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Abstract

This dissertation presents the results of biological investigations (including information
on age, growth, and reproductive biology) and sex-specific yield-per-recruit analyses of
North Pacific albacore (Thunnus alalunga) to provide life-history parameters and
biological reference points for this stock. North Pacific albacore specimens (133
females, 46 to 101 cm in fork length, Ly; 160 males, 45 to 118 cm Ly) were collected for
biological investigations from 2001 to 2008. The results of otolith edge analysis indicate
that the sagittal otolith growth zones composed of relatively compact micro-increments
represent annual growth marks that are primarily formed during the months of
September and February. The age estimates of first annulus formation obtained by
examining otolith microstructure suggest that the first annulus represents an age of less
than 1 year. This dissertation estimates 0.75 years to be the age represented by the first
annulus. The results of fish growth modeling indicate that this stock exhibits
sex-specific growth patterns. The estimated von Bertalanffy growth parameters for
females were L., = 103.5 cm, K = 0.340 year ', and ) = —0.53 years; the parameters for
males were L, = 114.0 cm, K = 0.253 year ', and #) = —1.01 years. The length-weight
parameters (for a power function) estimated for this stock were a = 2.964x107 and b =
2.928. The estimated length at 50% maturity of this stock was 85 cm Lg. The results of
the biological investigations suggest that males attain to a greater size and age than
females and that sexual size dimorphism increases after sexual maturity is reached. The
natural mortality (M, in year ') estimates obtained with von Bertalanffy growth
parameters indicate that females tend to have a higher M value than males. The
simulated yield-per-recruit values suggest that the optimal age at first capture is
approximately 2 years (with an average Ly of 67 cm for 2.5-year-old fish). For females,
the reference points Fj (year_l) and Fsso, (year_l) estimated at M = 0.3 under Model
Scenario 1 (a set of gear selectivity for all age classes) are 0.32 and 0.30, respectively;
the values obtained with Model Scenario 2 (another set of gear selectivity) are 0.36 and
0.35, respectively. At M = 0.5, the reference points obtained with Model Scenario 1 are
Fo1 = 0.55 and F»se, = 0.36, and those obtained with Model Scenario 2 are Fy; = 0.62
and Fhsy, = 0.43. The reference point Fyse, is preferable to Fy; for the fisheries

management of this stock if M > 0.3.

Key words: age validation, albacore, biological reference point, fisheries management,

growth parameter, otolith microstructure.
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Chapter 1—Introduction

1.1 Albacore morphology

The albacore tuna (Fig. 1.1), Thunnus alalunga (Bonnaterre, 1788), is a cosmopolitan
species in the family Scombridae. Its common size in commercial catches is less than
110 cm in fork length (Lr) (Suda, 1956; Otsu & Sumida, 1968; Yoshida, 1975) and less
than 30 kg in body weight (W) (Lu et al., 1998). The albacore tuna has a streamlined
shape with dark blue color on the dorsal side and silvery white color on the ventral side.
The first dorsal fin is noticeably longer than the second (Collette & Nauen, 1983). This
species possesses 7 to 9 dorsal finlets and 7 or § anal finlets (Collette, 2001). In large
albacore, the pectoral fins are noticeably long and usually extend beyond the second
dorsal fin (Collette, 2001). In addition, the posterior margin of the caudal fin is white,
which is a useful morphological characteristic for distinguishing albacore from other
Thunnus species (Collette & Nauen, 1983).

Albacore are unisexual fish (i.e., gonochorists), and both sexes have similar
external appearances. In albacore, the gill rakers of the first arch range in number from
25 to 31 (Collette & Nauen, 1983). The number of vertebrae is 39 (Collette & Nauen,
1983). Inside the albacore abdomen, the ventral surface of the liver is striated, and the
swim bladder is less developed in albacore of less than 50 cm L (Collette & Nauen,
1983). Albacore exhibit gonad weight asymmetry (Ueyanagi, 1955; Ratty et al., 1990;
Ramon & Bailey, 1996; Chen et al., 2010); the right lobe of the gonad is generally

larger and heavier than the left lobe.

1.2 The geographical distribution and stock structure of North Pacific albacore

Albacore are an oceanic and highly migratory species. They inhabit in the tropical,



subtropical, and temperate waters of the world’s oceans (Fig. 1.2). Two albacore stocks
are customarily assumed to exist in the Pacific Ocean (Otsu & Hansen, 1962; Nakamura,
1969; Foreman, 1980; Murray, 1993); one stock inhabits in the North Pacific Ocean,
and the other lives in the South Pacific Ocean. However, gene flow of albacore has been
suggested to occur between the North Pacific and South Pacific stocks (Chow &
Ushiama, 1995). Because limited information is available on the interaction of albacore
between the North and South Pacific, this dissertation assumes that two distinct albacore
stocks live in the Pacific Ocean. Moreover, a single albacore stock is commonly
assumed to exist in the North Pacific Ocean (Clemens, 1961; Foreman, 1980; Uosaki &
Bayliff, 1999). Mitochondrial DNA sequence analysis of albacore in the western North
Pacific Ocean indicates that albacore from this general area constitute a single stock
(Wu et al., 2009). In contrast, two subgroups of albacore have been proposed to exist in
the eastern North Pacific Ocean (Laurs & Wetherall, 1981; Laurs & Lynn, 1991; Barr,
2009). Because of limited information on the stock structure of albacore throughout the
North Pacific Ocean, this dissertation assumes that a single albacore stock inhabits in
the North Pacific Ocean.

Here, the albacore in the North Pacific Ocean are referred to as the North Pacific
albacore. The distribution of the North Pacific albacore (Fig. 1.2) ranges from the
equator to 45°N in the west and from the waters off Mexico to the Gulf of Alaska in the
east (Yoshida & Otsu, 1962; Foreman, 1980). North Pacific albacore seasonally migrate
across the exclusive economic zones of the nations along the North Pacific Ocean
(Foreman, 1980; Bartoo & Foreman, 1993). Migrations of young albacore show
movement patterns associated with the waters of the North Pacific Transition Zone
(Laurs & Lynn, 1991) and a capability for transoceanic migration (Ganssle & Clemens,

1953; Blunt, 1954; Kikawa et al., 1977; Sharp & Dotson, 1977). In addition, young



albacore tend to exhibit frequent westward movements and infrequent eastward
movements (Ichinokawa et al., 2008). In general, mature albacore are distributed
throughout the ocean more widely than younger albacore and may seasonally migrate to
subtropical waters of the central and western North Pacific Ocean to spawn (Otsu &
Uchida, 1963). Furthermore, mature albacore may have a wider migration range during

El Nifo years (Kimura et al., 1997).

1.3 The ecology and environmental physiology of North Pacific albacore

North Pacific albacore live in epipelagic and mesopelagic zones (Collette & Nauen,
1983) and are mostly found at depths of 0 to 300 m (Yoneta & Saito, 1973). These tuna
prefer to live in ocean waters at temperatures typically higher than 15 °C (Laurs et al.,
1977; Foreman, 1980) and with a deep and oxygen-rich oceanic realm (Clemens, 1961).
They also prefer to congregate along thermal discontinuities, that is, oceanic fronts
(Pearcy, 1973; Laurs & Lynn, 1977; Squire, 1981; Laurs et al., 1984). High catch rates
of albacore are associated with hydrographic features, frontal zones, and eddy fields
(Uda, 1973; Zainuddin et al., 2006). The catch rate of albacore tends to be negatively
correlated with surface water temperature (Dai et al., 2006). Large albacore tend to live
below the thermocline (Collette, 2001) and in waters with temperatures ranging from
13.5 to 25.2 °C (Saito, 1973). Young albacore typically form large schools and may also
form mixed schools with other tunas (Collette & Nauen, 1983); older albacore tend to
form more compact schools (Collette & Nauen, 1983). The mean swimming speed of
tagged albacore is at least 4 nm per day in offshore areas and at least 15 nm per day
during transoceanic migration (Clemens, 1961). Tagged albacore swim slightly faster
during the day than at night (Laurs et al., 1977).

Albacore are carnivorous fish in the marine ecosystem. Both young and mature



albacore primarily feed on various kinds of fishes, cephalopods, and crustaceans
(Iversen, 1962; Iverson, 1971; Bernard et al., 1985, Glaser, 2009). Food abundance is an
important factor affecting albacore migration (Sund et al., 1981; Fiedler & Bernard,
1987). Water clarity may affect the predatory behavior (Murphy, 1959) and result in the
aggregation of albacore in the vicinity of oceanic fronts (Laurs, 1983). Albacore are
preyed upon by top predators (e.g., billfishes, sharks, and mammals) in the marine
ecosystem (Foreman, 1980).

Like other tunas, albacore have high metabolic rates and the ability to keep their
core muscles warm through thermoregulation (Stevens & Neill, 1978; Graham &
Dickson, 1981; Cech et al., 1984). Albacore can maintain an internal body temperature
15 °C warmer than the ambient seawater (Thompson, 2005). The reported internal
temperature of landed albacore is approximately 31 °C (Thompson, 2005). The total
mercury concentration in the muscle tissue of young albacore from the eastern North
Pacific Ocean is approximately 0.14 mg/kg (Morrissey et al., 2004); in albacore from
the central and western North Pacific Ocean, the average concentration is approximately
0.44 mg/kg (Lai, 2009). The total mercury concentration in the muscle tissue of North
Pacific albacore is relatively lower than the concentrations reported for other Thunnus
species, including yellowfin tuna (7. albacares Bonnaterre), reported by Kojadinovic et
al. (2006); bigeye tuna (7. obesus Lowe), reported by Lai (2009) and Chen et al. (2011);

and Atlantic bluefin tuna (7. thynnus Linnaeus), reported by Srebocan et al. (2007).

1.4 The age, growth, and reproductive biology of North Pacific albacore
Many researchers have studied the age, growth, and reproductive biology of North
Pacific albacore (see reviews by Shomura, 1966; Foreman, 1980; Wetherall et al., 1987;

Bartoo & Foreman, 1993; Maxwell, 2002). In previous studies, various hard parts



(including scales, fin rays, vertebrae, and otoliths), tagging data (Otsu, 1960; Clemens,
1961; Laurs & Wetherall, 1981), and length-frequency data (Brock, 1943; Suda, 1954b)
have been used to investigate the age and growth of this stock. Most previous studies of
this stock, however, were conducted before the 1970s.

This stock is found to exhibit sexual size dimorphism such that males predominate
in the catches of large fish (Suda, 1954a; Suda, 1956; Otsu & Uchida, 1959b; Saito,
1973). Otsu & Uchida (1959b) suggested that mature males grow faster than mature
females, but they did not provide sex-specific growth functions for this stock. Shomura
(1966) and Foreman (1980) summarized several growth parameters reported for this
stock, and all of the parameters were obtained with sex-pooled data. Although many
growth parameters have been reported, there is little information available on the
sex-specific growth functions of this stock.

Albacore are multiple-spawning fish with indeterminate annual fecundity (Otsu &
Uchida, 1959a; Wu & Kuo, 1993; Chen et al., 2010). They have asynchronous gonadal
development and can spawn several times during a spawning season (Chen et al., 2010).
North Pacific albacore are found to reach sexual maturity within the size range of 78 to
94 cm Lr (Chen et al., 2010). The spawning of North Pacific albacore occurs mainly in
spring and summer (Foreman, 1980; Chen et al., 2010), and the larvae of this stock are
found to be associated with water temperatures above 24 °C (Ueyanagi, 1969). North
Pacific albacore may engage in spawning activity year-round, but their spawning tends
to be limited to waters below 20°N in colder months (Ueyanagi, 1969). Their spawning
distribution ranges mainly from 10°N to 30°N in oceanic waters and from the
Philippines to the Hawaiian Islands (Ueyanagi, 1969; Otsu & Sumida, 1970; Nishikawa
et al., 1978). Specifically, the spawning distribution is centered on 20°N (Ueyanagi,

1969). In the waters off the Hawaiian Islands, albacore spawning may occur mainly



from March to July (Otsu & Uchida, 1959a; Yoshida, 1968). In the western Philippine
Sea, albacore spawning activity peaks in March and April (Chen et al., 2010). Chen et al.
(2010) reported that the spawning frequency of albacore is approximately every 1.7
days in April in the western Philippine Sea. In previous fecundity research, researchers
reported that one batch of spawn (in millions of eggs) ranged from 0.8 to 2.6 in the
north-western Pacific Ocean (Ueyanagi, 1957), from 0.9 to 1.8 in Hawaiian waters
(Otsu & Uchida, 1959a), and from 0.17 to 1.66 in the western Philippine Sea (Chen et
al., 2010). Chen et al. (2010) reported that relative batch fecundity estimates (the
number of eggs per gram of body weight) for albacore within the size range of 89 to 99
cm Ly ranged from 9.2 to 92.4, with a mean (standard deviation) of 50.5 (22.8). To date,
histology-based maturity ogives (maturity schedules) have rarely been studied for this

stock.

1.5 Fisheries and stock assessments of North Pacific albacore

Albacore are an important exploited resource in the North Pacific Ocean. Catches of
albacore are commonly used for canned food. The International Scientific Committee
for Tuna and Tuna-like Species in the North Pacific Ocean (ISC) reported that the
annual fisheries production of North Pacific albacore from 1952 to 2008 ranged roughly
from 37 000 to 127 000 mt (Fig. 1.3; ISC, 2010). The annual production of this stock
peaked in 1976 and 1999 and declined to its lowest level in 1991 (Fig. 1.3). In recent
years (2000 to 2008), the production of albacore ranged roughly from 63 000 to 105 000
mt (Fig. 1.3). This stock was primarily used by Japan, the United States, Canada,
Taiwan, Mexico, and the Republic of Korea (ISC, 2010). The main types of fishing gear
used to catch this stock included troll, pole-and-line, and longline gear (Fig. 1.3). In

general, surface fishing gear (troll and pole-and-line) catches smaller albacore, and



subsurface fishing gear (longline) catches larger albacore. Using tagging data, Bertignac
et al. (1999) reported that the annual exploitation rate of this stock was approximately
40% in the mid-1970s and declined to less than 10% after the early 1980s. More recent
information about this stock can be found on the ISC website.

According to the recent stock assessment of North Pacific albacore from the ISC
(ISC, 2006), the current level of overall fishing mortality for this stock is relatively high.
Scientists of the ISC suggested that fishing efforts should be limited to the most recent
levels (ISC, 2006). In addition, the biological parameters used in stock assessment
models should be updated to provide more recent information on the life-history traits
of this stock (ISC, 2006).

Stock assessment and fisheries management strategies of an exploited fish stock
are substantially based on the knowledge of the stock’s life-history traits (e.g., age,
growth, and reproduction). Although many researchers have investigated the age,
growth, and reproductive biology of North Pacific albacore, there is little scientifically
useful information available on the life-history traits of this stock (Parrish et al. 1989).
To date, numerous life-history parameters of this stock remain poorly understood or

need to be updated (Schaefer, 2001; Maxwell, 2002).



1.6 Objectives
The objectives of this dissertation are to investigate the life-history traits (including age,
growth, reproductive biology, and mortality rates) of North Pacific albacore and to
conduct sex-specific yield-per-recruit analyses for this stock based on the life-history
parameters obtained. This dissertation will discuss the strategies for the stock
assessment and fisheries management of this stock. An outline of this dissertation is as
follows.

(a) Chapter 1: This chapter briefly reviews the biology, fisheries, and
stock assessments of North Pacific albacore and describes the
objectives of this dissertation.

(b) Chapter 2: This chapter presents the results of an age-and-growth
study of this stock. The age-and-growth study was conducted with
sectioned sagittal otoliths and aimed to determine sex-specific
growth functions for this stock.

(c) Chapter 3: This chapter describes the results of a study on the
reproductive biology of this stock; the goal of this study was to
determine a maturity ogive for this stock.

(d) Chapter 4: This chapter presents sex-specific per recruit analyses of
this stock based on the life-history parameters reported in Chapters 2
and 3.

(e) Chapter 5: Conclusions and recommendations for the stock
assessment and fisheries management of this stock are presented in

this chapter.



Chapter 2— The Age and Growth of North Pacific Albacore

2.1 Introduction

The age and growth of a fish stock are important biological information for modeling
the population dynamics of the stock. In conducting the stock assessment of a particular
fish stock, growth parameters are frequently used to determine the length-at-age, age
composition, and mortality rates of the stock (Ricker, 1975; Punt et al., 2001; King,
2007). Using less precise biological parameters as inputs of stock assessment models
can increase the uncertainty of model outputs (Vetter, 1988; Hilborn & Walters, 1992).
Although many sex-pooled growth parameters have been reported for North Pacific
albacore (see reviews by Shomura, 1966; Foreman, 1980), the parameters used for this
stock vary greatly. To improve the stock assessment of this stock, biological parameters
must be updated to provide recent information on its life-history traits (ISC, 2006).

In previous studies, various hard parts (e.g., scales, fin rays, vertebrae, and otoliths)
as well as tag-and-recapture methods have been used to investigate the age and growth
of North Pacific albacore. To date, however, the sex-specific growth functions of this
stock remain poorly studied. Because albacore exhibit sexual size dimorphism, in which
mature males attain a larger size than mature females (Otsu & Uchida, 1959b; Otsu &
Sumida, 1968; Beardsley, 1971; Saito, 1973; Yoshida, 1975), knowing whether male
and female North Pacific albacore have different growth functions is important for the
accurate modeling of the population dynamics of this stock.

Sagittal otoliths are frequently used in age-determination studies of tunas and many
other teleosts (Campana & Neilson, 1982; Tzeng, 1990; Neilson & Campana, 2008).
Transversely sectioned otolith slices are commonly used to assess age in tunas.

However, the otolith slices produced by oblique sections are longer and wider in



appearance than the transversely sectioned slices. Longer and wider otolith slices are
helpful for clarifying annual growth marks. In tunas, obliquely sectioned otoliths have
been used in age-and-growth studies (e.g., Stéquert et al., 1996; Clear et al., 2000;
Schaefer et al., 2006). In this study, obliquely sectioned otolith slices were produced
and used to determine the age of North Pacific albacore.

