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Figure 34. Standardized catches of and pelagic tunicates (Thetys salps, other salps, and pyrosomes) and jellyfish (Aurelia spp. and
Chrysaora fuscescens) in the core and expanded survey regions.
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(fig. 32). In fact, the relative abundance of adult anchovy
in the core area was higher in 2019 than any previ-
ous year in the survey (extending back to 1983). Adult
Pacific sardine were more abundant than in roughly the
last ten years but still at low abundance relative to the
late 1990s and early 2000s.

In 2015,YOY northern anchovy were at the highest
level on record in each region with the exception of the
south where abundance was second-highest only to 2005
(fig. 33).YOY northern anchovy remained high in 2016
in the north, south central and core regions in 2016. In
2019,YOY northern anchovy (fig. 33a) were at low levels
throughout the survey area in, with the exception of the
Southern California Bight, where abundances have been
very high since 2015 (fig. 332).YOY Pacific sardine abun-
dance was also high in 2015 relative to prior years (fig.
33b). Subsequent to 2015,YOY Pacific sardine abundance
was high in select regions and years (2018 in the north,
core and south central; 2017 in the south), but was uni-
formly low in 2019. Overall,YOY northern anchovy were

0.0 0.5

NMDS1

Figure 35. NMDS graph for the nine key taxonomic groups of forage species sampled in the central California core region in the 1990-2019 period.
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much more abundant than YOY Pacific sardine (note that
scales differ between panels in fig. 33a and b).

There were substantial declines in krill, particularly
in the core region where abundance was comparable to
1998 (the lowest value in the 1990-2019 time series),
a pattern which extended throughout most California
waters (fig. 32). However, market squid were at fairly
high abundance levels in the core region, and closer to
average or just below average levels in other regions.
Pelagic red crab (Pleuroncodes planipes, not shown) also
continued to be encountered in the southern California
Bight, albeit with a slow decline since the 2015 peak.

Shifts in the abundance of various gelatinous organ-
isms showed reversals for 2019 relative to recent years
(fig. 34). Catches of salps in the genus Thetys were low
in 2019 relative to recent years; however, catches of other
salps and pyrosomes were higher in 2019 than 2018,
reflecting sustained high abundance of pelagic Thalacians
in California waters (despite the tremendous drop in
pyrosome abundance off Oregon and Washington). There
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Figure 36. Density of eggs of anchovy (A), jack mackerel (B), and sardine (C) collected with the continuous underway fish egg
sampler (CUFES) during the spring 2016-18 CalCOFI cruises. Data were overlaid on satellite-derived sea surface temperatures
(AVHRR 1.4-km resolution; “C). Note that scales differ among species.
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Figure 37. Mean abundances (calculated using the delta method of Nelson (2016), which accounts for zero inflation) of
ichthyoplankton of mesopelagic taxa with warm (Vinciguerria spp., Triphoturus mexicanus, Ceratoscopelus townsendi and
Gonostomatidae) and cool (Steonobrachius leucopsarus, Tarletonbeania crenularis) water affinities collected in spring on
CalCOFI lines 80 and 90.
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Figure 38. Mean delta abundances of ichthyoplankton from coastal pelagic species collected in spring on

CalCOFI lines 80 and 90.

was a sharp reversal of the very high catches of scypho-
zoan jellyfish (primarily Aurelia spp. and Chrysaora fusces-
cens) from 2018, when both species were encountered at
high abundance levels, although catches of C. fuscescens
was close to long-term average levels.

NMDS analysis based on mean log catch of the fish
and cephalopod community from the core RREAS
region between 1990 and 2019 reflected the unprec-
edented dominance of adult northern anchovy the
increase in Pacific sardine, and the scarcity of rock-
fishes and sanddabs (fig. 35). NMDS axis 2 correlated
positively with anchovy and market squid abundance,
and negatively with YOY Pacific hake and myctophids; the
2019 NMDS 2 value was the highest in the time-series.
NMDS axis 1 correlated negatively with both northern
anchovy and Pacific sardine abundance and positively with
YOY rockfishes and sanddabs, and the 2019 NMDS axis
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1 value was also relatively low, reflecting a reversal of the
positive values observed over the preceding decade.

CalCOFI Continuous Underway Fish Egg Sampling
(CUFES) Egg abundance of northern anchovy, jack
mackerel, and Pacific sardine in spring 2019%° was great-
est in the northwest portion of the Southern California
Bight and off Point Conception in waters with sea-sur-
face temperatures of about 13.5-15°C (fig. 36). Although
the spring CalCOFI survey often extends north to San
Francisco, the spatial coverage of 2019 sampling was lim-
ited to the core CalCOFI area (fig. 1).

Northern anchovy was the most abundant species
sampled in 2019. Northern anchovy egg abundances

29Water was continuously pumped onto the ship from a depth of 3 m while

the ship was underway. Water samples were filtered on the ship and collected
sequentially at regular (5-30 minutes) intervals. Detailed methods in Checkley
et al. (1997).
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Figure 39. Mean delta abundances of ichthyoplankton from groundfishes collected in spring on CalCOFI

lines 80 and 90.

have been some of the greatest in the CUFES time series
(1996—present) for the three-year period 2017-19, fol-
lowing a period of very low abundance from 2009-16.
The distribution pattern of anchovy eggs was similar in
2019 to that of the previous 2 years (fig. 36a).

Jack mackerel egg abundance was greater in 2019
than the extremely low-abundance year of 2018
(fig. 36b; note that scales differ by species). Overall,
jack mackerel egg abundance was high relatively to
the last decade but generally less than that of the early
and mid-2000s. Relatively large catches of jack mack-
erel eggs occurred near Point Conception but eggs
were captured as well throughout the core CalCOFI
sampling area.

