ISC/24/SHARKWG-1/2

Developing natural mortality priors for North Pacific
shortfin mako sharks'’

Steven L. H. Teo23, Nicholas D. Ducharme-Barth4, and Michael J. Kinney*

NOAA NMFS, Southwest Fisheries Science Center, 8901 La Jolla Shores Drive, La Jolla, CA
92037, USA

*NOAA NMFS, Pacific Islands Fisheries Science Center, 1845 Wasp Boulevard, Building 176,
Honolulu, HI 96818, USA

3Email: steve.teo@noaa.gov

1 Working document submitted to the ISC Shark Working Group Workshop, X-X January, 2024,
Online only meeting. Document not to be cited without author’s permission.



ABSTRACT

In the previous stock assessment of north Pacific shortfin mako sharks in 2018, the
instantaneous natural mortality rate (M) was assumed to be 0.128 y™! for both sexes and all ages.
This study re-examined the assumptions for M of this stock in preparation for the next
assessment in 2024. Following the recommendations for “best” practices, this study developed
probability distributions for M that could be used as priors for the assessment. Meta-analytical
methods were first used to estimate a range of probability distributions of M for this stock, based
on empirical relationships between M and life history parameters. These probability distributions
were subsequently combined into a single probability distribution that could be used as a prior
for M in the upcoming assessment. We used three empirical relationships between life history
and M: 1) Maximum age (AgeMax); 2) Growth (Lk); and Age at maturity (AgeMat). This study
found severe problems with a publicly available data with Ms and life history parameters with
sharks and instead focused on another dataset with primarily teleosts, which may result in M
priors that would be biased high for sharks. This study used the results from previous studies to
calculate prediction intervals for each estimated M (in log-scale), using appropriate empirical
data sets and life history parameters for this stock. We combined the priors from each empirical
relationship using weights based on the variance of the logM distribution (i.e., inverse variance
weighting) and the degree of overlap in the data sets used for the meta-analyses (data
independence weights). In general, the predicted Ms from the AgeMax relationship was
relatively high compared to the the Lk and AgeMat relationships. The exception appeared to be
the predicted Ms from the AgeMat relationship or male mako sharks, which was due to the
young AgeMax for male sharks. It was noted that the results from the two growth curve
methodologies were relatively similar, and averaging all three growth curves may have
overweighted the US-based growth methodologies. The overall predicted M distributions also
appear to be similar to the range of M point estimates from shark-based relationships. It would
be recommended that these M distributions be used as priors for the upcoming stock assessment,
if possible. Even if a fixed M point estimate is preferred due to model specification problems, it
would be recommended to use the priors to specify the limits of sensitivity runs. This would
allow the upcoming assessment to follow current “best” practices to the extent possible.
However, it is noted that these predicted M distributions are based on datasets largely derived

from teleosts but these datasets appear to be the currently best available datasets for this work.

INTRODUCTION
Natural mortality is a measure of stock productivity and is important in the calculation of

population dynamics and biological reference points (e.g. MSY (Piner and Lee 2011). In the



previous assessment of shortfin mako sharks in the North Pacific (NPSFM) (SHARKWG 2018),
the instantaneous natural mortality rate (M) was assumed to be 0.128 y! for both sexes and all
ages, based on the empirical relationship between M and maximum age (AgeMax) for cetaceans
(Hoenig 1983). However, given our improved understanding of the biology of the stock, it would
be appropriate to re-examine the assumptions for M in the upcoming assessment in 2024.

