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As climate change and other anthropogenic impacts on marine ecosystems accelerate
in the 21st century, there is an increasing need for sustained ocean time series.
A robust and collaborative network of regional monitoring programs can detect early
signs of unanticipated changes, provide a more holistic understanding of ecosystem
responses, and prompt faster management actions. Fisheries-related surveys that
collect fisheries-independent data (hereafter referred to as “fisheries surveys”) are a
key pillar of sustainable fisheries management and are ubiquitous in the United States
and other countries. From the perspective of ocean observing, fisheries surveys offer
three key strengths: (1) they are sustained due to largely consistent funding support
from federal and state public sector fisheries agencies, (2) they collect paired physical,
chemical, and biological data, and (3) they have large and frequently overlapping
spatial footprints that extend into the offshore region. Despite this, information about
fisheries survey data collection can remain poorly known to the broader academic and
ocean observing communities. During the 2019 CalCOFI Symposium, marking the 70th
anniversary of the California Cooperative Oceanic Fisheries Investigations (CalCOFl),
representatives from 21 ocean monitoring programs on the North American West
Coast came together to share the status of their monitoring programs and examine
opportunities to leverage efforts to support regional ecosystem management needs. To
increase awareness about collected ocean observing data, we catalog these ongoing
ocean time series programs and detail the activities of the nine major federal or state
fisheries surveys on the U.S. West Coast. We then present three case studies showing
how fisheries survey data contribute to the understanding of emergent ecosystem
management challenges: marine heatwaves, ocean acidification, and contaminant spills.
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Moving forward, increased cross-survey analyses and cooperation can improve regional
capacity to address emerging challenges. Fisheries surveys represent a foundational
blueprint for ecosystem monitoring. As the international community moves toward a
global strategy for ocean observing needs, fisheries survey programs should be included

as data contributors.

Keywords: ocean observing, ecological time series, fisheries survey, essential biodiversity variable, essential
ocean variable, ecosystem management, ocean acidification, marine heatwave

INTRODUCTION

Sustained ocean time series are essential for characterizing
marine ecosystem shifts and distinguishing between natural and
anthropogenic forcing in the ocean but maintaining these time
series is costly and requires lasting investment (Benway et al,
2019). Fisheries-related surveys that collect fisheries-independent
data (hereafter referred to as “fisheries surveys”) are a key pillar
of sustainable fisheries management in the United States, Europe,
Peru, Chile, Norway, India, Canada, Japan, and other countries.
In addition to collecting data on fisheries species, these surveys
typically collect physical, chemical, and biological oceanographic
data over both long periods of time and large regional scales.
Fisheries surveys can provide a rich source of ocean time series
data for monitoring ecosystem change because surveys in a
region typically sample different habitats (seafloor to upper water
column), life stages (eggs and larvae to adults), and rely on
multiple in situ methodologies (e.g., acoustics, plankton tows, and
trawls). Differences in approaches relate to which target species
or species group each survey is designed to monitor. Despite the
wealth of ocean observations collected by fisheries surveys, they
are not always integrated as part of ocean observing systems.

Ocean observing programs collect ocean time series data
that provide baselines against which the effects of human
pressures and climate change may be measured and reported
(Miloslavich et al., 2017), and thus provide important input
for ecosystem management. While there is no specified time
length of a program that determines if it is a sustained time
series, the assumption is that funding mechanisms are in place
to support continued and consistent sampling. The International
Group for Marine Ecological Time Series (IGMETS) (O’Brien
et al., 2017), an effort by the Intergovernmental Oceanographic
Commission United Nations Educational Science and Cultural
Organization to bring together ship-based, biogeochemical time-
series from around the world, specifies that programs should
ideally have five or more years of data to be considered for entry
into this database. Since fisheries surveys are the main sources
of fisheries-independent data informing the stock assessment
process, fisheries surveys tend to have sustained funding and
sample large spatial scales to adequately sample the ranges of
the fisheries species of interest. Thus, from the perspective of
ocean observing, fisheries surveys offer three key strengths: (1)
they are sustained due to largely consistent funding support by
federal and state public sector fisheries agencies, (2) they collect
combined physical, chemical, and biological data, and (3) they
have large spatial footprints that extend from the nearshore to
offshore region.

In the United States, federal fisheries surveys collect data
to support the sustainable management of fish stocks, as
required under the Magnuson-Stevens Fishery Conservation and
Management Act (NMFS, 2007). These surveys typically have
more than 10 years of data collection and have consistent
funding mechanisms in place through the National Oceanic
and Atmospheric Administration (NOAA) National Marine
Fisheries Service. Data from these surveys inform stock
assessments, integrated ecosystem assessments (IEAs) and other
regional ecosystem status reports. While United States fisheries
management has traditionally focused on single-species stock
assessments, the importance of holistic monitoring of ecosystem
dynamics is recognized and there is a movement to include
more ecosystem factors in fisheries management (Denit, 2016;
Lynch et al., 2018). Fisheries surveys are instrumental in this
effort because, in addition to collecting data on fisheries species,
these surveys also collect data on the oceanographic conditions
and the distribution and abundance of species that co-occur
with fisheries species of interest. These physical, chemical, and
biological observations are used to develop IEAs for different
regions of the United States, which support ecosystem-based
management priorities (Levin et al., 2009; Monaco et al., 2021).

The North American West Coast is one of the most
extensively studied ocean regions in the world. It is a productive
eastern boundary upwelling region (Kdmpf and Chapman,
2016) with the California Current flowing north to south from
approximately British Columbia, Canada to Baja California,
Mexico. Pincetich and Drill (2021) provide an overview of the
natural history of the California Current Ecosystem (CCE),
and current trends in the CCE are presented in the annual
State of the California Current Report (e.g., Weber et al., 2021)
and the California Current Integrated Ecosystem Assessment
(CCIEA) (e.g., Harvey et al,, 2021). The CCE hosts a diversity
of marine organisms including Eastern Pacific subtropical
and subarctic species, with Point Conception representing a
regional transition zone or biogeographic barrier for many
species (Allen et al., 2006). The CCE is characterized by
interannual variability in environmental conditions due to
differences in seasonal and regional upwelling, which are linked
to basin-scale forcing from the El Nifio Southern Oscillation,
the Pacific Decadal Oscillation, and the North Pacific Gyre
Oscillation (Garcia-Reyes et al., 2015). The CCE supports many
productive fisheries including pelagic species (e.g., California
market squid, Doryteuthis opalescens), demersal species (e.g.,
rockfishes, Sebastes spp.), benthic species (e.g., Dungeness crab,
Metacarcinus magister), and highly migratory species (e.g., Pacific
bluefin tuna, Thunnus orientalis). The CCE is undergoing a
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period of rapid change due to both climate change and increasing
interests in ocean use (e.g., offshore wind power generation
and aquaculture). These ocean interests have the potential
to interact with ongoing ocean monitoring efforts, making it
particularly important to document the temporal and spatial
extent of monitoring.

During the 2019 CalCOFI Symposium, marking the 70th
anniversary of the California Cooperative Oceanic Fisheries
Investigations (CalCOFI), representatives from 21 ocean
monitoring programs on the North American West Coast
(Table 1 and Figure 1) came together to share the status of their
monitoring programs and examine opportunities to leverage
efforts to support broad U.S. West Coast ecosystem management
needs for a rapidly changing ocean. Considering that the CCE
represents a dynamic seascape mosaic where boundaries, extent,
and location of features as well as species distributions and ranges
can change with time, managing this “seascape” (Kavanaugh
etal., 2016) can be done more effectively by integrating data from
multiple monitoring programs. The broad array of surveys within
the CCE enhance regional capacity to recognize changes and
sustainably manage marine resources (Karp et al., 2019; Holsman
et al., 2020). Of the 21 programs represented at the Symposium,
eight were federal fisheries surveys [CalCOFI, California Current
Ecosystem Survey (CCES), Groundfish Bottom Trawl Survey
(GBTS), Hook and Line (H&L), Hake Acoustic Trawl Survey
(ATS), Juvenile Salmon and Ocean Ecosystem Surveys (JSOES),
Pre-recruit Survey (PRS), and Rockfish Recruitment and
Ecosystem Assessment Survey (RREAS)] and one was a state
fisheries survey (CCFRP) (full program names are in Table 1).

The goal of this paper is to demonstrate the value
and breadth of ocean observing and ecosystem monitoring
data collected by fisheries surveys, using the U.S. West
Coast as an example. The non-fisheries monitoring programs
presented at the 2019 CalCOFI Symposium (Figure 1) also
play an essential role in understanding changes along the
U.S. West Coast, but are better known within the academic
and ocean observing communities. Here, we provide a brief
data inventory and description of each U.S. West Coast
fisheries survey and summarize which priority ocean observing
variables these surveys measure. We then present three case
studies that demonstrate how U.S. West Coast fisheries survey
data contribute to the understanding of emergent ecosystem
management challenges: marine heatwaves, ocean acidification,
and contaminant spills. The manuscript concludes with a
discussion of how improved collaboration between the fisheries
and ocean observing communities can further the overarching
goals of both communities.

