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Euphausiids form a critical component of oceanic food chains and individual
species vary in their responses to perturbation events. We aimed to establish if
patterns of fine scale oceanographic variability and larger-scale climate events
such as marine heatwaves (MHWs) could be linked with spring variability in the
biomass of two key forage species in the northeast Pacific Ocean, Euphausia
pacifica and Thysanoessa spinifera. To achieve this, we used long-term datasets
from the west coast of Vancouver Island Canada, an important commercial fishing
area, to first quantify interannual signals of variability in fine-scale oceanographic
conditions using multivariate analysis. We then used geostatistical spatiotemporal
modelling to quantify the effects on species-specific euphausiid biomass.
Oceanographic data showed that the effects of warm events are not always
observable, and effects vary across small spatial scales. Warming due to the
2014-2016 MHW was relatively mild on the continental shelf during spring (<1°C
above climatology). Spring biomass of euphausiids, particularly E. pacifica, peaked
in 2015, and all euphausiid groups analysed (E. pacifica, T. spinifera and total
euphausiids) exhibited significant correlations with positive phases of the Pacific
Decadal Oscillation. These results have implications for marine predators as
euphausiids may act as system stabilisers in the northeast Pacific, thereby
potentially increasing ecosystem resilience during extreme events.
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1 Introduction

Understanding how lower trophic levels respond to
environmental change is an important component of ecosystem-
based management. In the northeast Pacific Ocean, euphausiids are
important prey for a wide range of marine predators, including
whales and seabirds (Abraham and Sydeman, 2004; Hipfner, 2009;
Nickels et al,, 2019), and an array of commercially important fish
species such as Pacific hake (Merluccius productus), Pacific herring
(Clupea pallasii), sablefish (Anoplopoma fimbria) and Pacific salmon
(Tanasichuk et al., 1991; Robinson, 2000; Beamish et al., 2004).
Euphausiids form dense aggregations which are inherently patchily
distributed through the marine environment. These patches usually
co-occur with areas of elevated primary production, and their
distribution can be linked at various scales to local changes in
currents and upwelling, and to basin-scale indices such as El Nino
and the Pacific Decadal Oscillation (PDO) (e.g. Ressler et al., 2005;
Swartzman et al., 2005; Santora et al., 2011; Fiechter et al., 2020).

Over the last few decades, marine ecosystems in the northeast
Pacific have undergone numerous climate-related shifts, and the
frequency of anomalous warm events such as El Niflo and marine
heatwaves have increased (McGowan, 1998; Sydeman et al., 2013).
Fluctuations between the different climate modes of the El Nifo
Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO)
and the North Pacific Gyre Oscillation (NPGO) can alter alongshore
wind direction and strength, in turn affecting the timing of the spring
transition, upwelling intensity, and therefore nutrient delivery to the
coastal zone (Mantua and Hare, 2002; Peterson and Schwing, 2003; Di
Lorenzo et al., 2008). Alternative modes of these indices can alter the
biomass, distribution and availability of prey, leading to direct
implications for foraging marine predators, such as changes in
distribution (Sprogis et al., 2018), diet (Gladics et al., 2014; Hipfner
et al., 2020), and breeding success (Sydeman et al., 2006; Hipfner,
2008; Wolf et al., 2009).

Several marine heatwaves (MHWSs) have been documented in the
northeast Pacific in recent years (Cheung and Frolicher, 2020;
Scannell et al., 2020). The MHW that persisted in the northeast
Pacific Ocean through 2014-2016, known as the ‘blob’, was one of the
most extreme on record in terms of intensity and duration, and led to
widespread food web disruption (Di Lorenzo and Mantua, 2016; Sen
Gupta et al,, 2020). This event has been followed by several other
MHWs which were less intense in terms of duration and ecosystem
responses (Amaya et al., 2020). During the 2014-2016 event, marine
predator mortality occurred from Alaska to southern California,
thought to be associated with a reduction in the biomass, size and
energy content of colder-water associated macro-zooplankton
(Brodeur et al., 2019; Robertson and Bjorkstedt, 2020; Arimitsu
et al., 2021). In the California Current, the effects of these MHW
events can vary by latitude due to changes in the strength and
direction of currents. In the tropics, reduced local abundance and
biodiversity often occurs while the opposite is observed at higher
latitudes due to an influx of more tropical species following warmer
waters northward, such as the subtropical euphausiid N. simplex. This
species usual northern extent is off northern California, but during the
1958, 1983, and 1998 El Nifio events it was detected to Oregon and
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even northwest Vancouver Island (Brinton, 1960; Brodeur, 1986;
Mackas and Galbraith, 2002; Santora et al., 2017).

The two most abundant species of euphausiids in the northern
California Current, Thysanoessa spinifera and Euphausia pacifica,
have exhibited varying responses in abundance and distribution to
variability in ocean conditions and climate modes. Following the El
Nifno warm event of 1997-1998 and a shift in PDO sign from positive
to negative, T. spinifera biomass off Vancouver Island increased, while
E. pacifica biomass decreased (Mackas et al., 2001; Lu et al., 2003).
Results off central California suggest that the 2014-2016 MHW may
have more negatively affected T. spinifera biomass than E. pacifica,
but that T. spinifera biomass recovered more quickly than E. pacifica
in the years following the event, with peak abundance in 2017 (while
peak of E. pacifica abundance occurred in 2008; Cimino et al., 2020).
T. spinifera is slightly larger and has a higher energy content than E.
pacifica, and there is evidence of species-selectivity by some
euphausiid predators in the California Current (Abraham and
Sydeman, 2006; Wells et al., 2012; Nickels et al., 2018). Variability
in the abundance and availability of these two euphausiid species
through different climate cycles is therefore likely to affect foraging
conditions for marine predators. However, comparatively few studies
in the northeast Pacific have looked at euphausiid-environment
interactions at species level (but see Mackas et al., 2013; Sydeman
et al., 2013; Kalyn, 2014; Qualls, 2019; Cimino et al., 2020).