The primary objective of this study was to develop sex-specific M priors based on the
SHARKWG’s current understanding of NPSFM biology. Most importantly, the growth, and age
at 50% maturity (AgeMat) of male and female NPSFM appear to be quite different (Semba et al.
2009, 2011), and it would be reasonable to expect sex-specific M as well. The SHARKWG has
also re-examined the ageing data for the stock and has developed new growth curves, which can
be used to estimate M. In addition, it is important to develop M estimates as priors rather than
point estimates, especially if empirical life-history relationships are used (Hamel 2015). A recent
review on best practices for M in stock assessments (Maunder et al. 2023) highlighted the
importance of “capturing estimation uncertainty to maximum extent possible, e.g. by
estimating M with a prior and hence representing uncertainty in M in the posteriors for model
outputs or including M as an axis of uncertainty in ensembles”. Including a M prior for a stock
assessment allows the SHARKWG to explicitly express the uncertainty of the M used in the
assessment based on the methods used to obtain that estimate. This is important because the M
values used in assessments are inherently uncertain and typically based on uncertain
relationships. This also improves the ability to estimate M within the assessment model because
the model is starting with an informative prior based on empirical relationships. Even if a fixed
point estimate is used for a base case model in an assessment, the M prior is still useful because
it can be used to inform the range of M in sensitivity model runs (ALBWG 2017) or an ensemble
of model scenarios.

In previous meetings, the SHARKWG had recommended the use of M estimates or
estimation approaches in Zhou et al. (2022) because these estimates were specific to sharks. The
original objective for this study was to use the approaches described in Zhou et al. (2022) with
updated biological parameters for the upcoming assessment. An initial examination of the
approaches reviewed in Zhou et al. (2022) indicated that the machine learning approach
described in Liu et al. (2020) may be useful for developing a M prior for this stock because it
was the only study where the uncertainties of the empirical relationship were included. However,
upon closer examination, it was found that the metadata used in Liu et al. (2020), which are
publicly available as supplementary information, were seriously flawed and it would not be
appropriate to use the results from that study. The metadata in Liu et al. (2020) consisted of
metadata from Then et al. (2015) and 60 additional M and life-history estimates from previous

studies on shark species. Out of the 60 additional estimates, 27 were from Cortes (2002), 10 were



from Simpfendorfer et al. (2008), and 8 were from NOAA (2008). The M estimates from the first
two studies were from empirical life-history relationships (Cortés 2002; Simpfendorfer et al.
2008) while third study (NOAA 2008) was a report to the US Congress without any substantive
details. It is inappropriate to use M estimates from empirical life-history relationships as
metadata to estimate a new empirical life-history relationship. In addition, Liu et al. misclassified
5 shark species in the Then et al. (2015) dataset as teleosts and mistakenly used cm instead of
mm (which were the units used in Then et al. 2015) for the units of Linf.

Given the problems with the Liu et al. (2020) dataset, this study instead focused primarily on
using meta-analytical approaches (Hamel 2015; Kinney and Teo 2016; Hamel and Cope 2022)
with the Then et al. (2015) dataset to estimate M priors for north Pacific shortfin mako sharks
from empirical life-history approaches. An important drawback of using only this data is that the
data are dominated by teleosts and may result in M priors that would be biased high for sharks. It
would therefore be important to compare the estimates from this study with other life-history
empirical relationships for sharks (Chen and Watanabe 1989; Frisk et al. 2001; Hisano et al.
2011). While comparing these results, it would be important to note that the estimated M priors

from this study are distributions rather than point estimates.

MATERIALS AND METHODS

In this study, meta-analytical methods (Hamel 2015) were first used to estimate a range
of probability distributions of M for NPSFM, based on empirical relationships between M and
life history parameters. These probability distributions were subsequently combined into a single
probability distribution that could be used as a prior for M in the upcoming NPSFM assessment.
We used three empirical relationships between life history and M that were examined by
previous studies: 1) Hamel and Cope (2022), which was a modification of previous studies
(Hoenig 1983; Hamel 2015) based on maximum age (AgeMax); 2) Kinney and Teo (2016)
modified Pauly (1980), based on Linf and k (Pauly 1980 originally included water temperature
as a variable but Then et al. (2015) found that water temperature was unimportant) (Lk); and 3)
Kinney and Teo (2016) modified Charnov and Berrigan (1990), based on age at maturity
(AgeMat). Table 1 shows equations for the relationships, parameter data sources, and
regressions.

