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A B S T R A C T

Loggerhead sea turtles are an endangered species, and effective management requires accurate survival
estimation. Narrow-interval estimates are particularly necessary in Japan because the available survival
estimates have intervals that are too wide to allow comparison with estimates from other regions. Catch-
curve analysis is a method for survival estimation and has limitations in that the existing framework cannot
consider growth curve errors and sea turtle immigration. However, catch-curve analysis does not suffer from
the requirement for intensive research efforts compared with mark-recapture analysis. Therefore, in this study,
a new estimation framework was developed that can account for growth curve errors and turtle immigration,
and the population parameters of loggerhead turtles (Caretta caretta) in Muroto, Japan between July 2002 and
November 2009 were estimated. Using the developed framework, the survival rate was estimated as 0.852
year−1 (95% highest-density interval: 0.799–0.903). Compared with the Baja California loggerhead population,
the results suggest that the survival rate after immigration to Japan is lower than that before immigration.
For loggerhead sea turtles, which generally exhibit higher survival rates as they grow, this result suggests the
presence of factors such as bycatch that increase mortality around Japan.
1. Introduction

Loggerhead sea turtles are listed as Endangered in the IUCN Red
List (IUCN, 2022). In Japan, the total number of nesting loggerhead sea
turtles is showing a long-term decreasing trend (Kamezaki et al., 2003;
Sea turtle conference in Japan, 2007), and the accurate estimation of
their survival rates is necessary for effective management (Caswell,
2000).

Several studies have estimated the survival rates of loggerhead tur-
tle populations in other regions (Bjorndal et al., 2003b; BraunMcNeill
et al., 2007; Casale et al., 2007, 2015; Chaloupka and Limpus, 2002;
Frazer, 1987; Hatase et al., 2013; Monk et al., 2011; Phillips et al.,
2014; Sasso et al., 2006), and comparing these survival rates with that
of the Japanese population is essential to determine the mortality fac-
tor. In particular, as North Pacific loggerhead turtles migrate to Japan
after spending their juvenile period in the Northeast Pacific region,
comparing survival rates before and after immigration is important.
However, few studies have estimated survival rates in Japan apart from
that by Hatase et al. (2013), who estimated the survival rate of adult
females on Yakushima Island as 0.871 year−1 (95% confidence interval
(CI): 0.689–1.053 year−1). As their CI, which is interpreted as an indi-
cator of estimation accuracy, exceeded 1 and violated the assumptions
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of survival rates, using this value for comparison is difficult. Therefore,
estimating survival rates with smaller estimation intervals is essential
to make the survival rate comparable with those in other regions.

Two methods are generally used to estimate sea turtle survival rates:
mark-recapture and catch-curve analyses. Mark-recapture analysis es-
timates survival rates from the encounter data of tagged individuals
(application to loggerheads: BraunMcNeill et al., 2007; Casale et al.,
2007; Chaloupka and Limpus, 2002; Hatase et al., 2013; Monk et al.,
2011; Phillips et al., 2014; Sasso et al., 2006). The development of
frameworks for mark-recapture analysis has enabled the consideration
of transient individuals (Chaloupka and Limpus, 2002; Pradel et al.,
1997; Sasso et al., 2006), the use of recognition and stranding data
(Barker, 1997; BraunMcNeill et al., 2007; Casale et al., 2007), and the
inclusion of state transitions (Hatase et al., 2013; Kendall, 2004; Monk
et al., 2011; Phillips et al., 2014). Despite these advantages, this type of
analysis requires extensive tagging and time-intensive research efforts
(Casale et al., 2015). This limitation often results in low recapture rates
and thus results in wide intervals in survival rate estimates (Monk
et al., 2011; Phillips et al., 2014; Sasso et al., 2006). Loggerhead
turtles in Japan are divided into three management units (Ryukyu,
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Yakushima, and mainland Japan) through mtDNA analysis (Matsuzawa
et al., 2016); therefore, a large research area covering each group is
desirable to achieve a high recapture rate. However, such large research
areas are not realistic and an increase in the estimation intervals is
inevitable.

In catch-curve analysis, the growth curve, or the relationship be-
tween the age and carapace length, is estimated using the humerus and
carapace length (application to loggerheads: Avens et al., 2013, 2015;
Bjorndal et al., 2003a; Casale et al., 2011; Guarino et al., 2020; Lenz
et al., 2016; Parham and Zug, 1997; Petitet et al., 2012; Piovano et al.,
2011; Ramirez et al., 2017; Snover et al., 2010; Tomaszewicz et al.,
2015). The growth curve is subsequently used to convert the carapace
length distribution into an age distribution, and several estimators are
employed to estimate survival rates from the age distribution (applica-
tion to loggerheads: Bjorndal et al., 2003b; Casale et al., 2015; Frazer,
1987). Four concerns have been identified in terms of catch-curve
analysis:

C1: Estimation errors of the growth curve are not considered (Bjorn-
dal et al., 2003b; Frazer, 1987).