The west coast of Vancouver Island encompasses both the
northern terminus of the equator-ward flowing California Current
and the transition zone with the poleward-flowing Alaska Current to
the north (see Figure 1). This area is one of the most commercially
important fishing regions in Canada (McFarlane et al., 1997; Ware
and Thomson, 2005). The upwelling system along the continental
slope west of Vancouver Island (southern shelf bioregion, hereafter
south bioregion) is separated from the area to the north of Vancouver
Island where downwelling is dominant (northern shelf bioregion,
hereafter north bioregion). The offshore region encompasses the
deeper part of the continental slope and Pacific Ocean proper and
is less affected by upwelling activity, but perhaps more affected by
large-scale events such as MHWs. Large spatial differences exist in
local oceanographic conditions within the transition zone of the
California and Alaska Currents off the northwest coast. Studies
linking euphausiid distribution with either bottom up or top down
pressures have focused on the highly productive southwest region
encompassing the La Perouse Bank and the Juan de Fuca Eddy and
canyon system (e.g. McFarlane et al.,, 1997; Robinson, 2000; Allen
et al., 2001; Mackas et al.,, 2001). Few studies have examined
euphausiid dynamics across the whole region during periods of
extreme ocean warming (but see Lu et al., 2003; Mackas et al., 2004).

The main aim of this work was to evaluate the effects of
fluctuations in oceanography and climate on the distribution of two
key euphausiid species on the west coast of Vancouver Island, E.
pacifica and T. spinifera. This is a region of complex oceanography,
exhibiting both high spatial and temporal variability among years.
The first step in this study was to analyse the links between fine-scale
oceanographic conditions such as temperature and salinity with
broader patterns in annual climate. For example, 1). Were there
spatial differences between bioregions in temperature and current
patterns that reflected the transition from the California Current with
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conditions in the Alaska Current, and 2). Were there temporal
differences in physical conditions that reflected large-scale northeast
Pacific Ocean events such as the 2014-2016 MHW? The second step
was to determine how oceanographic variability associated with
larger-scale Pacific fluctuations affected the biomass of euphausiids
on the shelf and slope in spring, using spatiotemporal species
distribution models. We hypothesized that the occurrence of the
MHW event in 2014-2016 would negatively affect surveyed biomass
of euphausiids based on observed responses from macrozooplankton
communities in other areas of the northeast Pacific (e.g. Lavaniegos
et al,, 2019; Robertson and Bjorkstedt, 2020) and that patterns would
be different between species, with T. spinifera more negatively
impacted by warm events than E. pacifica. Although both species
exhibit a wide distribution, T. spinifera is typically more northerly
associated while E. pacifica is distributed further south (Brinton, 1976;
Brinton, 1981). Understanding the links between fine-scale
environmental patterns, larger-scale climate events and the flow-on
effects for secondary producers such as euphausiids supporting
diverse marine predators, is essential for predicting the resilience of
marine systems to future climatic variability.

2 Methods

Euphausiid biomass and oceanographic conditions have been
surveyed off the west coast of Vancouver Island, Canada with
regularity since the 1970s (see Figure 1 for the boundaries of the
study region). We used data between 1996 and 2019 as this period
exhibited the most consistent spatial coverage. Seasonal variability
was eliminated by analysing only euphausiid and in situ physical data
collected in spring (April, May, June). This period also highlighted
differences in the timing of the spring transition between years, which
usually occurs between April and June on this part of the coast and
initiates primary and secondary production cycles. It is also an
important period for the arrival of southern migratory fish species
such as Pacific hake, Pacific sardine, and Pacific mackerel that spend
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the summer foraging along the continental shelf (Demer et al., 2012;
Malick et al., 2020).

This analysis is split into two parts to address the two-step aim of
this study outlined above. We first analysed variability in local
physical variables and larger scale climate indices in each bioregion
using Principal Component Analysis, to characterise spatial
differences between bioregions and interannual variability in
oceanography between years, and to explore how this fine-scale in
situ variability related to larger-scale Pacific Ocean patterns such as
the Pacific Decadal Oscillation (bioregions boundaries are shown in
Figure 1). This part of the analysis highlighted specific variables that
were important in driving the oceanographic signature on the shelf
during spring and were used in the next analytical step. The second
analysis used a series of species-specific spatiotemporal species
distribution models to assess the relative importance of these
‘dominant’ environmental variables for structuring the biomass of
E. pacifica, T. spinifera and total euphausiid biomass (all species
combined). We used a geostatistical distribution modelling approach
(Shelton et al., 2014; Thorson et al., 2015) using a long time-series (23
years) of euphausiid biomass data.

2.1 Euphausiid data collection
and processing

Data on the biomass of E. pacifica and T. spinifera were obtained
through a variety of surveys carrying out zooplankton net-tows along
the west coast of Vancouver Island (Figure 1). These data have been
collated systematically and are archived in the Institute of Ocean
Science (I0S) Zooplankton database (https://open.canada.ca/data/en/
dataset/9447ecf8-a7f7-4904-8ab0-3c597c534c4b). Euphausiid
samples were collected mostly by vertical hauls, with a small
number by oblique hauls (92%, 8% respectively) using paired
double bongo nets from near-bottom or a maximum of 250m
depth to the surface (net diameter 56-58mm and 236-251um mesh
size). The maximum depth was set to 250m for several reasons; this
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depth allowed us to include the most data as most tows in the dataset
were to ~250m, and this depth sampled the largest proportion of
euphausiids as they tend to be distributed in the water column
between 50 and 250m during the day. In addition, previous studies
on euphausiids in this area used this depth as the maximum sampling
depth at offshore locations, allowing this study to be comparable to
previous work. Samples were truncated from the analysis when this
protocol was not observed and there was large (+30m) disparity
between the bottom depth and the lowest sampling depth. Vertical
and oblique hauls were considered comparable for biomass estimates
when corrected via the volume of water filtered by the net which was
determined by a flowmeter. We analyzed data from daylight hauls
only, as these were more numerous than night hauls. Paired bongo
nets are biased towards the collection of smaller zooplankton, and
there is a substantial bias for adult euphausiids which can avoid the
net when sampled during the day (Shaw and Robinson, 1998). We
applied a correction factor to the data to help account for this bias
developed based on night-time euphausiid tows using black nets and
strobes, which is considered best practice for catching adult
euphausiids (see Mackas et al., 2001). Biases were assumed to be
consistent across high and low densities of euphausiids, with biomass
estimates likely underestimated consistently both spatially and across
the time-series. Biomass values of adults only (euphausiids >210mm in
length) were standardised via the volume filtered and sampling depth
to vertically integrated dry weight biomass mg m? which is
considered more robust to variability in sampling depth than
volumetric biomass estimates (Ohman and Lavaniegos, 2002). More
detailed euphausiid sampling, processing, and laboratory protocols
can be found in the Supplementary Material. All described patterns in
this manuscript are reflective of adult euphausiids only.

