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In late 2020, models predicted that a strong La Nifia would take place for the
first time since 2013, and we assessed whether physical and biological
indicators in 2021 were similar to past La Nifias in the California Current
Ecosystem (CCE). The Pacific Decadal Oscillation and Oceanic Nifio Index
indeed remained negative throughout 2021; the North Pacific Gyre Oscillation
Index, however, remained strongly negative. The seventh largest marine
heatwave on record was unexpectedly present from April to the end of 2021;
however, similar to past La Nifias, this mass of warm water mostly remained
seaward of the continental shelf. As expected from past La Nifas, upwelling and
chlorophyll were mostly high and sea surface temperature was low throughout
the CCE; however, values were close to average south of Point Conception.
Similar to past La Nifias, abundances of lipid-rich, northern copepods off
Oregon increased. In northern California, unlike past La Nifias, the body size
of North Pacific krill (Euphausia pacifica) was close to average. Predictably,
overall krill abundance was above average in far northern California but,
unexpectedly, below average south of Cape Mendocino. Off Oregon, similar
to past La Nifas, larval abundances of three of six coastal species rose, while
five of six southern/offshore taxa decreased in 2021. Off California, as expected
based on 2020, Northern Anchovy (Engraulis mordax) were very abundant,
while Pacific Sardine (Sardinops sagax) were low. Similar to past La Nifas,
market squid (Doryteuthis opalescens) and young of the year (YOY) Pacific
Hake (Merluccius pacificus), YOY sanddabs (Citharichthys spp.), and YOY
rockfishes (Sebastes spp.) increased. Southern mesopelagic (e.g., Panama
lightfish Vinciguerria lucetia, Mexican lampfish Triphoturus mexicanus) larvae
decreased as expected but were still well above average, while northern
mesopelagic (e.g., northern lampfish Stenobrachius leucopsarus) larvae
increased but were still below average. In line with predictions, most
monitored bird species had above-average reproduction in Oregon and
California. California sea lion (Zalophus californianus) pup count, growth, and
weight were high given the abundant Anchovy forage. The CCE entered an
enduring La Nifia in 2021, and assessing the responses of various ecosystem
components helped articulate aspects of the system that are well understood
and those that need further study.

KEYWORDS

California current ecosystem, La Nifia, upwelling, anchovy, ecosystem assessment,
white walkers

Introduction

Eastern boundary upwelling systems (EBUS) are
characterized by equatorward currents transporting cool, fresh,
and oxygen- and nutrient-rich water along the west coast of a
continent. The four major EBUS include the California Current
off the west coast of North America, the Humboldt Current off
western South America, the Iberian/Canary Current off
northwest Africa, and the Benguela Current off southwest
Africa (Garcia-Reyes et al,, 2015). These ecosystems are
extraordinarily productive when wind-driven upwelling infuses
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nutrients toward surface waters that fuel phytoplankton blooms.
Indeed, although EBUS geographically comprise less than 1% of
ocean waters, they can produce up to 20% of the global fishery
catch via potentially hyperabundant coastal pelagic fishes such
as anchovies and sardines (Pauly and Christensen, 1995).
However, fishery production can vary by orders of magnitude
annually, and thus, predicting the status of physical and
biological components of EBUS is paramount for effective
ecosystem-based management.

Off the west coast of North America, the California Current
Ecosystem stretches from southern Vancouver Island, Canada,
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to Baja California Sur, Mexico. The CCE originates where the
eastward-flowing North Pacific Current (NPC) abuts the west
coast of North America at latitudes varying interannually
between 42°N and 52°N (Sydeman et al,, 2011). Upon hitting
land, the NPC bifurcates into the northward-flowing Alaska
Current and equatorward California Current. The California
Current (CC) flows south into Baja California before veering
westward at between 15°N and 25°N (Checkley and Barth,
2009). The CC transports relatively cool, fresh, nutrient-rich,
and high-oxygen water from subarctic to subtropical locations
(Sydeman et al., 2011). In addition to the CC water, the CCE
comprises several distinct water masses. Near the coast, cold,
saline, low-oxygen, and high-nutrient upwelled water fuels high
primary production. Along the coastline, the California
Undercurrent transports warm, saline, low-nutrient, and low-
oxygen water poleward (Checkley and Barth, 2009). Seaward
from the CC, Central Pacific water is also relatively warm, saline,
and low in nutrients and oxygen (McClatchie, 2014). The CCE
has been categorized into a northern region encompassing the
northern extent of the CC to Cape Mendocino in northern
California, a central section from Cape Mendocino to Point
Conception, and a southern area from Point Conception to the
southern extent of the CC (Checkley and Barth, 2009). The
distribution of each major water mass is highly dynamic due in
part to El Niflo and La Nifia oceanographic conditions, and
biological characteristics often vary greatly between years
(McClatchie, 2014).

The CCE is a particularly well-studied EBUS (Pefia and
Bograd, 2007). The California Cooperative Oceanic Fisheries
Investigations (CalCOFI) program has systematically monitored
the CCE since 1951 (McClatchie, 2014). The value of long-term
observations, as demonstrated by CalCOFI, has motivated many
additional ocean monitoring programs, including various
annual surveys spanning large extents of the CCE (often with
a stock-assessment motivation) and high-frequency coastal
transects, such as the Newport Hydrographic Line and
Trinidad Head Line that effectively resolve seasonal transitions
(Gallo et al.,, 2022). The breadth of information about the CCE
and other EBUS allows us to generate near-term hypotheses of
how physical and biological components are expected to play out
within EBUS based on basin-scale oceanographic predictions.
The U.S. National Oceanic and Atmospheric Administration’s
Climate Prediction Center regularly provides 6-month forecasts
of whether the Pacific Ocean will experience La Nifa, El Nifo, or
Nifio-neutral conditions. Based on the forecast, it is then
possible to hypothesize how specific ecosystem components
will react in the upcoming year (Bond et al, 2008). Despite
decades of observing relationships between physical and
biological responses in the CCE, unexpected events [i.e.,
ecological surprises; sensu Filbee-Dexter et al. (2017)] still
regularly occur. For example, although Northern Anchovy
(Engraulis mordax; Anchovy) abundance increased under cool
and Pacific Sardine (Sardinops sagax; Sardine) under warm
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ocean conditions in the 1900s, Anchovy increased greatly
during the warmest conditions on record from 2014 to 2016,
while Sardine remained low (Thompson et al., 2022). In
addition, whereas high rockfish (Sebastes spp.) recruitment
was typically associated with cool, La Nina conditions in
central California (Ralston et al, 2015), young of the year
pelagic rockfish abundances were at near-record highs during
the 2014-2016 marine heatwave (MHW; Schroeder et al., 2019).
By identifying when ecological responses do and, importantly,
do not conform to expectations, we can come closer to a
mechanistic understanding of the processes that drive species
population dynamics.