OVERVIEW OF U.S. WEST COAST
FISHERIES SURVEYS AND DATA
COLLECTED

To increase awareness about the range of data collected by
fisheries surveys on the U.S. West Coast and the value that they
add to other regional monitoring efforts, we provide a brief
overview of each of the nine fisheries surveys. The spatial extent

TABLE 1 | These 21 North American West Coast monitoring programs, Surveys,
and organizations participated in the 2019 CalCOFI Symposium.

Short name Full program name

ACCESS Applied California Current Ecosystem Studies

CalCOFI California Cooperative Oceanic Fisheries Investigations

CCE LTER California Current Ecosystem Long-Term Ecological
Research Site

CCFRP California Collaborative Fisheries Research Program

CCES NOAA California Current Ecosystem Survey

Farallon Institute
GBTS

Farallon Institute
NOAA West Coast Groundfish Bottom Trawl Survey

H&L Survey NOAA Shelf Rockfish Hook and Line Survey

Hake ATS Joint United States—Canada Integrated Ecosystem and
Pacific Hake Acoustic Trawl Survey

IMECOCAL Investigaciones Mexicanas de la Corriente de California

JSOES NOAA Juvenile Salmon and Ocean Ecosystem Surveys

MBARI Monterey Bay Aquarium Research Institute

NHL Newport Hydrographic Line

P&B Plumes and Blooms Survey

PRS NOAA Coastwide Cooperative Pre-recruit Survey

PISCO Partnership for Interdisciplinary Studies of Coastal Oceans

RREAS NOAA Rockfish Recruitment and Ecosystem Assessment
Survey

SBC MBON Santa Barbara Channel Marine Biodiversity Observation
Network

SCCOO0S Southern California Coastal Ocean Observing System

SCCWRP Southern California Coastal Water Research Project

THL Trinidad Head Line

Shortened program names are used throughout the manuscript.

(Figure 1), timeline of survey continuity (Figure 2), sampling
methodologies (Tables 2, 3), and overview of which essential
ocean variables (EOVs; Table 4), essential climate variables
(ECVs; Table 5), and essential biodiversity variables (EBVs;
Table 6) each survey collects, are provided.

The California Cooperative Oceanic

Fisheries Investigations

The California Cooperative Oceanic Fisheries Investigations
started in 1949 to understand the drivers of the Pacific Sardine
(Sardinops sagax) crash of the 1940s. From its beginning,
CalCOFI represented a partnership between federal, state, and
academic scientists with deep-seated roots in oceanography
(Hewitt, 1988; Scheiber, 1990) and is recognized as both an
ocean observing program and a fisheries survey. At present,
CalCOFI conducts quarterly cruises and visits 66 core stations
and 9 nearshore stations between Pismo Beach, California
and the United States—Mexico border. During the winter and
spring, 38 additional northern stations are sampled, going north
to San Francisco. CalCOFI samples nearshore (<3 km) to
far offshore (>500 km) (Figure 1). During the early years
(i.e., 1950s-1960s), sampling regularly extended from northern
California into the Gulf of California. The CalCOFI community
has published over 1000 scientific papers on topics related to
the physical, chemical, and biological aspects of the CCE and
how the CCE may respond to climate change (McClatchie, 2014;
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Gallo et al., 2019). In addition, CalCOFI data contribute to
individual stock assessments and inform the CCIEA. CalCOFI
data have also been used to demonstrate the effectiveness
of the Cowcod Conservation Area (CCA) in supporting the
recovery of previously overfished rockfishes (Sebastes spp.)
(Thompson et al., 2017a).

CalCOFI collects paired physical, chemical, and biological
data. Oceanographic data are currently collected using vertical
CTD (conductivity-temperature-depth) casts at all CalCOFI
stations with additional CTD-mounted sensors. Niskin bottles
on the CTD rosette collect water samples at specific depths to
measure salinity, oxygen, nutrients, chlorophyll, pheopigments,
primary production, and dissolved inorganic carbon, and
water samples are taken and filtered for eDNA. Biological
sampling is mainly done using plankton nets. Ring nets
were originally used (1949-1976), but since 1977, oblique
bongo net tows are conducted at each station; both nets
sampled the upper ~200 m of the water column (Ohman and
Lavaniegos, 2002; Thompson et al, 2017b). Manta nets are
used to sample surface water (1977-present) and pairovet nets
conduct vertical tows (1982-present) from the upper 70 m.
Net samples are preserved in formalin and ethanol, fishes and
invertebrates are identified and archived at the NOAA Southwest
Fisheries Science Center (SWFSC; fishes and cephalopods) and
the Scripps Institution of Oceanography Pelagic Invertebrate
Collection (invertebrate zooplankton). Since 1987, marine bird
and mammal observations have been made in partnership with
the Farallon Institute and the Office of Naval Research. Underway
data are also collected including the Continuous Underway
Fish Egg Sampler (CUFES) (Checkley et al, 1997), acoustic
doppler current profiler (ADCP), surface pCO,, sea surface
conditions, and advanced laser fluorometry. CalCOFI works in
close partnership with the National Science Foundation-funded
California Current Ecosystem Long-term Ecological Research
(CCE LTER) program, which contributes ship time, supports
biogeochemical sampling, and identification of invertebrate
zooplankton from the plankton tows.

National Oceanic and Atmospheric
Administration California Current

Ecosystem Survey

The NOAA CCE surveys objective is to provide fishery-
independent data in support of sustainable fishery management
of coastal pelagic species (CPS), which are important forage
species for many marine predators. It is based out of the SWESC.
In the spring of 2006, the CCES was initiated and surveyed
from the Mexican border to Vancouver Island (Zwolinski
et al,, 2012). In 2008, CCE surveys were conducted in both
the spring (April) and the summer (July), and from 2008 to
2021, spring surveys were conducted in some, and summer
surveys in nearly all years. Prior to the initiation of the
CCES in 2006, the California Department of Fish and Game
(CDFG) conducted acoustic trawl surveys (1966-1973), which
collected comparable data on pelagic fish species from northern
California to southern Baja California using an echosounder,
sonar, and midwater trawls (Mais, 1974). Between 1970 and

1975, the SWFSC, CDEFG, and the United States Navy conducted
additional sonar mapping surveys to examine the distribution
of CPS in the Southern California Bight (Smith, 1978). Survey
data from the CCES have revealed how the distribution and
potential habitat of CPS shifts seasonally (Demer et al., 2012),
interannually, and across longer timescales (2008-2019), and in
response to changes in the Pacific Decadal Oscillation. Survey
data have also informed our understanding of the habitat,
distribution, recruitment, growth, natural mortality, abundance,
and assemblage structure of CPS. Survey data are used for stock
assessments of CPS.

The CCES is conducted on NOAA ships and uses acoustics,
trawls, and CUFES to collect data on acoustic backscatter, egg
densities, and species composition of CPS, namely Northern
Anchovy (Engraulis mordax), Pacific Herring (Clupea pallasii),
Jack Mackerel (Trachurus symmetricus), Pacific Mackerel
(Scomber japonicus), and Pacific Sardine (Stierhoff et al., 2019).
The survey also collects information about additional species
captured in the trawl, although the methods for quantifying these
taxa has varied across cruises. In recent years, fishing vessels and
uncrewed surface vehicles have been integrated into the CCES
to estimate the biomass of CPS in the nearshore region where
shallow depths are unsafe for the larger NOAA ships (Stierhoft
et al,, 2019). Environmental data are collected using daily CTD
casts, and underway measurements such as CTD casts and
thermosalinographs. Marine mammal and seabird observations
are also made on surveys.

National Oceanic and Atmospheric
Administration West Coast Groundfish

Bottom Trawl Survey

The NOAA West Coast GBTS’s objective is to provide fishery-
independent data to support sustainable fishery management
of groundfish on the U.S. West Coast. It is based out of
the Northwest Fisheries Science Center (NWESC). The survey
samples depths from 55 to 1280 m, spanning waters from
Canada to Mexico, and conducts two passes (North to South)
down the coast each year in the summer (May-July) and in
the fall (August-October). Approximately, 700 locations are
selected for each survey using a stratified random sampling
design, with more effort focused north of Point Conception
(80%), compared to south of Point Conception (20%). The
existing survey builds on a historic survey conducted by the
Alaska Fisheries Science Center between 1977 and 1997. In
1998, the NWEFSC assumed responsibility for the survey, and
between 1998 and 2001, the survey footprint was between the
United States—-Canada border to Point Conception, CA, and
focused on the continental slope (183-1280 m). In 2002, the
survey expanded to the United States—Mexico border, and in
2003, the survey expanded to also cover the shelf and slope.
Survey data have been used to observe broadscale changes on
the U.S. West Coast, such as recovery of overfished species,
decreases in near-seafloor oxygen and associated ecosystem
impacts (Keller et al., 2017), trophic shifts during anomalous
climatic events, and species collapses with associated ecosystem
effects (Harvell et al., 2019).
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FIGURE 1 | A spatial overview of the North American West Coast monitoring programs represented during the 2019 CalCOFI Symposium. Fisheries surveys that are
elaborated on in this manuscript are shown on the left, and other monitoring programs represented at the Symposium are shown on the right. See Table 1 for full
survey names. The color of the displayed fisheries surveys is consistent among Figures 1, 2.
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FIGURE 2 | Sampling duration of the U.S. West Coast fisheries surveys (see Table 1 for full program names). The figure displays the general temporal scope of each
program, but does not represent changes in sampling frequency over time. All time periods indicate periods where programs were sampling more than once every

3 years, with most sampling at frequencies annually or sub-annually. Additional details on sampling frequency are included in the text and in Table 2.

