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Diel vertical migration (DVM) is a behaviour observed across zooplankton taxa in marine and limnetic systems worldwide. DVM influences 
biogeochemical cycling and carbon drawdown in oceanic systems and alters prey availability for zooplanktivorous species. DVM has been well 
studied among zooplankton, and many exogenous and endogenous triggers as well as adaptive significances have been hypothesized. However, 
second-order variability in DVM timing, the deviation of DVM times to respective dawn and dusk times throughout the year, is a less-studied 
phenomenon that can help identify the factors influencing migration timing as well as demonstrate the changes of DVM behaviours within and 
across sy stems. Here, w e quantified seasonal trends in second-order variability of DVM timing of euphausiids at Brooks Peninsula, Cla y oquot 
Can y on, and Saanich Inlet near Vancou v er Island, British Columbia, Canada, o v er multiple y ears using upw ard-f acing moored echosounders. We 
used generalized additive mixed models to characterize this seasonality. DVM timing relative to civil twilight times sho w ed strong seasonality 
at all locations, with euphausiids remaining near the surface longer than expected in spring and summer, and shorter than expected in winter. 
Euphausiids spent less time near the surface at Brooks Peninsula and Cla y oquot Can y on than at Saanich Inlet throughout the year. Increased 
primary productivity in Saanic h Inlet, whic h reduced light penetration and hid euphausiids from visual predators, likely drove this difference. Our 
findings confirm that proper understanding of DVM behaviours must account for seasonal variability due to context-specific oceanographic and 
ecological parameters. This is particularly pertinent when attempting to model the biogeochemical or predator–prey interactions influenced by 
DVM behaviours. 
Keywords: active acoustics, biological oceanography, diel vertical migration, euphausiids, predator–prey interactions, time series, zooplankton. 
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Introduction 

Euphausiids are a major component of the zooplankton com- 
munity along the coast of British Columbia (BC) and a key 
trophic link between plankton and nekton (Robinson, 2000 ; 
Ware and Thomson, 2005 ). It is estimated that over a quarter 
of euphausiid production per year off the SW coast of Van- 
couver Island is consumed by Pacific hake Merluccius produc- 
tus and Pacific herring Clupea pallasii (Robinson and Ware,
1994 ). These fish populations are thought to be limited by the 
available biomass of euphausiids (Ware and Thomson, 2005 ).
In response, euphausiids in this region are known to perform 

diel vertical migration (DVM) as a mechanism to escape this 
predation pressure (Sato et al., 2013 ). 

DVM has been studied for over two centuries in zooplank- 
ton communities globally, in both marine and freshwater 
ecosystems (reviewed by Bandara et al., 2021 ). It has been 

generally considered to be an anti-predator defence behaviour,
whereby zooplankters hide from visual predators at depth 

during daylight hours, then migrate to the surface to feed at 
night, based on the widespread observation that most zoo- 
plankton perform vertical migrations around dawn and dusk,
the transitions of civil twilight (Vuorinen, 1987 ; Pearre, 2003 ; 
Urmy and Benoit-Bird, 2021 ). However, debate has continued 

as to its evolutionary costs and benefits and the various en- 
dogenous and exogenous triggers of the behaviour (Kerr et 
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l., 2015 ; Cisewski and Strass, 2016 ). Globally, it has been es-
imated that DVM by zooplankton results in a global export
ux of 0.8 PgC year −1 from the euphotic to the mesopelagic
one (Archibald et al., 2019 ). The export estimates of these
ux models are known to be sensitive to the ratio of time
pent by zooplankton at depth but do not, however, account
or variability of DVM timing beyond changes due to the tim-
ng of dawn and dusk. 

As dawn and dusk times cycle over the course of a year,
he timing of DVM events also changes with the twilight, a
rocess known as first-order variability of DVM timing (Sato 

t al., 2013 ). However, many other factors have also been
ound to influence these timings, including prey availability,
redation risk at the surface vs. at depth, life history stage,
urbidity, circadian clock mechanisms, among myriad others 
Kerr et al., 2015 ; Häfker et al., 2017 ; Bandara et al., 2021 ;
enoit-Bird and Moline, 2021 ). The effects of these factors
an result in additional variability of DVM timings relative 
o dawn and dusk times, known as second-order variability.

ith so many factors influencing DVM behaviour, compari- 
on among site-specific observations offers one means to parse 
he effects of individual forcing factors. To this end, mod-
rn active acoustic instruments have become invaluable for 
ong-term and continuous observation of zooplankton DVM 

ehaviour. 
23 
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
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Figure 1. Locations of the three AZFP moorings used in this study. 

 

m  

l  

t  

w  

l  

a  

s  

e  

T  

t  

o  

n  

g  

i  

t  

C  

t  

(
 

p  

g  

i  

C  

t  

S  

o  

t  

s  

h  

t  

e  

p

 

g  

p  

C  

l  

w  

e  

P  

a  

a  

i  

b  

c

M

O

F  

p  

v  

C  

a  

i  

B  

t  

l  

c  

r  

b  

M  

p  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsad177/7416714 by guest on 04 June 2024
Whereas traditional ship-board acoustic or plankton net
onitoring of zooplankton location in the water column is

imited by the availability of ship time, autonomous acous-
ic moorings can provide continuous samples of backscatter,
hich can be used to assess zooplankton behaviour at a given

ocation over longer time periods. Several studies have used
coustic time series of more than 1 year to gather data on sea-
onality in zooplankton DVM behaviour (Tarling, 2003 ; Sato
t al., 2013 ; Cisewski and Strass, 2016 ; Inoue et al., 2016 ).
hese studies include either fine temporal resolution data, long

ime scales from multiple monitoring locations, and analyses
f the second-order variability of DVM patterns. However,
one have integrated all of these contributing factors in a sin-
le analysis. Here we attempt to fill some of these gaps with the
ntegration of fine-scale, long-term acoustic time series from
hree locations: the exposed Brooks Peninsula and Clayoquot
anyon off the west coast of Vancouver Island, and the shel-

ered Saanich Inlet within the Strait of Georgia in BC, Canada
 Figure 1 ). 

These three sites provided a comparative study of eu-
hausiid DVM behaviour at regions with different oceano-
raphic regimes, but which were at most 360 km apart. Us-
ng data from moorings maintained by Fisheries and Oceans
anada at Brooks Peninsula and Clayoquot Canyon, and

he Ocean Networks Canada (ONC) cabled observatory at
aanich Inlet, we were able to compare exposed populations
f euphausiids in well mixed and predator-rich waters, to shel-
ered populations in the Inlet, which experience highly sea-
onal food availability and a well stratified water column. We
ypothesized that given the different oceanographic condi-
ions between the regions, there would be significant differ-
nces in the second-order variability in DVM timing of eu-
hausiids. 
As Saanich Inlet experienced more seasonal fluctuation,
reater primary productivity, and supports generally fewer
redators of euphausiids than Brooks Peninsula or Clayoquot
anyon, we hypothesized that euphausiids in Saanich In-

et would display greater seasonality in DVM timing, which
ould be evident as greater second-order variability (Mackas

t al. , 1997 ; T imothy and Soon, 2001 ; Gargett et al. , 2003 ;
eña and Varela, 2007 ; Perry and Schweigert, 2008 ). By char-
cterizing the local variability in DVM timing of an abundant
nd ecologically critical taxon, we hope to demonstrate the
mportance of understanding the variability in DVM timing
eyond that due to changes in dawn and dusk time over the
ourse of a year. 

