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Continental margins are transitional areas between the land and the deep ocean
where large amounts of particulate matter are supplied, transported, and ultimately
deposited in the deep sea. High-energy hydrodynamic processes such as storms,
ocean currents, or internal waves and tides, as well as bottom trawling activities
contribute to the resuspension and remobilization of these particles. These mechanisms
favor their transference from the continental shelf to the continental slope and maintain
high concentrations of particulate matter in the water column forming nepheloid layers.
The temporal evolution of the hydrographic and nepheloid structure in the upper
slope off Vancouver Island (British Columbia, Canada, NE Pacific) was assessed by
analyzing 4 months (from mid-August to late-November 2018) of sensor data from
Ocean Networks Canada (ONC) NEPTUNE cabled seafloor observatory. The distribution
of particulate matter during the study period illustrated a well-defined turbidity structure
consisting of surface nepheloid layers (SNLs) at <100 m depth associated to primary
and secondary productivity, intermediate nepheloid layers (INLs) between 150 and
300 m depth at the shelf-break and upper slope domain, and bottom nepheloid layers
(BNLs) developed at >400 m depth. Moderate storm events occurred during fall when
the more intense INLs were recorded at shelf-break depths. However, not all the
INLs recorded during this period occurred in coincidence with these storms, indicating
that these INL detachments were modulated by a different sediment resuspension
mechanism. Analyses of fishing vessel activity during the study period revealed that
trawlers operated over the same depth range as these INLs. Our results suggest that,
in combination with the regional currents, the presence of continuous fishing along
the continental slope off Vancouver Island contributes to the advection of suspended
sediment particles, playing a major role in their transfer as nepheloid layers.

Keywords: Vancouver Island, NE Pacific, upper continental slope, NEPTUNE cabled observatory, nepheloid
structure, bottom trawling, sediment transport
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INTRODUCTION

Continental margins are the continuum between the markedly
different domains of land masses and deep-ocean basins, and
form a transitional area where the oceanic, continental, and
atmospheric processes interact (Levin and Sibuet, 2012). Large
amounts of organic and inorganic particulate material from
both terrestrial and highly productive coastal waters are supplied
to continental margins (Blair and Aller, 2012; Milliman and
Farnsworth, 2013; Liu et al., 2016; Kwon et al., 2021). However,
much of these particles do not accumulate on continental
shelf regions, where intense hydrodynamic processes (i.e.,
storms, ocean currents, internal waves, and tides) contribute to
the resuspension and remobilization of ephemerally deposited
sediments, favoring their transference to the continental slope
and deeper areas of the ocean (Walsh and Nittrouer, 2009).
Anthropogenic disturbances, such as bottom trawling (Churchill,
1989; Dellapenna et al., 2006; Mengual et al., 2016) or
dredging operations (Smith and Friedrichs, 2011) also contribute
substantially to the resuspension of bottom sediments, often
interfering with natural sediment transport processes (Martín
et al., 2014). Moreover, the presence of topographic structures
incising the continental margins such as submarine canyons can
promote complex hydrographic and hydrodynamic conditions,
and also favor the transport of suspended particulate matter
toward deeper areas (Gardner, 1989; Puig et al., 2001, 2014;
Canals et al., 2013).

Sediment resuspension by natural and human-induced
processes play a major role in the shaping of continental margins
and maintain high concentrations of material in the water
column in the so-called nepheloid layers (NLs) (i.e., cloudy
layers within the water column containing higher concentrations
of suspended particulate material (SPM) compared to the
surrounding clear waters). These cloudlike layers are recognized
as important contributors to the shelf-slope exchanges of
sediment, serving as a path and link from shallow productive
environments to the abyss (Gardner et al., 2018). In general,
three types of nepheloid layers have been described: (1) surface
nepheloid layers (SNLs) are generally associated with the
biologically active surface mixed layer (e.g., Gardner et al., 1993;
Oliveira et al., 2002), (2) bottom nepheloid layers (BNLs) are
normally associated with elevated SPM near the seabed and
maintained by turbulent mixing in the bottom boundary layer
(McCave, 1986), and (3) intermediate nepheloid layers (INLs) are
the result of the accumulation of particles and/or detachments of
BNLs along isopycnal surfaces in association with strong density
gradients in the water column (Cacchione and Drake, 1986;
Dickson and McCave, 1986; Puig and Palanques, 1998; Lorenzoni
et al., 2009). Nepheloid layers can vary spatially and temporally
(they can be permanent or transitory) and their intensity and
thickness depend on local conditions (McPhee-Shaw et al., 2004;
Inthorn et al., 2006). One of the most effective ways to rapidly
observe nepheloid layer characteristics and distribution in the
water column is the use of optical techniques (Gardner et al.,
2018). Many studies dealing with particulate matter dispersal
in the oceans have noted the presence of NLs at continental
margins worldwide (Gardner et al., 2018), including upwelling

areas off California (Cacchione et al., 1999) and off Namibia
(Inthorn et al., 2006), as well as associated with the presence of
submarine canyons, for example in the NW Mediterranean (Puig
and Palanques, 1998), Portuguese margin (Oliveira et al., 2002;
Quaresma et al., 2007), NE Atlantic (Wilson et al., 2015a,b; Hall
et al., 2017), and the US margin (Carson et al., 1986; Gardner,
1989).

In the Cascadia Margin (NE Pacific; Figure 1), very little
information exists on particulate matter dispersion and sediment
dynamics within and around submarine canyons, despite the
fact that there are at least 40 canyons incising this margin,
between the Juan de Fuca Strait (48 ◦N) and the northern
tip of the Queen Charlotte Islands (54 ◦N) (Harris et al.,
2014a,b). The mechanisms responsible for the off-shelf sediment
transport and the role that submarine canyons play at present
are still under study due to the complexity of the sedimentary
dynamics that characterize this region. Several studies recently
conducted in Barkley Canyon using the NEPTUNE cabled
seafloor observatory have addressed topics such as the methane
release from gas hydrate outcrops (Thomsen et al., 2012),
the role of phytoplankton blooms in the export of organic
matter (Thomsen et al., 2017), the surface-sediment bioturbation
(Robert and Juniper, 2012), the population dynamics of benthic
organisms (Juniper et al., 2013; Doya et al., 2014; Matabos et al.,
2014), and the deep ontogenetic migrations of zooplankton (De
Leo et al., 2018). However, up to date, no specific research using
this cabled observatory has addressed the study of contemporary
mechanisms that control the suspended sediment dynamics in
this submarine canyon environment and its adjacent continental
slope. Previous studies in the NE Pacific margin during the 80s in
the neighbor Quinault Canyon (off Olympic Peninsula; Figure 1)
suggested that most of the off-shelf sediment transport in this
margin occurs during storm events (Carson et al., 1986), and
that resuspended sediment is advected over the upper slope and
canyon forming a shelf-break INL (Carson et al., 1986; Hickey
et al., 1986), increasing particle fluxes at intermediate depths
in the upper canyon region and near the bottom (Baker and
Hickey, 1986). In addition, resuspended fine-grained sediments
preferentially accumulate in the canyon head thalweg due
to constrained circulation within the canyon (Thorbjarnarson
et al., 1986). The same dispersion/accumulation pattern is likely
occurring in Barkley Canyon, although no study has yet been
conducted to verify it.

Moreover, this margin is exploited by an active bottom
trawling fishing fleet since the 1990s (Kulka and Pitcher, 2001;
Haigh and Schnute, 2003). Bottom trawling data from Canada’s
Department of Fisheries and Oceans (DFO) from 1996 to 2005
have shown that this fishery’s footprint extends over∼38,000 km2

along Canada’s Pacific coast from 115 to 1,100 m depth (Sinclair,
2007). Therefore, the contemporary sedimentary dynamics on
the continental slope could also be affected by this human
activity, as it has been observed in other margins (Puig et al., 2012;
Martín et al., 2014; Arjona-Camas et al., 2019, 2021).