Subsequent to 2014, the CCE was largely characterized by
abnormally warm water. Although conditions were relatively
cool in early 2014 and had been cool in the majority of the years
from 1999 to 2013 (Thompson et al., 2017a), a mass of
anomalously warm, relatively shallow water that originated in
the Gulf of Alaska subsumed most of the CCE by mid-2014,
leading to the largest marine heatwave (by area) on record by fall
of 2014 (Leising et al., 2015). This warm “Blob” persisted into
2015 when more warm water that extended deeper into the
water column entered the system via an El Nifo (McClatchie
et al,, 2016b). El Nifo conditions persisted into mid-2016 when
yet another surface warming event formed in the Gulf of Alaska
later in 2016. Collectively, the 2014-2016 Blob and El Nifio
produced the longest and largest continuous MHW on record in
the CCE (Jacox et al,, 2018). Although the CCE cooled off in
2017, the biological impacts of the 2014-2016 MHW lingered
(Wells et al., 2017). Large MHWSs formed again in 2018-2020;
however, these tended to occur offshore and thus had a less
biological impact on the CCE than the 2014-2016 MHW
(Thompson et al., 2018; Thompson et al., 2019b; Weber et al.,
2021). Moving into 2021, however, NOAA’s Climate Prediction
Center projected that La Nifia conditions would manifest in
winter 2021 (cpc.ncep.noaa.gov/products/analysis_monitoring/
enso_advisory/ensodisc.shtml).

Expectations for 2021

Given the likely onset of cooler conditions in 2021, past
observations of the CCE during La Nifas (Hayward et al., 1999;
Wells et al., 2013), and our knowledge of biological conditions in
2020 that may carry over to 2021 (e.g., Anchovy were very
abundant; Weber et al., 2021), we generated a suite of
expectations about physical and biological conditions at the
basin to local spatial scales in 2021 (please see Table 1 for a
reference to each prediction). At the basin scale, NOAA’s
Climate Prediction Center predicted that water temperature
would be anomalously cool at and around the equator and in
the northeast Pacific Ocean, resulting in low Oceanic Nifio Index
(ONI) and Pacific Decadal Oscillation (PDO) values. When the
ONI and PDO are low, upwelling is often high, and the North
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Pacific Gyre Oscillation (NPGO) has been highly correlated with
upwelling strength (Di Lorenzo et al, 2008). As such, we
expected that the NPGO would be high in 2021 after being
almost exclusively low since 2014.

TABLE 1 Physical and biological data examined.

10.3389/fmars.2022.958727

At the regional scales, we predicted that upwelling would be
anomalously high throughout the CCE. Because upwelling
infuses nutrients into the system, we expected that primary
production (chlorophyll) would also be high. At the primary

Scale Type  Variable Sample Expectation Outcome Met
location expectation?
Large ONI Low Low Yes
PDO Low Low Yes
NPGO High Low No
SST Low near equator and north east Pacific Low near equator but MHW west of ~135°W Mixed
Coastal SST Low Low north of Point Conception; average south of Mixed
Point Conception
Upwelling High Low north of Point Conception; average south of Mixed
Point Conception
chl anomaly High Low north of Point Conception; average south of Mixed
Point Conception
HAB Low Medium No
Regional Physical Temperature NH Low Low Yes
and Salinity NH High High Yes
chlorophyll
a Chlorophyll NH High High Yes
Temperature TH Low Medium No
Salinity TH High High Yes
Chlorophyll TH High Medium No
Temperature ~ CalCOFI Low Medium No
Salinity CalCOFI High Medium No
Chlorophyll ~ CalCOFI High High Yes
Biological ~ Zooplankton NH Southern copepods decrease, northern Southern copepods decrease, northern copepods Yes
copepods increase, richness decrease increase, richness decrease
Zooplankton TH Larger-bodied Euphausia pacifica, low Medium size, medium richness No
richness
Zooplankton =~ RREAS Increased krill abundance Increase north of Cape Mendocino; decrease south of No
Cape Mendocino
Fish JSOES  Decrease market squid, Pacific pompano; Decrease market squid, Pacific pompano; increase Yes
increase yearling salmon yearling salmon
Fish NH Increase coastal species, decrease Half of coastal species increased, all southern offshore Mixed
southern, offshore species were below average except rockfish
Fish RREAS Decrease myctophids, YOY and adult Market squid increase, myctophids decrease, adult Mixed
sardine, anchovy; increase market squid, anchovy high, adult sardine low YOY sanddabs
YOY hake, YOY rockfish, YOY sanddabs increase, YOY hake increase, YOY sardine mixed,
YOY anchovy mixed
Fish CalCOFI  Decrease jack mackerel, sardine, southern  Decrease or very low jack mackerel, sardine, southern Mixed
mesopelagics, sanddabs; increase mesopelagics, sanddabs; increase or high anchovy and
anchovy, hake, northern mesopelagics, rockfishes; low hake, low northern mesopelagics
and rockfishes
Shore bird ~ Yaquina Increase reproductive output Increase Brandt’s cormorant, pelagic cormorant, and Yes
Head common murre
Shore bird  Southeast Increase reproductive output Increase for eight birds species Yes
Farallon
At-sea bird RREAS Increase resident, decrease warm-water Mixed
migrants
At-sea bird ~ CalCOFI  increase cool water, decrease warm water Decrease 3/4 cool birds; decrease or low 5/6 warm Mixed
birds
(Continued)
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TABLE 1 Continued

10.3389/fmars.2022.958727

Scale Type  Variable Sample Expectation Outcome Met
location expectation?
At-sea RREAS Increase Increase blue whales and white-sided dolphins; Mixed
marine decrease humpback whales and Risso’s dolphins
mammals
Sea lions San High fecundity, pup condition High fecundity, pup condition Yes
Miguel
Island