aterials and methods 

ceanographic description of sites 

rom August 2017 to September 2019, two Acoustic Zoo-
lankton and Fish Profilers (AZFP) developed by ASL En-
ironmental Inc. were deployed by Fisheries and Oceans
anada for two 1-year periods at the continental shelf break
t Brooks Peninsula and Clayoquot Canyon. Brooks Peninsula
s located along the northwestern shelf of Vancouver Island,
C, Canada, while Clayoquot Canyon is a submarine canyon

hat incises the shelf break along the centre of Vancouver Is-
and ( Figure 1 ). Both sites are completely exposed to the Pa-
ific Ocean and lie at the northern edge of the California Cur-
ent upwelling zone, experiencing deep mixing due to the com-
ination of strong waves and seasonal upwelling (Ware and
cFarlane, 1989 ; McFarlane et al., 1997 ). Many species of

elagic and demersal fish occur along the shelf break, includ-
ng Pacific hake Merluccius productus , sablefish Anoplopoma
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fimbria , Pacific herring Clupea pallasii , and Pacific salmon 

( Oncorhynchus spp.) (Robinson and Ware, 1994 ; Buckley and 

Livingston, 1997 ; McFarlane et al., 1997 ; Robinson, 2000 ).
Some of these species are resident year-round, while others 
transit through the area as part of their life cycle. These fish 

gather along the shelf break due to the large population of 
prey species that congregate in the upwelling zone along the 
shelf (Mackas et al., 1997 ; Lu et al., 2003 ). Brooks Penin- 
sula and Clayoquot Canyon are therefore representative in 

many ways of the productive yet turbulent offshore environ- 
ment along the shelf-break off the west coast of Vancouver 
Island. 

Saanich Inlet, in contrast, is a reverse estuarine fjord that 
is highly sheltered, very productive, and which experiences 
little deep mixing (Herlinveaux, 1962 ; Gargett et al., 2003 ).
Saanich Inlet is well studied for its unique oceanographic 
conditions, as it receives nutrient-rich water from the nearby 
Fraser River plume, which strongly stratifies the upper 80 m 

of the water column in the inlet due to a shallow sill at the 
mouth (Anderson and Devol, 1973 ). This, in conjunction with 

the lack of fetch in the inlet (i.e. relative to prevailing wind) 
causes little mixing to occur, and thus an anoxic zone forms 
below 100 m within the inlet. Due to the high nutrient load 

and stratification, Saanich Inlet is highly productive and ex- 
periences strong spring phytoplankton blooms (Takahashi et 
al., 1977 ; Gargett et al., 2003 ). Blooms are seasonal, occurring 
in the spring/summer and somewhat in the fall, and the con- 
stituent phytoplankton is consumed by numerous zooplank- 
ters, including euphausiids. Pelagic fish, including Pacific her- 
ring ( Clupea pallasii ), exploit plankton blooms, and consume 
zooplankton; however, many demersal zooplanktivorous fish 

[e.g. Pacific hake ( Merluccius productus ) and rockfish species 
( Sebastes spp.)] are less abundant in the inlet due to anoxic 
conditions. Within Saanich Inlet, ONC operates the VENUS 
cabled undersea observatory, a powered oceanographic plat- 
form with a mounted AZFP instrument for continuous active 
acoustic monitoring of the water column (Owens et al., 2022 ).

Data collection 

The AZFPs deployed along the exposed West coast of Vancou- 
ver Island at Brooks Peninsula and Clayoquot Canyon were 
deployed from September 2017 to August 2018 and again 

from August 2018 to August 2019. For the sheltered Saanich 

Inlet, AZFP data from the VENUS cabled observatory from 

October 2016 to December 2020 were used to accommodate 
for gaps in the time series due to maintenance of the mooring 
(Ocean Networks Canada Society, 2016 , 2017 , 2018 , 2019a ,
2019b , 2020a , 2020b ). Each mooring was equipped with 

three transducer frequencies (67, 125, and 200 kHz at Brooks 
Peninsula and Clayoquot Canyon; 38, 125, and 200 kHz at 
Saanich Inlet), with ping rates of 12 s at Brooks Peninsula and 

Clayoquot Canyon, and 2 s at Saanich Inlet. Data from the 
125 kHz transducers were used for the identification of the 
zooplankton migration. RBRduet pressure and temperature 
sensors (RBR Ltd) were mounted on the exposed moorings 
to calculate the mean mooring depth and determine true sur- 
face range. Full technical specifications of each mooring are 
provided in Supplementary Table A1 . 

Data collected from the exposed moorings were adjusted 

using CTD (conductivity, temperature, depth) sensor data col- 
lected from nearby sampling stations to determine the sound 

speed and absorption coefficient through the water column at 
ach site ( Supplementary Table A2 ) (Mackenzie, 1981 ; Fran-
ois and Garrison, 1982 ). Data collected from the Saanich In-
et mooring were calibrated and adjusted by ONC. 

dentification and enumeration of acoustic 

catterers 

o confirm that most of the acoustic scattering signal of the
ooplankton was attributable to euphausiids, we compiled 

ooplankton biomass data from zooplankton tows conducted 

y Fisheries and Oceans Canada between 2016 and 2019 dur-
ng daylight hours using bongo nets at stations within 37 km
i.e. 20 nautical miles) of each mooring. Only tows that sam-
led to at least 80 m were included for Saanich Inlet tows,
nd to at least 100 m for Brooks Peninsula and Clayoquot
anyon tows, as these depths should ensure that a representa-

ive sample of the zooplankton scattering layer during daytime 
as collected. We then determined the proportion of the total
iomass and abundance of zooplankton greater than 5 mm in
ength to assess the main taxa that contributed to the acoustic
ignal. The acoustic signal of zooplankton was isolated from 

hat of swimbladder-bearing fishes using a multi-frequency 
hange in mean-value backscattering strength approach (De 
obertis et al., 2010 ). 

etermination of vertical migration times 

e visually determined the vertical migration times of eu- 
hausiids in Echoview (Echoview Software Pty Ltd). To vi-
ually determine vertical migration times, we examined the 
25 kHz echograms of S v (volume backscattering strength) 
ata at a threshold of −80 dB each day and considered the
igration timing as the time when the densest zooplankton 

cattering layer crossed the 20 m depth threshold line ( Figure
 ). For dusk migrations, this was when the first scatterers as-
ended above a depth of 20 m, while for dawn migrations this
as when the last scatterers descended below 20 m. 
To initially verify that these migration times followed civil

wilight times, we fit the migration times for the dawn and
usk DVM events to linear models with the time of dawn or
usk, the location of the mooring, and the interaction between
he two, as the predictors. 

After determining the dawn and dusk DVM event times for
ach day, we calculated the deviation of each DVM event from
ivil twilight time as per: 

De v dawn = DV M dawn − t dawn , (1) 

De v dusk = DV M dusk − t dusk , (2) 

here Dev dawn and Dev dusk are the deviations of the dawn
nd dusk DVM events from the actual dawn and dusk times
n minutes, DVM dawn and DVM dus k are the times of the dawn
nd dusk DVM events, and t dawn and t dusk are the true dawn
nd dusk times for the given date and location. Using these
efinitions of deviation, dawn migration events with more 
ositive Dev dawn values indicate that euphausiids are remain- 

ng at the surface longer than expected, while dawn migration
vents with more negative Dev dawn values indicate that eu- 
hausiids are remaining at depth longer than expected. The 
pposite is true for dusk migration Dev dusk values. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
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Figure 2. Example echogram of characteristic backscattering intensity ( S v , in decibels) at 125 kHz o v er a 24-h period on April 29, 2019, at Brooks 
Peninsula to demonstrate how migration timings were determined for each day. The horizontal line symbolizes the 20-m depth line used to define 
migration occurrence. The vertical lines indicate the identified migration times for this date. This example echogram represents a pre-classification phase 
of the analysis workflow, and thus includes bac kscat tering from both zooplankton and fishes. The strong scattering visible below 100 m during daylight 
hours (around 060 0–210 0) is likely mainly comprised of euphausiid aggregations. 
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easonal modelling of DVM deviation times using 

eneralized additive mixed models with 

utoregressive terms 

o test whether the deviations of DVM event times from
awn/dusk times changed seasonally at each location, we used
orrected Akaike’s information criterion (AICc) weights to
ompare two generalized additive mixed models with autore-
ressive terms (GAMMAR). By using GAMMARs, we were
ble to test whether seasonality (second-order variability) was
ignificantly influencing DVM timing while accounting for
emporal autocorrelation in the data. We compared two mod-
ls; the seasonal model: 

