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2022 marked the third consecutive La Nifia and extended the longest
consecutive stretch of negative Oceanic Nifio Index since 1998-2001. While
physical and biological conditions in winter and spring largely adhered to prior La
Nifia conditions, summer and fall were very different. Similar to past La Nifia
events, in winter and spring coastal upwelling was either average or above
average, temperature average or below average, salinity generally above
average. In summer and fall, however, upwelling and temperature were
generally average or slightly below average, salinity was close to average and
chlorophyll a was close to average. Again, as during prior La Nifia events, biomass
of northern/southern copepods was above/below average off Oregon in winter,
and body size of North Pacific krill in northern California was above average in
winter. By contrast, later in the year the abundance of northern krill dropped off
Oregon while southern copepods increased and body sizes of North Pacific krill
fell in northern California. Off Oregon and Washington abundances of market
squid and Pacific pompano (indicators of warm, non-typical La Nifia conditions)
were high. In the 20" century, Northern anchovy recruitment tended to be high
during cold conditions, but despite mostly warm conditions from 2015-2021
anchovy populations boomed and remained high in 2022. Resident seabird
reproductive success, which tended in the past to increase during productive
La Nifia conditions was highly variable throughout the system as common murre
and pelagic cormorant, experienced complete reproductive failure at Yaquina
Head, Oregon while Brandt's cormorant reproduction was average. At three
sampling locations off central California, however, common murre reproduction
was close to or above average while both pelagic and Brandt's cormorant were
above average. California sealion reproduction has been above average each
year since 2016, and pup weight was also above average in 2022, likely in
response not to La Nifla or El Nifio but continuous high abundance of
anchovy. The highly variable and often unpredictable physical and biological
conditions in 2022 highlight a growing recognition of disconnects between
basin-scale indices and local conditions in the CCE. “July-December 2022 is the
biggest outlier from individual “strong” La Nifia (events) ever going back to the
50s.” — Nate Mantua

KEYWORDS

California Current, marine heatwave, La Nifia/El Nifio, California Cooperative Oceanic
Fisheries Investigation, global warming
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GRAPHICAL ABSTRACT

Introduction

Basin scale indices of ocean condition have the potential to
inform biological dynamics at regional scales (Hallett et al., 2004).
Since the early 1980s expectations have formed regarding the
biological implications of El Nifio and La Nina conditions
throughout the world (Cobb et al,, 2013; Timmermann et al,
2018; Broughton et al., 2022). NOAA’s National Weather Service
declares that the ocean is in an El Niflo/La Nifia state when the 3-
month average sea surface temperature anomaly exceeds/falls below
0.5°C of average (between 1971 and 2000) in the east-central
equatorial Pacific (5°N to 5°S and 170°W to 120°W) for five
consecutive months. In El Nifo years the northern and southern
(poleward of 20°) Pacific Ocean tends to be relatively warm off the
western coasts of North and South America but cool in the western
Pacific and vice versa in La Nina years. In the California Current
Ecosystem (CCE), which covers the coast of North America
between Vancouver Island, Canada and southern Baja California
Sur, Mexico (Figure 1), the flow of the eastern boundary California
Current, and upwelling tend to be high during La Nifia events
(Bond et al., 2008). This results in high nutrient input and generates
cool, productive conditions that, for example, facilitate the
increased spawning output, growth and survival of many
zooplankton species such as North Pacific krill Euphasia pacifica
and Thysanoessa spinifera that are important prey for juvenile
salmon leaving their natal rivers and entering the ocean for the
first time (Peterson et al., 2014). 2022 represented the third
consecutive La Nifa year, and our goal here is to evaluate
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oceanographic and biological conditions in the CCE to determine
if the system was similar to prior La Nifa events (Bond et al., 2008).

In the past, there was general consensus of the expected physical
and biological conditions in the CCE during La Nifia events (Bond
et al,, 2008). For example, northerly winds that induce upwelling
were typically high and the onset of these winds (i.e., spring
transition) was early in the year. This upwelling brings cold,
saline and nutrient rich water to the surface. The nutrients fuel
primary production and thus chlorophyll was high. At the
secondary trophic level, large, northern, lipid-rich zooplankton
abundance tended to be more abundant than smaller, southern
zooplankton. Fish species that feed on the larger zooplankton (e.g.),
tended to experience high survival during La Nifia. In addition,
recruitment of anchovy seemed to increase during the cold La Nifia
events while sardine recruitment may have been lower (Chavez
et al., 2003). Many apex predators such as sea birds and marine
mammals tended to have high reproductive success during the
productive La Nifia conditions (Jones et al., 2018; Laake et al., 2018;
Pistorius et al., 2023).

Despite the common use of El Nino/La Nina to predict
biological dynamics, it has become increasingly clear that the way
El Nifio and La Nifa manifest locally can change through time
(Park et al,, 2012; Yeo et al., 2012; Yu et al., 2012; Jo et al., 2015;
Ohlberger et al., 2022; Hong and Hsu, 2023). For example, Yu et al.
(2012) found that Eastern Pacific types of El Nifios were more
common prior to 1990 but Central Pacific El Nifio events were
predominant from 1990-2009. Both Eastern Pacific and Central
Pacific El Nifio events begin with warming at the equator, but the
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FIGURE 1

Map of sampling locations. The following are sea-going surveys:
Purple is the Juvenile Salmon Ocean Ecosystem Survey (JSOES),
blue is the Newport Hydrographic Line (NHL), green is the Rockfish
Recruitment and Ecosystem Assessment Survey (RREAS), grey is the
Trinidad Head Line (THL), and orange is the California Cooperative
Oceanic Fisheries Investigation (CalCOFI) survey. Red dots are land-
based surveys for birds (Yaquina Head, Point Reyes and Devil's Slide)
and sea lions (San Miguel Island). States and landmarks are in white
font: WA is Washington, OR is Oregon, CA is California, BCN is Baja
California Norte, and BCS is Baja California Sur.

