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Abstract

The coastal pelagic species (CPS) fisheries along the U.S. West Coast in the Northeast Pacific
Ocean are managed under the CPS Fisheries Management Plan and include four finfish species:
Pacific jack mackerel (Trachurus symmetricus), northern anchovy (Engraulis mordax), Pacific
sardine (Sardinops sagax caerulea), and Pacific mackerel (Scomber japonicus). The
instantaneous rate of natural mortality (M) is an important parameter for assessment and
management of these and other species. A synthesis of literature on M for each of these species
has the potential to contextualize and improve estimation of M in future stock assessments. To
this end, a brief synthesis of various methods for deriving estimates, inferences, or assumed
values of M for managed CPS finfish along the U.S. West Coast was conducted. The synthesis
included a review of literature cited in recent assessments for the U.S. West Coast, scientific
reports from prominent fisheries and assessment-focused organizations, and Google Scholar
queries. First, the report briefly describes the primary means of estimating M in fisheries
management (i.e., empirical relationships across stocks found between estimates of M and more
readily observed traits, mark-recapture analysis, catch-at-age analysis, and estimation within
stock assessments) and summarizes best practices for modeling M in stock assessments.
Reported values of M for CPS finfish are subsequently summarized and compared. For the U.S.
West Coast, estimates of M for Pacific jack mackerel and northern anchovy are scant relative to
those for Pacific sardine and Pacific mackerel, highlighting potential data gaps. Values of M
were generally greatest for northern anchovy, followed by Pacific sardine and Pacific mackerel,
and were lowest for Pacific jack mackerel. Values of M from conspecific stocks from other parts
of the Pacific Ocean or closely related species were generally similar to those for CPS finfish off
the U.S. West Coast and help contextualize available estimates for the region. Differences in
values of M obtained from recent stock assessments and other estimation or inference methods
were observed for both Pacific mackerel and northern anchovy; these differences may merit
further consideration in future assessments. Finally, proposed research and modeling directions
are discussed.

1. Introduction

The coastal pelagic species fisheries encompass historical and present fishing effort for a variety
of vertebrate and invertebrate species along the U.S. West Coast in the Northeast Pacific Ocean.
The CPS fishery is managed under the CPS Fishery Management Plan (FMP) by the Pacific
Fishery Management Council (PFMC 2023). Species considered part of the CPS fishery by the
PFMC include the following four finfish species, in addition to market squid (Doryteuthis
opalescens) and multiple euphausiid species: Pacific jack mackerel (Trachurus symmetricus),
northern anchovy (Engraulis mordax), Pacific sardine (Sardinops sagax caerulea), and Pacific
mackerel (Scomber japonicus) (PFMC 2023). While Pacific sardine, Pacific mackerel, and the
central subpopulation of northern anchovy are formally assessed, other CPS including the
northern subpopulation of northern anchovy, Pacific jack mackerel, and market squid are
monitored to ensure stock stability but are not regularly assessed (PFMC 2024). Two additional
species, Pacific herring (Clupea pallasii) and jacksmelt (Atherinopsis californiensis), are
included in the CPS FMP as ecosystem component species; ecosystem component species are
non-target, not considered to be subject to overfishing or the risk of overfishing, and not
generally kept for commercial or personal use.



Assessment of CPS finfish stocks requires, among many other components, specification of the
instantaneous rate of naturality mortality, M. Natural mortality is an important parameter for
fisheries assessments and management, with implications for productivity and management
reference points (Maunder et al. 2023). Misspecification of M can produce biased estimates of
other fishery parameters, like steepness in stock recruitment, and result in poor estimates of
quantities relevant to management (e.g., virgin biomass) (He et al. 2011). Estimation of M, either
independent from or within stock assessments, is challenged by limited informative data and
confounding with other estimated parameters in assessments.

The specification and/or estimation of M in stock assessments can be informed by conducting an
evaluation of M for each assessed species, including a review of relevant data and estimates
(Maunder et al. 2023). Additionally, a review of a recent stock assessment for Pacific mackerel
by the stock assessment review (STAR) panel recommended exploring and summarizing broad
information on M for CPS (STAR 2023). Based in part on these recommendations, and the
importance of M in CPS stock assessments, this report was developed to briefly summarize
available information on M for the four CPS finfish species managed under the CPS FMP
(excluding ecosystem component species), with an emphasis on stocks off the U.S. West Coast:
Pacific jack mackerel, northern anchovy, Pacific sardine, and Pacific mackerel. The report is
intended to accomplish the following objectives: 1) explore and synthesize available literature on
the estimation and specification of M for CPS finfish, 2) summarize methods for estimating or
inferring M independent from and within stock assessments, 3) summarize reported values of M
for each of the CPS finfish species, with a focus on stocks along the U.S. West Coast but
including contextual information from other conspecific stocks or related species in the Pacific
Ocean, and 4) provide recommended directions for future research.

2. Description of data sources and literature review

The review of available data sources and literature featured obtaining all references pertaining to
M in the most recent assessments for northern anchovy, Pacific sardine, and Pacific mackerel,
and identifying all additional, relevant data sources and references cited within these references
(Kuriyama et al. 2022; Kuriyama et al. 2023; Kuriyama et al. 2024). Published values of natural
mortality for Pacific jack mackerel, which is not currently assessed, were obtained through a
literature review of publications. Literature reviews also were conducted for the four CPS finfish
species from either a) conspecific stocks outside of the U.S. West Coast (preferred) or b) from
closely related species in the Pacific Ocean using the following keywords (via Google Scholar
within the first 50 returns):
e Pacific jack mackerel:
o jack mackerel Trachurus symmetricus natural mortality (conducted 10/28/24)
e Northern anchovy:
o Northern anchovy Engraulis mordax natural mortality (conducted 10/29/24)
o Anchoveta Engraulis ringens natural mortality (conducted 10/29/24)
e Pacific mackerel:
o Scomber japonicus natural mortality (conducted 8/16/24)
e Pacific sardine:
o Pacific sardine Sardinops sagax natural mortality (conducted 9/10/24)



No new, relevant results were obtained from the first Google scholar search for E. mordax,
which prompted the second query for estimates of M for anchoveta. Additionally, recent
scientific reports from the International Council for the Exploration of the Sea (ICES;
https://www.ices.dk/Science/publications/ Pages/Scientific-reports.aspx) (i.e., 2022-onward) and
all scientific reports from the North Pacific Marine Science Organization (PICES;
https://meetings.pices.int/publications/scientific-reports) relevant to the estimation of natural
mortality or life history characteristics for CPS finfish were obtained, in addition to all workshop
reports and proceedings from the Center for the Advancement of Population Assessment
Methodology (CAPAM,; https://www.capamresearch.org/) and National Stock Assessment
Workshops (NSAW; https://www.fisheries.noaa.gov/population-assessments/national-stock-
assessment-workshops). Finally, a literature search with the NOAA Fisheries Scientific
Publications Office (SPO; https://spo.nmfs.noaa.gov/) was conducted using the key word
“natural mortality”.

The literature search methods were intended to include the most relevant sources of information
and provide a meaningful summary of current information on natural mortality for CPS finfish,
but they should not be considered exhaustive. It is likely that relevant values of M or estimation
methodologies were not captured as part of the described queries, particularly for stocks outside
of the U.S. West Coast or closely related species. However, the estimates and methodologies
presented in this report are expected to comprise a representative dataset for characterizing
current information and best practices for the specification of natural mortality in CPS finfish
stock assessments.

Estimates or assumed values of M for stocks of CPS finfish off the U.S. West Coast are primarily
summarized in this review, although relevant estimates of M for conspecific stocks or for closely
related species are included for context. The literature review also revealed numerous studies
reporting CPS finfish egg or larval mortality (e.g., Hunter 1976; Lo et al. 1989; Smith et al.

1989; Butler et al. 1993). Although mortality of early life stages is a relevant process for
population dynamics and management, it does not reflect the natural mortality of fish after
recruitment to fishery and therefore is not summarized in this report. These studies may be
relevant for future syntheses on recruitment processes for CPS finfish.

3. Methods for estimating M
3.1. Overview

There are several published schemes for categorizing methods for estimating or inferring M, both
independent from and within stock assessments (e.g., Brodziak et al. 2011; Hoenig et al. 2016;
Maunder et al. 2023). For convenience, the categorization in Maunder et al. (2023) is adopted in
this review, which separates estimation methodology into two broad groups: 1) estimation
independently from a stock assessment and 2) estimation within integrated population models.
Brief overviews of the types of methodologies are provided below, in addition to summaries of
their application to estimating M for CPS finfish; details and discussion on the relative
performance of each can be found in Maunder et al. (2023). These overviews are intended to
contextualize the methods used to generate reported values of M for CPS finfish.
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3.2. Estimation independent from stock assessments

For estimation methods independent from stock assessment, Maunder et al. (2023) defined three
broad methodology groups: 1) empirical relationships, 2) mark-recapture analysis, and 3)
analysis of catch-at-age data.