Pacific sardine egg abundance also increased some-
what in 2019 following the lowest abundances recorded
in the CUFES data set in 2018 (fig. 36¢). However,

40

Pacific sardine egg densities remained very low relative
to the 2000s, as they have been since 2014.

CalCOFI Ichthyoplankton The larval fish assem-
blage3® from CalCOFI lines 80 (~34°N, fig. 1) and
90 (~32.5°N, fig. 1) in spring 2019 revealed the con-
tinued high abundance of mesopelagic species with
warm-water, southern affinities such as Panama light-
fish (Vinciguerria lucetia), Mexican lampfish (Triphoturus
mexicanus), dogtooth lampfish (Ceratoscopelus townsend)
and bristlemouths (Gonostomatidae—mostly Cyclothone
signata) (fig. 37). Although the abundance of these taxa
was lower than the peak years subsequent to 2013, abun-
dances were still very high relative to pre-MHW years.
By contrast, mesopelagic species with cool-water affini-

3'Bongo nets lowered to 210 m (or 10 m from the bottom in shallow sites) and
towed obliquely to the surface collected ichthyoplankton. See Thompson et al.
(2019) for detailed methods.
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Figure 40. NMDS plot of the ichthyoplankton assemblage from CalCOFI lines 80 and 90 in spring. Adult habitat affinity defines taxa colors. 2019 is demarcated

by the yellow circle to the right of the plot center.

ties (northern lampfish [Stenobrachius leucopsarus)] and
blue lampfish | Tarletonbeania crenularis] remained near his-
torically low abundances in 2019 (fig. 37).

Coastal pelagic species provided the most anoma-
lous finding in the larval fish assemblage in 2019 (fig.
38). Whereas Pacific sardine, jack mackerel and Pacific
mackerel remained at low levels, northern anchovy lar-
vae were the most abundant in the history of CalCOFI.
Indeed, 2019 northern anchovy values were nearly dou-
ble the prior record high from the 1960s.

Among groundfishes, sanddabs abundances were low
relative to prior years (fig. 39). Slender sole (Lyopsetta exi-
lis), English sole (Parophrys vetulus) and rockfishes were
close to long-term averages.

From a multivariate perspective, NMDS axis 1 sepa-
rated assemblages dominated by warm water versus cool
water taxa (fig. 40), and NMDS axis 2 mainly separated
northern anchovy from rockfishes, slender sole, Pacific
sardine, and English sole. The larval fish assemblage from
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201418 loaded heavily and positively on NMDS axis
1, reflecting high abundances of warm mesopleagics. In
2019, these warm water mesopelagics were still abun-
dant, but northern anchovy were by far the most abun-
dant species over all. In fact, 2018 and 2019 were the
only years when both northern anchovy and the meso-
pelagics were all top 5 in yearly abundance. The 2019
NMDS value likely reflected the competing influence
of northern anchovy and warm water mesopelagic taxa.
Whereas the 2019 value still aligned with the warm
water mesopelagics, it was closer to the center than 2018,
likely reflecting the influence of northern anchovy.

REGIONAL PATTERNS IN BIRDS

Northern California Current:
Yaquina Head, Oregon

Common murre (Uria aalge) at Yaquina Head (44.4°N,
fig. 1) experienced moderate reproductive success in
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Figure 41. Anomalies of reproductive success (top), and first and median chick hatch dates (bottom) for common murres nesting at Yaquina Head,

Oregon, 1998-2019. 2019 was the second year of reproductive success following consecutive years of near or total failure (2014-17).

both 2018 and 2019 following a sustained period of
near or total failure from 2014-17 (fig. 41 top). Median
hatch dates were later than the mean from 1998 to 2017
in both years: July 15 (2018), and July 9 (2019; fig 41
bottom). In 2018, overall hatching success was 51% and
79% of these chicks successfully fledged. In 2019, there
was higher hatching success (69.7%), and 79% of these
chicks successfully fledged. These were the most suc-
cesstul years for common murre since productivity at
Yaquina Head began a steady decline in 2010.
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As in previous years, both top-down predation and
bottom-up prey availability affected common murre
reproductive success at Yaquina Head. Bald eagles (Hali-
aeetus leucocephalus) prey on adult common murre,
often leading to colony disturbances that allow sec-
ondary predators access to eggs and chicks (Horton
2014). Notably, in 2018, egg (0.78 eggs/hr) and chick
(0.04 chicks/hr) depredation was the lowest since 2009
despite average rates of disturbance (0.39 disturbances/
hour; long-term mean: 0.38 disturbances/hour). Ninety
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Figure 42. Prey composition of common murre diets at Yaquina Head 1998-2018 with annual sample size of identified prey items indicated above each bar.
Proportions were highly variable year to year, and smelts typically appeared as the majority of diet composition (particularly 2010-17).

percent of all observed disturbances in 2018 occurred
prior to the first observed chick hatch (July 7). Com-
mon murre appeared less likely to flush and abandon
eggs than in years of reproductive failure (2015-17). In
2019, the frequency of predator disturbance events was
the lowest of the past 10 years (0.15 disturbances/hr).
From 2013-19, the “Flat Top” subcolony experienced
near or complete failure, while the largest subcolony,
Colony Rock, appeared to be more resilient (experi-
enced failure 2015-17). Consistent with this, Colony
Rock had medium-to-high rates of productivity in both
2018 (68% of nests hatched chicks, 47% of chicks suc-
cessfully fledged) and in 2019 (91% of hatched chicks,
86% successfully fledged).

Common murre’! diets at Yaquina Head were highly
dynamic between 1998 and 2018 (fig. 42). In 2018, the
rate of flat fish provisions was the highest in the data
set. Although smelts typically represented a large por-
tion of the diet there appears to be a negative correla-
tion between the proportion of smelt in common murre

31Diet data were collected 2-5 days per week during the chick-rearing period.
Single prey items carried in the bill of adult murres were digitally photographed
for identification.
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diet and reproductive success (figs. 41, 42). Diet obser-
vations were collected in 2019, but prey identification
is forthcoming.