De v t = β0 + s (day of year ) + ϕDe v t−1 , (3) 

where β0 is a constant intercept term, Dev t is the deviation
f the DVM event from the civil twilight time for day t , s (day
f year) is a seasonal smoothing term of the day of the year
sing cyclic cubic splines, and ϕDev t –1 is an autoregressive
rder-1 term; and the null model: 

De v t = β0 + ϕDe v t−1 , (4) 

where the seasonal smoothing term has been removed. We
t both the seasonal and null models for each location-DVM
vent combination, resulting in six tests of seasonal and null
odels. We used an autoregressive order-1 term for each
odel as an autocorrelative function (ACF) of the deviations

uggested a first order autocorrelative nature. The ACF of the
esiduals of each model reveals that nearly all of the temporal
utocorrelation is accounted for with the first order autore-
ressive term. 

hotosynthetically active radiation data collection 

o quantify differences in light penetration at each site and
s a proxy for phytoplankton density, we compiled photo-
ynthetically active radiation (PAR) data from daytime CTD
asts collected by Fisheries and Oceans Canada at oceano-
raphic stations within 37 km (20 nmi) of each mooring
ocation between May 2010 and September 2020. If simi-
ar cloud cover at each site is assumed, phytoplankton den-
ity should be inversely proportional to PAR at depth due
o the attenuation of surface light. At Saanich Inlet terres-
rial particles from the nearby Fraser and Cowichan rivers in-
rease turbidity during winter months, whereas biogenic par-
icles tend to dominate the water column during spring and
ummer (Sancetta, 1989 ). As the stations near Brooks Penin-
ula and Clayoquot Canyon were only sampled from May
o August of each year, we only included data from these
onths at each mooring location. Using these data, we cal-

ulated the proportion of PAR at the surface ( ⇐ 5 m depth)
hat penetrated to a depth of 20 m (pPAR 20 ) for each CTD
ast. We compared the median pPAR 20 rather than the mean
ue to the distribution of pPAR 20 being highly positively
kewed. 
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Figure 3. Mean proportion and standard error of total zooplankton abundance (a, c, and e) (ind. m 

−3 ) and biomass (b, d, and f) (mg m 

−3 ) from 

z ooplankton to ws at stations around Brooks Peninsula (a and b), Cla y oquot Can y on (c and d), and Saanic h Inlet (e and f). n = 1 5 at Brooks Peninsula, 
n = 7 at Cla y oquot Can y on, and n = 17 at Saanich Inlet. MEDUS = Cnidarian medusae, CHAET = Chaetognatha, EUPH = Euphausiacea, 
HYPER = Hyperiidae, DECA = Decapoda, GAMM = Gammaridae, DOLIO = Doliolidae, CALA = Calanidae, CALYC = Calycophoridae, 
CTENO = Ctenophora, and Other = all other taxa contributing < 0.05 of the total proportion. 
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Results 

Zooplankton net tow results 

Fifteen, seven, and seventeen zooplankton tows met our cri- 
teria for analysis at Brooks Peninsula, Clayoquot Canyon,
and Saanich Inlet, respectively. Tows at Brooks Peninsula oc- 
curred only in May and September, while year-round sam- 
pling occurred at Clayoquot Canyon and Saanich Inlet. At 
Brooks Peninsula, euphausiids ≥ 5 mm in length accounted 

for 19.94 ± 6.98% and 15.17 ± 4.15%, respectively, of the 
total zooplankton biomass and abundance (highlighted bars 
in Figure 3 , Supplementary Tables A3 and A4 ). At Clay- 
oquot Canyon, euphausiids ≥ 5 mm in length accounted for 
8.01 ± 3.09% and 9.64 ± 3.55%, respectively, of the total 
zooplankton biomass and abundance. Euphausiids ≥ 5 mm in 

length accounted for 48.73 ± 33.92% and 36.67 ± 26.58%,
respectively, of the total zooplankton biomass and abundance 
in Saanich Inlet (highlighted bars in Figure 3 , Supplementary 
Table A3 and A4 ). Euphausiids were among the most abun- 
dant and biomass-dominant zooplankton taxa at both sites,
though less dominant at Brooks Peninsula and Clayoquot 
Canyon than in Saanich Inlet. Cnidarian medusae, chaetog- 
o  
aths, doliolids, and calanoid copepods were among the other 
ost abundant and biomass-dominant taxa. These values are 

lmost certainly considerable underestimates of actual eu- 
hausiid abundance and biomass; however, as the avoidance 
f nets by euphausiids is a well-documented phenomenon 

hat can result in 10–20-fold underestimates of euphausiid 

bundance by net collection (Fleminger and Clutter, 1965 ; 
ameoto et al., 1993 ). Previous studies within each region also
onfirmed that euphausiids are the dominant taxon within 

he zooplankton scattering layer (Lu et al., 2003 ; Sato et al.,
013 ). 

onfirmation of first-order variability in migration 

iming 

verall, 99.70% of the variance in dawn DVM times was
xplained by the time of dawn and mooring location, while
9.98% of the variance in dusk DVM times was explained by
he time of dusk and mooring location ( Figure 4 ). It must be
oted that although these linear models captured much of the
ariability in first-order DVM timing, our analysis of second- 
rder DVM variability was not based on the residuals of these

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
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Figure 4. DVM times selected for the dawn (circles) and dusk (triangles) DVM events for each deployment day at Brooks Peninsula, Clayoquot Canyon, 
and Saanich Inlet. Dotted lines in each panel represent the linear models of DVM times as fit by dusk and dawn times, mooring location, and an 
interaction term between the two predictors. R 

2 
adj = 0.99 for the dawn migrations and 0.99 for the dusk migrations. 
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odels but, rather, directly from civil twilight times. This al-
owed us to identify seasonality, which would otherwise be
asked by these simple linear models. This first-order vari-

bility is comparable to that reported in previous studies of
VM in this region (Sato et al., 2013 ). 

eneralized additive mixed model (GAMMAR) 
esults and residuals 

AMMAR models, which included a day-of-year smoothing
erm in predicting DVM deviation from civil twilight time re-
eived > 99% of the AICc weight compared to the null model
or each location-DVM event combination ( Table 1 ). This in-
icates that the seasonal deviations of DVM events from civil
wilight times for each location-DVM event combination were
tatistically significant. This finding is reinforced by the effec-
ive degree of freedom (edf) of the GAMMAR models, which
as > 2 for each location-DVM event combination, showing

hat the smoothing term was useful to the model in all DVM
vents at all locations ( Table 2 ). ACF plots of the residuals of
hese models showed that the autoregressive order-1 term in
ach model captured the temporal autocorrelation between
oints in each time series, with ϕ ranging from 0.2118 to
.5046. 
The modelled maxima and minima of dawn DVM devi-

tions occurred consistently in late spring and early winter
onths, respectively, and vice versa for DVM deviations of
usk migrations ( Table 3 and Figure 5 ). The modelled maxi-
um deviation of the dawn DVM event occurred around June
1th at Brooks Peninsula, May 19th at Clayoquot Canyon,
nd May 23rd at Saanich Inlet. The modelled minimum devia-
ion of the dawn DVM event occurred around November 29th
t Brooks Peninsula, December 19th at Clayoquot Canyon,
nd January 14th at Saanich Inlet. The modelled maximum
eviation of the dusk DVM event occurred around Decem-
er 13th at Brooks Peninsula, December 28th at Clayoquot
anyon, and January 3rd at Saanich Inlet. The modelled min-

mum deviation of the dusk DVM event occurred around June
9th at Brooks Peninsula, May 2nd at Clayoquot Canyon, and
une 1st at Saanich Inlet. 