This study used the results from previous studies (Kinney and Teo 2016; Teo 2017;
Hamel and Cope 2022) to calculate prediction intervals for each estimated M (in log-scale),
using appropriate empirical data sets and life history parameters for NPSFM (Semba et al. 2011;
Kinney et al. 2024). This study also followed the assumption of Hamel and Cope (2022) that half
the observed variances in the estimated empirical relationships are due to errors in the observed
Ms, and hence divided the SD of the estimated prediction intervals by V2. The AgeMax



empirical relationship was taken directly from the results of Hamel and Cope (2022), with
M=5.40/AgeMax and a SD of 0.31 for logM, which was the same as that found in Kinney and
Teo (2016) and Teo (2017), albeit with different assumptions for SD. The Lk empirical
relationship was from Kinney and Teo (2016), who updated the meta-analyses in Hamel (2015)
to use data from Then et al. (2014), and estimated that M = 6.4967Linf ~%-3481)0-5575 This
study re-estimated the SD of logM from the Lk relationship to be 0.60. This study modified the
AgeMat meta-analysis in Kinney and Teo (2016) by including viviparous species from the
Charnov and Berrigan (1990) data and estimated that M = 1.703 /AgeMat and a SD of logM of
0.59.

Life history parameter values of NPSFM used to predict M were based on published
literature (Natanson et al. 2006; Semba et al. 2011) or recently developed by the WG (Kinney et
al. 2024). AgeMax for female and male NPSFM were considered to be 32 and 29 years,
respectively, based on the oldest directly aged samples in Natanson et al. (2006). These AgeMax
values were consistent with the non sex-specific AgeMax used in the previous NPSFM
assessment from a bomb radiocarbon study (Ardizzone et al. 2006). Natanson et al. (2006) also
estimated sex-specific AgeMax values by calculating the number of years need for a shark to
reach a length equivalent to 95% of Linf. However, this study did not consider these AgeMax
values because Hamel and Cope (2022) recommended against “attempting to extrapolate
maximum age, or to use a proxy, or otherwise discern maximum age from some other method,
unless this modifies the highest observed age only modestly. Rather, it is generally better to use
the data available to more directly estimate M and its uncertainty, whether through alternative
meta-analyses, within a stock assessment, or directly observing relative numbers-at-age”. In
addition, these extrapolated AgeMax values were sensitive to growth function used and were
inconsistent (Natanson et al. 2006). However, there was a concern that direct observations of
AgeMax in fished populations may be underestimates because the original relationship are based
on unfished or lightly fished populations. It is also unclear if vertebral band-pairs reliably record
the ages of sharks because they are structural and could be influenced by changes in the stress
loads exerted on the body column (Natanson et al. 2018).

The Linf and k parameters were taken from a recent meta-analysis of NPSFM aging and
length composition data (Kinney et al. 2024). Three plausible combinations of band-pair counts
per year (2 vs 1 band-pairs/year), base case aging methodologies (base case using: US or Japan
(JP) aging methodologies), and incorporating length frequency (LF) data into the estimation,
were developed by Kinney et al. (2024): 1) US_2 LF (Table 8 in Kinney et al. 2024); 2)

US 2 noLF (Table 3 in Kinney et al. 2024); and 3) JP_1 noLF (Table 4 in Kinney et al. 2024).
Given the substantial sex-specific differences in Linf and k, this study also assumed sex-specific

differences in predicted M from the Lk relationship. It should be noted that the Linf values in