In 2018, overall reproductive success increased for
Brandt’s cormorant (Phalacrocorax penicillatus) and pelagic
cormorant (Phalacrocorax pelagicus) (fig. 43). Both species
were similarly successful in rearing and fledging chicks
in 2019. Brandt’s reproductive success in 2018 was high
(1.69 fledglings/nest), and in 2019 was the highest (1.89
fledglings/nest) in the time series (2008—19; fig. 43).
Median hatch date for Brandt’s cormorants was later in
2018 (July 10) than in 2019 (July 5, fig. 44).

Northern California Current: JSOES
Cape Flattery, Washington to Newport, Oregon
The JSOES (44.4°N to 48.3°N, fig. 1) has sampled
at-sea seabird distribution and density patterns for the
northern domain of the California Current during June
from 2003—-19. Data from 2019 indicated this region
returned to more typical (near-median) summer seabird
densities and distributions compared to the extremely
low densities observed in 2017 (fig. 45). Mean total bird
density in the 2019 survey was the 9th highest reported
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Figure 43. Anomalies of reproductive success and brood size for cormorants nesting at Yaquina Head,
Oregon, 2008-19. In both 2018 and 2019, cormorants had above average reproductive success and
brood size. Over the time series, average reproductive success and brood size for Brandt’s is 0.89, and 1.78
respectively; for pelagic cormorants average reproductive success is 1.12 and brood size is 1.86.

in the 15-year JSOES data set (41.1 birds per km? com-
pared to a median value of 42.9 birds per km?). The
majority of birds observed in 2019 were either sooty
shearwater (Ardenna grisea, 55%) or common murre
(34%). Sooty shearwater abundance was the 7th highest
(22.4 birds per km?, compared to the time-series median
of 20.3 birds per km?) (fig. 45). This species was aggre-
gated on the Grays Harbor, WA, transect (47°N) where
70% of all individuals observed during in 2019. This
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distribution pattern was consistent with previous find-
ings showing that during May and June, sooty shearwa-
ters were observed in large numbers near the northern
boundary of ocean waters affected by freshwater dis-
charge from the Columbia River (Zamon et al. 2014;
Phillips et al. 2017; Phillips et al. 2018).This region over-
laps with distribution centers of dominant forage fish
species such as northern anchovy, Pacific herring, Pacific
sardine, and smelts (Phillips et al. 2017).
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Figure 44. Anomalies of median hatch dates for Brandt’s and pelagic cormorants at Yaquina Head, Oregon 2007-19. Over the
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Figure 46. Standardized productivity anomalies for sea birds from Southeast Farallon Island.
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Figure 47. Percent of rhinoceros aucklet (top) and common murre (bottom) chick diet comprised of juvenile
rockfishes, anchovy/sardine or other fishes at Southeast Farallon Island.

Similar to sooty shearwater, common murre abun-
dance was the sixth highest on record (13.8 birds per
km?, compared to the median of 13.4 birds per km?).
Common murre was most abundant in the area directly
affected by freshwater discharge from the Columbia
River, with 66.8% of all individuals observed on the
three transects closest to the Columbia River (from Cape
Meares, OR 45.48°N to Willapa Bay, WA 46.67°N).
Common Murre were also abundant near the Newport,
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OR, colony (44.67°N; 23.7% of observations). This pat-
tern of June common murre abundance being high near
colonies and in areas affected by the Columbia River
plume was consistent with past findings in the northern
domain of the California Current (Zamon et al. 2014;
Phillips et al. 2017; Phillips et al. 2018; Loredo et al. 2019;
Phillips et al. 2019).

JSOES surface trawls in 2019 sampling nekton on
the same transects where seabird density was surveyed
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(fig. 25) indicated that prey species potentially available
to fish-eating seabirds in the northern domain of the
California Current included a mix of cool water (e.g.,
Pacific herring) and warmer water taxa (e.g., Pacific
pompano and market squid). It is worth noting that
market squid were more abundant than in any previous
survey, continuing a recent upward trend in the occur-
rence of this species in daytime surface trawls. Whether
this represented a short vs. longer-term shift in nek-
ton community composition was not clear. It was also
unclear if changes in squid abundance correlated with
changes in squid consumption by seabird predators. The
few studies on sooty shearwaters and common murre
diets in the northern domain of the California Cur-
rent indicated that these birds do not typically consume
squid (Varoujean and Matthews 1983; Thompson et al.
2018). Regardless of diet information, distribution and
density data from June 2019 continued to support the
hypothesis that the Columbia River plume impacts tro-
phic interactions between seabirds and fish in this region
of the California Current (Adams et al. 2012; Zamon et
al. 2014; Phillips et al. 2017; Phillips et al. 2018; Loredo
et al. 2019; Phillips et al. 2019).

Central California: Southeast Farallon Island

In contrast with Yaquina Head, common murre pro-
duction at Southeast Farallon Island (37.4°N, fig. 1) was
low in 2019 and the fourth lowest since 1970 (fig. 46). In
addition, pelagic cormorant, pigeon guillemot (Cepphus
columba), rhinoceros auklet (Cerorhinca monocerata) and
Cassin’s auklet (Ptychoramphus aleuticus) reproduction was
quite low in 2019. Brandt’s cormorant production was
slightly above the long-term mean, while western gull
(Larus occidentalis) and ashy storm petrel (Oceanodroma
homochroa) were close to average. The northern anchovy
surge was reflected in the diets of thinoceros auklet and
common murre as northern anchovy constituted >90%
of the diet of both species (fig. 47).