Dawn DVM events occurred regularly before dawn at each
ocation with the exception of Saanich Inlet, where dawn
VM events occurred after dawn for a brief period in late

pring ( Figure 5 ). The general seasonal trend of deviations
rom dawn timing was very similar at all three locations.
awn DVM events occurred earlier before dawn for most
ays of the year at the exposed locations compared to the shel-
ered location; however, the exposed locations also showed a
ore notable local maximum of Dev dawn in fall than seen at

aanich Inlet, in addition to a late winter peak that occurred
nly at Brooks Peninsula. The earliest dawn DVM events rel-
tive to dawn times occurred at Clayoquot Canyon, while the
atest occurred at Saanich Inlet. 
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Table 1. AICc and �AICc of the comparison of generalized additive mixed models with an autoregressive term fit to the deviation of dawn/dusk time for 
each location-DVM e v ent. 

Location DVM event AICc �AICc 

Brooks Peninsula Dawn 5064 .5 − 24 .7 
Dusk 5268 .8 − 87 .6 

Clayoquot Canyon Dawn 5519 .7 − 30 .0 
Dusk 5499 .6 − 37 .6 

Saanich Inlet Dawn 10 974.3 − 39 .4 
Dusk 10 050.4 − 99 .0 

Comparisons are between a GAMMAR with a smoothing term for day-of-year and a GAMMAR without this term. Models fit as per Equations ( 3 ) and ( 4 ). 
AICc weights were 1.00 for all comparisons and thus omitted from the table. 

Table 2. Parameter estimates for the intercept ( β0 ) and autoregressive order 1 ( ϕ) terms, edf, and R 

2 
adj of the best-fit GAMMAR models for each location- 

DVM e v ent. 

Location DVM event β0 (SE) (minutes) ϕ edf R 

2 
adj 

Brooks Peninsula Dawn − 13.27 (1.29) 0 .3651 5 .75 0 .160 
Dusk − 5.32 (0.93) 0 .3713 4 .98 0 .367 

Clayoquot Canyon Dawn − 19.08 (1.05) 0 .2118 5 .23 0 .199 
Dusk 7.28 (1.24) 0 .3169 5 .24 0 .179 

Saanich Inlet Dawn − 10.98 (1.01) 0 .5020 4 .904 0 .129 
Dusk − 6.88 (0.66) 0 .5046 5 .217 0 .280 

Models fit as per Equations ( 3 ) and ( 4 ). 

Table 3. Minimum, maximum, and change in deviations of DVM event times from dawn/dusk times with standard errors, and Julian day of the year when 
the minimum and maximum deviations occur ( t min / t max ) based on the best-fit GAMMAR model for each location-DVM event combination. 

Location DVM event 

Minimum 

deviation (SE) 
(minutes) t min 

Maximum 

deviation (SE) 
(minutes) t max 

�Deviation 
(minutes) 

Brooks Dawn − 33 (3) 333 − 1 (3) 162 32 
Peninsula Dusk − 23 (2) 180 14 (2) 347 37 
Clayoquot Dawn − 39 (3) 353 − 4 (3) 139 35 
Canyon Dusk − 12 (3) 122 19 (3) 362 31 
Saanich Dawn − 24 (2) 14 2 (2) 143 26 
Inlet Dusk − 23 (2) 152 4 (2) 3 27 
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Dusk DVM events occurred both before and after dusk at 
each location, though the seasonality of the shift varied widely 
between locations ( Figure 5 ). The minimum Dev dusk occurred 

earliest in early May at Clayoquot Canyon, followed by a 
rapid rise to a local maximum in mid-July with Dev dusk val- 
ues near the winter maximum, and a local minimum in early 
October. In contrast, dusk DVM events at Brooks Peninsula 
and Saanich Inlet showed only one minimum and maximum 

Dev dusk , the minimum occurring later in Saanich Inlet and 

Brooks Peninsula than at Clayoquot Canyon ( Figure 5 ). The 
maximum Dev dusk was at least 10 min greater at the exposed 

locations compared to Saanich Inlet, and the minimum was 
∼12 min greater at Clayoquot Canyon than at Brooks Penin- 
sula or Saanich Inlet 

PAR results 

Median PAR at 20 m depth (PAR 20 ) during summer months 
was higher at the exposed locations than at the Saanich Inlet 
( Table 4 ). The 25th and 75th quartiles of PAR 20 were 3 and 

19 at Brooks Peninsula, 2 and 25 at Clayoquot Canyon, and 

1 and 8 at Saanich Inlet. PAR 20 and median percent of PAR 

penetrating from 5 m depth to 20 m depth were significantly 
different between each of the exposed sites and Saanich Inlet 
( p < 0.05 for each pair through Pairwise Wilcoxon Rank-Sum 

test with Holm–Bonferroni p -value correction). The great- 
st pPAR 20 was at Brooks Peninsula, followed by Clayoquot 
anyon, and Saanich Inlet had the lowest median penetration 

f PAR to 20 m depth. 

iscussion 

espite having been studied for more than two centuries,
ur current understanding of DVM in ecologically domi- 
ant zooplankton such as euphausiids remains limited by the 
hort temporal nature of most field observations (Sato et al .,
013 ). Recent studies using state-of-the-art acoustic technolo- 
ies have begun to change this view (Cisewski and Strass,
016 ; Inoue et al., 2016 ). That said, studies utilizing multi-
le years of acoustic data have generally focused on first-order
VM variability and do not consider how other latent ecosys-

em processes influence DVM timing relative to civil twilight
imes (Lorke et al., 2004 ). To date, no studies of second-order
ariability of DVM timing have coupled long-term data from 

ultiple geographic regions with sufficient temporal resolu- 
ion to investigate spatial differences in DVM seasonality and 

heir potential causes. 

irst- and second-order DVM variability 

s in prior studies, we found that DVM events at all three sites
isplayed high fidelity to civil twilight times (Tarling, 2003 ;
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Figure 5. Deviations of DVM times in minutes from civil twilight times for each day of deployment at Brooks Peninsula, Clayoquot Canyon, and Saanich 
Inlet. Lines and coloured shading en v elopes represent the best-fit generalized additive mixed models with autoregressive terms for each location-DVM 

e v ent combination and 95% confidence intervals of each model. 

Table 4. Median, 25th, and 75th quartiles of PAR ( μE m 

−2 s −1 ) at 20 m depth PAR 20 and percent of near-surface PAR at 20 m depth (pPAR 20 ) at each 
location. 