During the survey, chartered fishing vessels conduct 15-min
bottom tows on soft, benthic habitats during daylight hours
with a tow speed of 2.2 kts using a standard Aberdeen-
style trawl. All fishes and invertebrates from each tow
are sorted to species (or the lowest possible taxon) and
weighed wusing an electronic motion-compensated scale.
Species covered under fishery management plans are also
subsampled, sorted by sex, individually measured, weighed,

and otoliths, gonads, stomachs, tissue samples, and fin clips
are collected. Additionally, special cruise-specific projects are
supported by the survey. Environmental data including near-
bottom temperature, oxygen, salinity, irradiance, chlorophyll
fluorescence, turbidity, depth, and seabed slope and roughness
are collected for each trawl using trawl-mounted sensors.
Near-seafloor dissolved oxygen data have been collected
since 2007. Additionally, environmental data on wind speed,
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TABLE 2 | Overview of the key program characteristics of the nine U.S. West Coast fisheries surveys.

Lead Partnerships Temporal Spatial Survey objective
CalCOFI NOAA SWFSC, NSF CCE LTER, 1949-present. Currently United States-Mexico border to To understand the effects of long-term
SIO UC San Farallon Institute, J. annual, quarterly cruises. San Francisco (core grid between changes in the California Current
Diego, CDFW Craig Venter Between 1969 and 1983 Pt. Conception and Ecosystem (CCE) and to inform
Institute, SCCOOS, cruises were triennial. In United States—-Mexico border). Core fisheries and ecosystem management.
CA SeaGrant, the 1950s cruises were grid sampled four times a year (75
Farallon Institute monthly. stations); 38 northern stations
sampled two times a year. Early
sampling extended from N. CA to
the Gulf of CA. Stations range from
nearshore (<3 km) to far offshore
(>500 km).
CCFRP California The Nature 2007—-present. Sites Early emphasis on four Central CA To monitor and evaluate CA MPAs and
Polytechnic Conservancy, SIO surveyed three times MPAs. In 2017, expanded into a provide data for conservation and
State University, UCSD, MSI UCSB, annually between July and state-wide program, including 15 fisheries management.
Moss Landing UCD, CsU October. MPAs. Within-MPA and
Marine Humboldt, CA outside-of-MPA reference sites
Laboratories SeaGrant, OPC, selected. Depths generally from 10
SJsuU CDFW to 40 m.
CCES NOAA SWFSC Industry (conducts Early coastwide ATM Portions of and sometimes entire To provide fishery-independent data in
nearshore acoustics) survey (1966-1973). ATM U.S. West Coast; mainly over the support of sustainable management of

survey restarted in spring shelf. coastal pelagic species.
of 2006. Summer surveys
from 2008 to present.

GBTS NOAA NWFSC Early groundfish survey by Entire U.S. West Coast (SCB added To provide fishery-independent data to
AFSC (1977-1997). since 2002); 80% effort north of Pt. support sustainable management of
Current survey by Conception, 20% effort in the SCB. groundfish on the U.S. West Coast.
NWFSC: 1998—present Depth range: 55-1280 m (shelf and
(two times a year; slope). ~700 trawls per survey.
mid-May to July and
mid-August to October).

H&L Survey NOAA NWFSC PSMFC, southern 2004-present. Annual SCB; “untrawlable habitat” targeting To develop a time series of abundance
CA commercial sampling. rocky, high relief habitats. Depth and biological data for groundfish
sportfishing fleet range: 35-230 m. In total 201 fixed species in untrawlable habitats of the

sites visited annually. SCB for use in stock assessments.

Hake ATS NOAA NWFSC, University of 1977-2000 (triennial). Pt. Conception into Canadian waters ~ To provide fishery-independent data to

Fisheries and Washington 1977-1995 — carried out (north Vancouver Is.); conducted support sustainable fisheries

Oceans Canada by AFSC. 2001—present over the shelf and slope (50-1500 m management of the jointly managed
(biennial) conducted isobaths). ~104 trawls per survey. Pacific hake stock.
June-September.

JSOES NOAA NWFSC CIMRS, Bonneville 1998—-present: surveys in N. California Current region (WA and To develop a mechanistic

& Oregon State Power May (1999-2012, OR; Columbia R. plume). understanding of how conditions and

University Administration 2015—present), June Inshore-offshore: 1-30 nmi to shelf trophic dynamics in the ocean and
(1998-present), and break; bottom depths of 30-200 m. Columbia River plume affect early
September (1998-2012). Sampling focused on upper water marine survival of juvenile salmonids.

column.

PRS NOAA NWFSC NOAA SWFSC, 2011-present (no N. California Current region (WA and To quantify the environmental
PSMFC, OSU, UO, sampling in 2012 and OR); sampling done over the conditions and organisms of the N.
UW, UCSC 2020); annual sampling in continental shelf; biological sampling California Current (WA and OR) and

May-July. focused on upper midwater depths study ecosystem-level processes
(0-100 m). affecting managed and protected
marine resources.

RREAS NOAA SWFSC CIMEC, UCSC, 1983—-present; annual Core survey area is Central CA; To inform fisheries assessment,

NOAA NWFSC, sampling in late spring. survey footprint has expanded since fisheries oceanography, and

PWCC, Farallon
Institute, Point Blue,
Stanford, MBARI,
MBON, MBNMS

2004, and survey is now coastwide.
~100 trawls per survey.

ecosystem oceanography of the CCE,
with a focus on quantifying and
understanding variability in recruitment
of rockfish and other groundfish.

All acronyms are spelled out in the footnote and ordered alphabetically (AFSC, Alaska Fisheries Science Center; ATM, Acoustic Trawl Method; CA, California; CCE LTER,
California Current Ecosystem Long-Term Ecological Research;, CDFW, California Department of Fish and Wildlife; CIMEC, Cooperative Institute for Marine Ecosystems
and Climate; CIMRS, Cooperative Institute for Marine Resource Studies;, CSU, California State University; MBARI, Monterey Bay Aquarium Research Institute; MBNMS,
Monterey Bay National Marine Sanctuary; MBON, Marine Biodiversity Observation Network; MPA, Marine Protected Area; MSI, Marine Science Institute; NOAA, National
Oceanic and Atmospheric Administration; NSF, National Science Foundation; NWFSC, Northwest Fisheries Science Center; OPC, Ocean Protection Council; OR, Oregon;
OSU, Oregon State University; PSMFC, Pacific States Marine Fisheries Commission; PWCC, Pacific Whiting Conservation Cooperative; SCB, Southern California Bight;
SCCOOS, Southern California Coastal Ocean Observing System, SIO, Scripps Institution of Oceanography; SJSU, San Juan State University; SWFSC, Southwest
Fisheries Science Center; UCD, University of California Davis; UCSB, University of California Santa Barbara; UCSC, University of California Santa Cruz; UCSD, University
of California San Diego; UO, University of Oregon; UW, University of Washington, WA, Washington).
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TABLE 3 | Overview of the environmental and biological data collected by the nine U.S. West Coast fisheries surveys, as well as access points to current
data repositories.

Environmental variables Biological variables

CalCOFI CTD casts at fixed stations (0-515 m, rarely to 3500 m). CTD sensors Ichthyoplankton and invertebrate zooplankton from vertical (Pairovet),
for: T, S, DO, chlorophyll fluorescence, turbidity, PAR, pH, nitrate). oblique (Bongo, 0-210 m), and surface (Manta) plankton tows. Marine
Hydrographic bottle samples for S, DO, silicate, nitrate, nitrite, seabird and mammal observations. Underway CUFES sampling for fish
phosphate, DIC. Primary productivity from bottle incubations. eggs. eDNA samples at CTD stations (16S and 18S).

Underway data on T, S, pCO», sea state and cloud state.

Data access: Hydrographic (https://new.data.calcofi.org); Ichthyoplankton (https://upwell.pfeg.noaa.gov/erddap); Invertebrate zooplankton
(https://oceaninformatics.ucsd.edu/zoodb)

CCFRP CTD at each site. CTD sensors for: T, S. Weather observations (wind Groundfish CPUE (catch per angler hour), species, length, condition, and
speed, direction, swell size and direction). some species tagging. Data only collected on fishes.
Data access: https://search.dataone.org/view/doi%3A10.25494%2FP6901R

CCES CTD cast done every night (2-3 casts per transect). CTD sensors for: T, Acoustics and nighttime trawl sampling with a Nordic 264 surface trawl.
S, DO. Underway data collected with thermosalinograph (T, S) and Characterization of abundance, habitat, distribution, and growth of coastal
meteorological sensor suite. pelagic species. Uncrewed surface vehicles. Underway CUFES sampling

for fish eggs.