2.2 Physical variables, upwelling indicators
and climate indicators

Surface to near-bottom depth profiles of various water-column
properties were obtained using a Rosette sampler fitted with a Sea-
Bird 911+ CTD (Conductivity, Temperature and Depth sensor), often
in tandem with zooplankton tows. CTDs were matched in time and
space with zooplankton tows: CTD casts which occurred on the same
day and within 5km were selected. We discarded zooplankton stations
that lacked a corresponding CTD sample from the analysis resulting
in a dataset of n=673 individual sampling points across 23 years (see
Supplementary Material Figure S1). Temperature and salinity were
used to calculate in situ water column properties using the R package
‘oce’ (Kelley and Richards, 2021) for each cast selected (see Figure S1
for spatial distribution of stations). We calculated mixed layer depth
(m), mean temperature (°C), salinity and density (kg/m3 ) within the
mixed layer and below the mixed layer, stratification (density
difference between the mixed layer density and the sub-mixed layer
density, kg/m’), and depth of the 26.0 density isopycnal (m). This
metric gives an in situ indication of upwelling, as shallower depths
indicated higher isopycnal tilts at the coast (e.g. Mackas et al., 1997).
See Supplementary Methods for all water-column calculations.

Upwelling indicators (NOAA Fisheries — Southwest Fisheries
Science Centre (see https://oceanview.pfeg.noaa.gov/products/
upwelling/bakun), were based on monthly mean data from the
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Bakun upwelling index at 48°N 125°W (Bakun, 1973), which was
interpolated to a 1-degree coastal grid. We obtained monthly mean
data for the North-South component of geostrophic wind (m s™),
overall magnitude (speed) of surface wind (m s™"), geostrophic wind-
stress-curl (MPa m™'), and the North-South and East-West
components of Ekman transport (kg m™ s'). In the south
bioregion (the start of the California Current system), the spring
transition from winter downwelling to summer upwelling is triggered
by a switch in wind direction from northward to southward, driving
the westward (offshore) movement of surface water through Ekman
transport. Upwelling can also be driven through positive wind stress
curl, through a mechanism called Ekman pumping (Wang et al,
2011). We extracted data between 1996 and 2019 for the months of
April, May and June, to match the timing of euphausiid data and
other environmental covariates.

The Ocean Nifo Index (ONI) was used as an indicator of El Nifio
and La Nifia events for the eastern tropical Pacific (https://origin.cpc.
ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php).
Data were aggregated into 3-month timesteps so we used values for
April-May-June to match euphausiid sampling data. To capture longer-
term oscillation patterns, we used the Pacific Decadal Oscillation (PDO)
and the North Pacific Gyre Oscillation (NPGO). Both PDO and NGPO
data had monthly values and were directly matched to euphausiid
sampling months. The PDO index (based on SST) was downloaded
from https://psl.noaa.gov/data/correlation/pdo.data and represents
ocean-atmosphere variability over the mid-latitude north Pacific basin
(Mantua and Hare, 2002). The NPGO was chosen to reflect variability in
salinity, nutrient upwelling, and surface chlorophyll-a (Chl-a), therefore
potentially providing a closer link with biological conditions in the
northeast Pacific (Di Lorenzo et al., 2008, data downloaded from: www.
03d.org/npgo/). There is evidence that winter ENSO, PDO and NPGO
are strongly correlated with spring SST and upwelling, and therefore
could influence biological productivity at a lag of one season (Black et al.,
2011; Chenillat et al,, 2012). We included both a 3-month lag (winter
mean - December, January, February) and no lag (spring mean - April,
May, June) in further analyses.

2.3 Statistical analyses

2.3.1 Multivariate analyses to characterise
oceanographic conditions

We first characterised interannual variability in the oceanography
of each spatial bioregion in spring using Principal Component
Analyses (PCAs). Physical data were averaged across stations within
each bioregion for each year, creating a spring climatology which
filtered out local station to station variability and allowed us to focus
on interannual variability. A PCA for each bioregion was constructed
using the R package ‘vegan’ (Oksanen et al., 2020). All covariates were
scaled prior to PCA by subtracting their mean and dividing by 1
standard deviation. In PCA, the first two principal components (PC1
and PC2) explain the highest percentage of variability in the original
dataset and provide a lower dimensional representation of the
underlying patterns, with some variables loading positively and
some negatively across each axis. Positive or negative loadings
across these axis group or separate years with similar or
different conditions.
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2.3.2 Spatiotemporal modelling of
euphausiid biomass

We modelled the spatiotemporal distribution of E. pacifica and T.
spinifera using a specialised framework which includes the Integrated
Nested Laplace Approximation (INLA, Rue et al., 2009) combined
with Stochastic Partial Differential Equations (SPDE, Lindgren et al.,
2011). This approach involves constructing a spatial mesh as an
approximation of the Gaussian Markov random field, which
compensates for irregularity of sampling between time steps (here,
years) by interpolating predictions to other locations across the mesh
(Lindgren and Rue, 2015). This framework also makes these models
excellent at handling both spatial and temporal autocorrelation,
which is a common problem with this type of survey data.
Unmeasured spatial and spatiotemporal environmental variability
was accounted for through the spatial and spatiotemporal random
effect structure, in this case independent and identically distributed
(IID) random fields estimated for each year. Our spatial mesh used
vertices selected using a k-means algorithm (Shelton et al., 2014) at a
specified number of locations or ‘knots’. These models have been
shown to be highly effective for species distribution modelling of
biomass data collected through surveys (Shelton et al., 2014; Ward
etal,, 2015). Our model was based on a generalised additive modelling
(GAM) framework as exploratory analysis indicated non-linearity of
relationships between predictors and response variables. We included
fixed effects which represent variability in the response attributed to
key environmental variables which were identified through the PCA
described above in the first analytical step. An additional random
effect for year was included to give the model flexibility to allow some
variation in overall mean biomass outside of the variability explained
via the fixed effects and spatiotemporal random fields.

