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The euphausiid prey field for blue whales around a steep bathymetric
feature in the southern California current system

Catherine F. Nickels ,* Linsey M. Sala, Mark D. Ohman
Scripps Institution of Oceanography, University of California San Diego, La Jolla, California

Abstract
Euphausiids are important prey for many marine organisms and often occur in patchy aggregations. Euphau-

siid predators, such as blue whales, may become concentrated in the vicinity of these aggregations. We investi-
gated an area called Nine Mile Bank (NMB) near San Diego, California, defined by an area of steep bathymetry,
to determine whether the frequent whale sightings in that locality can be explained by the distribution of
euphausiids across the bank and by the vertical distribution of euphausiids in the water column. Thysanoessa
spinifera, the strongly preferred blue whale prey euphausiid in this area, was consistently more abundant on the
bank or inshore of it than offshore. In contrast, Euphausia pacifica, a minor blue whale prey item, was much
more abundant and distributed across the study region. Adults of both species were concentrated in a stratum
corresponding to the feeding depth of blue whales. Other euphausiids that form a negligible part of the blue
whale diet also showed no association with NMB. Both blue whales and their primary prey species Thysanoessa
spinifera were more abundant on or inshore of the bank than offshore, suggesting that the bank may serve as an
offshore limit of high prey abundance that helps to concentrate blue whales.

Blue whales migrate into the southern sector of the Califor-
nia current system (CCS) to feed in summer and return to
lower latitudes during the winter months (Burtenshaw
et al. 2004; McDonald et al. 2006; Bailey et al. 2009). The den-
sity of blue whales is maximal in summer and decreases in fall,
but blue whales are rare or absent from the southern CCS in
winter and spring (Campbell et al. 2015). Blue whales are typi-
cally obligate predators on euphausiids (Schoenherr 1991;
Croll et al. 2005; Nickels et al. 2018). In the central California
region, blue whales feed mostly on Thysanoessa spinifera and
to a much lesser extent Euphausia pacifica, to a lower size limit
of approximately 10 mm (Croll et al. 1998). A similar strong
dietary preference of blue whales for larger T. spinifera has
recently been documented in the southern California region
(Nickels et al. 2018). The whales’ restricted choice of prey
items limits the food resources available to blue whales and
may serve to structure whale distributions.

In the southern sector of the CCS, blue whales appear from
whale watching data to be sighted more frequently above
steep bathymetric features than nearby (Bissell 2013),
although whale watching data report only positive records
and can be further biased by recurrent trips to the same sites.

The association of whales with abrupt bathymetry has, how-
ever, also been reported in other locations. Blue whales
sighted in Monterey Bay between 1992 and 1996 were con-
centrated along the edge of the Monterey submarine canyon
(Croll et al. 2005). In 1995 and 1996, Fiedler et al. (1998)
found abundant blue whales to the north of San Miguel and
Santa Rosa Islands in the Channel Islands. North Atlantic blue
whales forage along the slope of the Laurentian Channel, the
continental shelf edge, some shelf habitats, and may utilize
the New England Seamount chain (Lesage et al. 2017).

A likely explanation for this association with bathymetric fea-
tures is increased productivity or aggregation of prey around
abrupt features. In the St. Lawrence Estuary, Cotte and Simard
(2005) found euphausiids aggregated by the interaction of sloped
bathymetry, semidiurnal tidal currents, and euphausiid negative-
phototactic swimming behavior. Euphausiid aggregation where
upwelling takes place along sloping topography may help main-
tain them in regions with high potential productivity (Cotte and
Simard 2005). Potential mechanisms for the formation of zoo-
plankton aggregations around abrupt topography are reviewed
by Genin (2004) and include upwelling-related increased produc-
tivity, bathymetric blockage of zooplankton descent, behavioral
depth retention by swimming against upwelling water flow, and
enhanced horizontal flux. While euphausiid aggregations can be
displaced from regions of strong upwelling due to offshore
advection, bathymetric features may alter this dynamic and
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retain euphausiids in areas of strong upwelling and productivity
(Santora et al. 2011; Dorman et al. 2015).

Blue whales lunge feed, a behavior where food is captured in
discrete events instead of continuous filtration (Kawamura 1980;
Goldbogen et al. 2012; Goldbogen et al. 2017). Lunge feeding
can occur at the surface or at depth and has been detected in
eastern North Pacific blue whales only during the day
(Calambokidis et al. 2007). Lunge feeding baleen whales require
exceptionally high prey densities to offset their high energetic
costs (Goldbogen et al. 2011), far above the average densities
measured over large spatial scales (Croll et al. 2005). Hence,
while both would be important to consider, local densities indi-
cated by degree of patchiness may be more relevant than overall
abundance in assessing the availability of prey to blue whales
(Benoit-Bird et al. 2013). Patterns of patchiness can vary by both
life history stage and species of euphausiid (Décima et al. 2010).

The abundances and distributions of blue whales and
euphausiids are affected by climatic cycles and can vary interan-
nually. The level of blue whale calling off of southern California
during the 1998 El Niño was much lower than normal during
their typical peak in mid-September, indicating either lower pres-
ence or a change in behavior of increased foraging activity, but
the level of calling returned to normal during the 1999 La Niña
(Burtenshaw et al. 2004). In summer 2014, the CCS experienced
the effects of strong warm anomalies in the Northeast Pacific
(Leising et al. 2015). Euphausiid abundance during the 2014
warm event was lower than in the more typical temperatures of
2013 in much of the California Current (Leising et al. 2015).
This warming was followed by El Niño conditions in late
2015-early 2016 (McClatchie et al. 2016).

The present study investigates the distribution of blue
whales and their prey euphausiids around an area of steep
bathymetry called Nine Mile Bank (NMB). We address several
related questions: (1) Are blue whales associated with NMB?
(2) Are the euphausiid species that are preferentially con-
sumed by blue whales more strongly associated with NMB
than euphausiid species that are not blue whale prey? (3) Are
blue whale prey euphausiid species distributed differently in
the water column than nonprey species?