Location 
Median PAR 20 ( μE m 

−2 

s −1 ), [q25, q75] 
Median pPAR 20 

[q25, q75] n 

Brooks Peninsula 8 [3, 19] 6 [4, 12] 79 
Clayoquot Canyon 8 [2, 25] 5 [2, 12] 51 
Saanich Inlet 2 [1, 8] 2 [1, 3] 33 

Samples taken from CTD casts performed at daytime within 20 nmi of each location in the months of May to September from 2010 to 2020. 
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orke et al., 2004 ; Sato et al., 2013 ; Bianchi and Mislan, 2016 ;
noue et al., 2016 ). This reinforces the theory that the primary
river of seasonal change in DVM event timing is seasonal-
ty in civil twilight times. However, a considerable degree of
econd-order DVM variability also existed, which was not ex-
lained by this seasonality. 
At each location-DVM event combination, we found sig-

ificant seasonality in the deviation of DVM events from
awn/dusk times ( Table 1 and Figure 5 ). These generally
howed the same trends across sites—with euphausiids mi-
rating downwards well before dawn in winter and closer to
r just after dawn in spring and summer; and migrating up-
ards after dusk in winter and before dusk in spring and sum-
er. These trends were as expected based on previous work

Sato et al., 2013 ) and knowledge of local seasonal ecosystem
rocesses affecting food availability. In addition to the gen-
ral similarities between locations, however, unique patterns
f DVM timing deviations emerged from each location. 
Euphausiids migrated downward closer to (and even af-

er) dawn at Saanich Inlet, in contrast to the exposed sites
 Figure 5 ). Euphausiids also tended to migrate downwards
ater at dawn at Saanich Inlet compared to the exposed sites.
n general, euphausiids at Saanich Inlet remained near the sur-
ace longer relative to civil twilight times than those at the
xposed sites, and euphausiids at Clayoquot Canyon spent
he least time near the surface relative to civil twilight times.
his suggests that euphausiids at Clayoquot Canyon experi-
nced the least benefits and/or the greatest costs of remain-
ng near the surface compared to those at Brooks Peninsula
r Saanich Inlet, the latter of which seemed to experience the
reatest benefits and/or the least costs of remaining near the



Geographic variability krill migrations B.C. 9 

 

 

 

 

 

 

p
e  

t  

p  

t  

a  

D  

n
i  

2
a  

i
d  

c  

t
t  

o  

m
F  

i
l  

w

P
T
m  

d  

h  

a  

r  

a
P
p  

h  

f  

R  

t  

e  

m
c

C
T
z
a  

1  

c  

b
a
m  

e
s  

t  

(  

t  

s
i  

t
d
t  

p  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsad177/7416714 by guest on 04 June 2024
Possible benefits and costs 

In terms of viewing DVM as an anti-predator behaviour, we 
can conclude that regional differences exist in the benefits 
(prey availability , turbidity , conspecific abundance, etc.) and 

costs (predator abundance) facing euphausiids in near-surface 
waters at these locations. Euphausiid populations at Saanich 

Inlet seem to have had the most benefits (or the fewest costs) 
among the three locations. Euphausiids at both the exposed 

locations (but particularly at Clayoquot Canyon) appear to 

have experienced the fewest benefits (or greatest costs) that 
favoured spending more time at depth. Several factors likely 
influenced variability in euphausiid DVM in this study: phy- 
toplankton availability (and thereby shadowing), predator 
abundance, conspecific abundance, and ontogenetic season- 
ality. 

Phytoplankton abundance 
Saanich Inlet is well known to be among the most productive 
regions off the coast of BC due to high nutrient loading and lit- 
tle surface mixing in the fjord (Herlinveaux, 1962 ; Parsons et 
al. , 1983 ; T imothy and Soon, 2001 ). In contrast, our offshore 
sites were located at the interface between the California up- 
welling zone and the Alaskan downwelling zone which, com- 
bined with the increased deep mixing via storm action, results 
in lower primary productivity in the region (Ware and Mc- 
Farlane, 1989 ). Seasonal blooms of phytoplankton also cor- 
respond with increases of zooplankton biomass; thus, phyto- 
plankton availability can act as a proxy for food availability 
for omnivorous euphausiids (Mackas, 1992 ; Nakagawa et al.,
2003 , 2004 ; Cowlishaw, 2004 ). 

While the functional advantage of the surface phase of 
DVM behaviour is assumed to allow access to near-surface 
feeding, conflicting evidence exists as to how phytoplankton 

abundance influences migration timing (reviewed in Pearre,
2003 ). The timing of the dusk-ascending DVM event has been 

noted to often be synchronous among individuals of a swarm,
as all are presumably unsated (Kanaeva and Pavlov, 1976 ).
However, the timing of the dawn descent DVM event can be 
asynchronous as individuals descend to digest after consum- 
ing their fill, which generally occurs earlier when food is abun- 
dant (Hardy and Gunther , 1935 ; Bohrer , 1980 ; Simmard et 
al., 1986 ; Gibbons, 1993 ). We might therefore have expected 

that during the spring and fall, when phytoplankton abun- 
dance was greatest, euphausiids would have descended ear- 
lier relative to the dawn as they became quickly sated at the 
surface. However, we observed the opposite pattern, whereby 
euphausiids remained near the surface for the longest peri- 
ods when phytoplankton abundance was theoretically highest 
( Figure 5 ). As we were unable to resolve individuals or small 
groups near the surface (95–281 m from the echosounder), it 
is possible that we only detected the final en masse migration 

of swarms from the surface near dawn. This descent was more 
likely influenced by ambient light levels than food abundance.

Shadowing due to phytoplankton 

Differences in phytoplankton density between the sites likely 
had a secondary effect on euphausiid behaviour, as phyto- 
plankton attenuated incoming light in the near-surface layer,
causing increased shadowing at depth (Lorenzen, 1972 ). Our 
PAR data showed that when primary productivity was high- 
est, light penetration was lower in Saanich Inlet than at the 
exposed sites ( Table 4 ). Thus, due to increased shadowing by 
hytoplankton, euphausiids at Saanich Inlet may have experi- 
nced lower predation risk in the surface waters than those at
he exposed sites. This high turbidity at Saanich Inlet was ex-
ected based on previous work, and is due to high phytoplank-
on densities as well as terrestrial runoff from the Cowichan
nd Fraser rivers (Sancetta and Calvert, 1988 ; Sancetta, 1989 ).
VM has variously been postulated to be triggered by illumi-
ation via isolume preference, intensity thresholds, or changes 
n intensity over time (Russell, 1926 ; Cohen and Forward,
009 ). Increased shadowing through phytoplankton attenu- 
tion would have resulted in both an earlier rise in shadowed
solume depth and triggering of minimal light threshold at 
usk (and vice versa at dawn). However, this would not have
hanged the rate of change of light intensity at depth. Further,
he general trends of migration deviations from twilight times 
hat we observed did not correspond with the expected rates
f change of light intensity during twilight, which would be
aximized during the vernal and autumnal equinoxes (Mc- 
arland, 1986 ). Therefore, if the attenuation of light through

ncreased phytoplankton abundance led to earlier dusk and 

ater dawn migrations in euphausiids, the most likely trigger
as not the rate of change of light intensity per se . 

redation risk 

heoretically, the greatest potential cost for a euphausiid re- 
aining in near-surface, food-rich waters is the risk of being
etected and eaten by visual predators in the well-lit daylight
ours (Zaret and Suffern, 1976 ; Robinson, 2000 ; Benoit-Bird
nd Moline, 2021 ). We would therefore expect euphausiids to
emain at a depth proportional to the risk of predation (Loose
nd Dawidowicz, 1994 ). Similar visual predators, including 
acific Hake ( Merluccius productus ), Pacific Herring (Clu- 
ea pallasii ), and Pacific Salmon species ( Oncorhynchus spp.),
ave been noted to be present at each site, though with dif-
ering abundances and seasonal trends (Mackas et al., 1997 ;
obinson, 2000 ). It is possible that the differences in migra-

ion timing were due to increased predator abundance at the
xposed sites; however further work will be required to deter-
ine the direct influence of predator abundance and predator 

ommunity composition on second-order DVM timing. 