Total euphausiid biomass (E. pacifca + T. spinifera + other
euphausiid species; n=13) was also modelled as a comparison to
inform and support future work in this region that might use
acoustically derived biomass of euphausiids (which is not species-
specific). All euphausiid biomass data were continuous and zero-
inflated, therefore we used the Tweedie distribution with a log-link for
all models (Tweedie, 1984; Dunn and Smyth, 2005; Wood et al,
2016). Models were fit using the R package sdmTMB (Anderson et al.,
2020), We confirmed that models had converged by checking that the
Hessian matrix was positive and the maximum absolute gradient
across fixed effects was < 0.005.

We used PCA to inform covariate selection; results indicated
some envrionmental variables were more important in driving local
conditions than others. For example, we assumed that variables which
loaded strongly across the first two PC axes, and were common
between bioregions, were having a large effect on the local
environment and should be included in euphausiid modelling.
Therefore, we chose mixed-layer temperature over sub-mixed layer
temperature, sub-mixed layer salinity over mixed-layer salinity, and
the PDO over ONI or NPGO (see Table S2 for loadings; strong
loadings are highlighted in bold), although we still tested the inclusion
of alternative climate variables in models. Out of the upwelling
indicator variables, both E-W Ekman and N-S surface wind loaded
strongly, therefore we ran separate models for each variable with the
other omitted as they were highly correlated. The same was true for
wind-stress-curl vs magnitude of surface wind, and spring PDO vs
previous winter PDO (see Table S3). This iterative process helped in
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highlighting variables with the strongest statistical significance, even if
they were equally suspected of having biological relevance.

Mixed-layer temperature and sub-mixed-layer salinity were fixed
variables included in every testing iteration of models, as indicated by
PCA. We then ran eight full models for each euphausiid species
testing the addition of every combination of other strongly loading
variables outlined above. The most parsimonious covariate
combination was selected based on AIC and inspection of the
model residuals. We also tested the inclusion of an interaction term
for mixed layer depth and mixed-layer temperature (which are inter-
related due to upwelling in the spring), and all models performed
better with the inclusion of this term. For all species, the same
covariate combination exhibited the lowest AIC, therefore we used
the same variables in final models for E. pacifica, T. spinifera and total
euphausiids. Conditional effects plots were used to explore the
relationship between the response and each of the predictors in the
models (E. pacifica, T. spinifera and total euphausiids) with all other
variables held at their median values.

From these models, we predicted an index of relative biomass
trends through time and across space. To do this, we required a
prediction grid containing estimates of all the covariates at the same
points in space in each year. We used data from the same CTD casts
as in the euphausiid models and all other CTD casts from surveys in
the study region which occurred in spring (April, May, June) but that
we had previously discarded as they did not have a corresponding
euphausiid station, to create models of these covariates with
independent and identically distributed spatiotemporal random
fields. No fixed effects were included in these models, therefore
predictions were akin to smoothed spatiotemporal averages while
making no assumptions about mechanisms. A quadratic effect was
included for month which followed a random walk by year so that
each month was related to the one before it, both within and between
years. Predictions of covariates were made over the 5km? grid (UTM
zone 9 projection) for the month of May for each year of sampling
(between 1996 and 2019), to eliminate month to month variability.
All cells with predicted conditions outside the range of the observed
data were excluded. Observations vs. predictions for each covariate
model are shown in Figure S3. This covariate grid was used to
calculate average biomass distributions and interannual relative
biomass indices for each species.

3 Results

E. pacifica and T. spinifera were the dominant species of
euphausiid in the study region between 1996 and 2019 (Table 1). T.
inspinata was the next most numerous species, sometimes accounting
for ~30% of a sample. However, the biomass of this species was too
inconsistent across years to allow modelling. All other euphausiid
species contributed less than 5% of the total community (see Table 1).

3.1 Interannual and regional variability in
environmental conditions

Several trends were apparent through the time-series; southward
wind and offshore Ekman current became increasingly negative,
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indicating increased upwelling, or an earlier transition from winter
downwelling to summer upwelling (Figure 2). In addition, wind-
stress-curl became increasingly positive which also leads to increased
upwelling through Ekman pumping (Ekman suction). These patterns
were present in all three bioregions. In the offshore bioregion there
was an increase in stratification across the water column that resulted
in a decrease in temperature and an increase in salinity and density of
the sub-mixed layer.

The years with El Nifo-like warm events displayed slightly
different characteristics to years where El Nino’s also coincided
with marine heatwaves (spring 2015 and 2016). The El Nifo of
1997 and the El Nifo-like conditions in 2005 were characterised by
strong eastward (onshore, positive) Ekman current indicating
downwelling (Figure 2), and perhaps a later transition to spring
upwelling. The spring of 2015 and 2016 however, were characterised

10.3389/fmars.2023.1031485

by strong negative (offshore) Ekman transport in all three bioregions,
driven by southward meridional winds (Figure 2).

