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Abstract 

 As global change alters the chemical and physical dynamics of the ocean, it is 

increasingly necessary to determine ecological responses across environmental gradients. 

The benthic ecosystems of fjords often contain a multitude of environmental gradients 

conducive to multivariate field studies. In this thesis, I describe the benthic community 

structure of two British Columbian fjords in relation to markedly different environmental 

variables. In Chapter 2, I show a strong correlation between suspension-feeder abundance 

and flow structure on the steep fjord walls of Douglas Channel, BC. I also describe 

distinct assemblages with depth and with location along the fjord head-mouth axis. Using 

a suite of biological traits, I show that the deep portion (> 400 m depth) of the most 

seaward site is the most taxonomically and functionally diverse in the fjord. My results 

suggest fjord walls form an expansive ecosystem containing diverse and dense 

assemblages of suspension feeders relevant to the flow of energy through fjord basins and 

as biodiversity reservoirs. In Chapter 3, I extend a long-term hypoxia time-series (2006 -

2016) to document the response of soft-bottom epibenthic megafauna of Saanich Inlet, 

BC to a prolonged hypoxic event in 2016 that caused abundance declines, community 

aggregation and shifts in species composition more extreme than those seen in the 2013 

hypoxia cycle. I also assess community threshold responses along the oxygen gradient; I 

found community transitions consistent across years and with Northeast Pacific oxygen 

thresholds based in ecophysiological studies. Taken together, these studies show a strong 

coupling between oceanographic conditions and the community structure of fjord 

benthos. I suggest that climate-driven alterations in North Pacific oceanographic regimes 

may portend major changes in fjord ecosystems.  
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Chapter 1: General Introduction 
 

The importance of biodiversity patterns 
 

 The diversity of living organisms on Earth is a result of three-plus billion years of 

evolution, and remains the diagnostic feature of our planet in the cosmos. Biological 

diversity – or biodiversity – can be defined as the diversity of living organisms; I will 

focus this overview of biodiversity primarily on species, but biodiversity, sensu stricto, 

includes ecosystem diversity, species diversity and the genetic variability within species 

(Giller & O'Donovan 2002).  

 Human-induced changes in biodiversity, principally driven by habitat alterations, 

climate change, invasive species, exploitation and pollution, all look to impact, 

continually or increasingly, every major ecosystem on the planet (Millennium Ecosystem 

Assessment 2005). As species extinctions, both local and global, proceed at alarming 

rates (Barnosky et al. 2011), it is important to understand and predict the large-scale 

consequences. Hence, there has been a great interest (Fig. 1a) in discerning the 

relationships between biodiversity and ecosystem functioning (BEF; Hooper et al. 2005; 

Hooper et al. 2012). A meta-analyses by Cardinale et al. (2012) provides the major 

‘consensus’ outcomes of the early 21st century emphasis on BEF studies, including the 

wide support for the hypothesis that greater species diversity leads to temporal 

community stability. There may be a number of mechanisms for this stabilizing effect, as 

biodiversity lessens the impacts of plant herbivory by providing heterogeneous resources 

to consumers; species richness also provides resistance to pathogens and invasive species 

(Giller & O’Donovan 2002). Species richness may aid in recovery from fisheries collapse 

and is also positively correlated with average catch (Worm et al. 2012). In contrast, some 
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functions, namely organic matter decomposition, appear location-dependent and 

idiosyncratically related to species richness (Giller & O’Donovan 2002).  

Figure 1.1. The yearly increase in citations for papers under the search terms a) 
‘biodiversity ecosystem functioning’ and b) ‘functional diversity’. The functional 

diversity search was limited to journals in the fields of ecology and plant sciences in 
order to keep the total number of studies below 10,000 to allow for data extraction from 
the Web of Science database. Note that data for 2017 only includes papers from January-

July. 
 

The other consensus outcomes of Cardinale et al. (2012) relate to the newfound 

importance of functional diversity (Figure 1.1b); that is, it is not the presence of species 

that affect ecosystem functioning but the biological traits expressed by those species. 

Thus, not all species equally contribute to ecosystem functioning, and some may be 

functionally redundant or possess traits that vary widely among species (Messier et al. 

2010; Violle et al. 2012). However, the ability of many species to execute multiple 

functions in time and/or space may lead to overestimates of functional redundancy, and 

thus species diversity may have greater impacts on overall ecosystem functioning than 

some studies report (Gamfeldt et al. 2008). Greater functional trait diversity leads to 

greater ecosystem service provision rates, and buffers against the nonlinear decreases in 

ecosystem functioning created by species removal; the ecosystem functionality losses 
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caused by extinctions may be comparable to those related to major climate stressors 

(Hooper et al. 2012). As these general BEF relationships are established, the delineation 

of traits that affect ecosystem function versus those that respond to ecosystem changes is 

important for predicting ecosystem responses to stressors (Naeem & Wright 2003).  

 Estimates of Earth’s biodiversity still require notable extrapolation despite major 

cataloguing efforts (e.g. www.catalogueoflife.org). Therefore, we cannot fully conserve 

or manage global biodiversity.  However, advances in molecular methods continue to 

uncover new and cryptic diversity, and coarse biodiversity monitoring has become more 

feasible with the advent of eDNA (Thomsen et al. 2015). Estimates of distinct fungi on 

Earth, for example, have increased from 1.5 to 5.1 million since 1991 alone (Blackwell 

2010). Barcoding of microbes in various deep-sea environments reveals large reserves of 

genetic diversity (Sogin et al. 2006), and the vast expanses of unexplored seafloor 

continue to provide many species new to science (Brandt et al. 2007; Ramirez-Llodra 

2010). In contrast, the first entomological surveys of tropical rainforest canopies revealed 

seemingly unending reserves of new insect species that bolstered estimates of global 

biodiversity (Rosenzweig 1995), but a finding of low spatial turnover of rainforest insects 

in some tropical areas may lower those estimates (Novotny et al. 2005).  So, locating 

patterns in biodiversity and the processes that influence it are of great importance as we 

continue to catalogue biodiversity and prioritize areas of perceived importance. Here, I 

begin with an overview of the widely reported biodiversity patterns and their potential 

causes with an emphasis on marine macroecological patterns. Finally, I will discuss 

fjordic environments and their utility as natural marine laboratories rich in ecological 

gradients.   
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Patterns and drivers of diversity 

 There are many patterns of species richness that exist, and while understanding 

the role that spatial scale plays in altering these patterns is one of the principal challenges 

in ecology (Rahbek 2005), they are useful for understanding why species richness varies 

from place to place. Species richness decreases with distance from the equator; this 

pattern holds for nearly all taxa (but see Gaines & Lubchenco 1982) and through 

evolutionary time (i.e. 105-107 years; Rosenzweig 1995). The causes of these large-scale 

species patterns have been studied, but never entirely resolved, since Macarthur and 

Wilson (1963) showed that diversity increases with both area and proximity to source 

populations in their work on island biogeography. While no single mechanism has been 

found to drive the latitudinal gradient in species richness, both habitable area 

(Rosenzweig & Sandlin 1997) and temperature-productivity (as a proxy for usable 

energy) contribute (Gaston 2000) to the pattern. On local to regional scales, species 

richness displays a hump-shaped response to both usable energy and disturbance 

(Rosenzweig 1992). Species diversity also tends to increase with habitat heterogeneity 

(Girard et al. 2016; Patru-Stupariu 2017).  

 The effects of biotic interactions on diversity have caused some controversy, 

particularly in community ecology (Connor et al. 2013). Diamond (1975) noted that some 

species never occurred on islands together, and suggested their segregation was caused 

by interspecific competition due to overlapping niches; null models in which species 

distributions are compared to those generated at random from the data have since been 

used to test whether Diamond’s assertion was correct (Connor and Simberloff 1979; 

Gotelli 2010). Despite continued debate on both sides, competition has been shown to 
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shape species diversity in a variety of settings, and increases species diversity in densely 

populated ecosystems such as tropical coral reefs (Chadwick & Morrow 2011) and 

subtidal rock walls (Miller & Etter 2011). Facilitative interactions may be overlooked 

drivers of evolution as well (Brooker et al. 2008). However, as the spatiotemporal scale is 

increased, species interactions and the structure of species niches explain less of the 

observed changes in species diversity (Hubbell 1997; Witman & Roy 2009). 

 While there are many biodiversity patterns, global biodiversity can only change 

with the addition or subtraction of species. Global species diversity change is the 

speciation rate minus the extinction rate.  Speciation is the only mechanism that creates 

species diversity, and is one of two major processes, along with immigration, augmenting 

current sub-global biodiversity stocks (Rosenzweig 1995). The current extinction rate is 

so high that some paleontologists worry we are approaching a sixth mass extinction 

within the next handful of centuries if large swaths of the Earth are not reserved to protect 

biodiversity (Barnosky et al. 2011; Dirzo et al. 2011). Additionally, the current speciation 

rate shows a latitudinal gradient opposite to species richness (Schluter & Pennell 2017), 

suggesting instability in the species richness gradient in the long-term future. Further, we 

do not know how many species are living at or near ecophysiological thresholds that will 

be reached in the near future, or how many species may harbor a rapid evolutionary or 

plastic capacity to withstand changes in environmental parameters (Hoffman & Sgro 

2011).  

 Immigration changes diversity, either by shifting geographic patterns in species 

distributions or by influencing speciation/extinction rates through interactions. So, while 

the global biodiversity stock is not directly altered by immigration, the species in some 
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areas (e.g. fjords, abyssal plains) all immigrated following major climatic events. In 

shallow marine systems, physical oceanographic features dictate larval delivery and thus 

immigration (Smith & Witman 1999), and the latitudinal diversity pattern largely holds. 

Marine exotic species continue to increase and alter biodiversity patterns along 

coastlines, and the supply of invaders – modified by shipping and oceanic circulation 

patterns – and local resistance to invasion are the principal variables affecting their 

distribution (Ruiz et al. 2000). The deep sea (depths > 200 m) diverges from the 

latitudinal diversity pattern, as the equatorial temperature-productivity gradient is flipped 

in some expanses (e.g. the North Atlantic) and biogeographic patterns vary by taxon 

(Lambshead et al. 2000) with historical immigration events playing a large role in 

determining extant distributions (Brown & Thatje 2014).  

 The deep sea – an environment covering much of the area on Earth – displays a 

more consistent bathymetric diversity pattern, with a unimodal peak in the bathyal zone 

from 1000-3000 m (Rex 1993; Carney 2005). Landscape-regional features such as 

oxygen minimum zones (Levin et al. 2001), seamounts (Rowden et al. 2010), whale falls 

(Smith & Baco 2003), cold seeps (Cordes et al. 2010), hydrothermal vents (Tunnicliffe 

1991) and submarine canyons (Quattrini et al. 2015) interrupt this pattern, however. The 

mid-bathyal peak in deep-sea diversity may be a result of increased speciation at these 

depths; as global dysoxic events and subsequent re-colonization of the deep sea by 

shallow-water species proceeded, the combination of hydrostatic pressure and low-

temperature stress may have caused a bottleneck that produced rapid evolution in the 

mid-bathyal zone (Young et al. 1997; Brown & Thatje 2014). In addition, the exponential 

decline in detrital food with depth may contribute to the lower depth boundary for species 
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(Carney 2005; but see Watts et al. 1992). While an excess of food would not create an 

upper depth boundary, antagonistic interactions in these areas may do so (Carney 2005). 

The composition of detritus may play a part in depth-related zonation of deep-sea species 

as well. Geochemical analyses show that ‘high-quality’ detritus converts to biomass more 

readily and that the quality of detritus decreases with depth (Danovaro et al. 2001).  

 Resolving the causes of the major global biodiversity patterns remains an 

intriguing and important area of study, but logistical constraints often limit the study of 

these patterns to meta-analyses that can contain biases caused by the conglomeration of 

sampling methods. Mapping methods continue to unveil rugosity in areas of the seafloor 

assumed to be relatively featureless; therefore, estimates of the total area of the ocean 

floor continue to increase (Sandwell et al. 2014). Quantifying the drivers of benthic 

diversity in the global ocean becomes increasingly important in light of these findings. 

Smaller-scale studies may be better suited for rigorous measurement of diversity pattern 

drivers, and may continue to reveal the importance of regional diversity (Levin et al. 

2001).  

Fjord benthic environments as natural laboratories for gradient ecology 

 Fjords are glacially carved estuaries in temperate-to-high latitudes that provide 

natural laboratories for the study of marine organism abundances and distributions. The 

deep basins of fjords lie in close proximity to land, making fjords attractive environments 

to study deep benthic communities without the logistical constraints of open-ocean 

sampling. The seaward ends of fjords interact with the open ocean, creating dynamic 

land-estuary-ocean interfaces over relatively short distances (~ 100 km, generally). Thus, 
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fjords also allow for studies on the effects of both anthropogenic and natural terrestrial 

materials on benthic organisms. 

 In his summary of the major factors affecting fjord macrobenthos, Pearson (1980) 

suggests that the major biogeographic differences in fjord fauna are due to hydrodynamic 

(i.e. high versus low energy input fjords) and latitudinal differences (i.e. glacier-fed 

versus non-glaciated fjords), and that these physical distinctions are the determining 

factors of whether the fjords are carbon/nutrient sinks. An example of two nearby fjords 

with varied hydrodynamic energy and distinct fauna are Jervis Inlet and Howe Sound, 

British Columbia (Levings et al. 1983). There are many examples of polar versus boreal 

faunal distinctions in fjords, with some notable intermediates (Hop et al. 2002).  

 Pearson’s 2x2 classification scheme may be an oversimplification, however, as 

many environmental parameters in various fjords have since been associated with distinct 

assemblages and abundances. Particle inputs at both fjord ends and distinct 

hydrodynamic features often create sharp vertical and along-fjord gradients in important 

ocean parameters. Figure 1.2 shows the typical hydrodynamic features and environmental 

gradients seen both vertically and horizontally in fjordic environments. While this 

schematic is of use to generalize for simplicity’s sake, note that some fjords may not 

possess these gradients or mass flux structure, and that the magnitudes of their strength 

vary. In addition, some phenomena are dependent (e.g. the development of seasonal 

anoxia in deep basins depends partly on low hydrodynamic energy fluxes) or augmented 

by the presence of other factors (e.g. high sedimentation rates in the presence of tidewater 

glaciers, anthropogenic inputs). Thus, quantifying the interaction between various 
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processes and environmental responses on a more local basis is of interest to the fjord 

benthic ecologist.  

 Sedimentation rate is an important driver of community structure, especially in 

fjords receiving large influxes of terrestrial materials at their heads (Farrow et al. 1983; 

Syvitsky et al. 1989; Wlodarska-Kowalczuk 2004). Sediment organic matter content 

(Rosenberg et al. 2002) and grain size (Pearson 1971) also tend to vary as depositional 

energy decreases from fjord head to mouth, with concomitant shifts in macrobenthos. 

Steep gradients in important oceanic parameters such as salinity (Pickard 1961), 

dissolved oxygen (Anderson & Devol 1973), sediment loading (Carney et al. 1999), pH 

(Jantzen et al. 2013), larval supply (Quijon & Snelgrove, 2005) and disturbance from 

glacial scouring (Moon et al. 2015) have been documented, inter alia, in fjords as well. 

Human-created gradients from mining waste (Josefson et al. 2008), hydrocarbon spills 

(Payne et al. 2008) and artificial organic matter enrichment (Pearson & Rosenberg 1978) 

also impact fjord benthos, but are limited by the degree to which the fjord-adjacent areas 

are industrialized.  

 Fjords afford insights into the temporal dynamics of many processes too. Diurnal, 

tidal, and seasonal cycles in precipitation and terrigenous inputs contribute to their short-

term temporal dynamism (Hoskin & Burrell 1972); some high-productivity fjords 

experience seasonal anoxia as organic matter is processed over summer in stagnant deep 

waters (Anderson & Devol 1973; Pearson & Rosenberg 1978). Climate change effects 

can be seen on longer time-scales through changes in glacial inputs to high altitude fjords 

(Grange & Smith 2013), long-term oxygen loss (Chu & Tunnicliffe 2015) and alterations 
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in benthic community structure related to oscillating climate indices (Beuchel et al. 

2006). Fjord benthos in the Arctic, where ecosystems are under stress from rapid climate 

change (Post et al. 2009), can abruptly change as continued warming causes a switch to 

more temperate communities dominated by macroalgae (Kortsch et al. 2012). Taken 

together, the presence of spatial gradients and temporal dynamism creates widely varied 

environmental milieux that allow for the diverse fauna often noted within and among 

fjords (Pearson 1980; Levings et al. 1983). At the extreme ends of these gradients we 

may also gain insight into in situ benthic organismal responses to stressor levels predicted 

in future climate scenarios that may improve the fidelity of predicted responses based off 

laboratory studies. Jantzen et al. (2013), for example, describe cold-water corals living 

below the aragonite saturation threshold in a Chilean fjord. High-diversity assemblages 

exist in severe hypoxia in some fjords (Tunnicliffe 1981). Other fjordic populations may 

be acclimatized to extreme environments, and it is not known how frequent a 

phenomenon such local acclimatization is, or whether adaptation can occur on timescales 

relevant to predicated rates of ocean change (Munday et al. 2013). A more thorough 

understanding of the way community structure changes along myriad and mixed 

environmental gradients may allow for better predictions of the ecological consequences 

of a changing ocean.   

Research Objectives 

 In this thesis, I present the two studies from benthic environments that display the 

ecological variability associated with natural environmental gradients in two British 

Columbian fjords. While the two studies occurred in disparate ecosystems, they display 
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both the ecological importance of fjordic environments, and their utility as natural 

laboratories for measuring the consequences of a changing ocean.  