C2: The effects of immigration or emigration cannot be distinguished
from survival estimates (Bjorndal et al., 2003b).

C3: The survival rate is considered constant, irrespective of the size
and age of the sea turtles (Bjorndal et al., 2003b; Casale et al.,
2015).

C4: The age distribution is assumed to be stable over the study period
(Bjorndal et al., 2003b; Casale et al., 2015; Frazer, 1987).

C1 reduces the reliability of the estimates because the growth of
sea turtles varies significantly among individuals; thus, the estimated
growth curve contains large variations. C2 causes a large estimation
bias because the loggerhead turtles observed in Japan are immigrants
(see the Discussion for considerations regarding C3 and C4). Despite
these concerns, catch-curve analysis requires less research effort than
mark-recapture analysis and is therefore less hindered by limitations
on research efforts (Casale et al., 2015). Thus, catch-curve analysis can
be a useful estimation method if an appropriate analytical framework is
established and the aforementioned concerns are resolved. In this study,
C1 is resolved as described in Section 2.2.1 using the prior distribution
of a Bayesian estimation framework considering growth curve errors.
In addition, C2 is resolved in Section 2.2.2 using a mathematical model
that includes immigration.

2. Material and methods

2.1. Material

This study used two available types of data on loggerhead sea
turtles: the straight carapace length (SCL) and humerus data.

The SCL data were collected from incidentally captured individuals
in Muroto, Kochi Prefecture, Japan (33◦15′N, 134◦11′E), from July
2002 to November 2009, and comprised 1392 individuals (mode: 74.0–
74.9 cm class; range: 56.3–105.0 cm; see Ishihara et al., 2011 for
details). However, one of the 1392 individuals was excluded from
this analysis because it had a carapace length of 105.0 cm, which is
well outside the general size range of loggerhead turtles in the waters
around Japan.

The humerus data were collected in Ishihara (2011) from 85 dead
loggerhead turtles. Among these, 79 turtles were found in large pound
nets or stranded ashore on the Japanese coast, and 6 hatchlings were
collected from different nests. As the lines of arrested growth (LAGs)
of the humerus mostly remain between the minimum width and del-
topectral crest (Zug et al., 1986), the humeri were cut in place using a
circular saw and honed to be less than 1 mm thick. Although the num-
ber of unabsorbed LAGs differed at each end, the radii and widths of the
LAGs were measured along the major axis using a reading microscope
(KENIS Ltd., NRM-2XZ/KN3102250) under transmitted light. The bone
sections were soaked in glycerin, and 654 sets of humerus radius and
2

the width data of the LAGs were determined without staining.
2.2. Model construction

It is necessary to evaluate the estimation errors of the growth curve
(C1) and construct a new estimator that accounts for immigration (C2)
to estimate the survival rates of loggerhead turtles using catch-curve
analysis accurately.

The frequentist or Bayesian approaches are mainly used for sta-
tistical model building, and most estimators in catch-curve analysis
are constructed using the former approach. However, compared with
the frequentist approach, the Bayesian approach has the advantage of
explicitly incorporating prior knowledge into the analysis and allowing
for flexible model construction (Gelman et al., 2013; Kruschke, 2014;
McCarthy, 2007). In addition, the constructed posterior distribution can
be interpreted as the probability that is obtained by the true parameters
under the model assumptions, and an intuitive interpretation can be
made for intervals (known as the highest-density intervals (HDIs))
(Gelman et al., 2013; Kruschke, 2014; McCarthy, 2007). Therefore, the
Bayesian approach is appropriate for solving the analytical problem
of catch-curve analysis and comparing the estimation results among
populations.

In the Bayesian approach, the likelihood function 𝑓 (𝑿 ∣ 𝜃) and prior
distributions 𝜋(𝜃) are set, where 𝑋 is a variable and 𝜃 is a parameter.
The likelihood function is constructed from a model, and the prior
distributions are set using prior information on the model parameters.
Subsequently, the posterior distributions 𝑝(𝜃 ∣ 𝑿) ∝ 𝑓 (𝑿 ∣ 𝜃) ⋅ 𝜋(𝜃)
of the parameters are calculated using methods such as Markov chain
Monte Carlo (MCMC). By specifying the likelihood function and prior
distributions, it is possible to incorporate prior information and achieve
flexible survival estimation.