The temperature of the water column during the years categorised
as ‘warm’ (spring 1997/8, 2005, 2014-2016 and 2019), was also quite
variable between years and not consistent across bioregions. In the
MHW years of 2015-2016 the event was observable in the offshore
bioregion, with spring mixed layer temperatures 1-2°C higher than the
mean, but on the continental shelf in the south and north bioregion
temperatures were only ~0.5°C above the long-term mean (Figure 2).
Both 1998 and 2005 exhibited above average temperatures during
spring in the mixed layer, but again only in a single bioregion; 1998
was warmer in the north bioregion, while 2005 was warm in the south
bioregion. Sub-mixed layer spring temperatures were consistently
below average between 2013 and 2019 in the offshore region, and
only slightly above the mean in the other two regions (Figure 2).

TABLE 1 Mean % contribution of E. pacifica, T. spinifera, and other spp. to the overall euphausiid community at sampling stations off the west coast of
Vancouver Island between 1996 and 2019.

Year E. pacifica % T. spinifera % Other spp. % Highest proportion except E.pac and T.spin No. of samples
(13 other species)

1996 34 62 4 S. maximum (1.9%) 24
1997 25 74 1 T. inspinata (0.8%) 14
1998 63 22 15 T. inspinata (12%) 39
1999 57 23 20 T. inspinata (18%) 41
2000 13 80 7 T. inspinata (7%) 23
2001 11 69 20 T. inspinata (18%) 29
2002 29 66 5 T. inspinata (3%) 40
2003 38 41 21 T. inspinata (20%) 36
2004 20 75 5 T. inspinata (3%) 29
2005 40 51 9 T. inspinata (5%) 21
2006 62 26 12 T. inspinata (4%), N. difficilis (4%) 21
2007 47 23 30 T. inspinata (29%) 36
2008 41 35 25 T. inspinata (24%) 38
2009 30 55 16 T. inspinata (13%) 38
2010 47 29 23 T. inspinata (20%) 39
2011 18 47 36 T. inspinata (35%) 30
2012 25 49 26 T. inspinata (24%) 32
2013 16 56 28 T. inspinata (28%) 22
2014 44 51 6 T. inermis (3%) 22
2015 55 40 5 T. inspinata (4%) 29
2016 63 18 19 T. inspinata (13%) 22
2017 74 20 6 N. difficlis (3%) 19
2018 63 32 5 T. inspinata (5%) 17
2019 10 85 5 T. inspinata (5%) 12
The highest proportion column indicates what other species made up the highest mean proportion of the community apart from E. pacifica and T. spinifera, with the % shown in parentheses. The
number of samples/stations used for the analysis from each year is shown in the final column.
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Across all bioregions, PCA consistently grouped years with warm
events together which also tended to be years during positive phases of
the PDO and ONI, and negative phases of the NPGO. Winter and spring
PDO and ONI were often grouped with mixed layer temperature and
sub-mixed layer temperature, wind-stress-curl and stratification. These
variables were clustered with the warmer, positive PDO years: the 2014-
2016 and 2019 marine heatwaves, the 1998 El Nifio and the 2005 warm
event all clustered negatively in PCI for all regions (Figure 3). Negative
values in PC1 therefore generally described years in positive PDO and
ONI phases and with warmer conditions, fresher salinity, lower density,
shallower mixed layer depths, and higher stratification. On the opposite
(positive) end of PC1, winter and spring NPGO were grouped with
mixed layer depth, mixed layer salinity, mixed layer density and wind
magnitude. Positive NPGO phases, and negative PDO and ONI phases,
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FIGURE 2

Annual mean anomaly (across stations) for each bioregion, of all variables considered in multivariate and spatiotemporal analysis of ocean-climate
conditions. Spring PDO shows the PDO phase during April, May and June of each year - red highlighted regions represent ‘warm’ periods that are
mentioned in the text; the 1997 El Nifio, the 2005 ‘warm’ event, and the 2014-2016 MHW event. Anomalies were calculated based on the time-series
salinity; N-S, north-south; E-W, east-west. See Figure 1 for bioregion boundaries.

analysed: 1996-2019. ML, mixed layer; temp., temperature °C; sal.,

Frontiers in Marine Science

07

10.3389/fmars.2023.1031485

loaded positively across PC1, with a deeper, more saline, and denser
mixed layer, and higher wind magnitude. Positive values in PC1 tended
to be La Nina years; this relationship was particularly clear in the south
and offshore bioregions (Figures 3A, C, Table 2).

In the south bioregion E-W Ekman and N-S wind loaded
negatively in PC1 (Figure 3A). Warm years in positive PDO and
ONI which loaded negatively in PC1 were therefore characterised
mainly by stronger onshore Ekman current and winds from the south.
This suggests that generally stronger offshore Ekman transport
occurred in negative phases of the PDO and ONI, and positive
phases of the NPGO (positive end of PC1). However, in the north
and offshore regions this pattern was reversed, with E-W Ekman and
N-S winds loading positively in PC1, and therefore stronger onshore
flow occurring during negative phases on the PDO and ONI.
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3.2 Interannual and spatial variability in
euphausiid biomass

Peaks for both species and total euphausiids tended to coincide
with warm periods, or just preceding them in the south bioregion (see
Figure 4). The highest annual mean anomalies for all regions and
species were associated with the MHW but occurred first for T.
spinifera in the south bioregion in 2013, for E. pacifica in the south in
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FIGURE 3
Ordination biplots of PC1 and PC2 for each bioregion, (A) South bioregion, (B) North bioregion and (C) Offshore bioregion. Oceanographic and physical
covariates are overlaid as (grey) arrows on top of years (annual means) which are coloured according to PDO phase during April, May and June.
ML, mixed layer; temp., temperature °C; sal., salinity; N-S, north-south; E-W, east-west; PDO, pacific decadal oscillation; ONI, Ocean Nifio index; NPGO,
north pacific gyre oscillation.
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2014, for all species in the north bioregion in 2015, and for E. pacifica
in the offshore region in 2016. The peak in 2005 of T. spinifera
biomass may be misleading as only one station exhibited a high
biomass value (~3700 compared with 50-700 m® nmi™ at all other
stations sampled), therefore both this peak and the peak in total
euphausiids in this year should be treated with caution. The biomass
of all euphausiid groups decreased into 2018 and 2019 across all
bioregions (Figure 4).
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3.3 Spatiotemporal relationships
between environmental conditions
and euphausiid biomass