Materials
The study area is a submarine embankment off San Diego,

California, called NMB (Fig. 1). NMB is situated nine nautical
miles (16.7 km) from Point Loma in San Diego, between the
San Diego Trough to the west and the Loma Canyon to the
east. The bank feature is parallel to the coastline in a North–
South orientation with slopes on both sides approximating
55� from horizontal. We have subdivided our study area into
three regions for analysis. The bank itself was defined as shal-
lower than 1150 m to the west and 450 m to the east. The
region to the west of the bank will be referred to as offshore,
and to the east as inshore. Sampling was conducted on three
successive cruises: 26–31 July 2014 aboard the R/V New

Fig. 1. NMB study area near San Diego, CA. The study area was subdivided
into three regions: Inshore, the bank itself, and offshore. (A) Bongo tow loca-
tions, open circles represent bongo tow locations sampled in 1 yr of the
study, circles with a dot inside bongo tow locations sampled in 2 or 3 years.
(B) MOCNESS tracks and (C) whale survey tracklines and sightings. The
whale on the westward bank slope in C is within the bank region. Bathymetric
map source: Esri, DeLorme, GEBCO, NOAA NGDC, and other contributors.
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Horizon, 11–17 June 2015 aboard the R/V Robert Gordon Sproul,
and 24–25 April 2016 aboard the R/V Sikuliaq. The cruises in
June and July sampled the available euphausiid prey when
blue whales are expected to be present, while April represents
contrasting conditions before the whales arrive for the sum-
mer season (Burtenshaw et al. 2004; Bissell 2013; Campbell
et al. 2015). Sampling in all 3 yr included active multifre-
quency acoustic methods and bongo net collections. Sampling
in 2014 and 2015 also included vertically stratified Multiple
Opening/Closing Net and Environmental Sensing System
(MOCNESS) tows and collection of whale fecal material (fecal
material results are detailed in Nickels et al. 2018). A series of
repeated whale visual surveys was conducted in 2015.

Bongo net transects
To assess the distributions of individual euphausiid species

with respect to the bank, zooplankton were sampled in a series
of bongo net transects on each cruise for summer 2014, 2015,
and spring 2016 (Fig. 1A). Transects included tows in the
inshore, bank, and offshore regions and proceeded in the off-
shore (westerly) direction, perpendicular to the long axis of
the bank. A 71 cm diameter, 202 μm mesh bongo net was
lowered at 50 m min−1 to obtain a tow depth of approxi-
mately 200 m and retrieved at 20 m min−1, towing obliquely
while the ship speed varied between 1 and 2 kts (0.5–1 m s−1)
to preserve a 45� wire angle. All tows were conducted between
an hour after sunset and an hour before sunrise to minimize
net avoidance by larger individuals. A calibrated General Oce-
anics flow meter was used to record the volume water filtered.
Zooplankton were immediately preserved in sodium borate
buffered 1.8% formaldehyde after collection.

MOCNESS
To determine the vertical distributions of the individual

euphausiid species, we used a MOCNESS (Wiebe et al. 1985)
with a 1 m2 opening and 202 μm mesh in July 2014 and June
2015. Two day and two night tows were performed on both
cruises with the start and end locations constant within a
cruise. For all tows, the MOCNESS sampled from 350 to 0 m
at 10–20 m min−1 vertical velocity, ship speed 1 m s−1 while
towing obliquely. The first five nets in the deeper depth strata
each sampled 50 m of the water column, and the shallower
four nets each sampled 25 m. In June 2014, we towed along
the outer edge downslope of the bank, and in 2015, we moved
inshore where T. spinifera had been most abundant in 2014
(Fig. 1B).

Many of the euphausiid species of interest are strong day-
time net avoiders (Brinton 1967) that could bias our vertical
distributions, so we tested whether a strobe light system
(Sameoto et al. 1993; Wiebe et al. 2013) would mitigate the
effect. The methods and results of this investigation are avail-
able as supplemental material. We found strobe lights to have
no consistent effect on the euphausiid catches of the

MOCNESS for any species investigated, but the strobe lights
were activated for all results reported here.

Zooplankton sample analysis
The starboard side of each bongo tow was enumerated for

euphausiids. Subsampling was conducted with the use of a
Folsom splitter for identification of approximately 200 individ-
uals per tow. Identifications were limited to the top eight most
abundant euphausiid species in the Southern California sector
of the CCS: E. pacifica Hansen, T. spinifera Holmes, Nematosce-
lis difficilis Hansen, Thysanoessa gregaria Sars, Euphausia recurva
Hansen, Euphausia gibboides Ortmann, Euphausia eximia Han-
sen, and Nyctiphanes simplex Hansen (Brinton and Townsend
2003). The first four species are cool-water associated, while
the latter four are warm-water associated. Each individual was
identified to species and life history phase, and total length
was measured from the tip of the rostrum to the tip of the tel-
son (Boden et al. 1955; Brinton 1962; Brinton et al. 2000).
Only the results for euphausiids larger than the blue whale
lower feeding limit of 10 mm are presented here (Croll
et al. 1998; Nickels et al. 2018). Adult and juvenile pelagic
Pleuroncodes planipes Stimpson were also enumerated to aid in
the interpretation of acoustic backscatter. Counts were stan-
dardized to individuals 1000 m−3.

Acoustic backscatter
Acoustic backscatter was measured at 38, 120, and 200 kHz

with a hull-mounted Simrad EK60 echosounder in 2014 on
the R/V New Horizon, a pole-mounted Simrad EK60 echosoun-
der in 2015 on the R/V Robert Gordon Sproul, and a
hull-mounted Simrad EK80 in 2016 on the R/V Sikuliaq. The
echosounders were calibrated before the start of each cruise
using the standard sphere method so that the magnitude of
backscattering can be compared between surveys and instru-
ments (Foote et al. 1987). All frequencies were transmitted
simultaneously every 2 s with a 1.024 ms pulse length. Acous-
tic surveys were conducted between 1 h after sunrise and 1 h
before sunset so that euphausiid distributions would reflect
the daytime feeding period of blue whales (Croll et al. 1998;
Fiedler et al. 1998; Calambokidis et al. 2007; Oleson
et al. 2007). Each survey crossed the bank between two and
eight times at ship speeds of 5–8 kts (~ 2.6–4 m s−1).