Using this Bayesian statistical framework, this study aimed to solve
the aforementioned analytical concerns, as follows:

Section 2.2.1: The parameters of the growth curve estimated from the
humerus data were used as a prior distribution in the analysis of
the carapace length distribution.

Section 2.2.2: A likelihood function was constructed to consider im-
migration and survival separately and explicitly.

Kindly refer to the manual and scripts in the repository for spe-
cific instructions on estimating survival rates using specific data or
performing simulations.

2.2.1. Consideration of growth curve errors
Errors in the estimated growth curve were considered by extend-

ing the regression protocol of Parham and Zug (1997). The sea tur-
tle humeral radius H is expressed as a Bertalanffy growth equation
(Von Bertalanffy, 1938), assuming that the growth rate decreases with
growth, as follows:

𝐻(𝑡) = 𝐻𝑚(1 − 𝑒−𝐺ℎ𝑡), (1)

here 𝐻𝑚(> 0) denotes the maximum humeral radius, 𝐺ℎ(> 0) denotes
he growth coefficient of the humerus, and 𝑡 denotes the age of the
ea turtle. Depending on the radius of the sea turtle humerus, the LAG
idth 𝛿𝐻(𝐻) can be expressed as follows (Allen, 1966; Parham and
ug, 1997):

𝐻(𝐻) = (𝑒−𝐺ℎ − 1)(𝐻𝑚 −𝐻). (2)

ssuming that the LAG width data 𝜹𝑯 = (𝛿𝐻1, 𝛿𝐻2,… , 𝛿𝐻𝑖,… , 𝛿𝐻𝐼 )
where 𝐼 denotes the total number of humerus data points correspond-
ng to radius 𝑯 𝒊 = (𝐻1,𝐻2,… ,𝐻𝑖,… ,𝐻𝐼 )) follow a normal distribution
ith a mean of (2) and standard deviation 𝜎(> 0), the likelihood

unction of the model can be expressed as follows:

(𝑯 𝒊, 𝜹𝑯 ∣ 𝐻𝑚, 𝐺ℎ, 𝜎) ∝
𝐼
∏

𝑖=1

1
𝜎
exp

(

−
{(𝑒−𝐺ℎ − 1)(𝐻𝑚 −𝐻𝑖) − 𝛿𝐻𝑖}2

2𝜎2

)

.

(3)
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We use a half-infinite uniform distribution for the prior distribution of
𝐻𝑚, 𝐺ℎ, and 𝜎, as follows:

𝜋(𝐻𝑚)
{

𝐶𝐻𝑚
if 𝐻𝑚 > max𝑯 𝑖

0 else , 𝜋(𝐺ℎ)
{

𝐶𝐺ℎ
if 𝐺ℎ > 0

0 else ,

𝜋(𝜎)
{

𝐶𝜎 if 𝜎 > 0
0 else . (4)

In this case, the posterior distribution of these parameters can be
expressed as

𝑝(𝐻𝑚, 𝐺ℎ, 𝜎 ∣ 𝑯 𝒊, 𝜹𝑯)

∝ 𝑝(𝑯 𝒊, 𝜹𝑯 ∣ 𝐻𝑚, 𝐺ℎ, 𝜎) ⋅ 𝜋(𝐻𝑚) ⋅ 𝜋(𝐺ℎ) ⋅ 𝜋(𝜎)

∝
{

𝑝(𝑯 𝒊, 𝜹𝑯 ∣ 𝐻𝑚, 𝐺ℎ, 𝜎) if 𝐻𝑚 > max𝑯 𝑖, 𝐺ℎ > 0, 𝜎 > 0
0 else .

(5)

he MCMC chain of 𝐻𝑚, 𝐺ℎ, and 𝜎, which consists of parameter
ows sampled from posterior distributions, is obtained by combining
he Metropolis–Hastings (MH) method with random walking (Gelman
t al., 2013; Hastings, 1970; Kruschke, 2014; Metropolis et al., 1953).