The final model structure for E. pacifica, T. spinifera and total
euphausiid biomass was: s(mag. surface wind, k = 3) + s(sub-mixed
layer salinity, k = 3) + s(EW ekman, k = 3) + s(mixed layer
temperature, mixed layer depth, k = 3) + s(spring PDO, k = 3).
There were both similarities and differences in the estimated
relationships between each euphausiid group and these
environmental variables. For all three, sub-mixed layer salinity
followed by spring PDO showed the strongest independent effects
(Figure 5A). Both E. pacifica and total euphausiid biomass exhibited a
strong positive relationship with increasing salinity. For T. spinifera
this relationship was quadratic, and salinities greater than 33.5 had a
negative effect on biomass, indicating a different response to high
salinity by E. pacifica and T. spinifera. Relationships for spring PDO
(with no time lag) were strongly positive for all species, indicating that
euphausiid biomass was generally higher in the study region in PDO
positive periods. Interestingly, all euphausiid groups showed a weak
relationship with both magnitude of surface winds and Ekman
current (Figure 5A).

The effect of warmer temperatures on euphausiid biomass varied
with mixed layer depth to a differing degree for each species
(Figure 5B). The highest E. pacifica biomass was present in areas
with cooler temperatures and with shallower mixed layer depths, and
the magnitude of the effect was similar across the values of the
variables. For T. spinifera, higher temperatures still resulted in
lower biomass, but this effect was strongest at intermediate and the
very shallowest of mixed layer depths: highest biomass occurred at the
coolest temperatures and when the mixed layer depth was between 25
and 50m. For total euphausiids, biomass dropped off steeply when the
mixed layer depth dropped below 40m, which might reflect a
combination of the two relationships for the other species.

Observations vs. predictions for each covariate model are shown
in Figure S2. Estimated relative biomass peaked for both total
euphausiids and E. pacifica during the MHW years and PDO
positive period between 2012 and 2019 in the south bioregion, and
to a certain extent in the offshore bioregion (Figure 6A). Estimated
biomass showed a peak in 2016 for the whole area for both total
euphausiids and E. pacifica, however the largest peak in biomass was
predicted to occur during the 1997 El Nifio event. Estimated biomass
of all groups fell during the 1998 La Nina event following a change of
PDO sign from positive to negative (Figure 2) and remained low until
the warm event of 2005. In the north region, T. spinifera biomass was
also high between 2012 and 2015, although it was comparatively

TABLE 2 Anomalous years in the northeast Pacific Ocean.

Event Years
La Nina/cold event

El Nifio/warm event
Anomalous warm event 2005

Marine heatwave years 2014-2016, 2019
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lower than E. pacifica across the rest of the timeseries. The predicted
spatial distribution of biomass showed that E. pacifica was more
abundant further from the coast than T. spinifera, which was
distributed consistently across the shelf (Figure 6B). Both species
exhibited peak biomass within the Juan de Fuca canyon system off the
southwest corner of the U.S.A, and off the northwest tip of Vancouver
Island (see Figure 1 for the location of the canyon).

4 Discussion

The oceanographic environment off the west coast of Vancouver
Island exhibited some different spatiotemporal patterns to the
southern portion of the California Current. We found that ‘warm’
events had variable local effects that differed across even small spatial
scales. For example, the MHW years (2015-16) exhibited different
effects in the offshore compared with both inshore bioregions, where
observable temperature increases in the mixed layer were minimal.
There were also similarities across bioregions, and we found clear
signals of PDO, ONI, and NPGO cycling both in the local
oceanographic environment and in the effects on euphausiid
biomass and distribution, with PDO showing a clear and positive
relationship with biomass for all euphausiid groups modelled. It was
expected that the MHW would negatively affect euphausiid biomass
on the coast. However, observed E. pacifica biomass, and to a lesser
extent the two other euphausiid groups analysed, exhibited peak
biomass levels during 2015. Overall higher biomass of euphausiids
during perturbation events such as MHWSs and through PDO positive
periods could have a positive effect on ecosystem functioning during
these events as euphausiids would provide a reliable food source for
predators when the biomass of other forage species might be reduced.

4.1 Species-specific euphausiid
biomass links with environmental
and climate variability

Euphausiids in the California Current have been found to
respond in conflicting ways to increased upwelling (Mackas et al.,
2004; Francis et al., 2012; Kalyn, 2014; Benoit-Bird et al., 2019;
Rockwood et al., 2020). Proximity to upwelling centres can have the
negative effect of transporting euphausiids offshore and away from
productivity at the coast (Santora et al., 2011; Santora et al., 2012). For
high biomass of euphausiids to develop, a balance is required between
being close enough to upwelling that production is enhanced, but
being within an adjacent area of retention created by complex

Source

ONI index

ONI index

Peterson et al., 2006

Di Lorenzo and Mantua, 2016; Amaya et al., 2020;
Sen Gupta et al., 2020
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FIGURE 4

Annual mean anomaly (across stations) of sampled euphausiid biomass for each bioregion. Anomalies were calculated based on the time-series
analysed: 1996-2019. Spring PDO shows the PDO phase during April, May and June of each year. Red highlighted regions represent ‘warm’ periods that
are mentioned in the text; the 1997 El Nifio, the 2005 ‘warm’ event, and the 2014-2016 MHW event.

bathymetry or currents so that individuals are retained in production
centers (Santora et al., 2018). We did not find a strong relationship
with the upwelling metrics we used in our modelling, however the
biomass of euphausiids did decrease with increased surface wind. The
magnitude of surface wind will in part reflect upwelling as stronger
meridional wind at the surface increases Coriolis force, therefore
stimulating upwelling. Higher wind at the surface would likely affect
the distribution of surface productivity, therefore this decrease in
euphausiid biomass could be a result of a local reduction in food, or a
direct redistribution of euphausiids at night when they are clustered at
the surface. Cooler temperatures at the surface also indicates
upwelling and may therefore also be a proxy for increased primary
productivity. The relationship between mixed layer depth,
temperature and euphausiid biomass is likely to reflect this process.
We found the combined effect of mixed layer depth and temperature
had a significant effect on all euphausiids, although the relationship
differed between species. For E. pacifica and overall euphausiid
biomass, biomass decreased in areas with a deeper mixed layer
depth. During the 1997 El Nifio event in the California Current, a
decrease in euphausiid abundance coincided with a rapid increase in
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both temperature and mixed-layer depth (Marinovic et al., 2002),
hypothesised to be due to very low primary productivity as a result of
the EI Nifo event.