Acoustic backscatter was analyzed in Myriax Echoview
4 software. Background noise was removed following De
Robertis and Higginbottom (2007), with a signal-to-noise
threshold of 5 dB. Data were thresholded at −70 dB to remove
weak scattering. This threshold may have excluded some weak
scattering from euphausiids in addition to noise; however, the
distribution of dense aggregations that would serve as prey for
blue whales remained intact. Euphausiid-like backscattering
(ELB) was identified utilizing the empirical multifrequency
classification Z-score method of De Robertis et al. (2010) based
on the difference in volume backscattering strength (ΔSv)
between frequencies, which is sometimes referred to as dB
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differencing. Values were allowed to vary 2 standard devia-
tions from the mean expected ΔSv of De Robertis et al. (2010).
Backscatter was classified as euphausiid-like if ΔSv, 120–38 was
13.8 � 5.8 dB, ΔSv, 200–38 was 16.3 � 5.8 dB, and ΔSv, 200–120

was 2.3 � 2.8 dB. While the size distribution of euphausiids is
smaller at NMB, values from De Robertis et al. (2010) were the
closest match from the literature and are used as a reasonable
approximation in the absence of sufficient direct measure-
ments in this study. The Z-score, or normal deviate, was used
to estimate confidence in the identification by summarizing
the deviations of the observed from expected ΔSv.

Analysis of concurrent acoustic backscatter and MOCNESS
sampling revealed that dB differencing failed to distinguish
the backscattering caused by euphausiids from that of pelagic
red crabs (P. planipes), which first reappeared in this region in
small numbers in 2014 and were abundant in 2015 and 2016.
Despite its success in separating P. planipes from N. simplex off
Mexico, the difference in scattering intensity at 120 kHz
(Gomez-Gutierrez and Robinson 2006) was also ineffective
because layers of P. planipes confirmed by MOCNESS sampling
did not have a stronger acoustic backscattering strength than
euphausiid layers. To solve this problem, the Echoview
4 school detection module was used to isolate P. planipes in
masked echograms passed through a 5 × 5 dilation filter to
make the aggregations more contiguous for detection. Schools
must have been greater than −70 dB re 1 m−1 for at least 40 m
along the track and 20 m vertically. These parameters identi-
fied P. planipes layers but not euphausiid layers as determined
from the MOCNESS samples. The school detection was then
applied to all acoustic echograms. Differentiation was possible
during the day, when the two taxa occupied different vertical
layers, but not at night when both migrated vertically to the
surface and the layers merged.

Further analyses were performed on the 200 kHz echogram
with all noneuphausiid-like data removed. We use ELB as an
index of euphausiid density because our limited direct sam-
pling of acoustically detected layers and potential exclusion of
weaker euphausiid-associated scattering below our threshold
cutoff would make biomass calculations questionable. The
area backscattering coefficient (sa) was integrated over the
upper 300 m in 500 m segments along the track.

Whale visual surveys
In conjunction with the 2015 cruise, 10 whale visual sur-

veys were completed from 11 June 2015 to 31 July 2015
(Supporting Information Table S1), using a standard line-
transect protocol (Burnham et al. 1980; Barlow and Forney
2007; Buckland et al. 2015). Surveys were conducted from a
rigid hulled inflatable boat (observation height effectively sea
level) traveling at ~ 5 m s−1 while on effort. Each survey
repeated the same tracklines (Fig. 1C) and included 3–4
observers, including the boat operator and a dedicated record
keeper when personnel allowed. Two primary observers each
monitored a 90� field of view from the bow to abeam, together

covering the 180� forward of the vessel; sightings were also
included when first observed by either the boat operator or
record keeper. When a whale was spotted, we went off effort
in closing mode to confirm species and group size (Barlow
1997). We did not use photo ID to determine whether individ-
ual whales were re-sampled. Survey effort was calculated as
distance in km on effort along the trackline. All effort was
conducted in sea state conditions of Beaufort 3 (wind speed
4–5 m s−1) or less (average 2.1, wind speed 2.5 m s−1) during
daylight.

Analytical methods
To determine the density of whales associated with NMB

from visual surveys we estimated the blue whale density of all
three regions combined using the software Distance 6.2
(Thomas et al. 2010). Barlow (2015) estimated the detection
track probability (g(0)) of blue whales in an average Beaufort
state of 2, and we used his value of g(0) = 0.748. The detection
function model was selected that minimized the value of the
Akaike Information Criterion and maximized the goodness of
fit. Some encounters were missing information on the dis-
tance and/or angle of the sighting. To correct for this defi-
ciency, the effective strip width was calculated without these
sightings, the distances were estimated based on the probabil-
ity density function, and then density of whales was calcu-
lated with the full suite of sightings. The effective strip width
was 0.99 km.

To compare the occurrence of whales among the inshore,
bank, and offshore regions (Fig. 1C), we calculated a compara-
tive encounter rate as:

number of sightings × average group size
length of transect

The average group size is the average of the number of
whales spotted during each sighting. The comparative
encounter rate represents the number of whales sighted per
km of distance traveled along the transect within each region.
The distance standardization therefore corrects for the differ-
ences in survey effort between regions. Heterogeneity among
these encounter rates was then tested with a Kruskal–Wallis
nonparametric ANOVA using survey days as replicates within
each region.