3.2.1. Empirical relationships

Broadly defined, “empirical” methods for estimating M are based on predictive relationships
between existing estimates of M and some attribute(s) of species life history, including
characteristics like maximum age, age-at-maturity, and growth. The basis of many empirical
relationships is rooted in life history theory, in which relationships between M and a life history
characteristic are defined based on assumed structural forms of population dynamics.

Empirical relationships between M and life history characteristics have been employed
extensively to infer the natural mortality of CPS finfish. Relationships between M and maximum
age developed by Beverton (1963), Hoenig (1982), Hoenig (1983), and Hamel and Cope (2022)
have been applied to infer natural mortality for Pacific sardine, Pacific mackerel, northern
anchovy, and Pacific jack mackerel. Relationships between M and growth developed by
Beverton and Holt 1959 and Pauly (1980) have been applied to Pacific sardine, Pacific mackerel,
and Pacific jack mackerel. A relationship between M and age-at-maturity developed by Charnov
and Berrigan (1990) has been applied to Pacific mackerel. Other types of relationships not
applied formally to CPS include relationships between M and size and reproductive effort (e.g.,
Lorenzen 1996; Gunderson and Dygert 1988). Methods to integrate estimates of M using
multiple relationships, reported in Hamel (2015) and Cope and Hamel (2022), have been
developed and used to specify priors on M in recent CPS assessments.

3.2.2. Mark-recapture analysis

Mark-recapture analysis of tagging data is an established method of estimating M. Mark-
recapture analyses using physical tag recoveries have provided estimates of M for Pacific sardine
and Pacific mackerel (Clark and Janssen 1945; Fry and Roedel 1949; Clark and Marr 1955).
Methods of mark-recapture that can provide estimates of M without the need for physical
recaptures or recoveries include electronic tagging (e.g., acoustic telemetry), archival tagging,
and genetic tagging (e.g., close-kin mark-recapture); none have yet been applied to CPS finfish
(e.g., Bravington et al. 2016; Peterson et al. 2021).

3.2.3. Catch-at-age analysis

Catch-at-age data, typically collected from commercial fisheries or fisheries-independent
surveys, can be analyzed to estimate total mortality Z, and in some cases fishing mortality F and
M specifically, using methods commonly referred to as catch curve analysis. Catch curve
analysis is predicated on the assumption that cohort abundances decline over time as a function
of Z. Separate estimates of /" and M can be obtained under conditions of insignificant fishing
mortality or by regressing estimates of Z on fishing effort. Analyses can be performed with either
a single year or multiple years of catch-at-age data; however, analyses on one year require the



assumptions that selectivity is constant across ages and recruitment is constant over time, while
analyses with multiple years only require assuming constant selectivity across ages. Catch curve
analysis can also be conducted using length-frequency data if an age-length key is applied.

Estimates of M have been generated for Pacific sardine, Pacific mackerel, and northern anchovy
using catch curve methods reported in Silliman (1943), Silliman (1945), Widrig (1954),
Beverton and Holt (1956), Chapman and Robson (1960), Murphy (1966), and Ricker (1975).

3.3. Estimation within stock assessments

Estimation of M can occur within the major packages used for stock assessments, often with
optional features to estimate M as a function of age, sex, and/or time. Estimation of M can be
informed with the specification of a prior on M using data independent from the assessment,
either formally within a Bayesian model or as part of a likelihood in a penalized likelihood
model, depending on the utilized assessment package. Recent stock assessments for Pacific
sardine, Pacific mackerel, and northern anchovy have estimated M in various forms (e.g.,
Kuriyama et al. 2022; Kuriyama et al. 2023; Kuriyama et al. 2024). Additionally, although not
typically recommended as a formal method for estimating M, goodness-of-fit evaluations and
sensitivity analyses from stock assessment efforts for Pacific sardine, Pacific mackerel, and
northern anchovy historically have been used to justify the selection of values for M (Murphy
1966; Parrish 1974; Methot 1989; Hill et al. 2017).

3.4. Best practices

Recent workshops and publications on the recommended handling of M in stock assessments
generally agree on the following best practices (i.e., Then et al. 2015; Hamel et al. 2023; Hamel
and Cope 2023; Maunder et al. 2023; Punt et al. 2023):
e Estimate M within stock assessments, assuming that M varies as a function of age or size
(e.g., using relationships in Lorenzen 1996; Lorenzen 2022)
o If practical, also consider estimating M as a function of sex
e When estimating M within a stock assessment, specify a prior based on information not
used in that stock assessment
e Empirical relationships between M and life history characteristics are the most reliable
method for specifying prior values
o Ifa single method is to be used and a reasonable estimate of maximum age is
available (i.e., stock has representative sampling of ages, accurate ageing, and no
heavy sustained fishing pressure), the relationship between maximum age and M
from Hamel and Cope (2022) is generally considered to be the most reliable. This
approach puts broad bounds on M to constrain the model to somewhat realistic
values but still allows for data to influence the estimated value of M
o Ifareliable estimate of maximum age is not available but other estimates of life
history characteristics are available (e.g., growth rate, age-at-maturity) are
available, meta-analytical priors may also be developed using multiple empirical
relationships and methods developed in Hamel (2015) and Cope and Hamel
(2022)



¢ Evaluate the sensitivity of assessment results, and particularly quantities relevant to
management, to a range of fixed values of M (i.e., as part of likelihood profiling),
especially if estimated M differs from the prior value

4. Reported values of M for CPS finfish
4.1. Pacific jack mackerel

The few reported values of M (defined on an annual basis, with units yr'!, throughout this
review) for Pacific jack mackerel off the U.S. West Coast are summarized in Table 4.1. The
earliest study reported M is expected to be less than 0.25 based on empirical relationships
between M and both growth rate and maximum age (MacCall et al. 1980). A subsequent study
inferred M to be 0.23 using a combination of growth rate parameters and water temperature
(MacCall and Stauffer 1983). No estimates of M from U.S. stock assessments are available
because Pacific jack mackerel have not been and are not currently assessed (PFMC 2024).

Table 4.1. Reported values of Pacific jack mackerel natural mortality for the U.S. West Coast.

Source Estimate (yr'') Method (citation) Details

MacCall et al. 1980 <0.25 Empirical relationship with Applied K=0.09 yr!

growth rate
<0.25 Empirical relationship with Applied Tmax=30

maximum age

MacCall and 0.23 Empirical relationship with Applied Lin=60.3

Stauffer 1983 growth parameters and water  cm, K=0.0935 yr!,
temperature (Pauly 1980) T=14°C

The distribution of Pacific jack mackerel is restricted to the Northeast Pacific Ocean, and no
other values of M throughout its range were obtained. However, values of M for closely related
jack mackerel species (i.e., Trachurus spp.) in the Pacific Ocean are available, and ranged from
0.23 to 0.38. M for Chilean jack mackerel (7. murphyi) was inferred to be 0.4 using a
combination of growth rate parameters and water temperature, was estimated at 0.38 using catch-
at-age analyses, and has been specified at 0.23 and 0.3 in stock assessments (Serra 1983;
Cubillos et al. 1998a; Serra and Canales 2009; Table 4.2). Estimates of M for T. novaezelandiae
and 7. declivis, both harvested in New Zealand waters, ranged between 0.17 and 0.20 based on
catch-at-age analyses (Horn 1991).



Table 4.2. Reported values of Trachurus spp. natural mortality in the Pacific Ocean, excluding
T. symmetricus. Values used in stock assessments are considered fixed unless estimates of M are
obtained directly from assessment model fitting.

Source (sp.) Estimate (yr') Method (citation) Details
Serra 1983 (T. 0.4 Empirical relationship Applied both Lin=45.9
murphyi) with growth parameters cm, K=0.167 yr'!,
and water temperature T=18°C, and Lin=44.3
(Pauly 1980) cm, K=0.181 yr'!, T=15°C
Horn 1991 (T. 0.17-0.20  Catch-at-age analysis Analysis of age-length
novaezelandiae, T. data from 1975-1976
declivis)
Cubillos et al. 0.38 Catch-at-age analysis Analyzed size frequency
1998a (T. murphyr) data collected off Chile in
1973
0.3 Stock assessment (fixed)  Applied fixed value in
stock assessment
Serra and Canales 0.23 Stock assessment (fixed)  Applied fixed value in
2009 (T. murphyi) stock assessment

Reported values of M for multiple Trachurus spp. in the Pacific Ocean are summarized in Figure
4.1. Although not suited for detailed statistical analyses, the summary suggests reported values of
M for Pacific jack mackerel fall within the range of reported values for other jack mackerel
species. However, the limited number of M values for Pacific jack mackerel warrants caution in
placing too much emphasis on this comparison. In comparing values among studies for Pacific
jack mackerel and for other CPS finfish species, it is also worth emphasizing that observed
variation in reported values of M may be caused to varying degrees by true biological differences
(i.e., due to environmental variability over time and space as well as differences among isolated
stocks or species) and differences in the data collection and estimation methodologies. Just
considering the aspect of methodology, different approaches to inferring M (e.g., empirical
relationships, catch-at-age analysis, assessments) each have varying tradeoffs with regards to
aspects including ease of estimation, expected realism, and intended application (Maunder et al.
2023). Therefore, any comparisons of values of M will be necessarily coarse in nature, and
differences or similarities in reported M among studies should be evaluated with these
complexities in mind.
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Figure 4.1. Reported values of M for Trachurus spp. in the Pacific Ocean (Tables 4.1, 4.2). A
slight horizontal jitter is provided to distinguish identical values of M among studies. For studies
in which a range of possible M values were provided (e.g., Horn 1991), the bounds and mean of
the bounds are plotted. Inferred values of M from MacCall et al. (1980) are excluded because
only the upper bounds are provided. The contents of the plot are intended for coarse comparisons
among methods and species only.