Then et al (2015) metadata were in mm and were a mixture of fork lengths (FLs), total lengths
(TLs), and unspecified length types. Therefore, the Linf parameters from Kinney et al. (2024)
were converted from post-caudal length into mm FL and mm TL using length-length
relationships used by the WG (Joung and Hsu 2005; Wells et al. 2013). The combination of the
abovementioned factors resulted in 12 predicted M distributions for the Lk relationship (3 band-
pair and methodology combinations * 2 length types * 2 sexes) (see Table 1). For each of these
combinations, we extracted 1000 draws from the Linf and k posteriors of the meta-analysis by
Kinney et al. (2024) and used them to predict a distribution for logM. The 1000 logM
distributions were averaged using inverse-variance weighting, which resulted in a single
distribution for each of the 12 combinations (Table 1). It should be noted that the estimated
variances of the 1000 draws were essentially identical and the inverse variance weighting did not
change the resulting SD of the logM distribution. Sex-specific logM distributions were
subsequently developed by averaging the six logM distributions for each sex (Table 1).

The AgeMat parameters used in this study were based on the lengths at 50% maturity
from Semba et al. (2011) for female and male NPSFM. Given the abovementioned uncertainties
in the growth of this stock, we developed six combinations for AgeMax (3 band-pair and
methodology combinations * 2 sexes) and developed six logM distributions (Table 1). Sex-
specific logM distributions were subsequently developed by averaging the three logM
distributions for each sex (Table 1).

As in Hamel (2015), we combined the priors from each empirical relationship using
weights based on the variance of the logM distribution (i.e., inverse variance weighting) and the
degree of overlap in the data sets used for the meta-analyses (data independence weights). If the
priors were based on independent data sets, all weights would be 1, which would result in a
combined prior with a mean equal to the inverse variance weighted mean of the means of all the
priors. If n priors from completely overlapping data sets were combined, the weights would be
1/n. Variances of the priors were obtained from the meta-analyses, while data independence
weights were assigned based on the degrees of overlap between the data sets. For example, the
AgeMax and Lk meta-analyses used the same data set (Then et al. 2015) and these priors were
therefore assigned a data independence weight of 0.5 each. In comparison, the AgeMat data set
consisted of a combination of data sets from three studies (Beverton and Holt 1959; Beverton
1963; 1997) and was considered to be independent from the AgeMax and Lk meta-analyses.

In addition, we also combined the sex-specific priors from each empirical relationship,
using only the growth parameters that were consistent between empirical relationships. The Lk
and AgeMat relationships are dependent on the growth parameters either directly (Lk) or
indirectly (AgeMat because that is derived from the length at 50% maturity using a growth
curve). Here, for each set of growth parameters (US 2 LF; US 2 noLF; and JP_1 noLF), we



derive and combine the sex-specific logM priors for the Lk and AgeMat relationships for that set
of growth parameters, together with the same AgexMax logM prior. This will allow the use of M
priors in an assessment that is consistent with the growth parameters for that model.

Lastly, we calculated point estimates of predicted M from several shark-based empirical
life-history relationships recommended by Zhou et al (2022), except for Liu et al. (2020) for the
abovementioned reasons: 1) In(M) = 0.42In(k) — 0.83 (Frisk et al. 2001) (Frisk1); 2) M =
1/(0.44* AgeMat + 1.87) (Frisk et al. 2001) (Frisk2); and 3) M=1.65/(AgeMat — t0) (Hisano et al.
2011) (Hisano); 4) M=K/(1-exp(k(t-t0))), when t<ts and M=K/(a0 + al(t-ts)+a2(t-ts)"2), when
t>ts (Chen and Watanabe 1989) (Chen). See Zhou et al. (2022) for detailed equations and

definitions.

RESULTS AND DISCUSSION
In general, the predicted M from the AgeMax relationship was relatively high compared to the
the Lk and AgeMat relationships (Table 1). The exception appeared to be the predicted Ms from
the AgeMat relationship or male NPSFM, which was due to the young AgeMax for male
NPSFM. As explained above, it is important to consider these M predictions as a probability
distribution rather than point estimates because of the uncertainty in the estimated empirical
relationships.