The aim of the present study is to investigate the hydrographic
and nepheloid layer distribution through the water column in
the upper slope region of Vancouver Island (British Columbia,
Canada, NE Pacific), as well as to assess and discuss the potential
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FIGURE 1 | Bathymetric map of the study area highlighting Ocean Networks Canada’s NEPTUNE cabled seafloor observatory (white line) and nodes (orange
squares) and the submarine canyons incising the Cascadia margin. The location of the instrumented platform used in this study (BUS site) is illustrated with a red star
and the long-term monitoring stations from Line P (P03 and P04) monitoring program are indicated in green circles. The location of the Juan de Fuca Buoy (yellow
dot) and the NOAA WW3 model (white dot) are also shown, from which meteorological (wave and wind conditions) data were retrieved. The overlying density raster
represents an estimate of the trawling effort on the Canadian territorial slope waters based on the number of hauls per hectare obtained from Automatic Identification
System (AIS) data of 2018, which includes the monitoring period from the 14th of August to the 23rd of November (note that the map does not include trawling data
from the United States territorial waters). For interpretation of the references in color in this figure legend, the reader is referred to the web version of this article.

resuspension mechanisms -natural and anthropogenic- that
contribute to present-day sedimentary dynamics in this region.
To do so, ∼4 months of time series of hydrographic vertical
profiles (temperature, salinity, pressure, turbidity, fluorescence,
and oxygen) combined with low frequency Acoustic Doppler
Current Profiler (ADCP) data from Barkley Canyon’s node of
Ocean Networks Canada (ONC) NEPTUNE cabled seafloor
observatory have been analyzed.

MATERIALS AND METHODS

Study Area
The study area is located in the NE Pacific at the Cascadia
Margin and continental slope off Vancouver Island (Figure 1).
The Cascadia continental margin is found along the convergent
boundary between the Explorer and Juan de Fuca Plates and
the America Plate. Sediment trends from gravelly to boulder
sediments inshore to sand and gravel on the mid-shelf and to
muddy sands (10–40% mud) on the outer shelf (Bornhold and
Yorath, 1984; Bornhold and Barrie, 1991). The shelf-edge varies
in depth from 180 and 225 m and is defined by an abrupt
change in slope from the nearly horizontal outer shelf (<0.2◦) to

the steep upper continental slope (7–15◦) (Bornhold and Barrie,
1991), and presents a narrow band of well-sorted sands. This
discontinuous zone is thought to be a result of high-energy levels
due to breaking of internal waves or currents along the upper
slope and outer shelf related to tidal and surface swell (up to
40 cm·s−1), or winter storms and associated bottom currents
(up to 60 cm·s−1) (Bornhold and Yorath, 1984; Crawford and
Thomson, 1991). Fine-grained terrigenous material from the
Columbia River can also be transported by regional surface
and bottom currents, bypassing the shelf and depositing on the
continental slope (Chase et al., 2002). The continental slope
mainly presents glaciomarine (i.e., ice-rafted dropstones and clay
components) sediments derived from the ice sheet activity during
late Quaternary and early Holocene (Cosma and Hendy, 2008).

Sediments at the continental slope, particularly at the deeper
locations in Barkley Canyon (Figure 1) can be also affected by
benthic fauna bioturbation. The sablefish (Anoploma fimbria)
is an active contributor to surface sediment bioturbation at
Barkley Canyon axis and flanks, at 870–890 m water depth (De
Leo et al., 2018). Outside the canyon confinement, in upper
slope depths, sediment bioturbation is rarely generated by the
sablefish, as it occurs in low densities, but conversely, flatfish (e.g.,
Dover sole, Microstomus pacificus, and Pacific halibut, Hipoglosus
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stenolepsis) and pink sea urchins (Allocentrotus fragilis) represent
the major megafaunal contributors to surface bioturbation
(Robert and Juniper, 2012).

The hydrographic structure in this area is composed of several
water masses. The Pacific Subarctic Upper Water (PSUW) is
generally found in the upper layer (0–500 m depth) of the water
column and is characterized by temperatures between 3.0 and
33.6. Below (500–1,500 m depth), intermediate waters include the
Pacific Subarctic Intermediate Water (PSIW), with temperatures
of 5.0–12.0◦C and salinities of 33.8–34.3. The Eastern North
Pacific Transition Water (ENPTW) is found between the PSUW
and the PSIW and is characterized by temperatures of 11.0–
20.0◦C and salinities of 33.8–34.3. The Circumpolar Deep Water
(CDW) occupies the entire basin below 1,500 m depth and is
formed by the mixing of waters from the Indian, Pacific and
Atlantic oceans entering the Antarctic region at mid-depths, with
Weddell Sea bottom water (Broecker and Takashi, 1985). It is
characterized by temperature and salinity values of 0.1–2◦C and
34.62–34.73, respectively (Emery and Meincke, 1986).

Oceanographically, this region is influenced by the California
Current System, which results from the bifurcation of the
eastward flowing Subarctic and North Pacific currents into
the northward flowing Alaska Current and the southward
flowing California Current (CC), as a result of a divergence in
prevailing wind directions (Hickey, 1979; Lynn and Simpson,
1987; Checkley and Barth, 2009). The CC reaches depths of
approximately 500 m and can be intensified at the surface by
wind-stress (Checkley and Barth, 2009). Winter conditions at
the CC start with a gradual completion of summer conditions
after the contraction of the North Pacific high-pressure system,
while the Aleutian low-pressure system intensifies (Wooster and
Hollowed, 1995). Downwelling-favorable winds result in wind-
driven mixing that forces oxygen rich surface waters toward
the ocean interior at shelf-break depths (Whitney et al., 2007;
Cannolly and Hickey, 2014). During the spring transition, the
CC is forced by southward winds that generate southward
transport along the coast (Hollowed, 1992). The CC is strongest
during summer, when the relaxation of Aleutian low-pressure
system occurs and the North Pacific high-pressure system
intensifies, causing upwelling-favorable winds and southeastward
flow (Lluch-Belda et al., 2001, 2003). The upwelling favorable
wind stress peaks during summer, although downwelling and
relaxation events still occur during this season (Hickey, 1979;
Hickey and Banas, 2008; Saldívar-Lucio et al., 2016). Subsurface
pressure gradients cause the California Undercurrent (CUC) to
flow northward along this margin during the late summer to
early fall, despite that the source mechanism is not completely
understood. The CUC develops below the shelf-break depth over
the slope (125–325 m depth, with core speeds between 200 and
275 m depth; Pierce et al., 2000), also reaching its maximum
strength in late summer (Hickey, 1979). During summer months,
low oxygen and nutrient-enriched waters are upwelled onto the
shelf, leading to sustained productivity along the west coast of
Vancouver Island (up to 425 g C m−2 yr−1; Antoine et al., 1996).

Waves and tides are of great significance for the transport
of sediments, particularly on the shelf. Long-period swell waves
from the southwest, west, or northwest accounts for most of the

wave energy on the shelf in this region (Bornhold and Yorath,
1984). Waves with swell periods up to 20 s exceed significant
wave heights of 4 m between 20 and 40% of the time during
winter, and between 5 and 15% during summer (Bornhold and
Yorath, 1984). The tide floods along the shelf with near-bottom
velocities on the shelf and open slope rarely exceed 50 cm s−1,
whereas in coastal constricted passages, tidal currents are intense
and can exceed velocities of 150 cm s−1 (Barber, 1957; Bornhold
and Yorath, 1984). The flood tides, reinforced by southeasterly
storms, appears to be a dominant sediment transport process in
the region (Crawford and Thomson, 1991; Barrie et al., 2009).