This study aimed to investigate the sex-specific growth functions of North Pacific
albacore based on the determined ages of fish specimens collected. In addition, the
parameters for expressing the length-weight relationship of this stock were estimated
with these fish specimens. Three growth models (ordinary von Bertalanffy, Gompertz,
and Richards) were used to model fish growth. In modeling fish growth, the goodness
of fit of each growth model was evaluated both by the coefficient of determination (R?)
and by an F-test for lack of fit. Sex-specific growth and length-weight functions were
compared using likelihood ratio tests. Moreover, an extra randomization test was
conducted to further assure the results of each likelihood ratio test. Bootstrapping was

used to assess the uncertainty of the biological parameters estimated.

2.2 Materials and methods

2.2.1 Sample collection

Albacore specimens (112 females, 59 to 101 cm Lg; 132 males, 58 to 118 cm L) were
sampled from the catches of Taiwanese longline vessels operated in the central and
western North Pacific Ocean from October 2001 to April 2006 (A1l and A3 to A6 in Fig.
2.1). These specimens were landed at the fishing ports of Tungkang and Kaohsiung in
Taiwan. In addition, the specimens of smaller albacore (21 females, 46 to 73 cm Lg; 28
males, 45 to 74 cm L) were collected by the National Research Institute of Far Sea

Fisheries, Japan, from the catches of pole-and-line vessels during June 2006 and
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January 2008 (A2 in Fig. 2.1). These specimens were landed at the fishing port of
Kesennuma in Japan. For each fish specimen, the Ly (cm) and W (kg) were measured
and recorded. Size information of the fish specimens (n = 293) collected are presented
by year in Table 2.1 and by fishing-operation area in Table 2.2. Among large fish
specimens (> 100 cm Lg), males clearly predominated over females (Fig. 2.2). In the
laboratory, sagittal otoliths (Fig. 2.3) were collected from 288 fish (157 males, 45 to
118 cm Lg, 2.0 to 33.1 kg W; 131 females, 46 to 101 cm Ly, 2.2 to 23.0 kg W). The
otoliths collected were dried at room temperature, weighed with an electronic balance

(METTLER AE-200) to the nearest 0.1 mg, and stored in labeled plastic capsules.

2.2.2 Preparation of sagittal otolith slices

For each fish, an obliquely sectioned slice of the right or left sagittal otolith was
obtained with a low-speed diamond saw (ISOMET, BUEHLER®). First, each otolith
was embedded with slow-drying resin (Mark V Laboratory Inc., resin RR32 and
hardener RH-4 in a weight ratio of 10:1) at room temperature and then cut off at the
dorsal side close to the dashed line shown in Fig. 2.4. The surface of the sectioned side
of the remnant resin block was ground close to the primordium (core) using sandpaper
(800, 1200, and 2 000 grit). The ground surface was then polished using aluminum
oxide polishing powder (1 and 0.05 pm). After polishing, the resin block was cut off
again to obtain a thin slice (approximately 1 to 2 mm in thickness) that included the
primordium. The polished side of the thin slice was adhered to a glass slide using clear
superglue (the surfaces of the slice and slide were kept dry and clean for better
adhesion). The rough side of the slice was then ground and polished to obtain a slice of
approximately 0.2 to 0.6 mm in thickness. Last, the annual growth marks in each

prepared slice were examined by a single reader using a light microscope (magnification:
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8X to 400X) with transmitted or reflected light. Images of the otolith slices were
obtained using a digital camera attached to the microscope. For each slice, the length
(Lp) of the postrostral axis was defined to be the length from the primordium to the
posterior-ventral edge (Fig. 2.4). The Lp was calculated as

L,=L+L,. (2.1)
The lengths L, and L, were measured with a micrometer mounted on one ocular of the

microscope.

2.2.3 Age determination

The annual growth marks (annuli) in each otolith slice were first presumed to be the
zones composed of relatively compact (higher density) micro-increments (Fig. 2.5). The
zones were assumed to represent slow-growth phases of the fish. Here, opaque and
translucent zones were not used to represent annual growth marks because the visual
characteristics of opaque and translucent zones in otolith slices can be confused under
the different light sources used.

For each otolith slice, the condition of the posterior-ventral edge [Fig. 2.4(b)] was
evaluated and classified based on whether annulus formation was occurring on the edge.
To conduct edge analyses (Gambell & Messtorff, 1964; Campana, 2001; Shimose et al.,
2009), the proportion of fish specimens possessing an annulus on the posterior-ventral
edge was calculated for each month to verify the period of annulus formation. The
presumed annual growth marks in the sagittal otoliths of North Pacific albacore were
formed mostly during fall and winter, that is, from September to February (Fig. 2.6).
High proportions of fish with an annulus on the posterior-ventral edge occurred in
December (74%) and January (64%) (Fig. 2.6). In addition, during July and August, no

fish had annuli formed on the posterior-ventral edge (Fig. 2.6). All of these findings
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indicated that the annulus identified in the sagittal otolith of North Pacific albacore is a
fall-to-winter growth mark and is formed once a year. Moreover, the annulus found in
the prepared otolith slice was frequently accompanied by a crenulation (Gambell, 1964;
Anonymous, 2002), which occurred on the outer margin of the otolith slice (Fig. 2.5).

Because the spawning activity of North Pacific albacore peaks in April in the
western Philippine Sea (Chen et al., 2010) and the annulus identified in this study was a
fall-to-winter growth mark, the first annulus in the sagittal otolith might not represent
the growth of a complete year. To confirm this point, the age of first annulus formation
was assessed using 55 fish (71 to 105 cm Lg; Fig. 2.7) that had clearer micro-increments
(presumed to be daily growth increments). For each fish, the micro-increments from the
primordium to the end of the first annulus were counted two times at least one week
apart (Fig. 2.8).

For the age estimation, the annuli in each otolith slice were assessed with light
microscopes. When an annulus had formed on the posterior-ventral otolith edge, it was
included in the count of annuli for the otolith. The age estimate of the fish was assigned
to be the number of annuli counted. When no annulus was formed on the
posterior-ventral edge, the age estimate of the fish was assigned to be the number of
annuli plus 0.5. Thus, the precision of the age assessments based on the otolith edge
condition was approximately 0.5 years.

Five age readings were conducted for each otolith slice to determine the fish age.
To reduce the bias of age estimates caused by the reader’s recall of previous age
estimates, a time interval of at least one week elapsed between the two age readings. To
obtain a more precise age estimate based on the five readings, each fish that had at least
three identical age estimates among the five readings was first selected for further

growth investigations. The fish’s age was then determined to be the major age estimate
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among the fish’s five age estimates. In addition, to include more samples in the growth
investigations, an extra age reading was conducted for those fish that had only two
identical estimates among the five readings. Subsequently, fish that had three identical
age estimates among their six readings were also included in growth investigations.
Subsequently, the age of each fish was determined to be the major age estimate among
the fish’s six age estimates. The index of the average percent error (/5) was used to
assess the precision of the age estimates of males and females with the following

equation (Beamish & Fournier, 1981):
N RA
I, =(100/N) < Y| (/R x Y| X, - X | /X, | (2.2)
j=1 i=1

where N  is the number of age-determined fish,
R 1is the number of age readings,
X;; 1s the ith age estimate of the jth fish, and

X; is the mean age estimate calculated for the jth fish.

2.2.4 Modeling fish growth
Three growth models were used to model the growth of North Pacific albacore. The first
model is the ordinary von Bertalanffy growth model (VBGM) (Bertalanffy, 1938),
which can be expressed as
L =L, x(1-exp(-K x(t—t,)))+&,, (2.3)

where L, is the fish length at age ¢,

L., 1is the theoretical asymptotic fish length,

K s a growth coefficient,

t  1is the fish age (in years), and

to  1s the hypothetical age at a fish length of zero.
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The epsilon (&) in the model is assumed to be independent and normally distributed
random errors with a mean of zero and unknown finite variance (o >0). The second
model used to model the growth of North Pacific albacore is the Gompertz model
(Gompertz, 1825; Campana & Jones, 1992); one form of the Gompertz model can be
written as
L =L;x exp{— exp[— K, x (t -, )]}+ £, (2.4)

where  Lg is the theoretical asymptote length,

K, 1is the instantaneous rate of growth at age #,, and

t,  is the inflection point of the curve (the age at which the absolute growth

rate begins to decline).

The third model used is the Richards model (Richards, 1959) that can be expressed as
L, = L, x{l+rexp- K, x(t—t3)]}_l/r +é&,. (2.5)

Equation 2.5 equals Equation 2.3 (where Lg = L., K3z = K, and t; = 1)) if r = —1;
Equation 2.5 equals Equation 2.4 (where Lr = Lg, K3 = K>, and t3 = ) if r is close to
zero; Equation 2.5 is identical to a logistic function if » = 1.

The above three models were each fitted to male and female age-length data to obtain
sex-specific growth parameters with nonlinear least-squares estimation. In the fitting,
individual age-length data were used to incorporate individual variability into the

growth analyses.

2.2.5 The goodness of fit of each growth model
The goodness of fit of each growth model was evaluated by R* (Motulsky &
Christopoulos, 2004) and an F-test for lack of fit (Neill, 1988). Separate R* values for
males and females can be calculated as

R*=1-(SS,./SS.,), (2.6)
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where SS.r is the residual sum of squares and SSi is the total sum of squares. To
conduct the F-test for lack of fit, the sum of squares caused by pure error (SSpur) is

calculated as
S = 2,2 (Ly = L), 2.7)

where  m is the number of age classes,
n; is the number of samples in each age class,

L; 1is the individual length (Lf) in each age class, and
Z. is the mean length in age class i.

The sum of squares caused by lack of fit (SSiof) can be calculated as

SS.. =SS, —8S

pur?

(2.8)

where  the degrees of freedom (df) of SSe is the total data points (V) minus the
number of parameters (p;) fitted by regression,
the df of SSpur is N minus m, and
the df of SSior is m minus p;.

Finally, the test statistic of the F-test for lack of fit can be calculated as

SSlof
F= —/m_pl) (2.9)

- SSP%N o '

2.2.6 Model selection

The small-sample bias-corrected form of the Akaike information criterion (AIC)
(Akaike, 1992), known as AICc (Hurvichand & Tsai, 1989; Katsanevakis, 2006), can be
used to estimate the performance of different models by minimizing the AICc values of

the candidate models. The AICc can be calculated as
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AICc= AIC+ (2k x (k +1))/(N —k —1), (2.10)
where

AIC = N xIn(6?) + 2k, (2.11)
N is the number of samples, 6° =SS /N, and k is the number of parameters

(including &°) in the model. Moreover, the AICc differences (Katsanevakis, 2006) for
all candidate models were calculated as

A,= AICc; — AICCn, (2.12)

where AICcp;, 1s the minimum value of AICc values within each sex.

2.2.7 Bootstrapping procedure

Bootstrapping (Efron & Tibshirani, 1993) can be used to estimate the standard error (SE)
of each parameter in each growth model and to construct bias-corrected and accelerated
(BCa) confidence intervals (CIs) of the parameter (Appendix A). In the bootstrapping
procedure, for each sex, individual age-length data were sampled with replacement with
the same sample size of the original data. The sex-specific bootstrap age-length data
were then fitted to each growth model to obtain a set of bootstrap growth parameters for
each growth model. For each sex and model, a total of 5 000 sets of bootstrap growth
parameters were obtained (i.e., bootstrap replicates = 5 000), and the parameters

obtained using the original data were included as one set among the 5 000 sets.

2.2.8 Comparing sex-specific growth functions

Likelihood ratio tests (Kimura, 1980; Cerrato, 1990; Haddon, 2001) can be used to
compare sex-specific growth curves obtained by the VBGM. In this study, the three
parameters (L., K, and #) of the VBGM were compared simultaneously using a

likelihood ratio test instead of comparing one or two parameters. The test statistic of a
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likelihood ratio test is empirically a chi-square distribution (Haddon, 2001) and can be

simplified as

2; =—NxIn(SS,,/SS,,.), (2.13)
where N is the total number of samples,
A is the degrees of freedom of the assumed chi-square distribution,

SSsep is the total sum of squares derived from fitting the model by setting
all parameters different between sexes, and
SScon is the total sum of squares obtained by fitting the model using the
hypothesized constraints of parameters (i.e., equal values of L., K,
and #p between sexes).
To avoid comparing the size distributions of male and female age-length data, as
suggested by Haddon (2001), restricted age-length data (i.e., age classes of 1.25 to
10.25 years for both sexes) were used in the likelihood ratio test.
For hypothesis testing, the parameters of the VBGM for males (6u) and females

(Or) are expressed as

LooM LooF
6, =| K, |and 0, =| K, |. (2.14)
tOM tOF

The null hypothesis (Hy) of the likelihood ratio test (Kimura, 1980) is

H,:6, =6, (2.15)

thatis, L, =L, K\, =K, =t The alternative hypothesis (H,) is
H,:6, #6.. (2.16)
To check whether the test statistic of the likelihood ratio test adheres to the

assumed chi-square distribution, the randomization test can be used to generate an

empirical distribution of the test statistic of the likelihood ratio test from age-length data.

18



The results of the randomization procedure can be then compared with the assumed
chi-square distribution. In each randomization procedure, the age-length data of males
and females were randomized within each age class but between sexes, and the
randomized likelihood ratio was then computed (i.e., a y* value from the randomized
age-length data of males and females was computed). In this study, a total of 5000

randomized likelihood ratios were computed for the randomization test.

2.2.9 Length-weight relationship
The allometric equation used for length-weight relationship can be expressed as a power

function:
W=axL, (2.17)

where a and b are the parameters to be estimated (Hsu, 1999). In this study, these
parameters were estimated with nonlinear least-squares estimation. Using a similar
approach to that used in comparing sex-specific growth functions (see Section 2.2.8),
the likelihood ratio test and randomization test were also used to compare sex-specific
length-weight functions. Bootstrapping (5 000 replicates) was also used to estimate the
SE of each parameter of the length-weight function. The statistical analyses (including
curve fitting, bootstrapping, likelihood ratio test, and randomization test) used in this
study were conducted using MATLAB (version 7.2, MathWorks Inc.;

www.mathworks.com).

2.3 Results
2.3.1 Age validation of first annulus formation
In the age assessments of first annulus formation for the 55 fish examined, no statistical

differences [paired t-test, #(54) = 1.18, p =.24] were found between the two counts of
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micro-increments (Fig. 2.9). Descriptive statistics for the mean values of the two counts
were as follows: the mean was 257 (SE = 6), the median was 266, the minimum was
136, and the maximum was 337. These findings indicated that the median value of the
age estimates of first annulus formation in North Pacific albacore is close to 0.75 years.
Thus, for each fish, the age estimate for the first annulus was adjusted. In this
adjustment, 0.25 years was subtracted from all age estimates, which is an estimate of the
time interval between birth and annulus formation (i.e., the birth date was assumed to be

30 April, and the first annulus was assumed to form on 31 January).

2.3.2 Age estimation

Most examined otolith slices had observable annuli (Fig. 2.10), and only 4 fish (1.4% of
288 fish) had no visual annuli in their otolith slices. In summary, 257 fish (89.2%) had
at least three identical readings among their five age readings (Fig. 2.11). Seventeen fish
(5.9%) had three identical readings among their six age readings (Fig. 2.11). Ten fish
(3.5%) that had inconsistent age estimates (fewer than three identical readings) were
excluded from the growth modeling of this stock. The 7 values of the age-determined
fish were 7.4% for 126 females and 8.6% for 148 males. Determining the ages of older
fish appeared to be more difficult than determining the ages of younger fish (Fig. 2.11).
The size distribution of the age-determined fish is shown in Fig. 2.12. The age estimates
of females ranged from 1" to 10" years, and those of males ranged from 1" to 14" years

(Table 2.3).

2.3.3 Growth functions
All three growth models were well fitted to male and female age-length data, as

indicated by both R? and the F-test for lack of fit (Table 2.4). For both sexes, the
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residual plots (Fig. 2.13 and 2.14) indicated that the model fitting seemed to be adequate
for all growth models. According to the AICc values obtained, male age-length data
were best fitted to the VBGM, and female age-length data were best fitted to the
Richards model (Table 2.4). Nevertheless, the computed A, values of the candidate
models were not high (< 5), indicating that there is support for each model. The
sex-specific age-length data and fitted curves of the VBGM are plotted in Fig. 2.15. The
sex-specific growth curves of the VBGM differed significantly [likelihood ratio test,
2*(3) =20.78, p < .001]. The estimated parameters of the three growth models and their
bootstrap estimates of the SE and Cls are presented in Table 2.5. As shown in the
bootstrap estimates of growth parameters (Fig. 2.16 and 2.17), all distributions
(indicated by histograms) seemed to be normal for the von Bertalanffy and Gompertz
models, but not for the Richards model (Fig. 2.18 and 2.19). Correlations between
growth parameters (indicated by scatter plots) existed at the fitting of the growth

models.

2.3.4 Otolith weight and length as functions of fish age

Among 245 fish (114 females and 131 males; 45 to 118 cm Lr) examined (Fig. 2.20),
the left and right otoliths showed no statistical differences in weight as tested by paired
t-test [1(244) = 1.24, p = .21]. For each sex, the relationship between the weight of the

left otolith (Wo, in milligrams) and Ly was expressed as an exponential growth function
(W, =a, xe” ", where a, and b, are the parameters to be estimated). Subsequently,

the likelihood ratio test [)(2(2) =0.32, p = .85] indicated that males and females had no
statistical differences in the parameters of the exponential functions. Therefore, the
exponential growth function obtained using sex-pooled data was as follows:

W, =3.677 xexp(0.0260 x L), (2.18)
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where the SE of a, obtained by bootstrapping (5 000 replicates) was 0.234, the SE of b,
obtained by bootstrapping (5 000 replicates) was 7x10~*, R* = .86, and n = 260 (Fig.

