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A B S T R A C T

Many submarine canyons are known hotspots of pelagic and benthic biodiversity and productivity. Despite a
very limited knowledge of the ecology, biodiversity and ecosystem function of Canada’s West Coast canyons,
Barkley Canyon is becoming a relatively well studied system, particularly after the installation of the NEPTUNE
seafloor cabled observatory in 2009. Video observations of large densities of overwintering calanoid copepods
(likely a combination of Neocalanus plumchrus, N. cristatus, and a small contribution of N. flemingeri) drifting near
the bottom at 970m in the axis of Barkley Canyon motivated our interest in investigating the temporal dynamics
of their ontogenetic migration cycle. Particularly, since these large calanoid copepods, and especially Neocalanus
plumchrus, comprise up to 50% of of the mesozooplankton biomass in the subarctic NE Pacific, being considered
a keystone species in the trophodynamics of pelagic ecosystems in the region. Here we used ∼20-months (May
2013–Jan 2015) of seafloor video imagery combined with acoustic Doppler current and backscatter time-series
data from the NEPTUNE observatory to identify the precise timing and seasonal and inter-annual variability in
the deep ontogenetic migration of Neocalanus spp. in Barkley Canyon. A total of 33,486 still images were ex-
tracted from 1674×5-min segment videos, captured at two-hour intervals, and used in a computer-automated
image analysis protocol designed to estimate Neocalanus spp. densities near the seafloor. The results from the
entire time-series revealed close correspondence with the described developmental and reproductive cycle for
Neocalanus spp., with the highest densities of copepodite-5 (C5) and adult individuals present at depth from the
late fall and through the winter. The concomitant high-frequency (2 MHz) ADCP backscatter time-series nearly
mirrored the patterns obtained from the video imagery, and also highlighted a clear inter-annual variability,
with higher copepod densities in 2013 relative to 2014. Such inter-annual variability was also evidenced by
ground-truth net tow casts from Line P and La Perouse monitoring stations in the vicinity of Barkley Canyon. The
low and high-frequency ADCP (75 KHz and 2MHz) current data demonstrated an along axis mean flow near the
bottom and an up-canyon mean subsurface flow from 70 to 300m above the seabed, suggesting a recirculation
cell at this segment of the canyon. Based on this circulation pattern and on our video and backscatter data, we
propose a conceptual model describing how the topographically-constrained currents along the canyon axis and
the up-canyon flow may help trap the seasonally migrating biomass of Neocalaus spp. near the core of its
overwintering depth at mid-canyon (∼1000m). Based on a previously calculated 25-yr mean of carbon export
flux attributed to N. plumchrus in the NE Pacific (i.e., 5 g C m2 yr−1; min. 1.44, max 8.82C m2 yr−1 – Bradford-
Grieve et al., 2001), which considers respiration and mortality at the overwintering depth throughout winter
after spawning, we estimated that 35–215 tons of carbon reach Barkley Canyon’s seafloor yearly over an area of
approximately 24 km2. Future studies should aim to further constrain the role of submarine canyons in trans-
porting and concentrating deep zooplankton migrating biomass, as there are at least another 230 submarine
canyons in the subarctic NE Pacific, a region where zooplankton biomass is heavily dominated by deep onto-
genetically migrating calanoid copepods.
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1. Introduction

Nearly 10,000 submarine canyons exist worldwide predominantly
along continental margins, covering a total area of 4.4 million square
kilometers, or 1.2% of the ocean seafloor (Harris et al., 2014a). These
abrupt topographic features are key to connecting shallow coastal areas
with the deep-sea, channeling and transporting sediments (Oliveira
et al., 2007; Puig et al., 2014), organic matter (Vetter and Dayton,
1998, 1999; De Leo et al., 2010, 2014), marine debris (Schlining et al.,
2013) and pollutants (Paull et al., 2002). Canyons can focus kinetic
energy of internal tides inducing vertical mixing (Zhao et al., 2012;
Aslam et al., this volume), and also trigger upwelling through the to-
pographic steering of along-shelf currents (Klinck, 1996; Hickey, 1997;
Allen and De Madron, 2009) promoting enhancement of local primary
productivity (Sobarzo et al., 2001; Ryan et al., 2005) and the con-
centration of zooplankton biomass (Greene et al., 1988; Macquart-
Moulin and Patriti, 1996; Lavoie et al., 2000). Additionally, the topo-
graphic focusing of zooplankton and micronekton biomass in sub-
marine canyons may enhance trophic subsidies to larger predatory fish,
marine mammals and seabird species (Hooker et al., 1999; Genin, 2004;
Moors-Murphy, 2014). Furthermore, due to high-localized productivity
in concert with extremely heterogeneous and complex seafloor habitats,
high benthic biomass and biodiversity have also been reported for a
range of temperate and tropical submarine canyons (Schlacher et al.,
2007; McClain and Barry, 2010; De Leo et al., 2010, 2012, 2014; Vetter
et al., 2010).

For the Canadian NE Pacific, very little information exists on bio-
logical productivity and biodiversity of both pelagic and benthic habi-
tats within submarine canyons, despite the fact that there are at least 40
canyons cutting across the Cascadia Margin north of the Juan de Fuca
Strait (48°N) and towards the northern tip of the Haida Gwaii (Queen
Charlotte) Islands, at 54°N (Harris et al., 2014a, 2014b). Barkley
Canyon is perhaps one exception, where several studies have docu-
mented high pelagic productivity (Freeland and Denman, 1982) and
zooplankton biomass associated with spring-summer upwelling season
(Mackas et al., 1997; Allen et al., 2001). Under such conditions, ana-
lytical models show that stretching vorticity generated above the
canyon topography is strong enough to produce closed cyclonic eddies
around 200m, the depth at which the canyon rim intersects with shelf,
causing even strong swimmer macrozooplankton species such as Eu-
phausia pacifica and Thysanoessa spinifera to be trapped and transported
towards the shore (Allen et al., 2001). However, even though the
concentration of zooplankton is relatively well-described for waters
above 250m in Barkley Canyon, no information exists on the potential
for topography-induced transport and aggregation of deep-dwelling
ontogenetically migrating zooplankton species. In particular, large ca-
lanoid copepod species characteristic of outer shelf waters in the NE
Pacific, such as Neocalanus plumchrus, N. cristatus and N. flemingeri,
which are known to undergo strong seasonal ontogenetic vertical mi-
gration (Miller et al., 1984; Mackas et al., 1998), have been reported in
high densities at the head and near the walls of Barkley Canyon (Allen
et al., 2001). Populations of N. plumchrus spend late summer through
fall as nonfeeding fifth-stage (C5) copepodites in deep waters ranging
from 200 to 2000m, but are mostly concentrated between 400 and
800m (Miller et al., 1984; Miller and Clemons, 1988). From late fall to
early winter, they molt to the non-feeding adult stage (C6), mate and
spawn at or near the overwintering depth, and remain there until they
die (Miller et al., 1984). The nonfeeding nauplii then migrate upwards
arriving at sea surface as late-stage N6 nauplii or first-stage (C1) co-
pepodites (Miller et al., 1984).