Eastern versions form closer to South America and tend to
propagate warm water to higher latitudes than the central
counterparts (Capotondi et al., 2015; Lilly and Ohman, 2021).
Within the CCE, El Nifo type can greatly affect local biological
conditions, and different zooplankton communities emerge under
Eastern Pacific versus Central Pacific El Nifio events (Chavez et al.,
2002; Lilly and Ohman, 2018; Lilly and Ohman, 2021).
Furthermore, marine heatwaves (MHW), which are becoming
more frequent worldwide (Jacox et al., 2020; Jacox et al.,, 2022),
can dampen teleconnection between tropical and higher-latitude
conditions. Indeed, despite Nifio-neutral conditions in 2017
summer surface water temperature was 3-4° C above average oft
Peru and Ecuador, and this event was called a “coastal” El Nino
(Echevin et al., 2018).
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Local conditions occurring under another popular basin-scale
indicator, the Pacific Decadal Oscillation (PDO) are also proving to
be highly dynamic (Litzow et al., 2020a). The PDO is a multivariate
index characterizing variability in sea surface temperature anomaly
in the north Pacific (Mantua et al., 1997). It is high when water is
relatively warmer in the eastern than the western Pacific and vice
versa. At decadal time scales, high and low PDO periods tend to
cluster resulting in conditions termed warm and cold regimes,
respectively. These warm and cold PDO regimes have been tied
to biological events such as periods with low and high anchovy or
sardine abundances (Chavez et al.,, 2003). However, Litzow et al.
(2020a) found that beginning in 1989 there has been increasing
disconnect between the value and even the magnitude of the PDO
and SST anomalies in both the Bering Sea and the CCE. The
persistent north Pacific MHW s changed the meaning of the PDO in
southern California so fundamentally that Werb and Rudnick
(2023) questioned its utility as an index that can be used to
predict biological dynamics.

The potential for nonstationary local relationships under El
Nifno/La Nifia or warm/cold PDO regimes necessitates continuous
monitoring of both physical and biological conditions in marine
ecosystems to understand ecosystem status and make sensible
ecosystem-based management decisions. The State of the
California Current Ecosystem Report has been documenting
ecosystem conditions in the CCE every year since 1993. Here, we
again report on trends in physical oceanography, phytoplankton,
pelagic invertebrate zooplankton, fish, birds, and marine mammals.
Our goal is to explicitly compare physical and biological features of
the CCE to determine how the system in 2022 compared to past
strong La Nifna events occurring over the past half century.

Methods

The State of the California Current Ecosystem Report
synthesizes data from a myriad of satellite observations and land
or ship-based surveys that have proven over the years to be
insightful indicators of the physical or biological status of the
CCE (McClatchie et al., 2016b; Thompson et al., 2019b; Weber
et al,, 2021). The methodology of each survey (Figure 1) has been
well described elsewhere, and here we provide a brief summary of
each data source as well as a reference for each that provides details
on data collection. We present time series of anomalies for most of
the analyzed variables. For each variable we first calculated the long
term mean across all sample points and then subtracted the given
value from the mean. We then qualitatively described whether the
value in 2022 was average (at or very close to the mean), below or
above average.

Pacific climate indices

We obtained time series of the Oceanic Nifio Index (ONI) and
the Pacific Decadal Oscillation (PDO) and North Pacific Gyre
Oscillation (NPGO) indices from the California Current
Integrated Ecosystem website (https://oceanview.pfeg.noaa.gov/
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dashboard/). The ONI is a three-month running mean of SST
anomalies averaged within and around the equator at 5°S-5°N and
120°W-170°W. The PDO is the first eigenvector of a Principal
Components Analysis of sea surface temperature in 5° x 5° grids
throughout the North Pacific (Mantua et al., 1997). The NPGO is
the second eigenvector of sea surface height (SSH) throughout this
same region (Di Lorenzo et al., 2008).

Next, we examined broad trends in SST in the North Pacific.
First, we plotted a time series of Hadley SST (https://
www.metoffice.gov.uk/hadobs/hadisst/) with a five-month running
mean of SST anomalies averaged over 30°N-60°N and 120°E-110°W
to describe dynamics of SST throughout the North Pacific. Next, we
focused on the California Current Ecosystem by plotting five-
month running means of area average SST anomalies over 30-48°
N along the coast out to 150 km.

To visualize spatial distribution of SST in the Pacific, we created
figures of seasonal averages of SST and wind anomalies from winter,
spring, summer and fall 2022 using data from NCAR/NCEP
Reanalysis (downloads.psl.noaa.gov/Datasets/ncep.reanalysis/
Monthlies/surface/).

To contextualize the strength of the 2022 La Nina relative to
past La Nifnas, we created a figure showing the average SST anomaly
during the ten strongest La Nifias from 1991-2020 versus the SST
anomalies in 2022 in the first and second halves of the year. We
noted that conditions seemed to vary greatly in the first and second
halves of 2022 and thus created separate plots for January to June
and July to December.

Marine heatwave update

Since the onset of the 2013 North Pacific Marine Heatwave
(MHW), these events, as defined by Hobday et al. (2016), have been
present near constantly in the North Pacific (Weber et al., 2021),
and 2022 was no exception. We compared the duration and
intensity of the 2022 MHW at two spatial scales. First, we
evaluated the size and duration of the 2022 MHW relative to the
235 MHWs recorded since 1982 at the scale of the North Pacific.
Next, we examined the amount of area in the North Pacific that
contained a MHW through time in 2022. To evaluate the presence
of MHW’s in the CCE, we demarcated the proportion of the ocean
from the shore to the seaward edge of the Economic Exclusive Zone
(EEZ; 370 km) that included a MHW. We further discerned the
evolution of MHW s in the CCE by plotting against day of the year
the proportion of the EEZ with a MHW in 2022, and in recent years
with MHWSs (2021, 2020, 2019 and 2014). Finally, we plotted the
total area of MHWS in 2022 per day along with the same four years
as the previous graph.

Upwelling and primary production

We evaluated upwelling strength by plotting SST anomalies
from the coast out to 75 km from shore from 47°N to 31°N between
January 2017 and December 2022. We coupled this panel with
anomalies of the Biologically Effective Upwelling Transport Index
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(BEUTI), which estimates vertical flux of nitrate to the mixed layer,
over the same temporal and spatial extent (Jacox et al., 2018). Next,
we examined how cumulative upwelling progressed on a daily basis
in 2022 versus the long-term average and the most recent three
years. Here, we examined the Coastal Upwelling Transport Index at
47°N, 45°N, 42°N, 39°N, 36°N, and 33°N. In addition, we plotted
images onto a 0.1° x0.1° grid of spring (March-May) chlorophyll a
anomalies from 2020-2022 relative to 2003-2022. We obtained
satellite-derived (Aqua MODIS) chlorophyll a data off the west
coast of the United States from https://coastwatch.pfeg.noaa.gov/
erddap/griddap/erdMH]1chlamday.

Regional temperature, salinity and
chlorophyll a

We compared anomalies of temperature, salinity and chlorophyll
from various locations within the CCE. Anomalies were calculated
from in-situ measurements along the Newport Hydrographic Line
(NHL; Figure 1) at stations 5 and 50 (Auth et al,, 2018), Trinidad
Head Line (THL; Figure 1) at station 2 (Robertson and Bjorkstedt,
2020), and CalCOFI (Figure 1) Line 90 at stations 30, 60 and 90
(Robidas, 2023). For CalCOFI, we analyzed CTD data that has been
sampled at 1-m depth intervals since 2003. In each location, we
evaluated conditions relatively shallow (NHL: 50 m, THL: 15 m, and
CalCOFI: mean 0-50 m) and deep (NHL: 150 m, THL: 65 m and
CalCOFI: mean 151-200 m) in the water column. There was no
winter CalCOFI cruise in 2022 due to issues with covid and staffing.