This study averaged the predicted sex-specific M distributions for the Lk and AgeMat
relationships using the biological parameters from three growth curve types (US 2 LF,

US 2 noLF, and JP_1 noLF). However, it was noted that the results from the US 2 no LF and
US 2 noLF growth curves were relatively similar, and averaging all three growth curves may
have overweighted the US-based growth methodologies. Therefore, it is recommended to use
the M priors in Table 3, with sex-specific M priors that are based on consistent growth
parameters. Interestingly, the sex-specific M priors were relatively similar for all three growth
models. This was because even though the Lk relationship resulted in lower predicted Ms for the
JP_1 noLF growth model compared to the US 2 noLF and US 2 LF growth models, the

JP_1 noLF growth model resulted in a lower AgeMax and hence higher predicted Ms.

The overall predicted M distributions also appear to be similar to the range of M point
estimates from shark-based relationships (Table 2 and 4). It would be recommended that these M
distributions be used as priors for the upcoming stock assessment, if possible. Even if a fixed M
point estimate is preferred due to model specification problems, it would be recommended to use
the priors to specify the limits of sensitivity runs or an ensemble of model scenarios. This would
allow the upcoming assessment to follow current “best” practices to the extent possible.
However, it is noted that these predicted M distributions are based on datasets largely derived

from teleosts but these datasets appear to be the currently best available datasets for this work. In



addition, there were several decisions (e.g., growth curves included, parameter sources) that the

WG may want to discuss and decide upon.

REFERENCES

ALBWG. 2017. Stock assessment of albacore tuna in the North Pacific Ocean in 2017. Page 103.
International Scientific Committee for Tuna and Tuna-like Species in the North Pacific
Ocean.

Ardizzone, D., G. M. Calilliet, L. J. Natanson, A. H. Andrews, L. A. Kerr, and T. A. Brown. 2006.
Application of bomb radiocarbon chronologies to shortfin mako (Isurus oxyrinchus) age
validation. Environmental Biology of Fishes 77(3):355-366.

Beverton, R. J. H. 1963. Maturation, growth and mortality of clupeid and engraulid stocks in
relation to fishing. Rapports et procés-verbaux des réunions / Conseil permanent
international pour I’exploration de la mer 154:44—67.

Beverton, R. J. H., and S. J. Holt. 1959. A Review of the Lifespans and Mortality Rates of Fish in
Nature, and Their Relation to Growth and Other Physiological Characteristics. Pages 142—
180 CIBA Foundation Colloquia on Ageing.

Charnov, E. L., and D. Berrigan. 1990. Dimensionless numbers and life history evolution: Age of
maturity versus the adult lifespan. Evolutionary Ecology 4(3):273-275.

Chen, S., and S. Watanabe. 1989. Age Dependence of Natural Mortality Coefficient in Fish
Population Dynamics. Nippon Suisan Gakkaishi 55(2):205-208.

Cortés, E. 2002. Incorporating uncertainty into demographic modeling: Application to shark
populations and their conservation. Conservation Biology 16(4):1048—1062.

Frisk, M. G., T. J. Miller, and M. J. Fogarty. 2001. Estimation and analysis of biological parameters
in elasmobranch fishes: a comparative life history study. Canadian Journal of Fisheries and
Aquatic Sciences 58(5):969-981.

Gunderson, D. R. 1997. Trade-off between reproductive effort and adult survival in oviparous and
viviparous fishes. Canadian Journal of Fisheries and Aquatic Sciences 54(5):990-998.

Hamel, O. S. 2015. A method for calculating a meta-analytical prior for the natural mortality rate
using multiple life history correlates. ICES Journal of Marine Science 72(1):62—69.

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

Hisano, M., S. R. Connolly, and W. D. Robbins. 2011. Population Growth Rates of Reef Sharks
with and without Fishing on the Great Barrier Reef: Robust Estimation with Multiple
Models. PLOS ONE 6(9):¢25028.

Hoenig, J. 1983. Empirical use of longevity data to estimate mortality-rates. Fishery Bulletin
82(1):898-903.