Both the dB differenced echograms and the euphausiid size
and species information from the bongo transects were used
to determine the distribution of euphausiids with respect to
the bank. We visually assessed the echograms and compared
the sa between regions using the Kruskal–Wallis test with the
sa of each 500 m segment within a region as replicates. Each
survey was tested separately. Species-specific distributions were
determined from the bongo abundances by comparing the
abundance of each species between regions and between years
using the Kruskal–Wallis test with tows within each region or
year as replicates. To evaluate the patchiness of euphausiid-
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like scattering, we used the modified Bez’s index of Décima
et al. (2010) Imod:

Imod ¼
P

i z
2
i

s
P

i zi
� �2

" #
N

The index uses density data and is robust to differential
sampling effort between regions. The volume backscattering
coefficient (sv) was used as an index of density (z). The sam-
pling area (s) was 25 m depth by 500 m distance bins. Vertical
patchiness was calculated as Imod for each 500 m wide vertical
slice of the echogram, with zi representing the sv of each 25 m
depth bin (N) within a vertical column. Horizontal patchiness
for each 25 m high horizontal slice of the echogram was cal-
culated with zi representing the sv of each 500 m horizontal
span (N) within a depth bin. A mean and standard deviation
of Imod were calculated for each region within a survey, as well
as for each year of the study. A lower value of patchiness
(lower Imod) indicates a more even dispersal of organisms,
while higher patchiness (higher Imod) indicates more uneven-
ness, with greater disparity between samples of high and low
density. The indexes were then compared using a Kruskal–
Wallis test. To assess the vertical distribution of euphausiid
sizes and species, we visually assessed the graphical results
from the MOCNESS sampling and concurrent dB differenced
echograms.

Statistics were performed in R ver. 3.1.2 (R Core Team,
2014), MATLAB ver. 2016b (Mathworks), and SigmaPlot ver.
10.0 (Systat Software).

Results
Whale distribution

A total of 26 blue whales were encountered over the 10 sur-
veys, with between 1 and 5 sighted per day (mean 2.6, 95% CI
0.89; Fig. 1C; Supporting Information Table S1). We did not
achieve the recommended minimum sample size of 60 detec-
tions (Burnham et al. 1980; Buckland et al. 2015), and this
probably contributed to a coefficient of variation of 0.31 for
our density estimate, which is relatively large but acceptable
for our comparative purposes. The sample size also limited us
to conventional distance sampling, because there were not
enough data for multiple covariates to be accurate. Models
with half normal-cosine and hazard rate-cosine detection
functions were indistinguishable. For the total survey area, the
density was 21 whales 1000 km−2 (95% CI 12–39). Zero
whales were encountered offshore (the whale on the westward
bank slope in Fig. 1C is within the bank region). While 1.4
times as many whales were encountered per km surveyed on
the bank compared with inshore, the difference was not statis-
tically significant (p > 0.05, Kruskal–Wallis); however, both
the bank and inshore showed higher whale encounters than
offshore (p < 0.05), suggesting the bank itself and region
immediately inshore are preferred blue whale habitat.

Cross-bank prey distribution
The acoustic echograms illustrate the distribution of ELB in

the water during the daytime feeding period of blue whales
(Fig. 2). Figure 2 depicts vertically resolved ELB (point clouds)
and vertically integrated (0–300 m) area backscattering coeffi-
cient (sa, black bars over echograms) in relation to NMB (black
line) from representative across-bank sections of each survey.
On both dates in July 2014 (Fig. 2A,B), ELB was diffuse
throughout the upper 300 m without well-defined vertical
layers of elevated concentration. There is some backscatter in
Fig. 2A that appears fish school like that was not excluded by
our dB differencing or school detection. On three successive
days in June 2015 (Fig. 2C–E), ELB occurred in two distinct
layers. Lower intensity backscattering was present from
approximately 0 to 150 m, while a higher intensity layer
occurred deeper than approximately 200 m. Some of the
higher intensity backscattering occurred above the NMB pla-
teau at depths shallower than 200 m. The distribution of ELB
in April 2016 (Fig. 2F) resembled the vertical layering pattern
of June 2015, but without clear association with the shallow
water bank region.

The area backscattering coefficient (sa) represented by the
histograms in Fig. 2 is summarized by region relative to NMB
for each survey in Fig. 3. In all surveys, sa was significantly
lower offshore than on the bank or inshore (p < 0.05). In both
July 2014 surveys, ELB was significantly elevated on the bank
compared to offshore (p < 0.05), and inshore was not signifi-
cantly different from either (Fig. 3A,B). On 14 and 16 June
2015, ELB was significantly elevated on the bank and inshore
compared to offshore (Fig. 3C,E; p < 0.05). On 15 June 2015,
ELB was significantly different among all three regions with
the highest value on the bank, inshore intermediate, and off-
shore lowest (Fig. 3D; p < 0.05). In April 2016, ELB was signifi-
cantly enhanced inshore compared to both the bank and
offshore (Fig. 3F; p < 0.05).

Differences in patchiness among the three regions were not
consistent (Supporting Information Fig. S1). For example, ver-
tical patchiness was significantly higher offshore than on the
bank (p < 0.05) on 28 July 2014 (with inshore not different
from either), but 2 days later on 30 July 2014, vertical patchi-
ness was highest inshore and all three significantly different
from one another (p < 0.05). Comparison of vertical and hori-
zontal patchiness among years, however, showed that vertical
patchiness was significantly lower in 2014 than both 2015
and 2016 (Supporting Information Fig. S2A; p < 0.05). Hori-
zontal patchiness was significantly different among all 3 years
(Supporting Information Fig. S2B, p < 0.05), with the lowest
patchiness in 2014 and the highest in 2016.

The bongo transects evaluate the spatial distributions of
individual euphausiid species in relation to NMB (Fig. 4; Sup-
porting Information Fig. S3). The principal prey euphausiid,
T. spinifera (Fig. 4A) was most abundant inshore in July 2014
compared to both the bank and offshore (p < 0.05). In June
2015, T. spinifera was more abundant on the bank compared
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to offshore (p < 0.05), with inshore not significantly different
from either. T. spinifera was virtually absent in April 2016,
when only a few specimens were found on the bank.
E. pacifica (Fig. 4B) was the most abundant species in July
2014 and June 2015. Like T. spinifera, E. pacifica was more
abundant inshore than on the bank or offshore in July 2014

(p < 0.05). There were no significant differences among
regions in the abundance of E. pacifica in June 2015 or April
2016 (low and variable densities found). For all three regions
combined, both T. spinifera and E. pacifica were more abun-
dant in 2015 than 2014 or 2016 (p < 0.05), but the latter 2 yr
were not different from one another (p > 0.05).