onspecific abundance and ontogeny 
he abundance, developmental timing, and proportion of 
ooplankton biomass comprised of euphausiids at each site 
re known to vary seasonally (Heath, 1977 ; Mackas et al.,
997 ; Mackas et al., 2013 ). As conspecific abundance in-
reases, the probability of any individual within the swarm
eing consumed decreases, whereas the competition for food 

mong conspecifics increases (Hamilton, 1971 ; Folt and Gold- 
an, 1981 ; Foster and Treherne, 1981 ). Each factor alters

uphausiid swarming behaviour, and may also incentivize 
warms of euphausiids to remain near the surface longer rela-
ive to photoperiod to feed within the protection of the swarm
O’Brien, 1989 ; Kawaguchi et al., 2010 ). Euphausia pacifica ,
he dominant euphausiid species at our sampling locations,
pawns from May to September with adult biomass peaking 
n October (Mackas et al., 1997 ; Mackas et al., 2013 ). During
his period, considerable energy is being allocated to gamete 
evelopment and growth in the population, likely increasing 
he incentive to remain near the surface to feed. The summer
eak in seasonal DVM deviation we observed at each location
ay thus have corresponded with a peak in the abundance of
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uphausiids, which were feeding to accrue energy for this sum-
er spawning event. 

 theoretical framework 

he observed differences in DVM seasonality between stations
ikely resulted from differences in local oceanographic condi-
ions. At the less productive exposed sites, euphausiids likely
ad fewer benefits to migrate to surface waters to feed during
aylight hours (Robinson and Ware, 1994 ; Robinson, 2000 )
s well as greater costs from greater light penetration likely
oinciding with the presence of visual predators (Zaret and
uffern, 1976 ). Thus, euphausiids tended to migrate to the sur-
ace well into the dark hours throughout the year. In the more
roductive waters of Saanich Inlet, euphausiids were likely in-
uenced by strongly seasonal differences in prey availability
nd shading to risk staying in surface waters in the dimmed
ight for longer (Benoit-Bird and Moline, 2021 ). Therefore, eu-
hausiids stay in the food-rich surface waters longer through-
ut the year at Saanich Inlet, but especially so in the spring
nd summer months, when massive food abundance makes
urface feeding a more incentivized endeavour. 

onclusion 

his study provides novel insights into how local oceano-
raphic conditions can contribute to significant behavioural
hifts in euphausiid DVM, a behaviour that is tradition-
lly assumed and modelled to vary little within a given ge-
graphic region for a given species. We demonstrate that
VM behaviours are variable even at local scales, and that

his variability must be accounted for when considering the
redator–prey dynamics, biogeochemical cycling, and envi-
onmental conditions which DVM behaviours elicit in an
cosystem. While this study quantifies spatial differences in
easonal DVM timing between locations, further analyses of
hese trends with environmental covariates must be conducted
o examine key drivers behind this variability. Moored ac-
ive acoustic systems paired with autonomous platforms for
ampling in situ irradiance, fluorescence, environmental DNA,
nd near-surface conditions could provide these data. Fur-
her work should classify and enumerate seasonal trends in
iomasses of euphausiids and their predators at each location
o investigate the proximate influence each has on the timing
f euphausiid migrations. 

 c kno wledg ements 

e would like to thank Fisheries and Oceans Canada staff
ho have assisted with the collection of zooplankton data,

nd ASL Environmental Inc. for the calibration of the AZFPs.
hank you to Ocean Network Canada for providing the
ZFP data from the Saanich Inlet VENUS observatory. 

upplementary material 

upplementary material is available at the ICESJMS online
ersion of the manuscript. 

The following supplementary material is available at
CESJMS online: the full specifications of the AZFP moorings
sed in this study ( Supplementary Table A1 ), the sound speeds
nd absorption coefficients used in this study ( Supplementar
 Table A2 ) as well as a description of their calculation, the
bundances and biomasses of zooplankton taxa collected at
ach mooring location ( Supplementary Tables A3 and A4 ),
nd a plot of the deviations of DVM timing from civil twi-
ight timing for each mooring and migration ( Supplementar
 Figure A1 ). 

ata availability 

ata from Ocean Networks Canada are available publicly
hrough the Oceans 3.0 Data Portal ( https://data.oceannetw
rks.ca/home ). Data from Fisheries and Oceans Canada are
eing collated for public availability and can be accessed by
ontacting the authors directly. 

uthor contributions 

JE: Conceptualization, Data curation, Formal Analysis,
nvestigation, Methodology, Visualization, Writing—original
raft, Writing—review & editing. JFD: Conceptualization,
roject administration, Supervision, Validation, Writing—
eview & editing. SG: Conceptualization, Funding acquisition,

ethodology, Project administration, Software, Supervision,
alidation, Writing—review & editing. 

onflict of interest 

he authors have no conflicts of interest to declare. 

unding 

unding for the Saanich Inlet AZFP and associated data was
llocated by Ocean Networks Canada, and funding for the
rooks Peninsula and Clayoquot Canyon AZFPs as well as the
eployments thereof was provided by Fisheries and Oceans
anada. 

eferences 

nderson , J . J ., and Devol, A. H. 1973. Deep water renewal in Saanich
Inlet, an intermittently anoxic basin. Estuarine and Coastal Marine
Science, 1: 1–10.

rchibald , K. M., Siegel, D. A., and Doney, S. C. 2019. Modeling the
impact of zooplankton diel vertical migration on the carbon export
flux of the biological pump. Global Biogeochemical Cycles, 33:181–
199.

andara , K., Varpe, Ø., Wijewardene, L., Tverberg, V., and Eiane,
K. 2021. Two hundred years of zooplankton vertical migration re-
search. Biological Reviews, 96: 1547–1589.

enoit-Bird , K. J., and Moline, M. A. 2021. Vertical migration timing il-
luminates the importance of visual and nonvisual predation pressure
in the mesopelagic zone. Limnology and Oceanography, 66: 3010–
3019.

ianchi , D., and Mislan, K. A. S. 2016. Global patterns of diel vertical
migration times and velocities from acoustic data. Limnology and
Oceanography, 61: 353–364.

ohrer , R . 1980. Experimental studies on vertical migration. In Evolu-
tion and Ecology of Zooplankton Communities, pp. 111–121. Ed.
by W. C. Kerfoot University Press New England, Hanover, New
Hampshire.

uckley , T. W., and Livingston, P. A. 1997. Geographic variation in the
diet of Pacific hake, with a note on cannibalism. California Cooper-
ative Oceanic Fisheries Investigations Reports, 38: 53–62.

isewski , B., and Strass, V. H. 2016. Acoustic insights into the zoo-
plankton dynamics of the eastern Weddell Sea. Progress in Oceanog-
raphy, 144: 62–92.

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad177#supplementary-data
https://data.oceannetworks.ca/home


Geographic variability krill migrations B.C. 11 

 

 

 

 

 

 

 

 

 

 

 

L  

 

M  

M  

 

 

M  

 

 

M  

M  

M  

 

 

 

N  

 

N  

 

O  

O  

O  

O  

O  

O  

O  

O  

O  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsad177/7416714 by guest on 04 June 2024
Cohen , J. H., and Forward, R. B. Jr 2009. Zooplankton diel vertical 
migration—a review of proximate control. In Oceanography and 
Marine Biology: An Annual Review, pp. 77–110. Ed. by R. N. Gib- 
son, R. J. A. Atkinson, and J. D. M. Gordon. CRC Press. Boca Raton,
Fl. xii + 350pp.

Cowlishaw , R. J . 2004. Seasonal coupling between ciliate and phyto- 
plankton standing stocks in the South Slough of Coos Bay. Estuaries,
27: 539–550.