Assuming that the relationships between the carapace length 𝐿 (𝐿
epresents the straight carapace length in this study) and age 𝑡 of sea
urtles follow the Bertalanffy equation (Von Bertalanffy, 1938):

(𝑡) = 𝐿𝑚(1 − 𝑒−𝐺𝑐 𝑡), (6)

here 𝐿𝑚 denotes the maximum carapace length, and 𝐺𝑐 denotes
he growth coefficient of the carapace length. A linear relationship is
stablished between the carapace length 𝐿 and humeral radius 𝐻 , as
ollows:

(𝐻) = 𝐶 ⋅𝐻, (7)

here 𝐶(> 0) is the regression coefficient, and the intercept equals 0.
ssuming that the carapace data 𝑳𝒋 = (𝐿1, 𝐿2,… , 𝐿𝑗 ,… , 𝐿𝐽 ) (where

𝐽 denotes the total number of dead individuals corresponding to the
humerus radius at death 𝑯𝒋 = (𝐻1,𝐻2,… ,𝐻𝑗 ,… ,𝐻𝐽 )) follow a normal
distribution with a mean of (7) and deviation 𝜎′(> 0), the likelihood
function of the model can be expressed as follows:

𝑓 (𝑯𝒋 ,𝑳𝒋 ∣ 𝐶, 𝜎′) ∝
𝐽
∏

𝑗=1

1
𝜎′

exp

(

−
{𝐶𝐻𝑗 − 𝐿𝑗}2

2𝜎′2

)

. (8)

ssuming a half-infinite uniform prior distribution for 𝐶 and 𝜎′,

(𝐶)
{

𝐶𝑐 if 𝐶 > 0
0 else , 𝜋(𝜎′)

{

𝐶𝜎′ if 𝜎′ > 0
0 else , (9)

he posterior distribution of the regression coefficient can be obtained
s follows:
(𝐶, 𝜎′ ∣ 𝑯𝒋 ,𝑳𝒋) ∝ 𝑝(𝑯𝒋 ,𝑳𝒋 ∣ 𝐶, 𝜎′) ⋅ 𝜋(𝐶) ⋅ 𝜋(𝜎′)

∝
{

𝑝(𝑯𝒋 ,𝑳𝒋 ∣ 𝐶, 𝜎′) if 𝐶 > 0, 𝜎′ > 0
0 else .

(10)

The MCMC chains of 𝐶, 𝜎′ are obtained using the random walk MH
method.

Using (7) and the MCMC chains obtained from (5) and (10), the
mean and standard deviation of the maximum humeral radius 𝐿𝑚 can
be expressed as

𝜇𝐿𝑚 = 1
𝑠𝑡𝑒𝑝𝑠

𝑠𝑡𝑒𝑝𝑠
∑

𝑖=1
𝐻 (𝑖)

𝑚 ⋅ 𝐶 (𝑖), 𝜎𝐿𝑚 =

√

√

√

√
1

𝑠𝑡𝑒𝑝𝑠

𝑠𝑡𝑒𝑝𝑠
∑

𝑖=1
(𝐻 (𝑖)

𝑚 ⋅ 𝐶 (𝑖) − 𝜇𝐿𝑚)2, (11)

here 𝑠𝑡𝑒𝑝𝑠 is the number of steps of the MCMC, and (𝑖) denotes the 𝑖th
hain. In addition, 𝐺𝑐 = 𝐺ℎ holds using (1) and (6). Using this equality
nd the MCMC chains obtained from (5), the mean and deviation of
he carapace growth coefficient 𝐺𝑐 can be expressed as

𝐺𝑐 =
1

𝑠𝑡𝑒𝑝𝑠

𝑠𝑡𝑒𝑝𝑠
∑

𝐺(𝑖)
ℎ , 𝜎𝐺𝑐 =

√

√

√

√
1

𝑠𝑡𝑒𝑝𝑠

𝑠𝑡𝑒𝑝𝑠
∑

(𝐺(𝑖)
ℎ − 𝜇𝐺ℎ)2. (12)
3

𝑖=1 𝑖=1
sing these means and standard deviations, the prior distributions of
𝑚 and 𝐺𝑐 for survival rate estimation are set as follows:

(𝐿𝑚) ∝
1

𝜎𝐿𝑚
exp

(

−
{𝐿𝑚 − 𝜇𝐿𝑚}2

2𝜎𝐿𝑚2

)

, 𝜋(𝐺𝑐 ) ∝
1

𝜎𝐺𝑐
exp

(

−
{𝐺𝑐 − 𝜇𝐺𝑐}2

2𝜎𝐺𝑐
2

)

.

(13)

Under these models, the growth curve error can be incorporated into
the survival rate estimation as the prior distribution of 𝐿𝑚 and 𝐺𝑐 .