 

In Chapter 2, I present the results from vertical hard substrata imaging surveys in 

Douglas Channel, BC in order to: 

i) Document the macrofaunal functional and taxonomic diversity, 

abundance and assemblage zonation present on the fjord walls 

ii) Resolve the environmental variables that likely control the animal 

distributions, with particular emphasis on relating animal abundance to 

the vertical mass flux structure of the fjord. 

In Chapter 3 I relay the results from three soft-bottom benthic transects in Saanich Inlet, 

BC with the goals of: 

i) Determining the extent to which the seasonal community 

reorganization seen in 2013 (Chu & Tunnicliffe 2015) is repeated in 

2016 after consecutive weak deep-water renewals and continued long-

term deoxygenation, and to quantify changes in bottom oxygen and 

community structure. 

ii) Determining the locations of critical transitions in Saanich Inlet 

megafaunal assemblage structure along an oxygen gradient using a 

novel spatial adaptation of Fisher’s Information index, and to compare 

the results to common hypoxia thresholds and results obtained with 

previously established statistical methods. 
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Chapter 2 : Composition and functional diversity of macrofaunal 

assemblages on vertical walls of a deep northeast Pacific fjord 

 

Note: This manuscript is currently being revised for a second submission to 
Marine Ecology Progress Series. The work was completed in collaboration with 
Di Wan, who analysed the ADCP data and provided edits in that portion of the 
manuscript. 
 

ABSTRACT 

 Fjords are temperate zone coastal features with strong horizontal and vertical 

environmental gradients, but the composition and function of biota living on the 

confining walls are poorly documented due to relative inaccessibility. We present the 

results from remotely operated vehicle imagery of the subphotic (50-680 m depth) 

bedrock walls from three sites in Douglas Channel, a northeast Pacific fjord complex. We 

assess the composition and abundance of the wall fauna and relate these data to the water 

mass flux character of the fjord. Using a suite of morphological traits, we also identify 

areas of high function through habitat formation. This first record of hard substratum 

benthos in Douglas Channel reveals diverse assemblages marked by vertical zonation, 

dense animal cover (≥ 80 % areal cover in some areas), and some variation from fjord 

head to mouth. The deepest portions of the fjord at our most seaward site (≥ 400 m) 

harbor the most taxonomically and functionally rich assemblages, with multiple species 

exclusive to this zone, while there is a sharp increase in animal cover in shallow (≤ 150 

m) areas; this rise in cover is caused by the appearance of dictyonine glass sponges and 

increases in articulate brachiopod, zoanthid, and encrusting sponge cover. Animal cover 

is positively correlated with winter kinetic energy density fluxes, indicating that a 

consistent oceanic influx augments biomass above 150 m most likely by increasing 

particle delivery rates. Our findings demonstrate fjord walls support high biomass, high 
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functioning, diverse, and expansive biosystems that warrant further study and 

consideration when developing coastal ocean management plans. 

 
INTRODUCTION 

 Fjords are features of mid to high latitudes formed after the last glaciation that 

form coastal incisions sometimes hundreds of kilometers in length. As such, they serve as 

conduits for organisms that normally inhabit offshore regions to venture close to land, 

such as deep-water fish (Boje et al. 2014) and mammals (Keen et al. 2017). They provide 

the only close contact humans on land have with ocean depths that can reach 1000 m. In 

addition, these waterways can form passages for large vessels (e.g. tankers, cargo ships) 

to access secure inland ports. Fjordic walls often feature hard substrata where steep 

topography and low sediment loading facilitate settlement of sessile organisms. Deep 

fjordic areas below the photic zone (i.e. > ~50 m depth) are relatively inaccessible 

without guided camera systems or submersibles. For this reason, deep vertical bedrock 

substrata remain a poorly studied ecosystem, with most studies providing only qualitative 

descriptions of the biota (Wahl 2009).  

 In shallow (< 50 m) systems, vertical bedrock is dominated by a diverse 

suspension feeding fauna structured by larval recruitment (Smith & Witman 1999) and 

water column properties (e.g. ambient flow) that influence the delivery rate (Leichter & 

Witman 1997) and concentration (Lesser et al. 1994) of particulate organics. Where 

physical conditions permit, bedrock substrata are densely covered, and space competition 

becomes the dominant force shaping the diversity of the sessile fauna (Buss 1990). Miller 

and Etter (2011) showed that the abundance and diversity of organisms on vertical rock 

were higher than on adjacent horizontal surfaces in the subtidal Gulf of Maine; this 
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pattern was largely driven by intense competition for space between sessile invertebrates 

and phototrophs.  

 Similar processes influence subphotic hard substratum assemblages. Genin et al. 

(1992) describe high sponge and gorgonian cover on an abyssal rock cliff where local 

particle fluxes in a boundary current were enhanced. Submarine canyon walls provide 

refuge from deep-sea anthropogenic disturbances such as bottom trawling, and 

downslope carbon transport and internal water fluxes can support dense suspension-

feeding communities absent from adjacent slopes (Huvenne et al. 2011). Similarly, some 

seamounts possess high biomass relative to adjacent bottoms, with a great proportion 

owing to increases in sessile filter-feeding invertebrates and their predators (Rowden et 

al. 2010). Haedrich and Gagnon (1991) also found a rich suspension feeding fauna 

covering deep rocky outcrops in a Newfoundland fjord, while muddy slopes and the fjord 

bottom were sparsely colonized.  

 The west coast of North America has more fjords than any other fjord province on 

the planet (Syvitsky et al. 1987), and studies here account for much of the work done on 

deep fjord epilithos (e.g. Levings et al. 1983). The fjordic environment can change 

spatially with terrestrial inputs at the landward head and oceanic inputs at the mouth 

creating steep horizontal gradients in variables such as salinity (Pickard 1961), sediment 

loading (Carney et al. 1999), larval supply (Quijon & Snelgrove 2005) and succession 

following disturbance (Moon et al. 2015) over relatively short distances. High 

productivity and associated sinking particle fluxes create steep gradients with depth in 

variables such as dissolved oxygen (Anderson & Devol 1973) and pH (Jantzen et al. 

2013). Northeast Pacific fjords harbor large expanses of vertical bedrock substrata with 
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unusual and often dense assemblages along these gradients (Tunnicliffe 1981; Farrow et 

al. 1983).  

 The Douglas Channel complex incises the coast of northern British Columbia, 

Canada for about 95 km with depths to nearly 700 m; it has estuarine-driven circulation 

with both intermediate depth inflow and annual deep renewal (Macdonald et al. 1983). 

These features, and the presence of two sills that may influence water exchange, offer the 

opportunity to examine whether fjord wall communities reflect the vertical mass flux 

structure of the fjord. We present the results of remotely-operated vehicle (ROV) imaging 

surveys from three sites in Douglas Channel. Our primary objective was to examine the 

subphotic animal assemblages on the fjord walls to determine the distribution, 

abundance, and diversity of macrofauna with depth and location in the fjord, and relate 

these results to water properties; we tested the hypothesis that the abundance of 

suspension feeders on the fjord walls is augmented by current strength and direction 

using vertical current structure records from year-long deployments of two moorings in 

the inlet. We also assessed the functional diversity of the assemblages using a suite of 

biological effect traits (Naeem & Wright 2003) related to body morphology and thus, to 

biogenic habitat formation, to identify areas of high ecological function (Hooper et al. 

2005). We expected, based on positive biodiversity-depth relationships on other fjord 

walls (Haedrich & Gagnon 1991) and the analogous abrupt topographies of submarine 

canyons (Vetter & Dayton 1998), to find an increase in functional diversity with depth. 

This study provides the first descriptions of the deep biota of Douglas Channel, where a 

diluted bitumen pipeline terminus and multiple liquid natural gas projects have been 

proposed for operation (Enbridge 2010; Hughes 2015). These projects would result in a 



 40 

sharp increase in tanker traffic, and thus the chance of a hydrocarbon spill that could have 

long-lasting deleterious effects on the local biota (Webster et al. 1997; Dew et al. 2015). 

This work provides some baseline information on these previously unstudied 

assemblages.  

MATERIALS & METHODS 

Study site 

 Douglas Channel is part of a fjord complex on the northern coast of British 

Columbia, Canada, extending about 95 km from the upper estuary to Hecate Strait 

(Figure 2.1). Two sills approximately 200 m deep define a northern basin (to 400 m 

depth) and a southern basin reaching 680 m in Squally Channel. The depth ranges at our 

sites were 50-320 m at Maitland Island, 50-420 m at McKay Reach, and 170-680 m at 

Squally Reach. 

 Circulation in the fjord is driven primarily by wind forces and fresh water input 

from the Kitimat and Kemano rivers and scattered streams. The surface freshwater 

discharge peaks in May due to snowmelt and again in autumn-winter due to rain 

(Macdonald et al. 1983). This estuarine surface outflow is balanced by the compensating 

inflow immediately below the surface from Hecate Strait where the shallow bank 

constrains the intrusion to intermediate depth of 70-150 m (Wan et al. 2017). The 

incoming intermediate water from the continental shelf is storm-mixed in autumn and 

winter, importing nutrients into the fjord system that otherwise generates little in situ. 

Johannessen et al. (2015) describe strong connections in water properties of this layer 

between the Strait and the fjord throughout the year. An additional nutrient influx comes 

when wind-driven upwelling onto the Hecate Strait shelf drives annual deep-water 
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renewal in the fjord. Starting from mid-May to early June, dense shelf water intrudes 

under the bottom water of Douglas Channel over three months (Wan et al. 2017). After 

renewal, the temperature profiles are uniform below ~100 m and oxygen concentrations 

in the deep basins increase by ~1 mL/L to ~3.5 mL/L (Johannessen et al. 2015). The 

physical and chemical dynamics of Douglas Channel appear to be predictable over 

decadal time-scales (Macdonald et al. 1983; Wright et al. 2016).  

 Bedrock formations in Douglas Channel are metamorphic granitoids with gneissic 

diorite around Maitland and quartz monzonite and diorites in the McKay and Squally 

sections (Roddick 1970). Fjord structure and wall erosion formed by ice movement 

during Wisconsonian glaciation; ice retreat, then sea inundation, occurred after 13,000 

BP (Clague 1985). As with all of the northeast Pacific coast, the deep fjord communities 

are post-glacial invasions.  

Figure 2.1. Distribution of ROV transects in the 
Douglas Channel fjord complex and 

geographic setting of the fjord (inset). Multi-
beam bathymetry data are at 10 m grid cell 
resolution. Three transects were executed at 

each of three labeled sites starting on the 
bottom and ascending near-vertical walls. 

Locations of the two moorings with ADCPs 
are indicated. The northern sill is 200 m and 

the southern 140 m depth. 
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Kinetic energy flux 

        Kinetic energy flux per unit volume (!" = !
! ρ ⋅ !

!, where ! is the velocity and ρ is 

the water density; Kundu and Cohen 2008) can be used as a measure of the transport of 

the kinetic energy across a surface by integrating it over unit area to obtain the kinetic 

energy flux density (∑!"�! = !"#, where ! is the unit area). The cubic velocity term 

(u3) in kinetic energy flux density represents turbulence, and thus is relevant to 

suspension feeding organisms on the wall; particle encounter frequency increases 

unimodally with turbulence until drag forces at high current velocities impair the function 

of feeding appendages (Hart & Finelli 1999). We calculated the kinetic energy flux 

density (kg m2 s-3) from along-channel currents measured with Acoustic Doppler Current 

Profilers (ADCPs) and current meters during the July 2014-2015 deployment at FOC1 

and KSK1 (Figure 2.1). The FOC1 mooring was chosen due to its close proximity to the 

Maitland Island site. KSK1, while located in a neighboring channel, has similar water 

properties and appears well connected to McKay Reach (Wan unpub. data). 

 At FOC1, there were single point current meters at 53 and 200 m, an upward 

looking ADCP at 39 m (300 kHz, 4 m bin size), and a downward looking ADCP at 100 m 

above the bottom (300 kHz, 4 m bin size). At KSK1, there was a single point current 

meter at 150 m, and upward looking ADCPs at 40 m depth (300 kHz, 2 m bin size) and at 

11 m from the bottom (75 kHz, 16 m bin size). Summer values were calculated from May 

– September during which the basins underwent deep-water renewal processes, and 

winter values were calculated from the non-renewal months of October – April.  

Wall transects 
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 We selected three sites in areas where bathymetry indicated likely presence of 

steep to vertical slopes with bare bedrock. In late September 2015, we executed three 

transects at each of the Maitland Island, McKay Reach, and Squally Reach sites (Figure 

2.1). These nine slow vertical ascents conducted with the ROV ROPOS formed our 

transects up the walls. High definition (HD) video, CTD (SBE 19plus V2; Sea-Bird 

Electronics Inc.) and oxygen probe (SBE43; Sea-Bird Electronics Inc.) data were 

recorded for each transect. The CTD and oxygen sensors were both mounted on the front 

of the ROV that maintained a distance of about 1 m from the wall. We collected 

navigation data on a per second basis using the ROV’s internal high-precision ultra-short 

baseline system. The ROV ascended at ~0.1-0.3 knots (about 10 cm s-1) while imaging 

the wall surface with a forward-mounted HD 1080i video camera; field of view was 1-2 

m across measured by a pair of parallel horizontal lasers calibrated at 10 cm apart. A 12.1 

megapixel Nikon D7000 digital camera captured high resolution photographs. Transects 

ended at about 40 m depth at Maitland and McKay, and at 175 m at Squally Reach where 

no cliffs occurred above this depth.  

Video and image analyses 

        Image analysis incorporated two stages: i) initial full video scan to characterize the 

entire wall surface encountered and to generate estimates of faunal cover; and ii) detailed 

still frame analysis of overlaid quadrats on vertical walls. Thus, first, we annotated the 

video transects using VideoMiner (version 2.1.2.0; custom Fisheries and Oceans Canada 

video annotation software) to create: i) a second-to-second database of visually assessed 

habitat characteristics including the four dominant substratum types (sediment, bedrock, 

shell hash, and dead sponge), ii) percent cover estimates for dominant substrata and 



 44 

vertical relief (i.e. estimated slope), and iii) estimates of the percentage of substratum 

occupied by organisms. Every ten seconds, we noted the presence of major taxonomic 

groups. Over the nine transects, the database includes over 78,000 non-overlapping 

records of substratum and biological observations, along with CTD data synchronized by 

timestamp (Table S1). Kinetic energy flux density values were generated in 1 m 

increments by spline interpolation between data points separated by 16 m; these 1 m 

values were then averaged into 10 m depth bands and related to faunal cover estimates 

via linear regressions. 

 For the second stage of analysis, we queried portions of the video with slope 

greater than 45º to isolate segments with vertical or near-vertical walls, low to moderate 

sediment drape, and bedrock as the primary substratum. Video framegrabs (n=5 or 6) in 

each 25 m depth band from the bottom up to 50 m provided the basis for a quadrat 

analysis using PhotoQuad software (Trygonis & Simi 2012). A grid of numbers from 1-

100 was overlain on the framegrab; a 1 m2 quadrat, overlain on the framegrab, was 

centered on a randomly chosen number or aligned with the nearest edge when the number 

was < 50 cm from the image border. All animals over 0.5 cm were measured for size and 

identified to the lowest possible taxonomic resolution using image matching with 

published and in-house guides plus past collections. Where possible, our identifications 

were verified using higher-quality digital photographs. In several cases, local experts 

corroborated our tentative identifications. Table S2 notes where species level is not 

possible and where two species are similar in appearance. We did not include 

hyperbenthic organisms (e.g. teleost fishes) if they were out of frame in the five seconds 

of video prior to, or after, the framegrab. This approach excluded passing organisms 
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attracted to the ROV lights (e.g. halibut), but included non-ephemeral mobile species 

(e.g. rockfish). We also excluded serpulid (Annelida) tubeworms, despite their near-

ubiquity, from the quadrat analysis because it was not possible to confirm that the 

calcareous tubes contained living animals. Overall, this image analysis comprised 236 

quadrats across the depth ranges of the three sampled sites. 

Diversity analyses from quadrats 

        A “per depth band’ species-abundance matrix was created from animal 

identifications and counts from still frames. Then, we calculated species richness and two 

taxonomic distinctness indices of Clarke and Warwick (2001) using the R package 

‘Vegan’ (Oksanen et al. 2017); taxonomic distinctness indices included both an index 

that does (s∆+) and does not (∆+), incorporate species abundances during calculation. 

 Species count data from quadrat sampling were also analysed using the 

multivariate statistical software package PRIMER 6 (Clarke & Gorley 2006) with 

PERMANOVA (Anderson et al. 2008). Raw count data were square root transformed 

prior to analysis to account for the contribution of low-abundance taxa to assemblage 

structure without eliminating the signal from abundant species. Assemblages in the data 

were identified by hierarchical cluster analysis (CLUSTER) on the quadrat resemblance 

matrix with a similarity profile (SIMPROF) test (at p = 0.05). The percentage similarity 

(SIMPER) routine was employed to determine the taxa contributing to the differences 

between each SIMPROF assemblage. In order to determine the species contributions at the 

site level, we ran a SIMPER analysis for each site using count data; to reduce noise and 

include a larger species complement in each pairwise comparison, counts were binned into 

25 m depth bands for the site analysis. We visualised patterns in the grouping of samples 
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by site and by SIMPROF-determined assemblage in two dimensions using canonical 

analysis of principal coordinates (CAP) plots.  

 A permutational multivariate analysis of variance (PERMANOVA) described the 

variability in assemblage structure between sites. Before the PERMANOVA, a distance-

based homogeneity of multivariate dispersions (PERMDISP) test calculated with 999 

permutations was employed to test for significant dispersion in the data; the deviations 

from centroid method was chosen to increase power and lessen the chance of Type I error 

(Anderson 2006). The PERMANOVA, with Type III (partial) sums of squares and 999 

unrestricted permutations of raw data, included Site as the only factor in the design. 