“Expectation” is the hypothesized dynamic going in late 2020 for a given variable in 2021 based on observations from past La Ninas and recent years. “Outcome” states whether the
hypothesis occurred and is in green font if the correct scenario occurred, orange if the hypothesis was partly met, and red if the expectation did not come to be. “Met expectation”

summarizes the outcome for all components of a given variable and is in green if the outcome was completely met, red if it was completely wrong, and yellow if it was partially met.
NH, Newport Hydrographic; TH, Trinidad Head; CalCOFI, California Cooperative Oceanic Fisheries Investigations; RREAS, Rockfish Recruitment and Ecosystem Assessment Survey.

consumer trophic level, we hypothesized that the high primary
production would induce an increase in northern, lipid-rich
copepods and krill; increase body sizes of North Pacific krill
(Euphausia pacifica); decrease southern, lipid-poor copepods/
krill; and decrease pelagic invertebrate species richness as
southern invertebrates are more specious than northern
counterparts (Peterson et al., 2014).

At the next higher trophic level, we expected that northern
zooplankton species would provide a robust forage base for
yearling salmon that are leaving rivers and that yearling salmon
abundance would be high in the northern CCE. By contrast, we
expected that water temperature would be too cold for Pacific
Pompano (Peprilus simillimus) and market squid (Doryteuthis
opalescens) and that these species would decrease off
Washington and Oregon (Thompson et al., 2019b). Off
Newport, Oregon, we predicted that larvae of coastal taxa such
as Pacific Sandlance (Ammodytes hexaptarus) would increase
under cool conditions, while southern, offshore taxa such as
Anchovy and Sardine (which were at record highs during the
2014-2016 MHW) would decrease (Auth et al.,, 2018). Off
California, we hypothesized that young of the year (YOY)
rockfishes, YOY sanddabs (Citharichthys sordidus plus C.
stigmaeus), YOY Pacific Hake (Merluccius productus), and
market squid would increase, while adult Sardine, adult
Anchovy, and mesopelagic species (e.g., Myctophidae) would
decrease (Ralston et al., 2015; Santora et al., 2021a; Santora et al.,
2021b). Given that Anchovy recruitment was very high and
Sardine recruitment was low in recent years (Thompson et al,
2019b), however, we expected that adult Anchovy would remain
high in 2021 despite the cool conditions and that adult Sardine
abundances would be low based on persistence from 2020. In
southern California, among coastal pelagic species, we
hypothesized that larval Sardine and Jack mackerel (Trachurus
symmetricus) would decrease, while Pacific Hake and Anchovy
would increase (Thompson et al., 2022). Pacific Mackerel
(Scomber japonicus) do not display a clear response to
warming/cooling, so we did not generate a hypothesis for this
species. Among mesopelagic fishes, we expected those with
southern distributions (e.g., Panama Lightfish, Vinciguerria
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lucetia) to decrease and those with northern distributions (e.g.,
Northern Lampfish, Stenobrachius leucopsarus) (Thompson
et al., 2022) to increase. For common groundfishes, we
expected sanddabs to decrease and rockfishes to increase
(Thompson et al., 2022).

Among top predators, given the anticipated high forage
associated with a La Nifa, we predicted high seabird
reproduction success (Wells et al., 2013; Santora et al., 2021b).
In central California, we expected that at-sea abundances of a
resident bird, common murre (Uria aalge) would be low because
under conditions of high forage, the birds spend more time
resting on the colony instead of searching for food at sea
(Harding et al,, 2007). By contrast, we expected the at-sea
density of the cold-water migrant, sooty shearwater (Ardenna
grisea) to be high in response to high prey availability. Off
southern California, we predicted the at-sea abundance of a
migratory bird associated with warm, sub-tropical waters, the
black-vented sheerwater (Puffinus opisthomelas), to be low and
the cool-water sooty shearwater to be high (Hyrenbach and Veit,
2003). In addition, we anticipated that the high abundance of
forage would attract mobile marine mammals such as the
humpback whales Megaptera novaeangliae and the Pacific
white-sided dolphins Lagenorhynchus obliquidens. Finally,
because sea lion Zalophus californianus pup condition is
highly, positively correlated with the abundance of forage
fishes such as Sardine and Anchovy (McClatchie et al., 2016a),
and Anchovy were very abundant in 2020 (Weber et al., 2021),
we expected pup numbers, weight, and growth rate to be high
in 2021.

Methods

To evaluate the physical and biological characteristics of the
CCE and surrounding regions, we compile data from various
long-running surveys (Gallo et al., 2022). In 2021, data were
available from much of the northern and central portions of the
CCE. For the southern CCE, we had robust data from southern
California but only limited information from Mexico. Although
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the southern CCE extends into Baja California, data from
Mexico were unfortunately not available in 2021 [the State of
the California Current Report typically obtains data from the
Investigaciones Mexicanas de la Corriente de California
(IMECOCAL) program, but the survey did not run in 2021].

Large-scale physical oceanography and
chlorophyll a

At the basin scale, we evaluated three widely used indices:
the PDO, ONI, and NPGO. The PDO is a function of sea surface
temperature (SST) in the Pacific Ocean north of 20°N latitude.
The ONI is also based on SST but from the equatorial Pacific 5°
S-5°N, 120°-170°W. The NPGO is a climate pattern that
emerges as the second dominant mode of sea surface height
variability (second empirical orthogonal function of sea surface
height) in the Northeast Pacific (25°-62°N, 180°-250°E) (Di
Lorenzo et al., 2008). PDO, ONI, and NPGO values were
accessed from the California Current Integrated Ecosystem
Assessment website (https://oceanview.pfeg.noaa.gov/
dashboard/).

To visualize the distribution of SST and wind strength
anomalies relative to 1980-2020, we plotted satellite images
throughout the Pacific Ocean in fall 2020 and winter, spring,
and summer 2021. We obtained wind data from the NCEP/
NCAR Reanalysis and the NOAA Extended Reconstructed SST
V5 data from http://www.esrl.noaa.gov.

