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Summary 

Intrinsic rate of natural increase (r) of certain species is important parameter in the analysis of population 

dynamics, thus have large impact on the estimation of stock status and future projection of the stock. We applied 

a two-sex age-structured matrix population model developed by Yokoi et al. (2017) to the estimation of r for 

shortfin mako (Isurus oxyrinchus) based on the life history parameter obtained in the Indian Ocean as much as 

possible. As a result of 80 combinations of life history parameter (sex ratio, litter size, reproductive cycle, sex-

specific maturity age, sex-specific estimated longevity, sex-specific growth curve, sex-specific length-weight 

relationship, and estimator of natural mortality), median r was estimated to be 0.113 with a range of minimum 

and maximum values of 0.060 and 0.132, respectively. This estimate can be used as a prior which uncertainty 

included in each parameter was taken into consideration or re-estimated value based on selected parameter 

would be another candidate for the input parameter in the stock assessment model.  

Introduction 

The shortfin mako, Isurus oxyrinchus, is widely distributed in the tropical and warm-temperate oceans 

worldwide. It is a common, extremely active, and highly migratory species, with occasional inshore movements 

(Compagno 2001). Shortfin mako is one of the common shark species caught in pelagic longline fisheries. In 

the Indian Ocean, shortfin mako sharks are often targeted by some semi-industrial, artisanal and recreational 

fisheries and are bycatch of industrial fisheries including pelagic longline tuna and swordfish fisheries and 

anecdotally by the purse seine fishery (IOTC 2019). Based on the susceptibility and low-productivity, it is 

suggested the vulnerability of this species is high in the longline fishery in the Indian Ocean (Murua et al. 2018). 

Although there is no quantitative stock assessment currently available for shortfin mako in the Indian 

Ocean and therefore the stock status is unknown, stock assessment of this population is planned to be performed 

in 2021 Working Party on Ecosystems and Bycatch (WPEB) meeting. Intrinsic rate of natural increase (r) is a 

crucial parameter for determining the vulnerability of population decline (Frisk et al. 2005). In order to estimate 

this, various life history parameters including natural mortality, longevity, fecundity, mating system and 

maturation is necessary (Yokoi et al. 2017). In case of shortfin mako, reported biological parameters required 

for estimating r differ by sex (reviewed in Semba 2018) and display large variability and uncertainty among 

studies (reviewed in Cailliet 2015). 
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Yokoi et al. (2017) developed a two-sex age-structured matrix population model and estimated the r using 

combinations of biological parameters. This approach takes into consideration the uncertainty of each parameter 

by treating each life history parameter equally like meta-analysis. In this document, we applied their approach 

to estimate the r of shortfin mako in the Indian Ocean, using the life history parameters obtained from Indian 

Ocean as much as possible.  

 

Materials and methods 

Life history parameter 

In this analysis, we used sex ratio, litter size, reproductive cycle, sex-specific age at maturity, sex-specific 

longevity, and sex-specific growth parameters and sex-specific length-weight relationship (Table1). We selected 

parameters estimated for population in the Indian Ocean, except for the reproductive cycle which was estimated 

based on global study (3 years by Mollet et al. 2000) and longevity which was estimated based on Atlantic study 

(Natanson et al. (2006) and Barreto et al. (2016)). Regarding longevity, 23 and 29 for males and 32 and 38 for 

females were used. These estimates were selected outside the Indian Ocean because observed maximum age 

reported in the Indian Ocean was small, compared to other oceans and suggested to be underestimate of 

longevity. As sensitivity analysis, 2-year reproductive cycle (suggested by Semba et al. (2011) for North Pacific 

population) was included.  

We used three growth parameters (sex-combined growth equation by Groeneveld et al. (2014) and sex-

specific and sex-combined growth equations by Liu et al. (2018)). Regarding length-weight relationship, we 

used two equations corresponding to growth (sex-specific length-weight equation by Groeneveld et al. (2014) 

and sex-combined length-gutted weight equation by Liu et al. (2018)). When we convert processed weight (PW: 

kg) equation by Liu et al. (2018) to whole weight (WW: kg), we applied conversion factor of 1.6 (i.e., 

WW=1.6PW), assuming that product and corresponding conversion factor are same with those in Japan (Semba 

unpublished). 