Regional zooplankton

Three indices of zooplankton were collected throughout the
CCE. At the NHL, we evaluated biomass anomalies of northern and
southern copepods collected with bongo nets deployed to 100 m
(Peterson et al., 2014). We also analyzed anomalies of adult body
size and total biomass of North Pacific krill collected along the THL
with Bongo nets deployed to 100 m (Robertson and Bjorkstedt,
2020). Finally, total krill biomass anomalies were measured north
and south of Point Conception using data from midwater trawls (30
m, 15 min) collected by the Rockfish Recruitment and Ecosystem
Assessment Survey (RREAS; Figure 1) (Sakuma et al, 2016).

Regional fish and market squid

Various life stages of fish were sampled throughout the CCE
(Gallo et al., 2022). Here, we focus, from north to south, on the
Juvenile Salmon and Ocean Ecosystem Survey (JSOES; Figure 1),
the NHL, the RREAS and CalCOFL In each survey we delineated
fishes from particular habitat types (e.g., coastal, northern versus
southern offshore from NHL) that in the past were observed to
respond in at least somewhat of a predictable fashion to basin-scale
dynamics (Thompson et al., 2022b). Furthest north, JSOES
conducted horizontal net tows in the upper 20 m of the water
column during the day. Although many fishes were caught through
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JSOES spring sampling (Barcelo et al., 2018), we examined
abundance anomalies from just those that reside near the surface
during the day and do not undergo diel vertical migration. We also
distinguished fishes with marine versus anadromous life histories
from JSOES. Off the NHL, ichthyoplankton were collected every
two weeks with bongo nets from January to March (Daly et al,
2013). The RREAS (Figure 1) conducted 15 minute tows at 30 m
depth in early summer (Schroeder et al., 2019) off California since

10.3389/fmars.2024.1294011

2004. We categorized RREAS fishes into adult or young of the year
(YOY) life phases and plotted standardized abundance time series
north and south of Point Conception (Santora et al., 2021;
Schroeder et al., 2022). The CalCOFI survey has been sampling
quarterly off central and southern California consistently since 1951
using a ring net from 1951-1976 and then a bongo net from 1977-
present (Thompson et al., 2017). Spring samples tend to contain the
most species and are the most consistently sampled (Thompson
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et al., 2022a), so we focused on this season. From CalCOFI, we
distinguished taxa with adult benthic, mesopelagic and pelagic
habitats and plot abundance anomalies.

Given the importance of northern anchovy Engraulis mordax
(henceforth anchovy) to ecosystem dynamics in the CCE (Fennie
et al,, 2023), and initial observations showing that larval abundance
seaward of the shelf break were very high, we also included a plot of
the spatial distribution of anomalies of larval abundance of this
species in spring 2022. For each CalCOFI station we calculated the
mean number of larvae in spring from 1951-2021. We then
generated station specific anomalies by subtracting the number of
larvae caught in 2022 from the long-term average.

Regional seabird and sea lion reproduction

Seabird monitoring, where measures of reproductive success
(number of fledged chicks) from individual nests are recorded using
standardized methodology, are conducted worldwide and from
several locations in the CCE (Pistorius et al., 2023). We examined
time series of reproductive success of three surface nesting species,
the common murre Uria aalge, Brandt’s cormorant Phalacrocorax
penicillatus, and pelagic cormorant Phalacrocorax pelagicus.
Furthest north, these species were monitored at Yaquina Head,
Oregon (Porquez et al, 2021). In California, we examined
reproduction dynamics from Point Reyes, Southeast Farallon
Island, and Devil’s Slide (Santora et al., 2014). California sea lions
Zalophus californianus have been monitored at San Miguel Island
for decades. We reported mean pup weight anomalies from 1997-
2022. We focused on pup weight anomaly as it has been shown to be
a robust index of pup conditions (McClatchie et al., 2016a).

NOAA Extended SST V5 (ERSST)
Anomoly 19912020 climo

Surface SST (C) Composit

January-June

B 10La Nifia event composite
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Regional at-sea mammals and birds

CalCOFI marine mammal visual surveys were carried out
during daylight hours while the ship was in transit between
CalCOFI sampling stations on each quarterly cruise (Campbell
et al., 2015). Observations of seabirds were made off the RREAS in
late spring and CalCOFI in summer (Sydeman et al., 2021a;
Sydeman et al., 2021b). For marine mammals we analyzed two
indicator species, humpback whales Megaptera novaeangliae and
blue whales Balaenoptera musculus. For seabirds, we tracked
dynamics of resident common murre and migrant sooty
shearwater off central California in late spring and cool water-
associated sooty shearwater and warm water-associated black-
vented shearwater Puffinus opisthomelas.

Results

Pacific climate indices

The three major basin-scale indices were all negative in 2022.
The ONI was negative all year indicating that the Pacific Ocean was
experiencing the third consecutive La Nifia in as many years. The
PDO has been continuously negative since 2020. The NPGO has
been negative since mid-2017 (Figure 2A).

The mean SST anomaly across the North Pacific Ocean,
however, has been positive nearly 100% of the time since
2013 and has steadily increased since 2018. In 2022 the
SST anomaly in the North Pacific reached a record high
towards the end of the year. Similarly, the SST anomaly in
the CCE region has been almost exclusively positive since

NOAA Extended SST V5 (ERSST)
Surface SST (C) Composite Anomoly 1991-2020 climo

July-December

D 10La Nifia event composite

FIGURE 3

-28 -2 - =1 7

(A) Average SST anomaly during strong La Nifia years in January-June from 1991-2020, (B) Average SST anomaly in January-June in 2022,
(C) Average SST anomaly during strong La Nifia years in July-December from 1991-2020, (D) SST anomaly in July-December in 2022.
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and in recent years with pronounced MHW

2014. Both in 2021 and 2022, SST was slightly below average in the
first half of the year but above average in the second
half (Figure 2A).

Visualization of SST anomalies throughout the North Pacific
contextualize the average trends. In winter, SST was close to average
near the coast of North America but well above average in the
central Pacific (Figure 2B). In spring, conditions resembled a typical
La Nifna as SST was below average in the eastern Pacific but above
average in the western Pacific. In summer and fall, the SST anomaly
was also higher in the east than the west, but the SST anomaly was
higher than average in the entire region (Figure 2B).

The contrast between the first half of 2022 and the second half
was evident by comparison of average SST anomalies in the strongest
La Nifa during the past 30 years versus that of 2022 (Figure 3). The
first part of 2022 resembled a mild La Nifia as SST was below normal
along the coast of North America and above average in the central
Pacific (Figures 3A, B). In summer and fall, however, the SST
anomaly was well above average (Figures 3C, D) in the eastern
North Pacific and well above average in the western Pacific.