Fig. 2. Representative echograms of ELB (dB) with respect to depth across NMB from (A,B) July 2014, (C–E) June 2015, and (F) April 2016. Bars above
the horizontal black lines indicate the area backscattering coefficient (sa, m

2 m−2) summed from 0–300 m over 500 m distance bins. Gray shading indi-
cates bathymetry.
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Euphausiids that make up only a small portion of blue whale
diet include cool water-associated species N. difficilis and
T. gregaria, as well as warm water-associated E. eximia,
E. gibboides, E. recurva, and N. simplex (Supporting Information
Fig. S3). N. difficilis was more abundant than T. spinifera in July
2014 and the most abundant of the eight species in April 2016.
In July 2014, N. difficilis was significantly more abundant
inshore than offshore (p < 0.05), with the bank not differing
from either. In June 2015, both N. difficilis and T. gregaria were
significantly more abundant offshore and on the bank than
inshore (p < 0.05). Of the warm water-associated species, only
E. gibboides showed significant spatial differences in abundance.
In July 2014, E. gibboides was more abundant offshore than
inshore (p < 0.05), with the bank not different from either. Only
larval E. recurva smaller than 10 mm were present during the
entire study.

P. planipes, the pelagic red crab, first appeared as a single
individual inshore in July 2014, but was much more abundant
in June 2015 (Fig. 5A). In 2015, P. planipes was significantly
more abundant inshore than on the bank or offshore.
P. planipes was also present in April 2016 (Fig. 5B) but in much
lower numbers than in 2015. There was no difference in abun-
dances among inshore, on the bank, or offshore in
2016 (p > 0.05).

Vertical prey distribution
The vertical distributions of target prey euphausiids (Fig. 6),

nontarget euphausiid prey (Supporting Information Fig. S4)
species, and P. planipes (Fig. 7) were determined from the
MOCNESS tows. E. pacifica, a minor blue whale euphausiid

prey item, was numerically dominant in both years (Fig. 6B,D,
F,H). During the summer 2014 sampling period, T. spinifera
larvae were present above 150 m both day and night, but no
adults large enough to be blue whale prey were collected
(Fig. 6A,E). Below 150 m during the day, E. pacifica juveniles
just smaller than the feeding range of >10 mm were present
(Fig. 6B). These E. pacifica juveniles migrated to the surface at
night (Fig. 6F). A lesser concentration of larger N. difficilis,
which is not a typical prey species of baleen whales in this
region, was collected in 2014 below 250 m (Supporting Infor-
mation Fig. S4A). In 2015, the largest individuals of the top
eight euphausiid species that were present all occupied a layer
between 150 and 250 m during the day, with an aggregation
of larger size class adult T. spinifera between 200 and 250 m
(Fig. 6C). The large adult T. spinifera reflected in the average
were collected during the 14 June 2015 tow, and the layer is
apparent in the accompanying echogram as a red band sam-
pled by MOCNESS net 3 (Fig. 8B). Unlike the other species,
T. spinifera larvae were vertically separated from the adults
during the day, with the larvae generally concentrated above
100 m. In contrast, E. pacifica and N. difficilis larvae were pre-
sent throughout the upper 300 m in 2015 (Fig. 6D; Support-
ing Information Fig. S4C). At night, the adult T. spinifera and
E. pacifica vertically migrated toward the surface and spread
out in the water column, occupying shallower and more verti-
cally extended depths than during the day (Fig. 6G,H).

P. planipes were not caught in the MOCNESS in 2014, but
were present in large numbers in 2015 (Fig. 8). During the
day, they occupied the upper 200 m of the water column, and
were most abundant between 100 and 150 m (Fig. 7A). At

Fig. 3. Mean (� 95%) area backscattering coefficients (sa, m
2 m−2) for ELB from (A,B) July 2014, (C-E) June 2015, and (F) April 2016. Statistically signifi-

cant groupings within a survey denoted with a, b, and c (p < 0.05).
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night, they migrated toward the surface like the euphausiids,
with their highest numbers in the upper 25 m (Fig. 7B).

Acoustic backscatter was measured concurrently with the
MOCNESS tows in both July 2014 and June 2015. In July
2014, ELB was relatively diffuse, without well defined layers
(Supporting Information Fig. S5), which is in agreement with

the lack of large bodied individuals in the MOCNESS that
would have caused strong scattering. In June 2015, the day-
time echograms both show two separate layers (Fig. 8A,B). The
upper layer spans 25–125 m and the lower layer 175–275 m.
Some of the space between the layers in June 2015 was occu-
pied by a layer of P. planipes (Fig. 8C,D), which were identified

Fig. 4. Mean (� 95%) euphausiid abundance by length class from bongo net transects for target prey species (A) T. spinifera and (B) E. pacifica. Statisti-
cally significant groupings within a cruise denoted with a and b (p < 0.05).
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in the MOCNESS sampling (Fig. 7A) and removed from the
echogram. The most intense ELB was in the deeper layer,
where larger adult euphausiids were collected by the MOC-
NESS (Figs. 6C,D and 8A,B). At night, the most intense back-
scattering was concentrated near the surface, penetrating to
100 m on 14 June (Fig. 8E) and only 25 m on 15 June
(Fig. 8F). The shallow nighttime aggregations were composed
of both euphausiids and P. planipes (Figs. 7B and 8E,F), and
therefore P. planipes could not be distinguished from the
nighttime ELB.