2.2.2. Construction of an estimator considering immigration
Although the survival rate of loggerhead turtles varies with age and

sampling period, few studies have discussed these variations in logger-
head turtle populations in Japan. Therefore, assuming that the survival
rate of the loggerhead turtle population is constant, the Malthus model
(Malthus, 1798) was used to represent population dynamics. Among
the populations represented by the Malthus model, the individuals
observed in Japan immigrated to the seas around Japan. Assuming
that the migration rate gradually saturates, a logistic model (Pearl
and Reed, 1920) was used to represent the immigration rate. Using
these assumptions, the observed individuals in Japan 𝑁 at age 𝑡 are
epresented by the product of the Malthus and logistic models:

(𝑡) = 𝑁𝑓 𝑒
−(1−𝑆𝑟)𝑡 ⋅

1
1 + 𝑒−𝐺𝑣(𝑡−𝐶𝑣)

= 𝑁𝑓
𝑒−(1−𝑆𝑟)𝑡

1 + 𝑒−𝐺𝑣(𝑡−𝐶𝑣)
,

(14)

here 𝑆𝑟 denotes the population survival rate, 𝐺𝑣 denotes the gain
f the logistic model, and 𝑁𝑓 denotes the population size coefficient
referred to as the size coefficient). 𝐶𝑣 indicates the threshold of the
ogistic model, which is interpreted as the age at which half of the
opulation migrates. If the relationship between the carapace length
nd age of the sea turtle is expressed by Eq. (6), the age 𝑡 at carapace
ength 𝐿 is expressed as follows:

(𝐿) = − 1
𝐺𝑐

log
𝐿𝑚 − 𝐿
𝐿𝑚

, (15)

where log denotes the natural logarithm. Substituting (15) into (14),
the carapace length distribution can be expressed as follows:

𝑁(𝐿) = 𝑁𝑓

(

1 − 𝐿
𝐿𝑚

)

(1−𝑆𝑟 )
𝐺𝑐

1 + 𝑒𝐺𝑣𝐶𝑣
(

1 − 𝐿
𝐿𝑚

)

𝐺𝑣
𝐺𝑐

. (16)

Assuming that the number of observed individuals 𝑵 = (𝑁1, 𝑁2,… ,
𝑁𝑘,… , 𝑁𝐾 ) (where 𝐾 denotes the observed number of individuals
corresponding to the carapace length 𝑳𝒌 = (𝐿1, 𝐿2,… , 𝐿𝑘,… , 𝐿𝐾 )) is
ufficiently smaller than the population and using a Poisson distribution
ith mean 𝑁(𝐿), the likelihood function of the model for the carapace

ength distribution is as follows:

(𝑵 ,𝑳𝒌 ∣ 𝐿𝑚, 𝐺𝑐 , 𝐺𝑣, 𝐶𝑣, 𝑆𝑟, 𝑁𝑓 ) ∝
𝐾
∏

𝑘=1
𝑁(𝐿𝑘)𝑁𝑘𝑒(−𝑁(𝐿𝑘)), (17)

where 𝑘 denotes the carapace length class; in this study, the classes
were set at 1 cm intervals. As a prior distribution of the parameters,
using (13) for 𝐿𝑚 and 𝐺𝑐 , the other parameters were set as

𝜋(𝐺𝑣)
{

𝐶𝐺𝑣
if 𝐺𝑣 > 0

0 else , 𝜋(𝐶𝑣)
{

𝐶𝐶𝑣
if 𝐶𝑣 > 0

0 else ,

𝜋(𝑆𝑟)
{

𝐶𝑆𝑟
if 𝑆𝑟 > 0

0 else , 𝜋(𝑁𝑓 )

{

𝐶𝑁𝑓
if 0 < 𝑁𝑓 ≤ 1∕𝑐𝑁𝑓

0 else
.

(18)

In this study, 1∕𝑐𝑁𝑓
was set to 100,000 to avoid calculation divergence.
In this case, the posterior distribution of the parameters is expressed as
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Fig. 1. Model (2) is overlaid on the humerus data with red lines using a set of 1000
parameters of 𝐻𝑚 , 𝐺ℎ , 𝜎 generated from the posterior distribution (5).

Fig. 2. Model (7) is overlaid on the carapace length and the humerus data with red
lines using a set of 1000 parameters of 𝐶, 𝜎′ generated from the posterior distribution
(10).

follows:
𝑝(𝐿𝑚, 𝐺𝑐 , 𝐺𝑣, 𝐶𝑣, 𝑆𝑟, 𝑁𝑓 ∣ 𝑯 𝒊,𝑯𝒋 ,𝑳𝒋 ,𝑳𝒌, 𝜹𝑯 ,𝑵)

∝ 𝑓 (𝑵 ,𝑳𝒌 ∣ 𝐿𝑚, 𝐺𝑐 , 𝐺𝑣, 𝐶𝑣, 𝑆𝑟, 𝑁𝑓 )

⋅ 𝜋(𝑆𝑟) ⋅ 𝜋(𝐶𝑣) ⋅ 𝜋(𝐿𝑚) ⋅ 𝜋(𝐺𝑐 ) ⋅ 𝜋(𝐺𝑣) ⋅ 𝜋(𝑁𝑓 )

∝

⎧

⎪

⎨

⎪

⎩

𝑓 (𝑵 ,𝑳𝒌 ∣ 𝐿𝑚, 𝐺𝑐 , 𝐺𝑣, 𝐶𝑣, 𝑆𝑟, 𝑁𝑓 ) ⋅ 𝜋(𝐿𝑚) ⋅ 𝜋(𝐺𝑐 ).
if 𝐺𝑣 > 0, 𝐶𝑣 > 0, 𝑆𝑟 > 0, 1∕𝑐𝑁𝑓

> 𝑁𝑓 > 0,
0 else

.