 

Natural Mortality 

Regarding natural mortality (M), equations by Peterson and Wroblewski (1984) and Hoenig (1983) were 

applied as common estimators, following Yokoi et al. (2017).  

According to Peterson and Wroblewski (1984),  

𝑀𝑤 = 1.92 ∗ 𝑊−0.25 (𝑔) (𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡; 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙) 

𝑀𝑤 = 1.28 ∗ 𝑊−0.25 (𝑔) (𝑊𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡; 𝐾𝑒𝑛𝑐ℎ𝑖𝑔𝑡𝑜𝑛 2014) 

, where Mw is natural mortality at certain weight (W: g). In this study, we used the equation for wet weight. As 

shown in the equation, combining growth curve and length-weight relationship (see Table1), M at age was 

obtained in this estimator. 

According to Hoenig (1983),  

ln(𝑀) ≅ ln(𝑍) = 0.941 − 0.873 ∗ ln(𝑙𝑜𝑛𝑔𝑒𝑣𝑖𝑡𝑦)       (𝐶𝑒𝑡𝑎𝑐𝑒𝑎𝑛𝑠) 

, where Z is total mortality, and this is widely applied to sharks although original equation was developed for 

cetaceans. In this estimator, estimates of longevity is necessary and we used estimates in the Atlantic Ocean 
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following Yokoi et al. (2017) as described above. In contrast to Peterson and Wroblewski (1984), constant M 

across all ages is obtained. 

 

Intrinsic rate of natural increase  

Based on parameters above, the number of combinations of parameter is 72 for the calculation by Peterson 

and Wroblewski (1984); 2 (female longevity) ✕ 2(male longevity) ✕ 2(reproductive cycle) ✕ 3 (growth curve 

for male) ✕ 3 (growth curve for female). That of Hoenig (1983) is 8; 2 (female longevity) ✕ 2(male longevity) 

✕ 2(reproductive cycle). The total number of combinations of parameter is 80. Details of two-sex age-structured 

matrix population model are described in Yokoi et al. (2017). There calculations were carried out using 

Mathematica (Wolfram Research, Inc. 2019). 

We reviewed the difference of each parameter regarding growth parameter, age-weight relationship, and  

estimator of M and then report the r by the assumption of reproductive cycle and estimator of M. 

 

Results 

In advance of estimation of growth rate, difference of growth parameter, age-weight relationship and M 

among studies or type of estimator was reviewed. Regarding sex-combined growth curve (Figure 1), little 

difference was observed between Groeneveld et al. (2014) and Liu et al. (2018), especially for sharks smaller 

than 200 cm fork length. Sexual difference was observed with females grow larger than males in Liu et al. 

(2018). On the other hand, relationship between age and whole weight was variable depending on growth 

parameter used (Figure 2) with weight at certain age from Liu et al. (2018) heavier than that from Groenveld et 

al. (2014). Although the direct comparison of M between two estimator is difficult, estimated Ms by Peterson 

and Wroblewski (1984) tended to be lower than that by Hoenig (1983) (Figure 3).    

Estimated median value (with highest and lowest value) of r for shortfin mako in the Indian Ocean was 

shown by reproductive cycle (i.e., 2 or 3) and estimator of M (i.e., Peterson and Wroblewski (1984) or Hoenig 

(1983)) in Table2. Median of averaged r was 0.113 (minimum-maximum:0.060-0.132). Under 2-year 

reproductive cycle assumption, medians are 0.130 for Peterson and Wroblewski (1984) and 0.089 for Hoenig 

(1983), while 0.111 for Peterson and Wroblewski (1984) and 0.070 for Hoenig (1983) under 3-year reproductive 

cycle. As expected, r with assumption of 2-year cycle was higher than that of 3-year cycle in both estimator of 

M. Between estimator of M, median value by Peterson and Wroblewski (1984) was higher than that by Hoenig 

(1983). Derived r by each combination of parameter is shown in Appendix. 