4.2. Northern anchovy
Available values of natural mortality for northern anchovy off the U.S. West Coast are

summarized in Table 4.3. One of the earliest reported estimates of M was 1.06, using catch-at-
age analysis for 16 years of survey data collected off southern California (MacCall 1973).



MacCall (1973) also summarized previously published estimates of Z for northern anchovy
based on catch-at-age analyses but described various methodological or documentation-based
issues for each (i.e., Z=0.9, Beverton 1963; Z=1.7, Bayliff 1967; Z=1.1, Schaefer 1967). MacCall
(1973) also noted Z appears to increase with age for northern anchovy, supporting a similar
observation by Beverton (1963). An updated estimate of Z (Z=0.97) was calculated using an
extended time series of catch data (Hanan 1981).

Methot (1989) conducted a stock assessment for northern anchovy using fisheries-dependent and
fisheries-independent data, including estimates of age-composition, landings, and biomass, and
evaluated the performance of three fixed values of M (i.e., 0.4, 0.6, and 0.8) in addition to three
coefficients (i.e., 0.4, 0.6, 0.8) for the influence of Pacific mackerel biomass on M. A fixed value
of 0.6 was selected for M along with 0.4 for the coefficient of Pacific mackerel biomass. With a
Pacific mackerel biomass equal to the level expected in 1989 (i.e., 400,000 tons), estimated M at
that time was approximately 0.76.

A subsequent biomass dynamics model for northern anchovy, developed by Jacobson (1994),
fixed M at 0.8, with partial justification for selecting this value based on an empirical
relationship between M and an assumed maximum age of 7 (Hoenig 1983). The fixed value was
applied in subsequent assessments until the most recent assessment in 2022 (e.g., Jacobson et al.
1995).

Natural mortality was first estimated within a U.S. stock assessment for northern anchovy in the
most recent benchmark assessment in 2022, in which a constant (i.e., sex-, age/size-, and time-
invariant) M was estimated with no specified prior (Kuriyama et al. 2022). The estimated value
of M was 0.4142. A likelihood profile calculated over fixed values of M, ranging from 0.3 to 0.9,
indicated values of M between 0.4 and 0.6 were reasonably well supported by the data sources.

Table 4.3. Reported values of northern anchovy natural mortality for the U.S. West Coast.

Source Estimate (yr'') Method (citation) Details
MacCall 1973 1.06 Catch-at-age analysis Analyzed survey catch
(Chapman and Robson  data from 16 cruises,
1960) spanning 1966-1971
Methot 1989 0.76 Stock assessment Evaluated three fixed
(fixed) values of M in addition to

three coefficients for
Pacific mackerel biomass

Jacobson 1994 0.8 Stock assessment Applied fixed value based
(fixed), informed by in part on empirical
empirical relationship  relationship with
with maximum age maximum age (Tmax=7)
(Hoenig 1983)

Kuriyama et al. 2022 0.41 Stock assessment Estimated constant M
(estimated)

Aside from an inferred value of M for northern anchovy in the Gulf of California (M=1.49 based
on an empirical relationship; Cisneros et al. 1990), other values of M in the Pacific Ocean were
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not available; this may have occurred in part because the range of northern anchovy is restricted
to the Northeast Pacific Ocean. However, reported values of M for the closely related anchoveta
(Engraulis ringens) in the Southeast Pacific Ocean were available in reports obtained from
Google Scholar, and ranged from 0.69 to 3.0 (Table 4.4). Inferred values of M based on
empirical relationships included 0.69, 1.2, and 1.3 (Serra 1983; Cubillos 1991; Cubillos et al.
1998b; Canales and Leal 2009). Year-specific estimates of M obtained from fitting stock
assessments models ranged from 0.8 to 3.0 (Pauly and Palomares 1989). Fixed values of M
specified in stock assessments included 0.8 and 1.0 (Csirke et al. 1996).

Table 4.4. Reported values of northern anchovy natural mortality in the Gulf of California and

anchoveta natural mortality in the Southeast Pacific Ocean. All values are for anchoveta except

the value for northern anchovy provided by Cisneros et al. (1990).

Source Estimate (yr'') Method (citation) Details
Serra 1983 1.3 Empirical relationship ~ Applied Lin=19.04 cm,

with growth parameters K=0.73 yr'!, T=17°C
and water temperature
(Pauly 1980)

Pauly and Palomares 0.8-3.0 Stock assessment Estimated year-specific M

1989 (estimated) using virtual population
analyses

Cisneros et al. 1990 1.49 Empirical relationship ~ Applied Lin=153 mm,

with growth parameters K=0.70 yr!
and water temperature

Cubillos 1991 1.2 Empirical relationship ~ Applied Lin=20.25 cm,
with growth parameters K=0.875 yr'!, T=18°C
and water temperature
(Pauly 1980)

Csirke et al. 1996 0.8—-1.0 Stock assessment Applied fixed values for
(fixed) different periods in stock
assessment
Cubillos et al. 1998b 0.69 Empirical relationships  Obtained weighted

average of M from
multiple empirical

relationships
Canales and Leal 1.3 Empirical relationships ~ Averaged estimates of M
2009 from four published

empirical relationships

Values of M for northern anchovy and anchoveta in the Pacific Ocean are summarized in Figure
4.2. Although not suited for detailed statistical analyses, the summary suggests reported values of
M for northern anchovy off the U.S. West Coast are generally similar if slightly lower than those
reported for anchoveta. The estimated M from the most recent stock assessment for northern
anchovy off the U.S. West Coast falls outside the range of other reported values for either
northern anchovy or anchoveta. More details on model fitting from the most recent assessment,

and associated challenges of integrating multiple data sources, can be found in Kuriyama et al.
(2022).
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Figure 4.2. Reported values of M for northern anchovy (E. mordax) and anchoveta (E. ringens)
off the U.S. West Coast, in other parts of the Northeast Pacific Ocean (including the Gulf of
California), and in the Southeast Pacific Ocean (Tables 4.3, 4.4). A slight horizontal jitter is
provided to distinguish identical values of M among studies. For studies in which a range of
possible M values were provided (e.g., Pauly and Palomares 1989), the bounds and mean of the
bounds are plotted. The horizontal line represents the estimate of M from the most recent U.S.
stock assessment (Kuriyama et al. 2022). The contents of the plot are intended for coarse
comparisons among methods and regions only.



12

4.3. Pacific sardine

Reported values of natural mortality for Pacific sardine off the U.S. West Coast are summarized
in Table 4.5. Re-analysis of mark-recapture data from physical tagging experiments between
1937 and 1942, described in Clark and Janssen (1945) and Janssen (1948), resulted in estimates
of M between 0.4 and 0.49 (Clark and Marr 1955). Murphy (1966) also reported that the original
analyses in Clark and Janssen (1945) would have produced year-specific estimates of M between
0.27 and 0.45 and an overall value of 0.39. Additional analyses of catch-at-age data resulted in
an estimated M of 0.51 (Clark and Marr 1955). Subsequent analyses of catch-at-age data, using a
regression of Z on fishing effort for the periods 1925-1932 and 1937-1945, produced estimates of
M between 0.2965 and 0.4222; 0.4 was selected as the best value of M for modeling population
dynamics and estimating biomass for 1932-1950 (Murphy 1966). Poor modeled fit after 1948 led
Murphy (1966) to apply an M of 0.8 to model dynamics for 1949-1960. Zwolinski and Demer
(2013) fit an exponential population dynamics model to acoustics-based estimates of sardine
abundance for 2008, 2010, and 2011 to estimate an M of 0.52.

There also were several attempts to estimate or infer M using varying methods that resulted in
variable and unreliable estimates of Z and M (i.e., based on negative reported values and/or
flawed methodologies) that are not included in Table 4.5. Catch-at-age analyses by Widrig
(1954) produced a negative estimate of M. Silliman (1943) estimated Z=0.51 for 1925-1933 and
Z=1.61 for 1937-1942, and subsequent regression of Z on fishing effort produced an estimated M
of 0.153. Murphy (1966) also reports Marr (1960) produced year-specific estimates of M from
1950-1957 ranging between 0.25 and 3.91, but describes numerous concerns with the estimation
methodology. Additional reported values of M based on catch-at-age analyses, assessments, and
empirical relationships ranged from 0.35-0.75, 0.34-0.4, and 0.14-0.3, respectively (Yamanaka
1959). Hayasi (1988) estimated age-specific values of Z for Pacific sardine off California ranging
from -0.09 to 1.23, with Z increasing with age. An ecosystem-based modeling approach was also
used to estimate M for Pacific sardine at 0.24 based on expected predation pressure; however, the
authors concluded the estimate was likely biased low, possibly due to the exclusion of some
predators of Pacific sardine (Hannesson et al. 2009).