In addition to the natural oceanographic and sedimentary
processes described above, long-term and widespread bottom
trawling activity affecting the study area may contribute as
an anthropogenic control process. Off Vancouver Island, deep-
sea bottom trawling began in the 1990s in response to
growing market demand for two groundfish species: the short
spine thornyhead (Sebastolobus alascanus) and the long spine
thornyhead (Sebastolobus altivelis). The depth distribution of the
long spine thornyhead ranges from 500 to 1,600 m, while the
short spine thornyhead occurs over a broader depth range, from
90 to 1,460 m (Haigh and Schnute, 2003; De Leo et al., 2017).
Other commercial species targeted by the bottom trawl fleet
include shrimp and prawn (Department of Fisheries and Oceans
Canada [DFO], 2019). According to recent data, commercial fish
landings for mixed groundfish in British Columbia have reached
138,723 metric tons (Department of Fisheries and Oceans Canada
[DFO], 2019). Bottom trawling represents an important fishery in
British Columbia despite public concerns and scientific evidence
from other locations about the potential physical disturbance of
seafloor habitats and associated benthic communities (Ardron
et al., 2007; Finney, 2009; De Leo et al., 2017), as well as its
high by-catch rates (Haigh and Schnute, 2003). The disturbance
of bottom trawling on the seafloor on the continental slope off
Vancouver Island is confirmed by continuous video and sonar
records from ROV surveys, with maximum occurrence between
500 and 1,100 m depth (De Leo et al., 2017).

The NEPTUNE Observatory
The North East Pacific Time-series Undersea Networked
Experiments (NEPTUNE) observatory,1 operated and
maintained by ONC,2 is located off the west coast of Vancouver
Island in the NE Pacific (Figure 1). The NEPTUNE infrastructure
is an 840 km optic cable with five active nodes, and ranges from
23 to 2,660 m depth providing high-resolution, multiparameter
platforms for the multidisciplinary study of deep-sea ecosystems
of the NE Pacific, including hydrothermal vents, methane seeps,
and submarine canyons (Barnes et al., 2011). The cable runs
from Vancouver Island across the continental shelf into the
deep Cascadia Basin, along the Endeavour segment of the Juan
de Fuca ridge and back, forming a loop. The NEPTUNE shore
station at Port Alberni on Vancouver Island provides power
and communication to the five nodes and sends the collected
data from the NEPTUNE observatory via fiber-optic cable

1www.neptunecanada.ca
2www.oceannetworks.ca
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to the University of Victoria Data Management and Archive
Station (Figure 1).

Data Collection
The Barkley Canyon node provides power and connects several
instrument platforms (pods) through a series of branching fiber-
optic cables (Figure 2). For the purpose of this study, data
time-series were acquired from instruments on the Barkley Upper
Slope (BUS) Instrument platform (latitude: 48◦ 25.6457′ N,
longitude: 126◦ 10.4799′ W, depth: 390 m), spanning from the
14th of August to the 23rd of November 2018.

Data from all the instruments are archived and publicly
available online in near-real time via ONC’s Oceans 2.0 Data
Management System.3

Environmental Characterization
A Vertical Profiling System (VPS), connected to the BUS
Instrument Platform (Figures 1, 2), obtained the hydrographic
data during the study period. The VPS is fixed to the seafloor
at 390 m depth with a bottom-mounted winch that controls
a buoyant platform to which oceanographic instruments are
mounted. The VPS starts profiling at 375 m depth, although
is docked at 390 m depth because the first 19 m are reserved
for a “docking procedure” that ensures the entire package of
floats and instruments to return to its cage on the bottom safely.
During this docking procedure, the VPS does not acquire data
and automatically slows its speed down to 1/10 of the normal
speed, and fully stops on its cage after a few minutes. During the
study period, the profiler performed ∼ 4 profiles per day from
374 m depth to almost the surface (25 m depth), giving a temporal
evolution of water masses, their dynamics and characteristics.
The VPS is equipped with a SeaBird SeaCAT SBE 19 plus v2 CTD
probe to measure temperature, salinity, pressure and density
at 0.25 s intervals. The profiler is also equipped with a WET
Labs ECO FLNTU sensor, programmed to measure fluorescence
(µg L−1) and backscatter turbidity (expressed in Nephelometric
Turbidity Units, NTU) at 1 s interval. Additionally, dissolved
oxygen data was recorded by an Aandera Oxygen Optode 3830
sensor that sampled at 3 s intervals (Table 1).

In addition, an upward-looking 75 kHz RDI Workhorse Long
Ranger Acoustic Doppler Current Profiler (ADCP), connected
to the BUS Instrument platform, was used to measure current
velocity and direction. The ADCP is configured with vertically
stacked measurement cells of 8 m in thickness, with the center of
the first valid cell at 16 m above the bottom (Figure 2). These
settings allowed current velocity and direction estimates up to
about 400 m above the bottom (Table 1).

CTD, Turbidity, and Current Data Analyses
Data collected with the VPS were first pre-processed to remove
outliers. In an attempt to standardize all the data pre- and post-
processing steps for all data strings from all different instruments
and sensors, a MATLAB script was developed to automatically
identify and remove negative values marked as “bad quality
data,” flagged by ONC’s data quality and assurance (QA/QC)

3https://data.oceannetworks.ca/DataSearch

process. Afterward, MATLAB’s function SpikeRemoval (Solomon
et al., 2001) was run over the entire dataset to delete undesired
transients and spikes exceeding a threshold value. The threshold
is defined as mean ± a number of standard deviations (std)
of windowed data centered at spike locations. In our case, the
most suitable threshold was defined as 1 std and 3 passes for
spike detection and replacement. Finally, data was interpolated to
1 m bins of vertical resolution, obtaining a matrix for the whole
sampling period composed of 765 up- and down-casts.

Moreover, the data pre-processing for the low-frequency
75 kHz ADCP included the down-sampling of the raw data
to a 1-min average ensemble. The data was filtered using a
correlation threshold of 64 counts and an error velocity screening
applied to a threshold of 2 m·s−1. Within each vertical bin,
only pings that were within these thresholds were used in
the ensemble averaging. Additionally, post-processing of the
data included the rotation of the currents dataset to estimate
across- and along-slope current components with respect to
geographic coordinates. The applied angle of rotation was 30◦,
which corresponded to the main orientation of the isobaths at
the sampling site.

Ancillary Hydrographic Data
Complementary to hydrographic data from the VPS, CTD and
turbidity profiles from the long-term Line P monitoring program
(Boyd et al., 1999)4 were analyzed. In this study, stations P03
and P04 were considered, which are both located over the upper
continental slope at 25–40 km to the northwest from the BUS
Instrument platform (Figure 1). Data from these stations were
obtained during the summer (5th to 19th of June) and fall (11th
to 28th of September 2018) cruises, which took place during
the monitoring period. At each station, a SeaBird 9 plus CTD
was mounted in a rosette attached with a WET Labs CSTAR
transmissometer, a SBE 43 DO sensor, a SeaPoint Fluorometer,
a Biospherical QSP-400 PAR sensor and an altimeter. During
the summer cruise, CTD casts were hauled from the surface
down to 784 and 1,307 m at station P03 and P04, respectively,
whereas during the fall cruise they were hauled down to 798 and
1,300 m, respectively.

Sea Surface Meteorological Data
The Strait of Juan de Fuca Traffic Separation Lighted Buoy
(hereafter referred to as “Juan de Fuca Buoy”) (station 46087;
latitude: 48◦ 29, 58′ N and longitude: 124◦ 43.58′ W), which is
owned and maintained by the U.S. National Data Buoy Center,5

provided the wave and wind data during the study period.
This buoy is located 123.2 km E from the BUS Instrument
platform, over the 260 m isobath, and was the closest operative
meteorological buoy to the study site during the monitoring
period (Figure 1). Significant wave height (Hs, m), primary mean
wave period (Tp, s), and mean wave direction (θ, ◦), as well as
wind speed (m s−1) and direction (◦) were recorded every 30 min.