 The degree to which environmental variables correlated with the assemblages was 

assessed with a distance-based linear model (DistLM) using all the quadrats in the fjord. 

Environmental variables were normalised (mean = 0 and unit variance) and assessed for 

covariance in PRIMER 6 using correlation matrices; if the Pearson correlation coefficient 

between two variables was greater than 0.9, one of the variables was removed (Anderson 

et al. 2008). Depth, temperature, dissolved oxygen, relief, areal animal cover, and areal 

bedrock cover were included in the null model. Final model selection was carried out 

using Akaike’s Information Criteria (AICc) and a 999 permutation stepwise selection 

procedure. AICc was chosen as the most conservative method to create a parsimonious 

model, as it penalizes for excess model parameters (Burnham & Anderson 2004). A 

distance-based redundancy analysis (dbRDA) displayed the DistLM results in two 

dimensions, with quadrats identified by their SIMPROF-determined assemblage and 

vectors displaying individual contributions to the total variation for each variable. 
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 We compiled a species-trait matrix from the quadrat analysis with functional trait 

modalities for six ordinal and factor traits (Table 1). For this analysis, we chose traits 

based on both pragmatism – given the paucity of behavioral and life-history data for our 

component species – and relevance to ecosystem properties through biogenic habitat 

formation (Hooper et al. 2005). The ‘habitat provision’ trait refers to whether a species 

likely provides a three-dimensional habitat (e.g. arborescent corals) or may possibly 

provide a habitat (e.g. shelled species) for other organisms. We analyzed our species-trait 

matrix in conjunction with a ‘per depth band’ species-abundance matrix in R (R Core 

Team 2013) using the ‘FD’ package (Laliberté & Legendre 2010) to calculate distance-

based estimates of functional evenness (FEve; Villeger et al. 2008) and functional 

dispersion (FDis; Laliberté & Legendre 2010), along with a dendrogram to visualise the 

clustering of species by traits. The use of solely ordinal and factor traits precluded the 

calculation of functional richness using a convex-hull approach, and therefore was 

measured as the proportion of unique trait combinations in a given depth band over the 

number of unique trait combinations in the entire species pool (sUTC; Keyel & Weigand 

2016).  

Table 2.1. Functional traits scored for all species (n = 53) recorded in spaced still frame 
quadrats.   

Functional Trait Type Modalities 
Growth Form Factor Determinate (prone); Determinate (erect); Indeterminate 

(mound); Indeterminate (tree); Indeterminate (encrusting) 

Preferred Substratum Factor Bedrock; Sedimented bedrock; Sediment 
Motility Factor Sessile; Sedentary; Surface motile; Swimming 
Habitat Structure Factor Tube; Free-living; Epizootic; Shelled 
Log10 body size Ordered 

Factor 
Indexed from 0-2; log10 max body/colony size 

Habitat Provision Ordered 
Factor 

Likely; Possible; None 
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RESULTS 

 In late September 2015, temperature at our study depths (50-680 m) decreased 

from 9º C to 7.5º C from 50 to ~175 m, then to fairly uniform temperatures (~ 7.2º C) 

below ~ 200 m at Maitland and McKay transects; temperatures at Squally were 0.5 to 

1.0º C warmer (Figure 2.2). Dissolved oxygen generally remained above ~2.5 mL/L at all 

locations. The along-channel kinetic energy flux density plots (Figure 2.3) showed strong 

surface outflux with an underlying influx at both locations in both seasons, which 

correspond to previously described estuarine-driven two-layer circulation in the channel.  

In winter, at both instrumented locations, the influx spanned the range from about 40 to 

120 m depth while summer influx was a narrower band with a bottom inflow evident near 

Maitland Island.  

Figure 2.2. Temperature profiles taken during ROV descent at each site surveyed in 
Douglas Channel from ROV-mounted CTD in late September 2015. Each line is 
from one representative downcast, smoothed to remove noise caused by the 
ROV’s variable descent rate. Profile shapes illustrate the steady temperature 
decrease from 40 to 150 m at the two northerly sites while Squally Reach 
temperatures are approximately a half-degree warmer at comparable depths. 
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Distribution of habitat  

 Substratum features varied by site in the fjord. At both Maitland Island and 

McKay Reach, the substratum was largely comprised of bare bedrock: 57% and 76% of 

the video records, respectively (Table A.1). At Squally Reach, sediment drape 

predominated in 71% of the records, largely due to the greater presence of low relief and 

stepped slopes. Biogenic substrata, which included shell hash composed of 

brachiopod/bivalve shells and glass sponge skeletons, were uncommon (<5% of records) 

at the Maitland and McKay sites and absent at Squally. Fauna appeared specific to the 

substratum type. Bare bedrock substrata were usually densely covered and dominated by 

sessile species, with colonial and encrusting forms as the main space competitors. 

Sedimented areas were more sparsely covered, with mobile species dominating the fauna. 

While shell hash was nearly devoid of animals save for the occasional mobile organisms, 

rockfish and crustaceans were common in the three-dimensional habitat of dead glass 

sponges. 

Animal distributions in continuous video transects 

 A total of 53 taxa (>0.5 cm) from nine phyla were seen in the continuous 

transects, although it was not possible to identify all to species level (Figure A.2). 

Hexactinellid sponge species are distinguished by examination of spicules; thus, 

dictyonines included Aphrocallistes vastus and Heterochone calyx, and lyssacines 

included Rhabdocalyptus dawsoni and Staurocalyptus dowlingi. The glass sponge Farrea 

occa was seen in the continuous video but not in any of the subsequent quadrats. Tubes 

of the serpulid annelids Serpula vermicularis and Protula pacifica were present 
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throughout the fjord at all depths, but could not be confirmed alive or identified to the 

species level unless their branchial crowns were extended for feeding.  

Animal assemblages on the walls ranged from scattered individuals on sediment-draped 

surfaces to near 100% cover on steep walls and overhangs to complex three-dimensional 

habitats formed by hexactinellid sponges as illustrated in Figure 2.4a. Differences in 

assemblage composition with depth and site are represented in Figure 2.5 based on 

presence/absence of major groups. Below we describe faunal distribution results as the 

data were collected – i.e., ascending from the bottom.  

 Serpulid worm tubes, asteroids, echinoids, decapods, non-hexactinellid sponges, 

and actinarians spanned the entire depth range sampled at all sites. Gastropods occurred 

at nearly all depths but decreased in the uppermost ~50 m of Maitland Island and McKay 

Reach. The comatulid crinoid Florometra serratissima (often associated with sponges) 

and cup corals of the genus Caryophyllia extended above 200 m in some areas, but were 

much more common deeper (Figure 2.4e). The brittle star Ophiopholis aculeata was 

limited to water below ~300 m, and was not seen in the Maitland transects. Other taxa 

with a deep-water affinity include lyssacine glass sponges that occurred sporadically 

from ~200 m to the bottom of the Squally Reach transects, and the articulate brachiopod 

Laqueus vancouveriensis that had a near-ubiquitous presence below 200 m (Figure 2.4c, 

2.4e, 2.4f).  

 A few pairs of related taxa showed separation by depth. Above 200 m, the 

inarticulate brachiopod, Novocrania californica, was very common (Figure 2.4a) at these 

depths, and articulate brachiopods decreased. The shift from articulate to inarticulate 

brachiopod presence occurred at ~150-180 m at Maitland and McKay and ~300 m at 



 51 

Squally. Rockfish below 200 m occurred in topographically complex areas (e.g. locations 

with step-relief, overhangs, or dead glass sponge skeletons), but were more common in 

shallower areas where biogenic habitats were more abundant. Dictyonine glass sponges 

dominated many of the steep-wall assemblages above 150 m along with a unique co-

occurring fauna that included relatively high densities of decapod crustaceans and 

rockfish (Figure 2.5a). Two numerous anthozoan taxa also had non-overlapping depth 

distributions; cup corals and zoanthids occurred mostly below and above ~200 m, 

respectively. 

 

Figure 2.3. Along-channel kinetic 
energy flux density (!! ρ ⋅ !

!) 
calculated from a) FOC1 (near 
Maitland) & b) KSK1 ADCP 
moorings during July 2014-July 
2015 deployments.  Points are 
measured values with lines 
connected by spline interpolation. 
The negative flux is in the down-
fjord direction, and the positive 
flux is in the up-fjord direction.  
Flow structure varies between 
summer (May to mid-September) 
and winter (October to April) due 
to a summer bottom renewal 
layer. In the upper 150 m, the 
energy flux density increases and 
peaks at the surface (outflow) and 
50-70 m inflow, reflecting the 
estuarine circulation pattern.  
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 Mean animal cover estimates combined across all transects at the three sites were 

relatively low in the deeper reaches, then increased in variability around 250 m with a 

sharp increase at 150 m. Mean cover continued to increase incrementally above 100 m, 

and reached a maximum of 33% at 40-50 m (Figure 2.6a). In the 150-400 m depth 

ranges, no unique taxa were present, although arborescent corals were most commonly 

found here. While fewer taxonomic groups were present in the mid-depths than the deep 

reaches, cover was similar and ranged from ~3-10% per 10 m depth band (Figure 2.6a). 

Cosmopolitan groups such as articulate brachiopods, serpulid annelids, demosponges, 

actinarians, and gastropods dominated mid-depth walls. The sharp increase in cover seen 

at 150 m coincided with the appearance of dictyonine glass sponges, inarticulate 

brachiopods and zoanthid patches, all of which reached high densities above 150 m. 

Encrusting sponges also became more abundant and larger, contributing to the high 

cover.  

 Percent animal cover was positively correlated with winter kinetic energy flux 

densities (linear regression, p < 0.001, r2 = 0.75, F1,28 = 85.39), with a predicted percent 

cover of 7.56 + 18.14 * flux density (Figure 2.6b) while summer fluxes were not (p > 

0.05). The greatest landward (i.e. positive) fluxes occurred in the winter, while the 

strongest outflow fluxes were in summer (Figure 2.6b). 
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Figure 2.4. Douglas Channel assemblages representative of depth zonation: above 150 m 
(a and b), 150 to 400 m (c and d), and below 400 m (e and f). Scale bars are 
approximately 10 cm across. Image contrasts are increased to account for 
backscatter in water column. 

a) Maitland Island: dense cover by hexactinellid sponges, serpulid tubes, and inarticulate 
brachiopods; 

b) McKay Reach: zoanthid patches and anemones; 
c) McKay Reach: articulate brachiopods, demosponges, and serpulid worms on slight 

overhang; 
d) Maitland Island: lightly sedimented bedrock sparsely covered by demosponges and 

anemones; 
e) Squally Reach: brittle stars, articulate brachiopods, cup corals, and a rockfish under a 

plate-like demosponge on a wall with accumulated sediment; 
f) Squally Reach: asteroids, articulate brachiopods, brittle stars, a Dungeness crab, and an 

array of sponges on a deep wall 
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Figure 2.5. General distributions of major taxonomic groups at each of the sites in 
Douglas Channel from continuous video presence/absence records. For a list of 
species that belong to each taxonomic group, see Table A.2. The first seven 
groups are nearly ubiquitous at the observed depths of all sites while cup corals to 
lyssacine glass sponges are more common in deeper water. Dictyonine glass 
sponges to rockfish are more commonly observed in shallower areas. The glass 
sponge groups separate by depth, as do the articulate and inarticulate brachiopods.  

 

Animal distributions in spaced still frames 

 Depth zonation was also evident in records of species abundances in one square 

meter quadrats (Figure 2.7). Both the sponge Auletta krautteri and the pom-pom anemone 

Cribrinopsis fernaldi occurred throughout the depth range at low mean abundances when 

present (3.0 and 1.4 m-2, respectively), with highest densities below 200 m. Arborescent 

corals were sparsely distributed; the small Antipathes, present only in Squally Reach 

quadrats, reached the highest densities at 189 m depth, and only Primnoa pacifica 

occurred in quadrats above 150 m. A small number of species contributed to increasing 

densities in shallower water (Figure 2.7). The brachiopod L. vancouveriensis was most 
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abundant at 250 m, decreasing to low density patches (≤5 m-2) above 150 m in cryptic 

environments (e.g. overhangs), while the inarticulate brachiopod N. californica densities 

below 200 m (≤ 30 m-2) increased three-fold above ~180 m at Maitland and McKay. 

Dense patches of the zoanthid E. scotinus occurred primarily above 180 m further up the 

fjord. The encrusting sponges Clathrina cf. coriacea and Plakina atka, both nearly 

ubiquitous from 680 m upward, achieved their highest densities up the upper 150 m 

(Figure 2.7); P. atka covered more than 25 percent of the available space in some areas. 

Hexadella spp., another encrusting sponge, showed similar space occupation with a peak 

around 200 m. Highest coverage by dictyonine glass sponges occurred in the shallowest 

portions of the transects as seen in the continuous assessment (Figure 2.5).  

Distinct species assemblages 

 PERMDISP analysis of quadrats showed no significant dispersions for the ‘Site’ 

factor (F2,232 = 0.42553, p[perm]=0.647). Although the subsequent PERMANOVA results 

indicate that animal assemblages were significantly structured by Site (df=2, SS=68,289, 

MS=34144, Pseudo-F=11.467, p[perm]=0.001), CAP-visualization of our cluster analysis 

displayed substantial overlap among the assemblages at the three sites with little apparent 

pattern of clustering in the site-level structure of quadrat assemblages (Figure 2.8a). 

However, clustering was more apparent from 175-300 m, where the three sites overlap 

(Figure 8b). 
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 Cluster analysis and the subsequent SIMPER test identified the taxa that 

contributed most to the similarity between 25 m depth bands at each site (Table 2.2). The 

demosponge P. atka contributed the most to the among-depth-band similarity at McKay 

and Squally, while the inarticulate brachiopod, N. californica, was the largest contributor 

for Maitland quadrats. 

Figure 2.6. a) Mean animal % cover by 10 m depth band composited across all sites 
estimated in every 10-second interval in the continuous video transects. Line 
weight increases with number of sites included in the depth band, with one being 
the thinnest line and three being the thickest. Standard error calculated from all 
transects available for a given depth band. Cover is relatively constant at all 
depths below 150 m, but increases shallower than 150 m. 

b) Mean animal % cover versus mean seasonal kinetic energy flux density for each 10 m 
depth band. Kinetic energy flux values are from mooring KSK1; mean fluxes per 
10 m depth band were calculated by averaging values in 1 m increments along 
spline interpolated line (see Figure 3b) into 10 m bands. Solid and dashed lines 
show significant (p<0.05) and non-significant (p>0.05) linear regressions, 
respectively. 
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Figure 2.7. Depth distributions of the eleven most common taxa above 300 m from still 
frame quadrats. Symbol size denotes abundance plotted as counts per quadrat for 
solitary organisms (A-G) and mean cover per quadrat for colonial/encrusting 
organisms (H-K). Peak m-2 densities, represented as counts or percent cover, are 
annotated for each species. 

 

 The SIMPROF analysis displayed six unique assemblages in quadrats across the 

three sites (Figure 2.8b), and the consequent SIMPER analysis described the taxa 

comprising each group (Table 2.3). Similarity within assemblage VI, the most common 

in the fjord, was driven by the near-ubiquitous P. atka and species that occurred from 

mid-depths down. Assemblage V, the second most common, was dominated by N. 

californica, the inarticulate brachiopod that primarily occurred above ~150 m. No 

assemblages were unique to one site, although assemblage I, composed primarily of 

mobile species, was not present at Maitland Island. The uncommon I and III assemblages 

were associated with sparse cover and composed of few species. More than eighty 
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percent of the similarity among quadrats within the II, IV, and V assemblages was driven 

by a single species (Hexadella spp., E. scotinus, and N. californica, respectively).  

 The best DistLM model included all but one of the null model environmental 

parameters (R2 = 0.22, RSS = 5.94x105; in order of decreasing explanations of variance: 

depth, animal cover, temperature, relief and dissolved oxygen; Table 2.4). A dbRDA plot 

(Figure 2.8c) shows the contributions of each variable to the model, in which Assemblage 

VI associated most closely with the depth vector. All other assemblages displayed no 

apparent trend along the environmental variable vectors.  

 

Figure 2.8. Canonical analysis of principal coordinates (CAP) plots of quadrat samples examined by: 
a) site (all depth ranges), and 
b) site (overlapping depth ranges, i.e. 175 – 300 m) 
c) SIMPROF-determined assemblages (I-VI; see Table 2.2). 
d) Distance-based redundancy analysis (dbRDA) plot of DistLM results in two dimensions 
using assemblages I to VI. Length of variable vector is proportional to contribution to the total 
explained variance (see Table 2.3).  
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Table 2.2. Taxon composition by SIMPER for 25 m depth band comparisons among and 

between sites. Group similarity is among 25 m depth bands at each site. Pairwise 
similarity is between 25 m depth bands between sites. The cut-off for cumulative 
percentage to group similarity is 95%. Species contributing over 10% are 
brachiopods (N. californica and L. vancouveriensis), sponges (P. atka and C. cf. 
coriacea) and the cup coral, C. alaskensis. 