Large-grazing and ontogenetically migrating calanoid copepods are
the main components of the total zooplankton biomass in the NE Pacific

during spring and early summer (Goldblatt et al., 1999; Mackas and
Tsuda, 1999), with N. plumchrus comprising up to half of the meso-
zooplankton biomass in the Alaskan Gyre region (poleward from 45°N).
Ontogenetically migrating copepods feed on a variety of food items
ranging from diatoms, flagellates, microzooplankton, sinking ag-
gregates, and feces, helping to connect the grazing and microbial food
webs (Dagg, 1993; Gifford, 1993; Kobari et al., 2003; Steinberg et al.,
2008). Also not surprisingly, large calanoids make up a great propor-
tion of the diets of local salmon populations (Burgner, 1991), mycto-
phids (Kawamura and Fujii, 1988), baleen whales (Kawamura, 1982)
and seabirds (Hunt et al., 1993), and can therefore be considered
keystone species in the trophodynamics of the NE Pacific pelagic eco-
system (Mackas et al., 1998). Additionally, some studies have shed light
on the importance of the mass ontogenetic migration of large grazing
calanoid copepods to the downward carbon flux into the mesopelagic
zone, often not accounted for by traditional methods for measuring
particulate organic carbon (POC) flux (Bradford-Grieve et al., 2001;
Kobari et al., 2003, 2008a, 2008b; Steinberg et al., 2008). Furthermore,
particularly in Barkley Canyon, recent findings of high concentrations
of zooplankton-derived lipid biomarkers in deep-sea sediments at mid
canyon depths (∼800–1000m) suggest the canyon’s seafloor is being
seasonally enriched by this highly labile organic material, and serving
as food for and structuring the benthic communities (Campanyà-Llovet
et al., this volume).

The motivation for the present study initiated by unexpected ob-
servations of dense aggregations of large calanoid copepods at 970m
depth in Barkley Canyon, only made possible by the high-definition
seafloor video cameras installed and connected through the NEPTUNE
cabled observatory (Ocean Networks Canada Data Archive, 2013). Bi-
hourly observations of high densities of these large-bodied copepods
(∼3–8mm in prosome length) throughout the entire month of De-
cember of 2013, suggested we were observing the nonfeeding C5s and
adult C6 stages of either one, or a combination of three Neocalanus
species (i.e., N. plumchrus, N. cristatus, N. flemingeri - identified not only
due to the relatively large prosome size, but also to its shape), passively
drifting at their overwintering depth. We therefore aimed to test the
hypothesis that these observations represented peak densities reached
after the onset of overwintering migration by Neocalanus spp., and
further to evaluate the seasonal and interannual variability in this
downward ontogenetic migration. Additionally, we addressed the po-
tential role of Barkley Canyon’s topography in concentrating this mi-
grant biomass. We analyzed a ∼20-month time-series of bi-hourly
video imagery combined with high-frequency acoustic Doppler current
profiler (ADCP) data sampled at 0.1 Hz resolution from Barkley Can-
yon’s node of Ocean Networks Canada’s (ONC) NEPTUNE seafloor ca-
bled observatory. To the best of our knowledge, the high temporal re-
solution of these observations is unprecedented for studies dealing with
the seasonal dynamics of ontogenetically migrating zooplankton. The
longest and most consistent sampling of the temporal and vertical dis-
tribution of Neocalanus spp. in offshore waters of Vancouver Island (NE
Pacific) comes from the Line P and La Perouse bank long-term mon-
itoring stations (Mackas et al., 2001). However, both programs rely on
limited net-tow sampling at frequencies ranging from twice to three
times per year (Mackas, 1992). In addition to our three main objectives,
the present study aimed to further characterize the importance of on-
togenetically migrating zooplankton species as sources of POC reaching
Barkley Canyon’s seafloor and promoting a strong pelagic-benthic
coupling.
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2. Materials and methods

2.1. Study area

Barkley Canyon is a highly sinuous shelf-incising submarine canyon
located ∼100 km offshore Vancouver Island in the NE Pacific (Fig. 1A
and B). It possesses multiple head branches intersecting the continental
shelf edge, all discharging in the main canyon axis around mid-slope
depths of 400–600m (Fig. 1B). Storm and along-shelf current-induced
sediment resuspension events over the shelf generate strong bottom and
intermediate nepheloid layer flows, which transport and redistribute

sediments and organic matter in the upper slope in the vicinities of the
canyon head (Baker and Hickey, 1986). Barkley Canyon harbors a
mosaic of benthic habitats and biological communities, as it combines
methane seeps with hydrate outcrops, patches of deep-water corals and
flat sedimented seafloor, all bathed in hypoxic waters within upper and
lower boundaries of the NE Pacific oxygen minimum zone
(Chatzievangelou et al., 2016; De Leo et al., 2017; Seabrook et al.,
2017; Domke et al., 2018).

The physical circulation dynamics at Barkley Canyon’s head and
shallower flanks (surface down to 450m) has been relatively well
constrained in a coupled observational and modelling study (Allen

Fig. 1. Study area in the NE Pacific. A, Map highlighting Ocean Networks Canada’s NEPTUNE cabled observatory and its Barkley Canyon node; and the long-term
monitoring stations from Line-P (P4, P8, P12 – green circles) and La Perouse (smaller circles) sampling programs, from which zooplankton net tow time-series data
was analyzed. B, View of the entire Barkley Canyon and the Open Upper Slope (OUS) site. C, Seafloor monitoring infrastructure at the Canyon Axis (BCA), Canyon
Wall (BCW) and Hydrate Mound (where the IOV Crawler is located). D, Standard tripod frame with mounted HD video camera, PT system and pair of LED lights.
Multibeam bathymetric datasets used are from Haugerud (1999), Ryan et al. (2009) and Paull, 2017. (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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et al., 2001). The flow structure at Barkley Canyon’s upper section from
the upper slope towards the shelf edge has four main characteristics
during an upwelling regime: (1) the near surface NW wind-driven
along-shore flow passes over the canyon unaltered; (2) the flow near the
bottom (above the bottom boundary layer) at the shelf-break is ad-
vected over and drops into the canyon. Stretching generates cyclonic
vorticity turning the flow up canyon, which crosses the downstream
canyon rim generating anticyclonic vorticity; (3) flow over the upper
slope is advected into the canyon and upwelled onto the shelf; (4) the
deeper slope flow (∼400m) enters the canyon at the downstream rim
turning cyclonically (entire flow structure described in Allen et al
(2001)).

2.2. Biological and environmental data overview and analysis

In the present study, we used data from multiple oceanographic
instrumentation installed in Barkley Canyon and adjacent slope from
ONC’s NEPTUNE seafloor cabled observatory (Fig. 1A–C). The NEP-
TUNE observatory, since its initial installation in 2009/2010, has col-
lected close to 8 years of oceanographic data in Barkley Canyon and at 4
other active node locations in the NE Pacific (Fig. 1A) (Barnes et al.,
2010). For the purpose of the present study we analyzed observatory
time-series data from May 23, 2013 to Jan 12, 2015 (∼599 days). We
used video imagery from fixed seafloor cameras installed in three dif-
ferent locations and depths: Barkley Canyon Axis (BCA) at 970m and

Fig. 2. Field of views (FOVs) and regions of interest (ROIs) extracted from the high-definition seafloor imagery recorded for Barkley Canyon Axis (BCA), and used in
the automated image analysis protocol. A, Duration and changes in ROI along the study period. B, Individual ROI areas in square pixels: ROI-1=82,512; ROI-
2=53,592, ROI-3= 207,040, ROI-4= 297,600, ROI-5= 202,884, ROI-6= 120,012, ROI-7= 71,868, ROI-8= 70,500.
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Canyon Wall (BCW) at 870m (Fig. 1C), and on the Open Upper Slope
(OUS) at 400m (Fig. 1B), in order to assess the presence and estimate
the densities of C5 and adult stages of overwintering copepods (likely a
combination of three species within the genus Neocalanus) near the
seafloor (i.e., during overwintering at depth). We also used qualitative
data from a video camera installed in a mobile Internet Operated Ve-
hicle (IOV) located at a methane hydrate outcrop, approximately 600m
SW from the BCW site (Fig. 1C). Prior to May 2013 the seafloor video
cameras installed in Barkley Canyon did not have enough image re-
solution, or a systematic recording schedule, preventing us from using
the entire time series dating back to 2010.