Central and Southern California:
RREAS and CalCOFI

Seabird distribution and abundance anomalies from
the RREAS core region in spring 2019 covered the
region from Point Sur to Bodega Bay (36.18°N to
38.2°N, fig. 1). Observation efforts yielded a total of 15
survey days, resulting in 1,356 km (area surveyed 402
km?) of trackline sampled, and detection of 35 seabird
species with an overall density of 74.6 seabirds per km?2.
The RREAS typically encounters higher concentrations
of resident breeding species within the Gulf of the Far-
allones, as well as the influx of trans-hemisphere migra-
tory species and migrants from Hawaii. During 2019,
resident breeders such as common murre and Brandt’s
cormorant displayed positive density anomalies, while
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Cassin’s auklet had negative density anomalies (fig. 48).
Furthermore, the trans-hemisphere migrants, pink-
footed shearwater (Puffinus creatopus) and sooty shear-
water, also showed large positive anomalies (first time for
pink-footed shearwater since 2009), with the anomaly
for sooty shearwater being the highest ever recorded in
the time series. The positive density anomalies for com-
mon murre, Brandt’s cormorant and shearwaters may in
part reflect the observed increased aggregation inten-
sity of these species, attributed to the very high posi-
tive anomaly of adult northern anchovy observed by
the RREAS in 2019 (fig. 32). The negative anomaly for
Cassin’s auklet may reflect the low numbers of euphau-
siidds reported by the RREAS, although the anomalies
for this species have been low since 2013. The migrant
black-footed albatross (Phoebastria nigripes) densities con-
tinued to show negative anomalies since 2015.

A total of 15 days of survey effort covering 1,602 km
(area surveyed 481 km?) of ocean habitat was recorded
on the spring CalCOFI survey off southern Califor-
nia between lines 76.7 and 93.3, resulting in the detec-
tion of 36 seabird species and an overall total density of
4.2 seabirds per km?. Spring CalCOFI seabird density
anomalies may be correlated with water temperature
variability as well as other factors such as prey availabil-
ity (Sydeman et al. 2015) or population trends or range
shifts in breeding or wintering distributions (Velarde
et al. 2015). Anomalies of seabird density within south-
ern California indicated mixed responses within warm
and cool-water affinity species in 2019. For cool-water
species, Sabine’s gull (Xema sabini) was well above average
while sooty shearwater and common murre were slightly
below average (fig. 49). The upswing in Sabine’s gull
may indicate that this species’ migration or conditions in
the sub-Arctic (where this species breeds) was impacted
by the spring ocean-climate conditions. The continued
negative anomaly of common murre in southern Cali-
fornia is likely a continued repercussion of the 2014—
16 marine heat wave. Comparison of sooty shearwater
between central and southern California indicate that
sooty shearwater aggregations were less concentrated
in southern California compared to central California
(fig. 48, 49).

Among the warm-water species off southern Cali-
fornia, Cook’s petrel (Pterodroma cookie) and pink-footed
shearwater were above average, Elegant Tern (Thalasseus
elegans) was close to average, and black-footed albatross
and Leach’s storm petrel (Oceanodroma leucorhoa) were
below average (figs. 49, 50; (Hyrenbach and Veit 2003;
Santora and Sydeman 2015)).

A positive density anomaly of pink-footed shearwater
was linked previously to the onset of warm-water con-
ditions and this pattern held in 2019 (Hyrenbach and
Veit 2003). The 2019 positive anomalies in pink-footed
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Figure 48. Density (number/km?; expressed as anomalies) over time from RREAS central California core area surveys, 1996-2019: (a) black-footed albatross,
(b) Brandt’s cormorant, (c) Cassin’s auklet, (d) common murre, (e) pink-footed shearwater, (f) sooty shearwater; dashed lines indicate + 1 s.d. of the long-term mean,

and “x” indicates years when no survey was conducted.
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shearwater and Cook’s petrel were similar to their sus-
tained strong positive anomalies during 2014-16 (fig.
50).The decline in black-footed albatross may be related
to the overall decline of their populations in Hawaii and
elsewhere in the North Pacific (fig. 50).

MARINE MAMMALS

Central CA: Humpback Whales

Marine mammal surveys from the RREAS within
central California continue to report increasing encoun-
ter rates for humpback whales (Megaptera novaeangliae)
encounter rate continued to increase over the past
decade (fig. 51). In 2019, humpback whale were reg-
ularly observed in high concentrations on the shelf
feeding on northern anchovy (Jarrod Santora, personal
observation). These observations continued to indicate

(b)
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Figure 49. Density (expressed as anomalies) between CalCOFl lines 76.7 to
93.3 over time in the spring for species with cold-water affinities, 1987-2019:
(a) Sabine’s gull, (b) sooty shearwater, and (c) common murre. The dashed
lines indicate + 1 s.d. of the long-term mean, and “x” indicates years when no
spring survey was conducted.

that humpback whale populations are likely increasing
and that foraging conditions (e.g., availability of krill and
northern anchovy aggregations) have been favorable for
concentrating whales off central California in spring.

Southern CA: California Sea Lions at
San Miguel Island, California

California sea lions (Zalophus californianus) are an
indicator species to quantify the status of upper trophic
level species in the CCE because they live, feed and
breed in the CCE year round (Melin et al. 2012). The
population breeding at San Miguel Island (34°N) is one
of the largest in the world (about 45% of the US breed-
ing population) and has been monitored for decades.
Since 1997, four indices were used to measure trends
in the population: 1) live pup census, 2) pup condi-
tion at 4 months of age, 3) pup growth rates during
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Figure 50. Density (expressed as anomalies) between CalCOFI lines 76.7 to 93.3 over time in the spring for species with warm-water affinities, 1987-2019:

(a) black-footed albatross, (b) Cook’s petrel, (c) elegant tern, (d) Leach’s storm petrel, and (e) pink-footed shearwater. The dashed lines indicate + 1 s.d. of the
long-term mean, and “x” indicates years when no spring survey was conducted.