 

Discussion 

Estimates of r was largely different, depending on the estimator of M. Method proposed by Peterson and 

Wroblewski (1984) was based on empirical value of dried weight of various marine species (sharks are not 

included), but age-specific M is obtained. Method proposed by Hoenig (1983) has been regarded as the most 

reasonable approach theoretically (Then et al. 2015), but obtained M is constant among ages and affected by 

the estimates of longevity. In this calculation, observed maximum age was clearly lower than those in the other 

ocean, which may cause underestimation of longevity and not used in the estimation of r. As the number of 
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parameter limited to Indian Ocean is not so large, WG can discuss the reasonable parameter of Indian shortfin 

mako and then r can be re-estimated. For example, estimator of M has each pros and cons, thus they are equally 

weighted (both estimators retained). Regarding male longevity, 29 is used, because male longevity of 23 is 

underestimate (Yokoi et al. 2017) and the estimate is not available. Female longevity can be fixed to be 38, 

because 32 is observed maximum age with possibility of underestimation. Regarding growth curve, sex-specific 

growth by Liu et al. (2018) is used, because sexual difference in growth is commonly reported in other oceans. 

In this case, median of r is 0.114 for Peterson and Wroblewski (1984) and 0.080 for Hoenig (1983). 

 

Conclusion 

Intrinsic rate of natural increase (r) of shortfin mako was estimated based on the best available parameter 

of this species in the Indian Ocean. Obtained median value of averaged among assumptions was 0.113 with a 

range of minimum and maximum values of 0.060 and 0.132. Although this value may be slightly changed 

depending on the parameters selected as a result of discussion by WG, we propose to use the estimate by this 

approach as the prior of Bayesian surplus production model if the model is used for the stock assessment of this 

population.  
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Table1. Parameters used in the estimation of r in this analysis. IO, NP and AO in area denote Indian Ocean, North 

Pacific, and Atlantic Ocean, respectively. 

Definition Value Area Reference 

Sex ratio 0.5 IO Groeneveld et al. 

(2014) 

Litter size 11.7 IO Groeneveld et al. 

(2014) 

Reproduction cycle 2 or 3  Global

, NP 

Mollet et al. 

(2000) 

Semba et al. 

(2011) 

Maturity age (Female) 15 IO Groeneveld et al. 

(2014) 

Maturity age (Male) 7 IO Groeneveld et al. 
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(2014) 

Maximum observed age 

(not used)  

F: 18.5, M: 19.5 IO Groeneveld et al. 

(2014) 

Longevity  F: 32, 38, M: 23, 29 AO Natanson et al. 

(2006)  

Barreto et al. 

(2016) 

Growth curve 𝐹𝐿𝑡 (𝑐𝑚) = 285.4 − (285.4 − 90.4) ∗ 𝑒−0.113𝑡  (𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑) 

𝐶𝐹𝐿𝑡 (𝑐𝑚) = 323.8 ∗ (1 − 𝑒−0.075(𝑡+4.360))  (𝑓𝑒𝑚𝑎𝑙𝑒) 

𝐶𝐹𝐿𝑡 (𝑐𝑚) = 251.6 ∗ (1 − 𝑒−0.151(𝑡+2.488))  (𝑚𝑎𝑙𝑒) 

𝐶𝐹𝐿𝑡 (𝑐𝑚) = 267.6 ∗ (1 − 𝑒−0.123(𝑡+2.987))  (𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑) 

IO Groeneveld et al. 