The fixed seafloor cameras installed in BCA, BCW and OUS routinely
record 5-minute videos at two-hour intervals, triggered by turning on a
pair of Remote Ocean Systems (ROS) LED lights (100W,>406 lm).
This automated recording schedule is intended to limit the exposure of
deep-sea benthic and demersal organisms to artificial lighting, in an
attempt to reduce disturbance potentially altering faunal behavior
(Robert and Juniper, 2012). All seafloor cameras installed and

redeployed after May 2013 are either one of two models: an AXIS PT-
185 or a SubC Imaging Dragonfish, both with high-definition (1080
horizontal lines of resolution) imaging sensors. All cameras are attached
to a ROS-485 Pan and Tilt (PT) unit and mounted in a stainless-steel
tripod frame with 2m between each leg at the base, and 1.8m in total
height (Fig. 1E). The final camera height above the seabed is normally
∼65 cm, after accounting for the PT unit mounted above, and for
2–3 cm of sinking of the tripod frame into the soft-muddy seafloor.
Therefore, at a static position with a Tilt angle of 45° the camera images
roughly 6m2 of the seafloor considering its lense aperture angles. A pair
of ROS lasers with beams 10 cm apart is mounted aligned with the
camera’s horizontal plane, providing scaling of the seafloor.

In addition to our observations from the video imagery, and to
evaluate Barkley Canyon’s bottom current dynamics potentially af-
fecting the transport of ontogenetically migrating copepods, we used a
low-frequency upward-looking 75 KHz acoustic Doppler current pro-
filer (ADCP) located in BCA. The device was configured with vertically
stacked measurement cells each 8m in thickness, with the centre of the

Fig. 3. Summary of steps performed by the automated image analysis protocol. A, original image (using ROI-7 as example). B, 8-bit grayscale image transform. C,
Sharpening. D, Edge delimitation. E, Thresholding. F, Output of ‘analyze and count particles’ function on ImageJ. Detail inset images are enlarged in the right-side
panels.
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first valid cell located at 18m above the seafloor. These settings al-
lowed current velocity and direction estimates up to about 600m above
the canyon seafloor. A co-located high-frequency upward-looking
2MHz ADCP was used to estimate the near bottom currents using 102
vertically stacked measurement cells, each of 1.43 cm in thickness. With
this configuration, near bottom currents could be measured between
0.2 and 1.5 m above the seabed. Additionally, the 2MHz ADCP from
BCA and BCW were also used to evaluate the backscatter reflectivity
strength, also within a 1.5m range above the seabed, as an additional
proxy for the presence of the ontogenetically migrating copepods
(Fig. 1C). NEPTUNE observatory ADCP’s are set to record data at their
highest sampling rates (0.1 Hz and 0.5 Hz for the high and low fre-
quency ADCPs, respectively), however, current and backscatter data
were averaged to 1-h intervals, a high-enough resolution to resolve tidal
oscillations and to nearly match the bi-hourly video observations.

2.3. Overwintering copepod density estimates from video imagery

We selected two concomitant camera fields of view (FOV) from two
distinct Pan positions, as the cameras are originally set to monitor the
seafloor aiming at two or more different headings, one of which,
pointing at a benthic larval colonization experiment (INDEEP frame)
(Fig. 2; 1D). The selection of at least two FOVs from the same sampling
period was used to investigate possible effects of variable lighting and
scattering conditions as well as to optimize the contrast between the
bright foreground (i.e., white copepods) and the dark background (i.e.,
non-illuminated water column), as the camera is originally intended to
image the seafloor at an oblique angle (i.e., not looking directly to the
water column). From each FOV a different optimal foreground/back-
ground contrast area (herein referred as region of interest, ROI) was
cropped from the original video prior to proceeding with the copepod
counting routine described below (Fig. 2). Additionally, throughout the
20-month long time-series, the camera FOVs changed slightly in May 5
of 2014, right after the yearly maintenance and redeployment using a
remotely operated vehicle. Therefore, we had to use an adaptive sam-
pling strategy choosing the best ROIs to account for those changes
(Fig. 2).

A Python script was developed to automatically extract 10 still
frame grabs from each 5-min video segment (5 frames per FOV) re-
corded from May 23, 2013 to Jan 12, 2015. A total of 1,674 video
segments from the BCA camera, 33,486 still frame grab images were
generated. A minor gap in the data occurred during the above-men-
tioned maintenance of the observatory infrastructure, from May 5–9 of
2014 (Fig. 2A). While the same script was also used to extract still
frames from the videos from the BCW and OUS’ video cameras, a pre-
liminary assessment revealed that deep migrating copepods were vir-
tually absent from the shallower OUS site; and the still images extracted
from the BCW camera were corrupted prior to the automated analysis
routine. Therefore, we only used the original videos from both these
sites in a qualitative analysis.

The next step consisted of a computer-automated image analysis
protocol implemented using a macro function in the software ImageJ
(Rasband, 1999). The macro pre-registered the following automated
post-processing steps that were applied to all 33,486 images: (1) the
cropping of the target ROIs specific to each FOV along the time-series;
(2) image ‘binarization’, from color to grayscale (8-bit transform); (3)
‘sharpening’, and enhancing edge delimitation for individual copepods;
(4) ‘thresholding’, generating a binary image from the bi-chromatic
grayscale image, and finally; (5) ‘analyze and count particles’, fitting an
ellipsoid function to any particle in a predefined diameter range and
circularity matching both size spectra and shape, respectively, of C5-
stage and adult Neocalanus spp. After several trial runs to perfect this
step, we selected a particle size range between 18 and 144 sp (square-
pixel), and circularity between 0.1 and 1.0 (dimensionless number, 1
being a perfect circle, and determined using the formula: c= 4π× a/
p2, where: c= circularly, a= area, p2= perimeter square), which

provided the best results in properly identifying copepods in the images
(all these steps are summarized in Fig. 3).

The particle counting protocol worked under the assumption that
the vast majority of particles detected and counted in the predefined
size and shape ranges were copepods. While this assumption may in-
itially seem unrealistic, a thorough manual examination of video seg-
ments throughout the entire time series revealed that only a very small
number of non-identified mysids and small pelagic shrimps were also
distinguishable from the video, but still larger than the defined copepod
size range. Large organic aggregates derived from sporadic sediment
resuspension events or from sinking of marine snow, and large dis-
carded appendicularian houses (likely from Bathochordaeus spp.), only
scarcely present during the observation period, were always too large to
be detected by the image analysis protocol. Small discarded appendi-
cularian houses, in a size rage similar to the copepods (Tomita et al.,
1999), could potentially have added some bias in the automated
countings, however, a qualitative inspection of the video imagery
throughout the study period revealed this group was virtually absent at
those depths in Barkley Canyon. Also, sediment particles were not in
the size-range identifiable by the automated counting protocol. Fur-
thermore, when large objects such as drifting jellyfish (mostly Poralia
rufescens, Tiburonia granrojo and Periphylla sp.), and sablefish (Anoplo-
poma fimbria) were captured in the predefined ROIs after being auto-
matically extracted from the original videos, these images were ex-
cluded from the analysis.