Marine heatwave update

From the perspective of the North Pacific Ocean, the third
largest MHW occurred in 2022, following only the 2018 and 2020
events (Figure 4A). In January 2022, MHW:s covered approximately
half a million km? (Figure 4B). Marine heatwave coverage increased
abruptly in the North Pacific in March to about 4 million km?
however, until August the MHW was mostly seaward of the EEZ.
From August to November the MHW footprint increased to
approximately 7 million km? and it encroached into the CCE. By
the June 9, 2022 the MHW was present in ~20% of the CCE
(Figure 4C). The amount of the CCE experiencing a MHW jumped
to ~50% by the middle of the year and in August approximately
70% of the EEZ was in an MHW (Figure 4C). The MHW occupied
most of the EEZ through October but rapidly departed in late
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October, and was almost absent within the EEZ by late November
(Figure 4C). The pattern of MHWs entering the EEZ in late spring
or early summer and then withdrawing in fall was evident in each
year from 2019-2021. By contrast, in 2014 the MHW remained in
the EEZ through the end of the year. At the scale of the Eastern
Pacific Ocean, the size of the MHW in 2022 increased through the
year and peaked in September (Figure 4D). Although it decreased in
size in fall, it still occupied approximately 4 x 10° km* mostly
offshore from the EEZ by the end of the year. Similar dynamics,
where the size of the MHW increased early in the year, peaked in
summer and decreased but did not dissipate in fall also occurred in
2014, 2019 and 2020. In 2021, however, the MHW almost totally
went away in fall.

Upwelling and primary production

Upwelling also reflected a contrast between the two halves of
2022. In winter, upwelling was above average (and SST below
average) in northern California and southern Oregon while
conditions were close to average in the rest of the CCE off the
United States (Figures 5A, B). In spring, upwelling was well above
and SST well below average between Point Conception (34°N) and
Cape Mendocino (40.4°N). South of Point Conception, however,
upwelling was about average in spring and north of Cape
Mendocino it was below average. In summer, conditions changed
abruptly throughout the CCE. Sea surface temperature was above
average in most of the U.S. portion of the CCE from June to late
October and upwelling was either average or below average. In
approximately the last month of 2022, upwelling increased and
temperature decreased north of Point Conception.

Surface chlorophyll g in spring was mostly anomalously low off
the west coast of the United States in 2022 (Figure 5C). The few
locations where chlorophyll a was high near the continental shelf
break at and north of Cape Mendocino (40.4°N) into southern
Oregon (42.9°N) and in northern part of the Southern California
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axis) and time (x-axis). (C) satellite-derived chlorophyll a anomaly during spring 2020-2022.

Bight (34°N). The distribution of chlorophyll a in spring 2022 was
markedly different than 2021 when chlorophyll a was elevated
throughout most of the central and northern CCE.

Regional temperature, salinity and
chlorophyll a

Off Newport, Oregon, temperatures were low and salinity high
at both 50 and 150 m in winter of 2022. Subsequently, conditions
reversed as temperature and salinity were close to average
(Figure 6A). Similarly, chlorophyll a fell to below average when
temperature increased and salinity decreased (Figure 6A). We
observed similar patterns in northern California. On the THL,
temperature was generally low and salinity high early in the year.
Later in the year, temperature was above or close to average and
salinity below or close to average (Figure 6B). Fluorescence on THL
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also decreased from beginning to mid-2022 although there was a
brief spike in September.

In southern California on CalCOFI line 90 conditions differed
depending on depth and distance from shore (Figure 6C). At the
offshore station (station 90), temperature was average near the
surface (0-50 m) in spring but above average in summer and fall
(Figure 6C). At depth (151-200m), temperature was below average
in 2022. At the shelf break, temperature was slightly below average
in spring and then average in summer. Closer to shore, shallow
temperature was slightly above average in spring, average in
summer and slightly below average in fall while deeper
temperature was average in spring, above average in summer and
below average in fall.

Salinity in southern California was mostly average or above
average on line 90 in 2022 with below average salinity only
occurring in spring off the shelf in the upper 50 m (Figure 6C).
Chlorophyll a was close to average in the offshore region
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throughout 2022. Near the shelf break, chlorophyll a was above
average in spring and summer. Chlorophyll a was above average
near shore in spring and below average in summer and
fall (Figure 6C).

Regional zooplankton

On the NHL, northern copepod biomass was high in the
beginning of the year but became slightly negative towards the
middle of the and then slightly positive in the second half of the year
(Figure 7A). North Pacific krill body size was slightly above-average
at the beginning of the year, dropped to below-average in late
spring, and returned to near-average for the remainder of the year
(Figure 7B). North of Point Conception, the RREAS (early summer)
documented slightly above average total krill while in the south total
krill was slightly below average (Figure 7C).

Regional fish and market squid

Off Washington and Oregon, daytime surface trawls found that
abundances of yearling anadromous Coho salmon Oncorhynchus
kisutch were above average while chinook salmon O. tshawytscha
were average in 2022 (Figure 8A). Abundances of both monitored
marine species, market squid Doryteuthis opalescens and Pacific
pompano P. simillimus were above average. Off Newport, Oregon,
larval abundances of five of six coastal species were below average
with only Pacific sandlance Ammodytes hexapterus coming in above
average (Figure 8B). Abundances of all offshore/southern species
were below average in 2022 off Newport. In California, adult
dynamics from the RREAS were similar north and south of Point
Conception (Figure 8C). Specifically, market squid abundance was
above average while Myctophidae and Pacific sardine Sardinops
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sagax (henceforth sardine) were below average. Adult anchovy
abundance was above average in the north but fell to average for
the first time since 2016 in the south. Young of the year trends were
more disjointed than adults in the northern versus southern parts of
California. Abundance of YOY rockfishes Sebastes spp. decreased to
below average in the south but rose from 2021 to remain above
average in the north. By contrast, abundance of YOY anchovy were
well above average in southern California but below average in
northern/central California. Young of the year sardine and sanddab
Citharichthys spp. abundances were both below average throughout
California while Pacific hake Merluccius productus (henceforth
hake) decreased in 2022 relative to 2021 throughout California
although this species remained above average in both regions. In
southern California, CalCOFI larval data displayed varied trends for
the two main benthic species as the abundance of sanddabs
increased to the highest level since 2014 while rockfishes
remained below average (Figure 8D). For the mesopelagics,
abundances of both northern and southern taxa increased in 2022
and southern taxa were at close to record high abundances. Among
pelagics, the larval anchovy abundance reached the highest level on
record, and jack mackerel Trachurus symmetricus was in the top 10
highest in 2022. Market squid was also well above average in 2022.
Hake and Pacific mackerel Scomber japonicus were below average,
but sardine larval abundance increased to the highest level since
2014, although this was still orders of magnitude lower than peak
abundances from the late 1990s to approximately 2009.