Pacific sardine stock assessments following Murphy 1966 applied M as a fixed value of 0.4 until
recently (e.g., MacCall 1979; Hill et al. 2014). Hill et al. (2017) updated M in their benchmark
assessment to a fixed value of 0.6, based in part on recent estimates of M (e.g., Zwolinski and
Demer 2013) and a likelihood profile for M. The 2020 benchmark assessment was the first stock
assessment in which M was estimated within a stock assessment for Pacific sardine instead of
being fixed at a constant (Kuriyama et al. 2020). Natural mortality was estimated as a constant,
using a lognormal prior with mean of -0.59 (M=0.554) and standard deviation of 0.39. The prior
was derived from a meta-analysis using an assumed maximum age of 10 and six estimates of
growth rate K from previous assessments, following the meta-analysis methods in Then et al.
(2015) and Hamel (2015). The estimated value of M from the stock assessment was 0.585, and a
likelihood profile calculated over fixed values of M, ranging from 0.3 to 0.9, indicated values
between 0.5 and 0.6 were generally supported across data sources.

For the next U.S. benchmark assessment in 2024, natural mortality was estimated to be age-
specific and time-invariant (Kuriyama et al. 2024). A longevity-based prior with a mean of -
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0.393 (M=0.675, based on an assumed maximum age of 8) and standard deviation of 0.31 was
applied, based on Hamel and Cope (2022). Estimated M was adjusted within the model to take
on age-specific values, following the Lorenzen M specification in Stock Synthesis (Lorenzen
1996). The estimated M from the assessment was 0.546. A likelihood profile calculated over
fixed values of M, ranging from 0.2 to 1.0, indicated values of M between 0.5 and 0.6 were well
supported by the acoustic trawl survey index data, as well as all age-composition data.

Table 4.5. Reported values of Pacific sardine natural mortality for the U.S. West Coast.

Source Estimate (yr'!) Method (citation) Details
Clark and Marr 1955 0.4-0.49 Mark-recapture Re-analysis of data
analysis from Clark and Janssen
(1945), Janssen (1948)
0.51 Catch-at-age analysis ~ Analyzed change in

year-class abundance
using data from 1950-
1951 (Radovich 1952)

Murphy 1966

0.4 (best estimate
based on estimates of
0.30, 0.34, 0.42)

Catch-at-age analysis
(Silliman 1943,
Widrig 1954)

Regression of Z on
fishing effort for the
periods 1925-1932 and
1937-1945

0.80 Stock assessment Manually selected to fit
(fixed) abundance trends for
1949-1960
Zwolinski and Demer 0.52 Catch-at-age analysis  Fit population
2013 dynamics model to
annual acoustic
estimates of abundance

Hill et al. 2017 0.6 Stock assessment Justified selection using
(fixed) recent literature and M

likelihood profile

Kuriyama et al. 2020 0.55 Empirical Meta-analysis using
relationship with Tmax=10 and six
maximum age, estimates of growth
growth (Hamel 2015; rate K; used as prior in
Then et al. 2015) assessment

0.59 Stock assessment Estimated constant M
(estimated)

Kuriyama et al. 2024 0.68 Empirical Applied Tmax=8; used
relationship with as prior in assessment
maximum age
(Hamel and Cope
2022)

0.55 Stock assessment Estimated constant M
(estimated) with age-specific

adjustments
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Reported values of M for S. sagax (of which S. sagax caeruleus is a subspecies) in other parts of
its range in the East Pacific Ocean range from 0.17 to 1.46 (Table 4.6). Catch-at-age analyses
from catches off the west coast of the Baja California Peninsula provided an estimate of 0.6 for
use in virtual population analyses (Morales-Bojorquez et al. 2003) and empirical relationships
provided an inferred value of 1.1 (Cisneros et al. 1990). A recent stock assessment for S. sagax
off the west coast of the Baja California Peninsula specified a fixed value of approximately 0.54
for M based on the average of two estimates from empirical relationships (Enciso Enciso et al.
2022; Enciso-Enciso et al. 2023). Numerous values for M are available for S. sagax in the Gulf
of California, including values of 0.77 (Cisneros-Mata et al. 1991, as reported in Nevarez-
Martinez et al. 1999) and 1.46, 0.73, and 0.37 for early adult, adult, and late adult life stages,
respectively, based on empirical relationships (Martinez-Aguilar et al. 2005). A recent stock
assessment for the Gulf of California fixed M at 0.7 based on past reported empirical
relationships (Nevarez-Martinez et al. 2023). Estimates of M for S. sagax off the coast of Chile
included values between 0.68 to 0.76 based on catch-at-age analyses, values between 0.17 to
0.54 based on multiple empirical relationships, and a value of 0.4 based on an empirical
relationship with growth and water temperature (Serra 1983; Garland 1993).
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Table 4.6. Reported values of S. sagax natural mortality in and near the East Pacific Ocean,
excluding the U.S. West Coast.

Source Estimate (yr'') Method (citation) Details
Serra 1983 0.4 Empirical relationship ~ Applied Lin=42 cm,
with growth parameters K=0.19 yr'!, T=18°C
and water temperature
(Pauly 1980)
Cisneros et al. 1990 1.1 Empirical relationship ~ Applied Lin=225 mm,
with growth parameters K=0.60 yr’!
and water temperature
Cisneros-Mata et al. 0.77 Empirical relationship ~ None available
1991
Garland 1993 0.68—0.76  Catch-at-age analyses  For multiple data sources
from 1985-1986,
constructed catch curves
based on length
0.17—-0.54  Empirical relationships  For multiple data sources,
averaged estimates of M
from four published
empirical relationships
Morales-Bojorquez et 0.6 Catch-at-age analyses ~ Analyzed data from 1981-
al. 2003 (Ricker 1975) 1993
Martinez-Aguilar et 0.37-1.46 Empirical relationships  Applied the gnomonic-
al. 2005 interval natural-mortality
method
Enciso Enciso 2022 0.54-0.55 Empirical relationships ~ Applied Tmax=8 years,
(Pauly 1980; Hewitt T=19.5°C
and Hoenig 2005)
Nevarez-Martinez et 0.7 Stock assessment Applied fixed value based
al. 2023 (fixed) in part on empirical

relationships applied in
Nevarez-Martinez et al.
(1999)

Values of M for S. sagax are summarized in Figure 4.3. Although not suited for detailed
statistical analyses, the summary suggests reported values of M from the U.S. West Coast are
generally similar to those from other regions in the East Pacific Ocean. The estimate of M from
the most recent assessment for the U.S. West Coast falls within the range of M values obtained
across a variety of methods and across the East Pacific Ocean.



16

1.5
o
1.0
® Method
¢ Assessment (Estimated)
= e Assessment (Fixed)
PY Catch-at-age
o ¢ Empirical Relationships
- = = - - - - - ——=—=T=-==-= Mark-recapture
0.5
0.0
%
§ T UN
Y, ) A
CN P, ..
‘a Z 7
%
S
Region

Figure 4.3. Reported values of M for S. sagax from the U.S. West Coast, other parts of the
Northeast Pacific Ocean (including the Gulf of California), and Southeast Pacific Ocean (Tables
4.5, 4.6). A slight horizontal jitter is provided to distinguish similar values of M among studies.
For studies in which a range of possible M values were provided (e.g., Clark and Marr 1955), the
bounds and mean of the bounds are plotted. The horizontal line represents the estimate of M
from the most recent U.S. stock assessment (Kuriyama et al. 2024). The contents of the plot are
intended for coarse comparisons among methods and regions only.
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4.4. Pacific mackerel

Values of natural mortality for Pacific mackerel off the U.S. West Coast are summarized in
Table 4.7. The earliest inferred value of M was obtained from a stock assessment, in which
values of 0.4, 0.7, and 1.0 were evaluated for their ability to produce realistic estimates of
biomass and exploitation rates; a value of 0.7 was selected as the best estimate (Parrish 1974).
Parrish and MacCall (1978) reported several values of M based on a combination of catch-at-age
analyses and empirical relationships. Analysis of length-frequency data from fishery landings in
1929-1930 and 1930-1931 produced estimates of Z of 0.317 and 0.424, leading the authors to
conclude estimates of M between 0.3 and 0.5 were reasonable. Regressions of Z on fishing effort
produced estimates of M between 0.4 and 0.6, and the authors concluded M=0.5 was the best
estimate from these methods. An empirical relationship between M and maximum age (i.e.,
Beverton 1963), assuming a maximum age of 11 years, suggested values of M between 0.3 and
0.7 were reasonable. An empirical relationship between M and growth rate K (i.e., Beverton and
Holt 1959), assuming K was either 0.244 or 0.221, produced values of M between 0.4 and 0.6.
Across all lines of evidence, Parrish and MacCall (1978) selected M=0.5 as the best value for
population modeling. It is worth noting that Fry and Roedel (1949) produced estimates of M
between 1.1 and 1.3 using mark-recapture data from physical tagging experiments between 1937
and 1946; these estimates are excluded from Table 4.7 because the authors concluded the
estimates are biased high and unreliable based on unequal spatial distribution of tagging, limited
tag returns, and inaccurate estimation of tagging mortality.