(19)

The MCMC chains of the parameters were obtained using the Hamil-
tonian Monte Carlo (HMC) method (Duane et al., 1987; Gelman et al.,
2013; Kruschke, 2014) because the random walk MH method is com-
putationally time consuming for this model.

3. Results

The MH and HMC methods were implemented using R (R Core
Team, 2021) with an original script (see attached scripts), and MCMC
chains 𝜃(1), 𝜃(2),… , 𝜃(𝑠𝑡𝑒𝑝𝑠) were obtained, where the number of steps
was set to 𝑠𝑡𝑒𝑝𝑠 = 5,000,000 and the burn-in steps were set to 𝑏𝑢𝑟𝑛𝑖𝑛 =
50,000. The chain convergence was assessed based on the plots of the
chains (Appendix A: Figures A.1, A.2, and A.3). Using MCMC chains,
4

Fig. 3. Model (16) is overlaid on the carapace length distribution with red lines using a
set of 1000 parameters of 𝐿𝑚 , 𝐺𝑐 , 𝐺𝑣 , 𝐶𝑣 , 𝑆𝑟 , 𝑁𝑓 generated from the posterior distribution
(19).

Table 1
Posterior means and 95% HDIs of parameters obtained by random walk MH method
from (5) using humerus radii 𝑯 𝑖 and LAG widths 𝜹𝑯 .

Parameter 95% low Mean 95% high

Maximum humerus radius 𝐻𝑚 (mm) 1.83 × 10 1.96 × 10 2.11 × 10
Growth coefficient 𝐺ℎ (year−1) 3.18 × 10−2 3.98 × 10−2 4.77 × 10−2

Standard deviation 𝜎 1.30 × 10−1 1.37 × 10−1 1.45 × 10−1

Table 2
Posterior means and 95% HDIs of parameters obtained by random walk MH method
from (10) using humerus radii 𝑯 𝑗 and carapace length 𝑳𝑗 .

Parameter 95% low Mean 95% high

Regression coefficient 𝐶 5.30 5.36 5.42
Standard deviation 𝜎′ 3.41 4.01 4.64

Table 3
Posterior means and 95% HDIs of parameters obtained by HMC method from (19)
using carapace length distribution 𝑵 corresponding to carapace length 𝑳𝑘.

Parameter 95% low Mean 95% high

Maximum carapace length 𝐿𝑚 (cm) 1.00 × 102 1.04 × 102 1.08 × 102

Growth coefficient 𝐺𝑐 (year−1) 3.61 × 10−2 3.99 × 10−2 4.34 × 10−2

Gain 𝐺𝑣 (year−1) 4.85 × 10−1 6.92 × 10−1 9.16 × 10−1

Threshold 𝐶𝑣 (year) 2.51 × 10 2.85 × 10 3.21 × 10
Survival rate 𝑆𝑟 (year−1) 7.99 × 10−1 8.52 × 10−1 9.03 × 10−1

Population coefficient 𝑁𝑓 8.20 × 102 1.57 × 104 4.94 × 104

the posterior means ∑𝑠𝑡𝑒𝑝𝑠
𝑏𝑢𝑟𝑛𝑖𝑛 𝜃∕(𝑠𝑡𝑒𝑝𝑠 − 𝑏𝑢𝑟𝑛𝑖𝑛) were calculated and the

95% HDIs were determined using the HDInterval packages (Meredith
and Kruschke, 2022).

Table 1 lists the posterior means and 95% HDIs of the maximum
humeral radius 𝐻𝑚 and humerus growth coefficient 𝐺ℎ that were
obtained by the random walk MH method from (5) using the humerus
radius 𝑯 𝑖 and LAG width 𝜹𝑯 . The parameter estimates were 19.6 mm
(95% HDI: 18.3–21.1) for 𝐻𝑚 and 0.0398 year−1 (95% HDI: 0.0318–
0.0477) for 𝐺ℎ. Fig. 1 shows model (2) overlaid with red lines on the
humerus data using 1000 sample MCMC chains generated from (5).