Next, we created image plots of satellite-derived SST
averaged from the coast to 75 km offshore throughout the
entire potential geographic extent of the CCE [Baja California
Sur, Mexico (24°N) to British Columbia, Canada (51°N)] from
January 2017 to September 2021. SST data were downloaded
from https://coastwatch.pfeg.noaa.gov/erddap/griddap/
ncdcOisst2Agg. In addition, we constructed image plots of
the Bakun upwelling index over the same period of time and
spatial extent (https://oceanview.pfeg.noaa.gov/erddap/
tabledap/). Finally, we plotted satellite images onto a 0.1° x
0.1° grid of spring (March-May) chlorophyll a anomalies from
2019-2021 relative to 2003-2021. We obtained chlorophyll a
data from https://coastwatch.pfeg.noaa.gov/erddap/
griddap/erdMH1chlamday.

Regional physical oceanography and
chlorophyll a

Data collected at the local scales are from marine monitoring
surveys described in Gallo et al. (2022) and the previous State of
the California Current Reports (e.g., Weber et al,, 2021). We
present data that are commonly collected in multiple surveys.
For example, temperature, salinity, and chlorophyll a are
sampled with conductivity temperature depth (CTD)
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instruments in most modern marine surveys. However,
additional physical information (e.g., nutrients) can be specific
to a given survey, and we relegate this and other information to
the supplemental appendix. More details about each survey (e.g.,
make of CTD instruments, mesh size of nets) can be found in
accompanying references. For all subsequently described
surveys, we present the time series of seasonal or monthly
anomalies relative to long-term means (see figure captions for
the duration over which means were calculated). The locations
of all surveys are shown in Figure 1.

We sampled temperature and salinity at a depth of 50 m at
the Newport Hydrological Line (NHL) station NHLO5 and at
150 m at NHL25. In addition, chlorophyll a concentration was
measured from surface water collected at NHL0O5 (Auth et al,,
2011). Along the Trinidad Head Line, temperature and salinity
were recorded at 15 and 65 m, and chlorophyll a was integrated
from 2 to 30 m at station THO2 (Robertson and Bjorkstedst,
2020). Off southern California, salinity, temperature, and
chlorophyll a were measured and averaged within the mixed
layer at each of the 66 core CalCOFI stations (Scripps Institution
of Oceanography (SIO), 2012).

Regional zooplankton

Zooplankton were collected at NHLO5 using a vertically
hauled ring net from 2 m off the bottom (60 m) to the sea
surface. We then quantified the abundances of northern and
southern copepods and copepod species richness (Fisher et al.,
2015). Off the Trinidad Head Line (THL), zooplankton were
sampled with an obliquely towed Bongo net deployed to 100 m
at THO4 and THO5 (the two most offshore stations), and the
body sizes of E. pacifica were measured in the laboratory
(Robertson and Bjorkstedt, 2020). Krill, which are dominated
by the combined sums of E. pacifica and Thysanoessa spinifera
were collected throughout California by the Rockfish
Recruitment and Ecosystem Analysis Survey from transects
within five geographic regions (north, north central, core,
south central, south) using a midwater (30 m) trawl that was
towed for 15 min (Sakuma et al., 2016). A subsample of krill was
counted at sea and total abundance was extrapolated to the total
volume of krill.

Regional fish and squid

We examined data from multiple surveys that target various
life stages of fishes and market squid in the CCE. Furthest north,
the Juvenile Salmon and Ocean Ecosystem Survey (JSOES)
conducted trawl surveys in the upper 18 m during daytime
with the primary purpose of monitoring yearling salmon
(Thompson et al., 2019a). In addition to salmon, JSOES
quantified species that reside close to the surface during the
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Hydrographic Line (NHL) in blue, the Trinidad Head Line (THL) in gray, the Rockfish Recruitment and Ecosystem Assessment Survey (RREAS) in
green, and the California Cooperative Oceanic Fisheries Investigation (CalCOFI) in orange.
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day such as the Pacific Pompano and market squid. Off the NHL,
bongo samples were collected weekly (weather permitting) from
January to March on NHL stations 5 to 25, and we evaluated the
changes in the density of common southern and coastal fish
larvae (Auth et al., 2018). Further south, the Rockfish
Recruitment and Ecosystem Assessment Survey (RREAS) has
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conducted 15-min-long midwater trawls at a depth of 30 m from
fixed transects in a region centered on Monterey Bay since 1983
and throughout all of California since 2004 (Sakuma et al., 2006).
Depending on the species, we created time series for common
young of the year or adult fishes and market squid. Finally, we
examined common mesopelagic, coastal pelagic, and groundfish
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larval fish from spring CalCOFI oblique net tows from 1951 to
the present (Thompson et al., 2017b).

Regional top predators

We monitored seabird colonies at two locations, Yaquina
Head, Oregon (Porquez et al, 2021), and Southeast Farallon
Island (SEFI) (Warzybok et al, 2018), California, from May
through August. At both colonies, the reproductive success of
common murre (U. aalge) was quantified via plot-based
monitoring. Additionally, the common murre diet was
measured by observing prey items brought to chicks. At SEFI,
annual seabird monitoring for most species has been conducted
continuously since 1971 (Warzybok et al., 2018). The time series
at Yaquina Head was initiated in 1998; however, the colony has
been systematically monitored annually since 2007 (Porquez et
al. 2021). At Yaquina Head, we also recorded disturbances to
murres by bald eagles (Haliaeetus leucocephalus).

Seabirds have also been quantified at sea through visual
observation during daylight hours from central California by the
Farallon Institute in cooperation with the RREAS (1996-2021)
and summer CalCOFI cruises (1987-2021) (Hyrenbach and
Veit, 2003; Santora et al.,, 2017; Santora et al., 2021b). From
the RREAS, we report at-sea densities of resident common
murres and migrant, sooty shearwaters. In southern California,
we present densities of warm-water, migratory black-vented
sheerwater and cool-water, migratory sooty shearwater. In
addition, RREAS records marine mammal abundances, and we
present the time series of humpback whale and Pacific white-
sided dolphin sightings.

Finally, California sea lion reproduction has been visually
monitored on San Miguel Island since 1997 (Melin et al., 2010).
Here, we report the number of pups born, pup growth rate, and
pup weight.

Results

Large-scale physical oceanography and
chlorophyll a

As predicted in late 2020, the ONI and PDO remained
negative until 2021 (Table 1; Figure 2A). The NPGO, however,
did not adhere to previous La Nina conditions (Figure 2A).
Whereas the NPGO tended to be positive during La Nifas over
the past four decades, it was strongly negative in 2014-2020 and
remained negative throughout 2021.