Until the benchmark stock assessment in 2019, stock assessments for Pacific mackerel since
1978 specified a fixed value of 0.5 for M (e.g., Crone et al. 2011). For the stock assessment in
2019, M was estimated as constant, using a lognormal prior with mean of -0.5 (M/=0.61) and a
standard deviation of 0.32, following meta-analysis methods in Then et al. (2015) and Hamel
(2015) (Crone et al. 2019). Three empirical relationships between life history parameters and M
were used to identify the lognormal prior on M: maximum age (Hoenig 1982), maximum size
and growth rate (Pauly 1980) and age-at-50% maturity (Charnov and Berrigan 1990). The
estimated value of M from the stock assessment was 0.811. A likelihood profile calculated over
fixed values of M, ranging from 0.5 to 1.1, indicated values of M greater than 0.7 were well
supported by the data.

For the subsequent benchmark assessment in 2023, M was estimated with an age-specific, time-
invariant structure using a longevity-based prior with a mean of -0.393 (M=0.675, based an
assumed maximum age of 8) and standard deviation of 0.31 (Hamel and Cope 2022; Kuriyama et
al. 2023). The estimated mean value of M was 0.8512. A likelihood profile calculated over fixed
values of M, ranging from 0.3 to 1.0, indicated values of M greater than 0.7 were well supported
by all data.
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Table 4.7. Reported values of Pacific mackerel natural mortality for the U.S. West Coast.

Source Estimate (yr'!) Method (citation) Details
Parrish 1974 0.7 Stock assessment (fixed) Evaluated A7/=0.4, 0.7, 1.0
for ability to produce
realistic outputs
Parrish and 0.3-0.5 Catch-at-age analysis Analysis of length
MacCall 1978 (from Z=0.32-0.42) (Beverton and Holt frequency catch data
1956)
0.5 Catch-at-age analysis Regression of Z on
(from M=0.4-0.6) fishing effort
03-0.7 Empirical relationship Applied Tmax=11
with maximum age
(Beverton 1963)
04-0.6 Empirical relationship Applied K=0.244, 0.221
with growth (Beverton
and Holt 1959)
Crone et al. 0.61 Empirical relationships =~ Meta-analysis across
2019 with maximum age, empirical relationships;
maximum size and used as prior in
growth rate, and age-at-  assessment
50% maturity (Hamel
2015; Then et al. 2015)
0.81 Stock assessment Estimated constant M
(estimated)
Kuriyama et al. 0.68 Empirical relationship Applied Tmax=8; used as
2023 with maximum age prior in assessment
(Hamel and Cope 2022)
0.85 Stock assessment Estimated constant M
(estimated) with age-specific

adjustments

Values of M for Pacific mackerel in other parts of their range ranged between 0.3 and 1.01
(Table 4.8). The highest value of 1.01, based on an empirical relationship, was reported in the
Gulf of California (Cisneros et al. 1990). M was inferred to be 0.52 to 0.53 off the coast of Peru
using an empirical relationship (Caramantin-Soriano et al. 2008). Values from waters off Chile
include 0.3 (Serra 1983) and values between 0.34 and 0.70 (Cerna and Plaza 2014), all based on
empirical relationships. In the Northwest Pacific Ocean, values of M range from 0.39 to 0.72
using empirical relationships, values of 0.4 and 0.41 have been applied as fixed values in stock
assessments based on varying analyses, and a value of 0.37 was estimated using sensitivity
analyses within a stock assessment model (Hiyama et al. 2002; Nishijima et al. 2021; Cai et al.

2023; Yoon et al. 2024).
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Table 4.8. Reported values of Pacific mackerel natural mortality in and near the Pacific Ocean,
excluding the U.S. West Coast.

Source Estimate (yr'') Method (citation) Details
Serra 1983 0.3 Empirical relationship ~ Applied Lin=44.6 cm,
with growth parameters K=0.16 yr'!, T=18°C
and water temperature
(Pauly 1980)
Cisneros et al. 1990 1.01 Empirical relationship ~ Applied Lin=293 mm,
with growth parameters K=0.50 yr’!
and water temperature
Hiyama et al. 2002 0.4 Stock assessment Applied fixed value in
(fixed) stock assessment
Caramantin-Soriano 0.52-0.53 Empirical relationship ~ Applied mean Lin=41.3
et al. 2008 with growth parameters cm, K=0.39 yr’!
and water temperature
(Pauly 1980)
Cerna and Plaza 2014 0.34—-0.70  Empirical relationships  Applied relationships
(Pauly 1980; Hewitt based on growth
and Hoenig 2005) parameters and on
maximum age
Nishijima et al. 2021 0.39-0.72  Empirical relationships  Multiple empirical
relationships applied to
varying data sources
Cai et al. 2023 0.41 Stock assessment Applied fixed value in
(fixed) stock assessment
Yoon et al. 2024 0.37 Stock assessment Used sensitivity analyses
(fixed) to identify best fitting M

value

Values of M for Pacific mackerel across the Pacific Ocean, including those off the U.S. West
Coast, are summarized in Figure 4.4. Although not suited for detailed statistical analyses, the
summary suggests reported values of M from the U.S. West Coast generally exceed those from
other parts of the species’ range. Within estimates from the U.S. West Coast, values of M
estimated within recent stock assessments generally exceed those obtained from other methods.
More details on model fitting from the most recent assessment, including model fit to competing
data sources, can be found in Kuriyama et al. (2023).
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Figure 4.4. Reported values of M for Pacific mackerel from the U.S. West Coast, other parts of
the Northeast Pacific Ocean (including the Gulf of California), Southeast Pacific Ocean, and
Northwest Pacific Ocean (Tables 4.7, 4.8). A slight horizontal jitter is provided to distinguish
identical values of M among studies. For studies in which a range of possible M values were
provided (e.g., Parrish and MacCall 1978), the bounds and mean of the bounds are plotted. The
horizontal line represents the estimate of M from the most recent U.S. stock assessment
(Kuriyama et al. 2023). The contents of the plot are intended for coarse comparisons among
methods and regions only.



21

5. Future research priorities for M

Although values of M for CPS finfish recently have been generated based on a combination of
empirical relationships, specification of fixed values for stock assessments, and formal
estimation within stock assessments, direct estimates of M through catch-at-age and mark-
recapture analyses have been rare since the 1980’s. New direct estimation of M for CPS finfish,
particularly through tagging efforts like close-kin mark-recapture, has the potential to
contextualize and inform the estimation of M within stock assessments, including age-specific
mortality; however, these methods can cost-prohibitive, especially if they are repeated over
several years to characterize time-varying M (Maunder et al. 2023). Tagging data increasingly
can be incorporated directly into stock assessments to aid estimation of parameters like M (Punt
et al. 2024). The disparity in the number of available values of M among CPS finfish, in which
Pacific jack mackerel and northern anchovy had fewer available, recent values of M, also
represents a possible data gap that may be addressed with further research depending on
management priorities.