Discussion
Whale association with NMB

The density of blue whales around NMB was 21 whales
1000 km−2 (95% CI 12–39) in 2015. To put this number into
perspective, the density of blue whales in larger surveys in the
CCS is considerably lower. Barlow and Forney (2007) found a
density of 1.36 blue whales 1000 km−2 in the area extending
550 km offshore from southern California to
Oregon–Washington in the summer and fall. Calambokidis
and Barlow (2004) found a blue whale density of 3.49 whales
1000 km−2 in their California inshore stratum extending to
230 km offshore. In the southern CCS, as covered by the Cal-
COFI long-term sampling grid, Campbell et al. (2015) found
3.01 blue whales 1000 km−2. The low end of our CI (12 blue
whales 1000 km−2) is still well above this background number,
indicating that NMB is an area of increased blue whale density
above the surrounding mean. Another well-recognized and
well-studied blue whale aggregation center is Monterey Bay,
CA, where Croll et al. (2005) found a density of 34 blue
whales 1000 km−2. The density of blue whales at NMB,
though higher than the ambient average, is lower than the
more intense “hotspot” off central California. We note that

our density may be an underestimate, as our use of closing
mode (in which observers go off effort and break the transect
to obtain more certain species identifications) can lead to a
negative bias in density estimates even for blue whales
(Barlow 1997). We did spot some whales while off effort that
were not re-sighted after resuming the trackline, supporting
the conclusion that the true density may be even higher.

The high density of blue whales in Monterey Bay could be
explained by a high density of prey euphausiids. Croll
et al. (2005) found an acoustically inferred concentration of
mostly T. spinifera and E. pacifica in Monterey Bay in summer
of 3.9 individuals m−3 and 4403 individuals m−3 within
canyon-associated aggregations. Schoenherr (1991) measured
a density of 60.7 individuals m−3 within surface swarms and
70.6 individuals m−3 within deep layers also around the Mon-
terey Submarine Canyon. The highest densities in the Lauren-
tian Channel baleen whale feeding ground were 4500
individuals m−3 of Thysanoessa raschi or 1500 individuals m−3

of Meganyctiphanes norvegica (Cotte and Simard 2005). In the
present study at NMB, we found 9.7 individuals m−3 above
10 mm size class and 12.1 individuals m−3 total of primarily
E. pacifica and T. spinifera within an inshore deep layer sam-
pled by the MOCNESS between 200 and 250 m depth in
2015. The predicted critical threshold for a whale to meet its
energetic demands if it feeds continuously is approximately
100 individuals m−3 (Goldbogen et al. 2011; Hazen
et al. 2015). While our estimate of the density of euphausiids
in the deep inshore layer in summer 2015 is considerably
below this threshold, our density estimate is from the entire
volume of water filtered by a MOCNESS net instead of just
over the volume of the euphausiid patch. Acoustically derived
density estimates would be higher than net derived estimates
because of the difference in water volume within which the
euphausiids are presumed to be distributed. The difference in

Fig. 5. Mean (� 95%) abundance of P. planipes abundance from (A) 2015 and (B) 2016 bongo net transects. Statistically significant groupings within
a cruise denoted with a and b (p < 0.05).
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Fig. 6. Vertical distribution of euphausiids by length class from MOCNESS tows for target prey species (A,C,E,G) T. spinifera and (B,D,F,H) E. pacifica
from (A,B,E,F) July 2014 along the outer edge downslope of the bank and (C,D,G,H) June 2015 inshore. (A–D) daytime tows and (E–H) nighttime tows.
Dashed vertical line indicates 10 mm lower size limit of blue whale feeding. Strobe lights were flashing for all nets.

Fig. 7. Mean abundance of P. planipes from June 2015 MOCNESS tows inshore of the bank. (A) Daytime and (B) nighttime tows. Strobe lights were
flashing for all nets.
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Fig. 8. Echograms of ELB concurrent with MOCNESS sampling from June 2015 inshore of the bank. Gray bars mark the vertical extent of each net
through the echogram. (A,B) daytime tows with P. planipes backscattering removed, (C,D) daytime tows with P. planipes backscattering included, and
(E,F) nighttime tows with P. planipes backscattering included. Gray shading indicates bathymetry.
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volume can be seen in the day echogram from 15 June 2015,
where the thin euphausiid layer occupies only a small portion
of the depth range sampled by net 3 (Fig. 8B). We did not
attempt acoustic density estimates because we were not able
to measure target strength in situ. Available target strength
models for euphausiids are also designed predominantly for
the much larger Antarctic species Euphausia superba
(e.g., Hewitt and Demer 1993) and may not accurately repre-
sent T. spinifera and E. pacifica. The relative index of ELB was
better suited to address our main questions. Whales are more
capable than nets of exploiting irregularly shaped euphausiid
patches, executing more acrobatic maneuvers in lower
density prey patches to maximize prey capture (Goldbogen
et al. 2015).

Euphausiid association with NMB
The primary blue whale prey euphausiid, T. spinifera, showed

highest densities on and inshore of NMB. In contrast, E. pacifica,
which is much more abundant in the region but forms a minor
part of blue whale diets, was not specifically associated with the
bank feature. T. spinifera is a more nearshore species compared
to E. pacifica, with a much more restricted geographic range
(Brinton 1962). The distribution of the whales more closely
matched the distribution of T. spinifera than the more abundant
E. pacifica. The bank feature appears to function as an outer limit
for both the whales and high densities of T. spinifera, rather than
a consistent site of aggregation. This covariation is in agreement
with dietary analysis from fecal samples that T. spinifera is the
strongly preferred prey in the CCS, followed by the more abun-
dant, though generally smaller E. pacifica (Schoenherr 1991;
Kieckhefer 1992; Croll et al. 1998; Fiedler et al. 1998; Croll
et al. 2005; Nickels et al. 2018). Other euphausiid species appear
incidentally in the diet when consumed with these two but are
not targeted (Nickels et al. 2018).

In 2015, when we censused both blue whales and T. spinifera,
their spatial distributions covaried. We acknowledge that the
whale distribution is likely also responding to other factors. It is
unlikely, however, that the whales are aggregating inshore to
avoid ship traffic. We encountered many more vessels on and
inshore of the bank than offshore. NMB is also a popular fishing
and whale watching location, in addition to lying within a naval
operation area. While we did not encounter any blue whales off-
shore of the bank, one was reported from whale watching data
(Bissell 2013).