The spatial distribution of anchovy larvae was highly unusual in
2022 when very high abundances were found seaward of the
continental shelf (Figure 8E). The most extreme example of high
offshore abundance was station 93.3 80 where 7000 more larvae
were found in 2022 (7056) than on average (56). In addition to this
station several nearby offshore stations had upwards of 5000 more
larvae than average. By contrast, most of the outer shelf stations had
average anchovy abundances and a handful of stations had below

frontiersin.org


https://doi.org/10.3389/fmars.2024.1294011
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Thompson et al.

A southern copepods
o.50! Newport
0.25 m h
0.00 w U” W .& .vﬁ
ARV VW uy e
-0.501
northern copepods
1.09
MM i, Mﬂ/\ b
. fs i ﬂ oA I
: V ,W ¢
-0.5
-1.01
1'58§88§889§1i‘228$
B
length
o2l Trinidad Head
0.01
02!
04
total biomass
2]
A
ol
-1
2
3
g g @ £ © @ ¥ & © © ® @ g § § R
§ 8§ 88388233’ &d2a& 88 8 8
Cc
,. Rockfish Recruitment and Ecosystem /‘
Assessment Survey / \
" \
\
\
\\
0 \
A
\
Al
1S
2
North
= = = = & S S
8 s g g 8 & <
year
FIGURE 7

(A) Anomaly of log biomass of southern and northern copepods at
the NHL. (B) Anomaly of North Pacific krill body length (mm) and
biomass (mg C m-2) at the THL. (C) Anomaly of log biomass of krill
in California north (blue) and south (red) of Point Sal from

the RREAS.

average abundances. For example, 265 fewer larvae were found in
2022 (110) than average (375) at station 90 45, just west of San
Clemente Island (Figure 8E). Closer to shore larval anchovy
abundance was generally higher than normal but not to the same
extent as the off-shelf stations.

Regional seabird and sea lion reproduction

Seabird reproductive success was variable by species and
location in 2022 (Figure 9A). At Yaquina Head, common murre
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experienced total reproductive failure for the fourth season since
records began in 2007. Common murre reproduction was above
average at Point Reyes, slightly below average at Southeast Farallon
Island and almost exactly average at Devil’s Slide. Brandt’s
cormorant experienced average reproduction at Yaquina Head
and above average at the other three localities. Pelagic cormorants
also had complete reproductive failure at Yaquina Head but were
above average in Southeast Farallon Island and Devil’s Slide. This
species was not monitored at Pt. Reyes Headlands. In 2015, sea lion
pup weight was the lowest on record. Pup weight rebounded to
above average in 2016 and has remained above average through
2022 (Figure 9B).

Regional at-sea birds and mammals

All four indicator bird species were sighted at above average
rates in 2022. In central California in late spring, both the migratory
sooty shearwater and resident common murre were at record highs
dating back to 1995 (Figure 10A). In southern California in
summer, cold-water sooty shearwater had the sixth highest
sightings and warm water black vented shearwater the second
highest sightings since 1995 (Figure 10B).

Annual humpback whale encounter rates were considerably
higher in 2022 than any previous year (Figure 10C). Most of the
2022 sightings occurred during the fall survey, and fall 2022
encounter rates were higher than any previous survey dating back
to 2004 (Supplementary Figure). Encounter rates of blue whales
have fluctuated above and below average in recent years and were
average in 2022 (Figure 10C).

Discussion
Pacific climate indices

Environmental conditions differed markedly in the first and
second halves of 2022 in the CCE relative to basin-scale indices. The
determination of El Niflo/La Nifa state is based upon SST at the
equator, and during La Nifia events, the CCE is generally cool with
high upwelling and coastal productivity (Bond et al, 2008). In
winter the CCE seemingly reflected a weak La Nina as SST was
largely close to average and northerly winds fueled moderately high
upwelling in the northern CCE. Spring more resembled a typical La
Nina with cool temperatures throughout most of the CCE,
northerly winds and high upwelling. In summer, however,
conditions in the CCE abruptly ceased being similar to an average
La Nifia. In summer, SST in the CCE was approximately 1°C above
normal and by fall the CCE-wide SST anomaly rose to about plus
2°C. Concomitantly, upwelling fell to average or below average in
summer and fall. In all, summer and fall 2022 depicted likely the
most anomalous La Nifa conditions in the CCE on record.

Historically, the PDO correlated positively with SST in the CCE
(Litzow et al., 2020a). When the PDO was in a negative or “cold”
phase the CCE tended to be cold and productive due to high
upwelling, and the PDO negatively correlated with salmon
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relative to spring 1951-2021.

production (Mantua et al., 1997). Meanwhile, a positive NPGO was
associated with high nutrients, salinity and chlorophyll in the CCE
(Di Lorenzo et al., 2008). Our finding that it was anomalously warm
in the CCE over the past three years and in the second half of 2022
in particular, highlight that the relationship with the PDO/NPGO
and local conditions off the west coast of the U.S. and Baja
California are rapidly changing. Litzow et al. (2020a) found that
the relationship between the NPGO/PDO local climate began to
become nonstationary starting in about 1989/1990 when there was
an abrupt climate shift characterized by abrupt lowering variability
in the Aleutian Low and northeast Pacific warming (Hare and
Mantua, 2000; Yeh et al, 2011). They showed that relationships
with these indices have been weakening from the Bering Sea to the
southern California Current. In addition, while the PDO correlated
strongly and positively with salmon production in the Gulf of
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Alaska from 1950-1988, there was no relationship from 1989-
2012 (Litzow et al., 2018) and that the relationship even became
significantly negative from 2014-2019 (Litzow et al., 2020b).
While the relationships between the PDO and local conditions
has been changing since the late 1980’s (Litzow et al., 2020a),
nonstationarity was punctuated with the onset of the 2013 North
Pacific Marine Heatwave (Werb and Rudnick, 2023). In Werb and
Rudnick (2023), unlike Mantua et al. (1997), the PDO was
calculated without removing long-term trends in SST, resulting in
exclusively positive PDO values from 2014-2021. This revised
version of the PDO lines up better with our observations of ocean
conditions as record high temperatures were recorded at the scale of
the North Pacific and the CCE was almost exclusively anomalously
warm since 2014. Together, these results emphasize that naively
using the PDO as an explanatory variable for biological dynamics in
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FIGURE 9

(A) Reproduction anomaly (number of fledglings) of three birds in Yaquina Head, Oregon, Pt. Reyes, SE Farallon Island and Devil's Slide near San
Francisco, California. (B) Sea lion pup weight anomaly (kg) on San Miguel Island, California.

the CCE is now problematic (Litzow et al., 2018; Litzow et al., 2020a;
Litzow et al., 2020b; Ohlberger et al., 2022; Werb and
Rudnick, 2023).