2.21). This equation can be rewritten as
W, =3.677x24/*7, (2.19)

where 3.677 was the weight at Lr = 0 and 26.7 was the increment of Ly at which Wy
doubles. For each sex, the relationship between the log-transformed data of the fish age
(4r) and W, was expressed by a simple linear function (Fig. 2.22). Males and females
had different linear functions (i.e., two parallel lines), as tested by ¢ tests (Zar, 1999) for
difference between male and female regression coefficients [#(247) = 0.03, p = .98] and
elevations [#248) = 3.91, p <.001]. Simple linear regression was used to express the
relationship between the log-transformed fish age and Lp for both sexes (Fig. 2.23). In
the regression, males and females had different regression functions (i.e., two parallel
lines), as indicated by ¢ tests for difference between male and female regression

coefficients [#(270) = 0.35, p =.73] and elevations [#(271) = —2.61, p <.001].

2.3.5 Length-weight relationship

Sex-specific length-weight curves did not differ significantly, as indicated by the
likelihood ratio test [)(2(2) = 2.81, p = .25]. A power function [a = 2.964x107 (SE =
4.86x10°°), b = 2.928 (SE = 0.036), n = 293, and R* = .98] was then obtained using
sex-pooled data (Fig. 2.24). The parameter a was found to closely correlate with b at
fitting the length-weight function (Fig. 2.25). According to the growth and
length-weight parameters estimated, the predicted mean Ly and W for 5-year-old
females were 88 cm and 14.5 kg, respectively, and the values for 5-year-old males were

89 cm and 15.2 kg, respectively (Table 2.6).
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2.3.6 Robust likelihood ratio tests based on randomization tests

In comparing sex-specific growth curves, the randomized likelihood ratios seemed to
deviate slightly from the assumed chi-square distribution (df = 3) at y* values of less
than 8, but they adhered to the assumed distribution at large »* values [Fig. 2.26(a)]. The
findings indicated that the likelihood ratio test [*(3) = 20.78, p < .001] conducted to
compare the sex-specific von Bertalanffy curves is appropriate because of the large
value of y* (> 8) obtained. Furthermore, in comparing sex-specific length-weight curves,
the randomized likelihood ratios closely adhered to the assumed chi-square distribution

with df = 2 [Fig. 2.26(b)].

2.4 Discussion

The results of this study provide sex-specific growth parameters for North Pacific
albacore. An updated allometric function for this stock is also presented. Obliquely
sectioned otoliths can be useful material for determining the age of North Pacific
albacore. The /5 values of males (8.6%) and females (7.4%) were not high, indicating
that the precision of the age estimates is acceptable. The annuli found in North Pacific
albacore sagittae were fall-to-winter growth marks, and the first annulus indicated
growth of less than 1 year.

In this study, a single reader estimated the ages of all fish because of the unequal
experience among different readers in estimating fish age. Because the 7, and
coefficient of variation (Chang, 1982) are functionally equivalent, as reported by
Campana (2001), only the /4 was used to measure the precision of the age estimates.
Although this study aimed to obtain more accurate and precise age estimates with the
methodologies used, the age estimates may be biased because of individual variability

in the times of birth and annulus formation, misidentification of annuli, or a
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combination of these factors. Also, the growth modeling may be biased because of fish
sampling, but this is difficult to verify. Albacore are highly migratory fish, and they
have a wide distribution in the North Pacific Ocean. Collecting more representative
samples from the entire stock distribution for biological investigations is difficult and
time consuming.

Although the micro-increments in North Pacific albacore sagittaec have been shown
to be daily growth marks (Laurs et al., 1985), the micro-increments found in the otolith
slices prepared in the present study were compact, except for those micro-increments
close to the primordium. In older annual growth marks, the daily growth increments
could not be precisely counted. To conveniently compare sex-specific growth functions
by a randomization test, the precision of the age estimate based on otolith edge
condition was set to 0.5 years. In addition, it is difficult to precisely define the margins
of all annuli in older fish. Thus, marginal increment widths were not analyzed in this
study. In the edge analysis conducted in the present study, the micro-increments formed
on the postrostral-ventral edge in spring and summer were broader than those found in
fall and winter, indicating that North Pacific albacore tend to grow faster in spring and
summer than they do in fall and winter. Moreover, as indicated by L.., mature males are
expected to attain a larger size than mature females. Quinn & Deriso (1999) reported
that several factors (e.g., depth, sex, habitat, weather, locality, interannual variation,
genetics, year-class, and density) may affect fish growth. The disparity between the
sex-specific growth curves of North Pacific albacore seems to occur in the size range of
approximately 85 to 90 cm Lg (Fig. 2.15 and Table 2.3), which coincides with the size at
50% maturity of this stock (see Chapter 3). Thus, reproduction seems to be an important
factor affecting the growth of mature North Pacific albacore.

For both sexes, all three growth models seem to be fitted well to age-length data as
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indicated by both R* and F-test values (Table 2.4). In addition, the AICc differences (A)
among candidate models were smaller than 5, indicating that all candidate models have
support (Burnham & Anderson, 2002). Because the parameters of the VBGM are
commonly used in fisheries research and are easier to compare with results of previous
studies, more results from the VBGM are presented in this study despite uncertainty
about whether the VBGM is the best-fitted model among several growth models (e.g.,
Schnute & Richards, 1990) for male or female age-length data. The Gompertz model is
usually used to express a sigmoid growth curve, such as for the growth modeling of
young fish (Campana & Jones, 1992). In this study, there were only small differences in
the predicted mean lengths of age classes 1 through 10 between the Gompertz model
and VBGM (Table 2.6). An additive error term was used for each growth model rather
than a multiplicative error term because older age classes did not exhibit larger residuals
at the fitting of the three growth models (Fig. 2.13 and 2.14). The negative values of #y
indicate that juvenile fish are likely to grow (in length) faster than older fish (King,
2007). For both the VBGM and the Gompertz model, the normality of each parameter
was obvious for both sexes, and all scatter plots for the correlation between parameters
appeared to have linear mean functions (Fig. 2.16 and 2.17). These findings suggest that
large sample inference is adequate for the bootstrappings of the von Bertalanffy and
Gompertz models (Weisberg, 2005). Also, the bootstrapping of sex-pooled
length-weight data seems to be adequate (Fig. 2.25). The bootstrapping of the Richards
model is likely to be less adequate for male data because of the large SE obtained for #
(Fig. 2.19 and Table 2.5). The Richards model has four parameters, resulting in a less
steady condition at the fitting of this model by bootstrapping male age-length data under
some circumstances than a three-parameter model (e.g., VBGM or Gompertz model)

would have.
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Because correlations between the parameters of the VBGM were obvious, in the
likelihood ratio test of this study, all parameters were compared simultaneously instead
of comparing one or two parameters. A disadvantage of the likelihood ratio test is that
the size ranges of males and females should be identical to avoid comparing the size
distributions of the two datasets (Haddon, 2001). To clarify the reliability of the
likelihood ratio test in comparing sex-specific growth or allometric functions, an extra
randomization test was conducted in this study. The randomization test can be also used
for hypothesis testing, and the randomized likelihood ratios are the test statistic.
Bootstrapping can be also used for hypothesis testing, but this method may be less
accurate (Efron & Tibshirani, 1993). In this study, the 95% bootstrap ClIs of the
parameters L., and K did not overlap between males and females (Table 2.5). Other
methods can also be used to compare sex-specific growth curves, for example, the
analysis of the residual sum of squares (Chen et al., 1992) and Hotelling’s T>-test
(Bernard, 1981; Cerrato, 1990).

Many papers have reported the parameter estimates (L., K, and #y) of the VBGM
not only for North Pacific albacore (Fig. 2.27 and Table 2.7) but for other albacore
stocks as well (Table 2.8). More growth parameters for albacore stocks can be found in
Santiago’s dissertation (Santiago, 2004). Among the growth curves reported for North
Pacific albacore, most curves seem to be parallel to each other (Fig. 2.27), which
probably results from the greater number of age classes of fish smaller than 60 cm Ly
used for growth modeling (e.g., Otsu, 1960; Yabuta & Yukinawa, 1963). Aside from
those reported by Megalofonou (2000) and Ortiz de Zarate & C-Parrack (1996), the
present study reported lower L, values and larger K values than those of the albacore
stocks presented in Table 2.8. According to the parameters of the VBGM obtained in

the present study, the mean predicted Ly values of 1-year-old fish (at the beginning of
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May) were 42 cm Ly for females and 45 Ly cm for males (Table 2.6). These two
estimates are close to the estimate (a standard length of 38 cm) reported by Yoshida
(1968). Yoshida (1968) reported that juvenile albacore grow in body length at a rate of
approximately 3.12 cm per month. All length-weight curves reported for North Pacific
albacore are similar for fish smaller than 110 cm Ly (Fig. 2.28 and Table 2.9).

Many researchers have used the parameters of the VBGF to estimate fish longevity
(Taylor, 1958; Fabens, 1965; Cailliet et al., 2006). When applying the growth
parameters obtained in this study to estimate the longevity of North Pacific albacore, |
recommend that a large proportion of L., be used in such analysis (e.g., using L,x .99).
If a small proportion of L, (e.g., Lox .95) is used to estimate the longevity of North
Pacific albacore, the longevity may be underestimated because the mean Ly values of
older age classes are similar for both sexes, as predicted by growth parameters (Table
2.6). In this case, the longevity estimate may be better interpreted as the age at which
the mean fish length tends to increase slowly towards L., with increasing age. The
longevity of a fish species may be better estimated by ageing a large sample of mature
fish than by growth parameters. The maximum age estimated in this study was 14.25
years for a male (106 cm Lg). Age estimates for both males and females included
individuals older than 10 years. In comparing the maximum fish age estimate obtained
in this study with those reported for other Thunnus species (Table 2.10), it becomes
clear that North Pacific albacore are relatively short lived. Albacore are a small Thunnus
species, and their common size in commercial catches is less than 110 cm Ly (Suda,
1954b; Koto & Hisada, 1966; Yoshida, 1975; Griggs & Murray, 2000). Fish size is an
important factor affecting the longevity of a pelagic fish species; because of predation,
small pelagic fish species are believed to have higher natural mortality rates compared

to large ones.
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Because North Pacific albacore exhibit sex-specific growth, the use of an identical
growth function for both sexes in stock assessment research may cause great uncertainty
in stock assessment results. Modeling population dynamics using sex-specific growth
parameters, however, is difficult because little information exists on sex-specific age
compositions. Because older fish have similar mean lengths, it is difficult to precisely
divide mature fish into several age classes using growth parameters and sex-specific
length-frequency data. More important, sex-specific age compositions cannot be
precisely constructed using growth parameters and sex-pooled size data. I recommend
that more simplified groups be used to represent this stock in stock assessment models,
for example, immature fish (recruited to fisheries or not recruited) and mature fish (the
spawning stock, all recruited).

To assess this stock’s current status, sex-specific age compositions must be
constructed. Precise sex-specific age compositions need to be constructed by ageing a
large sample of fish rather than by analyzing size composition data. Several topics
relevant to the age and growth of this stock need to be thoroughly investigated: (a) the
validation of annual growth marks by tagging, (b) the growth of juvenile fish, (c) the
seasonal or geographical variation in fish growth, (d) the factors affecting fish growth,

and (e) the interaction of this stock with the South Pacific stock.
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Chapter 3—The Reproductive Biology of North Pacific Albacore

3.1 Introduction

Knowing the reproductive biology of a particular fish stock is important for modeling
the population dynamics of that stock. Although the reproductive biology of North
Pacific albacore has been studied, little information is currently available on the
histology-based maturity ogives of this stock. The maturity parameters used in previous
assessments of this stock have been based on studies (e.g., Ueyanagi, 1957; Otsu &
Uchida, 1959a) conducted more than five decades ago. In previous reproductive biology
studies, however, histology-based maturity ogives have rarely been studied. Analyzing
gonad samples by histological techniques (a more precise method) can provide detailed
information on the gonadal development of each fish specimen (Schaefer, 2001;
Agarwal, 2009). In this way, the sexual maturity of each fish can be more precisely
determined for the estimation of a maturity ogive.

The length at sexual maturity of North Pacific albacore is believed to be within the
size range of 85 to 90 cm Ly (Ueyanagi, 1957; Suda, 1958; Otsu & Uchida, 1959a).
Partlo (1955b) performed a histological examination of gonads of albacore collected
from the eastern Pacific Ocean and concluded that no fully mature gonads were found.
Chen et al. (2010) investigated the gonadal development of North Pacific albacore and
presented results on the sex ratio, sexual maturity, spawning season, spawning
frequency, and batch fecundity of this stock. Aside from these studies, little information
is available on the maturity ogives of this stock. Maturity ogives can provide important
information for determining the spawning stock biomass in stock assessment models.

This study aimed to investigate the reproductive biology of North Pacific

albacore based on the histological examination of collected gonad samples. This study
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focused on the estimation of maturity ogives, which can provide important maturity
parameters for determining the spawning stock size of this stock. Detailed information
on the histological criteria for determining sexual maturity and statistical estimation

procedures are presented in this study.

3.2 Materials and methods

3.2.1 Specimen collection

As presented in Section 2.2.1 (Sample collection), albacore specimens (133 females, 46
to 101 cm Lg; 160 males, 45 to 118 cm L) were collected from the catches of
Taiwanese longline vessels and Japanese pole-and-line vessels operated in the central
and western North Pacific Ocean from 2001 to 2008 (Fig. 2.1 and 2.2). In the laboratory,
gonads were removed from the fish specimens, weighed using an electronic balance to
the nearest 0.1 g, and preserved with 10% neutral-buffered formalin in labeled plastic
containers for further histological investigations. Using the normal approximation to the
binomial test, the 1:1 sex ratio examination was analyzed for each length class (in 5-cm

intervals) of the fish specimens.

3.2.2 Preparing histological slices of gonad samples

In preparing histological slices for each fish, gonad subsamples were taken from the
middle section of the right or left lobe of the gonad, dehydrated with a graded series of
ethyl alcohol solutions, cleared with xylene, infiltrated by Paraplast Plus, and embedded
in Paraplast. The embedded subsamples were then sectioned (6 pm) using a microtome
and stained with Mayer’s hematoxylin and eosin. The serial sections were then mounted
on a microscope slide using balsam. All prepared sections were examined with light

microscopes, and images of histological sections were taken with a digital camera
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attached to the light microscope. Germ cells were measured using a light microscope

with a micrometer mounted on one ocular.

3.2.3 Histological classification of sexual maturity

The cellular stages of spermatogenesis (e.g., spermatogonia, spermatocytes, spermatids,
and spermatozoa) were classified by histological evaluations. The sexual maturity and
gonad stage of each male specimen were determined based on the histological
examination of its gonad samples. The classification scheme of Chen et al. (2010) was
used to determine the sexual maturity of each male specimen. In their classification
scheme, immature males possess small testes that are characterized by the small size
occupied by the lobule lumen. Immature males may possess no spermatozoa in their
testes or only a few spermatozoa that accompanied by only a few nests of spermatids in
the lobules. Mature males are often characterized by large testes. They possess abundant
spermatozoa in developed lobules, and the size of the lobule lumen in their testes is
larger than that in immature testes. They also possess abundant nests of spermatids in
their developing lobules.

The oocytes of oogenesis in albacore ovaries can be grouped into five stages:
unyolked, early yolked, advanced yolked, migratory nucleus, and hydrated (Schaefer,
1998). Postovulatory follicles and atretic oocytes were also observed during histological
examination. The sexual maturity of each female specimen was determined according to
the histological examination of its gonad samples using a classification scheme similar
to that used by Schaefer (1998) for yellowfin tuna. In this classification scheme,
immature females possess only unyolked oocytes, early yolked oocytes, or both of these
kinds of oocytes in their ovaries. Their ovaries contain neither atresia of yolked oocytes

nor advanced yolked oocytes. In addition, more advanced oocytes (i.e., migratory
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nucleus and hydrated oocytes) and postovulatory follicles are not found in their ovaries.
In contrast, mature females have atresia of yolked oocytes, advanced yolked oocytes, or
both of these kinds of oocytes in their ovaries. Other advanced oocytes (migratory
nucleus and hydrated oocytes) and postovulatory follicles may also be found in their
ovaries. Furthermore, females possess running-ripe or spawned ovaries containing

postovulatory follicles (Chen et al., 2010).

3.2.4 Estimating maturity ogives by logistic regression
The sexual maturity (immature or mature) of each fish was determined according to the
histological examination of its gonad samples. To construct the maturity ogive of each
sex using length-maturity data, the binomially distributed maturity data can take the
form of
Yi A B(14 Pl = 1\. .. n, 3.1)

where  Yi=0  represents an immature individual,

Yi=1 represents a mature individual,

P; is the probability of being mature, and

n is the number of individuals.
Subsequently, logistic regression (Hosmer & Lemeshow, 2000; Kutner et al., 2004) can
be used to analyze length-maturity data and to construct a length-maturity curve for

each sex using the following equation:

B={l+expl- (4, + B X)]. (3.2)
where fp and f; are the parameters to be estimated, JX; is the fish length, and
P.=E(Y,| X,). Moreover, the unknown binomial probabilities can be modeled using
the logit function (the natural logarithm of the odds) as a linear function of X;, which

can be expressed as
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logit(R) =In[P /(1= P)]= B, + B X,. (3.3)
The parameters (fp and f;) can be estimated by the maximum likelihood method
(Appendix B) using PROC LOGISTIC in SAS (SAS version 9.1, SAS Institute Inc.;
WWW.sas.com).