Euphausiid vertical distribution
Our concurrent sampling with the MOCNESS and acoustic

echosounders allows us to describe the species-specific distri-
butions of euphausiids available as potential whale prey. In
2015, the diffuse upper layer of daytime ELB corresponded to
small euphausiid larvae. The large adults, particularly of
T. spinifera, were confined to a thin layer of ELB approxi-
mately 200 m deep, which corresponds to the average dive
depth for blue whales in the area (Goldbogen et al. 2012). This

aggregation trails off the edge of another slope that is located
inshore of NMB. In closer association with the seafloor is a
large area of ELB that the MOCNESS was unable to sample.
We do not know what species this aggregation is composed
of, but speculate that the seafloor may block whales from exe-
cuting effective lunges through it, providing refuge for the
concentrated euphausiids. The layer of adult euphausiids sam-
pled from slightly deeper water may be composed of individ-
uals advected out of this larger aggregation and made
available for whale consumption.

In addition to species preferences, blue whales appear to
have a lower size threshold of prey at 10 mm (Croll et al.
1998; Nickels et al. 2018). There are several possible mecha-
nisms for this, including escapement of smaller individuals
through the baleen or the inability of hard parts of smaller
prey to survive digestion and be detectable in fecal material.
Here, we find both support and challenge for a third hypothe-
sis: that the euphausiids are size segregated in the water col-
umn. We found evidence for size segregation in primary prey
species T. spinifera but not in E. pacifica or N. difficilis. In the
vertically stratified samples, the adults of the primary prey
T. spinifera were vertically separated from their larval phases. A
whale targeting a monospecific T. spinifera patch would easily
encounter and capture only mature adults. However, smaller
E. pacifica and N. difficilis were present throughout the water
column, making them also likely to be occasionally ingested
along with T. spinifera, unless there are micro-scale layers of
T. spinifera on a vertical scale smaller than the intervals of our
MOCNESS sampling. This possibility, or the existence of
species-specific aggregation behaviors that render T. spinifera
more susceptible to detection, bears attention in the future.

Euphausiid patchiness
Patchiness and density can often be more informative than

areal backscattering in describing the parameters of the prey field
most relevant to a foraging predator (Benoit-Bird et al. 2013).
The same number of individual euphausiids spread evenly
throughout a volume of water would require a whale to expend
more energy to consume than that number of individuals tightly
aggregated into patches in only some part of the volume. Both
T. spinifera and E. pacifica adults can form dense aggregations
(Brinton 1981; Endo 1984; Smith and Adams 1988), allowing
whales to capture more individuals in a single lunge than if the
prey were more dispersed (Schoenherr 1991; Fiedler et al. 1998).
We expected that ELB would be more patchily distributed where
the whales were present than where they were not. On the scale
explored here, we did not find a consistent difference of patchi-
ness among regions. We did, however, find lower vertical patchi-
ness in 2014 compared to the other years studied and an
increasing horizontal patchiness with year. Due to the timing of
sampling, 2014 was assessed in more extreme climactic condi-
tions than 2015. A Northeast Pacific-wide warm anomaly
occurred in 2014 and was pronounced before the summer sam-
pling period (Zaba and Rudnick 2016). That anomaly had
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relaxed somewhat by June 2015, and the El Niño of late
2015–2016 had not yet fully developed (Jacox et al. 2016). In
spring 2016, when El Niño was still expressed but waning, ELB
was also patchy, but the spring abundance was much lower and
therefore would not have provided adequate food resources.
These interannual differences could also be the result of monthly
or weekly variation in patchiness, at shorter timescales than our
yearly sampling scheme resolved and so these results should be
viewed with some caution.

The blue whale preferred prey T. spinifera has been docu-
mented to form dense surface aggregations of mature adults
(Brinton 1981; Smith and Adams 1988). Surface swarms of
M. norvegica in the North Atlantic may also form around
bathymetric crests and attract euphausiid predators including
humpback and fin whales (Stevick et al. 2008). Such aggrega-
tions are thought to be particularly efficient food resources for
lunge feeding whales (Schoenherr 1991; Fiedler et al. 1998).
We were not able to sample a surface aggregation either with
quantitative nets or active acoustics during this study, but one
was observed inshore of the bank during the whale visual sur-
vey on 23 June 2015. Sampling with a dip net revealed that it
was composed of adult T. spinifera. Such surface aggregations
may be of particular interest for a feeding whale, but prey den-
sity is a more important factor in feeding efficiency than prey
depth (Goldbogen et al. 2011). The deeper layers more rou-
tinely observed would still be attractive prey if they are com-
posed of the correct prey species and sizes in sufficient
density. Blue and humpback whales do track euphausiid
ascent in the evening, but cease feeding when euphausiids are
close to the surface at night (Fiedler et al. 1998; Calambokidis
et al. 2007; Goldbogen 2011; Burrows et al. 2016).

P. planipes intrusion
In addition to the euphausiids, P. planipes subadults were

found in MOCNESS tows during 2015. MOCNESS tows
revealed high abundances of P. planipes concentrated at shal-
lower depths than adult T. spinifera during the day. Acoustic
echograms also showed these layers. We found an elevated
population of P. planipes inshore of the bank in 2015. Pelagic
red crabs were found to aggregate similarly to euphausiids
inshore of NMB and could have served as an alternate food
source for visiting baleen whales. In southern California
waters high numbers of pelagic red crabs stranded along the
coast and were observed within the water column and in the
gut contents of many pelagic predators during 2014–2016
(McClatchie et al. 2016). The presence of this food item in
many cases will serve as a less calorically valuable supplement
to the diets of many seabirds, fish, and whales during warm
periods when sardine, and anchovy abundances are depressed
(Alverson 1963). In blue whale fecal samples collected inshore
of the bank in 2015, we detected some minor incidental feed-
ing upon red crab through remains of an intact claw and a
few antennae. Humpback whales are known to feed upon

another munid crab Munida gregaria in the Antarctic
(Matthews 1937).