A major challenge with estimating M within stock assessments is that M is confounded with
other parameters that can be even more difficult to estimate, including steepness and catchability.
Steepness and catchabilities were fixed in the most recent benchmark stock assessments for CPS
finfish, with the exception of catchability for Pacific mackerel, and estimates of M are
conditioned on these assumptions. Additionally, M likely varies with time, particularly for CPS,
but time-varying M values can be difficult to estimate, due in part to issues with model
misspecification (Johnson et al. 2015). These challenges can be alleviated in the short-term by
continuing to refine and provide reasonable constraints on M for estimation within stock
assessments. Possible long-term analyses to address the challenges include the following: 1)
evaluation of model sensitivity to alternative priors for M, 2) evaluation of model sensitivity to
modified data weighting (e.g., down-weight age composition data for Pacific mackerel), 3)
evaluation of model performance with alternative structures for M, such as time-varying M
expressed as a function of environmental covariates, 4) simulation analyses to assess possible
model misspecification (e.g., Piner et al. 2011), and 5) exploration of correlations and
confounding among estimated parameters using Bayesian model fitting. The general effects of
data availability, assessment methodology, and environmental stochasticity on variability and
uncertainty in estimates of M also may be addressed with additional simulation-based analyses;
better understanding of these effects and the magnitude of uncertainty in M can improve
communication of modeling results and subsequent management actions. Finally, management
strategy evaluation can be employed to address the performance of different harvest strategies to
varying levels of uncertainty or misspecification of M. For example, Wildermuth et al. (2024)
evaluated the robustness of harvest control rules, including the direct use of survey indices of
biomass in management and estimation of dynamic reference points, to variability in Pacific
sardine recruitment. A similar evaluation with respect to M, including management approaches
that are less dependent on assumptions about M, could inform the expected performance of
different harvest control rules for CPS finfish.
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6. Conclusions

Among CPS finfish off the U.S. West Coast, values of M generally were greatest for northern
anchovy, intermediate and similar for Pacific sardine and Pacific mackerel, and lowest for jack
mackerel (Fig. 6.1). It is again worth emphasizing that these comparisons are coarse in nature
and should not be taken as prescriptive, as they include values generated for a variety of different
regions, time periods, and stocks by studies that employed a variety of estimation methodologies
and data sources. Although values of M for northern anchovy for the U.S. West Coast ranged
between 0.76 and 1.06 based on empirical relationships and catch-at-age analyses, the most
recent assessment estimated a lower M at 0.41. Values of M for the closely related anchoveta
were similarly higher than those from the assessment, ranging from 0.69 and 3.0. The most
recent U.S. stock assessment for northern anchovy estimated M as a constant value but did not
specify an informed prior. For Pacific sardine, reported values of M were relatively consistent
across methodologies for the U.S. West Coast, ranging from approximately 0.4 to 0.7. Available
M values were similar but more variable for Pacific sardine in other regions of the Pacific Ocean,
varying between 0.17 and 1.46. The most recent stock assessments for Pacific sardine followed
best practices for modeling M (i.e., according to Punt 2024) by specifying M as both age-specific
and time-invariant and providing an informed prior based on an empirical relationship with
maximum age. For Pacific mackerel, values of M from the U.S. West Coast varied between 0.3
and 0.85, and recent stock assessments in 2020 and 2024 estimated the highest reported values of
0.81 and 0.85, respectively. With the exception of one outlier value (M=1.01), values of M for
Pacific mackerel from other parts of the Pacific Ocean, ranging from 0.3 to 0.72, were lower than
estimates from recent assessments for the U.S. West Coast. The most recent stock assessment for
Pacific mackerel also followed best practices for modeling M. Finally, for Pacific jack mackerel,
the few inferred values of M available for jack mackerel based on empirical relationships were
consistently less than 0.25. Values of M for closely related jack mackerel species in the Pacific
Ocean are similarly low, ranging between 0.17 and 0.4. No recent assessment has been
conducted for Pacific jack mackerel off the U.S. West Coast.
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Figure 6.1. Reported values of M for Pacific jack mackerel, northern anchovy, Pacific sardine,
and Pacific mackerel from the U.S. West Coast. A slight horizontal jitter is provided to
distinguish identical values of M among studies. For studies in which a range of possible M
values were provided (e.g., Parrish and MacCall 1978), the bounds and mean of the bounds are
plotted. The triangular points represent the estimates of M from the most recent U.S. stock
assessment for each stock, if available. The contents of the plot are intended for coarse
comparisons among species and methods only.



24

7. Acknowledgments

The authors appreciate the technical reviewer’s contributions; their revisions and suggestions
greatly improved this report.

References

Bayliff, W.H. 1967. Growth, mortality, and exploitation of the Engraulidae, with special
reference to the anchoveta, Cetengraulis mysticetus, and the colorado, Anchoa naso, in the
eastern Pacific Ocean. Inter-Am. Trop. Tuna Comm., Bull., 12(5):365-432.

Beverton, R.J.H., and Holt, S.J. 1956. A review of methods for estimating mortality rates in fish
populations, with special reference to sources of bias in catch sampling. Rapp. P.-V. Reun. Cons.
Perm. Int. Explor. Mer, 140 (1): 67-83.

Beverton, R.J.H., and Holt, S.H. 1959. A review of the lifespans and mortality rates of fish in
nature, and their relation to growth and other physiological characteristics. In: Wolstenholme, G.
E. W. and M. O'Connor. CIBA Foundation Colloquia on Ageing, Vol. 5, The Lifespan of
Animals. J. and A. Churchill Ltd. London. 324 p.

Beverton, R.J.H. 1963. Maturation, growth and mortality of clupeid and engraulid stocks in
relation to fishing. Rapp. P.-V. Reun. Cons. Perm. Int. Explor. Mer, 154: 44-67.

Bravington, M.V., Grewe, P.M., Davies, C.R. 2016. Absolute abundance of southern bluefin
tuna estimated by close-kin mark-recapture. Nat. Commun. 7:13162.

Brodziak, J., lanelli, J., Lorenzen, K., Methot Jr, R.D. (eds). 2011. Estimating natural mortality
in stock assessment applications. U.S. Dep. Commer., NOAA Tech. Memo. NMFS-F/SPO-119,
38 p.

Butler, J.L., Smith, P.E., and Chyan-Hueilo, N. 1993. The effect of natural variability of life-
history parameters on anchovy and sardine population growth. CalCOFI Reports 34:104-111.

Cai, K., Kindong, R., Ma, Q., and Tian, S. 2023. Stock assessment of chub mackerel (Scomber
Jjaponicus) in the Northwest Pacific using a multi-model approach. Fishes 8:80.

Canales, T.M., and Leal, E. 2009. Life history parameters of anchoveta Engraulis ringens
Jenyns, 1842, in central north Chile. Revista de Biologia y Oceanografia 44(1): 173-179.

Caramantin-Soriano, H., Vega-Perez, L.A., and Niquen, M. 2008. Growth parameters and
mortality rate of the Scomber japonicus peruanus (Jordan & Hubb 1925) along the Peruvian
coast, South Pacific. Brazilian Journal of Oceanography 56(3): 201-210.

Cerna, F., and Plaza, G. 2014. Life history parameters of chub mackerel (Scomber japonicus)
from two areas off Chile. Bull Mar Sci 90(3):833-848.



25

Chapman, D.G., and Robson, D.S. 1960. The analysis of a catch curve. Biometrics, 16: 354368.

Charnov E.L., and Berrigan, D. 1990. Dimensionless numbers and life history evolution: age of
maturity versus the adult lifespan. Evol. Ecol. 4:273-275.

Cisneros, M.A., Estrada, J., and Montemayor, G. 1990. Growth, mortality and recruitment of
exploited small pelagic fishes in the Gulf of California, Mexico. Fishbyte 8(1): 15-17.

Cisneros-Mata, M.A., Nevarez-Martinez, M.O., Montemayor-Lopez, G., Santos-Molina, J.P.,
Morales-Azpeitia, R., 1991. Pesqueria de sardina en el golfo de California 1988/1989-
1989/1990. Secretaria de Pesca, Instituto Nacional de la Pesca, Centro Regional de
Investigaciones Pesqueras de Guaymas, Sonora, Technical Report, 80 p.

Clark, F.N. and Janssen Jr, J.F. 1945. Movements and abundance of the sardine as measured by
tag returns. California Division Fish Game Fisheries Bulletin 61: 7-42.

Clark, F.N., and Marr, J.C. 1955. Population dynamics of the Pacific sardine. CalCOFI Reports
5:11-48.

Cope, J.M., and Hamel, O.S. 2022. Upgrading from M version 0.2: An application-based method
for practical estimation, evaluation and uncertainty characterization of natural mortality.
Fisheries Research 256: 106493.

Crone, P.R., Hill, K.T., McDaniel, J.D., and Lynn, K. 2011. Pacific mackerel (Scomber
Japonicus) stock assessment for USA management in the 2011-12 fishing year. Pacific Fishery
management Council, 7700 NE Ambassador Place, Suite 101, Portland, OR 97220. 112 p.

Crone, P.R., Hill, K.T., Zwolinski, J.P., and Kinney, M.J. 2019. Pacific mackerel (Scomber
Jjaponicus) stock assessment for U.S. management in the 2019-20 and 2020-21 fishing years.
Pacific Fishery Management Council, Pacific Fishery Management Council, 7700 NE
Ambassador Place, Suite 101, Portland, OR 97220. 112 p.

Csirke, J., Guevara-Carrasco, G., Cardenas, G., Niquen, M., and Chipollini, A. 1996. Situacion
de los recursos anchoveta (Engraulis ringens) y sardina (Sardinops sagax) a principios de 1994 y
perspectivas para la pesca en el Peru, con particular referencia a los regions norte y centro de la
costa Peruana. Boi. Inst. Mar. Pert 15(1): 1-23.

Cubillos, L. 1991. Estimacion mensual de la biomasa, reclutamineto y mortalidad por pesca de la
anchoveta (Engraulis ringens) de la zona norte de Chile en el period 1986-1989. Biologia
Pesquera 20: 49-59.