De Robertis , A., McKelvey, D. R., and Ressler, P. H. 2010. Devel- 
opment and application of an empirical multifrequency method 
for backscatter classification. Canadian Journal of Fisheries and 
Aquatic Sciences, 67: 1459–1474.

Fleminger , A., and Clutter, R. I. 1965. Avoidance of towed nets by zoo- 
plankton. Limnology and Oceanography, 10: 96–104.

Folt , C., and Goldman, C. R. 1981. Allelopathy between zooplankton: a 
mechanism for interference competition. Science, 213: 1133–1135.

Foster , W. A., and Treherne, J. E. 1981. Evidence for the dilution effect 
in the selfish herd from fish predation on a marine insect. Nature,
293: 466–467.

Francois , R. E., and Garrison, G. R. 1982. Sound absorption based on 
ocean measurements. Part II : boric acid contribution and equation 
for total absorption. The Journal of the Acoustical Society of Amer- 
ica, 72: 1879–1890.

Gargett , A. E., Stucchi, D., and Whitney, F. 2003. Physical pro- 
cesses associated with high primary production in Saanich Inlet, 
British Columbia. Estuarine, Coastal and Shelf Science, 56: 1141–
1156.

Gibbons , M. J . 1993. Vertical migration and feeding of Euphausia lu- 
cens at two 72 h stations in the southern Benguela upwelling region.
Marine Biology, 116: 257–268.

Häfker , N. S. , Meyer, B. , Last, K. S. , Pond, D. W. , Hüppe, L. , and
Teschke, M. 2017. Circadian clock involvement in zooplankton diel 
vertical migration. Current Biology, 27: 2194–2201.e3.

Hamilton , W. D . 1971. Geometry for the selfish herd. Journal of Theo- 
retical Biology, 31: 295–311.

Hardy , A. C., and Gunther, E. F. 1935. The plankton of the south Geor- 
gia whaling ground and adjacent waters, 1926–27. Discovery Re- 
ports, 11: 1–456.

Heath , W. A . 1977. The Ecology and Harvesting of Euphausiids in the 
Strait of Georgia. University of British Columbia, Vancouver, B.C.,
Canada. xii + 187pp. https:// open.library.ubc.ca/ media/ stream/pdf 
/831/1.0094511/1 (last accessed 2 December 2022).

Herlinveaux , R. H . 1962. Oceanography of Saanich Inlet in Vancouver 
Island, British Columbia. Journal of the Fisheries Research Board of 
Canada, 19: 1–37.

Inoue , R., Kitamura, M., and Fujiki, T. 2016. Diel vertical migration 
of zooplankton at the S1 biogeochemical mooring revealed from 

acoustic backscattering strength. Journal of Geophysical Research : 
Oceans, 121: 3372–3380.

Kanaeva , I. P., and Pavlov, V. Y. 1976. To the biology of Nyciphanes 
simplex Hansen. Proceedings of the All-Union Research Institute for 
Marine Fisheries and Oceanography, 110: 90–96.

Kawaguchi , S., King, R., Meijers, R., Osborn, J. E., Swadling, K.
M. , Ritz, D. A. , and Nicol, S. 2010. An experimental aquarium for 
observing the schooling behaviour of Antarctic krill ( Euphausia su- 
perba ). Deep Sea Research Part II: Topical Studies in Oceanography,
57: 683–692.

Kerr , K. A., Cornejo, A., Guichard, F., Abril, A. C. C., and 
Collin, R. 2015. Planktonic predation risk: effects of diel state, sea- 
son and prey life history stage. Journal of Plankton Research, 0: 
1–10.

Loose , C. J., and Dawidowicz, P. 1994. Trade-offs in diel vertical mi- 
gration by zooplankton: the costs of predator avoidance. Ecology,
75: 2255–2263.

Lorenzen , C. J . 1972. Extinction of light in the Ocean by Phytoplankton.
ICES Journal of Marine Science, 34: 262–267.

Lorke , A., Mcginnis, D. F., Spaak, P., and Wüest, A. 2004. Acoustic ob- 
servations of zooplankton in lakes using a Doppler current profiler.
Freshwater Biology, 49: 1280–1292.
u , B. , Mackas, D. L. , and Moore, D. F. 2003. Cross-shore separation of
adult and juvenile euphausiids in a shelf-break alongshore current.
Progress in Oceanography, 57: 381–404.

ackas , D. L . 1992. Seasonal cycle of zooplankton off southwest-
ern British Columbia: 1979–89. Canadian Journal of Fisheries and 
Aquatic Sciences, 49: 903–921.

ackas , D. L. , Kieser, R. , Saunders, M. , Yelland, D. R. , Brown, R.
M., and Moore, D. F. 1997. Aggregation of euphausiids and Pacific
hake ( Merluccius productus ) along the outer continental shelf off
Vancouver Island. Canadian Journal of Fisheries and Aquatic Sci- 
ences, 54: 2080–2096.

ackas , D. L., Galbraith, M., Faust, D., Masson, D., Young, K., Shaw,
W., Romaine, S., et al. 2013. Zooplankton time series from the Strait
of Georgia: results from year-round sampling at deep water loca-
tions, 1990–2010. Progress in Oceanography, 115: 129–159.

ackenzie , K. V . 1981. Nine-term equation for sound speed in the
oceans. The Journal of the Acoustical Society of America, 70:807–
812.

cFarland , W. N . 1986. Light in the Sea—correlations with behaviors
of Fishes and invertebrates. American Zoologist, 26:389–401.

cFarlane , G. A. , Saunders, M. W. , Thompson, R. E. , and Perry, R. I.
1997. Distribution and Abundance of Larval Sablefish, Anoplopoma 
fimbria , off the West Coast of Vancouver Island, and Linkages to
Physical Oceanography. In NOAA Technical Report 130 Biology 
and Management of Sablefish Anoplopoma fimbria, pp. 27-39. Ed.
by M. E. Wilkins and M. W. Saunders. U.S. Department of Com-
merce. Seattle, WA. v + 275pp.

akagawa , Y., Endo, Y., and Sugisaki, H. 2003. Feeding rhythm and
vertical migration of the euphausiid Euphausia pacifica in coastal 
waters of north-eastern Japan during fall. Journal of Plankton Re-
search, 25: 633–644.

akagawa , Y. , Ota, T. , Endo, Y. , Taki, K. , and Sugisaki, H. 2004.
Importance of ciliates as prey of the euphausiid Euphausia pacifica
in the NW North Pacific. Marine Ecology Progress Series, 271: 261–
266.