In logistic regression analyses, the goodness of fit of a logistic model can be
evaluated by the coefficient of determination and by the Hosmer and Lemeshow
goodness-of-fit test (H-L test). In the PROC LOGISTIC of SAS, two kinds of R’
(Maddala, 1983; Cox & Snell, 1989; Nagelkerke, 1991) can be calculated, respectively,

as
RS2 =1- exp{2 X [10 gL(M)—-1lo gL(O)]/ n} (3.4)
and

R, =R’ /[l-exp@ xlogL(0)/n)] (3.5)

where  logL(M) is the maximized log likelihood of the fitted model,

logL(0) 1is the null model with only an intercept term, and

n is the sample size.
According to the predicted probabilities obtained, the H-L test partitions subjects into
10 groups. For each group, a chi-square value is calculated based on the observed and
expected frequencies (Hosmer & Lemeshow, 2000). The null hypothesis for the test is
that there are no differences between the observed and expected frequencies of the
response variable. Thus, if the test is not significant (i.e., the null hypothesis cannot be

rejected), the result suggests that the model fits the data well.

3.2.5 Comparing sex-specific maturity ogives
Sex-specific maturity ogives were compared by a randomization test (Edgington, 1995;

Manly, 1997). In the randomization procedure, male (n = 122) and female (n = 133)
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length-maturity data from the same length range (i.e., 46 to 101 cm Lp) were
randomized within each length class and between sexes. Thus, the randomized
length-maturity data for males and females were obtained in the randomization
procedure. For each sex, 5000 sets (including the original data as one set) of
randomized length-maturity data were obtained. The parameters Sy and f; for males
(termed fom and fiv) and for females (termed Sor and fr) were estimated using the
randomized length-maturity data (5 000 sets for each sex). Thus, a total of 5 000 sets of
the parameters fy and f; were obtained for each sex. The parameter differences between
males and females were then calculated as
D, = By — Bou (3.6)
and
B = Bl P (3.7)
In hypothesis testing, the parameter differences (D; and D) between males and females
were calculated using their respective 5 000 sets of randomized parameter estimates.
The parameter differences between males and females that were obtained from the
original data could then be compared to the results obtained with the 5 000
randomization replicates. The null (Hg) and alternative (H;) hypotheses of the
randomization test were written as
H,:D,=0 and D, =0 (3.8)
and
H,:D,#0 or D,#0 or both. (3.9)
The level of significance for the randomization test was set to 5%. The randomization
test used in this study was conducted with MATLAB (version 7.2, MathWorks Inc.;

www.mathworks.com).
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3.3 Results

3.3.1 Histological classification

In albacore testes, spermatogonia [Fig. 3.1 (a), (b), and (d)] are characterized by their
large size. Each spermatogonium usually has a round nucleus with a nucleolus and clear
nuclear membrane. The cytoplasm of the cell has less affinity for hematoxylin-eosin
staining. The primary spermatocytes [Fig. 3.1 (b) and (d)] are basophilic and have no
visible nucleoli. The chromatin of a primary spermatocyte occupies most of the cell.
Secondary spermatocytes [Fig. 3.1 (b), (c), and (d)] are produced by the reduction
division of the first meiosis division from primary spermatocytes. Their size is generally
smaller than that of primary spermatocytes, and they are spherical in shape and
basophilic. In a secondary spermatocyte, the nuclear membrane and nucleolus are
generally invisible. Spermatids [Fig. 3.1 (¢) and (d)] are produced by the second meiosis
division of secondary spermatocytes. They are basophilic, and their size is obviously
smaller than that of secondary spermatocytes. The appearance of spermatids varies
greatly during spermiogenesis. Each spermatid matures into a spermatozoon. The
spermatozoon is characterized by a basophilic head and an acidophilic flagellum [Fig.
3.1(c)]. The flagella of spermatozoa were not frequently seen in the histological sections
of this study [Fig. 3.1(d)]. As spermatozoa mature, they are detached from the nest and
accumulate toward the center of the lobule lumen [Fig. 3.1 (¢) and (d)]. Histological
sections of an immature testis and a mature testis are shown in [Fig. 3.1 (e) and (f)].

In albacore ovaries, unyolked oocytes [Fig. 3.2(a)] are small (< 280 um) and
strongly basophilic. In the oocyte, no yolk granules exist. An early yolked oocyte [Fig.
3.2(b)] is characterized by a centrally placed nucleus and small and acidophilic yolk
granules that peripherally occupy the ooplasm. Advanced yolked oocytes [Fig. 3.2(¢c)]

possess larger yolk granules than early yolked oocytes, and their yolk granules are
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typically distributed throughout the ooplasm. In the oocyte, oil droplets are widely
distributed in the ooplasm. Because of the large size of the oocyte, the nucleus of an
advanced yolked oocyte is seen less frequently than in early yolked oocytes in
histological slices. The atretic yolked oocyte [Fig. 3.2(d)] has an irregular shape caused
by the degeneration and resorption of the oocyte. In the late stage of an atretic oocyte,
normal organelles are rarely found in the oocyte remnant. The oocyte in the migratory
nucleus stage [Fig. 3.2(e)] is characterized by a non-centrally placed nucleus (the
migration of the nucleus toward the animal pole). The oocyte usually has a large oil
droplet [Fig. 3.2(e)] that is close to the nucleus. The hydrated oocyte [Fig. 3.2(f)] has an
irregular shape caused by the dehydration of the tissue sample in the histological
procedure. In this oocyte, a homogeneous yolk mass is formed by the fusion of yolk
granules and yolk plates. The initial stage of a postovulatory follicle is characterized by
an outer layer of thecal cells and an inner layer of granulosa cells (Fig. 3.3). A
postovulatory follicle is produced by the rupture of a hydrated oocyte, which is then
expelled into the ovarian lumen. The external appearances of albacore oocytes are
shown in Fig. 3.4.

The smallest mature specimens measured were 78 cm Ly for males and 83 cm Lg
for females. The largest immature specimens were 93 cm Ly for males and 94 cm Ly for
females. In addition, the youngest ages of mature specimens determined were 3.3 years
for males and 4.3 years for females. The oldest ages of immature specimens were 5.8

years for males and 6.8 years for females.

3.3.2 Spawning ground, spawning season, and sex ratio
The females that possessed migratory nucleus oocytes or hydrated oocytes in their

ovaries were all collected from the fishing operation area A1l (Fig. 2.1) in March (n = 4),
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April (n = 19), and August (n = 1). These females were deemed imminent-spawning
fish. The females that possessed postovulatory follicles in their ovaries were all found in
area Al in March (n = 4), April (n = 20), June (n = 1), August (n = 1), and September (n
= 1), indicating that the western Philippine Sea is a spawning ground for albacore (Fig.
3.5). These findings also indicated that the spawning of albacore in the western
Philippine Sea occurred at least from March to September, with peak spawning activity
in March and April. In the 1:1 sex-ratio examination, females predominated in the size
range of 91 to 95 cm L, but males substantially outnumbered females at sizes larger

than 100 cm Ly (Table 3.1).

3.3.3 Maturity ogive

In comparing sex-specific maturity ogives, the results of the randomization test (Fig. 3.6)
indicated that no statistical differences existed between male and female maturity
parameters (p > .05). Thus, the length-based maturity ogive (Fig. 3.7) was obtained by

sex-pooled data with the following equation:

P= _ ,
1+exp(28.8136—0.3375x Lr)

(3.10)

where R =.61,R. =.82, and the H-L test parameters were y*(8) = 1.21 and p = .99.

>~ sas

Accordingly, the length at 50% maturity of this stock estimated by the above logistic

function was approximately 85 cm Lg (i.e., 28.8136/0.3375).

3.4 Discussion

The results presented in this chapter provide a histology-based maturity ogive for North
Pacific albacore. North Pacific albacore are found to reach 50% sexual maturity at a size
of approximately 85 cm Ly, corresponding to 4.5 years of age for females and 4.4 years

of age for males based on the von Bertalanffy growth curves presented in Chapter 2.
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Males and females have similar maturity ogives; they reach sexual maturity at a similar
size (or age) range. After reaching sexual maturity, males tend to grow faster than
females (Fig. 2.15).

In this study, imminent-spawning and spawned females were all collected from the
western Philippine Sea, indicating that this area seems to be an important spawning
ground for North Pacific albacore. The spawning season of this stock in this area was at
least from March to September with the peak spawning months of March and April. The
western Philippine Sea is also an important spawning ground for Pacific bluefin tuna
(Thunnus orientalis Temminck & Schlegel), and the spawning season of Pacific bluefin
tuna in this area extends mainly from May to June (Chen et al., 2006). Although both
albacore and Pacific bluefin tuna spawn in this area, their peak spawning months are
likely to be different. North Pacific albacore have an extensive spawning distribution in
the Pacific Ocean, and they probably spawn throughout the year in oceanic subtropical
waters (Ueyanagi, 1969; Nishikawa et al., 1978, 1985). Moreover, there is little
evidence that albacore spawn in the temperate waters of the North Pacific Ocean (Otsu
& Uchida, 1959a; Otsu & Hansen, 1962; Ueyanagi et al., 1969).

The months of peak spawning activity for North Pacific albacore may differ by
geographic area or by year. Yoshida (1968) investigated juvenile albacore found in the
stomachs of billfishes in Hawaiian waters and concluded that albacore spawning
extends from March to September, with peak spawning in May, in Hawaiian waters. In
contrast, Ueyanagi (1957) and Otsu & Uchida (1959a) reported that albacore spawning
in the central and western North Pacific peaks in June and July. According to the size
composition data of commercial catches reported for North Pacific albacore (Suda, 1956;
ISC, 2006), large albacore tend to live longer in tropical and subtropical waters than in

temperate waters (Chen et al., 2005). In addition, mature North Pacific albacore may
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have several spawning aggregations, resulting in a wide spawning distribution and an
extended spawning season of this stock. Furthermore, South Pacific albacore have been
found to spawn at least throughout the austral summer months (Ishii & Inoue, 1956;
Otsu & Hansen, 1962; Yoshida 1971; Ramon & Bailey, 1996), from December to
February. Because large albacore can be found in the equatorial waters of the Pacific
Ocean, more efforts are needed to clarify the spawning interaction between the North
Pacific and South Pacific stocks.

With logistic regression analyses, individual length-maturity data can be directly
used to fit a logistic function. Other methods can also be used to estimate the parameters
of a logistic function, such as that used by King (2007). Using the length-maturity data
from the present study, I demonstrate King’s method here, which is analogous to
logistic regression. To estimate the parameters Sy and f, first, the proportion of mature
fish to total fish in each length class is computed (as shown by the solid circles in Fig.
3.7; proportions of 0 and 1 are excluded). Each proportion obtained is then used to
calculate the corresponding value of the logit function, In[P/(1-P)]. Using the
proportion data obtained, the parameters fy and f; of a logistic function can be
estimated by simple linear regression. Last, the length at 50% maturity can be estimated
by calculating fo/(—f). Using King’s method, I obtained an estimate of 85 cm Lg(i.e.,
Po =23.0363 and f; = —0.2708) for the length at 50% maturity, and this estimate is the
same as that obtained by logistic regression. With King’s method, however, a wide
length interval may be used for calculating the proportions of mature fish if the sample
size is small for some length classes. Combining individual data within a large length
interval changes the original data and may result in different parameter estimates.

The length at 50% maturity of North Pacific albacore reported in this study is close

to that suggested in previous studies (Ueyanagi, 1957; Suda, 1958; Otsu & Uchida,

39



1959a). Nevertheless, the classification criteria used in previous studies to determine
sexual maturity differ greatly. Otsu & Uchida (1959a) classified albacore ovaries into
three categories according to oocyte size (in diameter) as follows: early developing
(maximum oocyte size, 0.4 mm), late developing (the size range of the most advanced
oocytes, 0.4 to 0.8 mm), and advanced (the size range of the most advanced oocytes, 0.7
to 1 mm). In their classification, females that possessed late developing and advanced
ovaries were deemed mature fish. Using their classification criteria, non-spawning but
mature females may be classified as immature fish. Ueyanagi (1957) used the criteria
that fish with a pair of testes containing milt and weighing over 150 g were mature and
postulated that males reached sexual maturity at a size of 97 cm Lg. Using Ueyanagi’s
criteria may overestimate the size at sexual maturity because mature albacore may
possess testes weighing less than 150 g, as reported by Chen et al. (2010).

The results of the present study suggest that North Pacific albacore reach sexual
maturity mostly within the size range of approximately 80 to 90 cm Ly (Fig. 3.7),
corresponding to a limited age range of approximately 4 to 5 years (Table 2.6).
According to the von Bertalanffy growth curves presented in Chapter 2 (Fig. 2.15),
males tend to grow faster than females do after reaching sexual maturity. This finding
coincides with that reported by Otsu & Uchida (1959b). Because of a lack of suitable
albacore samples, the maturity ogive of this stock has hardly been investigated in
previous reproductive-biology studies, for example, Partlo (1955b), Ueyanagi (1957),
and Otsu & Uchida (1959a). In the present study, the maturity ogive of this stock was
estimated with length-maturity data pooled by geographic areas and years regardless of
geographic and temporal variations in the maturity-ogive estimation. Using less
representative samples in maturity-ogive estimation might cause less bias than using

inadequate criteria to determine the sexual maturity of fish. Because albacore are highly
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migratory fish and are widely distributed in the North Pacific Ocean, collecting more
representative fish samples for maturity-ogive estimation is costly and time consuming.
Moreover, North Pacific albacore reach sexual maturity within a limited size (or age)
range, indicating that the bias of maturity-ogive estimation caused by the lack of more
representative samples might be relatively weak.

Small ovarian subsamples may fail to adequately capture the specifics of gonadal
development. For example, a few females were first classified to be at the unyolked
stage according to their histological results, yet some yolked oocytes were found in their
formalin-preserved ovarian samples. One possible explanation for this discrepancy is
that only small ovarian subsamples were taken from the fish ovaries for histological
examination. To avoid this situation, more subsamples should be taken from the gonad
of each fish for future histological examinations, if possible. To determine the sexual
maturity of each fish, a gross anatomical examination of the whole gonad must be
conducted as an auxiliary approach. In this study, several mature males with
histological evidence of sexual maturity possessed small gonads (< 10 g). Possible
explanations for this finding are that they underwent a reproductively inactive phase or
that they had less spawning potential than those fish with larger gonads.

Although male and female North Pacific albacore have different growth functions,
they tend to have similar maturity ogives. Thus, a sex-pooled maturity ogive can be
used to define the potential spawning stock of this stock. More efforts are needed to
study on the reproductive biology of this stock with more representative biological
samples for clarifying the spawning distribution and seasons of this stock and the

interaction of this stock with the South Pacific stock.
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Chapter 4—Yield-per-Recruit Analysis of North Pacific Albacore

4.1 Introduction

Yield-per-recruit (YPR) analysis is a classical approach used to assess the optimal
fishing mortality rates of a particular fish stock and to provide biological reference
points (BRPs) for fisheries management of the stock (Beverton & Holt, 1957; King,
2007). In the YPR analysis of a fish stock, the growth and population size of the stock
are frequently simulated based on the stock’s life-history traits (e.g., growth, maturity,
and mortality). The results of the YPR analysis can provide benchmarks regarding
fishing mortality rates and size limits for this stock to theoretically prevent the stock
from being overfished (Gulland, 1983; King, 2007).

Specifically, the BRP Fy,x obtained in the YPR analysis of a fish stock
represents the probable maximum yield from a recruit, but applying the F.x value to
the fisheries management of the stock may result in unsustainable harvests (King, 2007).
Thus, another BRP, Fj;, is commonly computed and used in YPR research.
Spawning-stock-biomass-per-recruit (SSBPR) and spawning-potential-ratio (SPR)
analyses of a fish stock can provide benchmarks regarding fish mortality rates that can
theoretically prevent the stock from recruitment overfishing. Here, SSBPR and SPR
analyses are considered as extensions of YPR analysis.

Although many stock assessment studies have been done on North Pacific
albacore, the life-history parameters of this stock obtained in this dissertation (see
Chapters 2 and 3) substantially differ from those used in previous stock assessment
studies. In particular, North Pacific albacore exhibit sex-specific growth (see Chapter 2).
Using an identical growth function for both sexes in stock assessment models would

increase the uncertainty of stock assessment results. In this chapter, the results of
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sex-specific YPR analyses (including SSBPR and SPR analyses) are presented for this
stock based on the life-history parameters obtained in Chapters 2 and 3.

The first goal of this chapter is to provide sex-specific BRPs for North Pacific
albacore. The BRPs estimated in this chapter include Finax, Fo.1, F20%, F25%, F30%, and
Faoy (see Appendix C). In the sex-specific YPR analyses, bootstrap estimates of von
Bertalanffy growth parameters and length-weight parameters are used to incorporate the
uncertainties of growth and length-weight parameters into BRP estimates. The
relationship between each BRP and natural mortality is also studied because reliable

natural mortality estimates for this stock are not currently available.

4.2 Materials and methods

4.2.1 Data and model setting

Data used in this chapter include information on growth, gear selectivity, and maturity
(Table 4.1). Specifically, von Bertalanffy growth parameters are used to compute the
values of length-at-age, longevity, and natural mortality. The mean weight at each age is
calculated using growth and length-weight parameters at the midyear of each age (Sun
et al., 2005). Because reliable sex-specific size (or age) compositions for North Pacific
albacore are not available, no catch-curve analyses are presented in this chapter. In

addition, no estimates of current fishing mortality are presented.