At a basin scale, SST reflected La Nifia conditions as the
temperature was highly negatively anomalous near the equator
in late 2020 and early 2021 (Figure 2B). Although the equatorial
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SST anomaly increased somewhat in spring and summer 2021, it
was still mainly negative. By contrast, anomalously warm surface
water was consistently persistent in the north Pacific from late
2020 throughout 2021, and the threshold for marine heatwave
categorization was exceeded during almost the entire period
(https://www.integratedecosystemassessment.noaa.gov/regions/
california-current). In late 2020, the MHW conditions reached
the shoreline in the southern CCE (Figure 2B). In 2021, MHWs
transitioned to the northwest and were offshore from the U.S.
Exclusive Economic Zone (370 km from shore) (Figure 2B).

Entering 2021, we predicted that low SST, high upwelling,
and high chlorophyll a would occur throughout the CCE
(Table 1). This expectation was largely met as SST was
consistently below average and upwelling was above average
within 75 km of shore north of Point Conception
(approximately 34°N) (Figure 3A). South of Point Conception,
however, SST was mainly above average and upwelling only
average to slightly above average in 2021. Spring chlorophyll a
anomalies largely followed upwelling and were extremely high
north of Monterey Bay in spring 2021 (Figure 3B). Around Point
Conception, chlorophyll a was mostly below average, and within
southern California, it was largely close to average although it
was below average in the Santa Barbara basin and above average
off Ventura, California (Figure 3C).

Regional physical oceanography and
chlorophyll a

At regional scales, environmental conditions mostly met the
expectation (Table 1) of low temperature, high salinity, and high
chlorophyll a. Off Newport, Oregon, the temperature at 50 m
was well below normal and salinity was well above normal for
most of the year and only reverted to average in October
(Figure 4A). This upwelled water apparently created optimal
conditions for primary production as chlorophyll a rose from
normal values in February to the highest values ever recorded by
September 2021. Temperature and salinity at 150 m generally
followed the same patterns as at 50 m, but the variability was
much more subdued at depth. On the THL, sampling was not
conducted between December 2020 and May 2021 due to
coronavirus disease (COVID), and we thus missed recording
conditions during the spring when upwelling is typically the
strongest (Figure 4B). By mid-2021, the temperature was close to
average and was within approximately 1°C for the remainder of
2021 (Figure 4B; note that the data here go through February
2022). Salinity fluctuated more than the temperature in 2021 and
was below average in June 2021 and then above average in fall.
Fluorescence was near average in mid-2021. In southern
California, the temperature in the mixed layer was slightly
below average in winter and then very close to average in
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(A) Time series of monthly values for three ocean indices especially relevant to the California Current: Oceanic Nifio Index (ONI), Pacific
Decadal Oscillation (PDO), and North Pacific Gyre Oscillation (NPGO). Vertical lines mark January 2017-2021. (B) Surface wind velocity and sea
surface temperature anomalies in the North Pacific Ocean for fall (September—November) 2020, winter (December—February) 2021, spring
(March—May) 2021, and summer (June-August) 2021. Arrows denote the magnitude and direction of wind anomaly (scale arrow at the top).
Contours denote temperature anomaly. Shading interval is 0.25°C and contour intervals at +1°C are shown in red and blue, respectively.

spring and summer of 2021 (Figure 4C). Salinity was essentially Regional zooplankton
average in winter and summer and slightly above average in

spring. The average chlorophyll a was above the long-term, Similar to past La Nifias (Table 1), the biomass anomalies of
seasonally adjusted mean in winter, spring, and summer of 2021. northern copepods on the NHL in the beginning of 2021 were the
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(A) Monthly sea surface temperature anomalies averaged from the coast to 75 km offshore. (B) Bakun upwelling index (Ul) anomalies. (C) Spring
(March—May) chlorophyll a anomalies averaged onto a 0.1° x 0.1° grid.

highest, and southern species the lowest, since the onset of the
2014-2016 MHW (Figure 5A). By the end of 2021, however, both
northern and southern species were closer to average relative to
the 25-year time series. Copepod species richness tracked the
copepod biomass anomalies, with species richness being low
through most of 2021, reflecting a community with cold-water
affinities, returning to average, and in late 2021, when the biomass
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anomalies were also closer to neutral. In northern California,
however, the body sizes of the dominant krill species, E. pacifica,
collected on the TH line were average in mid-2021 (Figure 5B).
Total krill abundance (largely driven by E. pacifica) from RREAS
surveys was above average only in the northern region, north of
Cape Mendocino (Figure 5C). South of Cape Mendocino, total
krill abundance was below average in all regions (Figure 5C).
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Regional fish and squid

As expected (Table 1), Pacific Pompano and market squid
decreased off Oregon and Washington in 2021 (Figure 6A). In
addition, as predicted, both Coho and Chinook Salmon rose to
near-average abundances. Predictions were mostly met at NHL
as four of the five species classified as offshore or southern
declined to below average in 2021, although rockfishes
continued to be very abundant (Figure 6B). The response of
coastal species was mixed as three of the six species were above
average (Figure 6B). Off California, predictions of species
abundance patterns from RREAS midwater trawls were mostly
met. Market squid increased in all regions but were still below
average in the north central and south central regions
(Figure 6C). Similarly, myctophids decreased throughout
California and were below average in all regions. In addition,
as expected, adult Anchovy were very high throughout
California and were at record levels in the north central, south
central, and south. Adult Sardine abundance, as expected, was
also low throughout most of California. As predicted, YOY Hake
and rockfishes increased uniformly in all regions. Regional
changes of YOY sanddabs were mixed as abundances
increased in the north and were low in southern California.
YOY Anchovy were below average in all RREAS regions except
southern California. YOY Sardine were mixed with very low
abundances from Monterey Bay south into southern California
but above average in the northern parts of California. In
southern California, the dynamics of larval abundances in
2021 were mixed relative to our simple predictions
(Figure 6D). Among species with pelagic adult habitats, as
expected, market squid increased (to average levels), Sardine
remained low, and Jack Mackerel decreased to very low
abundances. Hake, which typically increase under cooler
conditions, however, remained low. Pacific Mackerel, which
had not shown clear relationships with warming or cooling in
the past did not change much in 2021 and were close to average
abundance. Anchovy larval abundance reflected elevated adult
abundance and was the highest since the 1960s. Northern
mesopelagics increased relative to recent years but were still
well below-average levels, while southern mesopelagics displayed
exactly the opposite patterns. Groundfishes adhered to
predictions as sanddabs were low and rockfishes high in 2021.