51



STATE OF THE CALIFORNIA CURRENT 2018-19: A NOVEL ANCHOVY REGIME AND A NEW MARINE HEATWAVE?

CalCOFI Rep., Vol. 60, 2019

(a) Humpback whale
12 4
. | —
= 10
E s
=
=
~_ 6 -
£
1 JR DU e T N S
o 41
=
£ 2]
8 XX [1 X
- 0
=
£ L
=
g -4 1 Figure 51. Encounter rate (number/100 km; expressed as
g e E————- anomalies) over time from RREAS central California core area
= -6 1 surveys, 1996-2019, of (a) humpback whale; dashed lines
indicate + 1 SD of the long-term mean, and ‘x’ indicates
-8 4= T T T T T years when no survey was conducted.
1995 2000 2005 2010 2015 2020
Year
60
S
o 45
o
= " 30
53 15
> 0
Za o m m_ |
€ 3 =
oo
c -
& ¢ 15
- =
£ 30
o Figure 52. The percent anomaly of live California sea lion
a‘, -45 pup counts at San Miguel Island, California, based on a long-
o term average of live pup counts between 1997 and 2018 in
-60 late July when surviving pups were about 6 weeks old.
2 A O NDNNDNNNDNNNNNNNNNNNNN
Neli ol oo olololololololololololoeloe oo oo o]
VOV OVOO0OO0ODO0OO0ODO0OO0DO0O0O0 =" =22 aaaa
NOoO VWO -_NWRANUUONOOOWO-_NWAHMNOUULIONO©

the period of maternal nutritional dependence, and 4)
nursing female diet during the maternal care period32.
The live pup census is a measure of successful births
and is an indicator of prey availability to and nutritional
status of nursing females from October to the follow-
ing June. Pup condition and growth rates during the
period of nutritional dependence measure the transfer
of energy from the mother to the pup through lacta-

32The number of pups alive were counted in late July and the average weights
of pups at 4 months and 7 months of age. The number of live pups in late July
represents the number of pups that survived from birth to about 6 weeks of
age. Live pups were counted after all pups were born (between 20 and 30 July).
A mean of the number of live pups was calculated from the total number of
live pups counted by each observer. A long-term average live pup count was
used to create annual anomaly percentages. Between 200 and 500 pups were
weighed per year when about 4 months old. Pups were sexed, weighed, tagged,
branded, and released. Up to 60 pups were captured in February and weighed
and measured at 7 months of age. Of the 60 pups captured in February, up to 30
pups were branded which provided a longitudinal data set for estimating a daily
growth rate between 4 months and 7 months old.
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tion between June and the following February that is
dependent on prey available to nursing females during
that time. The frequency of occurrence of prey in the
diet of nursing females provides a relative measure of
the available forage community during the period of
pup nutritional dependence.

Three indices of California sea lion population showed
improvement in 2018, representing the third consecutive
year of average or above average values following 2015,
the worst year in the 1997-2018 time series. In 2018,
pup births declined 2% from 2017 but were still 24%
above the long-term average (fig. 52). Pup weights at 3
months of age were similar to 2017 (fig. 53). Although
pup growth rates at 7 months of age were lower than
2017 they were still above the long-term average (fig.
54). Continued improvement in the population indices
coincides with a shift in the frequency of occurrence
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Figure 53. Average pup weight anomaly (kg) from predicted average weights of 4-month-old female California
sea lion pups at San Miguel Island, California, from the long-term average between 1997 and 2018.
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Figure 54. Average daily growth rate anomaly of female California sea lion pups from 4 and 7 months old
at San Miguel Island, California, from the long-term average between 1997 and 2018.
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Cohort
Figure 55. Frequency of occurrence of prey taxa (bars) identified from nursing female fecal samples collected at San Miguel Island during the first 4 months of

lactation and average California sea lion female pup weight at 4 months old (line), 1997-2018.
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(FO) of the primary prey in the nursing female diet.
More favorable ocean conditions for northern anchovy
and Pacific sardine resulted in the return of northern
anchovy as the most frequently occurring prey (>85%)
in the past four years, and the resurgence of Pacific sar-
dine in the diet in 2018 (48%; fig. 55). Pacific hake, mar-
ket squid and mackerel (Pacific and jack) also had high
FO in 2018 resulting in a diverse diet of high quality
prey for nursing females that likely contributed to the
positive trends in the population indices.

DISCUSSION

A novel anchovy regime?

Northern anchovy larval abundances were the highest
in the 70-year history of CalCOFI and adult northern
anchovy catches the greatest in the 36-year history of
the RREAS in 2019.Taken together, this provides strong
evidence that the overall northern anchovy population
size is as high as it has been since the onset of quantita-
tive marine monitoring in the CCE.The surge in north-
ern anchovy appears to be the product of an extremely
high recruitment class in 2016 fueled by high survival
of larvae or juveniles spawned in 2015 (Zwolinski et al.
2017; Stierhoff et al. 2019; Zwolinski et al. 2019).

The high recruitment of 2016 and subsequent rapid
increase in population size qualifies as an ecological
surprise (Lindenmayer et al. 2010). Indeed, analysis
of northern anchovy stock size from 1951-2011 sug-
gested that the population was near an all-time low
from 2009-11 (MacCall et al. 2016), and subsequent
analysis showed that the population remained depressed
through 2015 (Thayer et al. 2017). Although some rela-
tively small but dense aggregations remained in patches
that were missed by CalCOFI and other marine sam-
pling programs (McClatchie et al. 2018), analyses
examining data sources outside of the core CalCOFI
region failed to turn up significant numbers of north-
ern anchovy (Davison et al. 2017). By every indication,
overall northern anchovy population size was quite low
in the CCE entering 2015.