Data access: Acoustic (https://www.ncei.noaa.gov/access); Environmental and trawl catch
(https://coastwatch.pfeg.noaa.gov/erddap/index.html)

GBTS Near-bottom T, S, DO (2007-present), chlorophyll fluorescence, Seafloor and demersal invertebrate megafauna and vertebrates captured
pressure, irradiance, seabed slope and roughness collected using using Aberdeen trawl. Data on catch, distribution, size structure, and
trawl-mounted sensors. Continuous data collection of wind speed, biomass. Biological subsampling of fish for otoliths, gonads, tissue (DNA,
irradiance, T, and acoustics (EK60 and EK80). SIA), and stomachs (gut contents).

Data access: FRAM Data Warehouse (https://www.webapps.nwfsc.noaa.gov/data/map)

H&L Survey Full water column CTD at each station. CTD sensors for: T, S, DO, Catch and biological data on groundfish caught using hook and line:
chlorophyll fluorescence, turbidity. Data on surface T, wind speed and species, fork length, weight, age. Biological subsampling of fish for otoliths,
direction, drift speed and direction, tide height, and lunar conditions gonads, tissue (DNA, SIA), and stomachs (gut contents). Study-specific
collected at each site. Seafloor habitat observations collected using samples.

towed underwater video sled.
Data access: FRAM Data Warehouse (https://www.webapps.nwfsc.noaa.gov/data/map)

Hake ATS CTD casts during day and night. CTD sensors: T, S, DO. Underway Daytime Aleutian Wing Midwater Trawl samples for pelagic and midwater
CTD during the day. Underway ADCP during day and night. Underway organisms (hake, euphausiids, shelf-associated rockfish, mesopelagic
TSG during day and night. Environmental data from sensors on trawl. species). Species identification from trawls. Hake: length, weight, sex, age,

maturity, DNA, SIA. Zooplankton collected at certain locations with Methot
net. Continuous EKB0 and EK80 and acoustic data from saildrones on
certain lines.
Data access: FRAM Data Warehouse (https://www.webapps.nwfsc.noaa.gov/data/map)
JSOES CTD casts at each station. CTD sensors for: T, S, DO, density, Species composition of daytime surface trawls using Nordic trawl net
chlorophyll fluorescence, turbidity. Nutrient measurements. (upper 18 m). Juvenile salmonids: marked/unmarked, DNA, counts, size,
condition, diet, parasites, otoliths, growth, timing of ocean entry and marine
residence. Zooplankton and ichthyoplankton sampled using oblique bongo
tows and vertical nets. Seabird and marine mammal observations.
Data access: https://www.webapps.nwfsc.noaa.gov/apex/parrdata/inventory/projects/project/354861
PRS CTD casts (0-500 m) at fixed stations. CTD sensors for: T, S, DO, Pelagic fish (larval, juvenile, and adult) and invertebrate organisms from
density, chlorophyll fluorescence, turbidity. night Cobb midwater trawls, ichthyoplankton and invertebrate zooplankton
from oblique (Bongo, 0-100 m, night) and surface (Manta) plankton tows,
marine seabird and mammal observations, and continuous underway
acoustic data.
Data access: https://www.fisheries.noaa.gov/inport/item/20562
RREAS CTD casts at fixed stations. CTD sensors for: T, S, DO, chlorophyll Cobb midwater trawls at fixed stations. Enumeration and lengths of
fluorescence. groundfish, standardized subsampling and lengths of non-groundfish, some
enumeration of krill, squid, salps, and gelatinous zooplankton from trawls.
Acoustic data. Seabird and marine mammal observations. eDNA samples.

Data access: ERDDAP (https://coastwatch.pfeg.noaa.gov/erddap/tabledap/FED_Rockfish_Catch.subset)

Acronyms and abbreviations are spelled out in the footnote and ordered alphabetically (ADCF, acoustic doppler current profiler; CPUE, catch per unit effort; DIC,
dissolved inorganic carbon;, DNA, deoxyribonucleic acid; DO, dissolved oxygen;, ERDDAFR, Environmental Research Division Data Access Program, FRAM, Fisheries
Resource Analysis and Monitoring Division; PAR, photosynthetically active radiation; S, salinity; SIA, stable isotope analysis; T, temperature;, TSG, thermosalinograph).

surface irradiance, surface temperature, and bottom type (EK  collect carbonate chemistry measurements using trawl-mounted
60, EK 80) are continuously collected using sensors on pH sensors to examine ocean acidification vulnerability of
the ship. The survey is considering future opportunities to seafloor communities.
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National Oceanic and Atmospheric
Administration Shelf Rockfish Hook and

Line Survey

The NOAA Shelf Rockfish H&L survey is an industry-scientist
research partnership based out of the NWEFSC. The survey
objective is to develop a time series of abundance and biological
data for groundfish species in untrawlable habitats of the
Southern California Bight for use in stock assessments. The
survey began in 2004 in response to the need for fishery-
independent data on rockfish abundance south of Point
Conception. In 2004, the survey sampled 74 stations, which grew
to 121 stations by 2008. In 2014, coverage was added inside the
CCA, and currently the survey samples 201 stations annually
at depths between 35 and 230 m. The survey is conducted in
partnership with the local sportfishing industry. Survey data
are used for numerous stock assessments as indices of relative
abundance and have been used to show the effectiveness of the
CCA in rockfish and Lingcod (Ophiodon elongatus) recovery
(Keller et al., 2019). Survey data can also be used to document
broadscale changes on the U.S. West Coast including shifting
species distributions and trophic changes.

During the survey, gear is deployed by rod and reel with
standardized effort (75 hooks per site; three anglers make five
coordinated drops of a 5-hook gangion), and effort (soak time)
is tracked with stopwatches. At each station, both environmental
and biological data are collected. Environmental data collected
include surface temperature, wind speed and direction, and a
full water column CTD profile is conducted at each station
with temperature, salinity, dissolved oxygen, chlorophyll, and
turbidity sensors. Additionally, drift speed and direction, tide
height, and lunar conditions are recorded. Visual observations of
the seafloor habitat are obtained using a towed underwater video
sled. Biological data are collected on the captured groundfishes
and include species, fork length, and weight. Biological samples of
otoliths, finclips, stomachs, and muscle tissue are taken for studies
on aging, genetics, diet, and trophic ecology. Project-specific data
may also be collected.

National Oceanic and Atmospheric
Administration Rockfish Recruitment

and Ecosystem Assessment Survey

The NOAA RREAS is based out of the SWFSC and samples
annually in late spring. The overarching research objectives of the
survey are threefold and relate to informing fisheries assessment,
fisheries oceanography, and ecosystem oceanography. The survey
began in 1983, with the original goal of quantifying and
understanding variability in recruitment of rockfishes and other
groundfishes. The survey initially focused on central California,
but in 2004 expanded to cover most CA waters (Sakuma
et al,, 2016). The RREAS is also part of a Marine Biodiversity
Observation Network (MBON) and works in close collaboration
with other research institutions on this. Data from the RREAS
have been used to better understand which environmental
factors and processes contribute to setting year class strength for
rockfishes and other groundfishes (Ralston et al., 2013; Schroeder

et al.,, 2019), and have also been used to examine the effects of
changes in the abundance of young of the year rockfishes on
predator dynamics (Wells et al., 2017). The RREAS informs the
CCIEA, the State of the California Current report, and provides
indices of rockfish year class strength that are used for multiple
stock assessments. Since 2001, the NWEFSC has conducted a
comparable survey in the Pacific Northwest off Oregon and
Washington, first as a collaborative effort with the Pacific Whiting
Conservation Cooperative (2001-2009) and more recently with
NOAA research vessels (2011-present), using complementary
methods (see the section “National Oceanic and Atmospheric
Administration Coastal Cooperative Pre-recruit Survey” below).
Data from both the SWFSC and NWESC surveys are pooled
to develop indices of juvenile rockfish abundance to support
stock assessments (Field et al., 2021) as well as to support other
ecosystem investigations.

The RREAS collects both environmental and biological data.
Environmental data include CTD casts at each station with
temperature, salinity, and dissolved oxygen sensors. Biological
samples of epipelagic micronekton are collected using a Cobb
midwater trawl with a 3/8” codend liner, typically with a
30 m headrope depth. Tows are conducted at night, and
are 15 min in duration, at a speed of 2-2.5 kts. Net and
methods are comparable to historic CDFG acoustic trawl
surveys (Mais, 1974). Biological data from the midwater trawls
include enumeration and lengths of all captured groundfish,
otolith removal and age determination for a subset of
these species, standardized subsampling and lengths of non-
groundfish, identification of most krill and squid to species level,
and enumeration of some gelatinous zooplankton, including
salps and pyrosomes. Additional biological data are collected
using acoustics, which have supported studies of krill relative
abundance and distribution (Santora et al., 2011). Seabird and
marine mammal observations are made and have been used to
support a suite of studies, and recently eDNA samples have been
collected and analyzed (Closek et al., 2019).