4.2.2 Natural mortality estimation

For both sexes, Pauly’s and Hoenig’s equations (Pauly, 1980; Hoenig, 1983) are used to
estimate the instantaneous rate of natural mortality (M). Using these two equations, the
von Bertalanffy growth parameters (L., K, and ¢) are the basic information required for

estimating the M values. The Pauly equation is
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log,, M =—-0.0066 -0.2791og,, L, +0.6543log,, K + 0.4634log,, T, 4.1)
where L, and K are the von Bertalanffy growth parameters and 7 is the seawater
temperature used for this stock. Here, T is set to be 17.5 °C because Clemens (1961)
reported that high catchability of albacore is associated with seawater temperatures
ranging from 15.6 to 19.4 °C. To incorporate the parameter uncertainty of Pauly’s
equation, a modified Pauly equation is then constructed and used in this chapter based
on the data reported in Pauly’s paper (Pauly, 1980). The modified Pauly equation is
expressed as

log,,(M) = p,log,,(L,)+ B,log,,(K)+ S;log,,(T). (4.2)

The parameters (5, f., and f3) are obtained with least-squares estimation. Moreover,

bootstrapping (1 000 replicates) is then conducted to obtain bootstrap parameters of the

modified Pauly equation (Table 4.2). The R* value obtained by the modified Pauly

equation is similar to that obtained by the Pauly equation (Table 4.2). Details of the

bootstrap parameter estimates of the modified Pauly equation are shown in Fig. 4.1. The
Hoenig equation (for fishes) is written as

InM =1.46-1.01xIn(z,), (4.3)

where £, 1s the maximum fish age. For both sexes, the #, values are estimated using the

formula of Taylor (1958), which can be written as

In(1-P,
t, =t, —%, (4.4)

where #, and K are the von Bertalanfty growth parameters and Py is the proportion of L,
used (in this chapter, P =.99). To incorporate the uncertainty of growth modeling into
M estimates, the bootstrap von Bertalanffy growth parameters (5 000 sets for each sex)

presented in Chapter 2 are used for the above equations (4.1, 4.2, 4.3, and 4.4).
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4.2.3 The yield-per-recruit model

In the YPR analyses of this chapter, both natural and fishing mortalities are simulated
within a reasonable range of values. That is, M ranges from 0.1 to 0.6 year ', with an
increment of 0.01, and the instantaneous rate of fishing mortality (F) ranges from 0 to 4
year ', with an increment of 0.01. The M value is assumed to be identical for all age
classes because of limited information on the M values of this stock. To incorporate
gear selectivity into the YPR analyses, the F' value for each age class is multiplied by a
selectivity proportion (S)):

F =Fx§, (4.5)
where S, is the selectivity proportion at age ¢ and F; is the instantaneous rate of fishing
mortality at age ¢. For both sexes, two sets of gear selectivity schemes are presumed and
used in this chapter (Table 4.1). The first set (denoted as Model Scenario 1 or MS1) is
as follows: S1 =0.2 and S, =1 (where t = 2, 3, ..., #,). The second set (denoted as Model
Scenario 2 or MS2) is as follows: S; = 0.1, S, = 0.6, and S, = 1 (where t =3, 4, ..., t)).
The instantaneous rate of total mortality (Z, year ') is calculated as Z = M + F.
Therefore, the instantaneous rate of total mortality at age ¢ (Z,) can be written as

Z, =M+F. (4.6)

Moreover, the rate of exploitation (£) (Quinn & Deriso, 1999) can be expressed as

E=—. (4.7)

where gear selectivity at age is ignored.

In the YPR analyses, the age at recruitment () is defined to be 1 year (i.e., t, = 1).
According to the catch data reported by the ISC (ISC, 2006), the age at first capture (¢.)
is set to equal # (i.e., . = ;). The number of fish at recruitment is defined to be R. Thus,
the number of fish surviving to age ¢ (¢ > ¢;) can be expressed as

N, = Rxe 7, (4.8)
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where Zy = 0. The number of fish that die (caused by both M and F) at each age (D;) is
D, =N, x(1-e ). (4.9)
The number of fish caught (caused by F) at each age (C) is

C, =N, x(1—er)x§. (4.10)

t

Moreover, the yield (in kilograms) at age ¢ (Y;) is expressed as

Y,:Ntx(l—e_z’)xngt, (4.11)

t

where W, is the mean weight (in kilograms) at age ¢ (Table 4.1).
According to the Thompson and Bell model (Thompson & Bell, 1934), the YPR

(Chen & Gordon, 1997; Sun et al., 2002; Chiang et al., 2009) equation can be written as

t
A F _Zt;lozj -

V=2 W™ =) | @12)
t=t, ¢

where the unit for Y/R (YPR) is kilograms per recruit and Z, = 0. In this equation, the
yields from age classes older than #, are assumed to be close to zero and are excluded
when calculating YPR values (Table 4.3). This equation is used to estimate the yields
from a recruit of a stock, and thus, no spawner-recruitment relationship is incorporated
into this equation. Moreover, bootstrap estimates of von Bertalanffy growth parameters
(5 000 sets) and length-weight parameters (50 sets, randomly selected from 5 000 sets)
are used in this model to incorporate the uncertainties of growth and length-weight
parameters into the estimations of Fy; and Fi,.x. Because using different sets of
bootstrap length-weight parameters produces similar Fy; estimates, only 50 sets of
bootstrap length-weight parameters are used. By combining the bootstrap growth (5 000
sets) and length-weight (50 sets) parameters, a total of 250 000 sets of growth and

length-weight parameters are used for the YPR equation for each sex.
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4.2.4 Spawning potential ratios

The SSBPR equation (Gabriel et al., 1989) can be expressed as

2
~Xi0Z;
SS%=Z(P,XW,X€ | ) (4.13)

where  f, is the age at sexual maturity,

P, s the proportion of mature fish at age ¢, and

Zy=0.
According to the results of the maturity-ogive estimation presented in Chapter 3, the
parameters t, and P, (Table 4.1) are set as follows: ¢, = 4 years, P, =0, P,=0, P; =0,
Py=.5and P,=1 (fort=5,6, ..., 1).

Furthermore, the SPR analysis can be used to measure the fishing impact on the

potential productivity of a stock (Goodyear, 1990; Goodyear, 1993). The SPR can be

calculated as

SPR— %ﬂﬁshed ) Bﬁshed’ (4.14)
%ﬂunﬁshed

SSBunﬁshed

where the denominator is the SSBPR without fishing and the numerator is the SSBPR
affected by fishing. In this chapter, the BRPs estimated in the SPR analysis include F5gv,
Fso,, F300, and Fagy, (see Appendix C). As in the method used in the YPR equation,
bootstrap estimates of growth (5 000 sets) and length-weight parameters (50 sets) are
used in the SPR analysis to incorporate the uncertainties of growth and length-weight
parameters into the estimation of Fagy, F2sv, F30%, and Faoy,. The YPR analyses in this
chapter were conducted with MATLAB (version 7.2, MathWorks Inc.;

www.mathworks.com).
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4.3 Results

4.3.1 Natural mortality estimates

As calculated with the three equations (Hoenig’s, Pauly’s, and modified Pauly
equations), females have larger M (in year ') estimates than males (Fig. 4.2). For both
the Pauly equation and the modified Pauly equation, the medians of the M estimates
obtained with bootstrap growth parameters are 0.50 for females and 0.40 for males.
Using Hoenig’s equation, the medians of the M estimates are 0.32 for females and 0.24
for males. Higher M estimates are obtained by Pauly’s equation than by Hoenig’s
equation. For females, the 25th and 75th percentiles of the M estimates obtained by the
modified Pauly equation are 0.47 and 0.53, respectively, and those values for males are

0.38 and 0.42, respectively (Fig. 4.2).

4.3.2 Yield per recruit

At the same values of M and F, the results of the sex-specific YPR analyses indicate
that males exhibit a slightly larger YPR value than females (Fig. 4.3). In addition, using
MS2 produces a larger YPR value compared to using MS1 (Fig. 4.3). At a fixed F value,
for both sexes, the smaller the M value is, the larger the YPR value becomes (Fig. 4.3).
At a fixed M value (M < 0.45), the highest YPR value can be obtained if an appropriate
F value (i.e., Finax) 1s used (Fig. 4.3 and Table 4.4). Using MS1, the Fy; value estimated
by M = 0.3 was 0.32 for females and 0.30 for males (Fig. 4.4 and Table 4.4). At a fixed
M value, females have a larger F; value than males, both by MSI and by MS2 (Fig.
4.5 and Table 4.4). At a larger M value, the YPR analyses using bootstrap growth and
length-weight parameters tend to produce larger Cls of Fy; estimates (Fig. 4.5). A
degree 3 polynomial can be used to express the relationship between the BRP (Fy; or

Fiax) and M. The larger the M value used is, the larger the estimates of Fy; and Fiax
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become (Fig. 4.6 and Table 4.5). According to the YPR values obtained, the optimal age

at first capture appears to be 2 years for both sexes (Fig. 4.7 and 4.8).

4.3.3 Spawning potential ratios

At the same values of M and F, females have a larger SPR value than males (Fig. 4.9
and Table 4.6). In addition, using MS2 produces a larger SPR value (and a larger BRP
value) compared to using MS1 (Fig. 4.9 and Table 4.6). At a larger M value (M > 0.4),
males tend to have BRP (Faov, F2su, F30%, Or Fagy,) estimates close to those of females
(Fig. 4.10 to 4.13 and Table 4.6), indicating that the disparity in fish growth becomes a
less important factor in the estimation of BRPs in the SPR analysis if the M value is
large. Also, the SPR analyses using bootstrap growth and length-weight parameters tend
to produce smaller CIs of BRP (Fagv, Faso, F30%, OF Fagy,) estimates (Fig. 4.10 to 4.13).
A degree 3 polynomial can also be used to express the relationship between the BRP
(F20%, F25%, F30%, or Fagy,) and M (Fig. 4.14 to 4.15 and Table 4.5); the larger the M

value is, the larger the BRPs become.

4.3.4 Rate of exploitation

For females, the £ values calculated by Fy; and F5so, estimates exhibit different trends
as the M value is increased (Fig. 4.16). At a larger M value (M > 0.3), less variation is
found in the E values calculated by Fj; estimates than those calculated by F»se,
estimates (Fig. 4.16). For both MS1 and MS2, the E values calculated by F’s9, estimates
exhibit a clear decreasing trend as the M value is increased (Fig. 4.16). Therefore, if the
M value of this stock is large, using the BRP F; for the fisheries management of this

stock may result in recruitment overfishing (i.e., small spawning stock biomass).
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4.4 Discussion

Using combinations of M and F values, this chapter presents simulations of sex-specific
YPR analyses for North Pacific albacore based on the life-history parameters reported in
Chapters 2 and 3. The results of natural mortality estimation suggest that females tend
to have a larger M value than males. Because of the different growth parameters used,
males and females exhibit different BRP estimates. The results of the YPR analyses
suggest that the BRPs of Fago, Fasu, F30u%, and Fagy, are preferable to the BRP of £y ; for
the fisheries management of this stock if M > 0.3.

This chapter demonstrates that using different methods to estimate M can yield
different results. For both sexes, the M estimates obtained by Pauly’s equation differ
from those obtained by Hoenig’s equation, with differences of at least 1.5 year ' (see
Section 4.3.1). In addition, a change in M (by an increment of 0.1 year ') in the YPR
analyses can produce significantly different BRP estimates (Fig. 4.5 and 4.10 to 4.13).
These findings clearly demonstrate that the uncertainty of M predominates over the
uncertainties of growth and length-weight parameters in the estimation of the BRPs.
Thus, using precise M estimates in the YPR analyses is important for an accurate
estimation of BRPs. In this chapter, an identical M value is used for all age classes in
the YPR analyses regardless of the variation of M among age classes. In addition, the
age of fish at recruitment is set to be 1 year rather than 0" years because the natural
mortality rates of fry and juvenile fish are believed to be much higher than those of
young and adult fish (Beverton & Holt, 1959). Empirical equations are widely used to
estimate the M values of marine fishes as a more convenient way than tagging methods.
On the use of empirical equations, however, Pascual & Iribarne (1993) reported that the
original articles hardly explored the predictive power of empirical equations, and the

prediction error in the M estimates obtained can be large. In this chapter, only the
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uncertainties of growth and length-weight parameters are incorporated into the three
equations to obtain the M estimates of North Pacific albacore. In Pauly’s paper, the
three M values used for albacore are 0.22 (Tauti, 1940), 0.23 (Beardsley, 1971), and
0.20 (Bard, 1974), and the growth parameters used for linear regression are from
Clemens (1961), Beardsley (1971), and Le Gall (1974). The growth parameters of
albacore used in Pauly’s paper substantially differ from the results of the growth
modeling of North Pacific albacore presented in Chapter 2. Therefore, in this chapter, I
use bootstrapping to assess the uncertainty of the parameters of the modified Pauly
equation based on the data reported in Pauly’s paper.

The YPR equation used in this chapter incorporates gear selectivity, and the results
indicate that gear selectivity significantly affects both YPR values and BRP estimates
(Fig. 4.5 and 4.10 to 4.13). The BRPs obtained by MS2 are significantly larger than
those obtained by MS1. Moreover, gear selectivity has a more significant effect on the
estimation of BRPs as the M value is increased (Fig. 4.6 and 4.14 to 4.15). Thus, using
precise estimates of gear selectivity in the YPR analyses is also important for an
accurate estimation of BRPs.

In the YPR analyses, the uncertainty of BRPs relating to growth and length-weight
parameters is assessed with bootstrap estimates of growth and length-weight parameters.
Because parameters are strongly correlated when fitting the growth (or length-weight)
function (see Chapter 2), no growth (or length-weight) parameter can be used in
isolation to determine which parameter has a more significant effect on the estimation
of BRPs. Note that the bootstrap growth and length-weight parameters used in this
chapter cannot include all uncertainty types of the growth modeling of North Pacific
albacore. In this chapter, using bootstrap von Bertalanffy growth parameters is found to

produce more variable BRP estimates compared to using bootstrap length-weight
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parameters. The possible explanations for this effect are that the sample size of the
length-weight data is larger and that the measurement of length-weight data is more
precise. Moreover, smaller CIs of BRP (Fav, Fasw, F30%, Of Fagy) estimates are
obtained as M increases above 0.4, suggesting that the uncertainties of growth and
length-weight parameters become less important for the estimation of the BRPs if the M
value is large. On the contrary, the Cls of F|; estimates obtained by M = 0.5 tend to be
slightly larger than those obtained with a smaller M value. No sensitivity analyses for
the parameters of the maturity ogive are presented in this chapter because most North
Pacific albacore reach sexual maturity within a limited age range, that is, from 4 to 5
years (Fig. 3.7 and Table 2.6). Thus, the bias of BRP estimates caused by the
uncertainty of maturity parameters may be small.

At M = 0.3, the E values obtained by the F|; estimates for females (£ = .52 by
MSI1 and E =.55 by MS2) are slightly larger than 0.5 (Table 4.4). In addition, the £
values obtained by the F»so, estimates for females (£ = .50 by MS1 and E = .54 by MS2)
are close to .5 at M = 0.3 (Table 4.6). In many papers (e.g., Alverson & Pereyra, 1969;
Gulland, 1970; Francis, 1974; Deriso, 1987), fishing mortality at the point of the
maximum sustainable yield has been assumed to equal natural mortality, which seems
to be applicable to North Pacific albacore if this stock’s M value is close to 0.3. At M =
0.5, however, the E values calculated with the F»so, estimates for females range from
approximately .42 to .46. In addition, the Fso, estimates for females obtained at M = 0.5
are 0.36 by MSI1 and 0.43 by MS2, which are clearly smaller than the M value (0.5)
used (Table 4.6). Therefore, if the M value of this stock is higher than 0.3, the use of
Fo, for the fisheries management of this stock may lead to a risk of recruitment
overfishing; other BRPs, for example, F>s, and F3gy, are preferable to F .

According to the YPR values obtained, the optimal 7. value for North Pacific
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albacore appears to be 2 years, despite the small individual value resulting from a small
fish size (Fig. 4.7 and 4.8). Because only age 1 and age 2 fish are incorporated with a
selectivity proportion of less than 1, using either MS1 or MS2, would be expected to
yield similar results for the optimal #. values. According to the catch data reported by
the ISC (ISC, 2006), age 3 fish (Table 4.1) are likely to be fully recruited to fisheries. In
the YPR equation, the optimal 7, estimate is substantially based on the growth rate of
younger fish. The higher growth rate of younger fish would result in a smaller ¢, value
in the YPR equation. In this chapter, age 1 and age 2 North Pacific albacore are
expected to have a larger size than that predicted by Yabuta and Yukinawa’s growth
parameters (see Shomura, 1966; Suda, 1966). Thus, the YPR values estimated in this
chapter will be larger than those estimated using Yabuta and Yukinawa’s parameters.

In conclusion, each estimated BRP (Fo.1, Fiax, F20%, F25%, F30%, Of Fagy,) closely
relates to the M value used, and the relationship between each BRP and M can be
precisely expressed by a degree 3 polynomial. In general, the larger the M value used,
the larger the BRPs obtained. For accurate estimation of BRPs, M values need to be
estimated with precise methodologies. Using an arbitrary, assumed M value in YPR
analyses can cause great uncertainty in BRP estimates. If the M value of North Pacific
albacore is higher than 0.3, I recommend that the BRPs (e.g., F2sy, and Fig,) obtained
by the SPR analysis be used for the fisheries management of this stock rather than the

BRP OfF(),1.
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Chapter 5S—Conclusions and Recommendations

This dissertation presents biological investigations and sex-specific YPR analyses for
North Pacific albacore to bolster efforts to assess and manage this stock. The results of
Chapter 2 suggest that obliquely sectioned sagittal otoliths can be useful material for
age determination in this stock. The annuli identified in sagittae are fall-to-winter
growth marks. The first annulus found in sagittae generally forms when the fish is under
1 year old. Thus, the use of other hard parts (e.g., scales, spines, and vertebrae) for the
age determination of this stock is recommended to assess the age of the first annulus
identified. North Pacific albacore are found to have sex-specific growth functions.
Mature males tend to attain greater size and age than females do; the sexual size
dimorphism between males and females seems to develop after they have reached
sexual maturity.

The results of Chapter 3 indicate that the western Philippine Sea is a spawning
ground for this stock. Males and females are found to have similar maturity ogives; thus,
a sex-pooled maturity ogive can be used for the determination of the spawning stock
size. According to the present results, the potential spawning stock of this stock is made
up of fish longer than 85 cm Lg.