 
 

Assemblage Average 
Pairwise 
Similarity (%) 

Group 
Similarity 
(%) 

Taxa (contributing % similarity) 

Maitland McKay – 18.1 
Squally – 17.3 25.4 

N. californica (61.9), P. atka (14.9), L. vancouveriensis (6.4), 
dictyonines (3.4), A. krautteri (3.1), C. fernaldi (2.0), E. scotinus 
(1.4), S. pallidus (1.0), C. coriacea (1.0) 

McKay Squally – 21.5 23.9 P. atka (44.5), L. vancouveriensis (16.2), C. coriacea (13.9), N. 
californica (7.0), C. alaskensis (6.5), A. krautteri (3.1), Pandalus 
(3.0), S. pallidus (1.1) 

Squally - 26.2 P. atka (24.9), C. alaskensis (13.9), C. coriacea (10.4), N. 
californica (10.1), L. vancouveriensis (6.6), O. aculeata (6.4), 
Hexadella (4.9), A. krautteri (4.7), C. platinum (4.1), Antipathes 
(3.8), Porifera1 (3.6), Pandalus (2.4) 

Figure 2.9. Boxplots showing site-by-site 
comparisons of taxa scored in 
quadrats. Variables were calculated 
for 25 m depth bands. Bolded black 
lines represent median values, while 
the upper and lower edges of the 
boxes show second and third 
quartiles of the data, respectively. 
Whiskers represent the edges of the 
first and fourth quartiles and large 
dots are outliers. Asterisks indicate 
significant differences between sites 
as determined by Welch’s ANOVA 
(p < 0.05). 
a) unique trait combinations in a 

sample versus the entire 
species pool (sUTC); 

b) taxonomic distinctness (∆+); 
c) functional dispersion (FDis); 
d) number of species. 

 



Table 2.3. Taxon composition by SIMPER for the SIMPROF-determined assemblages 
(a-f). Group similarity is between quadrats within the assemblage group. The cut-
off for cumulative percentage to group similarity is 95%.  

 
 

 
 
 
 
Table 2.4. DistLM Pseudo-F values and the amount of variance explained by each 

variable selected by DistLM as part of the best model.  
 

 
 

 

 

 

Assemblage Group 
Similarity 
(%) 

Taxa (contributing % similarity) 

I 32.0 Pandalus (71.2), F. oregonensis (11.5), C. alaskensis (6.5), O. aculeata 
(5.8)  

II 33.5 Hexadella (86.2), dictyonines (3.3), C. alaskensis (2.1), C. fernaldi 
(1.4)	

III 50.0 C. fernaldi (78.1), N. californica (21.9) 
IV 48.5 E. scotinus (80.8), N. californica (11.1), L. vancouveriensis (2.5), P. 

atka (1.8) 
V 40.9 N. californica (80.7), P. atka (7.0), A. krautteri (4.6), C. coriacea (1.4), 

S. pallidus (1.1), dictyonines (1.0) 

VI 30.6 P. atka (42.5), L. vancouveriensis (16.4), C. coriacea (12.8), C. 
alaskensis (11.8), O. aculeata (3.3), C. platinum (2.5), A. Krautteri 
(2.5), Pandalus spp. (1.7), Porifera1 (1.30), Hexadella (1.1) 

Environmental 
variable 

Pseudo-F value Proportion of 
explained variance 

Cumulative 
explained variance 

Depth 32.53 0.12 0.12 
% Animal Cover 9.43 0.034 0.16 
Temperature 9.42 0.033 0.19 
Relief 4.36 0.015 0.20 
Dissolved Oxygen 3.78 0.013 0.22 
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Functional and taxonomic diversity 

 Significant differences between sites in the 25 m depth bands were shown for 

mean sUTC (Welch’s ANOVA, p < 0.01, df = 2, 22.51, F = 7.96) and species richness 

(Welch’s ANOVA, p < 0.01, df = 2, 23.70, F = 6.84); Squally Reach had a significantly 

greater mean value than the other sites for both sUTC and species richness (Games-

Howell post-hoc test, p < 0.05 for both; Figure 2.9a and 2.9d). Taxonomic distinctness 

(∆+), on the other hand, was not significantly different between sites (Welch’s ANOVA; 

p > 0.05), and had high (> 90%) median values at each site (Figure 2.9b). Neither FDis 

(Figure 9c) nor FEve differed significantly between sites (Welch’s ANOVA, p > 0.05), 

although FDis was more varied at Maitland. Taxonomically related species often did not 

cluster together, and mobile species clustered separately from sessile species (Figure 

A.3.) 

 There were no obvious trends with depth for FEve, FDis, and ∆+, but sUTC and 

s∆+ decreased sharply above ~325 m at Squally Reach (Figure 2.10a). sUTC and s∆+ 

were similar between Maitland and McKay at all depth bands deeper than 100-125 m. 

Both steadily decreased at McKay above 175 m with an increase in the uppermost 50-75 

m depth band. Quadrats shallower than 200 m had significantly lower values for both 

sUTC and s∆+ (ANOVA; F1,39 = 8.38 & 7.51, respectively; p < 0.01 for each; Figure S1). 

There were no apparent trends with depth for FEve or FDis, but three of the four depth 

bands with ∆+ below the calculated ‘expected value’ of ∆+ (i.e. under the assumption of 

random assembly from the entire species pool) were above 100 m (Figure A.2). The 

relatively low mean FDis (~0.3) suggests that, per depth band, the abundance-weighted 

divergences in species traits within assemblages were relatively small. sUTC and the 



 62 

number of species per 25 m depth band were significantly positively correlated, 

indicating a low level of functional redundancy on the depth band scale (Spearman’s 

Rank Correlation = 0.96, p < 0.01; Figure 2.10b).  

 
Figure 2.10. a) Line plot of proportions of unique trait combinations (sUTC) by depth 

band and location. Depth labels represent the base of each band. Both sUTC and 
taxonomic distinctness • richness (s∆+, not shown) identify greater diversity 
below 300 m in Squally Reach than at all other depths in the fjord. 
b) Relationship between sUTC and number of species in each 25 m depth band. 
The linear relationship proceeds throughout the entire range of species richness, 
indicating low functional redundancy at the depth band scale at all sites. 

 

DISCUSSION 

 This first record of the deep hard substratum fauna in the Douglas Channel 

complex reveals a suite of diverse assemblages marked by vertical zonation, expanses 

with dense cover, and variation along the fjord head-mouth axis. We recorded 53 species 

(or species groups) representing nine phyla and 38 orders from the nine transects. The 

spatial dominance by large sessile invertebrates and the lack of evidence for recent mass 

recruitments indicate that these assemblages are primarily composed of perennial species, 

and thus are shaped over long timescales. 
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 Vertical walls form a substantial component of the total benthic habitat in fjordic 

environments. We estimate, using the mean depth and coastline length of Douglas 

Channel from Macdonald et al. (1983), that walls represent ~20 % of the fjord’s total 

benthic area; the majority of these cliffs surveyed in the current study were unsedimented 

(Table A1), and thus available for colonization. Although this estimate may be high due 

to our site selection for steep topography, most low-relief walls with moderate-to-heavy 

sediment drape were colonized by organisms while adjacent flat areas were not. Guided 

submersible systems are required to investigate these steep bedrock substrata, as standard 

deep-sea sampling techniques (e.g. grabs, towed camera systems, etc.) do not suffice. For 

this reason, the contribution of deep wall habitats to ecosystem diversity and function 

remains nearly unknown.  

Depth-related distributions 

 Most of the mobile species and larger sessile animals documented were 

eurybathic, but some taxa (six of the 17 documented groups) were primarily seen below 

400 m. As only Squally Reach extended below 400 m, it is possible that these taxa were 

also constrained by site (near the fjord mouth) as well as depth. The bubblegum coral P. 

arborea and crinoid F. serratissima, for example, were primarily seen from 200 m to 

below 600 m and at Squally Reach, but records of these species exist in shallower waters 

(e.g. Stone 2014), including elsewhere in Douglas Channel (Gasbarro unpub. data).   

 Mean animal cover above 150 m reached a peak at 40-50 m nearly three times 

that of the average cover across all depths. High densities of glass sponges in the upper 

150 m are similar to those in Leys et al. (2004), who surveyed 11 BC fjords and found the 

highest densities of glass sponges from 50-150 m in Jervis Inlet. Amongst solitary 
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epilithos, only the inarticulate brachiopod, N. californica, noticeably increased in the 

upper 150 m. Tunnicliffe and Wilson (1988) also found a shallow water distinction and 

high densities of N. californica in nearby Dean and Burke Channels. As the lower valve 

of craniid brachiopods cements to the wall, feeding takes place very low in the boundary 

layer compared to terebratulids; thus, access to suspended particles in turbulent flow may 

affect this distribution. 

 The increase in animal cover with kinetic energy flux density above 150 m 

indicates that these animals benefit from increased particle delivery due to consistent 

estuarine inflow. Enhanced turbulence at these intermediate depths will also increase 

substratum contact frequency by settling larvae (Abelson & Denny 1997) without 

impeding suspension feeding functions, as inflow velocities rarely exceed 20 cm s-1 (Wan 

et al. 2017). The positive correlation with winter flux density suggests that incoming 

oceanic water may be more important for suspension-feeder growth than outflowing 

water that contains greater concentrations of low-nutrient riverine particulates 

(Johannessen et al. 2015).  However, in the summer, higher density diel vertical 

zooplankton migrations are another important component of the seston pool available to 

suspension feeders, and their daytime descents are also limited to the upper ~150 m of the 

fjord (Keen et al. 2017). Thus, the physical dynamics of the fjord appear to exert a strong 

influence on the wall assemblages, likely with enhanced food delivery shallower than 150 

m supporting higher biomass. 

 Sharp increases in kinetic energy flux density, overall animal cover and food-

limited species all suggest a switch from the food-limited assemblages below ~150 m to 

assemblages that primarily compete for space where cover reached > 80% in some areas. 
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These densities rival those of productive ecosystems such as coral reefs, where 

competition for space is fierce (Chadwick & Morrow 2011). Overgrowth competition is 

prevalent on hard substrata, and a lack of unambiguous dominants can maintain epilithic 

diversity (Buss 1990). Despite the lack of an apparent trend in animal cover and both 

sUTC and species richness, quadrats with ≥ 50 % animal cover never contained fewer 

than three species, even when a single organism primarily occupied the space. 

Indeterminate lateral growth and clonal strategies (Sebens 1987) were common amongst 

the high-space-occupiers (e.g. encrusting sponges, zoanthids). Solitary species that form 

dense monospecific aggregations also prevent overgrowth from other species (Jackson 

1977), such as serpulid worms and inarticulate brachiopods in Douglas Channel. Glass 

sponges and some demosponges escape from competition by growing off the substratum 

(Sebens 1982). Behavioral aggression (Bruno & Witman 1996), overgrowth survival 

(Dalby & Young 1993) and chemical defenses (Slattery et al. 1995) are also employed by 

solitary species to persist amongst stronger space competitors, but these mechanisms are 

not easily identifiable from video surveys. 

Site differences 

 While the PERMANOVA revealed a significant site effect, effect size was 

somewhat small, indicating relatively mild differences between sites along the fjord axis. 

The most obvious difference between sites was due to the great densities of inarticulate 

brachiopods at Maitland that drove the multivariate community structure here, while the 

encrusting demosponge P. atka was dominant at the other sites (Table 2.2). Brachiopods 

maintain high densities at the heads of other BC fjords where high sedimentation rates 

exclude less tolerant epifauna (Tunnicliffe & Wilson 1988; Farrow et al. 1983). Although 
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terrigenous input into Douglas Channel is lower relative to glacially fed BC inlets 

(Macdonald et al. 1983), some epifauna are likely intolerant of settling sediment 

disturbance at the fjord head, to the benefit of N. californica. The spring freshet causes 

sinking particle pulses of up to 5 g m-2 d-1 (Johannessen et al. 2015). While less than the 

average inputs into fjords that drain ice fields (Farrow et al. 1983), these pulses may 

represent significant periodic disturbances that shape the animal assemblages near the 

fjord head. 

 The increase in species richness at the seaward end of the fjord may be driven by 

greater concentrations of chl-a and zooplankton in the outer fjord basin (Keen et al. 

2017). Proximity to the outer sill may enhance larval delivery to Squally Reach from 

Hecate Strait, as found by Quijon and Snelgrove (2005) in a Newfoundland fjord system. 

Alternatively, the greater richness at Squally may be due to the addition of echinoderms 

and corals with affinities to the greater depth at this site.  

Functional Diversity 

 As body form diversity is an important feature of suspension feeder assemblages, 

it can serve as a proxy for trophic structure (Gili & Coma 1998).  The low functional 

redundancy within quadrats (Figure 2.10b) indicates that even where many species 

occupied the walls, body forms were varied. The lack of functional redundancy was also 

evident in the taxonomic distinctness * richness (s∆+) index that mirrored the sUTC 

index; where species increased, so did functional richness and s∆+. The high taxonomic 

distinctness at the depth-band scale throughout the fjord (Figure A.2) also highlights the 

diversity of lineages that have adopted the suspension-feeding mode, along with a variety 

of mobile predators. This morphological diversity may allow for resource partitioning by 
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consumption of varied particle sizes (Abelson et al. 1993), with the multiple modes of 

suspension feeding by zoobenthos (Riisgård & Larsen 2000) leading to wide differences 

in foraging efficiency, energetics, and consumed seston fractions (Coma et al. 2001).  

 The distinct deep ‘VI’ assemblage at Squally Reach encompassed traits that 

reflect habitat formation including various arborescent and cup corals with high 

abundances of ophiuroids, and both free-living and epizootic crinoids. These organisms 

had unique trait combinations that were absent or rare on mid-depth walls where 

encrusting organisms dominated. They also all either create three-dimensionality off the 

walls, or, in the case of the ophiuroids, favor areas where significant three-dimensionality 

is present. While not numerically dominant, glass sponges (Marliave et al. 2009) and 

arborescent corals (Stone 2014) are important habitat formers where relatively high 

densities of rockfish and decapod crustaceans occur.   

Ecological relevance of fjord walls 

 Fjords provide sheltered waters with expanses of near vertical, unsedimented 

bedrock across large depth ranges that can be readily colonized. These cliffs can foster 

high-biomass assemblages that are distinct from the sedimented fjord floor. Habitat 

complexity is increased by the erect morphologies of many of the sessile organisms, and 

the microhabitats they provide are used by commensals as refuges; in some cases, these 

interactions are even mutualistic (Buhl-Mortenson 2010). Crinoids and zoanthids were 

seen attached to various erect sponges, while brittle stars, echinoids, decapods, and 

rockfish occurred at greater densities where three-dimensional biological structures were 

present. 
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 Fjords provide habitat for a variety of organisms known mostly in offshore deep 

water settings. The Brachiopoda, once dominant in Paleozoic subtidal assemblages, are 

rare components of Holocene ecosystems, yet they are nearly ubiquitous in British 

Columbian fjords such as Douglas Channel (Tunnicliffe & Wilson 1988), and maintain 

dense populations in the fjords of Chile (Baumgarten et al. 2014) and New Zealand 

(Richardson 1981). Glass sponges are mostly deep-sea taxa, but occur at shallow depths 

throughout the BC coast/shelf and form extensive reefs in some areas (Leys et al. 2004). 

Southward and Southward (1992) report a pogonophoran tubeworm from 200-300 m in 

two northern BC fjords that was previously known from deep-sea environments. Fjord 

biota are also reservoirs of genetic diversity (Turan et al. 1998; Drengstig et al. 2000; Le 

Goff-Vitry et al. 2004); allopatric speciation (Suneetha & Naevdal 2001) and pre-

acclimation to ocean acidification (Fillinger & Richter 2013) may occur in isolated 

fjordic populations.  

 Bentho-pelagic coupling, while not directly measured in this study, likely exerts a 

strong influence over the carbon flow and productivity of the fjord. The high suspension 

feeder abundance, especially in the upper 150 m, transforms sinking organic matter and 

plankton into benthic biomass, some of which becomes available to larger predators. 

Subsequent release to the pelagic system of waste products, gametes, and larvae 

maintains organic cycling within the fjord before final loss to bottom sediments (Perea-

Blázquez et al. 2012) or flushing. Our results suggest that the breadth of biofiltration may 

be greatest in the deepest portion of the fjord where there is an array of body forms, but 

that nutrient fluxes likely increase above ~150 m where abundances, especially sponges, 

were greatest. Sponges have some of the highest capture rates measured for any 
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suspension feeding taxa, and thus are significant regulators of seston in the water column 

(Gili & Coma 1998; Yahel et al. 2007; Kahn et al. 2015). More specific measurements of 

community filtration rates would be useful for further functional characterization of the 

wall fauna. 

 Numerous development projects, including the proposed diluted bitumen (dilbit) 

pipeline terminus at the fjord head, would bring heavy tanker traffic into Douglas 

Channel (Enbridge 2010). Better understanding of the consequences of a dilbit spill in 

aquatic environments requires baseline benthic studies (Lee et al. 2015). A 2010 

Kalamazoo River spill demonstrated the potential ecological consequences when sinking 

dilbit had toxicological effects on organisms from microbes to chordates, and cleanup 

required years of dredging, arguably causing ecological impacts as great as the original 

spill (Dew et al. 2015). A dilbit spill in Douglas Channel would also have the potential to 

sink (Wu et al. 2016). In 2016, a ban on oil tankers came into effect (House of Commons 

Canada 2017). Thus, such risk will remain low as long as the ban is maintained.  

 These first surveys of the deep wall fauna of Douglas Channel augment our 

understanding of the distribution of northeast Pacific coastal diversity. Differences are 

emerging in faunal composition and environmental forcing along the coast. Douglas 

Channel is relatively oligotrophic (Wright et al. 2016), and nutrient regeneration largely 

comes from adjacent shelf water, concentrating nutrients at depth (Johannessen et al. 

2015). Oxygen in the fjord was comparable to Jervis Inlet, where low productivity and a 

deep basin prevent large fluxes of organic matter from depleting bottom oxygen 

(Timothy et al. 2003). Conversely, high productivity southern fjords such as Saanich Inlet 

and the inner basin of Howe Sound support dense vertical-wall communities even under 
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periodic oxygen depletion (Tunnicliffe 1981; Levings et al. 1983). Douglas Channel and 

other northern BC fjords host inarticulate brachiopods, zoanthids, pom-pom anemones. 

crinoids and brittle stars in great abundances, whereas they are rare or absent in southern 

BC and Vancouver Island fjords (Levings et al. 1983). Southern fjords also have high 

densities of an articulate brachiopod, Terebratulina unguicula (Tunnicliffe & Wilson 

1988) and ascideans (Tunnicliffe 1981); the former was absent and the latter rare in 

Douglas Channel. While the taxa in Douglas Channel matched those seen in nearby inlets 

and none appeared to be exclusive to the fjord, the overall species diversity was lower 

than that seen in other northern (Tunnicliffe unpub. data.) and southern (Levings et al. 