(2014) 

Liu et al. (2018) 

Length- weight 

relationship 

𝑊𝑊 (𝑘𝑔) = (8.0 ∗ 10−6) ∗ 𝐹𝐿3.0412 (𝑐𝑚) (𝑓𝑒𝑚𝑎𝑙𝑒) 

𝑊𝑊 (𝑘𝑔) = (1.0 ∗ 10−5) ∗ 𝐹𝐿2.9596 (𝑐𝑚) (𝑚𝑎𝑙𝑒) 

𝑃𝑊 (𝑘𝑔) = (1.0 ∗ 10−4) ∗ 𝐶𝐹𝐿2.517 (𝑐𝑚) (𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑) 

IO Groeneveld et al. 

(2014) 

Liu et al. (2018) 

 

Table2. Minimum, median and maximum value obtained in the calculation of each assumption. 

 Minimum Median Maximum 

All (Reproductive cycle 2 and 3 year) 0.060 0.113 0.132 

Reproductive cycle 2year    

Peterson and Wroblewski (1984) 0.127 0.130 0.132 

Hoenig (1983) 0.079 0.089 0.099 

Reproductive cycle 3year    

Peterson and Wroblewski (1984) 0.108 0.111 0.114 

Hoenig (1983) 0.060 0.070 0.080 

 

 

 

Figure 1. Growth curve estimated for shortfin mako in the Indian Ocean based on Groeneveld et al. (2014) and Liu 

et al. (2018) 
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Figure 2. Relationship between age of shortfin mako and whole weight (kg) by growth equation. For the weight 

derived by Liu et al. (2018), original gutted weight was multiplied by 1.6 under the assumption of same type of 

product and conversion factor with that of Japan. 

 

 

              

Figure 3. Estimates of M at ages for shortfin mako in the Indian Ocean. Age-specific M is obtained for Peterson and 

Wroblewski (1984:left) and constant M among ages is obtained for Hoenig (1983: right). 
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Appendix. Summary table of calculated r under each combination of parameter. 

 

Intrinsic rate

of

 natural

increase (r)

Maturity age

 (male)

Longevity

 (male)

Maturity age

 (female)

Longevity

 (female)
Litter size

Reproducti

ve cycle

Mortality

method

Growth curve

 (male)

Growth curve

 (female)

0.127 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.130 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.129 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.128 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld

0.131 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.130 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.128 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.131 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.130 7 23 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.108 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.111 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.110 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.109 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld

0.112 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.111 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.109 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.112 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.111 7 23 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.128 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.131 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.130 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.129 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld

0.132 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.131 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.129 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.132 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.131 7 23 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.109 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.112 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.112 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.110 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld

0.113 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.112 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.110 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.113 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.112 7 23 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.127 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.130 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.129 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.128 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld
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Appendix (continued) 

 

Intrinsic rate

of

 natural

increase (r)

Maturity age

 (male)

Longevity

 (male)

Maturity age

 (female)

Longevity

 (female)
Litter size

Reproducti

ve cycle

Mortality

method

Growth curve

 (male)

Growth curve

 (female)

0.131 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.130 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.128 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.131 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.130 7 29 15 32 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.108 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.111 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.110 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.109 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld

0.112 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.111 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.109 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.112 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.111 7 29 15 32 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.128 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.131 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.130 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.129 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld

0.132 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.131 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.129 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.132 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.131 7 29 15 38 11.7 2
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.110 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Groeneveld

0.113 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (female)

0.112 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Groeneveld Liu (combined)

0.111 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Groeneveld

0.114 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (female)

0.113 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (male) Liu (combined)

0.111 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Groeneveld

0.114 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (female)

0.113 7 29 15 38 11.7 3
Peterson and

Wroblewski (1984)
Liu (combined) Liu (combined)

0.079 7 23 15 32 11.7 2 Hoenig (1983)

0.060 7 23 15 32 11.7 3 Hoenig (1983)

0.095 7 23 15 38 11.7 2 Hoenig (1983)

0.077 7 23 15 38 11.7 3 Hoenig (1983)

0.082 7 29 15 32 11.7 2 Hoenig (1983)

0.063 7 29 15 32 11.7 3 Hoenig (1983)

0.099 7 29 15 38 11.7 2 Hoenig (1983)

0.080 7 29 15 38 11.7 3 Hoenig (1983)