The automated copepod counting protocol allowed for the analysis
of 35 images per minute, i.e., a total computational time of 16 h to
analyze the 33,500 still images. On the other hand, manual counts from
image subsets (performed for statistical comparisons and efficiency
testing of the automated counts - see next section) required an average
of five minutes per image, and therefore an equivalent of 1 year of
manual visual counts would be required in order to analyze the entire
dataset (assuming an 8-h work day).

2.4. Statistical analyses

In order to test for the accuracy of the automated image analysis
protocol, we compared the output of copepod density estimations by
the ImageJ macro with densities obtained by the manual visual counts
(i.e., with the unaided human eye) performed by a single trained in-
dividual. We randomly selected 50 images from the 8 different ROIs
along the time-series (i.e., 400 images in total) and performed linear
regression analysis using the Pearson’s correlation coefficient. Once
again, when non-target objects such as jellyfish, sablefish or large or-
ganic aggregates were present in randomly selected images, those were
discarded from the comparative image set.

One-way analysis of variance (ANOVA) of both copepod density
counts (obtained from imagery data in BCA) and mean backscatter
strength data (from 2MHz ADCPs in BCA and BCW) were performed to
verify significant differences between seasons and years. Post-hoc
Tukey tests were carried out to identify significant between-group (i.e,
seasons or years) variability. A pairwise linear correlation analysis
using the Pearson’s linear correlation coefficient was run between the
imagery count data and the mean backscatter strength data (only for
BCA), in order to verify the correspondence between the two methods
in estimating densities of ontogenetically migrant copepods. Those two
analyses were chosen after all datasets passed standard normality tests.

2.5. Ground-truthing zooplankton data

Complementary to our seafloor video and acoustic Doppler data
from the cabled observatory, we analyzed 5 years (2011–2015) of
zooplankton net data from the long-term Line P (http://www.
waterproperties.ca/linep/) and La Perouse Bank monitoring programs
(Fig. 1A; Mackas, 1992). Sampling along Line P takes place in February,
late May-early June, and late August-early September. La Perouse
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stations are sampled either immediately before or after the summer and
fall Line P cruises. Here we consider stations sampled south of 49°N,
east of 128.5°W and west of the shelf (i.e. over the shelf break and
offshore; Fig. 1A). Zooplankton were collected with vertical net hauls of
56 cm mouth diameter Bongo nets (236mm mesh). ‘Shallow’ casts
(n=108) were hauled to the surface from 250m or 10m above the
bottom for stations with<250m bottom depth. ‘Deep’ casts (n= 21)
were hauled to the surface from a depths of 1200m offshore (note that
deep net hauls for February were only collected in 2015). The zoo-
plankton net tow time-series data were used to determine seasonal,
inter-annual, and coarse (i.e. below and above 250m) vertical abun-
dance patterns of all combined Calanoid species, as well as of individual
species, including N. plumchrus, N. cristatus, N. flemingeri, Calanus
marshallae and Eucalanus bungii, near our Barkley Canyon study area,
and within the timeframe of the observatory time-series data.

3. Results

3.1. Barkley canyon current dynamics

Barkley Canyon exerts significant influence on the dynamics of the
near bottom oceanic currents at our study site, BCA. These currents are
aligned with the orientation of the local segment of the canyon thalweg
(North–South) with the low-frequency non-tidal component directed
downslope towards the south (Fig. 4A; also refer to map in Fig. 1C).
This location is significantly removed from the canyon walls (> 300m)
and other topography such that we expect it to be representative of flow
along the thalweg and not a result of tidal rectification. Although we
lack observations from further up and down the canyon axis, we have
no reason to believe that the flow is non-continuous. The southerly
mean current that underlies the progressive vector diagram (PVD,

Fig. 4. Barkley Canyon Axis (BCA) acoustic Doppler current data. A, Progressive vector diagram (PVD) showing current displacement and direction at 1.5m from the
seabed (data from the high-frequency 2MHz ADCP) – ∼depth of the video camera. The PVD origin (0, 0) is at the top of the panel, and time progresses down the
panel with square markers indicating months. Grey and white shading indicates astronomically defined seasons starting from the top with spring of 2013. In the PVD,
distance is not measured but it is inferred from the velocity and direction of the current as well as the time interval measured. Each current vector is added onto the
previous vector, starting from a central (0, 0) position on a grid. This centre point represents the instrument position. B-D, Along- (North-South, black symbols) and
across (East-West, grey symbols) canyon current velocities averaged for Spring/Summer between 300 and 600m above the seabed (asb) (B), and 0–300m (C) – data
from the low-frequency 75 KHz ADCP. Note that upper and lower panels were split to account for differences in current velocity magnitude between shallower and
deeper depths in the canyon. Positive values represent North and East directions and negative values represent South and West. Near bottom (1.5m asb) currents
were also obtained with the high-frequency 2MHz ADCP and are represented by an upward pointing black triangle for along canyon, and rightward pointing grey
triangle for across canyon flow. C–E, same as described for panels B–D, but for averaged Fall/Winter currents.
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Fig. 4A) has a mean value of 2.77 cm s−1 at 182°T over the duration of
the 20-month study period. As interpreted by small changes in spacing
between the monthly cumulative flow depicted in the PVD, the seafloor
monthly mean current velocities did not vary significantly in time
(Fig. 4A). The average current over the combined spring and summer is
3.10 cm s−1 and the combined autumn and fall season is 2.44 cm s−1

(Fig. 4D and E), both persistently downslope (south).
Examining the vertical structure of the currents at BCA, the circu-

lation in the bottom half profile of the water column (up to 300m above
the seabed) is influenced by Barkley Canyon’s topography. The cross-
axis flows are generally of lower intensity with respect to along-axis
flows, which are particularly intensified within 18m near the bottom
(Fig. 4D and E). In both summer/spring and autumn/winter, at about
70m above the seafloor the axial current reverses to up canyon until
300m above seafloor (Fig. 4D and E); and in a one-dimensional sense
delineates a closed circulation pattern, i.e., a downslope flow along the
bottom being replaced with an upper return flow. Right above the
upper limit of this circulation cell, 300m above the seafloor, the cur-
rents intensify and become cross-axis to the canyon (Fig. 4B and C).
This is the depth of the adjacent continental slope, and the currents are
more aligned with the larger scale local oceanic circulation. Our study
location is at the northern end of an eastern boundary current system,
the California Current System. The California Current is a wind-driven
surface current directed equatorward with a poleward flowing counter-
current beneath, the California Undercurrent (CUC) (see e.g. Thomson
and Krassovski, 2010). In Fig. 4, panels B and C, the strengthening
westward flow away from the seafloor is likely due to the influence of
the California Undercurrent.