Marine heatwave update

It has been predicted that the frequency, intensity and duration
of MHW will increase under a warming globe (Frélicher et al., 2018;

Frontiers in Marine Science

13

Oliver et al,, 2018). In the North Pacific, MHWs have essentially
become the new normal resulting in unprecedented temperature
highs in the North Pacific and the CCE. Marine heatwaves have
been tracked in this region since 1982, and nine of the largest twelve
occurred from 2013-2022. Given the propensity of MHWs, the new
question is not whether or not there is a MHW but how close to
shore does the MHW move? In 2021, the MHW mostly stayed
offshore (Thompson et al., 2022b). The 2022 MHW was similar in
size and duration to the 2019 MHW, although that year there were
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At sea sighting anomaly of (A) sooty shearwater and common murre
in central California from the RREAS, (B) sooty shearwater and black
vented shearwater from summer CalCOFI in southern California, (C)
Blue whales and Humpback whales averaged across the four
seasonal CalCOFI cruises.

fewer intrusions closer to shore as upwelling winds were more
constant relative to 2022. In addition, the 2019 MHW also began to
dissipate and retreat much further offshore during the late summer/
fall, whereas this year, the intrusion into coastal waters continued
through the entire fall. Given the unprecedented nature of the
physical conditions in the CCE since 2013 it is particularly
important to continue closely monitoring the system as biological
responses are often unpredictable based on past warming events
(Schroeder et al., 2019; Schroeder et al., 2022; Thompson
et al., 2022a).
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Regional physical oceanography and
chlorophyll a

During La Nina events upwelling tends to be prevalent
coastwide, and coastal waters are cold and saline (Bond et al,
2008). In the first part of 2022, this expectation was largely met in
the northern CCE as water was slightly abnormally cold and saline
and chlorophyll a was close to average in NHL and THL. By
summer, however, despite the PDO and ONI being strongly
negative, temperature, salinity and chlorophyll a mostly reverted
to average. Moderate environmental conditions seem to be
pervasive in the northern CCE during negative PDO years in
recent years. The PDO has been predominantly negative since
2019, but environmental conditions have mostly hovered around
the long-term means with the exception of early 2021 when it was
relatively cool and saline (Thompson et al., 2019b; Weber et al.,
2021; Thompson et al., 2022b).

CalCOFI samples far off the continental shelf and thus can
discern the presence of multiple water masses. There are multiple
bodies of water in this region and their boundaries are highly
variable through both time and space (Bograd et al., 2019). Central
Pacific water is the furthest from shore off southern California and
is relatively warm, saline with low chlorophyll a, Pacific Subarctic
or California Current water is cool, low salinity and high
chlorophyll a and tends to be centered on the shelf break.
Upwelled water is cool, saline and high in chlorophyll a, close to
shore and shallow, while California Undercurrent water is warm,
saline and low chlorophyll a and is also close to shore but deeper
(100-300 m) than upwelled water. In the offshore region off
southern California, temperature and salinity were above
average most of the year indicating the presence of Central
Pacific water. This saline water mass has been ubiquitous in the
CCE since 2015 when water from the North Pacific Subtropical
Gyre was advected eastward into the CCE (Ren and Rudnick,
2021). However, chlorophyll a was also high in spring and
summer on the shelf which may indicate that there was a
mixture of Central Pacific and Pacific Subarctic waters in this
region. Pacific Subarctic water has also been common in the CCE
during the 2014-2016 MHW and has apparently fueled high
rockfish recruitment before and during the MHW (Schroeder
et al,, 2019). Closer to shore, temperature and salinity were close
to average, but chlorophyll a was elevated in spring before
dropping to slightly below average in summer and fall. The
enhanced chlorophyll a was likely a remnant of upwelling prior
to spring sampling before physical conditions returned to average.

Regional zooplankton

Zooplankton are critical food for a myriad of marine species
including fish, birds, and marine mammals. During past La Nifia
events in the CCE, high nutrient input from upwelling often
resulted in higher abundances of lipid-rich northern zooplankton.
This suite of zooplankton are important prey for species such as
yearling salmon and increases the odds of adult salmon returning to
spawn in their natal rivers one to three years in the future
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(Friedman et al., 2018). Yearling salmon tend to enter the ocean in
late spring/early summer (Thompson et al., 2019a), so zooplankton
community composition is particularly important during this time
of year. In 2022, biomass of northern copepods was high when
yearling salmon were entering the ocean which may have enhanced
salmon survival (Daly et al., 2013). By midyear, however, northern
copepod biomass dropped dramatically. Similarly, North Pacific
krill body size and total krill biomass, which were both typically
high in La Nifa years, dropped precipitously in northern California
from the beginning of the year to mid-2022. Zooplankton dynamics
in the CCE are influenced by primary production and hydrographic
conditions (Peterson et al., 2017). The decrease in northern
copepod biomass and krill body size and biomass was likely
driven by reduced upwelling, near- to below-average chlorophyll
a concentration, and warmer water in summer (Peterson et al.,
2014; Peterson et al., 2017; Robertson and Bjorkstedt, 2020).

Fish and market squid

During warm, non-La Nifa periods, southern fishes tend to
move north and offshore species tend to move inshore throughout
the CCE. In the Pacific northwest Pacific pompano and market
squid are bellwether indicators of warm water. Pacific pompano
were absent from surface trawl surveys off Oregon and Washington
in 12 out of 16 years prior to the onset of the 2014-2016 Pacific
MHW (Thompson et al., 2018). Subsequent to 2013 this species has
been present in each year although abundances were low in 2021. In
2022, however, abundance was above average for the sixth time
since 2015. Similarly, market squid were above average off Oregon
and Washington in 2022 for the sixth year since 2015. Market squid
distribution shifted far north during and after the 2014-2016 marine
heatwave (Burford et al., 2022; Chasco et al., 2022; Suca et al., 2022)
which significantly reduced commercial fishing revenue in
California (Suca et al., 2022; Free et al, 2023). Market squid
distributions differed in 2022 from recent years, however, as
abundances were above average in Oregon/Washington as well as
in northern and southern California. It is thus possible that market
squid distributions expanded or began shifting south in 2022 as this
species was found throughout of the west coast of the United States.

Off Oregon, fishes are categorized as coastal resident versus
southern offshore, and coastal residents tend to be elevated during
La Nina events (Daly et al., 2013). Larvae and juveniles of the coastal
residents are important forage for both salmon and birds and tend
to increase during cool conditions (Daly et al., 2013; Daly et al,
2021) while abundances of the southern offshore species rises when
it is warm (Auth et al.,, 2018; Nielsen et al., 2021). The larval fish
assemblage from the NHL in 2022 was unusual as abundances of
both the coastal resident and southern offshore species were either
average or low. Discerning the mechanisms underpinning low fish
production off Oregon in 2022 could be an important topic for
future research.