The results of Chapter 4 suggest that females tend to have higher M estimates than
males. Great uncertainty of M estimates can arise from using different methods to
estimate M. According to YPR values, the optimal age at first capture for this stock
tends to be 2 years. In the YPR analyses, the BRP estimates closely relate to the M
value used. Moreover, the uncertainties of M estimates and gear selectivity affect the
estimation of BRPs more significantly than the uncertainties of growth and

length-weight parameters do. Therefore, using precise methodologies to estimate the M
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and gear selectivity of this stock is exceedingly important for accurate BRP estimation.
The BRPs of Fso, and Fig are preferable to the BRP of Fj; for the fisheries
management of North Pacific albacore if this stock’s M value is higher than 0.3.
Because this stock exhibits sex-specific growth, sex-pooled size data provide only
limited information on sex-specific catches and are probably useless for age-structured
stock assessments. Collecting many sex-specific data for this stock, however, may be
difficult because the sex of albacore can rarely be determined by external appearance,
and albacore are commonly sold for canned food as nearly whole fish. Partitioning this
stock into fewer groups (e.g., immature and mature fish) in stock assessment models is
recommended rather than using many age classes. Furthermore, if the sex ratio of age 1
fish is close to 1:1, females are expected to be less abundant in the spawning stock than
males because females tend to have a higher M value and a younger maximum age than
males. I recommend that using females (or the entire spawning stock) as a target for the
fisheries management of this stock. Because some albacore can be found in the
equatorial waters of the Pacific Ocean, the interaction between the North Pacific and
South Pacific albacore stocks is still not clear. Information on the interaction between
these stocks is important for successful stock assessment and fisheries management
efforts of these two stocks. Because of increasing concern regarding the sustainability of
North Pacific albacore, more efforts are needed to construct the sex-specific age

compositions of this stock for the accurate assessment of current stock status.
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Figures

Figure 1.1. Images of albacore (Thunnus alalunga) from the North Pacific Ocean. (a) A
female (91 cm in fork length; 15.7 kg in body weight). (b) A male (104 cm in fork
length; 22.9 kg in body weight).
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Figure 1.3. Annual fisheries production of North Pacific albacore (Thunnus alalunga) by fishing gear during the period of 1952 to 2008. The
catch data used in this figure are from ISC (2010).
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Figure 2.1. Sampling areas for the albacore (Thunnus alalunga) specimens collected in this study from October 2001 to January 2008. The
dotted areas (A1, A3, A4, AS, and A6) indicate the fishing-operation areas for Taiwanese longline vessels. The hatched area (A2) indicates the
fishing-operation area for Japanese pole-and-line vessels. The numbers of fish collected in the six areas are shown below: 136 in Al; 49 in A2;

71 in A3;301in A4; 6 in A5; 1 in A6.
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Figure 2.2. Length-frequency distribution (in 2-cm intervals) of the North Pacific
albacore (Thunnus alalunga) specimens collected for biological investigations in this
study. These specimens were collected from catches of Taiwanese longline vessels and
Japanese pole-and-line vessels operated in the central and western North Pacific Ocean

from 2001 to 2008.
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Figure 2.3. The three pairs of otoliths from a male North Pacific albacore (88 c¢cm in

fork length; 15.3 kg in body weight). L, left otolith; R, right otolith. Scale bar = 1 mm.
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# Sulcus

Figure 2.4. Images of a left sagittal otolith [(a), outer view] and an obliquely sectioned
slice (b) of the otolith from a female North Pacific albacore (101 c¢cm in fork length). The
obliquely sectioned slice is indicated by “— — =" in (a). For comparison, the transversely
sectioned slice is indicated by “=====s in (a). The sample was photographed using a
light microscope with reflected light and a black background. RO, rostrum; P,
primordium; PR, postrostrum. A, the dorsal edge of “— — =" in (a); B, the

bE

posterior-ventral edge of “— — =" in (a). FZ, the first zone composed of relatively
compact micro-increments (i.e., the first annulus); L;, the length from P to the
outer-ventral margin of FZ; L,, the length from the outer-ventral margin of FZ to B. The
solid circles in (b) indicate the annual growth marks (annuli) identified. Scale bar = 1

mim.
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Figure 2.5. An image showing the microstructure of an annulus identified in a sagittal
otolith slice. The image was obtained using a digital camera attached to a light
microscope with transmitted light. The arrowhead indicates the crenulation associated

with the annulus. Scale bar = 0.1 mm.
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Figure 2.6. Frequency distribution (g) of North Pacific albacore (Thunnus alalunga)

with an annulus on the posterior-ventral otolith edge. The number above each bar

indicates the sample size.
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Figure 2.7. Length-frequency distribution of the 55 North Pacific albacore (Thunnus

alalunga) used for the age assessments of first annulus formation in this study.
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Figure 2.8. An image showing the microstructure close to the primordium in an obliquely sectioned sagittal otolith from a female North Pacific
albacore (100 cm in fork length). This otolith slice was photographed using transmitted light. The solid circles indicate some of the

micro-increments identified.
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Figure 2.9. Box plots for two counts of micro-increments from the primordium to the
end of the first annulus in obliquely sectioned sagittal otoliths of 55 North Pacific
albacore (Thunnus alalunga). Whiskers (error bars) in each box plot indicate the 10th

and 90th percentiles.
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Figure 2.10. Images of three obliquely sectioned otolith slices of North Pacific albacore
(Thunnus alalunga). These images were photographed using transmitted light. The size
(in fork length) and gender of the fish are shown below: (a) 50-cm female, (b) 79-cm

male, (c) 100-cm female. Arrowheads indicate the annuli identified. Scale bar = 1 mm.
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Figure 2.11. Box plots for the distributions of fish ages (4r) determined by various
criteria for North Pacific albacore (Thunnus alalunga). The numbers 3, 4, and 5 on the
vertical axis represent the number of identical readings among five age readings, and the
sign 3* denotes three identical readings among six age readings. The number in
parentheses indicates the sample size of the corresponding dataset. Whiskers (error bars)

in each box plot indicate the 10th and 90th percentiles.
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Figure 2.12. The length-frequency distribution of the age-determined North Pacific

albacore (Thunnus alalunga) in this study.
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Figure 2.13. Residual plots for female North Pacific albacore (Thunnus alalunga) at the

fitting of the three growth models (von Bertalanffy, Gompertz, and Richards).
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Figure 2.14. Residual plots for male North Pacific albacore (Thunnus alalunga) at the

fitting of the three growth models (von Bertalanffy, Gompertz, and Richards).
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Figure 2.15. A diagram showing the sex-specific age-length data and von Bertalanffy

growth curves of North Pacific albacore (Thunnus alalunga). The von Bertalanffy
growth parameters estimated for males were L, = 114.0 cm, K = 0.253 year ', and #, =
—1.01 years; the parameters for females were L, = 103.5 cm, K = 0.340 year ', and #, =

—0.53 years.
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Figure 2.16. Results of the bootstrapping (n = 5 000) of age-length data for North
Pacific albacore (Thunnus alalunga) at the fitting of the von Bertalanffy growth model.
Histograms represent the frequency (%) distributions of the bootstrap estimates of

growth parameters (L., K, and fy); scatter plots illustrate correlations between the

parameters.
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Figure 2.17. Results of the bootstrapping (n = 5 000) of age-length data for North
Pacific albacore (Thunnus alalunga) at the fitting of the Gompertz growth model.
Histograms represent the frequency distributions (%) of the bootstrap estimates of

growth parameters (Lg, K>, and #,); scatter plots illustrate correlations between the

parameters.
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Figure 2.18. Results of the bootstrapping (n = 5 000) of female age-length data for

North Pacific albacore (Thunnus alalunga) at the fitting of the Richards growth model.

Histograms represent the frequency (%) distributions of the bootstrap estimates of

growth parameters (Lr, K3, t3, and r); scatter plots illustrate correlations between the

parameters.
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Figure 2.19. Results of the bootstrapping (n = 5 000) of male age-length data for North
Pacific albacore (Thunnus alalunga) at the fitting of the Richards growth model.
Histograms represent the frequency (%) distributions of the bootstrap estimates of
growth parameters (Lr, K3, t3, and r); scatter plots illustrate correlations between the

parameters.
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Figure 2.20. Right otolith weight versus left otolith weight for sagittae from 245 North

Pacific albacore (Thunnus alalunga). The straight line represents y = X.
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Figure 2.21. The relationship between left otolith weight (#,) and fork length (Lr) for

North Pacific albacore (Thunnus alalunga). The curve indicates the regression function

fitted using sex-pooled data.
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Figure 2.22. The relationships between the log-transformed data of the left otolith
weight (Wo, in milligrams) and fish age (4F, in years) for male and female North Pacific
albacore (Thunnus alalunga). For males, the simple linear regression function and the
standard errors (SE) of the bootstrap parameters (n = 5000) were as follows:
In(M,)=a+bxIn(4,), a=2331(SE=0.041), b=0.777 (SE = 0.024), and »* = 91.
For females, the parameters of the regression function were as follows: a = 2.305 (SE =

0.036), b = 0.776 (SE = 0.023), and /* = .91.
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Figure 2.23. The relationships between the log-transformed data of the postrostral
otolith length (Lp, in millimeters) and fish age (4, in years) for male and female North
Pacific albacore (Thunnus alalunga). For males, the simple linear regression function
and the standard errors (SE) of the bootstrap parameters (rn = 5 000) were as follows:
In(L,)=a+bxIn(4;), a=1311 (SE = 0.023), b = 0.264 (SE = 0.013), and »* = .81.
For females, the parameters of the regression function were as follows: a = 1.278 (SE =

0.021), b =0.270 (SE = 0.013), and /* = .78.
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Figure 2.24. The relationship between body weight (W) and fork length (Lr) in North

Pacific albacore (Thunnus alalunga).
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Figure 2.25. Results of bootstrapping (n = 5 000) for the length-weight parameters (a

and b) of North Pacific albacore (Thunnus alalunga) at fitting the power function,

W=a xLFb [where W is the body weight (kg) and Lg is the fork length (cm)], by the

nonlinear least-squares method.
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Figure 2.26. Randomized likelihood ratio tests (open columns, n» = 5000) for
comparing the sex-specific (a) growth and (b) allometric functions of North Pacific
albacore (Thunnus alalunga). The solid curve represents the chi-square distribution with
3 degrees of freedom (df) in (a) and with df = 2 in (b). For both (a) and (b), the dashed
line indicates the y* value calculated by the original data, and the dotted line indicates

the critical value of the randomization test at a 5% level of significance.
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Figure 2.27. Curves for the von Bertalanffy growth parameters reported for North Pacific albacore (Thunnus alalunga). The parameters for

plotting the curves are presented in Table 2.7. The curves for Wetherall et al. (1987) are for the north albacore data in that article.
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Figure 2.28. Curves for the length-weight functions reported for North Pacific albacore

(Thunnus alalunga). The parameters for plotting these curves are presented in Table 2.9.
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Figure 3.1. Spermatogenic cells during spermatogenesis observed in North Pacific
albacore (Thunnus alalunga) testes. Histological sections were stained with Mayer’s
hematoxylin and eosin. (a) Spermatogonium (arrow). (b) Primary spermatocytes (PS);
secondary spermatocytes (SS); spermatogonia (arrows). (c¢) Spermatids (SM);
spermatozoa (SZ). (d) Spermatogenic cells in various stages in the lobule lumen
(spermatogonium, indicated by an arrow). (e) A section of an immature testis (fish size
of 79 cm in fork length) showing no spermatozoa in the LL (testicular wall, indicated by
an arrowhead). (f) A section of a mature testis (fish size of 90 cm in fork length). Scale
bar =10 pum.
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Figure 3.2. Oocytes during oogenesis observed in North Pacific albacore (Thunnus
alalunga) ovaries. Histological sections were stained with Mayer’s hematoxylin and
eosin. (a) Unyolked oocytes. (b) Early yolked oocyte. (¢) Advanced yolked oocyte. (d)
Atretic yolked oocytes (indicated by A). (e) Migratory-nucleus-stage oocyte. (f)
Hydrated oocyte. The arrows indicate examples of yolk granules. n, nucleus; od, oil

droplet. Scale bar = 100 pm.
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Figure 3.3. Newly formed postovulatory follicles observed in a running-ripe ovary of
North Pacific albacore (Thunnus alalunga). Histological sections were stained with
Mayer’s hematoxylin and eosin. Arrowheads [in (a) and (b)] indicate the thecal layer. gl,

granulosa layer; UYO, unyolked oocyte. Scale bar = 100 um.
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Figure 3.4. A microscopic image showing the external appearances of oocytes from
North Pacific albacore (Thunnus alalunga) ovaries. UYO, unyolked oocytes; MNO,
migratory nucleus oocyte; AYO, advanced yolked oocyte; HO, hydrated oocyte; od, oil

droplet. Scale bar = 0.1 mm.

111



40°N

“ h
35°N A
0 _ East 5 PACIFIC OCEAN
SO * China
Sea

25°N ~ L 4 Imminent-spawning or spawned female

AN

‘4
20°N an

% South 2, 4AA philippine Sea
. Akl
15°N - China s . (
Sea Pfﬁm 5 S ,

e %’ c% . 500 km
!(/mv}?\ T - I T T T T T T

110°E 1M15°E 120°E 125°E 130°E 135°E 140°E 145°E 150°E 155°E 160°E

Figure 3.5. The locations of imminent-spawning or spawned female North Pacific
albacore (Thunnus alalunga) that possessed at least one of the following types of
oocytes or oocyte remnants: migratory nucleus oocytes, hydrated oocytes, or

postovulatory follicles.
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Figure 3.6. Histogram plots showing the results of the randomization test (n = 5 000)
for comparing the sex-specific maturity ogives of North Pacific albacore (Thunnus
alalunga). Both in (a) and in (b), the dashed line indicates the critical points at the 5%
level of significance, and the solid line indicates the value of the parameter difference
between males and females, calculated from the original data. The variables D; and D,

are parameter differences (i.e., D, = B, — By and D, = Bz — Biv)-
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Figure 3.7. The estimated length-maturity ogive for North Pacific albacore (Thunnus alalunga) using sex-pooled data. The results of the Hosmer
and Lemeshow goodness-of-fit test were as follows: ¥*(8) = 1.21, p = .99. For comparison, the proportions of mature fish calculated using the
original data divided into 3-cm intervals are shown in solid circles. The number close to each solid circle indicates the sample size. P, proportion

of mature fish; Ly, fork length.
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Figure 4.1. Results of bootstrapping (1 000 replicates) for the parameters of a modified Pauly equation (see also Table 4.2). The modified Pauly
equation is log,,(M)= p,log,,(L,)+ B, log,,(K)+ B;log,,(T), where L, = the asymptotic length in the von Bertalanffy growth model, K = the
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Figure 4.2. Box plots for the natural mortality estimates obtained with the three equations (Hoenig’s, Pauly’s, and modified Pauly equations)
using the bootstrap von Bertalanffy growth parameters (5 000 sets for each sex) presented in Chapter 2. The bootstrap parameters (1 000 sets) of
the modified Pauly equation (MPE) are shown in Fig. 4.1 and Table 4.2. In the natural-mortality estimation, the seawater temperature used in the
Pauly and modified Pauly equations is 17.5 °C; the maximum fish ages used in Hoenig’s equation are estimated with Taylor’s equation (Taylor,

1958). Whiskers (error bars) in each box plot indicate 1.5 times the interquartile range.
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Figure 4.3. Isopleths of the yield-per-recruit values obtained by simulating
combinations of natural and fishing mortality rates for North Pacific albacore (Thunnus
alalunga). (a) Females with Model Scenario 1. (b) Males with Model Scenario 1. (¢)
Females with Model Scenario 2. (d) Males with Model Scenario 2.
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Figure 4.4. Curves for the yield-per-recruit values obtained by simulations using fixed
values (0.2, 0.25, 0.3, 0.35, and 0.4) for the instantaneous rate of natural mortality (M,
year ') for North Pacific albacore (Thunnus alalunga). (a) Female data with Model
Scenario 1. (b) Male data with Model Scenario 1. (¢) Female data with Model Scenario
2. (d) Male data with Model Scenario 2. The Fy.x values estimated are indicated by
filled circles, and the Fj; values estimated are shown by filled triangles.
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Figure 4.5. Box plots for the Fy; values estimated by 5 000 sets of bootstrap von
Bertalanffy growth parameters and 50 sets of bootstrap length-weight parameters in the
yield-per-recruit analyses of North Pacific albacore (Thunnus alalunga). Each dataset
has 250 000 values. Whiskers (error bars) in each box plot indicate the 10th and 90th
percentiles. MS1, Model Scenario 1; MS2, Model Scenario 2.

119



0.9

08 - (@) ¢ Females by MS2
' A Males by MS2
0.7 - * Females by MS1
- x  Males by MS1
T 0.6 -
o
> 0.5
WS 04 -
0.3 1
0.2 -
01 1 1 I I I I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
9
1 ()
¢ Females by MS2
4 4 &  Males by MS2 o x
* Females by MS1 A o x
£ 7 x  Males by MS1 a0,
@ 3 -
()]
a -
iz
IL -
1 -
O “ - I | I | |

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Natural mortality (year'1)

Figure 4.6. Scatter plots for the relationship between the biological reference point (Fy
or Finax) and instantaneous rate of natural mortality (M) for North Pacific albacore
(Thunnus alalunga). The degree 3 polynomials estimated are presented in Table 4.5. (a)

Fo.1; (b) Frax. MS2, Model Scenario 2; MS1, Model Scenario 1.
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Figure 4.7. Isopleths of the yield-per-recruit values obtained by Model Scenario 1 for North Pacific albacore (Thunnus alalunga) for assessing

the optimal age at first capture. M, instantaneous rate of natural mortality (in year ).
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Figure 4.8. Isopleths of the yield-per-recruit values obtained by Model Scenario 2 for North Pacific albacore (Thunnus alalunga) for assessing

the optimal age at first capture. M, instantaneous rate of natural mortality (in year ).
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Figure 4.9. Isopleths of the spawning-potential-ratio values obtained by simulations

with combinations of natural and fishing mortality rates for North Pacific albacore

(Thunnus alalunga). (a) Female data using Model Scenario 1. (b) Male data using

Model Scenario 1. (c) Female data using Model Scenario 2. (d) Male data using Model

Scenario 2.
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Figure 4.10. Box plots for the Fyg values estimated by 5 000 sets of bootstrap von
Bertalanffy growth parameters and 50 sets of bootstrap length-weight parameters in the
analysis of spawning potential ratios for North Pacific albacore (Thunnus alalunga).