Regional top predators

As predicted (Table 1), the reproductive output of Brandt’s
and pelagic cormorants were high in 2021, and common murre
reproductive success was average at the coastal colony located at
Yaquina Head (Figure 7A). Reproduction by common murre,
which fed on a mix of sand lance, Clupeid fishes, and herring
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(Figure 7C), was likely tempered by eagle disturbances, as there
was a strong, negative relationship between rates of eagle
disturbance and murre reproduction (Figure 7B, adjusted R* =
0.56) at Yaquina Head, and the disturbance level was
approximately average in 2021. On Southeast Farallon Island
(an offshore colony where eagle disturbance is not an issue),
seabird reproductive success was above average with the
exception of common murre (Figure 7D). Although murre
productivity increased relative to the past 2 years,
reproduction was still slightly below the long-term average.
The common murre diet was similar to 2020 and consisted
mostly of Anchovy followed by YOY rockfishes (Figure 7E).

Hypothesized changes of seabirds at sea (Table 1) did not
fully meet the expectations in central California as the density of
both migrant sooty sheerwater and resident common murre was
high in 2021 (Figure 8A). Similarly, predictions were only
partially realized for the migrant bird in southern California,
as cool-water sooty sheerwater was low (Figure 8B). Warm-
water black-vented sheerwater decreased relative to 2020 and
recent warm years (2005-2019), but it was still above the long-
term mean, as predicted.

We predicted that marine mammal sightings would increase
(Table 1). However, within central California, sightings of
humpback whales and Pacific white-sided dolphins decreased
in 2021 (Figure 9A).

Our expectation that sea lion pup indices would be high was
fully realized (Figure 9B). Pup count and growth rate anomaly
was above average for the fifth consecutive year. Pup weight
anomaly was above average for the sixth consecutive year.

Discussion

The overarching objective of this paper was to evaluate
whether physical and biological conditions in the California
Current Ecosystem were similar to past La Nifas. As forecasted
by NOAA in late 2020, a strong La Niia formed in early 2021
and wound up persisting through the entire year. While many of
the measured parameters adhered to predictions based on
previous observations of La Nifas, we did encounter several
ecological surprises. Here, we discuss the ecological implications
of major events that took place in 2021 and why they did or did
not differ from a priori predictions.

Another marine heatwave

Although we did not make an explicit prediction about
MHWs going into 2021, it is important to state that a large
MHW formed offshore of the U.S. Exclusive Economic Zone
(200 nm). Although it is not particularly rare for there to be a
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FIGURE 8

(A) Anomalies of at-sea sightings of migratory and resident sea birds from RREAS and (B) cool- and warm-water birds from summer CalCOFI.

mass of offshore warm water during a La Nifa (Wells et al,
2013), the 2021 MHW was unusual as it was very long (began in
April and lasted into December; >230 days long) and large
(~4.5M km?). Ultimately, it turned out to be the seventh largest
heatwave in this region on record since 1982. In addition, it was
closer to shore than most warm-water masses during La Nifias
(e.g., Wells et al,, 2013) although cool, productive waters near
shore mostly kept it from affecting coastal regions. However, the
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2021 MHW did briefly reach the central CA coast during a
relatively short period of upwelling relaxation in mid-June.
Overall, MHWs have been consistently present in the north
Pacific for 7 of the past 8 years (Thompson et al., 2019b; Weber
et al, 2021). Moving into the future, when MHW conditions are
predicted to become more prevalent (Jacox et al., 2022), it will be
interesting to see if MHWSs impact coastal regions even in La
Nifa years.
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(A) Anomalies of sighting of marine mammals from RREAS and (B) sea lion pup count, pup weight, and pup growth anomalies from San Miguel

Island (bottom).

Basin-scale indicators

At a basin scale, physical conditions that characterize
negative PDO and negative ONI largely aligned with a typical
La Nifa, as it was cool near the equator and in the northeast
Pacific along the coast, with warmer waters in the central NE
Pacific/Gulf of Alaska. The NPGO, however, was negative, which
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is atypical during La Nifas over the past 40 years (e.g., Wells
et al,, 2013). Indeed, the NPGO and PDO were both negative in
all months of 2021 for the first time since at least 1990. The
NPGO is typically high when the flow of the California Current
and the upwelling are strong, and has major implications for
biological production in the central and southern CCE
(Sydeman et al., 2011; Schroeder et al., 2019). A decoupling
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between basin and regional physical conditions began in 1989,
and the degree of differentiation is increasing under climate
change (Litzow et al., 2020). As such, data from 2021 further
show that attempting to correlate large-scale indices such as the
NPGO against biological dynamics at regional scales may be
problematic. Further investigation is warranted to determine
why the NPGO has been consistently negative since 2014 despite
widely variable physical and biological conditions in the CCE.

Invertebrates

Northern copepods, which are lipid rich in comparison to
their southern counterparts, were very abundant oft Oregon in
2021. This finding is fully in line with expectations as copepod
communities in the CCE tend to be comprised of southern
species under warm, low-nutrient, and low phytoplankton
conditions and northern species when it is cool and nutrients
and phytoplankton are abundant (Du and Peterson, 2018). The
high biomass of northern copepods in 2021 has important
ecosystem implications as it indicates favorable feeding
conditions and increased survival potential of juvenile salmon
first entering the ocean relative to recent years (Peterson et al.,
2014). Off California, however, the response of krill to cool,
productive conditions was mostly unexpected. Euphausiid
abundance was below average in all regions off California
except the far north, and euphausiid body size in the north off
Trinidad Head was average or below average. In recent years,
diminished euphausiid abundance and size were attributed
primarily to low primary productivity (Robertson and
Bjorkstedt, 2020). In 2021, however, some unknown factor
must have driven down euphausiids. A possible explanation is
that the extraordinarily high Anchovy abundance south of Cape
Mendocino exerted top-down control and significantly culled
euphausiid size and abundance. Although the impact of grazers
on planktonic communities has been recognized in the CCE
(Suchman et al., 2008), the broad role of top-down control on
secondary productivity in the CCE is poorly understood and
needs further study.