3.2. Estimated copepod densities near the seafloor

The linear regression analysis revealed that the copepod density
estimates using the automated image analysis protocol were in strong
agreement with the manual visual counts (Fig. 5). All ROI linear re-
gressions were highly statistically significant (p-values, Pearson R2

correlation coefficients, slope and intercept values are provided in
Fig. 5). These results therefore provided us with confidence for inter-
preting the data from the entire time-series, and highlighted the im-
portance of a high-throughput image analysis protocol for handling
such large amount of video imagery, recorded at very high temporal
resolution.

Copepod density estimates using the automated image analysis
procedure provided somewhat variable between-year and strong sea-
sonal temporal patterns (Fig. 6). Overall densities ranged from 0 to
1.5×10−3 cop. sp−1 (copepods per square pixel) throughout the en-
tire observation period, with values steadily increasing starting in mid-
fall (∼October) both in 2013 and 2014, and peaking throughout winter
months (November through January). Statistically significant differ-
ences were observed between seasons (F=712.8; p < 0.0001), with
higher densities during fall (m=4.6× 10−4, sd=1.8× 10−4) and
winter (m=3.3×10−4, sd= 2.1×10−4), and lower densities in
spring (m=1.7x10−4, sd=1.4x10−4) and summer (m=2.9×10−4,
sd= 1.7× 10−4). Copepod densities steadily decreased immediately
after 2013/14 winter months, reaching minimum values during spring
and summer of 2014. Unfortunately, we lost connectivity to the seafloor
instrumentation in Barkley Canyon on January 12, 2015, and a second-
year density minimum could not be observed. In addition to the marked
seasonal variability in copepod densities, there were also significantly
higher densities in spring (m=3.4×10−4, sd= 1.5× 10−4) and
summer (m=3.9× 10−−4, sd=1.5× 10−4) of 2013 compared to
the same periods in 2014 (spring: m=1.2×10−4, sd=0.9×10−4,
summer: 1.7× 10−4, sd=1×10−4).

A qualitative visual inspection of a large subset of videos from the
OUS video camera revealed that deep migrant copepods were com-
pletely absent from this shallower site (at 400m) outside of Barkley
Canyon. Also from qualitative video analysis from the fixed video

camera at BCW, and from the camera installed in the mobile IOV
crawler platform at the Hydrates’ site, both located in a plateau near the
northern canyon flank, similar seasonal patterns in copepod densities as
in BCA were observed (i.e., the downward migration signal was evident
between Oct-Jan in both years), however, with considerably lower
densities in the canyon flank (Supplementary Videos 1–4).

A preliminary analysis of the high-frequency 2MHz ADCP back-
scatter data from the BCA and BCW sites revealed a sustained ‘con-
tamination’ of the backscatter signal with strong spikes occurring at 2-h
intervals (Fig. 7A and D). A careful examination of the data along with
the video imagery from both locations revealed the contamination was
due to frenzied swimming behavior by sablefish (Anoplopoma fimbria), a
species known to be attracted by the artificial lights (Widder et al.,
2005). Since the video camera, which records video every two hours,
and the ADCP are located only a few meters apart, this sediment re-
suspension signal triggered by sablefish is routinely captured by the
ADCPs. Thus, data from the 30min periods following the turning on of

Fig. 5. Scatter plots of manual vs automated copepod counts for all ROIs of
BCA’s video camera. Linear regression analysis parameters (slope, intercept,
Pearson’s R2 coefficient, N) for all regressions are: ROI-1, y=0.843x+ 6.6298,
R2=0.92, n= 38; ROI-2, y= 0.9335x+16.322, R2=0.69286, n= 44; ROI-
3, y= 1.38x+ 1.6089, R2=0.40, n=40; ROI-4, y= 0.6369x+ 1.2468.
R2=0.61, n= 39; ROI-5, y= 0.8412x+0.5.889; R2= 0.59, n=36; ROI-6,
y= 0.6036x+3.2834, R2=0.41, n= 41; ROI-7, y=0.826x+ 13.487,
R2=0.89, n= 35, ROI-8, y=0.8164x+ 26.397, R2= 0.82, n= 38. All ROI
linear regressions are highly statistically significant (p < 0.00001), and re-
spective regression lines on graph match data symbology (i.e, ROI with filled
symbols= solid lines, with empty symbols= dash lines).
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the video cameras were removed from the analysis (Fig. 7B and E),
which was sufficient to allow the measured backscatter to return to a
baseline level prior to the light activation. After removal of the back-
scatter spikes and analysing the entire ∼20-month time-series, the
overall seasonal and inter-annual patterns of the acoustic Doppler
backscatter data at BCA nearly mirrored the copepod densities near the
seafloor obtained from the video imagery (Fig. 8A and B – compare
with Fig. 6), with a strong statistically significant positive linear cor-
relation between the two variables (r= 0.48; df= 6600; p < 0.0001).
Particularly noticeable was the matching for the two fall/winter density
peaks between Oct-Jan of both 2013/14 2014/2015, coinciding with
Neocalanus C5 and adults overwintering at depth (Fig. 8A and B). Dif-
ferences in backscatter strength data were statistically significant be-
tween seasons for the two studied years combined (F=0.558.1,
p < 0.0001), with higher values during fall (m=85.94, sd=6.5) and
winter (m=83.46, sd= 6.0), and lower values during spring
(m=79.81, sd= 4.0) and summer (m=79.97, sd= 4.9). Spring and

summer provided the only non-significant between-season comparison
(adjusted p= 0.84). Additionally, significant between-year differences
were observed (F=158.4, p < 000.1), with higher mean backscatter
strength in 2013 (m=84.16, sd= 5.3) than in 2014 (m=81.53,
sd= 6.8).

The backscatter strength data for the entire 20-month time-series at
BCW, located at 870m and near the northern canyon flank, did not
show the same strong seasonal patterns as observed in the canyon axis
(BCA) site (Fig. 8C and D). However, the backscatter strength was still
significantly higher during fall (m=70.6, sd=5.3) and winter
(m=70.1, sd=3.2) of both studied years (F= 90.7, p < 0.0001)
compared with spring (m=69.51, sd= 3.29) and summer
(m=68.51, sd=3.83), also indicating the presence of migrant cope-
pods. Unfortunately we do not have comparable quantitative data on
copepod densities from the video imagery at BCW, but qualitative
analysis of a large number of videos clearly showed a much less intense
deep water presence at the canyon flank, which is about 100m

Fig. 7. 2-day snapshot of 2MHz acoustic Doppler backscatter strength data (averaged from the three transducer beams and at 60 s sampling rate) with range up to
1.5m above the seabed at BCW (870m depth; panels A–C), and at BCA (970m depth; panels D–F), Oct 29–30 2014. A and D, raw data; B and E, filtered data for 30-
min periods after the video camera lights were turned on (bi-hourly), to remove undesired backscatter ‘spikes’ due to A. fimbria swimming behavior. C and F, mean
backscatter signal a highest sampling resolution (60 sec).
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shallower and about 1 km to the northwest from BCA (Supplementary
Videos 1 and 2).