The biomass of E. pacifica, T. spinifera and total euphausiids was
highly correlated with positive phases of the PDO, and therefore
overall warmer temperatures in the mixed layer. There is some
evidence that euphausiid biomass at higher latitudes may respond
positively to warm events, while further south in the California
Current the effects of warm events seem to be negative. For
example, Tanasichuk, (1998) described an increase in the biomass
of E. pacifica during the 1992-93 El Nino oft the west coast of
Vancouver Island. Biomass anomalies of euphausiids off southern
Vancouver Island were also positive during the warm PDO regime of
the 1990s, only reducing after the El Nifio/La Nina events of 1998-
1999 (Mackas et al., 2001). Off California, Cimino et al. (2020) found
that warm El Nifio conditions resulted in lower than average
euphausiid abundance, of both species; results which are mirrored
across multiple other studies (Marinovic et al., 2002; Peterson et al.,
2002; Brinton and Townsend, 2003). Average temperatures off the
west coast of Vancouver Island are cool year-round (10.5°C for April,
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Conditional effects plots for each variable used in spatiotemporal modelling of E. pacifica, T. spinifera, and total euphausiids, with all other variables held
at their median. (A). X-axis represented the range of each predictor represented in the model; Y-axis represents the effect on the biomass of each
euphausiid group on the link scale (log-link), shaded sections represent +/- 95% confidence interval above and below the estimate of the smooth. (B).
The conditional effects of the smooth interaction of mixed-layer temperature and mixed layer depth for euphausiid biomass for each euphausiid model.

May, June across 23 years of data used for this analysis). The optimum
recorded temperature for growth efficiency of E. pacifica is 11.4°C
(Iguchi and Ikeda, 1995). Warmer temperatures at higher latitudes
likely positively influences the metabolic rates of these euphausiids,
compared with the southern California Current where they are living
closer to their thermal maximum.

Despite euphausiid populations exhibiting some positive
responses to past warm events at higher latitudes, responses to the
2014-2016 MHW in the northeast Pacific were generally negative
across all larger zooplankton (Cavole et al., 2016; McKinstry et al.,
2022). Therefore, the observed peak in E. pacifica biomass during the
MHW years (2014-2016) off the west coast of Vancouver Island (48-
51°N) was distinctive from responses of the same species of
euphausiid further south. In fact, the abundance of euphausiids
decreased everywhere south of 48°N in 2014 and 2015 (Leising
et al,, 2015), including off Oregon (Peterson et al, 2017), and the
southern California Current (Lavaniegos et al., 2019; Cimino et al.,
2020). Despite only representing a small spatial region, our dataset
spans 23 years, and therefore ‘normal’ decadal fluctuations in biomass
should be well represented; the peak in E. pacifica biomass was
significantly larger than other variability in the dataset. Although to
a lesser extent than E. pacifica, the peak T. spinifera biomass of the
time-series also occurred during the MHW event. In the California
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Current, T. spinifera often becomes less abundant during El Niio
warm events, and reproduction is often associated with periods of
cold ocean temperatures as far north as Oregon (Brinton, 1981;
Feinberg et al.,, 2010). The increase in biomass during the MHW
was therefore particularly surprising for this species.

We propose three hypotheses that may explain the peak in
euphausiid biomass observed during the MHW. First, in terms of
the local environment, the shelf and slope seemed to be less affected
by the event compared with the southern California Current. For
example, Ekman transport was negative (offshore) in the spring of
2015 indicating upwelling activity. This was recorded elsewhere in the
northern California Current, while off California negative (offshore)
Ekman transport was weaker than average (Leising et al, 2015).
Temperatures in the mixed-layer off Vancouver Island in 2015 were
just above average in the north and south bioregion, only rising 1-2°C
above the dataset average in the offshore region (see Figure 2). The
negative Ekman transport leading to upwelling of cooler water onto
the shelf likely helped maintain temperatures in the mixed layer just
above average (~12°C) off the west coast of Vancouver Island.
Marinovic et al. (2002), recorded negative effects of the 1998 El
Nifo on E. pacifica biomass in Monterey Bay, however, SSTs reached
~17°C there, 5°C warmer than the peak temperature recorded in our
study during the MHW.
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groups.

Second, unprecedented northward shifts in southern biota,
including euphausiids, occurred between 2014 and 2015 as a result
of a series of anomalous poleward flows of the California
Undercurrent during the second half of 2014, that could account
for ~300-500km of displacement (Friedman et al., 2018; Sanford et al.,
2019). Decreased biomass of E. pacifica and T. spinifera reported in
more southern areas of the California Current might partly be due to
northward (poleward) displacement of these species. This hypothesis
is somewhat supported by the large peaks in euphausiid biomass
found in the north bioregion at the transition zone with the Alaska
Current, which might be an area of retention during periods of strong
poleward-flow of the California Undercurrent.