The resurgence of northern anchovy in 2015 points
out that there is not a complete mechanistic understand-
ing of the forces that drive northern anchovy population
dynamics in the CCE. Indeed, the picture is not as clear
as suggested by previous correlative time-series analysis
showing that northern anchovy thrive in cold regimes
and Pacific sardine in warm regimes (Chavez et al. 2003;
McClatchie 2012). A critical question that thus emerged

33Fecal samples were collected from haulout areas on San Miguel Island,
California where California sea lions nursed their pups. Samples were collected
between late May and September each year 1997-2018. Prey taxa were identi-
fied from hard parts recovered from the samples, and frequency of occurrence
(FO) was calculated using methods described in Lance et al. (2001) and Orr
et al. (2003).
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from observation of the CCE since 2014 is: What went
right for northern anchovy in 2015-16?

Wild fluctuations in populations sizes is a hallmark of
coastal pelagic species worldwide (Dickey-Collas et al.
2014; Peck et al. 2014), and understanding the causes of
these fluctuations has often been elusive (Houde 1987,
2008). In the CCE, Reuben Lasker and colleagues con-
ducted years of research on the causes of northern
anchovy population fluctuation in the 1970s and 1980s
(Lasker et al. 1970; Lasker 1975; Scura and Jerde 1977;
Lasker 1978, 1981, 1985). Lasker’s premise, based on sem-
inal work by Hjort (Hjort 1914, 1926), was that recruit-
ment classes are set during a “critical period” that occurs
after the yolk sack is absorbed in a larval fish. Once the
yolk sack runs out, a fish must rapidly begin to feed or
starve to death. Based on lab and field experiments and
CalCOFI observations, Lasker’s stable ocean hypothesis
essentially concluded that to induce high recruitment
the right species of larval prey must be available, the
prey must be dense, and the ocean must be non-turbu-
lent such that young, poor swimming larvae can catch
the prey (Lasker 1985).

The stable ocean hypothesis may help explain the
very successful recruitment class of 2016. There was
an unusual mixture of high production coupled with
high stratification in 2015, potentially creating the
type of conditions conducive for larval survival iden-
tified by Lasker. Analysis of ocean conditions in areas
where northern anchovy larvae were found in 2015
using Regional Ocean Modeling System (Schroeder
et al. 2019) should determine if ocean conditions were
stable enough to foster larval feeding. Aside from lack-
ing turbulence, the stable ocean hypothesis states that
the right type of prey at high density has to be pres-
ent to feed larvae. Indeed, laboratory experiments eval-
uating larval northern anchovy growth demonstrated
that a high proportion of larvae fed the dinoflagellate
Gymnodinium splendens survived after 10 days while
there was no survival when fed a different dinoflagel-
late, Gonyaulax polyedra (Scura and Jerde 1977). Despite
the major effect of prey type on northern anchovy sur-
vival, northern anchovy did not discriminate among the
two dinoflagellate species when exposed to both (Scura
and Jerde 1977). Quantifying the prey available to lar-
vae is therefore likely an important factor for mech-
anistically understanding drivers of larval survival and
recruitment. Environmental DNA (eDNA) (Goodwin
et al. 2017) holds the potential to quantity the larval prey
field. eDNA analysis involves sequencing DNA from
multiple species using primers that target various tro-
phic levels. For water collected in the CCE, primers exist
to enumerate the amount of DNA in bacterial, phyto-
plankton, zooplankton, and fish communities. Whereas
the DNA from higher trophic level species such as fish
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probably comes from sloughed cells, DNA from bacte-
ria and phytoplankton is more likely to come directly
from the entire species. Hence, eDNA has the potential
to accurately characterize the amount of different phy-
toplankton species available to larval fishes. eDNA has
been collected regularly on CalCOFI cruises since 2014,
and comparison of phytoplankton assemblages between
2015 and other years could lend insight as to the type of
prey that fosters larval northern anchovy survival.

In addition to living past first feeding, fish must sur-
vive later stages to recruit into the adult population,
and it is possible that conditions experienced at later
stages also affect year class strength (Houde 2008). For
example prey for late larvae and juveniles can signifi-
cantly influence survival. As northern anchovy larvae
grow, zooplankton prey becomes important (Scura and
Jerde 1977). eDNA can be a useful tool for assessing
the prey field of older larvae and juveniles as universal
primers exist to characterize the zooplankton assem-
blage in the California Current (Goodwin et al. 2017).
Comparison of the zooplankton assemblage between
2014, when there were relatively few young-of-the-year
northern anchovy in southern California, and 2015-19
when abundances were very high, could deduce if opti-
mal prey for older larvae and juveniles became more
abundant during and subsequent to the MHW.

Given the hyper-abundance of adult northern
anchovy in 2018 (Thompson et al. 2018) and 2019,
another question that arises is whether the CCE is
currently in a new “anchovy regime.” Northern
anchovy were scarce when CalCOFI began in 1949 but
increased beginning in the 1960s and stayed abundant
through the late 1980s (MacCall et al. 2016). Because
most northern anchovy do not live past 6 years, the
most recent ~30-year northern anchovy regime
included multiple strong recruitment classes. Results
from Southwest Fisheries Science Center coast-wide
acoustic-trawl survey detected very large numbers of
young northern anchovy in 2016, indicating that a high
proportion of larvae spawned in 2015 survived into
2016 (Stierhoff et al. 2019). Ocean conditions in 2015
had surface water warming that originated in late 2013
in the Gulf of Alaska, impinged the coast of Califor-
nia by late 2014, and persisted into 2015 during the
peak northern anchovy spawning period. A relatively
strong El Nifio during late 2015 and most of 2016
also affected the CCE (Jacox et al. 2016). Given that a
strong MHW developed during summer 2019, reflect-
ing ocean conditions that are similar and second in
magnitude only to the event in to 2014-15, and that
young-of-the-year northern anchovy abundance was
high in southern California in 2019, it is possible that
conditions will be primed for high northern anchovy
recruitment in 2020. Ultimately, getting a mechanistic
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understanding of what controls recruitment variation
in northern anchovy is the only way to predict whether
this novel “regime” will last.