Fishes and market squid

For the most part, as observed in the past during La Ninas,
fishes associated with cool water increased, while those with
warm water decreased throughout the CCE. Off Oregon, coastal
fishes such as Pacific Sand Lance are important prey for salmon,
and the biomass of coastal taxa [Index of Coastal Prey Biomass
(ICPB)] is utilized as an index of prey availability and quality for
salmon migrating from rivers in late spring and early summer
(Daly et al., 2021). In 2021, the ICPB was the sixth highest since
the survey began in 1998 and the highest since 2012. Hence,
indices based on both zooplankton and ichthyoplankton suggest
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above-average forage conditions for salmon in the northern CCE
in 2021.

The response of Anchovy and Sardine to warming/cooling in
the CCE is very different now than it was in the 1900s.
Throughout the twentieth century, Sardine tended to thrive
when it was warm, while Anchovy abundance rose when it
was cold (Chavez et al., 2003). This facile paradigm began to fail
in the twenty-first century, as Anchovy did not appreciably
increase during the mostly cool years from 1999 to 2014
(Thompson et al., 2017a; Sydeman et al., 2020). Over the same
period, Sardine also began to decline, and by 2013, the
abundance of both Sardine and Anchovy was very low
(Thompson et al,, 2018). In mid-2014, the CCE abruptly
warmed as the Pacific Marine Heatwave spread south from the
Gulf of Alaska (Jacox et al., 2018). Unexpectedly, this marked the
beginning of prolonged, strong Anchovy recruitment as young
of the year abundance was very high within and around
Monterey Bay in 2014 and then throughout most of California
in 2015 (Thompson et al., 2019b). Subsequent strong
recruitment classes augmented the adult Anchovy population
from 2016 to the present, and in 2021, adult Anchovy abundance
was the highest since at least the 1960s. Meanwhile, despite the
MHW and subsequent warm events (Weber et al., 2021), Sardine
recruitment and adult population size were consistently low
through 2021. The surprising response of Anchovy and Sardine
to warming in the twenty-first century stresses the need to
resolve mechanistic forces impacting the recruitment of coastal
pelagic species in the CCE (Checkley et al., 2017).

Market squid responded predictably to the 2021 La Nina as
abundance increased throughout most of the surveyed areas.
These cephalopods are highly affected by SST as growth rates of
paralarvae are strongly, negatively correlated with water
temperatures between 14°C and 24°C (Reiss et al., 2004).
During the 2014-2016 MHW, market squid distribution
shifted markedly to the north (Chasco et al., 2022), and large
numbers turned up as far north as the Gulf of Alaska (Burford
etal., 2022). Market squid by volume is the most valuable fishery
off the west coast of the United States, and the northern shift
significantly decreased overall fishing revenue in California from
2014 to 2019. In 2021, however, market squid decreased to
below-average abundances off Oregon but increased throughout
California and was above average off Monterrey and southern
California. These trends may induce a boost in market squid
catch in California in 2021 and upcoming years.

Rockfishes are also commercially and ecologically valuable
in the CCE (Love et al., 2002), and the abundance of both larval
and young of the year rockfishes mostly increased or was high in
2021 throughout the CCE. Larval rockfish abundance is driven
by the number and age of adult females and environmental
conditions. Larval abundances will be high if adults are
abundant, females are older, and females are well fed (Hixon
et al., 2013). It appears that all of these conditions were met in
2021 as rockfish age and biomass increased throughout the
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2000s as a result of strong year classes and favorable
environmental conditions (Field et al., 2010; Thompson et al.,
2017a), and productive environmental conditions in 2021 likely
produced ample food for females. The rates of larval survival
determine the young of the year rockfish abundance, but overall
larval abundance is typically not related to recruitment strength
(Cury et al., 2014). However, Schroeder et al. (2019) found that
rockfish recruitment was high when parents were exposed to
Pacific subarctic (i.e., California Current) water in the months
preceding sampling of pelagic juvenile rockfish. The volume of
Pacific subarctic water tends to be higher in the CCE during La
Ninas, and it is likely that optimal physical conditions facilitated
high rockfish recruitment in 2021.

Birds

The reproductive success of resident-breeder seabirds tends
to increase during La Ninas (Santora et al., 2021b) and was
predictably high in 2021. The availability of appropriate forage is
a main driver of seabird reproduction, and the capacity of a bird
to thrive on a particular prey item can be species-specific
(Santora et al., 2014). In 2021, our data showed that many
species of potential bird prey such as the young of the year
rockfishes and Hake were abundant off Southeastern Farallon
Island, and this robust prey base likely augmented shore bird
reproduction. Unlike all other species, however, common murre
experienced below-average reproductive success at Southeast
Farallon Island while primarily consuming Anchovy. The
mechanisms driving low common murre reproduction are not
entirely clear. It is possible that abundant adult but low YOY
Anchovy abundance in central California impeded common
murre reproduction as adults provide chicks with whole fish
and adult Anchovy are too large for chicks to consume
(Thompson et al, 2018). By contrast, a species such as
Brandt’s cormorant can feed its chicks regurgitated Anchovy
or young of the year rockfishes (Nur and Sydeman, 1999), and
reproductive success has been above average since 2013 when
either or both Anchovy or rockfishes were very abundant.
Similarly, the western gull is a generalist predator and has had
average to above-average reproductive success in 2021 and
recent years after experiencing reproductive failure in 2011
when the abundance of many forage fishes was low. Cassin’s
auklet, which feeds primarily on krill (Santora et al., 2014), also
had above-average reproductive success in 2021, despite below-
average overall krill abundance in central California. Overall krill
abundance, however, is mostly driven by E. pacifica, and at-sea
observations (Jarrod Santora, personal observation) indicated
that upwelling-induced high abundance of T. spinifera likely
provided adequate forage for Cassin’s auklet. Moreover, because
the caloric value of T. spinifera is higher than E. pacifica (Ju et al.,
2009; Firber Lorda and Murcia-Riafio, 2021), an increase in T.
spinera could have compensated as an energy source for
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predators for a reduction in E. pacifica. In contrast with
Southeast Farallon Island, common murre had average
reproductive success at Yaquina Head. Given the forage base
off Oregon, we expected common murre reproduction to be well
above average in 2021. However, disturbance by eagles was
approximately average and probably reduced reproductive
success. Although common murre reproduction was only
average at Yaquina Head in 2021, it was much higher than in
2020 when eagle harassment was very intense. The high eagle
activity in 2020 may have been due to the lack of people visiting
the region when it was closed to the public because of the
COVID pandemic. In 2021, park visitation was closer to normal,
and this likely reduced eagle disturbance (Rachel Orban,
personal observation). Similarly, increased harassment by
eagles and augmented murre egg mortality occurred due to
COVID-induced reduction in human activity in the Baltic Sea in
2021 (Hentati-Sundberg et al., 2021). Overall, the documented
bottom-up and top-down forces largely accurately predicted
seabird reproduction in 2021.