Buoy measurements were compared and crosschecked against
model data from the NOAA WAVEWATCH III model (hereafter

4http://www.waterproperties.ca/linep/
5https://www.ndbc.noaa.gov/
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FIGURE 2 | (A) Detailed bathymetric map of the Barkley Canyon and its upper slope, and the instrument platforms/pods (white dots) that are connected to the
Barkley Canyon node (orange square) as part of the Ocean Networks Canada’s NEPTUNE cabled seafloor observatory. A detailed description of the different
sensors and instruments installed in the Vertical Profiling System (VPS) is also provided in this figure. (B) Bathymetric cross-section of the white dotted line in panel
(A), and the location of the VPS at the upper slope region off Vancouver Island. (C) Underwater photography of the VPS and its cage. For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.

referred to as “NOAA WW3”). NOAA WW3 has a global
coverage and temporal resolution of 0.5◦ and 3 h, respectively,
and the data are available from https://polar.ncep.noaa.gov/
waves. This model is forced with wind data from the Global
Forecast System (GFS) that have a resolution of 0.5 degrees at
1-h intervals. In this study, data from the model was selected

for the U.S. West Coast region from 25◦ to 55◦ North and from
110◦ and 140◦ West, with a spatial resolution of 10 min in both
x and y directions (Figure 1). For the purpose of this study,
data were only plotted for a particular grid point (latitude: 48◦
45′ N and longitude: 125◦ 42′ W) at the outer shelf, inshore of
the BUS Instrument platform, which is a representative location
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TABLE 1 | Summary of all instruments used from the Barkley Upper Slope (BUS) Instrument platform, including the Vertical Profiling System (VPS) and the low-frequency
75 kHz Acoustic Doppler Current Profiler (ADCP) used in this study, spanning from the 14th of August to the 23rd of November 2018.

Instrument Coordinates Depth (m) Device Property Sampling
frequency (s)

Latitude (N) Longitude (W)

VPS CTD probe 48◦ 25.64′ 126◦ 10.44′ 25–374 SeaCAT SBE
19plus v2

Temperature (◦C) Practical salinity
Pressure (dbar) Sigma-t (kg·m−3)

0.25

Turbidity/Fluorometer
sensor

48◦ 25.64′ 126◦ 10.44′ 25–374 WET Labs ECO
FLNTU

Fluorescence (µg·L−1) Turbidity (NTU) 1

Dissolved oxygen
sensor

48◦ 25.64′ 126◦ 10.44′ 25–374 Aandera Oxygen
Optode 3830

Oxygen concentration corrected (mL·L−1)
Oxygen concentration uncorrected

(mL·L−1)

3

75 kHz ADCP ADCP 48◦ 25.64′ 126◦ 10.47′ 16–416 RDI Current velocity (m·s−1) Current direction (◦)
Backscatter (dB)

2

to assess the potential for wave resuspension at the study site.
Model results included wave (Hs, Tp, and θ) and wind (U and
V components of the wind) parameters stored every 3 h.

Regression coefficients between the NOAA WW3 model
grid point output and the data from the Juan de Fuca Buoy
were calculated for the entire period of measurements. The
buoy data was extracted at the same time intervals as the
NOAA WW3 model data.

Bottom Trawling Effort Derived From
Automatic Identification System Data
Trawling activity along Vancouver Island’s slope region was
derived from vessel Automatic Identification System (AIS)
obtained from the SiiTech web platform,6 which allows for
real time and historical tracking of vessels with AIS positional
data. Vessels equipped with AIS transceivers transmit their
position omni-directionally in near-real time to nearby AIS-
bearing ships, as well as to coastal stations and satellites. This
data is transmitted at high frequency, varying from 2 s to
3 min, enabling the monitoring of fine-scale vessel behaviors
and movement patterns (Natale et al., 2015). Access to archived
AIS data was possible through a data sharing agreement between
ONC and the Canadian Coast Guard, which allows distribution
and publication for research purposes of only vessel positional
data without disclosure of vessel identity (e.g., contained
as MMSI strings).

The spatial fishing effort was estimated using AIS data from
August to November 2018, and consisted in static data (vessel
identifier, dimensions, ship type) and dynamic data (vessel
position, speed over ground, course over ground), as well as
voyage information (destination, draught, and current activity
status). Since the total volume of the AIS dataset exceeded our
computational capacity, a filter was applied to select and keep
only “fishing” class vessels with the Canadian flag. The AIS
dataset was further reduced by excluding signals received within
a 5-km buffer zone surrounding the Vancouver Island coastline
to account for vessels slowing while entering the harbor, or
those anchored inshore. A final classification of AIS signals was

6http://www.siitech.com

carried out for vessels that held commercial “trawling” licenses by
conducting a cross-check of the AIS dataset with data extracted
from the Fisheries and Oceans Canada Department (Department
of Fisheries and Oceans Canada [DFO], 2019), extracting vessels
that held pelagic trawling licenses, vessels that held demersal
trawling licenses, and vessels that held “mixed” trawling licenses
(i.e., the same vessel holds both types of licenses).

AIS data were then filtered according to speed to infer whether
an AIS message corresponded to fishing activity, following similar
criteria used in previous studies (e.g., Natale et al., 2015; Oberle
et al., 2016; Arjona-Camas et al., 2021; Paradis et al., 2021). Speed
over ground (SOG) histograms were created for all vessels, from
which a multi-modal distribution was obtained that portrayed
travel speeds (high speeds), trawling speeds (mid-speeds) and an
unknown third distribution that was hypothesized to be related
to fishing gear retrieval or non-power drifting (low speeds)
(Supplementary Figure 1). The Expectation-Maximization (EM)
algorithm (Hartley, 1958; Dempster et al., 1977) was used to
obtain the statistically upper and lower limits of the mid-
speed fishing speed distribution, at 2 standard deviations from
the mean, obtaining trawling speed of 1.5–4.0 knots. However,
simply filtering according to this trawling speed range may lead
to false-positives, when a trawler is navigating or drifting at the
specified trawling speeds, and false-negatives, when a trawler
is hauling at anomalous speeds due to piloting reasons (i.e.,
gear adjustments). Such interruptions were solved by considering
a minimum length of 20 min per haul to correct for false-
positives, whereas a maximum length of 5 min of anomalous
trawling speeds between hauls was considered to correct for false-
negatives. Hauls per vessel were finally identified as consecutive
entries that met the trawling criteria for at least 100 min.
Bottom trawling effort was obtained from the number of fishing
hauls that overlapped within a given area. Although metrics
used to calculate door’s spread were not available during the
present study, a grid of one hectare (100 × 100 m) was used
to calculate bottom trawling intensity, which accounts for the
maximum∼100 m spread of the trawler’s doors reported in other
continental margins (e.g., NW Mediterranean, Palanques et al.,
2006). Trawling effort was finally represented and plotted using
ArcGIS©10.4 software (Figure 1).
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RESULTS

Temporal Meteorological Variability
The predicted wind and wave parameters show that the NOAA
WW3 follows the buoy measurements quite accurately indicating
an overall good agreement with the Strait of Juan de Fuca Buoy
dataset (Supplementary Figure 2). Therefore, for the purpose of
this study, wind and wave time-series from the NOAA WW3
model are used, which is also closer to the BUS Instrument
Platform, to describe the temporal meteorological variability
within the study area (Figure 1).

Sea-surface time-series, as well as wind and wave conditions
(Figure 3) provided the climatological context and allowed us
to characterize both “late-summer” (August and September)
and “fall” (October and November) months. During late-
summer months, sea surface atmospheric pressures were high
(≥1,013 hPa) with warm sea surface temperatures (SST) >10◦C,
often reaching ∼15◦C (Figure 3A). During fall months, sea
surface atmospheric pressure fluctuated between high and low
pressures, with lower SST (10–12◦C) than during late-summer
months (Figure 3A).