A new blob?

During summer 2019, another large MHW remi-
niscent of “the blob” of 2014—15 (Leising et al. 2015)
developed in the Gulf of Alaska. This event reached
its peak area in late August, but then showed a slight
decline through September. The magnitude of this event
is rivaled only by the 2014-15 event, with most other
events over the past 38 years coming in a distant third
(fig. 14). Beyond the potential impacts on small pelag-
ics such as northern anchovy (discussed above), this new
MHW is likely to impact other portions of the CCE.
This new MHW reached the Washington coast in July,
and then much of the Oregon coast in August. Con-
tinued upwelling in patches along the California coast,
however, kept the 2019 MHW mostly offshore in much
of the California region. Unlike the 2014-15 event, the
early phases of the 2019 MHW did not penetrate as
deeply into the water column, nor did it include sec-
ondary, strongly anomalous warm area in the further
offshore regions of southern California. These are two
important differences between the 2019 MHW and the
“blob” of 2014-15, and thus the impacts may be differ-
ent than noted before.

Even with its noted physical differences, the MHW
of 2019 is still a highly unusual event in terms of its size
and magnitude, and is thus likely to have many effects.
The impacts of the 2014-15 event included coast-wide
harmful algal blooms, shifts in species distributions,
changes in planktonic community structure, increased
large marine mammal entanglements, decreased salmon
survival, and seabird and marine mammal die-offs and
strandings (Leising et al. 2015; Cavole et al. 2016; Daly
et al. 2017). Given that the 2019 MHW was present
from May—September 2019 in the Pacific Northwest, it
is likely that salmon returns will be low in subsequent
years. Fortunately for marine mammals, the lack of the
southern California offshore warming, and offshore posi-
tion of this MHW for much of the rest of California, is
likely to have less impact on this group than the previous
event if these conditions persist. It is still too early to tell
exactly how the 2019 MHW will evolve; if this event
does end up proceeding more similarly to the 201415
event, then its impact will be apparent in 2020.

Implications for predators: winners and losers
Although the California Current broadly defines
much of the marine ecosystem from Baja California,
Mexico, to Washington State, USA, regional differ-
ences in population dynamics are often found within
the CCE (Thompson et al. 2014; Thompson et al. 2019).
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In 201819, south of approximately San Francisco, pred-
ators that thrive on northern anchovy were highly pro-
ductive while those that require prey items other than
northern anchovy tended to have low productivity. Sea
lions benefited from the abundance of northern anchovy.
Female sea lions give birth to a pup in May or June
and undergo foraging trips ranging between the Chan-
nel Islands in the south and Monterey Bay in the north
(Melin et al. 2008). In years when adequate prey is avail-
able, females produce enough milk to nourish pups, but
when females are malnourished milk supply is limited
and pups can starve (Melin et al. 2010). Pup condition
was very poor in 2014-15, leading to the declaration of
an “unusual mortality event” (McClatchie et al. 2016b).
In 2016, the number of pups born was low, but pup con-
dition improved greatly relative to 2015.The augmented
pup condition of 2016 likely resulted from the female
sea lions beginning to exploit the strong 2016 northern
anchovy year class (adult northern anchovy abundance
was positively anomalous in southern California in late
spring, 2016, fig. 33). All measures of pup condition were
positively anomalous in 2017 and 2018, again proba-
bly due to the high abundance of northern anchovy.
Whereas many long-standing ecological patterns need
to be reconsidered in light of the 2014—16 MHW (Daly
et al. 2017; Koslow et al. 2019), the strong, positive cor-
relation between summed northern anchovy/Pacific sar-
dine abundance and sea lion pup condition (McClatchie
et al. 2016a) appears to be holding strong.

Whereas sea lions overwhelmingly responded pos-
itively to the northern anchovy surge, the story var-
ied for sea birds in California. On Southeast Farallon
Island, Cassin’s auklet, common murre, pelagic cormo-
rant, pigeon guillemot, and rhinoceros auklet exhib-
ited historically low productivity, suggesting that prey
other than northern anchovy are needed for these spe-
cies to thrive. This pattern mostly fits well with Santora
et al. (2014) who found positive correlations between
availability of krill and production of common murre,
rhinoceros auklet, and Brandt’s cormorant; juvenile
rockfish availability to Cassin’s auklet and pelagic cor-
morant production and sanddab to pigeon guillemot
production. Life history traits of these birds explains
their inability to thrive on northern anchovy. Com-
mon murre and rhinoceros auklet feed chicks whole
prey items and because the northern anchovy popu-
lation was comprised almost exclusively of adults, the
available northern anchovy were simply too large to
feed the chicks. Indeed, adult northern anchovy lying
next to nests, but untouched by chicks, were common
in 2019 (Peter Warzybok, personal observation). Pelagic
cormorants and pigeon guillemots, by contrast, forage
very close to shore where northern anchovy are typ-
ically unavailable and rely on benthic fishes such as
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juvenile rockfishes and sanddabs. Finally, Cassin’s auk-
let rely on krill (Jones et al. 2018), which, in addition
to juvenile rockfishes and sanddabs, were historically
scarce off central California in 2019 (fig. 33). Brandt’s
cormorant, which feed their chicks partially digested
regurgitation, was the only species that had above aver-
age productivity at Southeast Farallon Island. Hence,
adult Brandt’s cormorant adults directly consumed
adult northern anchovy and were able to translate this
prey into nourishment for the chicks. Overall, 2019
was unusual given that northern anchovy were hyper-
abundant but many other common prey species were
scarce. This dynamic had direct and predictable effects
on sea bird productivity.