1983) BC fjords.  

 The distinct assemblage profiles and environmental uniqueness of fjords, along 

with the high animal densities highlight the importance of this fjordic wall fauna to the 

coastal diversity of the northeast Pacific. Furthermore, several taxa listed as ‘vulnerable’ 

(e.g. glass sponges and tree corals; Fisheries & Oceans Canada 2010) are present on the 

Douglas Channel cliffs. Fjord walls are high biomass, high functioning, and expansive 

systems that may act as biodiversity reservoirs in a changing ocean, warranting 

consideration when developing management profiles for coastal oceans. 
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Chapter 3 : Epibenthic megafaunal response to a prolonged hypoxic event: 

community structure patterns and oxygen thresholds 

 

INTRODUCTION 

 The loss of oxygen in the global oceans is accelerating (Keeling et al. 2010). 

Under predicted climate scenarios, upper-ocean warming will lower oxygen solubility, 

strengthen stratification, decrease ventilation and disrupt thermohaline circulation 

patterns, leading to a decrease of up to seven percent in the ocean’s overall dissolved 

oxygen content (Keeling et al. 2010). In addition, expansion and/or intensification of 

major oceanographic features such as oxygen minimum zones (Stramma et al. 2010), 

eutrophic dead zones (Diaz & Rosenberg 2008), and eastern-boundary upwelling regimes 

(Wang et al. 2015) all contribute to an increase in oceanic regions of low-oxygen, or 

hypoxia.  

 Resolving the ecological consequences of dissolved oxygen loss on marine 

ecosystems remains an active field of research.  Behavioral changes, decreased growth, 

metabolic effects, oxidative stress and finally mortality are all induced (Gray et al. 2002) 

at varying oxygen levels according to taxon. As the intensity and frequency of hypoxic 

events grow, many ecosystems move toward microbial energetic pathways (Diaz & 

Rosenberg 2008), and this shift can be accelerated by alterations in predatory-prey 

interactions (Breitburg et al. 1997). Furthermore, expanding hypoxia will lead to a loss of 

suitable habitat and contraction of communities in space (Stramma et al. 2012). 

Competitive interactions may be increased in these contracted habitats, leading to losses 

in biodiversity and ecosystem functioning (Stramma et al. 2010). Low-oxygen effects 

reach across life-history stages as well. For example, larval fish biomass decreases in 
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concert with oxygen (Johnson-Colegrove et al. 2015). Many taxa will be impacted by 

deoxygenation, while those pre-acclimated to low oxygen lifestyles are most likely to 

fare better (Rosa & Seibel 2008; Grego et al. 2014). Benthic habitats may be particularly 

prone to the adverse effects of deoxygenation as they are the most distant from 

atmospheric oxygen sources and their sediments are enriched from falling organic matter 

(Vaquer-Sunyer & Duarte 2008).  

 Notably strong gradients in dissolved oxygen can exist in fjordic basins with 

seasonal deep-water renewal, often alongside other environmental gradients (Levings et 

al. 1983; Rosenberg 2002). These oxyclines facilitate study of benthic community 

responses to low-oxygen pulses (e.g. Chu & Tunnicliffe 2015a). Threshold changes in 

species composition and abundances occur at various dissolved oxygen levels globally 

according to species physiological tolerances (Deutsch et al. 2015) and can have major 

long-lasting impacts on seafloor ecosystems (Moffitt et al. 2015). While the most 

commonly used threshold for sublethal hypoxia is 1.4 ml L-1, the response varies by 

taxon, temperature and ocean basin (Vaquer-Sunyer & Duarte 2008; Vaquer-Sunyer & 

Duarte 2011; Chu & Gale 2017). As deoxygenation continues to be one of the major 

global drivers of ocean change, especially in the northeast Pacific (Somero et al. 2016), 

case studies documenting biotic responses to low-oxygen stress are necessary to develop 

a mechanistic understanding of deoxygenation effects, and to use this understanding to 

predict changes in biogeography and ecosystem functioning. 

 Chu & Tunnicliffe (2015a) found a strong benthic megafaunal response to 

seasonal hypoxia in the Saanich Inlet, British Columbia in which species distributions 

coalesced during summer hypoxia and recovered following deep-water replenishment in 
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2013. In addition, up-slope movements of three mobile species were noted beginning in 

the 1 - 1.15 ml L-1 oxygen range, suggesting that the northeast Pacific threshold of 0.88 

ml L-1 found by review of species critical oxygen tensions (Chu & Gale 2017) may better 

predict hypoxia responses in this region than the commonly used global threshold of 1.4 

ml L-1. The Northeast Pacific experienced record-high surface temperatures in the two 

years (i.e. 2014-15) following their study due to the confluence of strong El Niño 

conditions and an anomalous warm water mass that eventually mixed downward in early 

2016 (Ross 2017). These meteorological events also affected the subsurface waters, as 

seafloor cabled observatories show abnormal temperature spikes and oxygen losses in the 

same timeframe (Dewey et al. 2015), with relatively weak deep-water replenishment in 

the Strait of Georgia (Sastri et al. 2016) leading to record oxygen minima in adjacent 

restricted waters.   

 Here we document the response of epibenthic megafauna in Saanich Inlet to an 

extended hypoxic event in 2016 to determine whether the 2013 disassembly and recovery 

response to seasonal hypoxia described by Chu & Tunnicliffe (2015a) varies with 

changes in the duration and spatial extent of hypoxia. In spring, summer and fall at 

approximately the same times of year in both 2013 and 2016, we flew the same benthic 

video transect; this enabled direct comparisons of seasonal bottom oxygen and 

community structure between the years. Given the successive weak oxygen renewal 

events in 2016, we predict notable shoaling of both hypoxia and species distributions. 

Additionally, we examine community transitions along the dissolved oxygen gradient in 

both years in order to detect local community-level hypoxia thresholds and to test the null 

hypothesis that the thresholds did not change between years despite changes in the 
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oxygen cycle. We also present a novel adaptation of the Fisher Information statistic – an 

information theory metric used in ecological studies as a warning signal for temporal 

community shifts (Fath et al. 2003; Karunanithi et al. 2008) – converted to detect 

transitions along environmental gradients. Then, we validated the Fisher Information 

results against those obtained with a multivariate regression tree and to species 

accumulation curves along the oxygen gradient. Finally, we determined whether the long-

term negative trend in Saanich Inlet dissolved oxygen from 2006-2014 described by Chu 

& Tunnicliffe (2015a) from cabled observatory data intensified following the change in 

oceanographic conditions from 2014-2016. Taken together, we show that interruptions in 

the timing and intensity of an annual oxygen depletion-renewal cycle have the capacity to 

rapidly change benthic communities.  

MATERIALS & METHODS 

Study site 

 Saanich Inlet is a reverse estuarine fjord with depths down to 230 m and limited 

exchange with waters from the Strait of Georgia due to a 75 m sill at its mouth. This 

limited exchange, coupled with high primary productivity in the spring and summer 

months that fuels microbial respiration at depth (Grundle et al. 2009; Zaikova et al. 

2010), causes seasonal hypoxia/anoxia to develop in the mid-to-late summer 

(Herlinveaux, 1962). Oxygen is renewed annually in the fall as dense, well-oxygenated 

water from the Strait of Georgia enters over the sill, descending into the bottom layers of 

the inlet causing the anoxic water to shoal upward (Anderson & Devol, 1973; Tunnicliffe 

1981). Another oxygen injection sometimes occurs in spring at intermediate depths from 

90-160 m (Manning et al. 2010). Although the oxygen depletion-recovery cycle is 
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predictable and well chronicled, the timing and extent of both depletion and renewal vary 

(Matabos et al. 2012; Chu & Tunnicliffe 2015a). 

Benthic ROV transect & video analysis 

 Since 2005, benthic surveys with remotely operated vehicles (ROVs) outfitted 

with dissolved oxygen sensors and high-definition video cameras have repeated the same 

transect (n=13) in Patricia Bay, Saanich Inlet, B.C (Yahel et al. 2008; see Chu & 

Tunnicliffe 2015a for transect map). This transect transitions through near-bottom zones 

of low to high oxygen along a shallow depth gradient (180-40 m) and allows for 

comparisons of bottom oxygen and epibenthic megafaunal abundances between years, 

creating a one-of-a-kind ecological time-series. The transect was flown three times in 

2013 and documented the influence of seasonal hypoxia expansion on the epibenthic 

community (Chu & Tunnicliffe 2015a; see their Figure 1 for transect location). Three 

transects were flown in 2016 at approximately the same times of year (i.e. spring, 

summer, and fall); the respective transect dates were May 4th, August 5th, and October 5th. 

The fall 2016 transect was truncated (140-40 m) due to logistical constraints, but still 

captured the full range of oxygen typical of the transect (i.e. ~ 0 – 4.5 ml L-1). 

 The spring 2013, spring 2016 and fall 2016 transects were flown using the ROV 

Oceanic Explorer, while the summer 2013, fall 2013 and summer 2016 transects were 

flown with the ROV ROPOS. The ROV flew <1 m above the bottom at ~0.5 knots. An 

approximately downward-pointing video camera recorded the seabed in 1080i high-

definition. A Sea-Bird SBE 19plus conductivity-temperature-depth (CTD) and an SBE43 

oxygen sensor, with intakes ~0.5 m above the ROV bottom, recorded CTD and oxygen 

data at 4 hz; these data were averaged to one-second intervals before all analyses. The 
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accuracy of the oxygen sensor is 2% of surface saturation which is 0.13 mL L−1 for a 

solubility of 6.5 mL L−1 at 32 PSU and 10 °C; the sensor precision is 0.023 mL L-1 and 

has a response time < 1 s. Navigation data were recorded on all ROPOS-flown transects 

with its ultra-short baseline system, while navigation data for Oceanic Explorer-flown 

transects were interpolated post hoc using bathymetric data and the x/y coordinates of the 

transect line at the bottom depths recorded from the CTD.  

 Individual animals (> ~5 cm) were identified and counted for each second of 

video with and presence/absence of two sponge species were also recorded. Abundances 

and identifications were verified through multiple playbacks of the video in densely 

populated areas. All animals were counted as they crossed the bottom of the oblique 

image to increase the accuracy of their correspondence with environmental and 

navigation records. Animals that exited off the side of the image were only counted if 

they did so in the lower-half of the image in order to reduce false replicate counts from 

species exiting and re-entering the frame. Paired horizontal scaling lasers at 10 or 11 cm 

spacing were used to determine the width of the field of view, which varied from ~1-4 m 

on average. The area surveyed per second was determined using the field of view and the 

ROV speed (~ 0.2 m s-1). All environmental, navigational, and biological data were 

synchronized into matrices by timestamp prior to analysis in R (R Core Team 2017).  

Community structure along oxygen gradient 

 In order to standardize benthic community abundances by area, transect lines 

were divided into ~20 m2 quadrats (n=538, 367 respectively for 2013, 2016); a smaller 

field of view in ROV Oceanic Explorer flown transects, along with the truncation of the 

bottom half of the Fall 2016 transect, account for the disparity in total number of quadrats 
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between years. Animal counts were summed and environmental data were averaged per 

quadrat. Kernel density plots were used to visually assess changes in species abundances 

and oxygen distributions between seasons and years for the 14 most abundant mobile 

megabenthos. 

 Binary presence-absence matrices of these 14 mobile species were then compiled 

for both 2013 and 2016 with each row representing a species and each column a quadrat. 

Species were selected based on consistent presence across seasons/years and varying 

interspecific oxygen distributions in order to represent the community response along the 

entire natural oxygen gradient. Some abundant fish species including Pacific hake, shiner 

perch, and walleye pollock were not included in analyses due to their attraction to ROV 

lights and non-benthic behavior.  

 We then performed a null model analysis using the R package EcoSimR (Gotelli 

et al. 2015) in order to generate community co-occurrence or ‘c-scores’ (Stone & Roberts 

1990) for each year to determine whether changes in the oxygen regime were reflected in 

the degree of community segregation. The c-score quantifies community segregation by 

multiplying the number of sites in which each species occurs minus the number of sites 

shared with the next species. This process is iterated for all species pairs until a 

community-level c-score is obtained. The sim4 ‘fixed-proportional’ algorithm, in which 

species totals in the original matrix are preserved and site totals have probabilities 

assigned in proportion to the totals in the original matrix, was chosen because it preserves 

species-site heterogeneity and is conservative (i.e. has a relatively low Type I error rate 

when compared to other algorithms) in distinguishing non-randomness in the observed 
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data matrices (Gotelli 2000). The average covariance in association between species pairs 

(V-ratio; Schluter 1984) was also calculated for each year.  

  Changes in pairwise species associations in the same 14 species between 2013 

and 2016 were then assessed using the FORTRAN program ‘Pairs’ (Ulrich 2008). Both 

observed and expected scores were standardized into 22 c-score groups ranging from 0 to 

1 in which observed scores for each unique species pair in each year were compared to a 

Bayesian distribution of expected scores (95% CI) created from 100 randomized matrices 

in each year. Z-transformed scores (Observed-Expected/St. Dev.), with a false-error rate 

correction (Benjamini & Yekutieli 2001), were then calculated for species pairs in groups 

with observed frequencies above or below the null expectation. We then noted 

significantly associated species pairs (i.e. species either more aggregated or segregated 

than expected by chance). For each significant pairwise association in each year, 

bootstrap re-sampled distributions (n=1000) of oxygen occurrences for each species were 

compared for significant differences using Welch’s two-sample t tests. 

Assemblage transitions 

 Breaks in community structure corresponding to environmental and temporal 

variables were first examined by creating a multivariate regression tree (MRT) using the 

R package “mvpart” (De’ath 2002). Density data from the same fourteen mobile animals 

were used to make a species-abundance matrix; these data were 4th-root transformed prior 

to MRT analysis in order to incorporate contributions from the rarer taxa without 

eliminating the signal from the most abundant species (e.g. slender sole and squat 

lobsters). Using normalised environmental data including dissolved oxygen, temperature, 

salinity, and depth as explanatory variables along with year, the tree split the dataset into 
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groups chosen to maximize the explanatory power of the tree while minimizing cross-

validation error. The MRT provided the number of samples (quadrats) in each mutually 

exclusive group, along with a global error and R2 for the entire tree.  Barplots of species 

density at each node were also shown.  

 Fisher Information (FI) is an information theory metric used to analyze patterns in 

data, particularly in tracking the stability of data-rich systems (e.g. Ahmad et al. 2016); it 

provided the basis for a second analysis of community structure along the dissolved 

oxygen gradient. We used the derivation of FI developed by Fath et al. (2003) adapted to 

analyze breakpoints over a range of dissolved oxygen windows rather than the time 

windows typically employed in FI studies. 

 The steps for computing our FI were adapted from Eason & Cabezas (2012); 

quadrats were binned into 0.25 mL L-1 “O2 windows” ranging from 0-4 ml L-1 using the 

mean oxygen level of the quadrat. All quadrats with mean oxygen levels above 4.00 mL 

L-1 were binned due to a paucity of data in this upper range and because the chosen 

component species are not biologically limited by oxygen in this range (Chu & 

Tunnicliffe 2015a). Mean densities for the 14 species in each oxygen window were then 

calculated and compiled into an O2 window-density matrix that was used to calculate the 

Fisher Information score for each window using the Python library provided by Ahmad et 

al. (2016). We ran the analysis for all quadrats in both 2013 and 2016. A null distribution 

of 500 FI scores using mean species densities from 50 randomly selected quadrats, 

regardless of year, allowed for comparisons of the observed FI scores in each dissolved 

oxygen window to those expected by chance in the same system. We also created species 
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accumulation curves in each 0.25 ml L-1 oxygen window using combined data from both 

years in order to compare the changes in FI to those seen in species diversity.  

Long-term dissolved oxygen record 

 Ocean Network Canada’s VENUS cabled subsea observatory has maintained a 

Saanich Inlet node since 2006; this node is located ~200 m south of our transect at 95 m 

depth, measuring fluctuation in dissolved oxygen levels throughout the annual hypoxia 

cycle.  The open source VENUS time-series (available at www.oceannetworks.ca) of in 

situ dissolved oxygen provides real-time data at one-minute intervals dating back to 

February 2006, allowing for unique insights into the seasonal and long-term dynamics of 

dissolved oxygen in the area. We analyzed these data, averaged from one-minute into 

one-hour intervals, from April 2006 to April 2017 with linear regression in order to 

determine if the long-term negative trend in dissolved oxygen from 2006-2014 described 

by Chu and Tunnicliffe (2015a) had changed. All gaps in the data (~7 % of the data set) 

were filled via linear interpolation prior to analysis. We analyzed the data using the ‘xts’ 

(Ryan & Ulrich 2017) and ‘zoo’ (Zeileis & Grothendieck 2017) R time-series packages 

and used the R function rollapply to calculate running one-year mean and variance in 

oxygen. Long-term trends in dissolved oxygen and yearly mean dissolved oxygen were 

analyzed with linear regressions. 