Joung, S., and H.-H. Hsu. 2005. Reproduction and embryonic development of the Shortfin Mako,
Isurus oxyrinchus Rafinesque, 1810, in the Northwestern Pacific. Zoological Studies
44:487-496.

Kinney, M. J., N. D. Ducharme-Barth, N. Takahashi, M. Kai, Y. Semba, M. Kanaiwa, K.-M. Liu,
J. A. Rodriguez-Madrigal, and J. Tovar-Avila. 2024. Mako Age and growth, meta-analysis
revisited. ISC/24/SHARKWG/XX. Working paper submitted to the ISC Shark Working
Group Workshop, 23-25 January 2024. Online meeting.

Kinney, M. J., and S. L. H. Teo. 2016. Meta-analysis of north Pacific albacore tuna natural
mortality. ISC/16/ALBWG-02/07.

Liu, C., S. Zhou, Y.-G. Wang, and Z. Hu. 2020. Natural mortality estimation using tree-based
ensemble learning models. ICES Journal of Marine Science 77(4):1414—1426.

Maunder, M. N., O. S. Hamel, H.-H. Lee, K. R. Piner, J. M. Cope, A. E. Punt, J. N. Ianelli, C.
Castillo-Jordan, M. S. Kapur, and R. D. Methot. 2023. A review of estimation methods for
natural mortality and their performance in the context of fishery stock assessment. Fisheries
Research 257:106489.

Natanson, L. J., N. E. Kohler, D. Ardizzone, G. M. Cailliet, S. P. Wintner, and H. F. Mollet. 2006.
Validated age and growth estimates for the shortfin mako, Isurus oxyrinchus, in the North
Atlantic Ocean. Pages 367-383 in J. K. Carlson and K. J. Goldman, editors. Special Issue:
Age and Growth of Chondrichthyan Fishes: New Methods, Techniques and Analysis.
Springer Netherlands, Dordrecht.

Natanson, L. J., G. B. Skomal, S. L. Hoffmann, M. E. Porter, K. J. Goldman, and D. Serra. 2018.
Age and growth of sharks: do vertebral band pairs record age? Marine and Freshwater
Research 69(9):1440-1452.

NOAA. 2008. 2008 Status of US Fisheries. Report to Congress.

Piner, K., and H. Lee. 2011. Meta-analysis of striped marlin natural mortality. ISC/11/BILLWG-
1/10. Page 9 p.

Semba, Y., I. Aoki, and K. Yokawa. 2011. Size at maturity and reproductive traits of shortfin mako,
Isurus oxyrinchus, in the western and central North Pacific. Marine and Freshwater
Research 62(1):20-29.

Semba, Y., H. Nakano, and I. Aoki. 2009. Age and growth analysis of the shortfin mako, Isurus
oxyrinchus, in the western and central North Pacific Ocean. Environmental Biology of
Fishes 84(4):377-391.

SHARKWG. 2018. Stock Assessment of Shortfin Mako Shark in the North Pacific Ocean through
2016. Page 118. International Scientific Committee for Tuna and Tuna-like Species in the
North Pacific Ocean, Stock Assessment ISC/18/ANNEX/15.

Simpfendorfer, C., E. Cortés, M. Heupel, and E. Brooks. 2008. An integrated approach to



determining the risk of over- exploitation for data-poor pelagic atlantic sharks.

Teo, S. L. H. 2017. Meta-analysis of north Pacific albacore tuna natural mortality: an update.
ISC/17/ALBWG/07. Working document submitted to the ISC Albacore Working Group
Meeting, 11-19 April 2017, Southwest Fisheries Science Center, La Jolla, California, USA.

Then, A. Y., J. M. Hoenig, N. G. Hall, and D. A. Hewitt. 2015. Evaluating the predictive
performance of empirical estimators of natural mortality rate using information on over
200 fish species. ICES Journal of Marine Science 72(1):82-92.

Wells, R. J. D., S. E. Smith, S. Kohin, E. Freund, N. Spear, and D. A. Ramon. 2013. Age validation
of juvenile Shortfin Mako (Isurus oxyrinchus) tagged and marked with oxytetracycline off
southern California. Fishery Bulletin 111(2):147-160.