Each dataset has 250 000 values. Whiskers (error bars) in each box plot indicate the
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Figure 4.11. Box plots for the F3so, values estimated by 5 000 sets of bootstrap von
Bertalanffy growth parameters and 50 sets of bootstrap length-weight parameters in the
analysis of spawning potential ratios for North Pacific albacore (Thunnus alalunga).
Each dataset has 250 000 values. Whiskers (error bars) in each box plot indicate the
10th and 90th percentiles. MS1, Model Scenario 1; MS2, Model Scenario 2.
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Figure 4.12. Box plots for the F3gy values estimated by 5 000 sets of bootstrap von

Bertalanffy growth parameters and 50 sets of bootstrap length-weight parameters in the

analysis of spawning potential ratios for North Pacific albacore (Thunnus alalunga).

Each dataset has 250 000 values. Whiskers (error bars) in each box plot indicate the

10th and 90th percentiles. MS1, Model Scenario 1; MS2, Model Scenario 2.
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Figure 4.14. Scatter plots for the relationship between the biological reference point
(F20% or Fsy,) and the instantaneous rate of natural mortality (M, ranging between 0.1
and 0.6 with an increment of 0.01) for North Pacific albacore (Thunnus alalunga). The
degree 3 polynomials estimated are presented in Table 4.5. (a) Faow; (b) Fosy,. MS2,
Model Scenario 2; MS1, Model Scenario 1.
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Figure 4.15. Scatter plots for the relationship between the biological reference point
(F309 or Fa00,) and the instantaneous rate of natural mortality (M, ranging between 0.1
and 0.6 with an increment of 0.01) for North Pacific albacore (Thunnus alalunga). The
degree 3 polynomials estimated are presented in Table 4.5. (a) F3ou; (b) Faoy. MS2,
Model Scenario 2; MS1, Model Scenario 1.
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Tables

Table 2.1. Size information for the albacore (Thunnus alalunga) specimens used in this study by year and sex.

Year Sex Lr (cm) ; W(kg ) .
Mean (SD) Median ~ Min Max Mean (SD) Median ~ Min Max
2001 F 15 86.0 (4.2) 86.0 79 94 14.3 (1.9) 14.8 11.0 18.8
M 18 87.2(5.4) 87.5 78 96 14.8 (2.5) 15.4 10.8 19.8
2002 F 26 81.7 (8.8) 80.0 67 100 12.4 (3.9) 11.4 7.5 23.0
M 53 92.8 (12.3) 98.0 72 118 18.1 (6.6) 20.8 8.2 32.2
5003 F 21 92.7(3.3) 92.0 88 99 16.5(1.9) 16.4 13.4 20.8
M 17 96.7 (5.7) 96.0 89 109 18.5(3.4) 18.5 14.8 26.8
004 F 17 93.6 (3.9) 94.0 85 101 17.9 (1.9) 17.9 13.4 20.6
M 13 97.5(7.3) 98.0 87 111 20.1 (4.3) 20.4 13.8 28.2
2005 F 26 94.1 (3.3) 94.5 89 101 18.3 (2.0) 18.6 15.1 22.6
M 14 99.2 (5.8) 98.5 90 111 209 (3.95) 20.4 15.7 28.9
2006 F 15 58.6 (13.3) 50.0 46 88 4.9 (3.5) 2.8 2.0 14.9
M 28 69.8 (25.0) 66.0 45 114 9.9 (10.6) 6.1 2.0 33.1
Dec. 2007— F 13 60.5 (6.0) 61.0 54 73 4.3 (1.3) 4.4 2.9 6.7
Jan. 2008 M 17 62.5(5.9) 63.0 53 74 4.7 (1.3) 4.9 2.6 7.7

Note. F = female; M = male; n = sample size; Ly = fork length; SD = standard deviation; Min = minimum; Max = maximum; W = body

weight.

131



Table 2.2 Size information for North Pacific albacore (Thunnus alalunga) specimens by area, fishing gear, and sex. These specimens
were collected from the central and western North Pacific Ocean from 2001 to 2008 (See also Fig. 2.1 for fishing-operation areas).

Fishing Lr (cm) W (kg)
Area Sex n
gear Mean (SD) Median Min Max Mean (SD) Median Min  Max
F 74 93.0 (3.9) 93.0 84 101 17.3 (2.4) 17.5 11.7 230
Al LL
M 62 95.5(7.9) 97.0 76 111 18.8 (4.3) 19.0 11.0 289
F 21 55.7(7.9) 54.0 46 73 3.5(1.4) 2.9 2.0 6.7
A2 PL
M 28 56.4(9.1) 555 45 74 3.8(1.6) 3.4 2.0 7.7
F 27 80.9 (9.3) 83.0 59 o 12.1 (4.0) 12.9 43  20.0
A3 LL
M 44 83.8 (12.7) 82.5 58 111 13.6 (6.6) 11.9 39 314
F 11 75.2 (4.8) 75.0 67 83 9.9 (1.7) 9.6 7.5 135
A4 LL
M 19 96.3 (11.1) 100.0 k) 106 19.9 (5.4) 21.5 82 249
F _ _ _ _ _ _ _ _ _
AS LL
M 6 111.8 (2.1) 112.0 109 114 29.1 (2.0) 28.4 27.7  33.1
F _ _ _ _ _ _ _ _ _
A6 LL
M 1 118.0 — — — 322 — — -

Note. LL = longline; PL = pole and line; F = female; M = male; n = sample size; Lr = fork length; SD = standard deviation; Min =

minimum; Max = maximum; W = body weight.
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Table 2.3. Age-length data of the North Pacific albacore (Thunnus alalunga)
specimens determined by examining annuli in obliquely sectioned sagittal otoliths.

Age class S Ly (cm)
ex n
(years) Mean (SE) Median Min  Max
F 14 52.3(1.4) 52.0 46 63
1.25-1.75
M 21 54.7 (1.6) 54.0 45 64
F 8 65.0 (1.6) 64.5 59 73
2.25-2.75
M 67.2 (2.0) 66.5 61 74
F 15 75.7 (1.3) 75.0 67 84
3.25-3.75
M 20 76.4 (1.4) 77.0 66 91
F 26 85.9 (1.0) 87.5 73 91
4.25-4.75
M 21 83.7(1.2) 83.0 72 93
F 23 90.6 (1.1) 92.0 73 96
5.25-5.75
M 25 91.6 (1.0) 92.0 80 101
F 19 92.2(0.9) 92.0 83 99
6.25-6.75
M 12 98.6 (1.1) 98.5 92 104
F 14 95.7 (0.5) 95.5 92 99
7.25-7.75
M 15 101.1 (0.9) 101.0 95 107
F 3 99.3 (0.9) 99.0 98 101
8.25-8.75
M 4 103.0 (1.7) 104.0 98 106
F 3 99.0 (1.5) 100.0 96 101
9.25-9.75
M 6 103.5 (0.8) 104.0 100 106
F 1 100.0 (-) - - —
10.25-10.75
M 10 107.8 (1.7) 109.0 99 114
F — — — — —
11.25-11.75
M 5 108.2 (1.7) 111.0 103 111
F — — — — —
12.25-12.75
M _ — — — —
F — — — — —
13.25-13.75
M 2 114.0 (4.0) 114.0 110 118
F — — — — —
14.25-14.75
1 106.0 (-) — - _

Note. F = female; M = male; n = sample size; Ly = fork length; SE = standard error

of the mean; Min = minimum length; Max = maximum length.
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Table 2.4. Results for the goodness-of-fit and AICc values of growth models for
North Pacific albacore (Thunnus alalunga).

Model Sex R? F-test for lack of fit AlCc A,
F .92 F(15,108)=1.17, p = .31. 368.3 4.1
von Bertalanffy
M .93 F(19,126)=1.37,p=.15. 472.8 0
F .92 F(15,108)=0.94, p = .52. 364.8 0.6
Gompertz
M .92 F(19, 126)=1.42, p=.13. 473.8 1
F .92 F(14,108)=0.82, p = .65. 364.2 0
Richards
M 93 F(18,126)=1.44,p = .12. 474.9 2.1

Note. R* = coefficient of determination; AICc = the small-sample bias-corrected form of
the Akaike information criterion (AIC); A,= AICc; — AICcmin, Where AICcu, is the

minimum value of AICc values within each sex.
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Table 2.5. Estimated growth parameters of the three growth models (ordinary von

Bertalanffy, Gompertz, and Richards) for North Pacific albacore (Thunnus alalunga).

The standard error (SE) and confidence intervals (CIs) of each parameter were

obtained by bootstrapping (5 000 replicates).

Parameter 95% Cls
Model Sex Parameter )
estimate (SE) [2.5%, 97.5%]
F L., (cm) 103.540 (1.308) [101.109, 106.230]
K(year_') 0.340 (0.022) [0.298, 0.384]
von to (years) —0.531 (0.115) [-0.787,-0.331]
Bertalanffy M L, (cm) 113.997 (1.820) [110.773, 117.871]
K(year_') 0.253 (0.017) [0.218, 0.287]
to (years) —1.014 (0.159) [-1.374, -0.752]
F Lg (cm) 101.041 (0.991) [99.107, 102.950]
K> (year_l) 0.453 (0.024) [0.406, 0.501]
1, (years) 0.624 (0.060) [0.478, 0.724]
Gompertz
M Lg (cm) 111.417 (1.461) [108.904, 114.745]
K (year_l) 0.336 (0.020) [0.296, 0.374]
1, (years) 0.543 (0.089) [0.339, 0.694]
F Ly (cm) 97.933 (1.592) [95.168, 101.604]
K; (year_l) 0.730 (0.279) [0.405, 1.345]
13 (years) 2.009 (0.693) [0.297, 3.112]
) r 2.317 (2.009) [-0.278, 6.809]
Richards
M Ly (cm) 114.386 (11.050) [108.090, 135.608]
K5 (Yearfl) 0.243 (0.119) [0.066, 0.509]
13 (years) —1.254 (56.262) [-16.345, 2.268]

r

~1.116 (1.408)

[-3.271, 2.040]

Note. F = female; M = male.
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Table 2.6. Predicted mean values for the fork length (Ly) and body weight () of North Pacific albacore (1- to 10-year-old fish; at the
beginning of May) based on the growth and length-weight parameters obtained in this study. The three growth models used were the ordinary
von Bertalanffy, Gompertz, and Richards models. The growth parameters used for the predictions are presented in Table 2.5. Only the
rounded-off data for Ly (cm) and W (kg) are presented.

Growth
von Bertalanftfy Gompertz Richards
model
Age Female Male Female Male Female Male
(years) Ly w Ly w Ly w Ly w Ly w Ly w
1 42 1.7 45 2.1 43 1D 47 24 46 22 45 2.1
2 60 4.7 61 4.9 59 4 46 60 49 58 4.4 61 5.0
3 72 8.2 73 8.4 Y2 | Sl 72 8.1 71 7.7 73 8.4
4 81 11.6 82 119 81 11.6 81 11.7 81 11.6 82 11.9
5 88 145 89 152 88 14.7 89 152 89 149 89 15.1
6 92 16.8 95 18.1 93 17.0 95 183 93 172 95 18.1
7 96 18.6 99  20.6 96 18.6 99 209 95 18.6 99 20.6
8 98 19.9 102 228 98 19.8 103 23.0 97 193 102 22.7
9 99 209 105 245 99 205 105 24.6 97 19.7 105 24.5
10 101 21.7 107 259 100 21.0 107 259 98 19.8 107 25.9
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Table 2.7. A list of previous studies that reported von Bertalanffy growth parameters

for North Pacific albacore (Thunnus alalunga).

, Size range L, K L
Reference Material .
(cm) (cm) (year )  (years)
Uno (1936) Vertebrae 69-90* 688  104.8 0.431 1.504
Nose et al. (1957)" Scales 83102 44 1144 0.308 0.818
Nose et al. (1957)°  Scales 57-97* 48 1453  0.159  —0.056
Otsu (1960)° Tagging data 60-91" 12 1188 0.250 1.999
Clemens (1961) Tagging data 54-77" 21  135.6 0.17 —1.87
Bell (1962) Scales 51-94* 324  108.8 0.225 —2.273
Yabuta & ¥
. . Scales 48-95' — 1463 0.150 —0.396
Yukinawa (1963)
Yang (1970) Scales - 74  126.0 0.240 —
Wetherall et al. )
d Otoliths 30-90 98  94.1 0.61 0.21
(1987)
Wetherall et al. .
d Tagging data - 257 136.0 0.18 -0.7
(1987)
Wetherall et al. )
. Otoliths 36-93 127  136.7 0.28 —-0.12
(1987)
Wetherall et al. )
. Tagging data - 264 1229 0.27 —0.37
(1987)
Present study )
; Otoliths 45-101 126 103.5 0.340 —-0.53
(females)
Present study )
Otoliths 46-118 148 114.0 0.253 —-1.01

(males)"

“Parameters calculated by Shomura (1966) using 1952—1953 samples.
®Parameters calculated by Shomura (1966) using 1953—1954 samples.
‘Parameters calculated by Shomura (1966).

%For north albacore in the authors’ paper.

°For south albacore in the authors’ paper.

"The first annulus adjusted to represent 0.75 years.

"Mean observed lengths.

"Lengths at release.

"Size at the time of ring formation.
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Table 2.8. A list of previous studies that reported von Bertalanffy growth parameters for albacore (Thunnus alalunga).

Reference Area Material Agerange L. (cm) K (year") ¢ (years)
Yang (1970) North Atlantic Scales 1-7 135.0 0.190 0.15°
Beardsley (1971) North Atlantic Length data 1-10 140.0 0.141 —1.63
Bard & Compean-Jimenez (1980) North Atlantic Spines 1-5 124.7 0.228 —-0.99
Huang et al. (1990) Indian Ocean Scales 1-8 128.1 0.162 —0.90
Lee & Liu (1992) Indian Ocean Vertebrae 1-10 163.7 0.102 —2.07
Lee & Yeh (1993) South Atlantic Spines 2-13 142.3 0.145 -0.67
Chang et al. (1993) Indian Ocean Length data 1-12 147.2 0.133 —
Labelle et al. (1993) South Pacific Vertebrae 2-11 121.0 0.134 -1.92
Ortiz de Zarate & C-Parrack (1996) North Atlantic Tagging data 0'-5 108.2 0.306 -1.25
Megalofonou (2000) Mediterranean Spines 1-9 94.7 0.258 -1.35
Santiago & Arrizabalaga (2005) North Atlantic Spines & tagging data 1-9 122.2 0.209 —1.34
Shih (2008) Indian Ocean Length data 1-9 144.0 0.157 —
Present study (females) North Pacific Otoliths 1-10 103.5 0.340 —0.53
Present study (males) North Pacific Otoliths 1-14 114.0 0.253 —1.01

Note. "Parameter calculated by the mean-length-at-age data reported in the author’s paper.
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Table 2.9. Parameters of the length-weight functions reported for North Pacific albacore (Thunnus alalunga). Other than Uchiyama &
Kazama (2003), the length (Lg)-weight () relationships presented are expressed as a power function (i.e., W =axLe").

Study North Pacific Size range (cm) n a b

Partlo (1955a) Eastern 50-85 - 1.225%107° 3.13
Clemens (1961)* Eastern 38-100 1073 4.936x107" 2.99

Suda & Warashina (1961)° Western - —~ 8x107° 3.2

Suda & Warashina (1961)° Western - - 8.2x107° 3.2

Suda & Warashina (1961)* Western - — 9.35x10°° 3.2
Nakamura & Uchiyama (1966) Central 50-128 200 2.596x107° 2.9495

Lee et al. (1978) Western 45-85 344 1.781x107 3.053
Uchiyama & Kazama (2003)° Central & Eastern 56-127 143 W =6.164—0.324Lr +0.006 L' **
Present study Western & Central 45-118 293 2.964x107 2.928

Note. Ly = fork length (cm); W = body weight (kg).

*Lr (mm) and W (Ibs).

®Parameters calculated for January and February samples.
‘Parameters calculated for April samples.

parameters calculated for June samples.

‘Fitted by a degree 2 polynomial.
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Table 2.10. The maximum age estimates reported for Thunnus species based on

analyses of sagittal otolith annuli.

Maximum age

Species Reference estimate (years)
T. alalunga (Bonnaterre) This study 14
T. obesus (Lowe) Farley et al. (2006) 16
T. tonggol (Bleeker) Griffiths et al. (2010) 18
T. orientalis (Temminck & Schlegel) Shimose et al. (2009) 26
T. thynnus (Linnaeus) Secor et al. (2009) 33
T. maccoyii (Castelnau) Gunn et al. (2008) 41
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Table 3.1. Examination of a sex ratio of 1:1 for each length class of the North Pacific albacore (Thunnus

alalunga) specimens collected in this study using the normal approximation to the binomial test.

Fork length Percent . .
(cm) Total Females Males (females/total) Binomial test (2)
<81 96 41 55 42.7 —1.43
81-85 24 12 12 50.0 0
8690 34 21 3 61.8 1.37
91-95 56 40 16 71.4 3.21%*
96-100 41 17 24 41.5 —-1.09
> 100 42 2 40 4.8 —5.86%**

Note. ¥*p < .01. ***p < .001.
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Table 4.1. Data used in the sex-specific yield-per-recruit analyses for North
Pacific albacore (Thunnus alalunga). Predicted mean fork length (Lr) and weight
(W) are based on the von Bertalanffy and length-weight parameters presented in
Chapter 2, and only the rounded-off data for Ly and W are presented.