Cubillos, L., Septlveda, A., Grechina, A., Pefia, H., Alarcon, R., Hernandez, A., Miranda, L.,
Vilugrén, L. and Arcos, D. 1998a. Evaluacion del stock de jurel a nivel subregional. Informes
Técnicos Fondo de Investigacion Pesquera, FIP-1T/95-09, 238 p.



26

Cubillos, L.A., Alarcon, R., Bucarey, D.A., Canales, M., Sobarzo, P., and Vilugron, L. 1998b.
Evaluacion indirecta del stock de anchoveta y sardina comun en la zona centro-sur. Informes
Técnicos Fondo de Investigacion Pesquera, FIP-1T/96-10, 223 p.

Enciso Enciso, C. 2022. Evaluacion del stock templado de sardine del Pacifico Sardinops sagax
en la costa occidental de la peninsula de Baja California, México. Tesis que para obtener el grado
de Doctor en Ciencias en Recrusos Acudticos en el area de pesquerias, Universidad Auténoma
de Sinaloa, 104 p.

Enciso-Enciso, C., Nevarez-Martinez, M.O., Sanchez-Cardenas, R., Salcido-Guevara, L.A.,
Minte-Vera, C., Marin-Enriquez, E., and Hernandez-Rivas, M.E. 2023. Assessment and
management of the temperate stock of Pacific sardine (Sardinops sagax) in the south of
California Current System. Regional Studies in Marine Science 62:102972.

Fry, D.H., Jr., and Roedel, P.M. 1949. Tagging experiments on the Pacific mackerel
(Pneumatophorus diego). Fish Bulletin 73.

Garland, D.E. 1993. Effect of ageing errors on estimates of growth, mortality, and yield-per-
recruit for the Chilean sardine (Sardinops sagax). A thesis submitted to Oregon State University
in partial fulfillment of the requirements for the degree of Master of Science.

Gunderson, D.R., and Dygert, P.H. 1988. Reproductive effort as a predictor of natural mortality
rate. J. Cons. Int. Explor. Mer. 44:200-209.

Hamel, O.S. 2015. A method for calculating a meta-analytical prior for the natural mortality rate
using multiple life history correlates. ICES J. Mar. Sci. 72:62-69.

Hamel, O.S., and Cope, J.M. 2022. Development and considerations for application of a
longevity-based prior for the natural mortality rate. Fisheries Research 256: 106477.

Hamel, O.S., Punt, A.E., Kapur, M.S., and Maunder, M.M. 2023. Natural
Mortality: Theory, Estimation, and Application in Fishery Stock Assessment
Models. U.S. Department of Commerce, NOAA Processed Report NMFSNWFSC-
PR-2023-02.

Hanan, D. 1981. Update of the estimated mortality rate of Engraulis mordax in southern
California. California Fish and Game 67:62-65.

Hannesson, R., Herrick Jr., S., and Field, J. 2009. Ecological and economic considerations in the
conservation and management of the Pacific sardine (Sardinops sagax). Canadian Journal of
Fisheries and Aquatic Sciences 66:859-868.

Hayasi, S. 1988. Preliminary analysis of the catch curve of the Pacific sardine, Sardinops
caerulea Girard. Fishery Bulletin 66(3): 587-598.



27

He, X., Ralston, S., and MacCall, A.D. 2011. Interactions of age-dependent mortality and
selectivity function in age-based stock assessment models. Fishery Bulletin 109(2):198-216.

Hill, K.T., Crone, P.R., Demer, D.A., Zwolinski, J., Dorval, E., and Macewicz, B.J. 2014.
Assessment of the Pacific sardine resource in 2014 for U.S. management in 2014-15. U.S.
Department of Commerce, NOAA Technical Memorandum NMFS-SWFSC-531.

Hill, K.T., Crone, P.R., and Zwolinski, J. 2017. Assessment of the Pacific sardine resource in
2017 for U.S. management in 2017-18. U.S. Department of Commerce, NOAA Technical
Memorandum NMFS-SWFSC-576.

Hiyama, Y., Yoda, M., and Ohshimo, S. 2002. Stock size fluctuations in chub mackerel
(Scomber japonicus) in the East China Sea and the Japan/East Sea. Fisheries Oceanography
11(6):347-353.

Hoenig, J.M. 1982. A compilation of mortality and longevity estimates for fish, mollusks, and
cetaceans, with a bibliography of comparative life history studies. Technical Report 82-2,
Graduate School of Oceanography, Narragansett Marine Laboratory, University of Rhode Island.
14 p.

Hoenig, J.M. 1983. Empirical use of longevity data to estimate mortality rates. Fish. Bull.
81:898-903.

Hoenig, J.M., Then, A.Y.-H., Babcock, E.A., Hall, N.G., Hewitt, D.A., and Hesp, S.A. 2016.
The logic of comparative life history studies for estimating key parameters, with a focus on
natural mortality rate. ICES J. Mar. Sci. 73:2453-2467.

Horn, P.L. 1991. Assessment of jack mackerel stocks off the central west coast, New Zealand,
for the 1990-91 fishing year. New Zealand Fisheries Assessment Research Document 1991/06.
14 p.

Hunter, J.R. (ed.) 1976. Report of a colloquium on larval fish mortality studies and their relation
to fishery research, January 1975. U.S. Department of Commerce, NOAA Technical Report
NMEFS CIRC-395.

Jacobson, L.D., Lo, N.C.H., and Barnes, J.T. 1994. A biomass-based assessment model for
northern anchovy, Engraulis mordax. Fishery Bulletin 92(4):711-724.

Jacobson, L.D., Lo, N.C.H., Herrick Jr., S.F., and Bishop, T. 1995. Spawning biomass of the
northern anchovy in 1995 and status of the coastal pelagic species fishery during 1994. NWFSC,
SWFSC, Admin. Rep. LJ-95-11.

Janssen Jr., J.F. 1948. Summary of recovery of California sardine tags on the Pacific Coast.
Calif. Fish and Game 34(1):3-10.



28

Johnson, K.F., Monnahan, C.C., McGilliard, C.R., Vert-pre, K.A., Anderson, S.C., Cunningham,
C.J., Hurtado-Ferro, F., Licandeo, R., Muradian, M.L., Ono, K., Szuwalski, C.S., Valero, J.L.,
and Punt, A.E. 2015. Time-varying natural mortality in fisheries stock assessment models:
identifying a default approach. ICES Journal of Marine Science 72(1): 137-150.

Kuriyama, P.T., Zwolinski, J.P., Hill, K.T. and Crone, P.R. 2020. Assessment of the Pacific
sardine resource in 2020 for US management in 2020-2021. U.S. Department of Commerce,
NOAA Technical Memorandum NMFS -SWFSC-628.

Kuriyama, P.T., Zwolinski, J.P., Teo, S.L.H., and Hill, K.T. 2022. Assessment of the Northern
anchovy (Engraulis mordax) central subpopulation in 2021 for US management. U.S.
Department of Commerce, NOAA Technical Memorandum NMFS -SWFSC-665.

Kuriyama, P.T., Zwolinski, J.P., Allen Akselrud, C., and Hill, K.T. 2023. Assessment of Pacific
mackerel (Scomber japonicus) for U.S. management in the 2023-24 and 2024-25 fishing years.
U.S. Department of Commerce, NOAA Technical Memorandum NMFS-SWFSC-688.

Kuriyama, P.T., Allen Akselrud, C., Zwolinski, J.P., and Hill, K.T. 2024. Assessment of the
Pacific sardine (Sardinops sagax) resource in 2024 for US management in 2024-2025. U.S.
Department of Commerce, NOAA Technical Memorandum NMFS -SWFSC-698.

Lo, N.C.H., Hunter, J.R., and Hewitt, R.P. 1989. Precision and bias of estimates of larval
mortality. Fishery Bulletin 87(3):399-416.

Lorenzen, K. 1996. The relationship between body weight and natural mortality in juvenile and
adult fish: a comparison of natural ecosystems and aquaculture. Journal of Fish Biology 49: 627-
647.

Lorenzen, K. 2022. Size- and age-dependent natural mortality in fish populations: Biology,
models, implications, and a generalized length-inverse mortality paradigm. Fisheries Research
255: 106454.

MacCall, A.D. 1973. The mortality rate of Engraulis mordax in southern California. CalCOFI
Reports 17: 131-135.

MacCall, A.D. 1979. Population estimates for the waning years of the Pacific sardine fishery.
CalCOFTI Reports 20: 72-82.

MacCall, A.D., Frey, H.W., Huppert, D.D., Knaggs, E.H., McMillan, J.A., and Stauffer, G.D.
1980. Biology and economics of the fishery for jack mackerel in the northeastern Pacific. NOAA
Technical Memorandum NMFS-SWFSC-4.

MacCall, A.D., and Stauffer, G.D. 1983. Biology and fishery potential of jack mackerel
(Trachurus symmetricus). CalCOFI Reports 24: 46-56.



29

Marr, J.C. 1960. The causes of major variations in the catch of the Pacific sardine Sardinops
caerulea (Girard). Proceedings of the World Scientific Meeting on the Biology of Sardines and
Related Species, Food and Agricultural Organization of the United Nations, Rome, Italy 3:667-
791.