’Brien , D. P . 1989. Analysis of the internal arrangement of individuals
within crustacean aggregations (Euphausiacea, Mysidacea). Journal 
of Experimental Marine Biology and Ecology, 128: 1–30.

cean Networks Canada Society . (2016). Patricia Bay Echosounder,
Bioacoustic Deployed 2016-10-06. Ocean Networks Canada Soci- 
ety. https:// doi.org/ 10.34943/6188f02e- f949- 401b- 94b0- 6e13956 
9b86f.

cean Networks Canada Society . (2017) Patricia Bay Echosounder,
Bioacoustic Deployed 2017-06-22. Ocean Networks Canada Soci- 
ety. https:// doi.org/ 10.34943/066a42d3- 2d7d- 42d5- a326- 88ce960 
548ba .

cean Networks Canada Society . (2018) Patricia Bay Echosounder,
Bioacoustic Deployed 2018-09-30. Ocean Networks Canada Soci- 
ety. https:// doi.org/ 10.34943/32eb1f77- 334e- 4ac9- a4a7- bbd4d14 
413da .

cean Networks Canada Society . (2019a) Patricia Bay Echosounder,
Bioacoustic Deployed 2019-03-10. Ocean Networks Canada Soci- 
ety. https:// doi.org/ 10.34943/c8e61984- 08c6- 4381- ac72- 3f6d846 
bcf40 .

cean Networks Canada Society . (2019b) Patricia Bay Echosounder,
Bioacoustic Deployed 2019-09-12. Ocean Networks Canada Soci- 
ety. https:// doi.org/ 10.34943/193e0e4b- 7802- 4d27- b9c2- 44132e7 
74f1b .

cean Networks Canada Society . (2020a) Patricia Bay Echosounder,
Bioacoustic Deployed 2020-03-03. Ocean Networks Canada Soci- 
ety. https:// doi.org/ 10.34943/1a3ad186- 0a5e- 44fb- 9210- aa58cb6 
4668c .

cean Networks Canada Society . (2020b) Patricia Bay Echosounder,
Bioacoustic Deployed 2020-09-25. Ocean Networks Canada So- 
ciety. https:// doi.org/ 10.34943/c20ba554- 07a1- 4f2c- a3cf- 7898b87 
1ea12 .

wens , D ., Abeysirigunawardena, D ., Biffard, B., Chen, Y., Con-
ley, P. , Jenkyns, R. , Kerschtien, S et al. 2022. The Oceans 2.0/3.0
Data Management and Archival System. Frontiers in Marine Sci- 

https://open.library.ubc.ca/media/stream/pdf/831/1.0094511/1
https://doi.org/10.34943/6188f02e-f949-401b-94b0-6e139569b86f
https://doi.org/10.34943/066a42d3-2d7d-42d5-a326-88ce960548ba
https://doi.org/10.34943/32eb1f77-334e-4ac9-a4a7-bbd4d14413da
https://doi.org/10.34943/c8e61984-08c6-4381-ac72-3f6d846bcf40
https://doi.org/10.34943/193e0e4b-7802-4d27-b9c2-44132e774f1b
https://doi.org/10.34943/1a3ad186-0a5e-44fb-9210-aa58cb64668c
https://doi.org/10.34943/c20ba554-07a1-4f2c-a3cf-7898b871ea12


12 N.J. Ens et al. 

 

P  

 

P  

 

P  

 

P  

 

R  

 

R  

 

R  

 

 

S  

 

 

S

S  

 

 

S  

 

S  

 

 

T  

 

T  

 

T  

 

U  

V  

 

W  

 

W  

 

Z  

 

R
©

C

i

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/
ence, 9: 806452. https:// www.frontiersin.org/ articles/10.3389/fmars
.2022.806452 (last accessed 7 November 2022).

arsons , T. R., Perry, R. I., Nutbrown, E. D., Hsieh, W., and Lalli, C.
M. 1983. Frontal zone analysis at the mouth of Saanich Inlet, British
Columbia, Canada. Marine Biology, 73: 1–5.

earre , S. Jr 2003. Eat and run? The hunger/satiation hypothesis in ver-
tical migration: history, evidence and consequences. Biological Re-
views of the Cambridge Philosophical Society, 78: 1–79.

eña , M. A., and Varela, D. E. 2007. Seasonal and interannual variabil-
ity in phytoplankton and nutrient dynamics along Line P in the NE
subarctic Pacific. Progress in Oceanography, 75: 200–222.

erry , R. I., and Schweigert, J. F. 2008. Primary productivity and the car-
rying capacity for herring in NE Pacific marine ecosystems. Progress
in Oceanography, 77: 241–251.

obinson , C. L. K., and Ware, D. M. 1994. Modelling pelagic fish
and Plankton trophodynamics. Canadian Journal of Fisheries and
Aquatic Sciences, 51: 1737–1751.

obinson , C. L. K . 2000. The consumption of euphausiids by the
pelagic fish community off southwestern Vancouver Island, British
Columbia. Journal of Plankton Research, 22: 1649–1662.

ussell , F. S . 1926. The vertical distribution of marine macroplankton
IV. The apparent importance of light intensity as a controlling factor
in the behaviour of certain species in the Plymouth Area. Journal of
the Marine Biological Association of the United Kingdom, 14: 415–
440.

ameoto , D., Cochrane, N., and Herman, A. 1993. Convergence of
acoustic, optical, and net-catch estimates of euphausiid abundance:
use of artificial light to reduce net avoidance. Canadian Journal of
Fisheries and Aquatic Sciences, 50: 334–346.

ancetta , C . 1989. Spatial and temporal trends of diatom flux in 
British Columbian fjords. Journal of Plankton Research, 11:503–
520.

ancetta , C., and Calvert, S. E. 1988. The annual cycle of sedimenta-
tion in Saanich inlet, British Columbia: implications for the inter-
eceived: 28 June 2023; Revised: 29 September 2023; Accepted: 23 October 2023 

The Author(s) 2023. Published by Oxford University Press on behalf of International Council for t

reative Commons Attribution License ( https:// creativecommons.org/ licenses/by/ 4.0/ ), which permits

s properly cited. 
pretation of diatom fossil assemblages. Deep Sea Research Part A.
Oceanographic Research Papers, 35:71–90.

ato , M. , Dower, J. F. , Kunze, E. , and Dewey, R. 2013. Second-
order seasonal variability in diel vertical migration timing of 
euphausiids in a coastal inlet. Marine Ecology Progress Series, 480:
39–56.

immard , Y., Lacroix, G., and Legendre, L. 1986. Diel vertical migra-
tions and nocturnal feeding of a dense coastal krill scattering layer
( Thysanoessa raschi and Meganyctiphanes norvegica ) in stratified
surface waters. Marine Biology, 91: 93–105.

akahashi , M., Seibert, D. L., and Thomas, W. H. 1977. Occasional
blooms of phytoplankton during summer in Saanich Inlet, B.C.,
Deep Sea Research, 24: 775–780.

arling , G. A . 2003. Sex-dependent diel vertical migration in northern
krill Meganyctiphanes norvegica and its consequences for popula-
tion dynamics. Marine Ecology Progress Series, 260: 173–188.

 imothy , D. A. , and Soon, M. Y. S. 2001. Primary production and
deep-water oxygen content of two British Columbian fjords. Ma-
rine Chemistry, 73: 37–51.

rmy , S., and Benoit-Bird, K. 2021. Fear dynamically structures the
ocean’s pelagic zone. Current Biology, 31: 5086–5092.e3.

uorinen , I . 1987. Vertical migration of Eurytemora (Crustacea, Cope-
poda): a compromise between the risks of predation and decreased
fecundity. Journal of Plankton Research, 9: 1037–1046.

are , D. M., and McFarlane, G. A. 1989. Fisheries production domains
in the Northeast Pacific Ocean. Canadian Journal of Fisheries and
Aquatic Sciences, 108: 359–379.

are , D. M., and Thomson, R. E. 2005. Bottom-up ecosystem trophic
dynamics determine fish production in the Northeast Pacific. Sci-
ence, 308: 1280–1284.

aret , T. M., and Suffern, J. S. 1976. Vertical migration in zooplankton
as a predator avoidance mechanism. Limnology and Oceanography,
21: 804–813.
Handling editor: C. Brock Woodson 

he Exploration of the Sea. This is an Open Access article distributed under the terms of the 

 unrestricted reuse, distribution, and reproduction in any medium, provided the original work 

doi/10.1093/icesjm
s/fsad177/7416714 by guest on 04 June 2024

https://www.frontiersin.org/articles/10.3389/fmars.2022.806452
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgements
	Supplementary material
	Data availability
	Author contributions
	Conflict of interest
	Funding
	References