Significant wave heights (Hs) ranged between 0.8 and
2.6 m during the more quiescent late-summer months, and
between 2.1 and 4.5 m during the fall months (Figure 3B).
From late October to early November several storms were
recorded, with Hs of 3–4.4 m and wave periods (Tp) of 10.5–
13.4 s (Figures 3B,C). Wave direction (θ) was variable during
both late-summer and fall months, although the change in
direction was more pronounced in fall months due to the
passage of storms (not shown). These events were generally
caused by southern/southeastern winds and rapid fluctuations
in atmospheric pressure. Wind speeds were relatively weak
and showed almost constant values (<4 m·s−1) in August
and beginning of September, and then they started to increase
reaching up to 7.8 m·s−1 (Figure 3D). Wind direction varied
from NW-SE during this period (Figure 3D). During the fall
months, wind speeds were normally higher than 3.5 m·s−1,
eventually reaching 9 m·s−1 (Figure 3D).

Trawling Activity
Trawling effort estimated from AIS data from August to
November 2018 indicates that fishing vessels followed the

FIGURE 3 | Time series of meteorological (wave and wind) conditions measured by the NOAA WW3 model during the study period, spanning from the 14th of
August to the 23rd of November 2018. Atmospheric conditions are based on (A) sea surface temperature (SST, ◦C) (black line) and sea level atmospheric pressure
(hPa) (gray line). The presence of the Aleutian low-pressure system (ALPS), which intensified during fall months over the region, is indicated with a black triangle.
Wave conditions are (B) significant wave height (Hs, m), and (C) primary wave period (Tp, s). Wind parameters are (D) speed and direction. Wind speed is
represented by a light blue line, whereas wind direction is represented by the black arrows. For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.
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FIGURE 4 | Detailed bathymetric map of the study site showing the variability in the number of hauls for late-summer (a–d) and fall months (e–j). Yellow lines
represent fishing hauls by vessels holding demersal trawl licenses, black lines represent fishing hauls by vessels holding pelagic trawl licenses, and magenta lines
represent fishing hauls by vessel holding mixed licenses (i.e., the same vessel can hold both demersal and pelagic trawl licenses). For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.

bathymetric contours, and most of the trawling activity along
the west coast of Vancouver Island took place between 250 and
800 m depth (Figure 1). Based on the spatial distribution of
fishing hauls determined from the AIS data, it is possible to

identify fishing hotspots around Quatsino, Father Charles, and
Barkley submarine canyons (Figure 1), where the predominating
trawling frequency between August and November was
5–15 hauls per hectare, higher than the average trawling effort
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TABLE 2 | Number of hauls and number of trawlers for each trawling method during defined periods.

Season Date (2018) Trawling license

Demersal Pelagic Mixed

# Hauls # Trawlers # Hauls # Trawlers # Hauls # Trawlers

Figure 4a Late-summer 14th–23rd Aug 0 0 0 0 0 0

Figure 4b Late-summer 24th–31st Aug 0 0 0 0 0 0

Figure 4c Late-summer 1st–10th Sept 5 3 0 0 0 0

Figure 4d Late-summer 11th–20th Sept 32 7 0 0 0 0

Figure 4e Fall 21st–30th Sept 64 6 15 1 4 1

Figure 4f Fall 1st–10th Oct 10 3 1 1 0 0

Figure 4g Fall 11th–20th Oct 5 2 6 1 5 1

Figure 4h Fall 21st–31st Oct 32 2 2 1 20 1

Figure 4i Fall 1st–10th Nov 21 3 1 1 0 0

Figure 4j Fall 11th–23rd Nov 9 1 9 1 4 1

The first column indicates the correspondence with Figure 4.

(1–5 hauls per hectare) observed along the entire coast of
Vancouver Island (Figure 1).

The position of fishing vessels operating near the study area
was also plotted in detail, in 10 consecutive periods (Figure 4).
Table 2 summarizes the main characteristics of each period in
terms of number of hauls and trawlers. Time-series observations
on AIS data revealed no trawling activity around the study
site during mid-August and early September (Figures 4a–c and
Table 2). The remaining periods were characterized by the
presence of hauls corresponding to demersal and pelagic trawl
vessels. During September, fishing hauls were mostly observed
between 200 and 600 m depth at Barkley Canyon’s head and were
carried out by demersal trawl vessels (Figures 4c,d).

The highest fishing intensity occurred during fall months
(Figures 4e–j), whereas the lowest fishing intensity occurred in
early October, when most of the fishing hauls were detected on
the upper slope between 200 and 400 m depth (Figures 4f,g).
Moreover, the number of fishing hauls carried out by demersal
trawl vessels was always higher than those carried out by pelagic
trawl vessels (Table 2).

Demersal trawling activity was particularly intense in late
September, late October and November, when most fishing hauls
were detected on the open slope between 200 and 600 m depth
(Figures 4e–j). Pelagic trawling activity was less intense than
demersal trawling activity, with an average of 4 hauls per 10-day
period vs. Seventeen hauls per 10-day period, respectively, but
a large proportion of pelagic hauls were particularly detected in
late October and late November (Figures 4h,j). Only one vessel
had a mixed trawling license, but we could not discern whether
it performed pelagic or demersal hauls. Nevertheless, this vessel
accounted for only 13% of all hauls detected, ranging from 1 to
15 hauls per 10-day period (Table 2).

Water Column Properties
Hydrographic Structure, Dissolved Oxygen,
Fluorescence, and Turbidity
The hydrographic structure obtained by the CTD measurements
from the VPS from 25 to 374 m water depth revealed distinct

changes in temperature and salinity throughout the water
column. These are ascribed to the different water masses present
in the study area (Figure 5). In the upper ∼100 m of the water
column, temperatures were between 8 and 12.5◦C and salinities
ranged between 32.5 and 33.6 (Figure 5 and Supplementary
Figure 3), which corresponded to Pacific Subarctic Upper Water
(PSUW). Below, the temperature ranged from 7.0 to 9.3◦C and
salinity ranged from 33.8 to 34.3, associated to the Eastern
North Pacific Transition Water (ENPTW) that occupied the
water column from 100–150 to ∼300 m depth (Figure 5
and Supplementary Figure 3). Underneath these two water
masses, the deepest part of the hydrographic profiles exhibited
a temperature minimum of 5.5◦C and salinity values that ranged
from 33.8 to 34.3, indicative of the Pacific Subarctic Intermediate
Water (PSIW) (Figure 5 and Supplementary Figure 3).

The VPS time series showed decreasing dissolved oxygen
(DO) concentration from the surface (7 mL·L−1) toward the
deepest part of the sampled water column, where the lowest DO
concentrations were found (<1.2 mL·L−1) (Figure 5C). Within
the upper water column, between 50 and 150 m depth, there
was a sharp change in DO concentrations from 99 to ∼40%
that corresponded to the boundary between the PSUW and the
ENPTW. Anomalously low DO concentrations (1.8–2.4 mL·L−1)
were also found at 87 m water depth compared to surrounding
higher DO concentrations between the 26th of September and the
2nd of October (Figure 5C). Similarly, lower DO concentrations
(2.4–2.8 mL·L−1) than those of the surrounding waters were
observed between the 11th and the 15th of November at ∼70 m
water depth (Figure 5C).

Within the surface layer, highest fluorescence (>1.5 µg·L−1)
was observed, whereas it was not traceable below the surface layer
(>70 m water depth) (Figure 5D).