RESULTS 

Benthic oxygen profiles 

 Along-bottom oxygen profiles were notably different in 2016 than 2013; both 

hypoxia (O2 < 0.88 mL L-1 using the East Pacific hypoxia threshold suggested by Chu & 

Gale 2016) and anoxia extended shallower in all seasons (Figure 3.1). The difference in 
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the spatial extent of anoxia between 2013 and 2016 was most evident in the fall transects; 

anoxia (O2 < oxygen sensor sensitivity threshold) extended 40 m shallower in fall 2016 

and covered 59% of the transect versus 31% in 2013. The 2016 profiles, particularly in 

spring and fall, display sharp boundaries between hypoxia and normoxia, while oxygen 

increased more gradually with depth in 2013 (Figure 3.1); a smaller proportion of the 

transect experienced oxygen between 1.1 and 1.8 ml L-1 in all seasons in 2016 (Table 

3.1). While the extent of the slope covered in hypoxia decreased and the extent in 

normoxia increased post-summer in 2013, this was less apparent in 2016 (Table 3.1). The 

maximum depth of occurrence for slender sole along the transect was also shallower in 

each season compared to 2013 (Figure 3.1). Again, the difference between 2013 and 2016 

was most notable between the fall transects, where the deepest slender sole was seen at 

~95 m in 2016 versus ~155 m in 2013. 

Table 3.1. Length of bottom transect that experienced hypoxic, transitional and normoxic 
dissolved oxygen levels in 2013 and 2016 transects. The extent of transitional 
oxygen ranges indicates a steepening of the hypoxia-normoxia gradient in 2016. 
Note that the fall 2016 length in hypoxia is artificially low because the bottom 
quarter of the transect was not surveyed; an extrapolated length is provided in 
parentheses. 

Oxygen range 
2013 extent [m]          2016 extent [m] 

Spring Summer Fall  Spring Summer Fall 

Hypoxia  
(< 1.1 ml L-1) 1088 2153 1349 

 
1224 2031 1246 (1800) 

Transitional  
(1.1 – 1.8 ml L-1) 223 814 322 

 
33 158 31 

Normoxia  
(> 1.8 ml L-1) 813 813 663  770 285 315 
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2013 vs. 2016 community structure 

 Over the six transects, we mapped 35980 animal counts, 25262 in 2013 and 

10718 in 2016, from 55 species to their oxygen occurrence. In addition, we recorded the 

presence of bacterial mats (Beggiatoa spp.) and two species of demosponges, totaling 

over 17,000 additional records.   

 The effects of the increase in spatial and temporal hypoxia coverage varied by 

species. The major peaks in both mobile animal abundance extended to lower oxygen in 

2016 (Figure 3.3), with notable increases in the number of organisms experiencing severe 

(<0.5 ml L-1 O2) hypoxia in all seasons (Table 3.2; Table 3.3). Species that normally 

Figure 3.1. Seasonal along-
bottom oxygen profiles show 
the oxygen renewal cycle 
within years and habitat 
compression between a) 2013 
and b) 2016. Arrows show the 
maximum depth of slender sole 
(Lyopsetta exilis) occurrence, 
which indicates the limit of 
oxygenated megafaunal 
habitat. Anoxia extended 
shallower in all seasons in 
2016 versus 2013. The deepest 
slender sole occurrence was 
also shallower in every season 
in 2016, with a maximum 
difference between years of 
~60 m in fall transects. c) 
Typical deep-to-shallow 
transect profile from Summer 
2016. 
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inhabit low-oxygen waters tended to show the least differences between 2013 and 2016. 

The distributions relative to oxygen of slender sole (Lyopsetta exilis) and squat lobster 

(Munida quadrispina), the two most abundant megafaunal species, were largely 

unchanged in the spring and summer seasons (Figure 3.2a, 3.2b) outside of a dense 

cluster of squat lobsters in spring 2016 that may have been a mating aggregation (Doya et 

al. 2016). Both species declined and occurred at comparatively low oxygen in Fall 2016. 

Conversely, the commercial spot prawn, Pandalus platyceros, occupied a narrow range 

(0.81-1.94 mL L-1) of oxygen in spring 2016 and was completely absent in fall 2016 

without evidence for a mortality event. Spot prawn occurred at relatively low oxygen in 

spring 2016. Additionally, low densities in summer preceded the fall 2016 disappearance 

of spot prawn; we also found low densities of slender sole and squat lobster in fall 2016 

(Table 3.2). 

Figure 3.2. Distribution of abundance with oxygen for the three most abundant mobile 
species in Saanich Inlet in 2013 versus 2016 sampling season. Counts s-1 from 
video analysis were square-root transformed in order to lessen the visual effect of 
outliers (i.e. dense aggregations) but note the differing scales across species.  
Distributions of a) slender sole and b) squat lobster, the most abundant and 
hypoxia-tolerant of the mobile megabenthos, were largely unaffected by the 
increased extent of hypoxia while c) the hypoxia-sensitive spot prawn was seen at 
much lower oxygen in spring 2016 than 2013, and was absent in fall 2016.  
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 The striped nudibranch, Armina californica, was notably abundant in the shallow 

well-oxygenated segments of the summer (n=68) and fall (n=167) transects usually 

occupied by spot prawns. This species was seen infrequently (n < 5) in all previous 

transect years (Chu & Tunnicliffe 2015b). In addition, the white sea cucumber, 

Pentamera calcigera, was observed for the first time in fall 2016 and in high abundances 

(n=63); this species occupied a narrow and low range of oxygen (0.12-0.2 mL L-1). The 

seawhip, Halipteris willemoesi, historically the most abundant animal on the transect 

(Chu & Tunnicliffe 2015a), declined greatly in fall 2016 (Table 3.3). We observed many 

freshly fallen seawhips with soft tissue still present.  

 Both the observed and expected c-scores, reflecting community segregation for 

the 14 species assemblage, were higher in 2013 than 2016; scores were 1077 versus 386. 

The 2013 score differed from the null model 95 % CI (Figure 3.5), indicating non-

random assemblages assembly (p < 0.01) and significant segregation. In contrast, 

significant assemblage-wide segregation was not observed in 2016, suggesting a more 

homogenized community than in 2013. Species-pair covariance shows a similar trend 

towards aggregation, as the V-ratio increased from 3.09 in 2013 to 3.54 in 2016.  

 PAIRS analysis shows that no species pairs were either always or never co-

occurring in 2013 (Fig. 3.5a), while three species pairs displayed complete overlap (c-

score = 0) and seven pairs had complete segregation (c-score=1) in 2016 (Fig 3.5b). In 

addition, the observed number of species-pairs in both a highly aggregated  (0.925 < c < 

0.975) and highly segregated (0.175 < c < 0.225) c-score bin in 2016 exceeded the 95% 

confidence interval from an empirical Bayesian distribution. In 2013, two highly 
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segregated bins (c < 0.2) had more species pairs than expected, while zero highly 

aggregated bins (c > 0.8) did so. 

Figure 3.3. Two-dimensional histogram contour plots of megafaunal abundance with 
depth and oxygen in each season surveyed in 2013 (top row) and 2016 (bottom 
row) show the inter- and intra-annual shifts in abundance distribution. Weak 
deep-water oxygen renewal in 2016 led to species experiencing progressively 
lower dissolved oxygen levels throughout the year, culminating in the fall 2016 
transect where prolonged and shoaling hypoxia caused abundance declines, and 
forced the megafaunal abundance peak to occur in a comparatively shallow and 
severely hypoxic (O2 < 0.5 ml L-1) zone. 

 

 Of the 91 unique species pairs assessed in the null models, 27 showed non-

random associations in 2013 and 20 in 2016, both well above the 4.55 pairs expected at a 

5% false detection rate (Table 3.4). The greater number of associations in 2013 was 

driven in large part by decapod crustaceans (n = 8 pairs). The absence of these species 
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from the Fall 2016 transect may have limited the ability of the randomization algorithm 

to detect associations despite potentially significant associations in spring and summer 

2016. Aggregated pairs made up 59 % of the significant associations in 2013 and 40 % in 

2016; decapod pairs also drove this pattern. 

 

Figure 3.4. Kernel density plots of oxygen distributions in 2013 vs. 2016 across sampling 
seasons for 14 mobile species. Square-root transformed abundances are represented by 
waterfall height. Disappearance of multiple crustacean species, abundance declines, and 
distribution shifts to lower oxygen levels occurred in Fall 2016. Changes in median 
oxygen occurrence between seasons are listed between panels, and the total change 
throughout the year is listed at right with an asterisk for species that were not present in 
all seasons.
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Species 
O

2-m
ean  

Spring 
O

2-m
ean  

Sum
m

er  
O

2-m
ean   

Fall 
O

2-m
in  

Spring 
O

2-m
in  

Sum
m

er  
O

2-m
in   

Fall 
D

ensity 
Spring  

D
ensity 

Sum
m

er 
D

ensity  
Fall 

Slender sole 
1.38 ± 0.07, 
2.01 ± 0.17 

1.02 ± 0.01, 
0.87 ± 0.2 

0.89 ± 0.03, 
0.79 ± 0.11 

0.03, 
0.07 

0.03, 
0.02 

0.00, 
0.03 

9.56 ± 0.43, 
4.13 ± 0.45 

9.48 ± 0.13, 
7.25 ± 0.43 

10.35 ± 0.40, 
2.73 ± 0 

B
luebarred 

prickleback 
1.47 ± 0.14, 
1.48 ± 0.88 

1.04 ± 0.01, 
0.88 ± 0.03 

0.65 ± 0.03, 
0.31 ± 0.08 

0.54, 
0.34 

0.88, 
0.63 

0.52, 
0.12 

0.73 ± 0.11, 
0.07 ± 0.17 

0.60 ± 0.13, 
0.44 ± 0.10 

1.30 ± 0.40, 
0.39 ± 0.31 

Snake 
prickleback 

4.17 ± 0.47, 
3.82 ± 0.18 

1.17 ± 0.07, 
1.80 ± 0.15 

2.08 ± 0.11, 
2.23 ± 0.15 

2.15, 
2.20 

0.87, 
0.83 

1.29, 
0.21 

0.11 ± 0.10, 
0.85 ± 0.28 

0.45 ± 0.05, 
0.26 ± 0.08 

0.82 ± 0.16, 
0.46 ± 0.10 

B
lackbelly 

eelpout 
2.95 ± 0.27, 
2.88 ± 0.28 

1.04 ± 0.02, 
1.20 ± 0.08 

1.31 ± 0.09, 
1.37 ± 0.19 

0.68, 
0.93 

0.69, 
0.79 

0.58, 
1.27 

0.56 ± 0.05, 
0.39 ± 0.10 

0.48 ± 0.03, 
0.75 ± 0.09 

0.76 ± 0.10, 
0.02 ± 0.37 

B
lacktip 

poacher 
2.05 ± 0.28, 
1.08 ± 0.21 

1.15 ± 0.07, 
0.93 ± 0.05 

0.87 ± 0.09, 
1.51 ± 0.37 

0.90, 
0.35 

1.03, 
0.80 

0.52, 
0.68 

0.26 ± 0.07, 
0.25 ± 0.43 

0.28 ± 0.05, 
0.43 ± 0.13 

0.43 ± 0.07, 
0.08 ± 0.16 

Plainfin 
m

idshipm
an 

na, 
2.96 ± 1.13 

1.22 ± 0.04, 
1.34 ± 0.42 

1.43 ± 0.18, 
1.83 ± 0.59 

na, 
0.97 

1.14, 
0.61 

0.43, 
0.73 

na, 
0.08 ± 0.11 

0.04 ± 0.05, 
0.05 ± 0.05 

0.27 ± 0.06, 
0.04 ± 0.12 

English sole 
4.36 ± 0.22, 
2.75 ± 0.61 

1.01 ± 0.04, 
1.70 ± 0.29 

2.70 ± 0.38, 
2.20 ± 0.24 

3.61, 
1.28 

0.87, 
0.81 

1.37, 
1.90 

0.08 ± 0.06, 
0.13 ± 0.09 

0.17 ± 0.04, 
0.14 ± 0.08 

0.05 ± 0.07, 
0.06 ± 0.18 

Squat lobster 
1.01 ± 0.02, 
2.01 ± 0.19 

0.98 ± 0.01, 
0.82 ± 0.004 

0.56 ± 0.01, 
0.41 ± 0.02 

0.40, 
0.25 

0.54, 
0.56 

0.01, 
0.21 

10.27 ± 5.10, 
9.36 ± 7.17 

7.57 ± 0.25, 
11.81 ± 1.01 

14.25 ± 1.12, 
8.33 ± 9.60 

Spot praw
n 

3.64 ± 0.10, 
1.15 ± 0.03 

1.05 ± 0.02, 
1.55 ± 0.13 

1.92 ± 0.07, 
na 

1.12, 
0.79 

0.87, 
0.82 

0.66, 
na 

3.73 ± 0.23, 
4.48 ± 7.75 

1.36 ± 0.12, 
0.69 ± 0.15 

4.56 ± 0.39, 
na 

Pink shrim
p 

4.01 ± 0.41, 
1.28 ± 0.33 

1.14 ± 0.01, 
1.41 ± 0.34 

1.25 ± 0.02, 
na 

1.22, 
0.88 

1.01, 
0.81 

0.60, 
na 

0.49 ± 0.57, 
0.20 ± 0.31 

5.60 ± 0.52, 
0.13 ± 0.07 

4.75 ± 1.78, 
na 

H
um

pback 
shrim

p 
2.46 ± 0.23, 
1.02 ± 0.19 

1.20 ± 0.05, 
2.12 ± 0.06 

2.67 ± 0.04, 
na 

2.31, 
0.90 

0.92, 
2.09 

1.40, 
na 

0.14 ± 1.02, 
0.06 ± 0.45 

0.33 ± 0.09, 
0.02 ± 0.17 

1.12 ± 1.24, 
na 

D
ungeness 

crab 
3.37 ± 0.67, 
3.72 ± 0.94 

1.26 ± 0.21, 
2.03 ± 0.26 

1.73 ± 0.57, 
2.42 ± 0.10 

2.44, 
1.16 

0.90, 
0.96 

1.26, 
2.35 

0.03 ± 0.10, 
0.08 ± 0.11 

0.08 ± 0.04, 
0.08 ± 0.05 

0.03 ± 0.11, 
0.03 ± 0.09 

Tanner crab 
2.94 ± 1.04, 
4.38 ± 0.13 

1.05 ± 0.14, 
1.89 ± 0.16 

1.74 ± 0.21, 
2.35 ± 0.73 

2.32, 
4.24 

0.87, 
1.50 

1.30, 
1.98 

0.02 ± 0.09, 
0.04 ± 0.24 

0.03 ± 0.05, 
0.12 ± 0.11 

0.10 ± 0.10, 
0.02 ± 0.13 

Spiny pink 
star 

4.56 ± 0.11, 
na 

1.90 ± 0.23, 
2.31 

2.29 ± 0.48, 
2.74 ± 0.04 

4.41, 
na 

1.11, 
2.31 

0.70, 
2.68 

0.03 ± 0.08, 
na 

0.06 ± 0.08, 
0.01 ± 0.16 

0.07 ± 0.09, 
0.03 ± 0.15 

T
able 3.2. M

ean (± 2*SE) and m
inim

um
 oxygen occurrence and m

ean density per 20 m
-2 quadrat for 14 abundant m

obile m
egabenthos in 

each season w
ith sam

ple years separated by com
m

as (e,g, 2013, 2016).  
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T
able 3.3. M

ean (± 2*SE) and m
inim

um
 oxygen occurrence for sessile organism

s in each sam
pling season, w

ith sam
ple years 

separated by com
m

as (e,g, 2013, 2016). D
ensities 20 m

-2 (± 2*SE) of sessile taxa show
 a drop in seaw

hip abundance in fall 
2016. Sessile organism

s experienced relatively low
 oxygen in fall 2016 w

hen com
pared to the earlier year w

hen deep-w
ater 

oxygen w
as renew

ed in late sum
m

er.  
   

Species 
O

2-m
ean   

Spring 
O

2-m
ean   

Sum
m

er  
O

2-m
ean   

Fall 
O

2-m
in   

Spring 
O

2-m
in   

Sum
m

er  
O

2-m
in   

Fall 
D

ensity  
Spring 

D
ensity 

Sum
m

er 
D

ensity 
Fall 

Tiny ball sponge 
1.91±0.08, 
1.08±0.04 

1.15±0.01, 
0.86±0.01 

0.93±0.03, 
0.11±0.01 

0.86, 
0.14 

1.03, 
0.81 

0.52, 
0.02 

– 
– 

– 

W
hite finger sponge 

1.32±0.00, 
0.74±0.18 

1.20±0.01, 
0.97±0.15 

1.12±0.02, 
0.12±0.02 

1.31, 
0.18 

1.04, 
0.88 

0.03, 
0.02 

– 
– 

– 

G
iant anem

one 
3.16±0.48, 
2.84±0.78 

1.38±0.16, 
1.51±0.17 

1.41±0.24, 
0.78±0.74 

2.32, 
0.90 

0.88, 
0.82 

0.65, 
0.10 

0.10 ± 0.07, 
0.18 ± 0.11 

0.14 ± 0.04, 
0.35 ± 0.12 

0.21 ± 0.13, 
0.09 ± 0.16 

Seaw
hip 

4.13±0.05, 
3.83±0.05 

1.26±0.04, 
2.00±0.02 

2.52±0.04, 
2.03±0.08 

1.79, 
2.48 

0.87, 
0.96 

1.22, 
0.21 

13.99 ± 1.18, 
5.78 ± 1.27 

11.98 ± 1.03, 
10.20 ± 1.73 

26.26 ± 3.59, 
2.61 ± 0.46 
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Figure 3.5. Distributions of community checkerboard scores (c-scores) in a) 2013 and b) 
2016. Blue bars represent frequencies of c-scores from 500 null model iterations. 
Red lines represent observed c-scores, while long and short dashed lines represent 
the 95% one-tailed and two-tailed confidence intervals for significant departures 
from null model expectations. The 2013 observed score indicates a significantly 
aggregated community (p < 0.001), suggesting increased community 
homogenization in the later year. 