3.3. 5-yr time-series of net-tow zooplankton data

The zooplankton net cast data obtained from Line P and off-the-shelf
La Perouse monitoring stations show a close correspondence to our near
seafloor observations determining the seasonal timing of the downward
vertical migration of Calanoid copepods. Furthermore, it also provided
us with confidence in ascertaining that the copepods we were seeing in
the video imagery as well as that were captured by the Doppler back-
scatter signal, belonged to the three species within the genus Neocalanus
(i.e., N. plumchrus, N. cristatus, and N. flemingeri). From the deep net cats
data we conclude that both N. plumchrus and N. cristatus dominate video
and acoustic signals as they occur at much higher abundances in the
area (Fig. 9). The abundance of N. flemingeri is relatively low, which is
expected given this species’ more oceanic distribution. Calanus mar-
shallae is largely absent from the deep late-season samples, and Eu-
calanus bungii abundance is also relatively low (Fig. 9). Additionally, the

animals present at our video camera sites were characterized by a more
robust body-form than E. bungii, which can be discriminated both on
video and frame grab still images on the basis of greater body length to
width ratios, greater transparency, and a clearly defined circular lipid
sac.

Now considering Neocalanus spp. (but likely mostly N. pluchrus and
N. cristatus) as our target taxa, the abundance of juvenile stages (C1–C4)
was similar in both shallow and deep casts across months and with the
5-year pooled samples (Fig. 10, upper panels), suggesting that most
juvenile individuals were resident in the upper water column, and
therefore agreeing with expectations for this stage of Neocalanus spp.
developmental cycle, i.e, undergoing rapid somatic growth while
feeding on phytoplankton near the surface. In contrast, the abundance
of C5 stages shifted from surface dominance in May and June to deep
waters by late August-September, indicating the onset of the downward
migration (Fig. 10, mid panels). The abundance of adult (C6) animals
began to increase at depth in the late summer and were sampled at
depth as late as February (Fig. 10, lower panels), again reflecting a close
correspondence between our video and acoustic Doppler time-series

Fig. 8. ∼20-month time-series of 2MHz acoustic Doppler backscatter strength data (averaged from three transducer beams) with range up to 1.5m above the
seabed at BCA (970m depth, panels A and B) and BCW (870m depth, panels C and D). A,C, raw data binned into 2-h averages. B and D, mean backscatter signal
averaged from the three transducer beams and at 60 s sampling rate. Vertical dashed lines indicate dates of change in astronomical boreal seasons.
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observations spanning from May 2013 to January 2015.
The Line P and La Perouse net cast zooplankton dataset also dis-

played a noticeable inter-annual variability in the abundance of late
stage Neocalanus spp. in the deep (> 1000m) net casts (Fig. 11). The
abundance of pre-migratory animals in shallow casts was greater in
2013 relative to 2014, similar in pattern to overwintering animal
abundance in 2013 and 2014 (right panel), suggesting that the low
overwintering abundance at depth in 2014 was due to poor surface
success during the spring /summer of 2014.

4. Discussion

4.1. Temporal variability of Neocalanus spp. ontogenetic migration

Our study reports on an unprecedented high-resolution data time-
series witnessing the seasonal timing and between year variability of
the ontogenetic vertical migration of Neocalanus spp., a key mesozoo-
plankton genus in the trophic dynamics, ecosystem function and carbon
export into the mesopelagic zone of the subarctic NE Pacific (Mackas,
1992; Mackas et al., 1998, 2001; Bradford-Grieve et al., 2001). The use
of the NEPTUNE seafloor cabled observatory offered a novel and in-
sightful avenue for efficiently monitoring this large-scale zooplankton
deep overwintering migration, which is highly coupled with and driven
by surface climate variability (Mackas et al., 1998, 2001). Previously,
the seasonal and interannual variability in Neocalanus spp. over-
wintering migration was based solely on coarse discrete sampling using
vertical net casts (Mackas et al., 1998, 2001).

Our results were in close agreement with the known ontogenetic
migration cycle described for Neocalanus spp. (Miller et al., 1984), i.e.,
C5 copepodite stages vertically migrating down to depths of
800–2000m mostly throughout fall and winter, molting into mature

adults prior to spawning; and nauplii ascending to surface waters to
feed, and further C1–C4 copepodite stages remaining at surface feeding
on phytoplankton during spring and summer upwelling conditions (life
cycle summarized in Fig. 1 of Mackas et al., 1998). Furthermore, the
nearly perfect match between the video imagery and the high-fre-
quency acoustic Doppler backscatter strength data at BCA site (Figs. 6
and 8, respectively) suggest we were able to capture the exact timing of
the mass arrival of the downward migrant Neocalanus individuals at
their overwintering depth (mid to late October for both studied years).
From the previously described life history for this genus (Miller et al.,
1984; Miller and Clemons, 1988) Neocalanus C5s start leaving the
surface waters in late summer (or slightly earlier during years of warm
upper ocean temperatures), which would appear inconsistent with our
observations of a deep abundance peak occurring only in mid-October.
However, since the observed abundance peak timing was similar in
both 2013 and 2014, it suggests that the timing of peak abundance at
our Barkley Canyon study site (1000m depth) is less related to surface
development. Possible reasons for this discrepancy could be: (1) a
vertically staggered descent (1–2months in duration) to the ultimate
overwintering depth (recording that true overwintering depth range
spans down to 2000m – Mackas et al., 1988); or (2) animals at our BCA
camera site (not descending from surface waters above the canyon) are
being transported (at depth) to the Barkley Canyon’s observatory site at
approximately the same time each year.

The time-series of high-resolution imagery displaying the down-
ward overwintering migration of Neocalanus spp. in Barkley Canyon,
which is arguably an unexpected and novel visual observation (e.g.,
Supplementary Video 5), now enhances our ability to monitor the
timing and intensity of the annual seasonal ontogenetic migration of
Neocalanus spp. with respect to interannual surface ocean climate
variability. The observed differences in Neocalanus spp. densities at

Fig. 9. Interannual (2011–2014) pattern of abun-
dance (individuals m−2) for large-bodied Calanoid
copepods sampled with deep (1200–0m) vertical
Bongo net casts (n=21) during late-August and
September Line P and La Perouse cruises. Open
symbols represent species/stage abundance values
for each net cast during each year. Mean annual
abundance values are identified by coloured star
symbols. Neocalanus spp. (panels 1–3 from the top;
red, blue, green) are represented by overwintering
copepodite stages C5 and C6; Calanus marshallae
(panel 4; purple) are represented by overwintering
stage C5; and Eucalanus bungii (panel 5; orange)
are represented by copepodite stages C3–C6. Note
that E. bungii is characterized by a 2-year life his-
tory pattern with multiple overwintering stages
(C3–C6) some which will and will not overwinter
in any given year. Thus, we may have over-
estimated overwintering E. bungii in any given year
if “non-overwintering” stages C3–C6 were still
present in the surface. (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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Barkley Canyon’s seafloor between the 2013 and 2014 downward mi-
gration cycles, i.e., comparatively higher densities during the first
summer, were corroborated by the net-tow cast data from Line P and La
Perouse monitoring stations (Fig. 9–11), and could indicate a com-
paratively greater surface success experienced by C1–C4 stages trans-
lating into an earlier descent of C5 stages in the former year.