The temporal distribution of the water column turbidity,
measured in NTU, during the study period is shown in Figure 5E.
Generally, increases in turbidity were observed near the seafloor
and at mid-water depths, generating bottom and intermediate
nepheloid layers, BNLs and INLs respectively. INLs were mainly
recorded between 150 and 300 m depth, centered at about 200 m
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FIGURE 5 | Time series of (A) potential temperature (◦C), (B) salinity, (C) dissolved oxygen (mL·L–1), (D) fluorescence (µL·L–1), and (E) turbidity in NTU
(Nephelometric Turbidity Units) measured by the Vertical Profiling System (VPS) during the study period, spanning from the 14th of August to the 23rd of November
2018, showing the different water masses present in the study area: Pacific Subarctic Upper Water (PSUW), Eastern North Pacific Transition Water (ENPTW) and
Pacific Subarctic Intermediate Water (PSIW) (data plotted using Ocean Data View 4.7.10; http://odv.awi.de; Schlitzer, 2010). For interpretation of the color in this
figure legend, the reader is referred to the web version of this article.
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water depth. These increases corresponded to∼150 m thick INLs
developed at the shelf-break depth and showed turbidity values
of ∼0.1 NTU (Figure 5E). Also, BNLs were recorded at water
depths>300 m depth and displayed thicknesses of almost∼74 m
and turbidity values typically ranging between 0.05 and 0.14 NTU
(Figure 5E). However, these features (both INLs and BNLs) were
not always permanently observed in the turbidity profiles, being
interrupted by periods of clear waters of variable duration (from
2 to 10 days) at certain times (Figure 5E).

Moreover, increased turbidity was occasionally observed at
water depths <100 m depth distributed in punctual sub-surface
nepheloid layers (SNLs), in which turbidity values ranged from
0.05 and 0.15 NTU (Figure 5E). Particularly, the hydrographic
profiles showed highest turbidity at these SNLs on the 27th
of September and 12th of November, peaking at 0.19 NTU
and 0.14 NTU, respectively, at 88 m water depth (Figure 5E).
Overall, these SNLs were observed during the entire study period,
with no significant differences between late-summer and fall
months (Figure 5E).

Line P Water Mass Properties Over the Slope
The hydrographic data obtained from Line P monitoring stations
on the adjacent continental slope (P03 and P04) during summer
and fall cruises of 2018 showed a close correspondence to the
VPS time-series observations. Moreover, it also provided us
with confidence in asserting that the different water masses and
turbidity structure are characteristic of the study area. Data from
stations P03 and P04 during summer and fall cruises (Figure 1)
showed the same water mass structure to that observed at the VPS
hydrographic profiles (Figures 6A,B).

Additionally, data collected from both cruises showed
decreasing DO profiles (Figures 6C,D). The highest
concentrations were found at the surface, where DO values
were ∼7 mL·L−1, whereas lowest values were normally found
at the deepest part of the hydrographic profiles (1 mL·L−1).
During the summer cruise, the DO profile at station P03
showed a relative increase in concentration at 140 m water
depth of 3.1 mL·L−1. Between 140 and 265 m depth the DO
concentrations varied between 1.9 and 3.1 mL·L−1, from
which DO values decreased until reaching lowest values toward
the deepest part of the water column at 800 m water depth
(Figure 6C). During the fall cruise, the DO profile of station
P03 also presented a sharp drop in DO concentrations from
2.7 to 1.3 mL·L−1 from 140 to 210 m water depth (Figure 6D).
During the fall cruise, the deeper station P04 did not show
such variations in DO concentrations. At the same time, it
showed monotonically decreasing DO concentrations down to
0.2 mL·L−1 from∼100 to almost 900 m water depth, from which
DO concentrations slightly increased to 0.5 mL·L−1 toward the
bottom at 1,300 m water depth (Figure 6D).

During both summer and fall cruises, the turbidity profile of
station P03 showed an INL at the shelf-break depth (∼200 m
water depth) and a BNL at 560 m water depth that extended to
the bottom (>780 m in summer, and>790 m in fall, respectively)
(Figures 6E,F). The shelf-break INL was more intense during
the fall cruise (Figure 6F) than in summer (Figure 6E) and was
not observed farther offshore at P04 (Figures 6E,F). Similarly,

the BNL observed at P03 was slightly more intense in fall than
in summer, whereas it was not observed at the turbidity profiles
recorded farther offshore at station P04. Nevertheless, a diluted
slope-INL was identified at 780 m depth during summer at
P04, most probably generated from the detachment of the BNL
observed at station P03. This appeared to be a transient nepheloid
layer, as it was not observed during fall (Figure 6F). Finally, a
BNL was recorded at 1,300 m water depth during both summer
and fall cruises at station P04 (Figures 6E,F).

Dynamics of Water Currents
The speed and directions of water currents measured by
the low-frequency ADCP at the BUS Instrument platform
during the study period were decomposed in across- and
along-margin components (Figure 7). Generally, across-margin
currents during the study period were weaker than along-
margin currents, with maximum across-margin velocities of
0.07 m·s−1 during late-summer months and of 0.1 m·s−1 during
fall months, particularly in early November (Figure 7A). They
were characterized by a high variability in current direction due
to the tidal motion (Figure 7A). In late October, across-margin
currents displayed a predominant offshore direction that reversed
onshore during early November (Figure 7A). Along-margin
currents displayed the strongest velocities recorded during the
study period, presenting near-constant values of >0.2 m·s−1

that were mainly directed toward the northwest. Short periods
of southeastward currents of 0.1 m·s−1 were also detected in
early and late-September, mid-October, and the first 2 weeks of
November (Figure 7B).

DISCUSSION

Nepheloid Layer Distribution
The nepheloid layer distribution over the upper slope region of
Vancouver Island exhibited a vertical distribution consisting of:
(i) a continuous SNL within the first 70 m of the water column,
(ii) intermittent sub-surface turbidity increases between 70 and
90 m water depth, (iii) INLs between 150 and 300 m at the depths
of the shelf-break and upper slope, and (iv) a weak discontinuous
BNL close to the bottom (∼10 m off the bottom) (Figure 5E).

The SNL maximum (0.16 NTU) at <70 m water depth
(Figure 5E) mainly consisted of phytoplankton particles from
the euphotic zone, as inferred by the high fluorescence values
recorded at the same water depth (Figure 5D). This primary
productivity is supported by inputs of inorganic nutrients via a
number of processes, which include along-shore transport, local
wind-driven upwelling, interaction of mesoscale currents with
bottom topography, tidal mixing, and estuarine circulation in the
Strait of Juan de Fuca (Crawford and Dewey, 1989).

In addition to the SNL, elevated turbidity values of 0.14–
0.19 NTU were observed sporadically between 70 and 90 m
water depth (Figure 5E). The vertical profiles exhibit coherent
peaks of decreasing dissolved oxygen (DO) at the same
water depths (Figure 5C), under upwelling-favorable conditions
according to the fluctuation of the isohalines and isotherms
(Figures 5A,B), suggesting that these turbidity increases likely
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FIGURE 6 | Hydrographic data collected during Line P cruises from year 2018. (A,B) TS diagrams in P03 and P04 stations in summer and fall cruises, respectively.
(C,D) Dissolved oxygen (DO, mL·L–1) profiles collected in P03 (black line) and P04 (gray line) stations during summer and fall cruises, respectively. (E,F)
Transmissivity (%) profiles collected in P03 (black line) and P04 (gray line) stations during summer and fall cruises, respectively (data plotted using Ocean Data View
4.7.10; http://odv.awi.de; Schlitzer, 2010). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

corresponded to zooplankton accumulations. From spring
to fall, strong upwelling events provide nutrients to the
continental shelf of Vancouver Island (Mackas, 1992) that
enhance phytoplankton activity, especially during late-summer
months, stimulating zooplankton grazing (Simard and Mackas,
1989). Most of the zooplankton that have been identified in
this area are copepods (Calanus marshallae, Pseudocalanus
spp., Neocalanus cristatus and N. plumchrus, and Metridia
pacifica), which are known to undergo seasonal ontogenetic
vertical migration (Miller et al., 1984; Mackas et al., 1998),
including their advection through Barkley Canyon (De Leo
et al., 2018). These include euphausiids (Euphasia pacifica
and Thysanoessa spinifera) (Mackas et al., 1997), chaetognaths
(Sagiita elegans and Eukrohnia hamata, and Salpa spp.),
hydromedusae (Aglantha and Phialidium), and ctenophore
(Pleurobrachia) (Haigh and Schnute, 2003). Nevertheless, sub-
surface layer zooplankton populations tend to decline rapidly
on the continental shelf area through spring to fall, despite the

high-food availability and relatively low predation (Mackas, 1992;
Venello et al., 2021).