National Oceanic and Atmospheric
Administration Juvenile Salmon and

Ocean Ecosystem Surveys

The JSOES is based out of the NWFSC and was first initiated
in 1998. The survey focuses on the northern California Current
region (northern Washington to Newport, Oregon). JSOES
uses a combination of research, monitoring, and modeling to
develop a mechanistic understanding of how conditions and
trophic dynamics in the ocean and Columbia River plume affect
early marine survival of juvenile salmonids. Survey sampling
is over the shelf [1-30 nautical miles (nmi) offshore] and over
bottom depths of 30-200 m. The June time series has the most
consistent temporal and spatial coverage (1998-present), the May
time series is limited to 1999-2012 and 2015-present, and an
additional September time series was collected from 1998 to
2012. Survey data have been used to study variability in nekton
and recent ecosystem disturbances in the Northern California
Current (Morgan et al., 2019) and to develop and test ecosystem
models (e.g., Ruzicka et al., 2016). One important output of the
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survey is the indicator stop light chart, which combines regional
and local physical and biological variables that affect juvenile
salmonid survival into a simple visual. Survey results are used by
tribal groups, state, and federal agencies, and inform the CCIEA,
and the State of the California Current Report. Scientists involved
with JSOES are also involved with the Newport Hydrographic
line (sampled biweekly, 1996-present), and the NOAA coastal
cooperative pre-recruit survey (PRS).

The JSOES collects both environmental and biological data.
Environmental data collected by JSOES include CTD casts,
nutrients, and chlorophyll-a. Biological data are collected using
daytime surface trawls with a Nordic trawl net, which fishes in
the upper 18 m of the water column. Vertical net plankton tows
sample smaller zooplankton, especially copepods, in the upper
100 m of the water column. Oblique bongo tows sample the
zooplankton community in the upper 30 m of the water column.
The survey collects biological data on surface trawl species
composition, zooplankton (including ichthyoplankton) from the
plankton tows, and conducts observations of seabirds and marine
mammals. Since the survey focuses on survival of juvenile
salmonids, additional data on salmonid species are also collected.

National Oceanic and Atmospheric
Administration Coastal Cooperative

Pre-recruit Survey

The objective of the NOAA coastal cooperative PRS is to
quantify the environmental conditions and organisms of the
Northern California Current (off Oregon and Washington)
and study ecosystem-level processes affecting managed and
protected marine resources. The PRS began in 2001 as
a collaboration between NOAA and the Pacific Whiting
Conservation Cooperative and helped complement survey effort
by the RREAS off California (Sakuma et al., 2006; Ralston and
Stewart, 2013). Since 2011, it has been operated by the NWESC
and coordinates directly with the RREAS (Brodeur et al., 2019a).
Data from these two surveys are pooled to support indices
for stock assessments and other investigations (e.g., Friedman
et al., 2018; Field et al, 2021). PRS sampling occurs annually
in May-July during seasonal ocean upwelling and increased
southward transport. Survey data are used to parameterize
ecosystem models and forecast changes in species, assemblages,
and ecosystems. Survey data have also been used to examine
shifts in the assemblage structure due to marine heatwaves
(Brodeur et al., 2019a).

Oceanographic and biological samples are collected by the
survey at fixed stations along transects over the continental
shelf. CTD casts at fixed stations measure temperature,
salinity, density, chlorophyll a, turbidity, and dissolved oxygen
throughout the water column (to maximum depth of 500 m)
(Brodeur et al., 2019a). Underway acoustic data are collected
continuously throughout the survey to acoustically characterize
the distribution and abundance of macrozooplankton,
micronekton, meroplankton, and zooplankton. Biological
sampling is conducted using a modified Cobb midwater trawl
and bongo and Manta nets at fixed cross-shelf stations along
ten 0.5°-latitudinal transects. The midwater trawls have a target

headrope depth of 30 m, are ~15 min in duration, and are
conducted at night. Most organisms captured by the trawl
are sorted, measured, counted, and identified to the lowest
taxonomic level possible. Specimens of certain species are
collected for diet analysis, growth, contaminant load, stable
isotope analysis, and other studies relating to the ecology and
production of commercially and ecologically important taxa
and their relationships within the food web. Ichthyo- and
zooplankton are collected using a bongo net with a 60-cm
diameter mouth opening and 333-pm mesh nets. The bongo is
fished at night as a continuous oblique tow from ~100 m (or
within 5 m of the bottom at stations < 100 m) to the surface.
Neustonic ichthyo- and zooplankton (especially crab megalopae)
were also collected in 2014-2019 using a Manta net (1.0 x 0.4 m
mouth; 300-pum mesh) fished at the surface. Marine mammal
and bird observations are also collected during the day, and a
variety of specialized projects are conducted each year.

Joint United States-Canada Integrated
Ecosystem and Pacific Hake Acoustic

Trawl Survey

The objective of the Hake ATS is to support sustainable fisheries
management for Pacific Hake (Merluccius productus), which is
the largest (by volume) fishery on the U.S. West Coast and
is jointly managed with Canada. The survey began in 1977
and was initially conducted triennially, but since 2001 has been
conducted every other year. The survey samples from south
(Point Conception) to north (SE Alaska) and takes place in
the summer (June-September) with about 90-100 days at sea.
The survey has a random start near Point Conception, then
transects are spaced 10 nmi apart and are conducted over isobaths
of 50-1500 m (or 35 nmi offshore). In addition to informing
hake stock assessments, integrated oceanographic, acoustic, and
biological data from the survey have been used to develop
models for forecasting hake and euphausiid habitat, and to
examine trophic linkages. Given the large spatial footprint of
the survey, the data can be used to examine broadscale changes
in the CCE.

Oceanographic, acoustic, and biological data are collected by
the survey. Oceanographic data are collected while underway
using an ADCP and a thermosalinograph, as well as at fixed
and ad hoc stations using CTD profiles and an underway
CTD. Acoustic data are collected using Simrad EK60 and EK80
echosounders at 18, 38, 70, 120, and 200 kHz, run continuously
during the day and night. Backscatter data are used to examine
the distribution and abundance patterns of hake, euphausiids,
and shelf-associated rockfishes in the water column. Regions
of hake-like backscatter are sampled during the day using an
Aleutian Wing Midwater Trawl with video, stereo cameras, and
an SBE-39 temperature and pressure sensor attached to the
trawl. On average, 104 trawls have been collected per survey
(range between 63 and 141 trawls). Trawl-caught specimens are
identified to species, and lengths, weights, age, sex, and maturity
are determined for certain species. Samples for genetics, diet,
physiology, and toxicology are also collected for certain species.
Zooplankton tows with a Methot net are conducted at certain
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stations. Saildrones have also recently been used as a sampling
platform, and there are hopes to add drop cameras in the future.
Partner projects on the survey have included harmful algal bloom
research, eDNA sampling, testing of the Imaging Flow CytoBot
(an in situ automated submersible imaging flow cytometer for
analyzing nano- and microplankton; Olson and Sosik, 2007), and
collection of marine bird and mammal observations.

California Collaborative Fisheries

Research Program

The CCERP is a fishery-independent monitoring program that
was started to monitor and evaluate the California Marine Life
Protection Act (MLPA)-created Marine Protected Areas (MPAs)
in California and provide data for conservation and fisheries
management. It began in 2007 following the passage of the
MLPA, and initially focused on four Central Coast MPAs (Ao
Nuevo, Point Lobos, Piedras Blancas, and Point Buchon). In
2017, CCFRP expanded to a statewide program. Sampling focuses
on depths between ~10 and 40 m and is done by paired sampling
at an MPA and a nearby reference site with matching benthic
substrate and depth characteristics. For each site, four grid cells
(500 x 500 m) are randomly selected, and a 15-min drift is
conducted at three locations in each grid cell, during which
volunteer anglers fish. CCFRP data are used for certain nearshore
rockfish stock assessments, where other fishery-independent data
are unavailable, and data are used to evaluate MPA effectiveness
and assess recovery of certain species (Starr et al.,, 2015). The
data have supported recovery of Lingcod, Blue Rockfish (Sebastes
mystinus), and Vermillion Rockfish (Sebastes miniatus) in certain
MPAs. By incorporating the fishing community into CCFRP
sampling (through contracting Commercial Passenger Fishing
Vessels and involving volunteer anglers), this program also works
to build trust between the science and fishing communities
(Mason et al., 2020).

Both environmental and biological data are collected by the
program. Biological sampling is performed by fishing during
a 15-min drift. Angler number, species identity, total length
(cm), fish condition, tag number, and global positioning system
coordinates are recorded for each catch, total time fishing is
recorded to provide a precise estimate of effort, and data are
standardized to catch per angler hour, as a metric of CPUE (catch-
per-unit-effort). Additionally, weather is recorded and a CTD
cast is conducted. Between 2007 and 2018, 136,000 fishes from
86 species have been caught by the CCFRP. Over 44,000 fishes
have been tagged and released as part of this program, and genetic
mark/recapture methods are being explored.