According to Mackas et al. (1998), a multidecadal analysis of the
developmental timing of Neocalanus plumchrus at and near station Papa
(50.1°N; 144.9°W) revealed that early developmental success and peak
annual biomass at the surface shifted dramatically between 1956 and
1997. These changes were strongly correlated with large-scale year-to-
year and decade-to-decade ocean climate fluctuations, as reflected by
spring season temperature anomalies in the surface mixed layer. In
short, during warmer years, the developmental timing and biomass
(i.e., 50% composed of C5 stages) peaks at surface occurred 60 days
earlier than in cold years (i.e., from mid-May-early June). While our
time series was not large enough to determine strong cause-effect

relationships between the timing and strength in the downward mi-
gration of N. plumchrus in Barkley Canyon and the surface ocean cli-
matology (i.e., not quite two complete years of data), it was, however,
contained within a peculiar period marked by the onset of a large po-
sitive temperature anomaly in the NE Pacific (Bond et al., 2015; Dewey
et al., 2015; Kintisch, 2015). The so-called ‘warm Blob’ temperature
anomaly developed during the winter of 2013–2014, with the
upper∼ 100m waters experiencing greater than 2.5 °C anomalies that
were 3 standard deviations higher relative to the average from 1981 to
2010, persisting through the end of 2015 (Peterson et al., 2017). Cas-
cading effects onto NE Pacific’s pelagic ecosystems were observed fol-
lowing the onset of the ‘Blob’. Some of these effects included temporary
polarward niche expansions of tropical marine mammal and fish spe-
cies, significant reductions in primary productivity, and shifts in zoo-
plankton (mostly copepods) community structure, from subarctic-
dominated to subtropical species (Galbraith et al., 2015; Cavole et al.,
2016; Batten et al., 2018). However, most of these changes were most
noticeable southward of 45°N, and therefore no clear connection with
our observations can be made at this point. A further examination of all
archived high-frequency acoustic Doppler time-series data (∼9 years to
date), and additional video imagery onwards from Jan 2015, both from
the NEPTUNE observatory, will help us to drawn more reliable in-
ferences of causal relationships between interannual variability in
Neocalanus spp. overwintering migration and surface ocean clima-
tology.

4.2. Physical circulation affecting deep-migrating zooplankton in Barkley
canyon

Barkley Canyon is located at the highly productive northern end of
the California Current System, an eastern boundary current region
which is subject to seasonally modulated coastal upwelling (Freeland
and Denman, 1982). At the shallower depths of the canyon, coincident
with the adjacent upper continental slope and shelf break, upwelling
strongly affects primary productivity by helping to bring nutrients to

Fig. 10. Scatter plots illustrating the monthly abundance (pooled over
2011–2015) of Neocalanus spp.: (upper) juvenile (C1–C5); (middle) C5; and
(lower) adult (C6) stages in shallow (left) and deep (right) net casts from Line P
and La Perouse monitoring stations (refer to Fig. 1A and Section 2.5 of Methods
– no samples are available for the months of March-April, July and October-
December).

Fig. 11. Annual abundance of late stage Neocalanus spp. in deep (> 1000m)
net casts from Line P and La Perouse monitoring stations (refer to Fig. 1A).
Open symbols represent abundance (individuals m−2) of C5 in May/June in
shallow casts (< 250m; left panel) and the abundance of C5–C6 stages in
August/September in deep casts (right panel). The red star symbols represent
the annual means. (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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the photic zone (e.g. Hickey, 1989; Ware and Thomson, 2005). How-
ever, near the seafloor at greater depths (∼970m) of our Barkley
Canyon Axis study site (BCA), the effects of upwelling do not directly
affect the local circulation or the primary oceanic variables, tempera-
ture and salinity, as measured by the cabled observatory (Matabos
et al., 2014; Orozco, 2015). The physical circulation dynamics at
Barkley Canyon’s head and shallower flanks (surface down to 450m)
has been relatively well constrained in a coupled observational and
modelling study (Allen et al., 2001). The same study also investigated
the influence of Barkley Canyon’s complex topographically-constrained
flow dynamics on zooplankton abundances at various stations on the
shelf edge and within the canyon axis and flanks. Their results indicated
that weakly motile zooplankton species (i.e., excluding euphausiids)
resided in the upper 50-m stratum with similar distributions (from both
day and night cast samples) in and outside the canyon, indicating
simple advection by the currents around the canyon. Deeper species
inhabiting the 150–400m depth stratum were displaced towards the
head of the canyon, especially on the downstream flank of the canyon,
where the deep flow upwells strongly, with currents peaking at
30 cm s−1. At this exact location, one of the highest concentrations of
ontogenetic migrating species, in particular Neocalanus plumchrus, were
observed, and the authors discussed the role of this deep upward flow
bringing oceanic water up canyon along with N. plumchrus individuals.
This species was also found in relatively high abundances at the deep
up- and downstream canyon flank stations around 200m of depth
(Allen et al., 2001).

In contrast to what has been described for the upper Barkley Canyon
circulation and its effects on zooplankton distribution and abundance,
no information exists on the role that deep current flow structure in
Barkley Canyon play in advecting and concentrating zooplankton bio-
mass. In particular since, to the best of our knowledge, these are the
first observations at very high temporal resolution of these mass deep
migrating copepod aggregations in the canyon. Our ∼20-month time
series of current measurements in BCA, at 970m of depth, provides a
new contribution to our understanding of Barkley Canyon physical
dynamics along its deep mid-canyon axis. Previously, only snapshot
current data at BCA ranging from weeks to months were available, and
mostly during upwelling events (Orozco, 2015). Our current measure-
ments, coupled with the video imagery and acoustic Doppler back-
scatter data, offered a new insight of the potential role Barkley Canyon’s
deep circulation may be playing in the advection and concentration of
Neocalaus spp. during its yearly seasonal diapause at depth. We there-
fore propose a conceptual model which predicts the sources and sinks of
ontogenetically migrant nonfeeding C5s and C6s (adults) Neocalanus,
and a mechanism for aggregating the overwintering biomass at inter-
mediate depths in Barkley Canyon (Fig. 12).

While this is just an initial picture of what may be occurring at
depth in Barkley Canyon, a very recent study on the distribution of
sedimentary as well as bottom water particulate organic matter along
the canyon provides further support to our proposed conceptual model
(Campanyà-Llovet et al., this volume). Much higher concentrations of
zooplankton-derived lipids (i.e, wax esters and steryl esters) were ob-
served at mid canyon depths (600–900m), coinciding with the core
overwintering depth range for Neocalanus plumchrus established by
Miller et al. (1984). While these zooplankton lipid biomarkers were
absent from sediments shallower (200–500m) and deeper (2000m) in
the canyon, they occurred in significant quantities in the near bottom
water particulate organic matter at 400m. Additionally, at mid-canyon
depths (600–1000), not only zooplankton lipid biomarkers but other
organic matter proxies indicative of highly labile organic matter, such
as high chlorophyll-a/phaeopigment ratios (i.e., fresh phytodetritus),
phospholipids (i.e, fresh phyto- and zooplankton cells) and EPA fatty
acids (i.e, diatoms), all got deposited in higher quantities in what ap-
pears to be a ‘hotspot’ depositional centre within the entire canyon
(Fig. 12D) (Campanyà-Llovet et al., this volume). This would mean
lipid-rich dormant C5 Neocalanus spp. individuals are settling in the

sedimentary environment at this particular ‘hotspot’ in the canyon axis.
These observations appear to be supported by: (1) a deep along-canyon
axis current, which seems to concentrate, via topographic confinement,
and advect copepods and other fresh organic matter down canyon, and
(2) by the up-canyon flow from between 78 and 300m above the
seabed, which may be acting as an entrapment cell retaining over-
wintering copepods at depth (Fig. 12D). In contrast, the higher hy-
drodynamism at the upper canyon (≤400m from sea surface), with
current velocities one magnitude higher in average (Allen et al., 2001),
prevent settlement of C5 stages and dead adult Neocalanus spp., and
may explain why the labile lipid signal may be only present in the near
bottom water column but not in the seafloor sediments (Campanyà-
Llovet et al., this volume).