The INLs developed at the shelf-break, mainly centered at
∼200 m depth over the upper slope, showed turbidity values
of ∼0.1 NTU (Figure 5E). Although these INLs at the P03
station are only some meters thick (Figures 6E,F), at the VPS
location they are often connected with the BNL, displaying
continuous turbidity increases from 150 m depth to ∼375 m
depth (at least∼15 m off the bottom) (Figure 5E). This probably
indicates that sediment particles are detached not only from
the shelf but also from deeper regions of the slope, and that
these particle detachments are then scattered throughout these
water depths, rather than being stratified. These connected INL-
BNL were frequently interrupted by periods of clear waters and
were common in upper slope waters (between 200 and 400 m
depth) (Figure 5E) but not farther offshore, as they were not
recorded in the turbidity profiles of station P04 (Figures 6E,F).
In contrast, the BNL that extended from ∼560 m depth down to
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FIGURE 7 | (A) Across-margin and (B) along-margin velocity components, in m·s–1, measured with the 75 kHz Acoustic Doppler Current Profiler (ADCP) installed at
the BUS Instrument Platform during the study period, spanning from the 14th of August to the 23rd of November 2018. Note the change in scale for the
along-margin component. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

the bottom (798 m depth) (Figures 6E,F) observed at P03 would
have been detached downslope across the margin, contributing
to the development of the slope-INL at similar depths between
780 and 1,000 m depth at station P04 during the summer cruise
(Figure 6E). The general offshore decrease of turbidity indicates
particle dispersal and settling that limited the offshore extension
of this slope INL (Hickey et al., 1986).

The across-margin extent of these INLs indicate a complex
interaction between the sediment resuspension mechanisms and
the hydrodynamics that dominate in this region. Therefore, it is
key to understand the frequency and the timing of resuspension
events, as well as the strength and the spatial and temporal
continuity of currents over the entire continental slope.

Potential Resuspension Mechanisms
Generating Nepheloid Layers
Fall Storms
On the upper slope of Barkley Canyon, the more intense INLs
(∼0.13 NTU) were observed at∼200 m at the depths of the shelf-
break, particularly between the 7th of October and the 6th of
November (Figure 5E) when several storm events were recorded
(Figure 3). During fall months, the passage of the Aleutian low-
pressure system typically causes rapid fluctuations of wind and
wave conditions associated to storms, and these are one of the
primary mechanisms for resuspension of fine-sediments from
mid- and outer-continental shelf depths (Sternberg and Larsen,
1975; Walsh and Nittrouer, 1999; McPhee-Shaw et al., 2004).

Storm events usually cause enhanced sediment transport and
increased particle fluxes in slope areas, particularly in submarine
canyons, by the advection of resuspended sediments from the
adjacent continental shelves (Carson et al., 1986; Puig et al., 2003,
2014; Palanques et al., 2008). For example, in the neighboring
Quinault Canyon off Olympic Peninsula (Figure 1), particulate
matter on the shelf is resuspended by storm-induced currents
and waves and is subsequently advected by the regional flow on

a particular isobath (Carson et al., 1986), detaching as INL over
the shelf-break (Hickey et al., 1986) from which the resuspended
particulate material settles rapidly in amorphous aggregates,
increasing particle fluxes at intermediate depths in the upper
canyon region and near the bottom (Baker and Hickey, 1986).
Specifically, Hickey et al. (1986) mentioned that the waves capable
of moving sediment at depths of ∼150 m typically had Hs of
4–6 m associated with a Tp of 17 s.

The analysis of the temporal variability on the water column
turbidity increases observed at the BUS site during the stormy
period, however, indicated that during the study period the
passage of storms was not a major mechanism responsible for
resuspending and transporting sediments from the shelf into the
upper slope. A close-up analysis between the 20th of October
and the 6th of November, during the most intense stormy period,
revealed no clear relationship between water turbidity increases,
Hs, Tp, and offshore current intensity (Figure 8). The storm
recorded on the 25th of October (Hs: 4 m, Tp: 13 s) seemed to
generate turbidity increases that reached values of 0.1 NTU at
150–200 m water depth, while the storm occurring on the 4th
of November, which had similar characteristics (Hs: 4.4 m, Tp:
11 s) than the former storm, did not appear to generate any water
turbidity increases (Figure 8). This de-coupling between the
atmospheric forcing processes and water turbidity could indicate
that the advection of resuspended shelf sediments is not entirely
dependent on the storm’s magnitude but also on the duration of
prevailing currents delivering resuspended particles toward the
shelf edge and deeper areas (Palanques et al., 2008).

Tides and General Flow
The interaction of internal waves with the seafloor has been
described as the main mechanism responsible for generating
and maintaining high near-bottom suspended sediment
concentrations on continental margins (Cacchione and Drake,
1986; Palanques and Biscaye, 1992; Puig et al., 2001, 2004;
McPhee-Shaw, 2006). On the continental margin of Vancouver
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FIGURE 8 | Temporal and spatial distribution during the more intense stormy period of fall 2018 of (A) turbidity in NTU, (B) significant wave height (Hs) (black line)
and mean wave period (Tp) (light blue line), (C) across-margin velocity component, and (D) along-margin velocity component, in m·s–1, measured with the 75 kHz
Acoustic Doppler Current Profiler (ADCP) installed at the BUS Instrument platform. Note the change in scale for the along-margin component. For interpretation of
the references in this figure legend, the reader is referred to the web version of this article.

Island, internal waves occur at tidal frequencies, being diurnal
baroclinic velocities larger than semi-diurnal barotropic
velocities (Crawford and Thomson, 1982; Drakopoulos and
Marsden, 1993). From our data, the internal tide seems to
propagate along the pycnocline formed at ∼100 m water
depth at the boundary between the Pacific Subarctic Upper
Water (PSUW) and the Eastern North Pacific Transition Water
(ENPTW), as observed in the oscillations of the isopycnals at
this water depth (Figures 7A,B). However, during the present
study, the across-margin currents associated to the internal tide
were generally weak (between 0 and 0.1 m·s−1) and no turbidity
increases could be linked to the internal tide fluctuations at the
profiled water depths (Figure 8).

Along-margin currents were greater than across-margin
currents (>0.2 m·s−1; Figure 7B) and presented dominant
northwestward direction at mixed tidal frequencies (Figure 7B).
This is in general agreement with a previous study conducted off
Vancouver Island (Crawford and Thomson, 1982), as well as with

other studies carried out along the west coast of North America
which have also suggested that bottom diurnal and semidiurnal
barotropic tides propagate northward along the west coast of
North America, mainly as Kelvin Waves (Munk et al., 1970;
Crawford et al., 1981).

In the neighboring Quinault Canyon (Figure 1), quasi-
geostrophic fluctuations in flow are superimposed on the mean
flow every season, exceeding it by an order of magnitude. This
means that during any particular season both southeastward
and northwestward flow events can occur (Carson et al., 1986).
Battisti and Hickey (1984) demonstrated that fluctuations in
the flow field are due to a combination of forcing by the local
wind field and freely propagating waves that are generated by
the wind field along the coast. The direct effect of these wind-
driven fluctuations tends to be confined to the upper water
column (250 m depth) and shallower bottom depths (Battisti and
Hickey, 1984). Off the Washington State coast, the resulting flow
is generally northward during winter when principal sediment
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transport events occur (Hickey, 1979). Therefore, along-margin
currents along Vancouver Island could affect the advection
of resuspended sediments within slope depths, considering
that nearly clear-water periods coincided with southeastward
currents and turbid-water periods with northwestward currents
(Figures 5E, 7B). Furthermore, these along-margin currents are
likely associated with the California Undercurrent (CUC) which
flows northwestward during late-summer and fall months at the
depths of the shelf-break (Hickey, 1979; Pierce et al., 2000).
Therefore, the CUC may act as a relevant mechanism for both
sediment resuspension and advection in our study area.