Table 2 lists the posterior means and 95% HDIs of the regression
coefficient 𝐶, as well as the standard deviation 𝜎′ obtained by the
random walk MH method from (10) using the humerus radius 𝑯 𝑗 and
carapace length 𝑳𝑗 . 𝐶 was estimated as 5.36 (95% HDI: 5.30–5.42).
Fig. 2 shows model (7) overlaid with red lines on the data of the
humeral radius and carapace length using 1000 sample MCMC chains
generated from (10).

Table 3 lists the posterior means and 95% HDIs of the maximum
carapace length 𝐿 , growth coefficient of the carapace length 𝐺 ,
𝑚 𝑐
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Fig. 4. Comparison of estimated survival rate in various regions. From top to bottom: results of this study, Hatase et al. (2013), Seminoff et al. (2014), Bjorndal et al. (2003b),
and Casale et al. (2015).
gain 𝐺𝑣, threshold of the logistic model 𝐶𝑣, survival rate 𝑆𝑟, and size
coefficient 𝑁𝑓 obtained by the HMC method from (19), using the cara-
pace length distribution 𝑵 corresponding to the carapace length 𝑳𝑘.
Important parameter estimates were 0.852 year−1 (95% HDI: 0.799–
0.903) for 𝑆𝑟 and 28.5 years (95% HDI: 25.1–32.1) for 𝐶𝑣. Fig. 3
shows model (16) overlaid with a thin red line on the carapace length
distribution data using 1000 sample MCMC chains generated from the
posterior distribution (19).

Among the estimated parameters, all except 𝑁𝑓 exhibited a symmet-
ric posterior distribution similar to a normal distribution (Appendix A:
Figures A.4, A.5, and A.6).

4. Discussion

4.1. Comparison of survival rates

By using a Bayesian approach and improving the model, the sur-
vival rate of loggerhead turtles caught as bycatch in Muroto, Kochi
Prefecture, Japan was estimated to be 0.852 year−1 (95% HDI: 0.799–
.903; Fig. 4). Although a simple comparison is not possible because of
he different approaches, it is clear that accuracy and interpretability
mproved compared to the survival estimates in Japan; that is, 0.871
ear−1 (95% CI: 0.689–1.053; Fig. 4) (Hatase et al., 2013).

Narrower estimated intervals allowed for comparisons with other
egional populations. The results of the line transect analysis for log-
erheads along the Baja California coast, namely 0.932–0.965 year−1

(using the results of Peckham et al., 2008) and 0.890–0.988 year−1 (us-
ing the results of Koch et al., 2013) (Seminoff et al., 2014), were slightly
higher than our estimates (Fig. 4). As the Japanese loggerhead turtles
immigrated from Baja California, the survival rate of the Japanese
population was lower than that of the pre-immigration population. This
result contrasts our intuition that the older turtles have higher survival
rates than the younger turtles, and suggests that mortality factors other
5

than natural mortality affect loggerhead turtles in the waters around
Japan.

The results of the catch-curve analysis for immature Atlantic indi-
viduals, namely 0.911 year−1 (total sample) and 0.894 year−1 (tuna
sample) (Bjorndal et al., 2003b), were higher than the posterior mean of
this study (Fig. 4). These results suggest that the survival rate of larger
North Pacific loggerhead turtles may be lower than that of immature
Atlantic loggerhead turtles, and the clarification of mortality factors in
the population is recommended.

The results of catch-curve analysis performed on individuals of a
wide range of ages in the Mediterranean, namely 0.839 year−1 (North
Adriatic), 0.710 year−1 (South Adriatic), 0.817 year−1 (North Ionian),
and 0.862 year−1 (Tunisian shelf) (Casale et al., 2015), were included
in the estimation intervals of this study, except for the case of the South
Adriatic (Fig. 4). Bycatch is a concern in the Mediterranean (Lazar
et al., 2011; Margaritoulis et al., 2003), and a negative effect may exist
on a similar level in Japan (Ishihara et al., 2014).

4.2. Comparison of immigration threshold

The threshold of the logistic model 𝐶𝑣, which denotes the age
at which half of the loggerhead turtle population immigrated, was
estimated to be 28.5 years (95% HDI: 25.1–32.1). Tomaszewicz et al.
(2015) estimated the age of the population in the Baja California coastal
area using skeletochronology and found that the age distribution de-
creased from 10 to 24 years. Even considering that the immigration
from Baja California to Japan takes one to two years, our estimated 𝐶𝑣
is larger than the immigration age assumed from their results.