CONTRIBUTIONS OF FISHERIES
SURVEYS TO OCEAN OBSERVING
NEEDS

Fisheries surveys collect data on multiple variables that have
been deemed as priorities by the ocean observing community.
These include essential ocean variables (EOVs), essential climate
variables (ECVs), and essential biodiversity variables (EBVs).

EOVs have been agreed upon by the Global Ocean Observing
Strategy to build better coordination across observing programs
(Lindstrom et al., 2012). EOVs that relate to measuring
climate change, such as sea surface temperature, oxygen, and
inorganic carbon, are also considered ECVs under the global
climate observing system (WMO, 2016). ECVs contribute to
the characterization of Earth’s climate and support the work of
the United Nations Framework Convention on Climate Change
and the Intergovernmental Panel on Climate Change. EBVs have
been defined by the Group on Earth Observations Biodiversity
Observation Network as derived measurements required to
study, report, and manage biodiversity change (Pereira et al,
2013). EBVs fall into six classes: genetic composition, species
populations, species traits, community composition, ecosystem
functioning, and ecosystem structure. To improve coordination
with the international ocean observing community, we indicate
the EOVs (Table 4), ECVs (Table 5), and EBVs (Table 6) that are
collected by U.S. West Coast fisheries surveys.

Overall, we see that certain EOVs and ECVs are very well
sampled by fisheries surveys. Since all surveys conduct vertical
CTD casts, all collect data on sea surface and subsurface
temperature and salinity (Tables 4, 5). Because dissolved oxygen
is an important environmental variable for characterizing fish
habitat, most surveys also collect subsurface oxygen data with
calibrated oxygen sensors, and some collect bottle measurements
and conduct Winkler titrations at sea (Tables 4, 5). Since
the objective of fisheries surveys is to support sustainable
management of fish stocks, all surveys collect data on fish
and more than half collect data on zooplankton (Table 4).
Phytoplankton and microbe EOVs are only collected by certain
surveys (Table 4), and the collection of these EOVs tends to
be supported by academic collaborations and partner projects.
Similarly, nutrient data are only collected by two of the nine
fisheries surveys (Tables 4, 5). Currently, only CalCOFI collects
inorganic carbon data, which is an important EOV and ECV since
it supports understanding ocean acidification risk (Tables 4, 5).
However, carbonate chemistry parameters can be estimated with
robust regional empirical relationships (Alin et al., 2012) using
variables that are collected by most surveys (i.e., temperature,
salinity, oxygen). Thus, even surveys that do not directly collect
inorganic carbon data can contribute to understanding regional
ocean acidification risk.

Perhaps the greatest contribution of fisheries surveys is
to ocean biology and ecosystem variables, and EBVs, which
require at-sea, biological data collection. This can be seen by
the large number of biology and ecosystem EOV's (Table 4) and
EBVs (Table 6) that are supported by U.S. West Coast fisheries
survey programs. Specifically, all surveys contribute knowledge
on species distributions, species abundances, community
abundance, ecosystem disturbances, and ecosystem distribution
(Table 6). Surveys that sample in multiple seasons of the year,
also contribute knowledge on species and ecosystem phenology
(Table 6). Fisheries surveys can also contribute to EBVs that
are not explicitly a focus of the survey. For example, genetic
composition EBVs could be examined using archived and
curated ethanol preserved samples from programs like Cal COFI;
and programs like GBTS, H&L Survey, Hake ATS, and JSOES
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TABLE 4 | Essential ocean variables (EOVs) that are collected on the nine U.S. West Coast fisheries surveys.

Essential ocean variable (EOV) CalCOFI CCFRP CCES GBTS H&L Survey Hake ATS JSOES PRS RREAS
Biology and Marine mammals Yes No Partial No No From 2021 Yes Yes Yes
ecosystems
Sea birds Yes No Partial No No From 2021 Yes Yes Yes
Fish Yes Yes Yes Yes Yes Yes Yes Yes Yes
Zooplankton Yes No Yes - Krill No No Yes Yes Yes Yes
Phytoplankton Yes No No No No Partners No No No
Microbes Yes No No No No Partners No No Yes
Cross-disciplinary Ocean sound Partial No Yes Partial No Yes No Yes No
Biogeochemistry Inorganic carbon Yes No No No No No No No No
Particulate matter Yes No No No No No No No No
Dissolved organic carbon Yes No No No No No No No No
Oxygen Yes No Yes Yes Yes Yes Yes Yes Yes
Nutrients Yes No No No No No Yes No No
Physics and climate ~ Sea state Yes Partial Yes Partial Yes Yes Yes No No
Sea surface temperature Yes Yes Yes Yes Yes Yes Yes Yes Yes
Subsurface temp Yes Yes Yes Yes Yes Yes Yes Yes Yes
Surface currents Yes No Intermittently No Yes Yes No No No
Subsurface currents Yes No Intermittently No No Yes No No No
Sea surface salinity Yes Yes Yes Yes Yes Yes Yes Yes Yes
Subsurface salinity Yes Yes Yes Yes Yes Yes Yes Yes Yes

Collection of each EQV is indicated by color and label: “Yes” (blue), “No” (orange), and “Partial” or infrequent data collection (yellow). EOVs collected by partner projects
are indicated as “Partners”. Coastal or tropical EOVs, such as hard coral, seagrass, and mangrove cover, are omitted. A full list of EOVs can be found on the Global
Ocean Observing System website (www.goosocean.org).

TABLE 5 | Essential climate variables (ECVs) that are collected on the nine U.S. West Coast fisheries surveys.

Essential climate variable (ECV) CalCOFI CCFRP CCES GBTS H&L Survey Hake ATS JSOES PRS RREAS
Surface ocean Sea surface temperature Yes Yes Yes Yes Yes Yes Yes Yes Yes
physics

Sea surface salinity Yes Yes Yes Yes Yes Yes Yes Yes Yes

Sea state Yes Partial Yes Partial Yes Yes Yes No No

Surface current Yes No Intermittently No Yes Yes No No No
Subsurface ocean  Subsurface temperature Yes Yes Yes Yes Yes Yes Yes Yes Yes
physics

Subsurface temperature Yes Yes Yes Yes Yes Yes Yes Yes Yes

Subsurface currents Yes No Intermittently No No Yes No No No
Ocean Inorganic carbon Yes No No No No No No No No
biogeochemistry

Oxygen Yes No Yes Yes Yes Yes Yes Yes Yes

Nutrients Yes No No No No No Yes No No
Ocean Plankton Yes No Partial No No Yes Yes Yes Yes
biology/ecosystems

Collection of each ECV is indicated by color and label: “Yes” (blue), “No” (red), and “Partial” or infrequent data collection (yellow). ECVs that are not collected by
any of the surveys (e.g., sea ice, ocean surface heat flux, sea level) are omitted. A full list of ECVs can be found on the World Meteorological Organization website
(https://public.wmo.int/en/programmes/global- climate- observing- system/essential-climate- variables).

collect fish tissue samples for DNA analysis, which could inform  Fisheries Survey Contributions to a
other genetic composition EOVs (Table 6). Holistic Understanding of the Effects of
the 2014-2016 Marine Heatwave on the

California Current Ecosystem
Between 2014 and 2016, water temperature along the west

CONTRIBUTIONS OF FISHERIES

SURVEYS TO UNDERSTANDING coast of North America displayed the highest 3-year average
EMERGENT ECOSYSTEM on record (Jacox et al., 2018), and similar “marine heatwave”
MANAGEMENT CHALLENGES conditions are likely to become increasingly common in the

future (Jacox et al., 2020). Data collected from multiple marine
In this section, three case studies are provided that show how surveys, including fisheries surveys, provided a comprehensive
fisheries survey data contribute to understanding and managing picture of the response of the CCE across multiple trophic
emergent ecosystem challenges on the U.S. West Coast, including  levels to the 2014-2016 marine heatwave (visually summarized
marine heatwaves, ocean acidification, and contaminant spills. in Figure 3).
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TABLE 6 | Essential biodiversity variables (EBVSs) that are collected on the nine U.S. West Coast fisheries surveys.