 

Critical transition points along oxygen gradient 

 The most parsimonious multivariate regression tree (MRT) explained 38% of the 

variance in community structure; five splits in community structure with environmental 

variables, four of which were due to dissolved oxygen, were shown. Season, year, and 

depth did not contribute to any of the splits, while there was one split with temperature in 

oxygen greater than 1.8 ml L-1; high spot prawn and slender sole abundances in normoxic 

waters of two relatively cool 2013 transects contributed to this split (Figure 3.7).  The 

branch below 0.2 ml L-1 oxygen described the greatest number of quadrats (n=339) and 
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was largely the lower dissolved oxygen limit of all megafaunal habitation. Oxygen-

related splits also occurred at 0.9, 1.1 and 1.8 ml L-1. 

 FI scores in each 0.25 ml L-1 oxygen window agree with the breakpoints detected 

by MRT and detect major changes in community order from 1-2 ml L-1 (Figure 3.8a). 

2013 FI scores in dissolved oxygen from 1.25-2.00 ml L-1 did not differ significantly 

from those generated randomly (Figure 3.8b), while all other FI scores indicate a more 

ordered community than communities generated from randomly selected quadrats. 

Species accumulation curves in each 0.25 ml L-1 oxygen window show a species diversity 

minimum in the 0-0.25 ml L-1 oxygen window and, in contrast to the trend in FI, 

increased incrementally from 0-1 ml L-1 (Figure 3.8c).  

 
Figure 3.6. Observed vs. expected frequencies of species pair co-occurrence scores from 

Pairs null models in 2013 vs. 2016 transects. Error bars represent 95% confidence 
intervals for expected number of species pairs at each co-occurrence score range. 
Increases in completely overlapping (c-score=0) and segregated (c-score=1) 
species pairs occurred in 2016, suggesting shifts in community structure from 
2013.  
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Change in long-term oxygen 

 Mean dissolved oxygen steadily decreased at the 95 m VENUS node. The 

maximum mean hourly oxygen failed to reach 3 ml L-1 in 2014 for the first time since the 

time-series began in 2006 and did so again in 2015-2016 (Figure 3.9a). A linear 

regression showed that the slope of the yearly oxygen decrease steepened from -0.05 in 

2014 (Chu & Tunnicliffe 2015a) to -0.07. The one-year running mean of oxygen also 

steadily declined from 2010-2017 with a brief increase in 2013-2014 and fell below the 

severe hypoxia threshold in 2015 (Figure 3.9b); the yearly mean also fell below this 

threshold for the first time in 2015 (Figure 3.9d). One-year running variance also fell to 

the lowest recorded levels in 2015-2016 as oxygen hovered near zero and set a lower 

limit on the variability (Figure 3.9c).  

Figure 3.7. Breaks in 
assemblage structure 
identified using 
multivariate regression 
tree analysis, using 
combined data (n=902 20 
m-2 quadrats) from 2013 
and 2016. Mobile 
megabenthic species 
abundances (bar plots), 
primary explanatory 
variable values and the 
number of quadrats are 
displayed for each leaf. 
The most parsimonious 
tree (5 splits) did not 
include year or season 
and explained ~ 38 % (1 – 
CV Error) of the variance 
in community structure. 
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T
able 3.4. C

orrected Z-scores from
 PA

IR
S null m

odel analysis show
 species pairs significantly m

ore segregated (positive) or 

aggregated (negative) than null m
odel expectations. R

esults from
 2013 and 2016 are separated by com

m
as and associated pairs 

w
ith significantly different (p < 0.01) oxygen distributions, as determ

ined by bootstrap com
parisons using data from

 both years 

com
bined, are in bold.  

 

Slender sole 

Squat lobster 

Spot prawn 

Bluebarred 
prickleback 

Snake 
prickleback 

Blackbelly 
eelpout 

Blacktip poacher 

Plainfin 
midshipman 

English sole 

Pink shrimp 

Humpback 
shrimp 

Dungeness crab 

Tanner crab 

Spiny pink star 

Slender sole 
x 

na, na 
na, na 

na, na 
6.7, 2.4 

na, na 
na, na 

na, na 
2.6, na 

na, na 
na, na 

na, 2.8 
na, 5.8 

4.6, 4.4 
Squat lobster 

x 
x 

15.6, na 
-2.3, na 

14.1, 8.5 3.6, 3.1  
na, na 

2.9, na 
7.2, 3.2 

na, na 
2.1, na 

3.3, 5.1 
3.6, 4.1 

5.1, na 

Spot praw
n 

x 
x 

x 
na, na 

-5.1, na 
-3.7, -2.9 na, na 

-3.5, na 
-4.2, na 

na, -3.67 -3.1, -2.3 na, na 
-2.7, na 

na, na 

B
luebarred prickleback x 

x 
x 

x 
5.1, 2.7 

na, na 
-4.8, -3.7 na, na 

na, na 
na, na 

na, na 
na, 3.4 

na, 2.1 
2.8, na 

Snake prickleback 
x 

x 
x 

x 
x 

na, na 
3.5, na 

na, na 
na, na 

na, na 
na, na 

-2.7, na 
-2.9, na 

-2.5, na 

B
lackbelly eelpout 

x 
x 

x 
x 

x 
x 

na, na 
na, na 

na, na 
na, na 

na, na 
na, na 

na, na 
na, na 

B
lacktip poacher 

x 
x 

x 
x 

x 
x 

x 
na, na 

2.3, na 
-3.6, na 

na, na 
na, na 

na, na 
na, na 

Plainfin m
idshipm

an 
x 

x 
x 

x 
x 

x 
x 

x 
na, na 

-3.5, na 
na, na 

na, na 
-2.6, na 

na, na 

English sole 
x 

x 
x 

x 
x 

x 
x 

x 
x 

na, na 
na, na 

na, -2.3 
na, na 

na, na 

Pink shrim
p 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

-3.5, -3.3 na, na 
na, na 

na, na 

H
um

pback shrim
p 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

x 
na, -2.2 

na, na 
na, na 

D
ungeness crab 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

na, -2.1 
na, na 

Tanner crab 
x 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

na, na 

Spiny pink star 
x 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

x 
x 

x 



 

Figure 3.8. a) Fisher Information (FI) and 3-point mean FI (dashed lines) in each 0.25 ml L-1 
dissolved oxygen window in 2013 versus 2016. Literature-derived hypoxia and severe 
hypoxia thresholds are displayed with dashed vertical lines, while solid lines show 
community thresholds determined by multivariate regression tree. Both regression tree 
and Fisher Information indicate spatial transitions between ~1-2 ml L-1 dissolved oxygen; 
moving from low oxygen to high, Fisher Information shows changes before the 
breakpoints determined by multivariate regression tree, suggesting utility as an ‘early 
warning system’ for community changes along ecological gradients.  
b) Frequency distribution of 500 FI scores generated from species densities in 50 

randomly selected quadrats. Vertical dashed lines mark 95% confidence intervals 
for non-random FI; 2013 FI scores in 1.25-2.00 ml L-1 oxygen are not 
significantly different than those generated by randomly selecting quadrats.   

c) Expected species accumulation curves generated for each 0.25 ml L-1 dissolved oxygen 
window using combined data from all surveyed species in both years show low 
diversity in hypoxic (< 1 ml L-1; red curves) versus ‘intermediate’ (1-2 ml L-1; 
yellow curves) and normoxic (>2 ml L-1; green curves) zones. 
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Figure 3.9. VENUS Oxygen records from April 2006-April 2017 records show 
long-term deoxygenation and a decrease in the amplitude of the seasonal pattern 
after 2014. Dashed and dotted lines represent sublethal (1.4 ml L-1) and lethal 
(0.5 ml L-1) thresholds. Significant linear relationships (p < 0.01) are shown with 
solid lines. 

a) 1-hour interval dissolved oxygen record.  
b) One-year running mean of dissolved oxygen 
c) One-year running variance of dissolved oxygen 
d) Yearly dissolved oxygen means for calendar years of 2007-2016.  

 

DISCUSSION 

Variable bottom oxygen and community structure between years 

 2016 bottom oxygen concentrations did not follow the course of recovery 

following summer depletion seen in 2013 (Figure 3.1; Table 3.1). A weak deep-water 

renewal in 2015 coupled with the warm-water mass that entered into Saanich Inlet around 

the same time and sank to 100 – 200 m depth in 2016 (Ross 2017) may have enhanced 

hypoxic conditions in the spring and summer 2016 transects. Fall 2016 bottom oxygen 

concentrations reflected another muted deep-water renewal, as the spatial extent of 

hypoxia was similar to that seen in the summer. Although a diminished renewal occurred 

in 2010 (Chu & Tunnicliffe 2015a), only one partial transect was completed in December 
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of that year. Thus, this study represents the first insights into how renewal failure 

influences bottom oxygen concentrations and community structure from pre-bloom 

spring conditions through prolonged hypoxia occurring from summer to fall.   

 In addition, the Northeast Pacific is a global hotspot for long-term deoxygenation 

(Ito et al. 2017), which likely contributed to record minima in bottom oxygen and mean 

yearly oxygen at the VENUS node. Oxygen variability was also at its ten-year low 

entering 2016 (Figure 3.9c), and decreases in environmental variability can signal 

impending ecological shifts (Dakos et al. 2012). Variability may be particularly important 

in low-oxygen, as variable oxygen provides species with brief respites from aerobic stress 

that allow them to persist at low mean oxygen levels (Chu & Tunnicliffe 2015a).  

 Community structure reflected the changes in bottom oxygen concentrations, with 

major differences in species composition and abundances between years. Expanded 

hypoxic conditions in 2016 led to a larger proportion of organisms experiencing hypoxia 

in all seasons than in 2013, which may have contributed to the strong abundance declines 

seen in the latter portion of 2016; while no difference in overall animal density between 

years occurred in the spring or summer transects, most species – including the four most 

abundant species (i.e. seawhip, slender sole, squat lobster and spot prawn) – occurred in 

higher densities in fall 2013 than in 2016, where protracted hypoxia occurred on much of 

the slope (Table 3.2; Table 3.3). Spot prawn declined from spring to summer 2016 and 

were absent for the first time in the 11-year time-series in the fall transect, along with 

several other less abundant decapods (Chu & Tunnicliffe 2015a). Spot prawns typically 

occupy oxygen ranges well above their aerobic metabolism threshold, suggesting active 

evasion of hypoxic conditions (Chu & Gale 2017). Field distributions of spot prawns 
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have shown sensitivity to low-oxygen in previous years (Jamieson & Pikitch 1988), and 

their abundance declined as hypoxia expanded in summer 2013 (Chu & Tunnicliffe 

2015a). The slow progression of hypoxia over the course of the year may have also 

impaired behaviours related to the avoidance of hypoxia in crustaceans that use short 

temporal changes in dissolved oxygen coupled with cues from current direction to orient 

themselves toward higher oxygen (Bell 2003). Seawhip declines may have hastened the 

disappearance of spot prawn and other decapods typically seen amongst seawhip stands 

(Chu & Tunnicliffe 2015a). The increase of nudibranchs concurrent with these declines 

may have been caused by the expansion of a food source in the seawhips felled from 

oxygen stress. Alternatively, decreased competition with spot prawn may have fostered 

the nudibranch proliferation. While a lack of biological information on the burrowing sea 

cucumber precludes us from knowing the reasons for their occurrence in the severely 

hypoxic portions of the fall 2016 transect, their sudden appearance is a notable change 

from previous transects.  

 We also note decreases in the both the strength of interaction, as represented by 

species-pair Z-scores, and abundance of several strongly interacting species that may lead 

to future losses in ecosystem functioning and/or diversity (Danovaro et al. 2008; Sorte et 

al. 2016). In particular, slender sole are important re-suspenders of organic material 

(Yahel et al. 2008), and their decline in Fall 2016 (Table 3.2) may impact benthic-pelagic 

coupling in the inlet. This result is surprising given that slender sole stand to benefit from 

deoxygenation, as they have one of the lowest measured critical oxygen thresholds 

measured in fish (Chu & Gale 2017), allowing them to forage in severe hypoxia where 

competition is reduced. Furthermore, slender sole have increased in the Northeast Pacific 
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ichthyoplankton as deoxygenation has proceeded since 1980 (Guan 2015; Johnson-

Colegrove 2015). The decline in seawhip density observed in Fall 2016 (Table 3.3) is 

also notable due to the biotic habitat they provide, which fosters diversity (Brodeur 

2001). In a summer 2017, spot prawn were present but were still notably sparse, 

potentially due to the muted recovery of slow-growing seawhip habitat; nudibranchs were 

still present in high abundances relative to previous years, and the holothurian seen in 

2016 was absent (Gasbarro unpub. data). Taken together, these observations suggest 

hysteresis in the recovery of some component species, and that Fall 2016 anomalies were 

a ‘flicker’ into an alternative stable state; these are both noted features of ecological 

systems nearing critical transitions (Scheffer et al. 2012).  

 One of the principal effects of ocean deoxygenation is the compression of benthic 

habitats into shallower waters (Stramma et al. 2008). The changes in both bottom oxygen 

and community structure from 2013 to 2016 both suggest stronger habitat compression in 

the latter year, and provide some insights into the affected species. The length of transect 

overlain by hypoxic water increased, and by normoxic water decreased, in 2016. 

However, the greatest proportional change between years occurred in the ‘transitional’ 

zone from 1.1 – 1.8 ml L-1 O2; this zone covered 9.6 - 14.7 % as much transect length as 

in 2013 (Table 1). This steepening of the oxygen gradient allows species to emigrate 

upslope over relatively short distances to avoid unfavorable low-oxygen conditions. 

Separation between species in the normoxic and hypoxic zones is subsequently enhanced, 

with the net effect of community homogenization. Thus, when both component species of 

a given pair occupy similar oxygen ranges (i.e. normoxia or hypoxia), they generally 

were more aggregated in 2016. Those that inhabit opposite zones were more partitioned. 
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This may explain why more pairs displayed complete overlap or separation another in 

2016 (Figure 3.6), and why some significantly associated pairs from 2013 were either 

weakly or non-associated in 2016 (Table 3.4). Squat lobsters and spot prawn, for 

example, showed the strongest segregation of the 91 tested species pairs in 2013, but 

were not significantly associated in 2016, providing evidence that they were forced 

together in the latter year by the broad expanse of severe hypoxia over the shelf.  

Assemblage transitions along the oxygen gradient 

 Multivariate regression tree (MRT) and Fisher Information (FI) analyses of 

assemblage structure identified a coenocline from low to high oxygen with transitional 

zones consistent between years despite the changes in bottom oxygen distribution and 

species composition noted above. The FI breakpoints at which our mobile assemblage 

changed also did not match patterns in the species accumulation curves, suggesting that 

FI is robust to changes in species identity and richness (Figure 3.7; Fath & Cabezas 

2004). The lower breakpoint in assemblage structure detected by MRT (0.2 ml L-1; 

Figure 3.6) and the low diversity in the 0.00-0.25 ml L-1 O2 window (Figure 7c) both 

agree with diversity declines found on continental margins in this range of oxygen 

(Sperling et al. 2016) and largely represent the lower oxygen limits of mobile megafaunal 

presence at approximately 0.2 ml L-1. The high-oxygen node at 1.8 ml L-1 found by MRT 

and the loss of order shown by FI below about 2 ml L-1 both occur at oxygen levels that 

likely are not limiting aerobic metabolism for a majority of the component species (Chu 

& Tunnicliffe 2015a). This high-oxygen transition may be caused by convergence 

between low and high-oxygen assemblages in this zone facilitating increased species 

turnover and/or species interactions. Alternatively, behavioral effects can be induced in 
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this range of oxygen (Gray et al. 2002), but may not have been captured by our snapshot 

samples. Fish generally avoid oxygen levels well above their critical oxygen tensions 

(Breitburg 2002). This occurs even when movement towards higher oxygen increases the 

possibility of predation, suggesting a choice between low-oxygen and predation risk 

(Breitburg 1992). Secondary variables that covary with oxygen but were outside the 

scope of this study, e.g. pCO2 (Paulmier et al. 2011), may have also played a role in 

setting this upper transition point. 

 No major changes in Fisher Information occurred near sublethal (1.4 ml L-1) and 

lethal (0.5 ml L-1) hypoxia thresholds common in the literature. However, the East Pacific 

hypoxia threshold described by Chu & Gale (2017) of 0.88 mL L-1 more closely matches 

our FI transition and the MRT node at 0.87 mL L-1, suggesting that thresholds based in 

physiological traits may be more accurate for predicting community changes, and that 

global thresholds should be employed with caution given the evolutionary and 

environmental discrepancies between ocean basins (Vaquer-Sunyer & Duarte 2008; 

Deutsch et al. 2015). The MRT and transition at ~ 1.1 ml L-1 oxygen may relate to the 

oxygen levels that induce shoaling in some of most abundant megafaunal species (e.g. 

slender sole, spot prawn, pink shrimp) on the transect (Chu & Tunnicliffe 2015a). Spatial 

resorting of species due to deoxygenation occurs in large part because species live near 

the oxygen thresholds needed to maintain their aerobic respiration (Seibel 2011); thus, 

deoxygenation decreases the metabolic viability of many benthic habitats, and alters 

species abundances and distributions (Deutsch et al. 2015). Indices of community order 

(and disorder) may be able to detect these metabolically induced spatial shifts along 

environmental gradients. This approach may be especially useful in environments, such 
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as the deep sea, where hyperbaric constraints require technologically challenging in situ 

physiological techniques and metabolic trait data are sparse or non-existent for many taxa 

(Hughes et al. 2011). Additionally, the fidelity of our observed FI scores to MRT and 

regional hypoxia thresholds indicates that it may serve as a tool to detect community 

transitions along various ecological gradients.  