Implication for interannual variation
We observed an influx of El Niño indicators including

P. planipes and N. simplex during 2015, which were also
reported during the 1997–1998 El Niño in Monterey Bay
(Marinovic et al. 2002). Based on historic evidence from the
CalCOFI, we would expect lower abundances of T. spinifera
and E. pacifica during an El Niño (Brinton and Townsend
2003, Lilly and Ohman 2018). During non-El Niño years,
when abundances of euphausiid species that constitute more
preferred blue whale prey are higher, we would expect NMB to
be an even more suitable stopover location for baleen whale
feeding. Additionally, the persistence of available whale prey,
despite these anomalous conditions, could mean that NMB
and areas like it serve as food refuges along the blue whale
migration route, such as Monterey Bay during the 1997–1998
El Niño (Benson et al. 2002; Marinovic et al. 2002). The reli-
ability of these areas would be important to foraging whales.
The warm water anomalies could also mean that the present
study represents a conservative estimate of the food resources
available and baleen whale presence during normal
conditions.

Conclusions
Both blue whales and their primary prey species T. spinifera

were more abundant on or inshore of NMB than offshore. The
bank serves as an offshore limit of increased prey abundance
that may draw the whales to the area. The minor prey species
E. pacifica, while much more abundant and dispersed more
evenly around the bank, had less influence on the distribution
of whales. Euphausiids large enough to be whale prey were con-
centrated in a thin layer between 200 and 250 m during the
day, corresponding to previously documented daytime feeding
depths of blue whales, and T. spinifera adults and larvae were ver-
tically separated. The tighter link between the distributions of
the whales and their preferred, but less abundant, prey
T. spinifera highlights the importance of species-specific analysis
of euphausiid distributions. The persistence of NMB as a site of
elevated blue whale abundance through anomalously warm con-
ditions in the CCS may make it a food refuge for whales during
periods of lower productivity.
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Table S1: Blue whale sightings 

 Group Size 

Date Offshore Bank Inshore 

11-Jun-15 0 1 2 

2 

 

16-Jun-15 0 0 2 

 

18-Jun-15 0 0 2 

 2 

 

23-Jun-15 0 0 1 

 2 

 

25-Jun-15 0 0 2 

 

2-Jul-15 0 0 1 

 1 

 1 

 

14-Jul-15 0 0 1 

 

15-Jul-15 0 0 1 

 

16-Jul-15 0 1 0 

 

21-Jul-15 0 2 0 

1 

    1 

 

 



 

 

 

 

 



 

 

 

 

Figure S1: Mean (±95%) patchiness (Imod) in the vertical and the horizontal dimension from 

acoustic surveys. Statistically significant groupings within a survey denoted with a, b, c 

(p<0.05). 

  



 

 

 

 

 
Figure S2: Mean (±95%) patchiness (Imod) in (A) the vertical and (B) the horizontal dimension 

from acoustic surveys. Statistically significant groupings within a survey denoted with a, b, c 

(p<0.05). 



 

 

 

 

 
Figure S3: Mean (±95%) euphausiid abundance by length class from bongo net transects for 

incidental prey species (A) Nematoscelis difficilis, (B) Thysanoessa gregaria, (C) Euphausia 

eximia, (D) Euphausia gibboides, and (E) Nyctiphanes simplex. Statistically significant 

groupings within a cruise denoted with a, b (p<0.05). 



 

 

 

 

 
Figure S4: Vertical distribution of euphausiids by length class from MOCNESS tows for 

incidental or non-prey species associated with the (A,C) cold water assemblage (N. difficilis, T. 

gregaria) and (B,D) warm water assemblage (E. eximia, E. gibboides, E. recurva, N. simplex) 

from daytime tows. (A,B) from July 2014 along the outer edge downslope of the bank and (C,D) 

June 2015 along inshore of the bank. Dashed vertical line indicates 10 mm lower size limit of 

blue whale feeding. Strobe lights were flashing for all nets. 



 

 

 

 

 
Figure S5: Echograms of euphausiid-like backscattering concurrent with MOCNESS sampling 

from July 2014 along the offshore slope of the bank. Gray bars mark the vertical extent of each 

net through the echogram. (A, B) Daytime and (C,D) nighttime tows.  



 

 

 

 

 
Figure S6: Mean (±95%) Euphausia pacifica abundance by length class collected by MOCNESS 

near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) and off (filled 

bars). P value listed for significant Kruskal Wallis test.  



 

 

 

 

 
Figure S7: Mean (±95%) Thysanoessa gregaria abundance by length class collected by 

MOCNESS near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) 

and off (filled bars). P value listed for significant Kruskal Wallis test.  



 

 

 

 

 
Figure S8: Mean (±95%) Euphausia gibboides abundance by length class collected by 

MOCNESS near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) 

and off (filled bars). P value listed for significant Kruskal Wallis test.  



 

 

 

 

 
Figure S9: Mean (±95%) Thysanoessa spinifera abundance by length class collected by 

MOCNESS near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) 

and off (filled bars).  



 

 

 

 

 
Figure S10: Mean (±95%) Euphausia eximia abundance by length class collected by MOCNESS 

near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) and off (filled 

bars).  



 

 

 

 

 
Figure S11: Mean (±95%) Euphausia recurva abundance by length class collected by 

MOCNESS near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) 

and off (filled bars).  



 

 

 

 

 
Figure S12: Mean (±95%) Nematoscelis difficilis abundance by length class collected by 

MOCNESS near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) 

and off (filled bars).  



 

 

 

 

 
Figure S13: Mean (±95%) Nyctiphanes simplex abundance by length class collected by 

MOCNESS near Point Conception (PC) and San Diego (SD) with strobe lights on (open bars) 

and off (filled bars).  



 

 

 

 

 
Figure S14: Mean (±95%) Pleuroncodes planipes abundance by length class collected by 

MOCNESS near San Diego (SD) with strobe lights on (open bars) and off (filled bars).  
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