Essential biodiversity variable (EBV) CalCOFI CCFRP CCES GBTS H&L  Hake ATS JSOES PRS RREAS
Survey
Genetic composition Intraspecific genetic diversity No No No Partial Partial Partial Partial No No
Genetic differentiation No No No Partial Partial Partial Partial No No
Effective population size No No No Partial Partial Partial Partial No No
Species populations Species distributions Yes Yes Yes Yes Yes Yes Yes Yes Yes
Species abundances Yes Yes Yes Yes Yes Yes Yes Yes Yes
Species traits Morphology Partial Yes Yes Yes Yes Yes Partial Yes Yes
Physiology Partial Partial Partial Partial Partial Yes Partial Yes Partial
Phenology Yes No Partial Yes No No Yes Partial Partial
Movement Yes Yes Yes Yes Yes Yes Yes Partial Partial
Community composition Community abundance Yes Yes Yes Yes Yes Yes Yes Yes Yes
Taxonomic/phylogenetic diversity Yes Yes Partial Yes Yes Yes Yes Yes Yes
Interaction diversity No No No Partial No Partial No Partial Partial
Ecosystem functioning  Primary productivity Yes No No No No No No No No
Ecosystem phenology Partial No No No No No Yes Partial Partial
Ecosystem disturbances Yes Yes Yes Yes Yes Yes Yes Yes Yes
Ecosystem structure Ecosystem distribution Yes Yes Yes Yes Yes Yes Yes Yes Yes
Ecosystem vertical profile Yes No Yes No No Yes Yes Yes Yes

Collection of each EBV is indicated by color and label: “Yes” (blue), “No” (red), and “Partial” (yellow), indicating infrequent or supporting sample collection. EBVs that
are not directly collected by any of the surveys (e.g., live cover fraction) are omitted. A full list of EBVs can be found on the Group on Earth Observations Biodiversity

Observation Network website (https.//geobon.org/ebvs/).
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FIGURE 3 | Conceptual diagram of observed marine heatwave effects in the California Current Ecosystem during the 2014-2016 marine heatwave.
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Zooplankton data from the NHL, THL, PRS, CalCOFI, and
IMECOCAL surveys showed that zooplankton displayed similar,
and rather predictable, responses to warm water across regions
within the CCE. Specifically, smaller-bodied individuals and
species were prevalent in several surveys. In the north, the
abundance of relatively large crustacean zooplankton was very
low off Oregon (Brodeur et al., 2019a) while small and gelatinous
(genus Pyrosoma) invertebrates were abundant in both the
ocean and the guts of predators (Brodeur et al., 2019b). In
northern California, krill Euphausia pacifica were much smaller
than average (McClatchie et al., 2016b). In southern California,
CalCOFI surveys demonstrated that the 2014-2015 surface

warming induced shifts in the zooplankton assemblage similar
to the 1992-1993 El Nifio, while the 2015-2016 assemblage was
closer to that of the 1997-1998 El Nifio (Lilly and Ohman, 2018).
Further south, two krill species, E. pacifica and Nematoscelis
difficilis, decreased in biomass by 95% relative to the previous
decade while several tropical krill species increased significantly
off Baja California (Lavaniegos et al., 2019).

Data collected by NHL, PRS, RREAS, CalCOFI and
IMECOCAL surveys also provided a look at coast-wide
forage fish assemblage responses to the marine heatwave. These
were more nuanced than for zooplankton but revealed that
strong shifts in fish assemblage structure were synchronous
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throughout the region even though the particular taxa that drove
the changes differed among regions (Thompson et al., 2019a).
Opverall, larval abundances were very high, and the assemblage
was largely southern and offshore species. Species such as Pacific
Sardine were observed spawning in the winter for the first
time off Oregon (Auth et al., 2018). In central and southern
California, abundances of southern, mesopelagic taxa were at
record highs both in RREAS (Sakuma et al., 2016; Thompson
et al, 2019b) and CalCOFI larval surveys (Thompson et al,
2021), which is consistent with past warm water events (Peabody
et al., 2018). Atypically, Northern Anchovy (Thompson et al.,
2019b) and multiple rockfishes (Schroeder et al., 2019) that
previously flourished under cold conditions had extremely high
recruitment from 2014 to 2016, and adult abundances of anchovy
rose to record highs in subsequent years (Auth et al., 2018;
Thompson et al., 2019b). In the southern CCE, larvae of the
same mesopelagic species that increased in southern California
decreased in northern Baja California, potentially due to a shift
in preferred habitat, while larvae of demersal taxa increased
(Uribe-Prado et al., 2021).

Fisheries survey data from RREAS and CalCOFI also
contributed to understanding top predator dynamics during the
marine heatwave. California sea lions (Zalophus californianus),
which had endured unusual mortality events due to scarce prey
prior to the heatwave (McClatchie et al., 2016a), fed copiously
on the resurgent Northern Anchovy beginning in 2015 and had
much enhanced pup condition from 2015 to 2018 (Thompson
et al., 2019b). Humpback whales (Megaptera novaeangliae)
were closer to shore than usual, likely to feed on anchovy,
which caused more whale entanglements in Dungeness crab
(Metacarcinus magister) fishing gear, greater whale mortality,
and intermittent fishery closures (Santora et al., 2020). Catch
of Pacific Bluefin tuna (Thunnus orientalis) by the commercial
passenger fleet off California was very high, as tuna associated
with warm water and foraged on anchovy (Runcie et al,
2019). Seabird population dynamics differed during and after
the marine heatwave depending on prey needs. Species such
as the Brandts cormorant (Phalacrocorax penicillatus), which
are capable of feeding on anchovy and provide regurgitate to
nourish chicks, had relative high production (Thompson et al.,
2019b). In contrast, species that feed on krill and smaller prey,
such as Cassin’s auklet (Ptychoramphus aleuticus), fared poorly
(Jones et al., 2018).

Fisheries Survey Contributions to
Characterizing and Evaluating Ocean
Acidification Risk for the California
Current Ecosystem

At the air-sea interface, the ocean absorbs atmospheric CO,,
resulting in a reduction in pH and changes in seawater carbonate
chemistry. This process of ocean acidification (OA) leads to a
reduction in available carbonate ions (and related saturation
states), which are the building blocks for calcifying organisms
such as mollusks, crustaceans, and bivalves (Doney et al., 2009).
Due to the 47% increase in atmospheric CO; since the beginning
of the Industrial Age, OA is occurring faster than at any other

time over the past 50 million years (Honisch et al., 2012). The U.S.
West Coast is particularly vulnerable to OA impacts because the
CCE is an Eastern Boundary Upwelling System, and upwelling
events bring more acidic waters into shallow and nearshore
habitats (Feely et al., 2008). Studies suggest the rapid increase in
atmospheric CO; since the Industrial Age has contributed to the
severity of these events (Gruber et al., 2012; Hauri et al., 2013).
While fisheries surveys were not initially designed to evaluate or
monitor OA vulnerability, they could provide a valuable source
of information for the present and future.

Along the U.S. West Coast, oceanographic surveys like the
NOAA Pacific Marine Ecosystem Laboratory West Coast Ocean
Acidification (WCOA) cruises provide important data that
support OA decision-making frameworks for the CCE. Data
from these cruises were used to examine habitat suitability in the
CCE for different life stages of pteropods, which are planktonic
calcifiers (Bednarsek et al., 2014). Pteropods exhibited dissolution
damage that scaled in severity with low aragonite saturation state
conditions in the survey area, implying that OA will reduce
the amount of optimal habitat for pteropods. An individual’s
previous exposure history to low aragonite saturation conditions
affected future survival in acidic conditions (Bednarsek et al.,
2017). Life-stage specific critical thresholds for pteropods were
sensitive to warming conditions, OA exposure duration, and
other climate change stressors (Bednarsek et al., 2019). The
inclusion of warming with OA exposure increased vulnerability
to shell dissolution and survival (Bednarsek et al., 2019).

The suite of pteropod studies conducted by Bednarsek et al.
(2014, 2017, 2019) is in large part based on data collected during
the NOAA WCOA cruises and provides an example of the utility
of ecosystem monitoring programs to investigate and ultimately
enhance our understanding of emerging issues, like OA. While
currently, of the U.S. West Coast fisheries surveys, only the
CalCOFI Program collects carbonate chemistry data, fisheries
surveys have the potential to add carbonate chemistry monitoring
to their data collection with a relatively low investment (ie.,
the cost of sensors, onboard flow-through pCO, measurement
systems, or seawater analysis costs for dissolved inorganic carbon
and total alkalinity). Integration of these OA measurements
would substantially increase spatial coverage of OA information
on the West Coast, where the implications of OA are of high
priority amongst the scientific and management communities.
CalCOFI complements the WCOA data collection because it
provides a multidecadal time series of dissolved inorganic carbon
measurements starting in 1983 (Gallo et al, 2019) and it
collects data during years when there are no WCOA cruises
(WCOA cruises were conducted in 2007, 2011, 2012, 2013, 2016,
2017, and 2021).

Ocean acidification mitigation and preparedness strategies are
critical for protecting ecosystems and economies and rely on
understanding OA risk in a region and species vulnerabilities. As
part of the International Alliance to Combat Ocean Acidification,
the California Ocean Protection Council in cooperation with
the Ocean Science Trust has developed the State of California
Ocean Acidification Action Plan, which is the guiding document
for the state to engage in strategies to mitigate and prepare
for impacts of ocean acidification (OPC, 2018). A specific
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strategy in this Plan is to invest in monitoring and observation
systems that couple environmental and biological monitoring
associated with OA. Given the large spatial footprint of fisheries
surveys and committed ship time, these surveys could address
this Action Plan strategy by providing opportunities to link
carbonate chemistry measurements with biological samples
to examine ecosystem indicators of OA impacts. Together,
oceanographic and experimental data can be used to develop
reliable projections of OA impacts to support decision-making
frameworks (Link, 2005).