It was previously thought that anchovy population size
increased during cool periods when La Nina events were frequent
(Chavez et al,, 2003), but in recent years anchovy increased greatly
in warm years (e.g., 2004-2005, 2014-2016; (Thompson et al,
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2019b)). The expectations for anchovy during La Nifia events is
thus currently unclear, and our understanding of drivers of the
populations size of this important forage species (McClatchie et al.,
2016a) is evolving (Swalethorp et al.,, 2023). Anchovy have been in a
boom state in the CCE since 2015 (Thompson et al., 2019b), and in
2022 adult anchovy abundance remained high in central California
but fell to average levels in southern California. However, patterns
of young of the year anchovy were opposite as values were well
above average in southern California but slightly below average in
central California. The spatial discrepancy between young of the
year and adult abundance may indicate that many adults are
spawning in locations that are possibly suboptimal for larval
survival. A similar dynamic seemed to take place in the
Humboldt Current where Peruvian anchoveta eggs were found in
locations where adult food was high but the water was also acidic
while larvae were in nearby, less corrosive water (Shen et al., 2017).
Record high densities of spawning anchovy, as those experienced
since 2015, could be displacing spawners into lower quality nursery
habitat. Alternatively, it is possible that adult populations in
southern California were higher in southern California than
detected by the RREAS which mainly samples stations along the
shelf break. CalCOFI found that anchovy egg and larvae counts
were orders of magnitude higher than average in locations near and
seaward of the continental shelf break. Regardless of the precise
adult abundance in southern California, it is clear that the anchovy
regime that began in 2016 (Thompson et al., 2018) continued into
2022, and the high young of the year anchovy abundance in 2022
suggests that it will persist at least into 2023.

Southern mesopelagic species typically receded from southern
California during La Nina events (Thompson et al,, 2012), but
abundances were close to a record high there in 2022. This suite of
species resides primarily in the warm and saline Central Pacific and
California Undercurrent, that flows from south to north, and very
predictably are abundant when the system is warm (Moser et al.,
1987; Hsieh et al., 2009; Thompson et al., 2022a). Although
mesopelagics are in deep water during the day, they vertically
migrate towards the surface at night and are thus important
components of the pelagic food chain. Indeed, a recent analysis of
predator diets in the CCE revealed that of 143 predator taxa 25%
consumed mesopelagic fishes (Iglesias et al., 2023). This suite of
predators included economically valuable bluefin tuna (16% of all
non-empty diet samples), albacore (19%), swordfish (50%), and
Humboldt squid (52%). Between the high abundance of
mesopelagic fishes and anchovy, at least the southern portion of
the CCE was highly productive from the perspective of a piscivore
in 2022.

Bird and sea lion reproduction

The capacity of seabirds to fledge their young is affected greatly by
prey available to the parents, and productive La Nifia conditions
tended to be conducive for successful reproduction (Sydeman et al.,,
2001). Seabird reproduction in 2022, however, was very different
between Oregon and central California as two species (common
murre and pelagic cormorant) experienced total reproductive failure
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TABLE 1 Summary of physical and biological indicators of the status of the California Current Ecosystem in the first and second halves of 2022.

Sample
Scale Type Variable Location January to June July to October
ONI negative negative
PDO negative negative
NPGO positive positive
North Pacific
SST anomaly positive positive
Large CCLME anomaly neutral positive
Marine heatwave
in CCE low high
coastal SST negative north of Pt Concepti.on ; neutral south positive
of Pt. Conception
upwelling positive neutral
temperature NH negative in winter, neutral in spring neutral
s
i: salinity NH high in winter, neutral in spring neutral
5
Es chlorophyll NH neutral neutral
=
:% temperature TH low in winter, high in spring mixed
=
i salinity TH high in winter, low in spring negative
=
[=9
chlorophyll TH neutral in winter, low in spring high early summer, netural late summer
high off shelf, neutral at shelf, neutral
temperature CalCOFI neutral offshelf and at shelf, high near shore igh off shelf, neutral at shelf, neutral or
low near shore
high offshore, neutral at shelf and cl
salinity CalCOFI low or neutral in spring 1gh ofishore, neutral at shefl and close
to shore
chlorophyll CalCOFI high at shelf, neutral elsewhere high at shelf, neutral elswhere
zooplankton NH southern copeopods negative southern copepods negative
northern copepods postive northern copepods neutral
Euphasi ifica length positive in winter,
zooplankton TH uphasia pacifica ,engt P O_S Hive nwinter Euphausia pacifica length neutral
negative in spring
. Total biomass mixed Total biomass mixed
Regional
zooplankton RREAS Total biomass high in north, low in south
fish JSOES yearling salmon positive; Warm-water marine species positive
fish NH coastal and offshore fishes negative
'g" fsh RREAS Adults: market squid postive; myctophids an'd sardine negative; anchovy postive in north,
< neutral in south
£
Young of the year: hake and sanddabs neutral; anchovy positive in south, neutral in north;
rockfish neutral in north, negative in south; sardine negative
fish CalCOFI Benthic: sanddabs positive, rockfishes neutral
Mesopelagic: northern spp. neutral; southern spp. positive
Pelagic: Anchovy record high; jack mackerel, market squid postive; hake, sardine neutral;
Pacific mackerel negative
shore bird reproduction Yaquina Head murre negative; Brandt's cormorant neutral; pelagic cormorant negative
shore bird reproduction Point Reyes murre positive; Brandt's cormorant positive
. X Southeast . . . L
shore bird reproduction Farallon murre neutral; Brandt's cormorant positive; pelagic cormorant positive
(Continued)
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TABLE 1 Continued

Sample
Scale Type Variable Location
shore bird reproduction Devil's Slide

sealions San Miguel Island

10.3389/fmars.2024.1294011

January to June July to October

murre neutral; Brandt's cormorant positive

pup condition positive

at Yaquina Head, Oregon. In addition to prey availability, eagle
depredation of common murre is a potential top-down forcer of
common murre reproductive failure at Yaquina Head (Thompson
et al,, 2022b) and around the world (Hentati-Sundberg et al., 2021).
However, eagle interactions with common murre were unexceptional
in 2022 (Supplementary Appendix), and eagles typically do not affect
pelagic cormorants. It is thus likely that seabird productivity at
Yaquina Head was derailed by a lack of suitable food. Murre chick
diets at Yaquina Head have high intraannual variability and are
generally dominated by smelt (Osmeridae spp.), herring or sardines
(Clupeidae spp.), or Pacific sand lance (Thompson et al., 2022b). Diet
composition of common murre is typically collected, but because of
the reproductive failure of common murres in 2022 there was no
associated dietary information from Yaquina Head. Indeed,
ichthyoplankton surveys from the NHL, which is 5 km south of
Yaquina Head, suggested that fish production was low in 2022. For
example, abundances of smelt were below average, Clupeids were
absent, and Pacific sand lance were approximately average. This
differed from 2021 when both smelt and Pacific sand lance were well
above average, and reproduction was much higher for all three
species (Thompson et al., 2022b).