Conclusions 

 Our results show notable differences in both bottom oxygen and benthic 

community structure from 2013 to 2016, with protracted summer hypoxia causing 

abundance declines, compositional shifts and community homogenization. We also 

present an adaptation of the Fisher Information index that is a useful complement to 

biological data in determining ecological transitions in multivariate systems. Despite the 

changes in bottom oxygen and community structure noted above, we found relatively 

static breakpoints in assemblage structure along the dissolved oxygen gradient in both 

years, suggesting that community-level transitions occur at fixed oxygen levels in this 

region. Additionally, the changes observed in 2016 may provide the first glimpse into the 

future benthic community structure of Saanich Inlet should extended low-oxygen events 

such as those seen in 2015-2016 become more frequent. Complete recovery is possible, 

however, and the successional process has been documented following a similar extended 

hypoxic event in a Swedish fjord (Rosenberg et al. 2002). Our results also display the 

utility of long-term ecological time-series, and highlight the fact that long-term sampling 

is crucial in determining the natural variability and capacity for change in complex 

systems where distinctive events can occur even over ten years of surveys. In seafloor 

ecosystems, where rapid change may outpace the ability of many slow-growing 
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organisms to respond (Moffit et al. 2015), consistent long-term sampling may be even 

more essential. As global change proceeds, it will become increasingly important to 

locate the thresholds and understand the consequences of such events in order to 

determine the resiliency of benthic ecosystems.
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Chapter 4 : General Conclusion 

Major Outcomes 

 I present the results of nine remotely operated vehicle ascents up the previously 

unstudied confining walls of Douglas Channel, BC in Chapter 2. I describe the 

composition and abundance of animals both with depth and along the fjord axis and relate 

these findings to the mass flux structure of the fjord derived from nearby moored current-

meter records. Animal abundance increased in the upper 150 m – where a consistent 

oceanic inflow occurs (Wan et al. 2017) – and was significantly correlated with the 

winter mass flux of the fjord, suggesting a tight coupling between faunal density and an 

inflow that facilitates particle delivery to the suspension-feeding assemblages. This 

finding of animal abundance augmented by high flow is consistent with findings on 

shallow subtidal rock walls (Leichter & Witman 1997) and other abrupt topographies in 

the deep sea (i.e. > 200 m) where particle delivery is enhanced (Genin et al. 1992; 

Rowden et al. 2010; Huvenne et al. 2011). The increase in animal cover in the upper 150 

m was driven by greater abundances of hexactinellids, demosponges, zoanthids and 

articulate brachiopods, and suggests a food-limitation below these depths.  I also assessed 

the taxonomic and functional richness of the wall fauna using species-trait-abundance 

matrices, and found that the deep portions (> 400 m) of our site near the fjord mouth 

contained the most diverse assemblages. Overall, these results illustrate that fjord walls 

are an extensive and ecologically relevant ecosystem supporting an abundant and diverse 

fauna important in the overall scheme of Northeast Pacific biodiversity. 

 In Chapter 3. I describe the 2016 seasonal patterns in the abundance and 

composition of epibenthic megafauna along a soft-bottom transect line in Saanich Inlet, 
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BC. This deep-shallow transect line runs from anoxia to normoxia, and contains a suite of 

mobile species that move in response to the seasonal pattern of oxygen depletion and 

repletion related to the flushing of the fjord basin (Chu & Tunnicliffe 2015). A weak 

deep-water renewal in 2015-2016, in conjunction with a warm-water surface anomaly 

(Chandler et al. 2017), interrupted this oxygen cycle; comparisons with 2013 transects 

show that changes in both benthic oxygen and community structure occurred as a result 

of these oceanographic conditions. Anoxic (~ 0 ml L-1 dissolved oxygen), severely 

hypoxic (<0.5 ml L-1), and hypoxic (<0.88 ml L-1) waters shoaled across all seasons from 

2013 to 2016, with changes from low to high oxygen occurring over relatively short 

bottom distances in the latter year. Additionally, the major peaks in megafaunal 

abundance occurred at lower oxygen levels in all seasons in 2016. The change was most 

notable in Fall 2016, where the peak occurred in severe hypoxia and over 20 m shallower 

than in 2013. The density of multiple mobile and sessile epibenthos declined in Fall 2016 

as well. A nudibranch and a holothurian species, the former rare and the latter absent 

from all previous transects, were abundant in Fall 2016, suggesting that some species 

may benefit from changing dissolved oxygen conditions as their competitors are 

excluded.  

The shoaling oxygen affected the mobile epibenthos by compressing the available 

habitat, as null models showed a suite of 14 species was more aggregated in 2016 than 

2013. Analysis of species-pair relationships also showed community homogenization, 

with more species completely overlapped or segregated than in 2013. Using the same 14-

species suite of mobile megafauna as the null model analyses, I also describe community 

transitions along the oxygen gradient, and show that these transitions occurred at similar 
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locations in 2013 and 2016. In addition, the observed breakpoints in assemblage structure 

matched more closely with oxygen thresholds based in Northeast Pacific ecophysiology 

than with common global thresholds, suggesting that regional thresholds may be better 

suited to predict the ecological consequences of deoxygenation (Chu & Gale 2017). I also 

show, using data from a seafloor observatory node in Saanich Inlet, that the long-term 

decrease in dissolved oxygen accelerated from 2014-2016 as a result of the successive 

weak deep-water renewal events. Yearly mean oxygen and oxygen variability reached 

record lows in 2016, and may be complicit in the observed changes in community 

structure.  

Big Picture 

 The ecological implications of my two thesis chapters must be understood in the 

context of a Northeast Pacific ocean where changes in the major abiotic variables shaping 

marine ecosystems (i.e. temperature, dissolved oxygen, and carbonate chemistry) outpace 

those in the global ocean; vertical and biogeographic shifts in species distributions are 

already occurring, and the interactive effects of these stressors are still poorly resolved 

(Somero et al. 2016). In addition, the communities of both Douglas Channel and Saanich 

Inlet are tied to regional and large-scale physical dynamics that regulate the annual 

flushing, and therefore, the water characteristics of their respective fjords.  

 The results from our surveys in Douglas Channel illustrate that vertical walls are 

important ecosystems in the Northeast Pacific that (i) contain diverse, high-biomass 

assemblages that likely influence the organic cycling through fjord basins (ii) house a 

variety of ecologically sensitive deep-water coral and glass sponge assemblages, and (iii) 

have the potential to serve as biodiversity reservoirs in a changing ocean by providing 
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refugia from various natural and anthropogenic stressors occurring on adjacent slopes. 

The deep (> 50 m depth) wall biota of Douglas Channel are relatively insulated from 

temperature, dissolved oxygen, and, given the coupling between dissolved oxygen and 

pCO2 in the Northeast Pacific (Reum et al. 2014), acidification stress. However, the link 

between animal abundance and the water mass flux character of the fjord suggests a 

sensitivity of these assemblages to changes in physical forcing. In particular, a decrease 

in wind-driven circulation such as that in the equatorial Pacific (McPhaden & Zhang 

2002) could decrease both the estuarine outflow and the compensatory intermediate 

inflow that was associated with the most dense assemblages in the fjord. In contrast, 

Northeast Pacific coastal upwelling strength and duration slightly increased from 1988-

2010 (Jacox et al. 2010; Wang et al. 2015), and continued increases may augment 

biomass in the deep portions of fjords like Douglas Channel where annual upwelling onto 

the shelf drives a nutrient-rich deep-water renewal (Johannessen et al. 2015).  

 The changes in epibenthic community structure in Saanich Inlet observed over the 

course of 2016 imply stark changes in seafloor ecosystems vulnerable to deoxygenation. 

While the observed abundance declines and community homogenization are expected 

results of deoxygenation (Stramma et al. 2012; Sato & Levin 2017), the response 

following renewal in late 2016 is unknown. However, a summer 2017 transect showed 

that many species that declined in 2016 still occurred in low numbers relative to 2013 

(Gasbarro unpub. data). In contrast, animal distributions largely re-established themselves 

in a few months following deoxygenation in summer 2013 (Chu & Tunnicliffe 2015). 

This recovery slow-down is an indicator of decreased resilience and of systems 

approaching critical transitions (van Nes & Scheffer 2007). Future benthic communities 
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may oscillate between periods of mortality and repopulation, as in a seasonally anoxic 

Danish fjord (Jørgenson 1980). Alternatively, the changes in community structure 

observed in Fall 2016 may become more permanent if deoxygenation continues. These 

changes in animal abundance and distributions will likely continue to affect the benthos 

in unforeseen ways as new trophic interactions are introduced (Breitburg et al. 2009). As 

the spatiotemporal extent of naturally occurring hypoxia in the ocean increases due to 

climate change (Rabalais et al. 2010), studies determining how seasonal hypoxic events 

of varying intensity and scale affect community structure will become increasingly 

important.  

Future Directions 

 The vertical wall assemblages in Douglas Channel were largely composed of 

long-lived suspension-feeders. While the ROV survey design allowed for a baseline 

snapshot of these assemblages that established major patterns in diversity and abundance, 

the degree of influence by longer-term factors t(e.g. climate change, direct anthropogenic 

impacts) can only be speculated; if Douglas Channel becomes a major conduit for 

shipping, impact assessments can follow this baseline. The relationship of animal 

abundance with the mass flux structure of the fjord remains a question for further study. 

Settlement plates deployed at various depths and locations in the fjord, in conjunction 

with seston composition and density measurements from water samples, would allow 

tests of possible mechanisms behind the observed abundance distributions. Measurements 

of respiration and filtration rates could help elucidate the relationship between diversity, 

abundance, and ecosystem functioning on the walls. A better characterization of the 

extent of unsedimented bedrock surfaces throughout the fjord would improve 
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extrapolations of the importance of the wall fauna in overall ecosystem functioning. 

Further surveys of the deep wall biota of Northeast Pacific fjords and inlets could refine 

the emerging North-South distinction in fjord fauna and allow for a mechanistic 

understanding of this phenomenon.  

 As the Saanich Inlet epibenthos recovers from the extended 2016 hypoxic event, 

continued monitoring could identify successional stages in recovery and reveal the 

community resilience to such events. The potential importance of secondary variables, 

particularly pCO2, could help to explain more variance in the community response. Low-

pH, aragonite-undersaturated waters in the connecting Strait of Georgia highlight the 

potential importance of carbonate chemistry in this system (Moore-Maley et al. 2016). 

With sufficient data, it may be possible to refine the relationship between dissolved 

oxygen, temperature, and pCO2 on the fjord bottom into a single global change metric. 

My analyses of assemblage transitions could be run along the range of this metric rather 

than solely oxygen, and may help explain the high-oxygen breakpoint in assemblage 

structure. In addition, a multi-stressor framework may provide more accurate predictions 

of ecological thresholds applicable to other Northeast Pacific systems.  

Data Deposition  

 The data from Chapter 2 is to be stored in the University of Victoria’s Dataverse 

repository. All original data from Chapter 3 will be stored in a repository managed by the 

Canadian Healthy Oceans Network.  
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Appendix A: Supplementary Material for Chapter 2 

 

 

Table A.1. Transect metadata for all sites in Douglas Channel. Each individual record is 
a non-overlapping habitat or biological observation taken on a per-second 
protocol in VideoMiner.  

 

 
 
 

 Maitland Island Mckay Reach Squally Reach 
Dive date Sep. 28-29 2015 Sep. 29, 2015 Oct. 1, 2015 
ROPOS Dive No. R1880 R1883 R1884, R1885 
Number of transects 3 3 3 
Surveyed depth range (m) 43-323 48-428 166-682 
No. of habitat and biological records 18770 27336 32631 
% of transect records with dominant 
substratum type: 

   

   Bedrock 56.7 75.6 29.4 
   Sediment 40.6 20.1 70.6 
   Biogenic (shell hash, dead glass sponge) 2.7 4.3 0 

% of transect records with relief type:    
   Flat or rolling 2.4 0.5 1.2 
   Shallow (<45º from horizontal) 29.5 10.4 12.3 
   Medium (between 45º and 90º) 22.9 47.4 42.1 
   Steep (~90º or close; includes overhangs) 22.7 30.7 18.3 
   Steps (Alternates between steep & shallow) 22.4 11.0 26.1 
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Table A.2. List of 53 observed species in Douglas Channel imagery and their broad 
taxonomic designation; designated groups include serpulids (SP), asteroids (AS), 
echinoids (EC), decapods (DE), non-hexactinellid sponges (OS), actinarians 
(AC), gastropods (GA), cup corals (CC), bubblegum corals (BC), ophiuroids 
(OP), crinoids (CR), articulate brachiopods (AB), lyssacine glass sponges (LHx), 
dictyonine glass sponges (DHx), inarticulate brachiopods (IB), zoanthids (ZO), 
and rockfish (RF). Asterisks denote tentative identifications of encrusting species 
that were not included in the total species tally.  

 
Phylum Order Species Designation 
Porifera Clathrinida Clathrina cf. coriacea* OS 
Porifera Clathrinida Porifera1* OS 

Porifera Leucosolenida Leucandra heathi* OS 
Porifera Axinellida Auletta krautteri  OS 
Porifera Halichondrida Hymeniacidon spp. OS 
Porifera Poeciloscerida Cladorhiza spp. OS 
Porifera Poeciloscerida Mycale bellabellensis OS 
Porifera Poeciloscerida Myxilla lacunosa* OS 
Porifera Tetractinellida Stelletta clarella* OS 
Porifera Tetractinellida Poecillastra tenuilaminaris OS 
Porifera Verongiida Hexadella spp.* OS 
Porifera Hexactinosida Aphrocallistes vastus/ 

Heterochone calyx 
DHx 

Porifera Hexactinosida Farrea occa DHx 
Porifera Lyssacinosida Rhabdocalyptus dawsoni/ 

Staurocalyptus dowlingi 
LHx 

Porifera Homosclerophorida Plakina atka OS 
Cnidaria Actinaria Cribrinopsis fernaldi AC 
Cnidaria Actinaria Stomphia didemon AC 
Cnidaria Actinaria Liponema brevicornis AC 
Cnidaria Alcyonacea Paragorgia arborea BC 
Cnidaria Alcyonacea Swiftia beringi  
Cnidaria Alcyonacea Primnoa pacifica  
Cnidaria Antipatharia Antipathes spp.  
Cnidaria Ceriantharia Pachycerianthus fimbriatus  
Cnidaria Scleractinia Caryophyllia alaskensis  
Cnidaria Scleractinia Caryophyllia arnoldi  
Cnidaria Trachymedusae Ptychogastria polaris  
Cnidaria Zoanthidae Epizoanthus scotinus  
Annelida Sabellida Protula pacifica SP 
Annelida Sabellida Serpula vermicularis SP 
Nemertea unknown Nemertean1  
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Brachiopoda Craniida Novocrania californica IAB 
Brachiopoda Terebratulida Laqueus vancouveriensis IB 
Arthropoda Decapoda Munida quadrispina DE 
Arthropoda Decapoda Pandalus spp. DE 
Mollusca Vetigastropoda Calliostoma platinum GA 
Mollusca Caenogastropoda Fusitron oregonensis GA 
Echinodermata Forcipulatida Stylasterias forreri AS 
Echinodermata Forcipulatida Pycnopodia spp.* AS 
Echinodermata Paxillosida Leptychaster anomalus AS 
Echinodermata Paxillosida Leptychaster arcticus AS 
Echinodermata Paxillosida Ctenodiscus crispatus AS 
Echinodermata Paxillosida Gephyreaster swifti AS 
Echinodermata Spinulosida Henricia sanguinolenta AS 
Echinodermata Valvatida Ceramaster patagonicus AS 
Echinodermata Valvatida Hippasteria spinosa AS 
Echinodermata Valvatida Lophaster furcilliger AS 
Echinodermata Valatida Pteraster tesselatus AS 
Echinodermata Comatulida Florometra serratissima CR 
Echinodermata Echinoida Strongylocentrotus pallidus EC 
Echinodermata Echinoida Strongylocentrotus 

franciscanus 
EC 

Echinodermata Aspidochirotida Parastichopus leukothele  
Echinodermata Aspidochirotida Parastichopus californicus  
Echinodermata Dendrochirotida Eupentacta 

pseudoquinquesemita 
 

Echinodermata Ophiurida Ophiopholis aculeata OP 
Chordata Stolidobranchia Cnemidocarpa finmarkiensis  
Chordata Aplousobranchia Diplosoma listerianum  
Chordata Chimaeriformes Hydrolagus colliei  
Chordata Peuronectiformes Hippoglossus stenolepis  
Chordata Scorpaeniformes Sebastes babcocki  
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Figure A.1. Boxplots of sUTC (left panel) and s∆+ (right panel) per depth band above 
and below 200 m ‘breakpoint’ seen in animal abundances. Asterisks indicate 
significant differences between the groups as determined by Welch’s ANOVA (p 
< 0.05).  

 

 
Figure A.2. Taxonomic distinctness (∆+) by depth band with sites denoted by symbol. 

Dashed line represents expected value of ∆+ under the assumption of random 
assembly from the regional species pool. Depth band labels display the base of 
each band. Three of four depth bands with ∆+ values under the expected value 
occur at depths shallower than 100 m.  
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Figure A.3. Species clusters based on functional traits. Tree height refers to the number 
of trait dissimilarities.
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Appendix B: Supplementary Material for Chapter 3 

Figure B.1. Co-occurrence matrices showing species presence in one null model iteration 
(blue) vs. observed presence (red) in a) 2013 and b) 2016. Each row represents one of 14 
species included in the null model, with each column representing one 20 m2 quadrat. 
 

https://drive.google.com/open?id=0B5oVHBF7bslBV2tFbmpyOFV3czA 
 
Figure B.2. Video clips at corresponding depths/seasons in 2013 (right half of frame) 

versus 2016 (right half of frame). Flatfish were present in the deep portions (~ 
145 m) of the Summer 2013 transect but were absent in the later year. Fall 
comparisons at ~60 m depth show squat lobsters rather than spot prawns, 
decreased seawhip density, and the presence of striped nudibranchs in 2016.  

 