North of the Farallon Islands in Yaquina Head, Ore-
gon, common murre reproductive success was positively
anomalous in 2018 and 2019 following seven consecu-
tive years of very low production. The uptick in common
murre productivity was also likely affected by different
prey availability in recent years. In 2018, there was a large
increase in the percent of flatfish, and a decrease in the
percent of smelts, in common murre chick diets. In addi-
tion to common murre, both Brandt’s cormorants and
pelagic cormorants exhibited record production in 2018
and/or 2019. This enhanced production was probably
also a result of the availability of abundant and appropri-
ate prey species as well as lower predation on eggs and
chicks by avian predators such as bald eagles.

Distribution shifts

The 2014-16 MHW induced northward shifts to
many marine species. Prior to 1977, mesopelagic fishes
such as Panama lightfish were uncommon in southern
California in winter and spring, but following the 1977
regime shift, taxa inhabiting similar habitats as Panama
lightfish were frequently encountered in southern Cal-
ifornia ichthyoplankton samples throughout the year
(Peabody et al. 2018). Subsequent to 2014, however, these
fishes became some of the most common in the ichthy-
oplankton assemblage. Mexican lampfish, for example,
had higher springtime abundances in 2014, 2015, 2018,
and 2019 than any year prior to 2014 (fig. 37). Most of
these warm-water mesopelagic species vertically migrate
to the epipelagic or surface at night and therefore would
be available as prey to higher trophic level species such as
sea lions. Indeed, Mexican lampfish otoliths were identi-
fied in sea lion scat in 2015 (Mark Lowry, personal com-
munication). Understanding the energetic contributions
of these taxa, therefore, is likely important for elucidat-
ing drivers in ecosystem dynamics.

To the north, taxa associated with warm-water con-
ditions continued to be prevalent, and those with cool-
water conditions were relatively uncommon, near shore

off Oregon and Washington in 2019. Reduced survival
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of yearling salmon is one ecosystem implication of the
elevated abundance of warm-water prey species (Daly
and Brodeur 2015; Daly et al. 2017). Shortbelly rock-
fish, a semi-pelagic, diminutive rockfish with a biogeo-
graphic center of distribution off central California, was
also hyper-abundant near the shelf break in Oregon and
Washington. Although there is not a directed fishery for
shortbelly rockfish, this species sometimes is caught as
bycatch by the commercial hake fishery. Hence, the
Pacific Fisheries Management Council (PFMC) set
an annual catch limit (AC) for shortbelly rockfish oft
Oregon and Washington. Because shortbelly rockfish
historically did not occur in large numbers in the Pacific
Northwest, the ACL was set low and the surge in abun-
dance resulted in the hake fishery exceeding the ACL
very early in the fishing season in both 2018 and 2019
(PEMC 2019b). To avoid shutting down the hake fish-
ery the PEMC increased sixfold the shortbelly rockfish
ACL (PFMC 2019a). The northern movement of spe-
cies, therefore, has the potential to affect both ecosystem
dynamics and ecosystem-based management.

SUMMARY

Warm conditions largely persisted into 2019 in the
CCE (table 1). Whereas temperatures were close to the
long-term average in early 2019, a new MHW formed
in the Gulf of Alaska in May and impinged on most of
the coast by September 2019. Despite the warm condi-
tions, productivity was above average in most of the CCE.
In the Pacific Northwest, fish and invertebrate assem-
blages included taxa associated with both warm and cool
conditions. In California, northern anchovy abundance
from both larval and midwater surveys was the highest in
recorded history while many common forage fish (e.g.,
juvenile rockfishes, sanddabs) and krill were very low. This
unique forage base had clear and predictable effects on
predators. In Oregon, seabird productivity was the high-
est in years, as juvenile flatfish comprised a large portion
of chick diet. In central California, production of sea-
birds such as Cassin’s auklet, common murre, and pelagic
cormorant was very low as these species could not feed
chicks adult northern anchovy and smaller, more appro-
priate prey was mostly unavailable. Sea lions, by contrast,
preyed copiously on northern anchovy and translated this
energy source into successfully rearing pups. The main
questions going into 2020 are: 1) Will the 2019 MHW
will persist into 2020 in a manner similar to the 2014
MHW or dissipate? and 2) Are we in a novel anchovy
regime that will last for years to come?
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Figure S1. Annual average TS properties for representative areas of the CalCOFI region for different time periods, i.e. 1984 to 1997, 2000 to 2013, 2016, 2017
and 2018. Annual averages are based on ENSO years, i.e., the time from June of the target year until May of the target year plus one. The regions are: A: offshore
(CalCOFI Lines 90-93, Stations > 90; L87-77, St > 100), B. California Current region (L90 St 60-80, L87-77 St 70-90), C. upwelling (L87 St 51-60, L82 St47, L77-80
St < 60), and D: Southern California Bight (L 90-93 St < 45, L87 St < 40, L83 St < 42). Each data point represents the average TS characteristic of one standard
depth level (0, 10, 20, 30, 50, 75,100, 125, 150, 200, 250, 300, 400, and 500 m) for the specified time period and area.
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Figure S2. Depth profiles of Chl a for the times and four areas of the CalCOFI region that are defined in CalCOFI Fig. S1. Data were derived and are presented

as described in CalCOFI Fig. S1.
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Figure S3. Depth profiles of cuberoot of nitrate for the times and four areas of the CalCOFI region that are defined in CalCOFI Fig. S1. Data were derived and

are presented as described in CalCOFI Fig. S1.
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Figure S4. Oxygen concentration anomalies at the g, 26.2 and 26.8 isopycnals plotted as described in CalCOFI Fig. 2 for the four regions as defined in the

legend of CalCOFI Fig. S1.
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