Fisheries Surveys Provide Environmental
Baselines for Evaluating Ecosystem
Impacts of Human-Made and Natural

Disasters

The U.S. West Coast includes numerous important fisheries,
ecologically significant areas, a broad diversity of species, and
a vibrant tourism industry. At the same time, it also has dense
human populations, the busiest marine ports in the nation, 23
offshore oil platforms, and diverse coastal industrial production.
In addition, the steady rise in fisheries disasters driven by climate
change (e.g., marine heatwaves, extreme weather; Bellquist et al.,
2021) reflect the intensifying ecosystem impacts of greenhouse
gases. The potential for environmental and economic disaster
in the region’s ocean ecosystem, due to chance events and/or
the unforeseen consequences of human activity, is therefore,
high. When such disasters occur, data from fisheries surveys can
provide context for the extent of impacts, and the short- and
long-term ecosystem responses.

Ecosystem monitoring programs are perhaps most useful
when they provide contextual information for the impacts of
disasters. The southern California oil spill of Santa Barbara (1969)
was an iconic ocean ecosystem disaster that was at least partially
responsible for the modern environmental movement (Teal and
Howarth, 1984; Clarke and Hemphill, 2002). The impacts of this
unanticipated event was both acute and long lasting (Spezio,
2018). Following the spill, several studies demonstrated high
mortality in nearby seabird, marine mammal, and intertidal
communities (e.g., Foster et al., 1971). However, the population
level impacts on subtidal taxa and fishes were less clear due
to a lack of long-term prior baseline information. The value of
fisheries surveys as an impact assessment tool was demonstrated
in the aftermath of both the Exxon Valdez (1989) and Deepwater
Horizon (2010) oil spills. In the former case, Thorne and Thomas
(2008) used a decadal database of acoustic surveys of Prince
William Sound Pacific Herring to demonstrate that collapse in
that population was consistent, in time and duration, with oil spill
impacts. In the latter case, Peterson et al. (2017) used catch data
from two fishery-independent surveys to demonstrate a lack of
spill-related impacts on food-web structure among large coastal
fishes. In both cases, fishery survey data collected to inform
routine stock assessments were used to examine ecosystem
responses to the oil spills.

The frequency of marine ecosystem disasters in the
United States has increased significantly during the last
34 years (Smith and Katz, 2013; Bellquist et al, 2021), and

prevention of all unforeseen human-induced disasters to
California’s coastal ecosystems is unlikely. In the case of a new
ecosystem disaster, the rich array of fisheries surveys and ocean
monitoring programs along the North American coast can
provide detailed baseline data to identify coastal community
and marine ecosystem impacts and inform environmental and
economic impact assessments. For example, in response to
the 2021 discovery of a vast dichloro-diphenyl-trichloroethane
(DDT) waste dumping ground near Santa Catalina Island in
southern California, a recently funded Moore Foundation project
will use preserved CalCOFI ichthyoplankton samples to examine
the spatio-temporal extent of DDT penetration in the California
Current food web.

DISCUSSION: A HEALTHY ECOSYSTEM
OF MONITORING PROGRAMS

The goal of this paper is to demonstrate the value and
breadth of ocean observing and ecosystem monitoring data
collected by fisheries surveys, using the U.S. West Coast as
an example. On the U.S. West Coast, fisheries surveys provide
extensive additional spatial ecosystem monitoring coverage.
When examining U.S. West Coast coverage of ocean monitoring
based on a 0.1 degree resolution grid cell (11.1 km), we find that
the combined area sampled by monitoring programs represented
at the 2019 CalCOFI Symposium is about 189,000 km?. Of
this area, 12% is sampled by both fisheries and non-fisheries
surveys, 6% is sampled by only non-fisheries surveys, and
82% is sampled by only fisheries survey programs (Figure 4).
Including fisheries surveys as essential components of ocean
observing systems increases spatial coverage of ocean ecosystem
monitoring on the U.S. West Coast by more than 75%; the
increase in coverage is especially pronounced offshore (Figure 4).
Additionally, these fisheries surveys have all been sampling from
2010 onward, meeting the IGMETS definition for sustained
ocean time series, with four of the nine fisheries surveys having
over 30 years of sampling coverage (Figure 2). Thus, fisheries
surveys on the U.S. West Coast contribute substantially to
sustained ecosystem observing goals. Fisheries surveys conducted
by fisheries divisions in other countries (e.g., the Norwegian
Institute of Marine Research (IMR), the Marine Institute of Peru
(IMARPE), Fisheries and Oceans Canada (DFO), the Chilean
Fisheries and Aquaculture Division (SUBPESCA), and the
Marine Institute in Ireland) likely also contribute substantially
to ocean observing goals. Compiled information about the data
collected by fisheries surveys globally would greatly benefit the
ocean observing community.

While the need for robust ocean time series only increases in
the 21st century, both federal and academic monitoring programs
struggle with the realities of rising ship time costs, and the
challenges of maintaining historic time series while integrating
new sampling approaches and revising survey designs. Building
tools for new monitoring needs onto the existing blueprint
of fisheries surveys can be a cost-effective way to address
emerging regional challenges. Effective partnerships between
federal fisheries surveys and academic programs give rise to
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Both: fishery & other surveys
Other surveys only

Fisheries surveys only

FIGURE 4 | Spatial extent of U.S. West Coast ocean monitoring based on survey type, shown at a 0.1 degree resolution grid cell (11.1 km). Areas sampled only by
fisheries surveys are shown in teal, areas sampled only by non-fisheries surveys are shown in purple, and areas sampled by both survey types are shown in red.

more integrated, thorough regional monitoring by leveraging
the strengths of both. For example, the partnerships between
CalCOFI and the CCE LTER program, and between the RREAS,
PRS, and the SBC MBON, have resulted in a broader breadth
of EOVs being measured over a greater area on these surveys
(Table 4). Fisheries surveys can offer ship time, a wealth of
oceanographic and biological data, and sampling consistency that
does not depend on shorter academic grant cycles. Academic
partnerships can offer funding avenues for pursuing basic
scientific questions, opportunities to test newer technologies
such as eDNA or autonomous vehicles, and personnel time and
student training opportunities through the university framework.
Networks like LTER, MBON, and the United States Integrated
Ocean Observing System (I0OOS), can help individual programs
coordinate across larger spatial scales and connect to national and
international efforts.

By raising awareness about the different fisheries surveys and
types of data collection, we hope to build more cooperative
opportunities for the future. During the 2019 CalCOFI
Symposium, it was clear that many fisheries surveys are
open to collaboration with both one another and academic

institutions and, in some cases, can collect samples for
ancillary research projects. In accordance with the OPEN
Government Data Act (Public Law, 2019), federal fisheries
surveys in the United States are required to make data
publicly accessible and have personnel time dedicated to
support database upkeep and management. However, open
access is not always the case for ocean time series programs,
specifically internationally. An IGMETS survey found that
69% of zooplankton time series are controlled or restricted,
meaning data are only available by contacting the data collector
or institutional data manager, and only 13% had full online
access (Benway et al., 2019). Phytoplankton, nutrient/pigment,
and temperature/salinity data had slightly higher full online
access availability, but controlled or restricted access to those
datasets was still more common (Benway et al., 2019). Though
United States fisheries survey data are required to be publicly
available, there are survey-specific differences in terms of data
and metadata structure and ease of use. There is no single
data serving tool that houses all NOAA fisheries survey data,
and such an effort would need to surmount considerable
challenges in integrating survey-specific differences in survey
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design and sampling, including operations conducted by different
regional NOAA offices (Tables 2, 3).

As oceans warm, marine ecosystems may change in
unpredictable ways (Checkley et al., 2017; Thompson et al,
2019b). A robust and collaborative network of regional
monitoring programs can more rapidly detect early signals of
unanticipated changes and changes in species distributions,
respond with additional focused sampling as needed, and support
more informed and responsive management actions. Due to
their large spatial footprints and sustained sampling, fisheries
surveys represent a foundational blueprint for regional ecosystem
monitoring in a time of global change. On the U.S. West
Coast, they provide multi-decade ocean time series, increase
the spatial extent of ocean ecosystem monitoring by over 75%,
and provide coast to offshore data on multiple oceanographic
and ecological variables deemed essential by the ocean observing
community. However, even fisheries surveys are not immune to
rising ship time costs and eroding agency budgets, and surveys
that only indirectly inform fisheries management by providing
ecosystem context are often at greater risk of losing funding
than those directly informing fisheries stock assessments. Thus,
recognizing the contributions of fisheries surveys to the collection
of key ocean, climate, and biodiversity data is essential, as is
maintaining public support for ocean observing and ecosystem
monitoring. As the international community moves toward a
global strategy for ocean observing, this program will need
to (1) be multidisciplinary and based on best practices, (2)
built on existing platforms, and (3) strengthen and expand
the current capacities (Miloslavich et al., 2017). Fisheries
surveys, both in the United States and globally, should play
an important role as data contributors in the global ocean
observing strategy.
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