 cm in a straight line from the camera lens; about 108 cm from the 
camera base parallel to the seafloor. Each grid cell represents 10cm x 10cm of real distance on 
the seafloor. The height of the trapezoid, BG, was determined by counting the grid cells to the 
top of the illuminated area. This distance was determined to be 80 cm. 
 
The visible field of view was then calculated as the area of a trapezoid, where the width of the 
top and bottom are determined by doubling the tangent of one half the horizontal acceptance 
angle multiplied by the ratio of the camera height to the cosine of the angle incident with the 
camera lens at the top and bottom of the visible field of view (defined by the vertical acceptance 
angle (bottom) and adjusted for the height of the illumination field determined using the 
perspective grid (top)). 
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Appendix 2: Drowning in Data: How artificial intelligence could throw us a life ring 

This essay has been published in Journal of Ocean Technology (2021, Volume 16, Issue 3) and 

was written by Rylan J. Command, with intellectual and editorial input from Dr. Katleen Robert 

(co-author), and editing by Dawn Roche (editor, Journal of Ocean Technology). 
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