Trawling Activities
Although the CUC may exert a controlling role in the sediment
transport in our study area, the turbidity increases observed in
the water column at the study site could not be conclusively
explained by any single hydrodynamic process operating along
the margin off Vancouver Island. This suggests that other
potential resuspension mechanisms, aside from these natural
processes, may also play an important role causing sediment
resuspension and contributing to the formation of the INLs and
BNLs in the study area.

Several studies have demonstrated that resuspension caused
by bottom trawling can create turbid clouds and persistent
nepheloid layers with high suspended sediment concentration,
which have been observed mainly on continental shelves
(Churchill, 1989; Schoellhamer, 1996; Palanques et al., 2001,
2014; Ferré et al., 2008). In contrast, the occurrence of turbidity
increases caused by trawling activities in slope environments
has been less investigated. Studies conducted on the NW
Mediterranean slope have described that the resuspension
created by the trawling gear can be propagated deeper than
the trawling grounds (Puig et al., 2012; Martín et al., 2014).
These studies were conducted on a submarine canyon flank,
which reported the presence of highly concentrated INLs and
BNLs generated after the passage of the trawling fleet. Recent
studies recorded quasi permanent INLs and near-BNLs near the
fishing grounds of the Foix and the Palamós submarine canyons
(Catalan margin, NW Mediterranean) during the trawling season
(Arjona-Camas et al., 2019, 2021). Other studies carried out in
the NE Mediterranean (Chronis et al., 2000) and in the NE
Atlantic (Wilson et al., 2015b; Daly et al., 2018) also suggest that
trawling activities can be a major mechanism involved in the
development and maintenance of high concentrated turbid layers
on continental slope regions and submarine canyons.

Bottom trawling activities on the upper slope region off
Vancouver Island are considered to be a source of the water
turbidity increases recorded by the VPS profiler, considering
that the Barkley Canyon node is situated very close to fishing
grounds (Figure 1), and that at least three major hit incidents
caused substantial damage to the NEPTUNE cabled seafloor
observatory. To that effect, an artificial AIS signal from the
BUS location is now broadcasted to prevent further collisions of
trawlers with the NEPTUNE infrastructure.

Analyses on AIS data revealed that the presence of demersal
trawl hauls coincided with periods of increased water turbidity
and the presence of INLs and BNLs at the same depths

where trawling activities are practiced (Figures 4, 5E). This is
particularly evident in late September and late-October, when
demersal trawling activity was more intense in the study area
(Figures 4e,h and Table 2). During less intense trawling periods,
such as mid-October and mid-November (Figures 4g,j and
Table 2), high turbidity values were still observed at trawling
ground depths (Figure 5E). In contrast, very intense trawling
activity during early-November (Figure 4j) did not have any
related effect on the water column turbidity and nepheloid layer
structure in the study area (Figure 5E). However, these clear
waters occurred during southeastward currents (Figure 7B),
which could advect the resuspended particles away from the VPS
observing site.

These results highlight that local bottom trawling might
contribute to enhance water turbidity in the study area
at the depths where it is practiced. Nevertheless, to fully
understand the water turbidity increases in the study area we
must consider a wider context. The presence of continuous
fishing activity along the Vancouver Island’s continental slope
(Figure 1), combined with the California Current System, results
in the quasi-continuous advection of trawling resuspended
particles, playing an important role in their transport along
the margin via nepheloid layers. The very-frequent increases
in the water column turbidity increases recorded at the study
site can be the result of trawling resuspension in farther
fishing grounds, where the resulting detachments are advected
towards the VPS site by the mean flow, reaching it without
direct concordance with the local AIS data around our study
site (Figure 4), therefore making difficult to constrain the
relationship between trawling and sediment resuspension in such
a highly dynamic region.

Trawling activities at the Cascadia margin mainly occur
at ∼400 m depth targeting groundfish species such as cod,
pollock, rockfish (Sebastes spp.), sablefish (Anopoloma fimbria),
and thornyheads (Sebastopolus spp.) (Food and Agriculture
Organization [FAO], 2019). However, the continuous expansion
of trawling activities to deeper regions (Norse et al., 2012; Watson
and Morato, 2013) is evident in this margin due to the presence
of trawl marks ∼1,100 m depth, further expanding the impacts
of bottom trawling to greater depths (Friedlander et al., 1999; De
Leo et al., 2017). In an effort to mitigate and abate the impacts
of bottom trawling, closure areas have been established (Iriondo
et al., 2019). However, sediment resuspension by bottom trawling
in areas adjacent to protected areas can still affect them (Linders
et al., 2018), which need to be taken into account.

CONCLUDING REMARKS

The present study provides a first glimpse into the nepheloid
layer distribution on the upper slope region of Vancouver
Island, discussing the potential mechanisms contributing to the
sediment resuspension and advection on this continental margin.
A high-resolution time-series of turbidity profiles illustrate a
well-defined turbidity structure consisting of SNLs at <100 m
depth related to primary and secondary productivity, INLs
between 150 and 300 m depth at the shelf-break and upper
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slope domain, and deeper INLs and BNLs found at water depths
down to 400 m depth.

The high number of AIS signals observed over the study area
during the ∼4-month observational period, and the lack of a
clear correspondence of turbidity increases with natural processes
and events, suggests that trawling resuspension contributes
to increasing suspended particle concentrations in the water
column. AIS data reveal that the depths of the observed
nepheloid layers coincide with the operating depths of trawlers.
The presence of local demersal trawling at certain times when
intermediate and bottom particulate matter detachments are
observed, highlights the role of bottom trawling in enhancing
water turbidity at the study site. The presence of pervasive fishing
grounds along the Vancouver Island’s continental slope and
further south, combined with the NW currents of the California
Current results in the quasi-continuous advection of resuspended
particles by trawling, playing a major role in their transport along
the margin as nepheloid layers.
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Supplementary Figure 1 | Speed over ground (SOG) histogram and fitting of the
multi-modal distribution through the EM-algorithm for all trawling vessels, using
AIS signals from August to November 2018. The first distribution (green line) is
hypothesized to be associated with fishing gear retrieval or non-power drifting.
The second distribution (red line) is associated with trawling activity, and the third
distribution (blue line) is associated with traveling speeds. The black dashed line
indicates the upper and lower limits used to classify vessels as trawling. Inset table
includes, for each distribution: mean speed over ground (SOG) in knots and the
corresponding standard deviation. For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.

Supplementary Figure 2 | Scatter plots of buoy (Juan de Fuca Buoy) vs. model
(NOAA WW3) meteorological (wave and wind) data. Linear regression plots for
wave parameters are shown in panels (A–C), corresponding to significant wave
height (Hs), primary wave mean period (Tp), and mean wave direction (θ),
respectively. Linear regression plots for wind parameters are shown in panels
(D,E), which correspond to wind speed and wind direction, respectively. Linear
regression statistics (slope and R2 correlation coefficient) are given for wave and
wind parameters.

Supplementary Figure 3 | TS diagram for all the CTD casts sampled with the
Vertical Profiling System (VPS) during the study period, spanning from the 14th of
August to the 23rd of November 2018, identifying the different water masses
present in the study area: Pacific Subarctic Upper Water (PSUW), Eastern North
Pacific Transition Water (ENPTW), and Pacific Subarctic Intermediate Water (PSIW)
(data plotted using Ocean Data View 4.7.10; http://odv.awi.de; Schlitzer, 2010).
For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.
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