Zhou, S., R. A. Deng, M. R. Dunn, S. D. Hoyle, Y. Lei, and A. J. Williams. 2022. Evaluating
methods for estimating shark natural mortality rate and management reference points using
life-history parameters. Fish and Fisheries 23(2):462—477.



Table 1. Empirical relationships (method) used to estimate M, log M and SD of log M along with parameter values for north Pacific shortfin mako sharks,
assuming that half the variance in the prediction intervals was due to errors in the observed M in the empirical relationships (Hamel and Cope 2022). +Growth

parameters were 1000 random draws from posterior of specific growth curve from Kinney et al. (2024). IDs with US 2 LF, US 2 noLF, and JP_1 noLF are

based on Tables 8, 3, and 4 in Kinney et al (2024). §AgeMat parameters were converted from length at 50% maturity estimates from Semba et al. (2011) into age

at 50% maturity based on specific growth curves from Kinney et al. (2024). JAgeMat relationship modified from Kinney and Teo (2016) to include viviparous

fish.
Regression SD of log
ID Method Equation Parm Value Parm Source log M M (y))
Source M
Hamel & Cope Natanson et al.
AgeMax_fem AgeMax M = 5.40/AgeMax 32y -1.78 0.31 0.169
(2022) (2006)
Natanson et al.
AgeMax_mal 29y -1.68 0.31 0.186
(2006)
M = 6.4967 * Linf"- Kinney & Teo TLinf=3343 mm
Lk US 2 LF TL fem Lk Kinney et al (2024) -2.10 0.60 0.123
0.3481 * k"0.5575 (2016) TL; k=0.129
TLinf=2764 mm
Lk US 2 LF TL mal Kinney et al (2024) -1.98 0.60 0.138
TL; k=0.141
TLinf=3048 mm Kinney et al (2024)
Lk US 2 LF FL fem -2.07 0.60 0.127
FL; k=0.129
tLinf=2520 mm Kinney et al (2024)
Lk US 2 LF FL mal -1.95 0.60 0.142
FL; k=0.141
tLinf=3377 mm Kinney et al (2024)
Lk US 2 noLF TL fem -2.10 0.60 0.123
TL; k=0.129
TLinf=2762 mm Kinney et al (2024)
Lk US 2 noLF TL mal -2.00 0.60 0.135
TL; k=0.137
Lk US 2 noLF FL fem FLinf=3079 mm Kinney et al (2024) -2.07 0.60 0.127




Regression SD of log
ID Method Equation Parm Value Parm Source log M M (y))
Source M
FL; k=0.129
TLinf=2517 mm Kinney et al (2024)
Lk US 2 noLF FL mal -1.97 0.60 0.140
FL; k=0.137
TLinf=3768 mm Kinney et al (2024)
Lk JP_1 noLF TL fem -2.28 0.60 0.102
TL; k=0.102
TLinf=2929 mm Kinney et al (2024)
Lk JP_1 noLF TL mal -2.09 0.60 0.123
TL; k=0.120
TLinf=3436 mm Kinney et al (2024)
Lk JP_1 noLF FL fem -2.25 0.60 0.106
FL; k=0.102
FLinf=2670 mm Kinney et al (2024)
Lk JP 1 noLF FL mal -2.06 0.60 0.127
FL; k=0.120
Lk fem avg NA NA -2.14 0.60 0.117
Lk mal avg NA NA -2.01 0.60 0.134
Kinney & Teo
AgeMat US 2 LF fem AgeMat | M =1.703 /AgeMat 2016) §19.3y Semba et al. (2011) -2.43 0.59 0.088
al
AgeMat US 2 LF mal 8§59y Semba et al. (2011) -1.24 0.59 0.289
AgeMat_ US 2 noLF_ fem §18.0y Semba et al. (2011) -2.36 0.59 0.095
AgeMat_US 2 noLF mal §6.0y Semba et al. (2011) -1.26 0.59 0.283
AgeMat_JP 1 noLF fem §15.1y Semba et al. (2011) -2.19 0.59 0.112
AgeMat JP_1 noLF mal §6.2y Semba et al. (2011) -1.30 0.59 0.273
AgeMat fem_avg NA NA -2.32 0.59 0.098
AgeMat mal_avg NA NA -1.27 0.59 0.282