This suggests that the age estimates in this study may have been
overestimated. In the regression growth protocol applied in this study,
the growth curve was estimated only by the fit to the LAG width
and humeral radius, and the number of LAGs in the individuals was
not included in the estimation, which may have caused overestima-

tion (Parham and Zug, 1997). This overestimation can be mitigated
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by extending the correction factor protocol, which can consider the
information of each individual LAG (Parham and Zug, 1997). Because
the survival estimates are based on the shape of the carapace length
distribution, bias in the age estimates does not significantly affect the
survival estimates.

4.3. Overall discussion

Of the four concerns regarding previous catch-curve analysis,
namely C1–C4, C1 and C2 were clearly improved. C1 was improved
using the result of the growth curve estimation as a prior distribution
in the analysis of the carapace length distribution, as shown in Eq. (13).
C2 was improved by explicitly considering the immigration in the
model, as shown in Eq. (14). C3 did not improve because our approach
assumes a constant survival rate and uses the Malthus model in (14).
However, this concern can easily be addressed by changing the Malthus
model to one in which the survival rate varies with the ages and sizes
of the sea turtles. Although C4 is difficult to improve with modeling,
it would be possible to discuss the changes in the age distribution
over time if data were collected over a long period. The constructed
framework allows the survival rate to be estimated with a reduced
research time compared to mark-recapture analysis. This study used
a carapace length distribution over only approximately seven years.
Therefore, it could be easier to evaluate these changes.

The importance of the improvements of C1 and C2 becomes ap-
parent through a comparison with existing catch-curve analyses. In
existing methods, linear regression on Eqs. (2) and (7) yields 𝐺ℎ,
𝐻𝑚, and 𝐶, which are subsequently used to derive 𝐿𝑚 and 𝐺𝑐 as
𝐿𝑚 = 𝐶 ⋅ 𝐻𝑚 and 𝐺𝑐 = 𝐶ℎ, respectively. Thereafter, the carapace
length is converted into age using the Bertalanffy curve (15), and the
survival rates are estimated by taking the log linear regression to the
latter half of the carapace length distribution beyond its peak (See
ExistingMethod.R script in detail). Applying this method to the data in
this study produced single survival estimates of 0.872 year−1 (See Table
A.1 in Appendix A for the other estimated parameters). Figures A.7–9
in Appendix A show the results overlaid with blue lines on the data.
Comparing this result with the result of 0.852 year−1 (95% HDI: 0.799–
0.903) from our method, it is evident that relying solely on a single
estimated value that ignores the accumulation of estimation errors is
not advisable. This is especially crucial in the construction of conser-
vation plans, where a posterior distribution of the survival rate can
present various scenarios. In addition, in existing methods, the absence
of limitations from the first half of the carapace length distribution,
i.e., the absence of immigration, leads to an overestimation of survival
rates compared to our method.

The model proposed in this study is completely novel, and prior
knowledge regarding humerus growth marks and survival rates of
loggerhead sea turtle populations in Japan is limited. Therefore, biolog-
ically limited uniform distributions were used for the prior distributions
of 𝐻𝑚, 𝐺ℎ, 𝜎 in Eq. (4), 𝐶 and 𝜎′ in Eq. (9), and 𝐺𝑣, 𝐶𝑣, 𝑆𝑟, 𝑁𝑓
in Eq. (18). Although the choice of the non-informative prior had
little influence on the results of this study, appropriate informative
prior distributions can improve the estimation results. Therefore, a
clear specification of these prior distributions is expected as new data
accumulate, and prior distributions will be updated as the estimations
are repeatedly conducted.

The Japanese loggerhead population can be divided into two types
of foragers (neritic and oceanic foragers), and these foragers are ex-
posed to different mortality factors (Hatase et al., 2002, 2004, 2010,
2013; Hatase, 2021). Therefore, it is more appropriate to divide the
humerus and SCL data into two groups using the isotropic ratio or
telomere length (Hatase et al., 2010) and separately estimate the popu-
lation parameters. Although this grouping may not affect the estimation
of immigration thresholds (Hatase et al., 2010), it may affect the
6

estimation of survival rates.
The data sampling methods and sample size can affect survival
estimation, but few studies have evaluated their effects on the survival
estimation of sea turtles. By using a simulation with the constructed
model, we can evaluate these effects and suggest appropriate data
sampling methods or sample sizes for reliable survival comparison
(Inoue unpublished).

In the future, accumulating landing and stranding data may enable
us to estimate and compare the survival rates of subpopulations in
Japan. In addition to this survival estimation, information regarding
habitat areas, types of fisheries, and number of days in operation can
help us to identify population decline factors. For this purpose, it is
appropriate to extend our model to a hierarchical form to incorporate
this information as explanatory variables.
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