In central California, Brandt’s cormorant and pelagic
cormorant reproduction were above average in all three sampling
locations. Cormorants can feed their chicks regurgitated prey so
there is not a maximal anchovy body size that is inaccessible to the
chicks and thus both young of the year or adult anchovy can be
valuable prey (Thompson et al., 2018). Common murre
reproductive success was close to or slightly above average in
central California. Unlike cormorants, they feed their chicks
whole animals and thus adult anchovy are not suitable for
nourishing chicks. However, common murre reproductive success
has been found to be positively correlated with krill and young of
the year sanddab (Santora et al., 2014), and in 2022 krill biomass
was above average and young of the year sanddab average in central
California. Common murre therefore likely also had a fairly robust
prey field in 2022.

In the 2021 State of the California Current Ecosystem Report
(Thompson et al., 2022b), we predicted that sea lion pup condition
would be above average in 2022 because anchovy recruitment was
high in southern California in 2021 and thus adult anchovy prey
would likely be available to sea lions in 2022. This prediction turned
out to be correct as sea lion pup weight was above average once again
in 2022. Indeed, sea lion pup weight was above average in each year
from 2016-2022, tying the previous streak of above average weights
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at sea bird RREAS migratory sooty shearwater and resident common murre positive
at sea bird CalCOFI cool sooty shearwater and warm black vented shearwater positive
at sea marine mammals RREAS blue whale neutral; humpback whale positive

from 2002-2008. Sea lion pup condition is proving to be one of the
most predictable indicators of ecosystem condition in the CCE.
McClatchie et al. (2016a) found that the combined abundance of
anchovy and sardine, as well as pup sex, explained 81% of the
variability in pup weight between 2004 and 2014. In 2014
abundances of both anchovy and sardine were extremely low and
sea lion pups were starving because their mothers likely were
malnourished and unable to properly lactate (Laake et al., 2018).
Pup condition improved dramatically in 2016 coincident with the
anchovy boom and has remained above average as the high anchovy
abundance continued through 2022. Updating the analyses in
McClatchie et al. (2016a) to the present would provide deeper
understanding of drivers of sea lion condition in the CCE.

At sea birds and mammals

During previous cool-water La Nifia events, at sea residents
such as common murre tended to be high while warm-water
migrants such as sooty shearwater were low (Thompson et al,
2019b). At sea observations of migratory sooty shearwater and
common murre were at an all-time highs in 2022 in central
California in spring. Sooty shearwater observations in this area
are thought to be driven by prey (Santora et al., 2011; Santora et al.,
2017), and several potential prey species such as market squid, adult
anchovy, young of the year hake and young of the year rockfishes
were above average in 2022. Common murre are resident breeders
that can travel up to approximately 30 km to search for food (Ainley
and Boekelheide, 1990), but non-breeding birds are capable of
traveling much greater distances (Loredo et al., 2019). The
coupled high at-sea observations and average to above average
reproductive success suggests that common murre were forced to
forage far from the colony (Harding et al., 2007) but that they
generally found enough food to nourish their chicks. Alternatively,
non-breeding or pre-breeding birds could have moved into the
sampling area from elsewhere. In summer in southern California,
warm-water associated black-vented shearwater, which historically
were low during La Nifia events, were above average for the eight
consecutive year since the 2014 MHW, suggesting that the system
has been in a sustained warm state for almost a decade. However,
cool water sooty shearwater were also above average perhaps as a
result of the relatively cool and productive spring conditions.

Annual humpback whale encounter rates were higher in 2022
than any previous year. Humpback whales are opportunistic
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foragers (Baker et al., 1985). Stocks wintering in Central America
and Mexico migrate seasonally to southern California, where their
diets may reflect local oceanographic and climate conditions
(Calambokidis et al., 2000; Fleming et al., 2016). For instance,
during cool, productive, strong upwelling periods that are
characteristic of La Nifia events in southern California, we would
expect to see humpback whale diets dominated by krill, whereas,
during warm, oligotrophic periods, humpback whale diets may be
dominated by pelagic schooling fish (Fleming et al., 2016). Record
high abundances of anchovy larvae were measured offshore of the
continental shelf in 2022, adjacent to offshore spring humpback
whale sightings (Supplementary Appendix). Additionally, an
anomalously high number of anchovy larvae were measured in
the Santa Barbara Channel, in close proximity to the record high
number of humpback whale sightings during the fall CalCOFI
survey (Supplementary Appendix). The high number of
humpback whale sightings this year indicates that they may be
aggregating in the region to exploit high density anchovy schools
during this period of warmer, oligotrophic conditions in the
CalCOFI region.

Encounter rates of blue whales have fluctuated above and below
average in recent years. Blue whales are seasonal migrants to
southern California during summer months (Irvine et al., 2014).
While inhabiting the CalCOFI region they forage exclusively on
krill, preferring Thysanoessa spinifera to North Pacific krill (Nickels
et al, 2019). Due to their specialized foraging preferences, blue
whale encounter rates may be an indicator of local productivity
(Wachtendonk et al., 2022). In the summer of 2021, encounter rates
of blue whales were the highest throughout the timeseries
(Supplementary Appendix). Encounter rates of blue whales were
lower in summer 2022 than they were in summer 2021. Conditions
in 2021 were dominated by a strong La Nifa, driving increased
productivity in the California Current Ecosystem and favorable
conditions for blue whales (Thompson et al., 2022b). Whereas,
conditions in summer 2022 were less productive from the
perspective of a blue whale, potentially driving the lower
encounter rates of blue whales throughout the CalCOFI region.

Conclusion

The relationship between basin scale indices such as ONI, PDO
and NPGO and local physical conditions has become nonstationary
in the CCE (Litzow et al., 2020a). Fiedler and Mantua (2017)
showed that local conditions were variable during El Nifo events
between 1950 and 2016 but were more consistent during La Nina
events. However, 2022 marked the third consecutive La Nifia and
during much of this stretch physical and biological conditions in the
CCE were unlike past La Nifia years (Weber et al., 2021; Thompson
et al,, 2022b), and many of the physical and biological responses
based on observations from past La Nifia events were not met in
2022. For example, northern copepods biomass was average oft
Oregon as was krill body size off northern California in summer. Off
Oregon and Washington, warm-water associated species were
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above average, off Oregon cool-water coastal species were low,
and off southern California southern mesopelagic fishes were
high. While many reproductive success of many birds was above
average in central California common murre experienced total
reproductive failure off Oregon. Our accounting of the state of
the California Current Ecosystem in 2022 agree with Werb and
Rudnick (2023) who state that “the PDO and other EOF based
metrics may not be as useful in the future as climate continues to
change” (Table 1).
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