Martinez-Aguilar, S., Arreguin-Sanchez, F., and Morales-Bojorquez, E. 2005. Natural mortality
and life history stage duration of Pacific sardine (Sardinops caeruleus) based on gnomonic time
divisions. Fisheries Research 71:103-114.

Maunder, M.N., Hamel, O.S., Lee, H.-H., Piner, K.R., Cope, J.M., Punt, A.E., lanelli, J.N.,
Castillo-Jordan, C., Kapur, M.S., and Methot, R.D. 2023. A review of estimation methods for

natural mortality and their performance in the context of fishery stock assessment. Fisheries
Reserch 257: 106489.

Morales-Bojorquez, E., Gomez-Muifioz, V.M., Félix-Uraga, R., and Alvarado-Castillo, R.M.
2003. Relationship between recruitment, sea surface temperature, and density-independent
mortality of the Pacific sardine (Sardinops caeruleus) off the southwest coast of the Baja
California Peninsula, Mexico. Scientia Marina 67(1):25-32.

Methot, R.D. 1989. Synthetic estimates of historical abundance and mortality for northern
anchovy. American Fisheries Society Symposium 6: 66—82.

Murphy, G.I. 1966. Population biology of the Pacific sardine (Sardinops caerulea). Proceedings
of the California Academy of Sciences 34, 1-84.

Nevarez-Martinez, M.O., Chavez, E.A., Cisneros-Mata, M.A., and Lluch-Belda, D. 1999.
Modeling of the Pacific sardine Sardinops caeruleus fishery of the Gulf of California, Mexico.
Fisheries Research 41:273-283.

Nevarez-Martinez, M.O., Morales-Bojorquez, E., Martinez-Savala, M.A., Villalobos, H.,
Luquin-Covarrubias, M.A., Gonzalez-Maynez, V.E., Lopez-Martinez, J., Santos-Molina, J.P.,
Ornelas-Vargas, A., and Delgado-Vences, F. 2023. An integrated catch-at-age model for
analyzing the variability in biomass of Pacific sardine (Sardinops sagax) from the Gulf of
California, Mexico. Frontiers in Marine Science 10:940083.

Nishijima, S., Kamimura, Y., Yukami, R., Manabe, A., Oshima, K., and Ichinokawa, M. 2021.
Update on natural mortality estimators for chub mackerel in the Northwest Pacific Ocean. North
Pacific Fisheries Commission NPFC-2021-TWG CMSA04-WPO05.

Pacific Fishery Management Council (PFMC). 2023. Coastal pelagic species fishery
management plan as amended through Amendment 2020.

Pacific Fishery Management Council (PFMC). 2024. Status of the Pacific Coast coastal pelagic
species fishery and recommended acceptable biological catches. Stock Assessment and Fishery
Evaluation.



30

Parrish, R.H. 1974. Exploitation and recruitment of Pacific Mackerel, Scomber japonicus, in
the northeastern Pacific. CalCOFI Reports 17: 136—-140.

Parrish, R.H., and MacCall, A.D. 1978. Climatic variation and exploitation in the Pacific
mackerel fishery. Fish Bulletin 167.

Pauly, D. 1980. On the interrelationships between natural mortality, growth parameters, and
mean environmental temperature in 175 fish stocks. Journal de Conseil International pour
I’Exploration de la Mer, 39: 175-192.

Pauly, D., and Palomares, M.L. 1989. New estimates of monthly biomass, recruitment and
related statistics of anchoveta (Engraulis ringens) off Peru (4-14S), 1953-1985, p. 189-206. In D.
Pauly, P. Muck, J. Mendo and I. Tsukayama (eds.) The Peruvian upwelling ecosystem: dynamics
and interactions. ICLARM Conference Proceedings 18, 438 p. Instituto del Mar del Pert
(IMARPE), Callao, Peru; Deutsche Gesellschaft fur Technische Zusammenarbeit (GTZ) GmbH,
Eschbom, Federal Republic of Germany; and International Center for Living Aquatic Resources
Management (ICLARM), Manila, Philippines.

Peterson, L.K., Jones, M.L., Brenden, T.O., Vandergoot, C.S., and Krueger, C.C. 2021.
Evaluating methods for estimating mortality from acoustic telemetry data. Can. J. Fish. Aquat.
Sci. 78(10):1444-1454.

Piner, K.R., Lee, H.-H., Maunder, M.N., and Methot, R.D. 2011. A simulation-based method to
determine model misspecification: examples using natural mortality and population dynamics
models. Marine and Coastal Fisheries 3(1): 336-343.

Punt, A.E. 2023. Those who fail to learn from history are condemned to repeat it: A perspective

on current stock assessment good practices and the consequences of not following them.
Fisheries Research 261: 106642.

Punt, A.E., Thomson, R., Little, L.R., Bessell-Browne, P., Burch, P., and Bravington, M. 2024.
Including close-kin mark-recapture data in statistical catch-at-age stock assessments and
management strategies. Fisheries Research 276:107057.

Radovich, J. 1952. Report on the young sardine, Sardinops caerulea, survey in California and
Mexican waters, 1950 and 1951. Calif. Dept. Fish and Game, Fish Bull. 87: 31-63.

Ricker, W.E. 1975. Computation and interpretation of biological statistics of fish populations.
Bull. Fish. Res. Board Canada 191: 382 p.

Schaefer, M.B. 1967. Dynamics of the fishery for the anchoveta Engraulis ringens, off Peru.
Inst. Mar. Peru, Bol., 1(5):192-303.

Serra, J.R. 1983. Changes in abundance of pelagic resources along the Chilean coast. In: Sharp,
G.D., and Csirke, J. (eds.). Proceedings of the expert consultation to examine changes in
abundance and species composition of neritic fish resources, San Jose, Costa Rica, 18-29 April



31

1983. A preparatory meeting for the FAO World conference on fisheries management and
development. FAO. Fish. Rep. 291(2):255-284.

Serra, R., and Canales, C. 2009. Updated status of the Chilean jack mackerel stock. International
Consultations on the Establishment of the South Pacific Regional Fisheries Management
Organization SP-08-SWG-JM-08, 20 p.

Silliman, R.P. 1943. Studies on the Pacific pilchard or sardine (Sardinops caerulea). 5. A method
of computing mortalities and replacements. United States Fish and Wildlife Service, Special
Scientific Report: 24: 1-10.

Silliman, R.P. 1945. Determination of mortality rates from length frequencies of the pilchard or
sardine, Sardinops caerulea. Copeia, 1945(4): 191-196.

Smith, P.E., Haydee, S., and Huergen, A. 1989. Comparison of the mortality rates of Pacific
sardine, Sardinops sagax, and Peruvian anchovy, Engraulis ringens, eggs of Peru. Fishery
Bulletin 87(3): 497-508.

Stock Assessment Review (STAR) Panel. 2023. Pacific mackerel: Stock assessment review
(STAR) panel meeting report.

Then, A.Y., Hoenig, J.M., Hall, N.G., and Hewitt, D.A. 2015. Evaluating the predictive
performance of empirical estimators of natural mortality rate using information on over 200 fish
species. ICES J. Mar. Sci. 72:82-92.

Widrig, T.M. 1954. Method of estimating fish populations, with application to Pacific sardine.
CalCOFTI Reports 8: 75-82.

Wildermuth, R.P., Tommasi, D., Kuriyama, P., Smith, J., and Kaplan, 1. 2024. Evaluating
robustness of harvest control rules to climate-driven variability in Pacific sardine recruitment.
Canadian Journal of Fisheries and Aquatic Sciences 81(8): 1029-1051.

Yamanaka, I. 1959. Comparative study of the population size of Japanese and California
sardines. Ann. Rept. Jap. Sea Reg. Fish. Res. Lab. 5:89-113.

Yoon, J.H., Gim, J., Kang, H., and Hyun, S.-Y. 2024. The influence of steepness and natural
mortality on the MSY calculation in an age-structured model. Korean Journal of Fisheries and
Aquatic Sciences 57(3):292-301.

Zwolinski, J.P. and Demer, D.A. 2013. Measurements of natural mortality for Pacific sardine
(Sardinops sagax). ICES Journal of Marine Science 70, 1408—1415.



	Cover
	About the NOAA Technical Memorandum series
	Accessibility information
	Recommended citation

	Title page
	Table of contents
	Abstract
	1. Introduction
	2. Description of data sources and literature review
	3. Methods for estimating M
	3.1. Overview
	3.2. Estimation independent from stock assessments
	3.2.1. Empirical relationships
	3.2.2. Mark-recapture analysis
	3.2.3. Catch-at-age analysis

	3.3. Estimation within stock assessments
	3.4. Best practices

	4. Reported values of M for CPS finfish
	4.1. Pacific jack mackerel
	4.2. Northern anchovy
	4.3. Pacific sardine
	4.4. Pacific mackerel

	5. Future research priorities for M
	6. Conclusions
	7. Acknowledgments
	References