Table 2. Data independence weights and combined distributions of log M and SD of log M for north Pacific shortfin

mako sharks. See Table 1 for individual distributions and biological parameter values.

1D Data independence
log M SD of log M M (y))
weights
AgeMax_fem 0.5 -1.78 0.31 0.169
AgeMax_mal 0.5 -1.68 0.31 0.186
Lk fem avg 0.5 -2.14 0.60 0.117
Lk mal avg 0.5 -2.01 0.60 0.134
AgeMat_fem_ avg 1.0 -2.32 0.59 0.098
AgeMat mal avg 1.0 -1.27 0.59 0.282
Combined fem NA -2.00 0.33 0.136
Combined _mal NA -1.60 0.33 0.201

Table 3. Combined distributions of log M and SD of log M for north Pacific shortfin mako sharks, using consistent
growth parameters. See Table 1 for individual distributions and biological parameter values, and Table 2 for data

independence weights.

SD of
log M M (y")
AgeMaxID | LkID AgeMat ID log M

AgeMax_fem | Lk JP 1 noLF avgFLTL fem | AgeMat JP 1 noLF fem | -1.972 0.326 0.139

AgeMax_fem | Lk US 2 noLF avgFLTL fem | AgeMat US 2 noLF fem | -1.998 0.326 0.136

AgeMax_fem | Lk US 2 LF avgFLTL fem AgeMat US 2 LF fem -2.019 0.326 0.133

AgeMax mal | Lk JP 1 noLF avgFLTL mal | AgeMat JP 1 noLF mal | -1.624 0.326 0.197

AgeMax mal | Lk US 2 noLF avgFLTL mal | AgeMat US 2 noLF mal | -1.600 0.326 0.202

AgeMax _mal | Lk US 2 LF avgFLTL mal AgeMat_ US 2 LF mal -1.591 0.326 0.204




Table 4. Predicted M values for four shark-based empirical life-history relationships recommended by Zhou et

al.(2022).

ID Relationship Biological Parameters Predicted M

Friskl US 2 LF fem Friskl K=0.129 0.184

Friskl US 2 LF mal K=0.141 0.192

Friskl JP_1 noLF fem K=0.102 0.167

Friskl JP_1 noLF mal K=0.120 0.179

Frisk2 US 2 LF fem Frisk2 AgeMat=19.3 y 0.097

Frisk2 US 2 LF mal AgeMat=59y 0.224

Frisk2 JP_1 noLF fem AgeMat=15.1y 0.117

Frisk2 JP_1 noLF mal AgeMat=6.2 y 0.217

Hisano US 2 LF fem Hisano AgeMat=19.3y, t0=-2.13y | 0.077

Hisano US 2 LF mal AgeMat=5.9y, t0=-2.41y | 0.199

Hisano JP 1 noLF fem AgeMat=15.1y, t0=-2.33y | 0.095

Hisano JP 1 noLF_mal AgeMat=6.2 y, t0=-2.70y | 0.185

Chen _US 2 LF fem Chen K=0.129, t0=-2.13y Agel=0.388, ..., Agel0=0.163, ...
Chen US 2 LF mal K=0.141, t0=-2.41y Agel=0.369, ..., Agel10=0.172, ...
Chen JP_1 noLF fem K=0.102, t0=-2.33y Agel=0.354, ..., Agel0=0.140, ...
Chen JP_1 noLF_mal K=0.120, t0=-2.70y Agel=0.335, ..., Agel0=0.154, ...