During spring and summer, Neocalanus spp. is still present at depth
but in less pronounced densities (observed both on video and proxied
by the Doppler data; Figs. 6 and 8), which may indicate late C5 cohorts
still undergoing final maturing prior to reproduction (Fig. 12C). Al-
though between-year variability did occur, with much higher densities
for spring and summer of 2013 (as discussed in Section 4.1). Lastly, the
apparent topographic effect concentrating Neocalanus spp. along the
canyon axis (BCA) seems to be hampered by a different current regime
in the canyon flank site (BCW), which is positioned in a slightly shal-
lower (∼100m) plateau situated at a ∼90° corner of the canyon. Al-
though located only about 1 km to the NW (Fig. 12C and D), the cur-
rents here are complicated by both the large scale turn in the direction
of the canyon axis, the local bathymetry, and a plateau break in the
much steeper canyon wall. Therefore, this suggests that in order to ef-
fectively use video imagery and high-frequency acoustic Doppler data
to quantify migrant zooplankton biomass, the selection of an area in the
canyon representative of its main flow is paramount. This is the case for
our canyon axis site (BCA), which is representative of the thalweg of the
canyon.

4.3. Neocalanus ontogenetic migration, carbon flux and pelagic-benthic
coupling at Barkley Canyon’s deep seafloor

The yearly mean contribution of Neocalanus plumchrus ontogenetic
migration to the carbon flux into the mesopelagic zone in the eastern
subarctic Pacific has been estimated in 5 g C m−2 yr−1 (min. 1.44, max.
8.82C m2 yr−1), based on net tow sample data from Station Papa
(Bradford-Grieve et al., 2001). These calculations are based on a 25-yr
average of late summer wet weight biomass of N. plumchrus (Mackas
et al., 1998) converted into carbon units by a functional regression
equation (Weibe, 1988). It assumes that the carbon export due to sea-
sonal vertical migration is approximately equivalent to N. plumchrus
late summer biomass (largely C5 individuals), which is almost twice the
mean annual sedimentary particulate organic carbon flux at Station
Papa, i.e., 2.7 g C m2 yr−1 (s.d.= 1.29; data from 1983 to 1993)
(Bradford-Grieve et al., 2001). N. plumchrus estimated migratory carbon
flux to depth also takes into consideration the respiratory carbon losses
for the deep-residing populations and assumes that C6 males contribute
with 100% of their body carbon mass to the flux, whereas C6 females
contribute only with 32% after discounting egg production (Kobari
et al., 2008a).

We estimated the areal coverage of Barkley Canyon’s seafloor in-
tersecting the core overwintering depth of Neocalanus spp. (i.e.
800–1100m), based both on our observations at BCA and BCW and on
the lipid biomarker data contained in Campanyà-Llovet et al. (this vo-
lume), being equivalent to approximately 24 km2 along the canyon axis
(measured from a 5-m grid resolution multibeam bathymetric data).
Therefore, if we then extrapolate Neocalanus plumchurs carbon flux at
depth due to its seasonal ontogenetic migration, an equivalent of
35–215 tons (mean 122 tons) of carbon may be reaching this labile
organic-rich ‘hotspot’ in Barkley Canyon’s seafloor each year. Further-
more, rapid winter downwelling-triggered POC flux pulses (largely
phytodetritus) have also recently being reported to be deposited in
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bottom sediments at BCA and BCW sites, with a rapid response in ac-
tivity by megabenthic communities, in particular the detritivore tanner
crab Chionoecetes tanneri, and the bottom feeder sablefish Anoplopoma
fimbria (Thomsen et al., 2017). These winter POC pulses reach the
seafloor (870m at BCW) as quickly as 12–72 h following chlorophyll-a
peaks at surface (estimated from MODIS ocean colour satellite data),
and upper canyon-rim eddies (cyclonic and anticyclonic) promoting
strong downwelling currents are described as the main transport me-
chanism (Thomsen et al., 2017).

This organic-rich seafloor hotspot appears, however, to be only
partially exploited by the smaller body-sized macrobenthic commu-
nities, as this area in the canyon intersects the core of the oxygen
minimum zone (Juniper et al., 2013; De Leo et al., 2017), which has
reported low macrobenthic diversity and abundance (Campanyà-Llovet
et al., this volume), and relatively low sediment-water nutrient fluxes
and benthic community oxygen uptake (Belley et al., 2016). Future
investigations of the long-term interannual variability in the ontoge-
netic migration of Neocalanus spp. will provide new insights into the
role of this organic-enrichment hotspot on the ecosystem function,
carbon sequestration, and pelagic-benthic coupling in Barkley Canyon.
In addition, these future studies could also be designed to shed light on
the role of this deep migrant carbon export flux on local mesopelagic
food-webs, in particular since ontogenetically migrating copepods are
of extreme importance in the diets of biomass-dominant myctophids
(Kobari et al., 2008b).

Lastly, we might consider a topographic ‘canyon effect’ in the ac-
cumulation of this organic-rich hotspot, as similarly reported for other
productive canyon systems (Tyler et al., 2009; De Leo et al., 2010;
Pusceddu et al., 2010; Amaro et al., 2015). There are at least 230 ad-
ditional submarine canyons from the southern tip of Vancouver Island
towards the tip of the gulf of Alaska (Harris et al., 2014a), where large
subarctic ontogenetically migrating calanoid copepods dominate the
total zooplankton biomass (Goldblatt et al., 1999; Mackas and Tsuda,
1999; Mackas and Coyle, 2005). Thus, a several orders-of-magnitude
greater carbon flux and sequestration at depth due to deep ontogenetic
migrant zooplankton should be expected for the entire continental
margin in the subarctic NE Pacific.

5. Conclusions

We conclude that the high-frequency observations made possible by
a seafloor cabled observatory offered an entirely novel approach for
monitoring the seasonal and interannual variability in the deep water
biomass of large ontogenetically migrating calanoid copepods, a key
zooplankton functional group for the subarctic NE Pacific pelagic food-
web. Previously, the developmental and reproductive cycle, migratory
biomass and export flux by Neocalanus spp. (more comprehensively N.
plumchrus, N. cristatus, N. flemingeri) were only investigated by means of
limited temporally discrete sampling by the Line P and La Perouse Bank
monitoring programs. The high-resolution nature of the data streams
provided by the observatory allowed us to examine the precise timing

of the downward seasonal migration of Neocalanus spp. and therefore a
detailed investigation of its interannual variability is now possible.
Since the early developmental success and resulting downward mi-
gratory biomass of Neocalanus is strongly coupled with surface ocean
climatology, a further look at the entire archived high resolution data of
seafloor high-frequency acoustic Doppler backscatter from the
NEPTUNE observatory (∼9 years of data) will offer an unique oppor-
tunity to look at seasonal and interannual variability that may emerge
in response to the ongoing long-term sea surface warming taking place
in the NE Pacific and its effects in the carbon flux and sequestration at
depth.
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