Seabird abundance and distribution patterns at sea mostly
did not adhere to our expectations. Off central California, the
cool-water-associated sooty shearwater was high, likely in
response to the abundant forage base and cool conditions
(Santora et al.,, 2011; Santora et al., 2017). Unexpectedly, the
at-sea abundance of common murre was also high, which is
surprising as this species tends to spend more time on the colony
when prey is locally abundant (Harding et al., 2007). However,
the low common murre reproductive success at Southeastern
Farallon Island suggests that local prey abundance was
suboptimal in 2021. It is thus likely that common murre were
forced to forage away from land which explains the high at-sea
abundance. In southern California, the abundance of warm- and
cool-water migrants did not meet our expectations. Unlike most
of the CCE, summer SST was above average which may have
driven cool-water-associated sooty sheerwater further north. In
addition, while warm-water black-vented sheerwater decreased
relative to recent years, this species was mostly absent from
southern California subsequent to the 2014-2016 MHW. Hence,
slightly above-average abundances of black-vented sheerwater
may have been facilitated by moderately high SST. Overall, while
at-sea bird abundances did not adhere to our a priori
predictions, the patterns make sense in light of observed
environmental and prey base conditions.

Marine mammals

As expected going into 2021, sea lion reproductive success
was high. However, our prediction for sea lion reproduction was
based on the continued high abundance of Anchovy rather than
the onset of La Nifla conditions. Pup count and growth rate have
been above average from 2017 to 2021 and pup weight from
2016 to 2021. This is a sharp contrast to 2013-2015 when pups
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were starving, and an unusual mortality event (UME) was
investigated by the National Marine Fisheries Service (Laake
etal,, 2018). The UME and abrupt recovery are well explained by
the dynamics of Anchovy and Sardine (McClatchie et al.,, 2016a).
One of the few periods in the past 70 years when both Anchovy
and Sardine had very low abundances was during 2013-2015. By
mid-2016, Anchovy born in the high recruitment year of 2015
began to spawn (Thompson et al., 2022) and were thus large
enough to be available as prey for nursing adult female sea lions
(Wells et al., 2017). The influx of high-quality Anchovy prey in
2016 augmented pup weight, and by 2017, forage was plentiful
both during and after sea lion pregnancy. The 6-year run of
above average is the second longest of the time series to a 7-year
period from 2002 to 2008. Given that Anchovy abundance was at
close to an all-time high in 2021 and that Anchovy recruitment
was still high in southern California in 2021, it is likely that the
7-year streak of above-average sea lion condition will be
matched in 2022.

Southern California current ecosystem

Although the southernmost biological survey in 2021 was north
of the U.S./Mexico border, the CCE extends south into Mexican
waters. The latitude of the southernmost portion of the CC varies
annually, but the CC typically moves westward away from the coast
in southern Baja California Sur (Checkley and Barth, 2009;
Contreras-Catala et al., 2021). In Baja California Sur, Bahia
Magdalena (24.5°N) is a biogeographic barrier separating
temperate/subtropical species from tropical species (Contreras-
Catala et al,, 2021). During strong El Nifios, however, tropical fish
and invertebrates will move north of Bahia Magdalena but rapidly
diminish from northern areas upon cessation of anomalously warm
conditions (Funes-Rodriguez et al., 2006; Funes-Rodriguez et al.,
2011). In 2021, we, therefore, expected that the southern CC
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Graphical summary of CCE conditions in 2021.
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biological assemblage would comprise largely of temperate/
subtropical species. Unfortunately, the Mexican counterpart to
CalCOFI, Investigaciones Mexicanas de la Corriente de California
(IMECOCAL), did not sample the southern CC in 2021. If
sampling resumes in 2022, we will have further opportunities to
evaluate the impacts of La Nifa on the full CCE.

Suggestions for the future
and conclusion

EBUS are some of the most productive marine systems in the
world and affect the livelihood of millions of people (Pauly and
Christensen, 1995). As climate change accelerates, and non-
analogous oceanographic conditions manifest (Jacox et al,
2022), the biological components of EBUS may change in
unpredictable ways (Checkley et al., 2017). Continuous
monitoring of EBUS is thus critical to manage ecosystems to
the best of our capacity. Here, we document major physical and
biological indices in the CCE. A suggestion for future work is to
assess the ecosystem status of not just the CCE but all major EBUS
concurrently to evaluate differences and commonalities within
and among EBUS.

In conclusion, climate indices, including the ONI and PDO
index were negative, indicating a shift to cooler conditions. As
predicted, the shift to cooler conditions was reflected in the lower
temperature, higher salinity, and higher chlorophyll a throughout
much of the CCE, although this response was somewhat muted
south of Point Conception. Generally, northern species such as
northern copepods and northern mesopelagic larval fish species
increased. A robust prey base augmented shore bird and sea lion
reproductive success. In addition, many species displayed patterns
in abundance that varied regionally, such as krill, adult market
squid, YOY Hake, and YOY Anchovy (Figure 10). The difference
among regions in the CCE could be related to the relative
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importance of changes in local processes and dynamics, such as
the variability in alongshore wind, wind stress curl, and eddies
(Fewings, 2017; Xiu et al., 2018; Fewings and Brown, 2019). As
such, there is still much more to understand about the CCE, and
going through this exercise provides an opportunity to more
holistically assess our knowledge related to the ecosystem
dynamics of the entire CCE.

Looking forward, the NOAA Climate Prediction Center has
forecasted that La Nifia conditions will persist in 2022. As such,
we predict that physical and biological conditions will be similar
to 2021. However, several unexpected events occurred in 2021,
and it remains to be seen what surprises the CCE will have in
store for us in 2022. With continual monitoring, we will
determine if we need to change our expectations moving into
the future.
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