Age Female Male S P
(years) Lp(cm) W (kg) Ly (cm) W (kg) MS1  MS2
1.5 52 3.1 54 3.4 2 .1 0
2.5 67 6.5 67 6.6 1 .6 0
3.5 77 10.0 78 10.1 1 1 0
4.5 85 13.1 86 13.5 1 1 5
5.5 90 15.7 ap 16.7 1 1 1
6.5 94 17.8 97 19.4 1 1 1
7.5 97 19.3 101 21.8 1 1 1
8.5 99 20.5 104 3.7 1 1 1
9.5 100 213 106 25.2 1 1 1
10.5 101 21.9 108 26.5 1 1 1
11.5 102 22.4 109 2458 1 1 1
12.5 102 22.7 110 28.3 1 1 1
13.5 103 23.0 111 29.0 1 1 1
14.5 - - 112 29.5 1 1 1
15.5 - - 112 29.8 1 1 1
16.5 - - 113 30.1 1 1 1
17.5 - - 113 30.4 1 1 1

Note. S = selectivity probability for fishing mortality; MS1 = Model Scenario 1;
MS2 = Model Scenario 2; P = the proportion of mature fish.
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Table 4.2. Parameter estimates for the Pauly equation (Pauly, 1980) and a modified Pauly equation.

Regression equation [log, (M) = B, + B, log, (L) + B,10og,,(K) + B;log,,(T)]

Model
Bo B iz B3 R
Pauly’s equation —0.0066 (5279 0.6543 0.4634 72
A modified 0 —0.2802 0.6553 0.4597 72
Pauly equation® (SE =0.0525) (SE =0.0626) (SE =0.0536)

Note. L., = the asymptotic length of the von Bertalanffy growth model; K = the growth coefficient of the von Bertalanffy
growth model; 7 = seawater temperature (°C); R* = multiple coefficient of determination; SE = standard error of
measurement (obtained by bootstrapping with 1 000 replicates).

“Parameter estimates obtained in this chapter based on the data reported in Pauly’s paper (Pauly, 1980).
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Table 4.3. A summary of the formulae used in the yield-per-recruit equation. The number of fish at recruitment is R
(for 1-year-old fish).

Age class Number of fish (R)) Number of fish caught by fishing Survival
- F
1 R]:R RX(I—ezl)X—l Rxe—Zl
Zl
-Z -Z 4 F2
2 R,=Rxe” (R e )xfl —e 2)><Z— Rxed xe 2
2
-z -Z -Z ~Z, —Z3 Fé — - —
3 R,=Rxe " xe™ (Rxe ' xe?)x(l—-e 7 )x— Rxe? xe? xet
3
:AZ_ZIZ_ 7%"2/ ¥ P
) R[ =Rxe ™ ! (R g, /4 ) X (1 —e ) X b not calculated

128

Note. t) = maximum fish age (years); R, (¢t =1, 2, 3, ..., t,) = the number of fish at age #; F;, (¢t =1, 2, 3, ..., ) = the
instantaneous rate of fishing mortality at age t; Z; (1 =1, 2, 3, ..., ) = the instantaneous rate of total mortality at age ¢
(Z, = F; + M, where M is the instantaneous rate of total mortality for all age classes); Z; (j =0, 1, 2, 3, ..., i—1) = the
instantaneous rate of total mortality at age j (Zp = 0).
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Table 4.4. The biological reference points (Fnax and Fj ;) estimated in the sex-specific yield-per-recruit analyses for North Pacific albacore

(Thunnus alalunga). The number in parentheses is the corresponding yield-per-recruit value (kg).

Reference Model Natural mortality (year ')
point ) Sex
(year™) Scenario 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

F 045(53) 0.58(4.6) 0.75(4.1) 096(3.7) 124(3.4) 1.61(32) 2.08(3.0) 2.62(2.9)

M 040(5.5) 0.54(48) 0.73(43) 099(3.9) 137(3.6) 193(33) 265(32) 3.51(3.0)

e F 054(56) 072(48) 095(43) 12539 16935 232(33) 3.26(3.1) *
’ M 048(5.8) 0.66(5.0) 091(44) 128(40) 186(3.6) 2.88(3.4) * *

F 024(49) 028(43) 032(3.7) 037(33) 043(3.1) 048(28) 0.55(2.6) 0.61(2.4)

1 M 021(5.1) 025(44) 030(3.8) 03534) 041(3.1) 04729 05427 0.61(2.5)

o , F 026(51) 031(44) 03638 041(34) 048(3.1) 055(28 0.62(2.6) 0.70(2.4)

M 023(53) 02745 03339 03935 045@3.1) 0.52(28) 0.60(2.6) 0.68(2.4)

Note. F = female; M = male. *F . > 4.
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Table 4.5. The degree 3 polynomials obtained for the relationship between the

biological reference point (Fo.1, Fiax, F20%, F25%, F30%, OF Fag,) and instantaneous rate

of natural mortality (x, in year ') for North Pacific albacore (Thunnus alalunga).

Reference The degree 3 polynomial estimated
point MS  Sex ax’ +bx’ +cx+d, »  Datarange
(yearfl) (al; b ¢y dl) [¥i0- Xup]

oF (~0.639; 1.656; 0.113; 0.155)  .999  [0.1, 0.6]

. M (—0.176; 1.186; 0.324; 0.099) 999  [0.1, 0.6]
, F (~0.165; 1.370; 0.285; 0.154) 999  [0.1, 0.6]

M (-0.369; 1.593; 0.270; 0.112)  .999  [0.1, 0.6]

F (14.841; —2.563; 1.400; 0.152) 999  [0.1, 0.6]

. Y (36.401; —15.251; 3.881;-0.053)  .999 [0.1,0.57]
, F (58.643; —31.871; 8.368;-0.303)  .999 [0.1,0.53]

M (110.586;-65.077; 15.077; —0.786) 998 [0.1, 0.48]

oF (—0.180; 0.064; 0.387; 0.244) 997  [0.1, 0.6]

M (=0.355; 0.122; 0.494; 0.186) 998  [0.1, 0.6]

Fao , F (=0.217; 0.108; 0.484; 0.268) 998  [0.1, 0.6]
M (—0.316; 0.066; 0.644; 0.195) 998  [0.1, 0.6]

oF (—0.301; 0.254; 0.252;0.212) 996  [0.1, 0.6]

- M (=0.241; 0.061; 0.428; 0.154) 997  [0.1, 0.6]
, F (~0.519; 0.464; 0.288; 0.234) 997  [0.1, 0.6]

M (-0.393; 0.206; 0.494; 0.165)  .998  [0.1, 0.6]

F (—0.163; 0.096; 0.263; 0.176) 994  [0.1, 0.6]

. Yom (-0.219; 0.103; 0.341; 0.133)  .996  [0.1, 0.6]
, F (-0.253; 0.246;0.273; 0.197) 996  [0.1, 0.6]

M (0.339; 0.220; 0.399; 0.140)  .997  [0.1, 0.6]

oF (—0.001; —0.040; 0.231; 0.126) 990  [0.1, 0.6]

M (-0.227; 0.143; 0.235; 0.098) 993 [0.1, 0.6]

Faor , F (-0.296; 0.311; 0.158; 0.149) 994  [0.1, 0.6]
M (—0.523; 0.462; 0.197; 0.109) 996  [0.1, 0.6]

Note. MS = Model Scenario; a;, by, ¢, and d; = the parameters for a degree 3

polynomial; R* = multiple coefficient of determination; x;, = the lower limit of x; Xup =

the upper limit of x.
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Table 4.6. The biological reference points (Fav, Fasu, F30%, and Fagy,) estimated in

the analyses of spawning potential ratios for North Pacific albacore (Thunnus

alalunga).
Re}fzri:[lce Mode.I . Natural mortality (year ')
(year ) Scenario 02 025 03 035 04 045 05 055
F 032 034 036 038 040 042 043 045
1 M 029 031 034 036 038 040 042 044
Fam F 037 039 042 044 047 049 051 0.53
? M 032 036 039 042 044 047 049 0.52
F 027 029 030 032 034 035 036 0.38
! M 024 026 028 030 032 034 035 037
Fos F 031 033 035 037 039 041 043 045
? M 027 030 032 035 037 039 041 043
F 023 025 026 027 029 030 031 0.32
1 M 020 022 024 026 027 029 030 032
Fao F 026 028 030 031 033 035 036 038
? M 023 025 027 029 031 033 035 037
F 017 0.18 0.19 020 021 022 023 024
1 M 015 0.16 0.18 0.19 020 021 022 023
Haon F 019 020 022 023 024 026 027 0.28
? M 0.16 0.18 020 021 023 024 026 0.27

Note. F = female; M = male.

147



Appendix A

This appendix presents the bootstrapping procedure used in the construction of
bias-corrected and accelerated (BCa) confidence intervals (Cls) of a parameter estimate
in Chapter 2. The equations presented below are based on the book An Introduction to
the Bootstrap (Efron & Tibshirani, 1993). In computing the BCa Cls of a parameter

estimate, the bias correction z, can be obtained from the proportion of bootstrap

replicates (B) that are less than the original estimate 0 as follows:

. _q){#ié*(byé%}

o B
where ®7'(-) is the inverse function for a standard normal cumulative distribution

function. The acceleration (a) can be obtained by jackknifing as shown below:
oy
320
6 IZ ( Oy = ]))zj

, 1s the jth jackknife replication of 0;

where 49( ;

0 is an estimator of the sample, that is, 0= s(x);

X is the original sample without the jth point x;;

)

let 6, =s(x,,); andwedefine 4, =3 4

) y/n

J
The BCa Cls that cover 1—2a (the coverage probability) can be calculated as
BCa : (6,8, ) 0" 6"

lo®> Zup
where 6°@ isthe 100-ath percentile of B bootstrap replicates,
s 4 @ = 4 -
~ Z,t+Z —~ Z,t+Zz
a =0z, + —2 , and @,=0|z,+— — |
1-alz, +2) 1-alz, +20)
0 0

In the above variables (a; and @), ®7'(-) is the standard normal cumulative

distribution function, and z'*’ is the 100-ath percentile point of a standard normal

distribution (e.g., z'"*’=1.645).
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Appendix B

This appendix presents the maximum likelihood method for the logistic regression
(Kutner et al., 2004) used in Chapter 3. The binomially distributed maturity data are of
the form:

Yi~B(, P), fori=1,...,n.

The logistic function is

B ={l+expl=(4,+ X))
The logit function is

logit(P) =In[P /(1- P)]= B, + B.X..

The maximum likelihood estimates, ﬁ , maximize the log-likelihood:

n

> Wn(R)+(1-Y)In(1-P)},
where
eXp(ﬁo + ﬂlXi)
1+exp(B, + BX,)

Moreover, the log-likelihood function can be rewritten as

P ={l+exp- (5 + BX)] " =

L(B) =2 1(,+ X))~ ll+explB, + X,

To find the critical points of the log-likelihood function, we can let the first derivative

with respect to each £ equal zero. We then have

0
P

OL(B) _ < _ ! 9
op, - ;{KXI 1+ eXp(ﬂo + ﬂ]Xi) Py [1 " eXp(ﬂo Ak, )]}

Accordingly, it can be expressed that

(ﬂ0+ﬂ1Xi):Xi and

OL(B) < B 1 y xi
P, _;{YIXI 1+CXp(,BO+ﬂ1Xi) eXp(ﬂo+ﬂ1Xi) ﬁﬂk(ﬁo—i_ﬁlXi)}'

Moreover, the general form of the second partial derivatives can be written as
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azL(ﬂ) = 05 YX —-PX.
aﬂkéﬂk' aﬂk' Z:I 1 1 1 1
= g - b X,
op, I
_ —iXA 0 ( eXp(ﬂo +ﬂ1Xi) ]
el op. \ 1+ exp(,BO + IBIXi)

=YX, -R-(-P)-X,}

After verifying that the second partial derivatives are negative, we can use the
Newton-Raphson method to solve the nonlinear equation. To solve forx, it can be

written that

_ S (%) .
")

In applying this method to the above formula in logistic regression, let #” represent the

vector of the initial approximations of each A, ; then, the first step of the
Newton-Raphson method can be expressed as

BY = pO 4 [_ L"(ﬂ(o))r < L'(BY).
Using matrix multiplication, it can be further written as

ﬂ(l) A ﬂ(o) . [XTWXII 'XT X(Yl _R),

where
1 X
P 1 X,
I X,

and W is a square matrix of order n, with elements P x(1—PF) on the diagonal and

zeros everywhere else.
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Appendix C

List of Abbreviations
AIC Akaike information criterion
AICc¢  The small-sample bias-corrected of the Akaike information criterion
BCa Bias-corrected and accelerated
BRP Biological reference point
CI Confidence interval
ISC The International Scientific Committee for Tuna and Tuna-like Species in the
North Pacific Ocean
MS1 Model Scenario 1 (denote a set of gear selectivity)
MS2 Model Scenario 2 (denote a set of gear selectivity)
SPR Spawning potential ratio
SSBPR Spawning stock biomass per recruit
VBGM Von Bertalanffy growth model

YPR Yield per recruit
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List of Symbols

a A parameter of a power function for expressing length-weight relationship
a A parameter of a degree 3 polynomial (a,x’ +bx* +cx+d,)

a; A parameter of an exponential growth function (W, = a, x et

Ap Fish age (measured in years)

b The exponent of a power function for expressing length-weight relationship
b, A parameter of a degree 3 polynomial (a,x’ +bx* +cx +d,)

b, A parameter of an exponential growth function (W, = a, x €"*')

c1 A parameter of a degree 3 polynomial (a,x’ +bx’ +cx+d,)

d, A parameter of a degree 3 polynomial (a,x’ +bx* +cx +d,)

G The catch (kg) of fish at age ¢ from a recruit in yield-per-recruit analysis

df Degrees of freedom

D, The number of fish that die (by both M and F) at age ¢

E Rate of exploitation (i.e., E = F/Z); exploitation fraction

F Instantaneous rate of fishing mortality (year ')

Fo. The instantaneous rate of fishing mortality (year ') corresponding to the point

on a yield-per-recruit curve where the slope is 10% of that at the origin

Fyo, The instantaneous rate of fishing mortality (year ') to theoretically maintain a
20% of spawning stock biomass from a recruit in the analysis of spawning
potential ratios

Fs0, The instantaneous rate of fishing mortality (year ') to theoretically maintain a

25% of spawning stock biomass from a recruit in the analysis of spawning
potential ratios
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F3y9,

Fio,

Fmax

F,

Iz

L,

L,

Ly

Lg

Ly

Ly

L,

The instantaneous rate of fishing mortality (year ') to theoretically maintain a
30% of spawning stock biomass from a recruit in the analysis of spawning
potential ratios

The instantaneous rate of fishing mortality (year ') to theoretically maintain a
40% of spawning stock biomass from a recruit in the analysis of spawning
potential ratios

The instantaneous rate of fishing mortality (year ') corresponding to the point
on a yield-per-recruit curve where the maximum yield-per-recruit value is

obtained

The instantancous rate of fishing mortality (year ') for fish at age ¢
(incorporate gear selectivity)

Index of the average percent error
The number of parameters for the growth model for calculating AICc
A parameter of the von Bertalanffy growth model (a growth coefficient)

A parameter of the Gomperz model (the instantaneous rate of growth at age
12)

A parameter of the Richards model

The length (mm) from the primordium to the outer-ventral margin of the first
annulus (for measuring Lp)

The length (mm) from the outer-ventral margin of the first annulus to the
posterior-ventral otolith edge (for measuring Lp)

A parameter of the von Bertalanffy growth model (an asymptotic mean length
theoretically)

Fork length (cm)
A parameter of the Gompertz growth model

The length (mm) calculated from the primordium to the posterior-ventral
otolith edge

A parameter of the Richards growth model
The fork length for fish at age ¢

The number of age classes in the F-test for lack of fit
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SD

SE

SSCOI’I

SSerr

SS lof

Instantaneous rate of natural mortality (year ')

Number of samples

Total number of samples

The number of fish at age ¢ from a recruit in yield-per-recruit analysis
The p value for a statistical test

The number of parameters fitted by regression in the F-test for lack of fit
Proportion of mature fish

The proportion of mature fish at age i

The proportion of the von Bertalanffy growth parameter L., for calculating ¢,
A parameter of the Richard model

Coefficient of determination for simple linear regression

The number of fish at recruitment in yield-per-recruit analysis
Coefficient of determination; multiple coefficient of determination

The number of age readings in calculating the /5 value

Coefficient of determination for logistic regression in SAS (Equation 3.4)

Coefficient of determination for logistic regression in SAS (Equation 3.5)

Standard deviation
Standard error of measurement; standard error of the mean

Total sum of squares obtained by fitting a growth model using the
hypothesized constraints of parameters

Residual sum of squares

Sum of squared residuals caused by lack of fit
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SSpur Sum of squared residuals caused by pure error

SSsep Total sum of squares obtained from fitting the growth model by setting all
parameters different between sexes

SSiot Total sum of squares

S; The selectivity proportion at age ¢

t The fish age (in years) or the statistic for #-test

t A parameter of the von Bertalanffy growth model (the age at zero fish length)

t A parameter of the Gompertz model

t A parameter of the Richards model

t. The fish age at first capture (here ¢, = t;)

t The fish age at recruitment in yield-per-recruit analysis (here ¢ = )

t. Maximum fish age

T The sea water temperature (°C) used in Pauly’s equation

w Body weight (kg); body mass

Wo Left otolith weight (mg); left otolith mass

W, The mean body weight (kg) of fish at age ¢ calculated by growth and
length-weight parameters

Xij The ith age estimate of the jth fish in calculating /

X; The mean age estimate calculated for the jth fish

VA Instantaneous rate of total mortality (year '); that is, Z=F + M

A The instantaneous rate of total mortality (year ') for fish at age ¢

(incorporating gear selectivity)

Po A parameter of a logistic function; a parameter for linear regression

fh A parameter of a logistic function; a parameter for linear regression
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&t

Independent and normally distributed random errors with zero mean and
unknown finite variance (¢” > 0) in the growth model

The degrees of freedom of the assumed chi-square distribution in the
likelihood ratio test

variance
The sample value of the chi-square test statistic

The difference of two AICc values (A, = AlCc; — AICcmin, where AICcnyn 18
the minimum value of AICc values within each sex)
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