Third, the MHW correlated with reduced biomass of large, sub-
arctic species of copepods along the west coast of Vancouver Island,
leading to a shift in zooplankton community composition towards a
small, subtropical copepod community (Perry et al, 2019).
Euphausiids and sub-arctic copepod species such as Neocalanus
spp. typically exhibit a mirror-image fluctuation in biomass in this
region (Mackas et al., 2001), possibly due to competition for the same
resources, as both are omnivorous and proportionally high diatom-
grazers (Ohman, 1984; Bargu et al., 2003; El-Sabaawi et al., 2009). The
negative effect of the MHW on large copepods in this region may have
reduced competition during a period when diatom abundance was
fairly low in the nearshore (Pefa et al.,, 2019).
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Spatial and temporal means estimated from euphausiid models and predicted on 5km? covariate grid. (A) Relative mean predicted biomass of E. pacifica,
T. spinifera and total euphausiid for each bioregion for each year, (B). Spatial distribution of mean predicted biomass for each of the three euphausiid
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It is interesting to note that the entire zooplankton community off
the west coast of Vancouver Island exhibited an anomalous peak in
biomass during the MHW years (Perry et al., 2019). This response is
seemly distinct from surrounding systems; in the California Current
south of Vancouver Island and in the Gulf of Alaska to the north,
planktivorous birds such as common murres (Uria aalge) (Piatt et al.,
2020) and Cassin’s auklet (Jones et al, 2018) exhibited massive
mortality events in response to the MHW. This was linked to a
decrease in the lipid content, and therefore nutritional value, of
available mesozooplankton (Cass et al., 2020), which was also cited
as the reason for declines in fish such as Walleye Pollock in Alaska
(Rogers et al., 2021). These results seem to suggest negative effects of
the MHW on plankton communities across trophic levels. However,
looking in more detail at the results of Arimitsu et al. (2021), the
declines in euphausiid biomass reported over multiple areas of Alaska
were not for E. pacifica and T. spinifera, but rather for cold water
species such as T. inermis and T. longipes. In fact, although absolute
values were not reported in this study, it appears as though the
biomass of E. pacifica may have increased in many areas in the MHW
years, compared with the few years before the event. Off California
reductions in the size distribution of E. pacifica were also described
during this event (Robertson and Bjorkstedt, 2020), which is an
important metric of lower-trophic level quality for predators that is
currently lacking for the Canadian northeast Pacific. The effects of
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this event on euphausiids are complicated and seem to vary across
latitude and across species, which display very localised responses.

4.2 Implications for local
predator populations

Variability in the biomass and distribution of euphausiids has
flow-on effects to local predators, particularly central-place foragers
such as seabirds. For example, in 2005 reduced euphausiid biomass off
California was linked to reproductive failure of a euphausiid predator,
Cassin’s Auklet (Sydeman et al., 2006). 2005 was a very unusual year
for the California Current climate, with warming occurring only
north of 35 N, but with a similar extent and ecosystem response to
that of a major El Nifo event (Peterson et al.,, 2006).

The 2015-16 MHW event was correlated with changes in the
distribution of numerous pelagic fishes which meant that predation
pressure for euphausiids was very different from other years studied.
Age-0 hake were found off Washington and Oregon, meaning that
spawning centers shifted northwards during the event (Morgan et al.,
2019), and age-1 hake were observed in Canadian waters as far as the
southwest coast of Vancouver Island (48.8°N), which is unusual
(Gauthier et al.,, 2016). In addition, in the California Current the
Northern Anchovy (Engraulis mordax) and Pacific Sardine
(Sardinops sagax) biomass cycles are usually highly predictable,
with sardine abundant during warm periods such as positive PDO
regimes, and anchovy abundant during cool periods. However, the
biomass of sardines was unusually low in the California Current in the
years prior to 2014 (Lindegren and Checkley, 2013; Thompson et al.,
2019; Ren and Rudnick, 2021). During the MHW the predictability of
this stock broke down completely, with low biomass and a change in
migration patterns with less of the north-wards migrating stock
making it to Canadian waters during 2015-2018 (Mubhling et al.,
2020). In addition, although biomass estimates for herring during this
period are not available, the biomass of herring usually decreases in
warm years (Robinson and Ware, 1994; McFarlane et al., 1997), which
may be due to increased predation by a larger proportion of the Hake
stock in Canadian waters during warm years. Numbers of herring in
the Gulf of Alaska were very low during the MHW (Arimitsu et al.,
2021b). Euphausiids are the main prey of Pacific herring, sardines,
anchovies and hake (McFarlane et al., 2010), therefore changes in
their distribution during the event would have vastly changed the
predator landscape for euphausiids oft the west coast of Vancouver
Island compared to other years, and might help explain the high
biomass of euphausiids observed during spring 2015.

The waters around Vancouver Island have seen increases in the
abundance of baleen whales such as Humpback whales (Megaptera
novaeangliae) between spring and fall in recent years (Nichol et al.,
2017; McMillan et al., 2019), which also consume euphausiids (Dalla
Rosa et al., 2012). Sightings of Humpback whales were particularly
high in the Salish sea during 2014 and 2015 (Calambokidis et al.,
2018). The effect of this new foraging pressure on euphausiid
populations, and implications for other euphausiid predators, has
not yet been quantified. Large marine predators have been
documented to shift their migratory patterns during warm events
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such as marine heatwaves, therefore changing their impact on forage
species during these events (Carroll et al., 2021; Hammerschlag et al.,
2022). These food web interactions are complex, and our findings
support the need for greater understanding of how fluctuations in the
biomass of key food web species such as euphausiids propagate
upwards to higher trophic levels from a whole ecosystem
perspective. Understanding these interactions will help the
predictability of stocks for commercially important species,
particularly during anomalous climate conditions.

5 Conclusion

The effects of acute climate events such as MHWs on local
oceanography and the response of coastal ecosystems appears to be
highly spatially variable. While euphausiids in the California Current
(Lavaniegos et al., 2019) and Alaska (Rogers et al., 2021) were negatively
impacted in some way, our models indicate that for the area of the shelf
sampled during the MHW, spring euphausiid biomass was high off the
west coast of Vancouver Island. There are also indications that adjacent
nearshore coastal ecosystems and local fish assemblages are minimally
affected by MHW events (Robinson et al., 2022), while other coastal
areas are extremely affected (Arias-Ortiz et al., 2018; Rogers-Bennett and
Catton, 2019), and the response of biological communities can vary
widely across trophic levels and between populations. Characterising
long-term lower-trophic level variability in response to climate, and the
implications for the food-webs they support, will help to better predict
the effects of these MHW events.
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